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SUMMARY 

The dramatically growing world population has led to a considerable 

increase in the global demand for agricultural products: it is estimated 

that to meet worldwide food demand, food production must be doubled 

by 2050. This demand, together with the evidence that approximately 

half of the soil used for agricultural purposes is moderately or severely 

affected by degradation phenomena, such as erosion, salification, 

drought, acidification, or compaction, has pushed farmers towards an 

intensive agricultural practice. For instance, the use of chemical 

fertilizers and pesticides is exponentially increased over the last 

decades. Unfortunately, the continuous abuse is negatively impacting 

the well-being of man and the environment. Therefore, the great 

challenge is to develop an agro-industrial system that is committed to 

encouraging sustainable and eco-friendly strategies. One of the best 

approaches is the use of the phytomicrobiome, the so-called Plant-

Growth-Promoting Bacteria (PGPB), beneficial soil microorganisms 

able to promote the well-being of plants through direct and/or indirect 

mechanisms, including nitrogen fixation, the solubilization of phosphate, 

the production of phytohormones, the mineralization of soil organic 

matter, as well as the inhibition of phytopathogens. However, to fully 

benefit from the action of PGPB, it is necessary to deeply understand 

the mechanisms through which they act, and to enhance them. In this 

framework fits my PhD Thesis, which aims at isolating, identifying, and 

characterizing -through the combination of in vitro and in silico 

techniques- new promising spore-forming PGPB to be exploited in the 

agricultural field. Their application in the form of consortia or 

functionalized spores has been investigated. 
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RIASSUNTO 

L’incessante crescita della popolazione umana degli ultimi decenni ha 

comportato un notevole incremento della domanda di cibo a livello 

globale, che per poter essere soddisfatta necessita il raddoppio della 

produzione agricola entro il 2050. Questo, insieme all’evidenza che 

circa la metà del suolo utilizzato a scopo agricolo è moderatamente o 

gravemente affetto da degradazione dovuta a fenomeni quali erosione, 

salificazione, siccità, acidificazione, contaminazione o compattamento, 

ha spinto gli agricoltori verso una pratica di tipo intensivo basata sull’uso 

di elevate quantità di fertilizzanti e pesticidi chimici noti per essere 

dannosi per il benessere dell’uomo e dell’ambiente; infatti, non solo essi 

sono capaci di bio-accumularsi all’interno della catena alimentare, ma 

pongono anche a rischio gli insetti benefici e il microbiota che popolano 

il suolo, alterandone la fertilità e l’acidità. La grande sfida attuale è, 

dunque, sviluppare un sistema agro-industriale che si impegni a 

incentivare strategie sostenibili per limitare i danni ambientali, 

economici e sociali legati all’attuale pratica dell’agricoltura intensiva. 

Una delle strategie più accreditate è l’utilizzo del fitomicrobioma, in 

particolare dei cosiddetti Plant-Growth-Promoting Bacteria (PGPB), 

microorganismi benefici del suolo in grado di promuovere il benessere 

delle piante attraverso meccanismi diretti e/o indiretti, come la 

fissazione dell’azoto, la solubilizzazione del fosfato, la produzione di 

fitormoni, la mineralizzazione della materia organica, e ancora 

l’inibizione dei fitopatogeni. Per beneficiare al massimo dell’azione dei 

PGPB, è tuttavia necessario comprendere a fondo i meccanismi 

attraverso i quali essi agiscono, ed eventualmente potenziarli. 

All’interno di questo contesto si inserisce la mia Tesi di Dottorato, che 

attraverso l’integrazione di tecniche in vitro e in silico, mira a isolare, 

identificare e caratterizzare nuovi promettenti PGPB sporigeni da poter 

sfruttare sottoforma di consorzi o spore funzionalizzate. Il mio progetto 

di Tesi si suddivide in due parti principali. 

Nella Parte I verranno descritti l’isolamento, l’identificazione e la 

caratterizzazione (in vitro e in silico) di batteri sporigeni del suolo 

prelevati da ambienti estremi quali le saline (Capitolo II, III). È noto, 

infatti, che l’elevata concentrazione di NaCl del suolo sia uno dei 

principali fattori limitanti la crescita delle piante: l’utilizzo di PGPB 

resistenti a tali condizioni di stress, favorirebbe certamente la crescita 



  

   
 
 

10 | P a g .  
 

