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RIASSUNTO 

 
Il settore agricolo svolge un ruolo importante nel processo di 
sviluppo economico di un Paese. Tuttavia, negli ultimi anni ha 
dovuto affrontare diverse sfide che hanno messo a dura prova il suo 
sostentamento.  Con oltre 7 miliardi di persone che vivono oggi sul 
pianeta e stime che raggiungono tra 8 e 11 miliardi entro il 2050, 
l’umanità sta affrontando la più grande sfida della sua storia 
cercando di mantenere un tipo di alimentazione sana e produttiva.  
Per far fronte a questo continuo fabbisogno di nutrienti, è stata 
adottata una strategia basata sull’agricoltura intensiva. Si tratta di 
un sistema di intensificazione e meccanizzazione agricola che mira 
a massimizzare i rendimenti dei terreni disponibili attraverso vari 
mezzi, come l’uso consistente di pesticidi e fertilizzanti chimici. Le 
pratiche agricole intensive producono cibo più economico in 
rapporto alle dimensioni del terreno, il che contribuisce a nutrire una 
popolazione umana in costante espansione. Oggi però, l’agricoltura 
intensiva si è rilevata la più grande minaccia per l’ambiente 
determinando la comparsa di nuovi parassiti e la ricomparsa di 
parassiti precedentemente considerati “sotto controllo”, senza 
dimenticarci che è responsabile di gran parte della deforestazione 
mondiale e dell’aumento di metalli pesanti nei suoli agricoli.  
In aggiunta all’uso eccessivo di fertilizzanti e pesticidi chimici, anche 
metodi di irrigazione scadenti e vari stress abiotici come forti venti, 
temperature estreme, salinità del suolo, siccità e alluvioni hanno 
influenzato la produzione e le rese delle colture agricole. Tra questi, 
la salinità del suolo è uno degli stress ambientali più devastanti, in 
quanto provoca importanti riduzioni della superficie coltivabile, della 
produttività e della qualità delle colture. È stato stimato che a livello 
mondiale il 33% dei terreni agricoli irrigui sono afflitti da elevata 
salinità. Inoltre, le aree salinizzate stanno aumentando ad un tasso 
del 10% annuo a causa delle scarse precipitazioni, elevata 
evaporazione superficiale, alterazione delle rocce autoctone, 
irrigazione con acqua salata e scarse pratiche colturali. Si stima che 
oltre il 50% della terra arabile sarà salinizzato entro l'anno 2050. 
Sebbene le piante abbiano evoluto diverse strategie di difesa per far 
fronte ai molteplici stress ambientali, biotici e abiotici, questi da soli 
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non bastano. Nasce quindi l’esigenza di trovare strategie 
biotecnologiche adeguate volte non solo a migliorare la produttività 
delle colture, ma anche la salute del suolo, attraverso interazioni che 
vengono ad instaurarsi tra le radici delle piante e i microrganismi che 
colonizzano la rizosfera. Negli anni si sono sempre di più sviluppate 
ricerche alternative definite “eco-friendly”, volte a mitigare gli effetti 
nocivi dei prodotti agrochimici tossici, portando alla scoperta e al 
successivo utilizzo di prodotti biofertilizzanti utilizzando batteri 
benefici per il suolo.  
Questo gruppo eterogeneo di batteri, definito Plant Growth 
Promoting Rhizobacteria (PGPR), non soltanto svolge un ruolo 
importante nell'aumentare la fertilità del suolo, ma migliora anche la 
crescita e il vigore delle piante. I PGPR colonizzando le radici, 
possono secernere diverse sostanze chimiche regolatorie, attive 
nella promozione della crescita delle piante, o nell’aumentare 
l'assorbimento dei nutrienti da parte della pianta, mediante la 
fissazione dell'azoto, solubilizzazione del P, o accelerando la 
mineralizzazione della materia organica (Figura1). Diversi lavori 
hanno dimostrato che i PGPR sono anche in grado di aumentare 
nella pianta la tolleranza agli stress abiotici. Inoltre, i PGPR possono 
essere utilizzati anche come agenti di biocontrollo (BCA) volti a 
proteggere le piante dagli agenti biotici dannosi, attraverso diversi 
meccanismi antagonisti o con l'induzione della resistenza sistemica 
delle piante. 
 