delle stesse. In aggiunta, l’impiego di microorganismi in grado di 

produrre spore, come quelli appartenenti al genere Bacillus, gioverebbe 

ulteriormente a tale scopo. Le spore, infatti, recano diversi vantaggi utili 

sia per l’applicazione in campo, che per la produzione su scala 

industriale, poichè: i) la loro particolare struttura le rende resistenti a 

condizioni avverse come elevate temperature, stress meccanici e 

chimici; ii) sono sicure per l’uomo e l’ambiente; iii) possono essere 

conservate per lunghi periodi, facilitando la formulazione, la 

conservazione e il trasporto di eventuali prodotti commerciali; iv) la loro 

produzione è semplice ed economica. Alcuni dei microorganismi isolati 

hanno mostrato una notevole attività antifungina (Capitolo III). In 

particolare, il ceppo B. vallismortis RHFS10 è stato selezionato per la 

spiccata capacità di inibire la crescita del fitopatogeno della soia 

Macrophomina phaseolina. L’attività esibita in vitro è stata indagata e in 

parte attribuita a metaboliti secondari parzialmente purificati con 

tecniche di chimica analitica e identificati mediante spettrometria di 

massa. Nel Capitolo IV, in collaborazione con la ditta Agriges s.r.l., è 

stata eseguita una caratterizzazione preliminare di due Bacilli isolati 

dalle saline, B. amyloliquefaciens RHF6 e B. vallismortis RHFS10, e di 

alcuni ceppi della stessa ditta, in condizioni di stress da siccità. Lo scopo 

era quello di creare dei consorzi di PGPB capaci di alleviare in vitro lo 

stress idrico su piante di spinacio (Spinacia oleracea), scelto come 

organismo modello. I primi dati raccolti hanno evidenziato come il 

trattamento preliminare dei semi con alcuni dei ceppi utilizzati, e il loro 

rispettivo consorzio, abbia portato a miglioramenti della velocità e 

dell’efficienza di germinazione, e anche della lunghezza delle radichette 

primarie dei germogli, in condizioni standard. Il progetto è stato 

purtroppo rallentato dalla pandemia di Covid-19. Sarà necessario 

proseguire con le indagini per verificare che la capacità del migliore 

consorzio in condizioni standard, sia confermata anche in condizioni di 

stress idrico.  

Il Capitolo V riporta la mia esperienza presso il “Laboratoire de Chimie 

Bacterienne” del CNRS di Marsiglia (Francia). In questa occasione ho 

imparato a coltivare e manipolare geneticamente il batterio Gram 

negativo del suolo Myxococcus xanthus, capace di formare corpi 

fruttiferi contenenti myxospore resistenti a condizioni estreme come 

l’essicazione, le elevate temperature e l’irradiazione UV. I myxobatteri 

comprendono diverse specie di micropredatori di molti patogeni delle 
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piante; per questo motivo, il loro utilizzo come potenziali PGPB ha 

ricevuto recentemente una discreta attenzione. In questo periodo mi 

sono occupata dello studio del sistema chemotattico Frz o “frizzy”, che 

controlla la frequenza con la quale le cellule cambiano direzione per 

riorientarsi nell’ambiente su superfici solide.  

La Parte II di questa Tesi si incentra sul sistema di display basato su 

spore di B. subtilis, come organismo modello. Esso, impiegato sia in 

forma ricombinante che non ricombinante, sfrutta tutte le caratteristiche 

vantaggiose delle spore precedentemente menzionate, e rappresenta 

un interessante strumento biotecnologico per la veicolazione di 

molecole eterologhe in diversi campi. In questa sezione sarà descritto 

come si è migliorata l’efficienza di display, sfruttando la temperatura di 

produzione delle spore (Capitolo VII). Infatti, è stato recentemente 

dimostrato che la struttura superficiale della spora di B. subtilis, 

principalmente coinvolta nel processo di display, cambia in relazione 

alla temperatura di sporulazione (Capitolo VI). L’idea proposta è quella 

di impiegare PGPB sporigeni come matrice per esporre molecole 

bioattive utilizzate in sostituzione di agenti chimici per la fertilità del 

suolo o per la protezione da fitopatogeni. In tal modo la produzione 

agricola beneficerebbe non solo della naturale azione dei PGPB, ma 

anche delle molecole che essi trasportano sulla loro superficie. 