Figura1: Rappresentazione schematica dell’attività diretta e 
indiretta svolta dai batteri che promuovono la crescita delle piante 
(PGPB). 
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Pertanto, l'utilizzo di PGPR rappresenta una soluzione promettente 
per la sicurezza dell’ambiente e per l’aumento della resa agricola, 
con un impatto economico potenziale.  
In questo contesto nasce il mio progetto di dottorato intitolato 
“Biology and applications of industrial microorganisms” che può 
essere suddiviso in due parti. 
Nella prima parte del progetto, l’obiettivo è stato quello di purificare 
e caratterizzare metaboliti secreti da microrganismi con attività 
contro fitopatogeni fungini da utilizzare come alternativa eco-
sostenibile ai pesticidi.  
In particolare, lo studio è iniziato con l’identificazione di due nuove 
fitotossine (phaseocyclopentenones A and B) rilasciate dal fungo 
fitopatogeno Macrophomina phaseolina che infetta più di 500 specie 
di piante coltivate e selvatiche in tutto il mondo, come la soia, 
apportando gravi perdite economiche e alimentari.  (Capitolo II). 
Successivamente, mi sono occupata dell’isolamento di metaboliti 
secondari rilasciati dal batterio Pseudomonas fluorescens 9, ceppo 
isolato dal suolo in Argentina. Studi precedenti hanno identificato 
questo ceppo batterico come un promettente PGPR con notevoli 
attività biofertilizzanti e di biocontrollo. I miei studi si sono focalizzati 
nell’individuare le molecole responsabili dell’attività antifungina, 
individuando la fenazina come principale metabolita in grado di 
inibire la crescita di M. phaseolina e di altri due funghi (Cercospora 
nicotianae e Colletotrichum truncatum) che infettano piante di soia 
(Capitolo III). La soia è una delle colture più importanti nel mondo, 
con un valore di mercato stimato di circa 146,23 miliardi di dollari nel 
2017 i cui semi sono utilizzati a livello globale come fonte di proteine 
vegetali, mangimi per gli animali, combustibili e altri prodotti 
industriali. Nel 2021, il prezzo della soia ha raggiunto livelli record 
ripercuotendosi direttamente su vari settori, come quello dei 
mangimi destinati al settore zootecnico. Identificare metaboliti in 
grado di proteggere la pianta di soia dall’attacco di fitopatogeni ha 
quindi un elevato interesse economico. 
Al fine di trovare ulteriori molecole in grado di proteggere la soia 
dall’attacco del fungo M. phaseolina, ho studiato la possibile attività 
antifungina del lipopolisaccaride grezzo (LPS), purificato e il 
corrispondete antigene-O (OPS) isolato da Pseudomonas 
donghuensis SVBP6. I risultati hanno imputato la principale attività 
all’ OPS con una riduzione della crescita fungina pari al 75% 
(Capitolo IV). 
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In fine, durante lo studio volto all’identificazione delle fitotossine 
prodotte dal fungo Truncatella angustata, fitopatogeno che infetta il 
tronco della vite in Iran, sono stati identificati due metaboliti: 
isocumumarina(+)-6-idrossiramulosina già noto in letteratura e 
sorprendentemente l’acido fenazina-1-carbossilico (PCA). Il PCA è 
un noto metabolita batterico con attività antimicrobica e per la prima 
volta è stato identificato nei filtrati culturali del fungo T. angustata. Il 
PCA è stato quindi saggiato contro altri quattro diversi funghi 
responsabili della malattia del tronco della vite (Phaeoacremonium 
minimum, Phaeoacremonium italicum, Fomitiporia mediterranea e 
Neofusicoccum parvum). La forte capacità di inibizione del PCA 
contro questi quattro fungi fitopatogeni, suggerisce che T. angustata 
utilizzi questo metabolita per competere con altri antagonisti che 
attaccano la vite, per questo motivo il PCA potrebbe essere 
proposto come biofungicida (Capitolo V). 
Nella seconda parte del mio progetto di dottorato mi sono occupata 
dell’isolamento, identificazione e caratterizzazione di una nuova 
collezione di batteri alofili, isolati da ambienti salini, appartenenti al 
genere Bacillus con potenziali applicazioni come biofertilizzanti o 
agenti di biocontrollo. 
La scelta di selezionare soltanto batteri sporigeni deriva dal fatto che 
il genere Bacillus include già diverse specie di batteri eso ed endofiti 
con caratteristiche di promozione della crescita delle piante. Oltre ai 
benefici condivisi con altri PGPR, come la solubilizzazione del P nel 
suolo, la capacità di fissazione dell'azoto e la produzione di 
siderofori, Bacillus spp. sono adatti come biofertilizzanti perché: (i) 
essendo loro stessi membri comuni della microflora radicale delle 
piante, la loro applicazione ha un effetto scarso o nullo sulla 
composizione di altre comunità microbiche presenti nel suolo; (ii) 
questi batteri possono formare endospore e sopravvivere a 
condizioni ambientali avverse; (iii) le spore sono più stabili delle 
cellule vegetative durante la lavorazione e la conservazione dei 
preparati commerciali; (iv) batteri che crescono in ambienti estremi, 
come le saline, sviluppano strategie complesse per sopravvivere, 
che includono la produzione di una serie di diversi composti, come 
pigmenti antiossidanti, enzimi litici e composti antimicrobici, 
rendendoli a loro volta interessanti obiettivi biotecnologici. 
Inizialmente ho ottenuto una raccolta di 22 Bacilli isolati dalla 
rizosfera della pianta nutrice Juniperus sabina. Recenti studi, 
attribuiscono alle piante nutrici la capacità di alterare la comunità 
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microbica del suolo, selezionando il microbiota più efficace in termini 
di mineralizzazione dei nutrienti e attività tipiche dei PGPR.  
I batteri sono stati caratterizzati per le loro attività PGPR ed in 
particolare il ceppo Bacillus spp. RHFS10 è risultato essere il miglior 
PGPR con attività di biocontrollo contro M. phaseolina.  
Studi di purificazione ed identificazione dei metaboliti rilasciati dal 
batterio, imputano l'attività antifungina alle subtilisin-like-proteases 
e alla glucuronoxylanase. Un ulteriore importante risultato ottenuto 
in questo studio, è stata la maggiore efficienza dei metaboliti 
antimicotici purificati rispetto al fungicida commerciale 
pentacloronitrobenzene PCNB, utilizzato come controllo positivo nei 
saggi di antagonismo, in termini di efficacia e durata nel tempo 
(Capitolo VI).  
Successivamente sempre da ambiente salino ma questa volta dalla 
sabbia, ho isolato 20 batteri alofili appartenenti al genere Bacillus. 
Anche in questo caso, i batteri sono stati caratterizzati per i tratti 
PGP ed infine sono stati selezionati sette promettenti ceppi da 
entrambe le collezioni (rizosfera e sabbia) per uno studio più 
approfondito riguardo l’attività di biocontrollo unendo esperimenti in 
vitro con lo studio dell’intero genoma, al fine di ricercare nuovi 
cluster di geni coinvolti nella biosintesi dei metaboliti secondari. I 
risultati ottenuti dimostrano che l’unione di entrambe le tecniche 
consente di avere un’indagine più approfondita della capacità 
biosintetica dei batteri PGPB (Capitolo VII). 
I sette ceppi precedentemente selezionati, sono stati analizzati per 
le loro attività biofertilizzanti durante stress da salinità, con il fine di 
osservare se l’elevata concentrazione salina inibisse alcune attività 
enzimatiche importati nel ruolo di PGPB. 
Due ceppi sono stati selezionati come PGPR più efficienti in 
condizioni di stress salino e analizzati per la loro capacità di 
migliorare la crescita delle piante di Lotus japonicus cresciute in 200 
mM NaCl in esperimenti in vitro. (Capitolo VIII). 
Infine i sette ceppi selezionati sono stati ulteriormente analizzati per 
il loro possibile utilizzo come fitodepurazione di suoli contaminati da 
metalli pesanti. Tre ceppi batterici, singolarmente o inconsorzio, 
sono stati selezionati per esperimenti in vivo ed inoculati in piante di 
grano cresciute in terreno contaminato da rame. 
Soltanto due ceppi, B. spp. RHFS10 e Bacillus gibsonii RHF15, 
sono risultati promettenti, aumentando significativamente la 
lunghezza e il peso delle radici e dei germogli rispetto al ceppo 
Bacillus amyloliquefaciens RHFS18 e al consorzio. Certamente, 
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sono necessarie ulteriori indagini per confermare i dati ma, questi 
risultati preliminari, suggeriscono che i due PGPBs possono alterare 
la tossicità dei metalli sulla pianta di grano, rendendoli ottimi 
candidati per il ripristino potenziato di terreni contaminati.  
Quest’ultima ricerca è stata svolta durante i 3 mesi trascorsi nel 
Centro Helmholtz per la ricerca ambientale - UFZ (Germania) sotto 
la diretta supervisione del Dr. Thomas Reitz (Capitolo IX). 
I risultati sperimentali ottenuti durante questo percorso di dottorato, 
hanno permesso di ampliare la conoscenza di metaboliti secondari 
secreti da batteri PGPB con attività antifungina da poter utilizzare in 
futuro come bio-fungicidi. Inoltre, l’isolamento di nuovi batteri PGPB 
resistenti a condizioni avverse come l’elevata salinità o presenza di 
metalli pesanti, li rende ottimi candidati da poter utilizzare come bio-
inoculanti.   
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

7 

 

 

SUMMARY 
 

The possibility to improve agricultural crop yield by the beneficial 
bacteria inoculation has been an emerging area for the last decade. 
In a historic moment in which the increasing population coupled with 
land degradation aggravates challenges of crop production, the 
potential of the use of soil microorganisms to ensure agricultural 
productivity has a huge global impact on our society. 
In this context, Plant Growth-Promoting (PGP) bacteria are receiving 
increasing attention as biofertilizers able to sustain the fertility of 
soils and replace agrochemical compounds with negative impacts 
on the environment. 
Moreover, these beneficial bacteria represent the cheaper and 
easily available strategy for the mitigation of different biotic and 
abiotic stresses, reducing the phytopathogens infection, or 
alleviating environmental stresses respectively. 
Consequently, PGPBs or their metabolites are exhibiting a gradual 
increase in demand on the world market as sustainable and eco-
friendly tools. 
In this Ph.D. thesis, the biotechnological potential of secondary 
metabolites secreted by bacteria and fungi as new natural fungicides 
is reported (Chapter II-V). 
Moreover, the isolation and characterization of new plant growth-
promoting bacteria, able to improve the plant growth under different 
stress conditions and with biocontrol activities, are also presented 
herein (Chapter VI-IX). 
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CHAPTER I: INTRODUCTION 
 
1.1 Intensive farming and the impact on the environment 

 
In the last century, the increase in the world population was three 
times greater than during the whole history of humanity. To deal with 
the consequently increased requirement of nutrients, crop 
production has been necessarily augmented mainly in wheat, rice, 
and maize yields. In turn, to guarantee high crop yield, several 
strategies have been developed, such as using pesticides and 
chemical fertilizers, increasing land acreage, or using agricultural 
intensification methods.  
Nevertheless, agricultural intensification over the past decades, 
together with global climate change, has negatively impacted 
agricultural lands with a decrease in crop productivity and likely 
increasing levels of poverty and accumulation of pollutants in the 
environment. In fact, the most common pollutants present in the soil 
are the derivates of pesticides and fertilizers used in excess over the 
years (Mirsal et al., 2008).  
 
1.2 Synthetic pesticides and chemicals fertilizers 

  
The reduction of crop losses caused by pests and pathogens is a 
major challenge to agricultural production. Synthetic pesticides are 
chemical agents used to eliminate pests and can be divided into 
several groups, namely insecticides, herbicides, rodenticides, 
bactericides, fungicides, and larvicides, based on the types of 
targeted pests. 
From 1990 to 2018, the amounts of used pesticides by all countries, 
especially in Asia and America, have been registered. As shown in 
Figure 1A, the average world quantity has increased from 1.55 
kg·ha−1 in 1990 to 2.63 kg·ha−1 in 2018. Mainly, fungicides and 
bactericides are used more than the others (Figure 1B) (FAOSTAT, 
2021). 
 
Figure 1. Worldwide pesticide usage: (A) pesticides use per area of 
cropland; (B) pesticides use from 1990 to 2016 (FAOSTAT, 2021). 
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The number of synthetic pesticides used worldwide is increasing 
over the year, and by the year 2025, global pesticide usage has 
been estimated to increase up to 3.5 million tonnes (Sharma et al., 
2019). In addition to more efficient control of biotic stress by 
pesticides, an increase in crop yield and quality is possible by 
improving plant nutrition. In the permanent agricultural land, the soil 
is very poor in nutrients and so inefficient. To make more efficient 
the soil, the use of chemical fertilizers containing phosphate, nitrate, 
ammonium, and potassium salts was increased (Table 1). 
 
Table 1. World demand for nitrogen, phosphorus (phosphoric acid 
based) and potassium for other uses (thousand tonnes). (FAO, 
2019.)  
 

 
 
However, the uncontrolled use of pesticides and fertilizers has a 
negative impact on both agriculture and the environment. 
The extensive use of pesticides is contaminating soil and water, 
causing damage to its microflora and microfauna and hindering the 
absorption of important mineral nutrients by plants (Abhilas et al., 
2009). Furthermore, the excessive use of pesticides on different 
crop species leads to harmful effects on beneficial biota, including 
honey bees, predators, birds, plants, small mammals, and humans, 
creating an imbalance in the biodiversity of the entire ecological 
system (Damalas et al., 2011; Paoli et al., 2015; WHO, 2017). 
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Chemical fertilizers misuse has led to water bodies pollution, nitrate 
and heavy metal accumulation, and water eutrophication. Moreover, 
chemicals can get stored in crop plants, enter the food chain, and 
pose a threat to human health (FAOSTAT, 2021). 
 
1.3 eco-friendly strategy: plant growth-promoting rhizobacteria 
 
An eco-friendly and safe strategy that ensures agricultural 
productivity is to use beneficial soil bacteria (Oleńska, et al., 2020). 
This heterogeneous group of bacteria, namely plant growth-
promoting rhizobacteria (PGPR), not only plays an essential role in 
increasing soil fertility but also enhance the growth and vigor of 
plants: PGPRs, colonizing the roots, may secrete several regulatory 
chemicals, which are active in plant growth promotion, in improving 
nutrient uptake by nitrogen fixation or P solubilization, in 
accelerating the mineralization of organic matter (Oleńska et al., 
2020), and reducing abiotic stresses (Bhat et al., 2020) (Figure 3). 
Besides, PGPRs can be used as biocontrol agents (BCAs) to 
moderate plant disease through several antagonistic mechanisms 
or the induction of plants’ systemic resistance (Meena et al., 2020). 
Therefore, the application of PGPR as biofertilizers has a relevant 
economic and environmental impact in terms of benefits, 
determining a significant increase of crop yields, and a reduction of 
conventional chemical fertilizer and pesticide. 
 
Figure 3. Mechanisms used by PGPR for enhancing plant growth. 

 
 

Many beneficial bacteria have been identified and developed into 
commercially available products for promoting plant growth (Crow et 
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al., 2014; Junaid et al., 2013) and currently, there are many ongoing 
studies focusing on evaluating new bacterial strains or improving the 
existing ones. The bacterial genera most commonly researched and 
reported as PGPR include Agrobacterium, Arthrobacter, 
Azotobacter, Azospirillum, Bacillus, Burkholderia, Caulobacter, 
Chromobacterium, Erwinia, Flavobacterium, Micrococcus, 
Pseudomonas, and Serratia (Bhattacharyya and Jha et al., 2012). 
Pseudomonas and Bacillus species are the predominant plant 
growth-promoting bacteria though the current research is largely 
focused on endospore-forming, Gram-positive bacteria in the 
genera Bacillus (Radhakrishnan et al., 2017). 
The ability of the Bacillus spp. of producing endospores, a quiescent 
cell-forms able to resist harsh environmental conditions and several 
stresses, makes them more suitable candidates for PGPR-based 
commercial products since i) the resistance features of the spores 
can ensure the persistence of the bacteria in the environment for a 
long-period; ii) spores are more stable than vegetative cells during 
processing and storage of commercial preparations (Ricca et al., 
2021). 
 
A further advantage in the PGPR application is to utilize these 
beneficial microorganisms to increase plant tolerance to salt and 
heavy metals stress. 
Soil salinity is one of the most devastating environmental stresses, 
which causes major reductions in cultivated land area, crop 
productivity and quality (Yamaguch and Blumwald et al., 2005; 
Shahbaz, and Ashraf et al., 2013). It has been estimated that 
worldwide 20% of total cultivated and 33% of irrigated agricultural 
lands are afflicted by high salinity. Furthermore, the salinized areas 
are increasing at a rate of 10% annually for various reasons, 
including low precipitation, high surface evaporation, weathering of 
native rocks, irrigation with saline water, and poor cultural practices. 
It has been estimated that more than 50% of the arable land would 
be salinized by the year 2050 (Jamil et al., 2011). 
Although the plants have evolved proper defense strategies to cope 
with the different environmental stress, these alone are not enough. 
PGPR can mitigate the damage of salt stress and reduce the metals 
harmful effects via several direct and indirect mechanisms such as 
biofilm formation, siderophores, exopolysaccharide, and 
phytohormones production (Tiwari et al., 2016). Among PGPR, 
bacteria belonging to the Bacillus genus are excellent candidates to 



 

 

12 

 

use as an eco-friendly approach to sustainable agriculture in 
degraded soil, due to their ability to resist under different 
environmental stresses (salinity, pH, temperature) and the multiple 
plant growth-promoting characteristics (Figure 2) (Radhakrishnan et 
al., 2017). 
 
Figure 2. Direct effect of Bacillus-secretions on plant protection from 
adverse environments. 
 

 
 
 
1.3.1 Bacillus-mediated plant growth promotion under abiotic 
and biotic stress conditions 
 
Halo-tolerant plant growth-promoting rhizobacteria (HT-PGPR), 
when inoculated in salt soil, can enhance crop productivity in saline 
agriculture. In fact, these salt-tolerant bacteria increase the relative 
water content as well as the osmotic and turgor potential, improving 
the growth of salt-injured plants (Yang et al., 2016). In particular, it 
has been shown that Bacillus spp. can reduce the toxic effects of 
salinity in plants by i) inhibiting lipid peroxidation (Han, et al., 2014); 
ii) producing Exopolysaccharides (EPS) that binds Na+ and inhibits 
the transport into plant root cells (Ashraf al., 2004); iii) decreasing 
ROS formation and the programmed cell death enhancing the action 
of antioxidants enzymes such as Catalase or Peroxidase (Jha, and 
Subramanian, 2014); iv) producing plant hormones to enhance the 
concentrations of Indoleacetic acid (IAA) and Gibberellins (GAs) 
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reducing the synthesis of Abscisic acid (ABA) in plants grown under 
salt stress (Mohamed and Gomaa et al., 2012). 
 
Moreover, the excessive use of fertilizers for a long time results in 
heavy metals accumulation in agricultural soils reduces soil fertility 
and decreases plant growth and productivity (Ai et al., 2020). The 
negative effect of heavy metals on plants starts in the rhizosphere 
through interaction with root exudates. A high concentration of Pb 
can cause different physiological and biochemical deficiencies 
(Shahid et al., 2011). In addition, the interaction between Cu and Zn 
affects the bioavailability of nutrients in the soil. Moreover, the heavy 
metals produce free radicals, increasing intracellular levels of 
reactive oxygen species (ROS), and in turn, damage to the 
biological molecules (e.g., proteins, nucleic acids, lipids, and 
enzymes), which may ultimately lead to the death of the entire plant 
(Wu et al., 2016). 
Many PGPR are also able to heavy metal phytoremediation, 
solubilizing, or converting toxic metals to non-toxic forms (Kang et 
al., 2015c). Bacillus spp. alleviate this stress effect by: i) reducing 
lipid peroxidation and Superoxide dismutases (SOD) activity and 
increasing Amylase and Protease to promote plant growth in heavy 
metal-polluted soil (Pandey et al., 2013) and ii) increasing the 
balanced uptake of mineral nutrients and pigments synthesis in 
stressed plants (Malekzadeh et al., 2012). 
 
1.3.2 Use of PGPR as BCA to disease prevention in plants 
 
Plant disease-causing pathogenic bacteria, fungi, viruses and 
nematodes are major challenges in maintaining plant health and 
yield in agricultural lands (Narasimhan and Shivakumar et al., 2015). 
The application of PGPR microorganisms is an alternative to 
chemical fungicides, bactericides and nematicides and an effective 
environmentally friendly approach to improving plant growth and 
controlling many plant diseases (Radhakrishnan et al., 2013). 
PGPR uses different strategies in order to reduce the densities of 
deleterious microbes by secreting different secondary metabolites 
that are deleterious to the growth or metabolic activities of plant 
pathogens (Beneduzi et al., 2012). These bacteria are able to biofilm 
formation around the root surface and secretion different toxins 
(surfactin, iturin, macrolactin, bacillomycin, and fengycin) destroying 
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the phytopathogenic populations and reducing disease incidence in 
plants (Elshakh et al., 2016; Hinarejos et al., 2016). 
PGPR as biocontrol agents have the following advantages: i) these 
bacteria are isolated from the rhizosphere or plants therefore they 
are environmentally friendly and nontoxic (Beneduzi et al., 2012), ii) 
PGPR utilize root exudates leading to their rapid growth and mass 
production (Lugtenberg and Kamilova et al., 2009), iii) they adapt to 
the environment by colonizing and multiplying in the rhizosphere and 
interior of the plant (Compant et al., 2010), and iv) they undertake a 
defined range of functions including antibiosis, growth promotion, 
and induced systemic resistance (Compant et al., 2005). 
Several commercial PGPR products are currently available for use 
on vegetables and new products are constantly being studied and 
commercialized in the market (Kumar et al., 2011).  
Bacteria from both Bacillus and Pseudomonas genera are known to 
be appropriate candidates to be used in a bio-control approach due 
to their predominance in various environments, resilience and 
survival ability, but also for the number of bio-active molecules they 
are potentially able to produce (Raaijmakers et al., 2010). 
 
For these reasons, intensive research on this group of 
microorganisms has been taken over to develop new biofertilizers 
and biocontrol agents. 
 
 
1.3.3 Bacillus spp. and Pseudomonas spp. with bio-control 
activity 
 
Bacteria belonging to the genus Bacillus are among most studied 
because they produce several secondary metabolites, divided into 
ribosomally synthesized peptides (e.g., bacteriocins), non-
ribosomally synthesized peptides (e.g., lipopeptides, siderophores), 
polyketides (macrolides, polyenes), and volatile in-/organic 
compounds (VIC and VOC). Moreover, these compounds are 
accompanied by various spectra of action. Lipopeptides and VOCs, 
for instance, have direct antifungal activities as it is the case for the 
lipopeptide iturin A on Rhizoctonia solani (Yu et al., 2002) or 
volatiles pyrazine (2,5-dimethyl), benzothiazole, and phenol-(4-
chloro-3-methyl) against Alternaria solani and Botrytis cinerea on 
tomato plants (Gao et al., 2017). But other VOCs (2,3-butanediol, 
methyl jasmonate, or methyl salicylate), as well as other lipopeptides 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5816801/#B59
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(surfactin, fengycin) are also able to induce systemic resistance in 
plants through an ethylene dependent pathway (Ongena et al., 
2007; Jourdan et al., 2009). 
Similarly, Pseudomonas spp. are also known to produce a broad 
range of bioactive metabolites such as lipopeptides, siderophores, 
polyketides, and volatile compounds with interesting activities 
against different phytopathogens. It has been shown that these 
metabolites enable pseudomonads to directly compete with plant 
pathogens, promote plant growth or induce systemic plant 
resistance. The best example among these Pseudomonas 
spp. metabolites are the phenazine-1-carboxylic acid (PCA) and 
2,4-diacetylphloroglucinol (DAPG). The antifungal activity of this 
latter polyketide has been extensively reviewed on damping-off or 
root rot diseases in various crops (Ahmadzadeh and Sharifi Tehrani 
et al., 2009). Lipopeptides are another example of the multiple 
antagonistic mechanisms used by Pseudomonads bacteria. Some 
are known to lyse zoospores of Phytophthora infestans (De Bruijn et 
al., 2007) and to induce resistance in tomato plants infected by this 
pathogen (Bakker et al., 2007). 
Moreover, both bacterial genera are able to produce microbial 

enzymes such as chitinases, cellulases, 𝛽-1, 3 glucanases, 
proteases, and lipases useful to lyse a portion of cell walls of many 
plant pathogenic fungi (Glick et al., 2012). 
Currently, several studies are still in progress to identify new 
antifungal metabolites produced by PGPRs especially for the 
genera Bacillus spp. and Pseudomonas spp. in order to use them 
as bio-pesticides and clarify their modes of action to achieve 
optimum disease control. 
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AIMS OF THE THESIS 
 

This Thesis is divided into two parts as follows: 
In the first part, the aim has been to discover eco-friendly 
alternatives for the safe control of fungal phytopathogens. To obtain 
these results:  
 

 Two new phytotoxins secreted by Macrophomina phaseolina 
were identified. This fungus infects more than 500 different 
plants with agroindustrial relevance, such as soya and wheat 
(Chapter II). 

 New secondary metabolites secreted by the PGPR 
Pseudomonas fluorescens 9 were isolated, identified and 
used to inhibit the growth of M. phaseolina and two other 
phytopathogenic fungi (Cercospora nicotianae and 
Colletotrichum truncatum) (Chapter III). 

 It was investigated the role of the O-specific polysaccharide 
(OPS) isolated from the lipopolysaccharide (LPS) of 
Pseudomonas donghuensis SVBP6 in the antifungal activity 
against M. phaseolina (Chapter IV). 

 Lastly, a new secondary metabolite secreted by the 
phytopathogenic fungus Truncatella angustata was identified 
and used to control fungi-host plant interactions (Chapter V). 

 
The second part aims to identify a new collection of halophilic 
Bacilli bacteria to use in the sustainable agriculture industry. To 
obtain these results: 

 
 A collection of 22 Bacilli was isolated from the saltpan 

rhizosphere and characterized for PGPR traits. Also, 
secondary metabolites with antifungal activity against M. 
phaseolina, secreted by the best PGPR bacterium it was 
identified (Chapter VI). 
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 A collection of 20 halophilic Bacilli was isolated from the salt-
pans sand and studied for PGPR traits. Seven selected 
strains from both groups (rhizosphere and sand) were further 
analyzed with in vitro experiments to biocontrol activity. 
Finally, the whole genome was studied to discover novel 
gene clusters involved in the biosynthesis of secondary 
metabolites (Chapter VII). 

 Seven selected strains were studied to improve the growth of 
the Lotus japonicus plant under salt stress conditions in vitro 
experiments. One bacterial strain was selected as the best 
PGPR with biofertilizer activity (Chapter VIII). 

 From seven PGPB, three bacterial species were selected and 
studied to improve the growth of the wheat plants grown in 
the soil contaminated with heavy metals in in vivo 
experiments. This task was developed at Helmholtz Center 
for Environmental Research - UFZ (Germany) under the 
direct supervision of Dr. Thomas Reitz (Chapter IX). 
 

 

Overview of objectives of the thesis 
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CHAPTER II: Phaseocyclopentenones A and B, Phytotoxic 

Penta- and Tetrasubstituted Cyclopentenones Produced by 
Macrophomina phaseolina, the Causal Agent of Charcoal Rot of 
Soybean in Argentina. 
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CHAPTER III: Pseudomonas fluorescens Showing Antifungal 
Activity against Macrophomina phaseolina, a Severe Pathogenic 
Fungus of Soybean, Produce Phenazine as the Main Active 
Metabolite. 
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CHAPTER IV:  Structural studies on the O-specific 
polysaccharide of the lipopolysaccharide from Pseudomonas 
donghuensis strain SVBP6, with antifungal activity against the 
phytopathogenic fungus Macrophomina phaseolina. 

 

 



 

 

42 

 

 
 
 



 

 

43 

 

 



 

 

44 

 



 

 

45 

 

 
 
 



 

 

46 

 

CHAPTER V: Phenazine-1-Carboxylic Acid (PCA), Produced for 
the First Time as an Antifungal Metabolite by Truncatella angustata 
a Causal Agent of Grapevine Trunk Disease (GTDs) in Iran. 
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CHAPTER VI: Plant Growth Promotion Function of Bacillus sp. 

Strains Isolated from Salt-Pan Rhizosphere and Their Biocontrol 
Potential against Macrophomina phaseolina. 
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CHAPTER VII: Genomic and Physiological Characterization of 

Bacilli Isolated From Salt-Pans With Plant Growth Promoting 
Features. 
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CHAPTER IX: Heavy Metal-Tolerant PGPR strains and 

amelioration the growth of in wheat plants in Copper contamination 
soil. 
 
During the period spent in the foreign laboratory at Helmholtz Center 
for Environmental Research - UFZ (Germany) under the direct 
supervision of Dr. Thomas Reitz, I have analyzed if the inoculation 
of some of 7 Bacilli, previously selected and studied in Petrillo and 
Castaldi et al. 2021, can be used as phytoremediation of heavy-
metal-contaminated soils.  
 
9.1 Introduction 
 
Heavy metals (Zn, Zinc; Ni, Nikel; Co, Cobalt; Cu, Copper and, Cd, 
cadmium) have been widely distributed and a prominent 
apprehension for sustainable agriculture and human welfare 
(Rizwan et al., 2016). They have been discharged into the 
environment through anthropogenic activities such as fertilizers, 
industrial wastes, pesticides, mining, sewage etc. (Zhang et al., 
2015). Many of these metals act as vital nutrients for plant growth 
under optimal concentrations but when they exceed their optimal 
limits, they tend to be toxic in nature (Gall et al., 2015). There is 
undoubtedly an urgent need to promote crop productivities by 
eliminating the metal toxicities from the food chain.  
Among these, Cu is an essential micronutrient required in small 
amounts for normal plant activity. Currently, Cu pollution in 
agricultural soils, due to arbitrary use of pesticides, fungicides, 
industrial effluent, and wastewater irrigation, presents a major 
concern for sustainable agri-food production, especially in 
developing countries (Adrees et al., 2015). Plants, in general, are 
very sensitive to Cu toxicity, displaying metabolic disturbances and 
growth inhibition at Cu contents in the tissues only slightly higher 
than the normal levels. Excess Cu inhibits a large number of 
enzymes and interferes with several aspects of plant biochemistry, 
including photosynthesis, pigment synthesis, and membrane 
integrity. The most important effect is associated with the blocking 
of photosynthetic electron transport, leading to the production of 
radicals which start peroxidative chain reactions involving 
membrane lipids (Adrees et al., 2015). 
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Metal immobilizing and metal-resistant plant growth-promoting 
rhizobacteria (PGPR) have recently been studied to stimulate 
growth and reduce the bioavailability of heavy metals and their 
accumulation within plants (Wang et al., 2018). Metal resistant and 
growth-promoting bacteria provide resistance to plants in metal-
polluted sites by the production of plant hormones such as indole-3-
acetic acid (IAA), gibberellins etc. They also lead to the production 
of solubilizing phosphates, siderophores, and 1-
aminocyclopropane-1 -carboxylate (ACC) - deaminase that 
promotes the plant growth and defense properties and reduces the 
translocation of heavy metals within the plant tissues (Chandra et 
al., 2018). The objective of the present study was to explore the role 
of 7 halophilic Bacilli (Bacillus subtilis RHF2, Bacillus 
amyloliquefaciens RHF6, Bacillus halotolerans RHF12, Bacillus 
gibsonii RHF15, Bacillus frigoritolerans RHFB, Bacillus 
spp. RHF10, and Bacillus amyloliquefaciens RHFS18) were 
previously characterized and identified as promising plant growth-
promoting bacteria PGPBs in Petrillo and Castaldi et al. 2021, if they 
improve the wheat plant growth in Cu-contaminated soil with in 
vivo experiments. 
 
9.2 Methods  

 
9.2.1 Determination of Heavy Metal Tolerance 
The heavy metal resistance of 7 Bacilli isolates was measured as 
described by Xiumei et al, 2014 with some modifications. Bacteria 
were grown in LB broth a 37 °C up to the exponential phase (~0.8 
OD/mL). 150 µL of bacterial cultures (108 cells/mL) were inoculated 
into 15 mL of 0.7% LB agar and left to solidify in a Petri dish. ZnSO4 
x 7 H2O, CdCl2, CuSO4 x 5 H2O, CoSO4 x 7 H2O and (NH4)2Ni(SO4)2 
x 6 H2O were added to the medium with spot-inoculating 5 µL at 
different final concentrations (from 0.1mM to 50 mM). After 
incubation at 28°C for 3 days, the minimum inhibitory concentration 
(MIC) was defined as the lowest concentration of metal salt inhibiting 
bacterial growth. 
 
9.2.2 Detection of the heavy metal resistance genes (HMRGs) in 
Bacilli strains 
Genes involved in heavy metal resistance in 7 Bacilli genomes were 
identified by performing BLASTP searches against the BacMet 
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database (Pal et al., 2014), which contains genes with 
experimentally confirmed metal resistance functions.  
 
9.2.3 In vivo assays: wheat Inoculation 
 
To evaluate the efficacy of select Bacilli a pot experiment was 
conducted in greenhouse with growing conditions: at 23°C in 
photoperiodic conditions (16 h light and 8 h darkness) for 30 days. 
The wheat seeds (common wheat (Weichweizen) variety "Quintus", 
unstained seeds (ungebeizt)) were surface sterilized by washing 
with 70% ethanol for 1 min followed by three washings with sterile 
distilled water. Thereafter, the seeds were treated with 1.5% sodium 
hypochlorite (NaOCl) solution for 5 min followed by six times of 
successive washings in sterile water to remove all traces of the 
disinfectant (Rudolph et al., 2015). 
Three select bacteria for inoculation of the plants were grown 
separately in LB broth at 30 ± 2 °C overnight. The cultures were 
centrifuged at 5000 rpm for 10 min and the pellets were washed 
three times with sterile distilled water and resuspended in a final 
concentration of 1x107 cfu/mL. 
Then, the seeds were inoculated with three different strains and with 
a consortium of the three same select bacteria at room temperature 
overnight in a sterile hood. Seeds inoculated with sterile distilled 
water were used as a control. 
Three wheat seeds equally spaced were sown in each plastic pot 
containing 1 kg soil (Albic Luvisol from Thyrow Research Station). 
Before sowing the seeds, the soil was treated with 7mM of CuSO4 x 
5 H2O and as control with 7mM of MgSO4 dissolved in 2L of water 
and spray in soil. 
The weight of each pot was marked and finally re-marked to check 
the water evaporation. The experiment was carried out with three 
replicates of each treatment in a completely randomized design 
(CRD). The plants were collected for further analysis at 30 days after 
sowing (DAS). 
 

9.2.4 Growth Parameters 
Wheat plants were carefully harvested from the soil at the end of 
the experiment. To remove the debris from the root surface, plant 
roots  were cleaned with deionized water. Plant shoot length, root 
length and fresh were observed using a digital balance. All plant 
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parts were dried at 70 °C for the determination of the dry biomass 
until a constant weight was achieved. 
 

9.2.5 Evaluation of Heavy metal tolerance index 
Heavy metal tolerance index was calculated using method of 
Khanna et al., 2019. For this, dry weights of seedling samples were 
taken and tolerance index was calculated using the formula given 
below: 
 

%Heavy metal tolerance index =
Dry weight of Treated Plants 

 Dry weights of Untreated plants (CN)
𝑥100 

 
 
 

9.2.6 Statistical analysis 
All the statistical analyses were performed using GraphPad Prism 8 
software. Data were expressed as mean ± SEM. Differences among 
groups were compared by ANOVA or t-test as indicated in figure 
legends. Differences were considered statistically significant at p < 
0.05. 
 
9.3 Result and discussion 
 
9.3.1 Heavy metal tolerance 
 
The seven bacterial strains used in this study were isolated from the 
salt-pan sand and the rhizosphere of Juniperus sabina in the 
National Park of Ses Salines d’Eivissa, Formentera (Spain). 
These bacteria were selected from the collection of 43 isolates, for 
their high potentiality as biofertilizers and biocontrol agents emerged 
with in vitro experiments and with genomic analysis (Petrillo and 
Castaldi et al., 2021). In this study, were further analyzed for heavy 
metal tolerance (Zn, Cd, Cu, Co, and Ni). Initial screening to detect 
the minimum inhibitory concentration (MIC) of five representative 
metals demonstrated that all bacteria are more resistant to Cu, Co 
and, Ni with mM between 10 and 15. Only the strain RHFS18 
showed the highest (MIC) level against Cu, up to 18mM. 
However, bacteria not shown the same tolerance for Zn and Cd with 
MIC between 0.1 and 5 mM (Table 1). 
 
Table 1: Minimum inhibitory concentrations (MICs) of bacterial isolates against 
five heavy metals. 
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Zn, zinc; Cd, cadmium; Cu, copper; Co, cobalt; Ni, nickel. 

 
9.3.2 Genes and proteins involved in heavy metals tolerance 
 
To confirm the in vitro characterization of the isolates, a prediction 
of the genes and proteins (Table 2) involved in heavy metal 
resistance activity was performed present in the proteome of 
selected bacteria. As expected, the genome of all selected Bacilli 
strains contained multiple genes involved in heavy metals 
resistance. Only in Ni and Co metals bacteria present lew resistance 
genes, except the strain RHFB. This suggests that the bacteria use 
other strategies to increase the resistance, such as chelation or the 
precipitation of toxic metals.  
 
Table 2: Heavy metals associated proteins identified in the proteome of the 
selected strains. 
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The strains RHFS10, RHF15 and, RHFS18 were chosen for 
subsequently in vivo experiments to test their ability to improve the 
wheat plants grown in Cu-contaminated soil. 
These bacteria have shown the best capability to tolerate Cu and 
other metals such as Zn and Co. Moreover, in precedent studies 
reported in Petrillo and Castaldi et al., 2021 and Castaldi et al., 2021, 
these bacteria have shown a strong biocontrol activity against 
different phytopathogenic fungi and promising biofertilizer activities. 

Metals Protein RHFS2 RHF6 RHF12 RHF15 RHFB RHFS10 RHFS18

Copper-sensing transcriptional repressor CsoR x x x x x x x

Copper chaperone CopZ x x x x x x x

Cu Copper-exporting P-type ATPase x x x x x x x

Copper transport protein YcnJ x x x x x x x

Transcriptional activator protein CopR x - x x x x x

Copper homeostasis protein CutC - - - - x - -

Copper methylamine oxidase - - - - x - -

Nickel transport system permease protein NikC - - - - x x -

Ni Nickel transport system permease protein NikB - - - - x x -

Nickel-binding periplasmic protein - - - - x x -

Pyridinium-3,5-bisthiocarboxylic acid mononucleotide nickel insertion protein - - - - x - -

Zinc-type alcohol dehydrogenase-like protein SA1988 - - - - x x -

zinc-specific metallo-regulatory protein - - x - x x

Probable polyketide biosynthesis zinc-dependent hydrolase PksB x x - x x x x

Uncharacterized zinc protease Rv2782c - x x x x x x

Cadmium, cobalt and zinc/H(+)-K(+) antiporter x x x x x x x

Putative peptide zinc metalloprotease protein YydH - - - - - x -

 Putative zinc protease AlbF x - x x - x -

Cadmium, zinc and cobalt-transporting ATPase - x x x - x x

Zinc-dependent sulfurtransferase SufU - x x x - x -

High-affinity zinc uptake system binding-protein ZnuA x x x x x x x

Zn High-affinity zinc uptake system ATP-binding protein ZnuC x x x x x x x

High-affinity zinc uptake system membrane protein ZnuB x x x x x x x

Zinc-dependent sulfurtransferase SufU x x - x - x

Probable zinc-binding alcohol dehydrogenase Rv1895 x x x x x x x

Periplasmic zinc-binding protein TroA x x x x x x -

Uncharacterized zinc-type alcohol dehydrogenase-like protein YjmD x x x x x - x

ATP-dependent zinc metalloprotease FtsH x x x x x x -

Zinc-transporting ATPase x x x x - - x

Zinc-specific metallo-regulatory protein x x - x x x -

Putative peptide zinc metalloprotease protein YydH x - - - - -

Zinc transporter ZitB - - - - x - -

Zinc transporter ZupT - - - - x - -

Cadmium-transporting ATPase - - - - - x -

Cadmium, cobalt and zinc/H(+)-K(+) antiporter x x x x x x x

Cd Cadmium, zinc and cobalt-transporting ATPase x x x x x x x

Cadmium-induced protein CadI x - - x - - -

Cadmium resistance transcriptional regulatory protein CadC - - - - - - -

Cadmium, cobalt and zinc/H(+)-K(+) antiporter x x x x x x x

Cadmium, zinc and cobalt-transporting ATPase x x x x - x x

Cobalt/magnesium transport protein CorA x x x x x x x

Co Cobalt transport protein CbiQ - - - - x - -

Cobalt transport protein CbiN - - - - x - -

Cobalt transport protein CbiM - - - - x - -

Cobalt-factor III methyltransferase - - - - x - -

Cobalt-precorrin-6A reductase - - - - x - -

Cobalt-precorrin-8 methylmutase - - - - x - -

Cobalt-precorrin-5B C(1)-methyltransferase - - - - x - -

Cobalt-precorrin-2 C(20)-methyltransferase - - - - x - -

Cobalt-precorrin-4 C(11)-methyltransferase - - - - x - -

Cobalt-precorrin-5A hydrolase - - - - x - -
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9.3.3 Bacteria inoculation effects on wheat plant growth in Cu-
contaminated soil 
 
The wheat plant was used to estimate plant growth and biomass 
after 30 days of the experiment. The results showed that in stress 
and non-stress conditions, wheat plants inoculated with the select 
bacteria showed a one-fold higher plant development than the 
uninoculated controls. In control, the inoculation of three bacteria 
and the consortium of all bacteria increased the shoot length by 
about 50% (Figure 1-a), but in the root length, only the strain RHF15 
has shown the best activity, enhancing the growth by 20% (Figure 
1-b). In addition, fresh shoot weight and dry were enhanced by 60% 
(Figure 2 c-d) with bacteria inoculation. A different result was 
obtained into roots dry weight. All bacteria and the consortium have 
improved the weight by about 50% compared to the control but, with 
the inoculation of the RHFS10 strain are increased by 60%. As 
shown in figure 2, during the stress condition all parameters were  
drastically decreased compared to the control without heavy-metal 
stress (Figure 1 a-e). However, the inoculation of bacteria strains 
has increased the growth of plants by about 10% compared with 
control. Significantly, the inoculation of RHFS10 and RHFS15 
strains resulted positive respect for the strain RHFS18 and 
consortium. These strains have improved plant growth by about 25 
% in all parameters tested. 
 
Figure 1: Effects of B. vallismortis RHFS10, B. gibsonii RHF15, B. 
amyloliquefaciens RHFS18 and consortium, in the shoot length (a) and root length 
(b), fresh shoot weight (c), and dry shoot weight (d) and root (e) of wheat plants 
in non-contaminated and contaminated soil with Cu. Nt: not treated with metal. 
Each value is the mean of replicates (n = 3).  ± S.D (standard deviation) with a p-
value  ≤ 0.01. 
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9.3.4 Heavy metal tolerance Index 

Finally, the heavy metal tolerance index was observed to be lowered from 

100% in control seedlings to 40% in 7 mM Cu stressed plants. An elevation 

in the tolerance index was recorded by 80% when Cd-stressed seedlings 

were amended with RHFS10 and RHF15 strain respectively and by 20% 

with inoculation by RHFS18 and consortium, respectively (Figure 2).  
 

Figure 2: Heavy metal tolerance index in 30-days old wheat plant under Cu 
stress.  

 
Data are presented as means of 3 replicates ± S.D (standard deviation) with a p-

value  ≤ 0.01. Nt: Untreated with Cu. 
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9.4 Conclusion 
 
Crop production is a challenging issue to feed the increasing 
population due to biotic and abiotic stresses and uncertainty of 
climatic optima. Among abiotic stresses, Cu toxicity is also an 
important constraint limiting crop productivity worldwide. Cu is an 
essential element for plants at low levels, but in excess, it is 
phytotoxic at morphological, physiological, biochemical, and 
molecular levels. Cu interferes with various metabolic processes 
that are vital for plant growth and development. 
Numerous studies reported the Cu induced growth inhibition, 
oxidative damage and antioxidant response in agricultural food 
crops such as wheat, rice, maize, sunflower and cucumber. 
In this work, it's tested 7 halophilic Bacilli, previously characterized 
as a promising PGPB, in the tolerance at different concentrations of 
heavy metals. Three strains (RHFS10, RHF15 and, RHFS18) and a 
consortium of all three were selected for in vivo experiments in a 
wheat plants grown in Cu-contaminated soil. 
These bacteria have shown an interesting biofertilizer activity in 
wheat plants grown without stress conditions. However, in soil Cu-
contamination, preliminary studies suggest that the strain RHFS10 
and RHF15 significantly increase the root and shoot length and 
weight of plants grown in stress conditions compared with the 
RHFS18 strain and the consortium. Certainly, further investigations 
are needed to confirm the data but, these results propose that the 
two PGPB can alter the toxicity of metals on the wheat plant and 
makes these strains excellent candidates for the enhanced 
restoration of contaminated soils through bacterial-assisted 
phytoremediation. The phytoremediation process is eco-friendly and 
could be used to reclaim the industrial soil from contaminants. 
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CHAPTER X: CONCLUSION 
 
 
 

The increasing amount of chemical pollutants in soil via excessive 
use of synthetic chemical fertilizers and pesticides cause 
environmental damage with potential risks to human health. 
To sustainable agriculture, crops produced need to be equipped with 
disease resistance, salt tolerance, heavy metal stress tolerance, and 
better nutritional value.  
To fulfill the above-desired crop properties, one possibility is to use 
soil microorganisms such as bacteria, fungi, algae, etc., that 
increase the nutrient uptake capacity, water use efficiency, and crop 
protection (Armada et al., 2014).  
The plant growth-promoting rhizobacteria (PGPR) are the most 
promising soil microorganisms. They can enhance health and plant 
growth without environmental contamination (Calvo et al., 2014). 
Nowadays, different varieties of PGPR have been studied, and 
some of them have been commercialized, including the species 
Pseudomonas, Bacillus, and, Azobacter (Glick et al., 2012). 
However, PGPR’s successful utilization depends on its survival in 
soil, the compatibility with the crop on which it is inoculated, the 
interaction ability with indigenous microflora in soil, and 
environmental factors (Martinez-Viveros et al., 2010). 
For these reasons, intensive research of new PGPRs has been 
taken over to develop new biofertilizers and biocontrol agents able 
to resist harsh environmental conditions.  
This Ph.D. project has been structured along with two thematic 
areas, both based on this topic: isolation, identification, and 
characterization of secondary metabolites with antifungal activity to 
be used with biopesticides and search for new soil bacteria 
beneficial able to resist stressful environmental conditions to be 
used as bio-inoculants. The results obtained made it possible to 
improve the knowledge of the phytopathogenic fungus M. 
phaseolina with the isolation and chemical and biological 
characterization of two new penta- and tetrasubstituted 
cyclopentenones named phaseocyclopentenones A and B used to 
infect relevant agro-industrial crops. 
Subsequently, bacteria with important biocontrol activity were 
identified against M. phaseolina and other phytopathogenic fungi 
and characterized for the molecules responsible for this activity. 
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These bacteria and their metabolites, such as phenazine and PCA, 
can reduce the incidence or severity of plant diseases instead of 
using chemical pesticides. Therefore, they could be proposed as 
natural antagonists to control different phytopathogenic fungi. 
Future studies will focus on the characterization of these compounds 
to test them at different environmental conditions (T, pH) and 
observe their resistance via in vitro and in vivo experiments in plants 
infected by phytopathogens. Other studies will optimize their large-
scale production and find the best formulation for their application in 
the field. 
Concerning the second part of the Ph.D. thesis focused on isolating 
a new collection of halophilic Bacilli PGPRs, seven bacteria strains 
were selected emerged for their high potentiality as biofertilizers and 
biocontrol agents by experiments in vitro and in vivo. The 
combination of laboratory-assays studies with whole-genome 
studies proved useful helpful to finding gene clusters involved in 
PGPB activities. 
The ability of these select bacteria to produce secondary 
metabolites against different phytopathogens and improve plant 
growth under different stress (salinity and heavy metals) provides a 
possibility to commercialize these bacteria or their microbial 
products. 
Biostimulants involving halotolerant PGPRs and their metabolites 
are yet to take off and enter the market (Sunita et al., 2020). Hence, 
developing tailor-made bioformulations from these unique PGPRs 
and their metabolites can be crucial to combat salinity and other 
environmental stress and improve the yield of biotic and abiotic 
stress-affected agro-ecosystems leading to better productivity and 
sustainability agriculture. Future studies will focus on confirming 
their PGPR activities in the field and optimizing the best 
bioformulation. 
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Overview of the results obtained  
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of Dr. Castaldi Stefany has been carried out at the “Helmholtz Center 
for Environmental Research – UFZ (Halle-Saale, Germany)” in the 
department of Soil Ecology. The work was supervised by Dr. 
Thomas Retiz. 
 
 

 
 
 



 

 

102 

 

APPENDIX V  

OTHERS PAPERS. 
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