Nella sezione “Altre collaborazioni” è descritto il processo attraverso 

cui è stato sviluppato un consorzio batterico col fine di produrre 

bioplastiche nella forma di Poliidrossialcanoati (PHA), a partire da 

materiale di scarto agro-industriale, nel dettaglio l’inulina (Capitolo 

VIII), un polisaccaride di fruttosio di cui sono ricche le radici di molte 

piante, come il cardo o il carciofo, che spesso rappresentano uno scarto 

del processo industriale.  
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CHAPTER I 

 
1.1 Plant Growth Promoting Bacteria 

In the past decades global population has been rising like never, 

reaching a value three times bigger than ever in human history. It has 

been estimated that by 2050, human population will grow up to 9 billion 

(Food and Agriculture Organization of the United Nations, 2017). To 

satisfy the rising food demand, farmers increased crop yields using 

massive amounts of chemical fertilizers and pesticides, which led to 

several negative consequences as the formation of stable 

phytopathogenic variants, the reduction of beneficial microorganisms, 

and the accumulation of toxic substances in the environment (Reddy et 

al., 2009; Pertot et al., 2017). Thus, researchers and industries are 

seeking more sustainable approaches to pesticides and fertilizers (Glick 

et al., 2007). A “green” alternative is the use of biofertilizers and 

biopesticides, usually defined as “substances containing living 

microorganisms, that when applied to the seed, the plant surface, or the 

soil, are able to colonize the rhizosphere and the plant, promoting the 

growth of the host by increasing the availability of primary nutrients or 

by inhibiting phytopathogens’ spread” (Vessey, 2003; Riaz et al., 2021). 

These microorganisms, capable of enhancing plant growth and 

protection from pests, are generally referred to as Plant Growth 

Promoting Bacteria (PGPB) (Fig. 1). Some of the most representative 

PGPB include Azotobacter, Azospirillum, Acinetobacter, 

Agrobacterium, Arthrobacter, Bacillus, Burkholderia, Pseudomonas, 

Serratia, Streptomyces, Rhizobium, Bradyrhizobium, Mesorhizobium, 

Frankia, and Thiobacillus (Wani and Gopalakrishnan, 2019).  

To properly use PGPB in the “Green Revolution”, it is important to 

understand the mechanisms through which they influence and 

guarantee sustainable agriculture. 
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Figure 1 | Effects of PGPB on plant growth. 

 

1.2 Mode of action of PGPB  

The key role played by PGPB in plant growth enhancement is widely 

described (Vessey, 2003; Tilak et al., 2005). Beneficial microorganisms 

promote plant growth either directly or indirectly as shown in Fig. 2 

(Swarnalakshmi et al., 2020). Direct methods include phosphorus 

solubilization; siderophore, and growth hormones production; nitrogen 

fixation (Fig. 2). These actions trigger morphological and physiological 

changes in plants, thus promoting plant growth. On the other hand, the 

indirect mechanisms comprise the production of low molecular weight 

compounds such as alcohols, ammonia, aldehydes, cyanogens, 

ketones, cell wall-degrading enzymes, and secondary bioactive 

metabolites with antagonistic traits and competition for nutrients (Fig.2) 

(Glick, 2012). 

 

1.2.1 Direct plant growth mechanisms 

1.2.1.1 Phosphate solubilization 

Phosphorus (P) plays a key role in cell metabolism and signalling in 

plants (Vance et al., 2003). It can be present in the soil in an unavailable 

form bound with inorganic or organic molecules; in fact, only H2PO4
- 

and/or HPO4
2- forms are usable by plants (Smyth et al., 2011). 
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Figure 2 | Direct and indirect mechanisms of action exerted by PGPB. 

Phosphate-solubilizing microorganisms can solubilize the phosphorous 

in free-living conditions and make it available to almost all types of 

crops. Some phosphorus-solubilizing bacterial genera are 

Pseudomonas, Bacillus, Azotobacter, Agrobacterium, Rhizobium, 

Bradyrhizobium, Salmonella, and Thiobacillus (Liu et al., 2012; Alori and 

Fawole, 2017). They mineralize phosphorus by several enzymes such 

as acid phosphatases, C-P lyase, D-α-glycerophosphate, phosphor 

hydrolases, phosphonoacetate hydrolase, and phytase (Gügi et al., 

1991; Abd-Alla, 1994; Glick, 2012). 

 

1.2.1.2 Phytohormones Production 

Phytohormones are signal molecules produced by plants in a very low 

quantity, involved in the enhancement of growth, development, 

differentiation of cells, and in many other processes. They are also 

indirectly implicated in providing defence against pathogens and abiotic 

stresses such as salt stress, temperature, and drought (Egamberdieva 

et al., 2017). It has been demonstrated that PGPB in soil are capable of 

producing many hormones like auxins, gibberellins, cytokinins, ethylene 

and jasmonates involved in stimulating the division, elongation, and 

differentiation of cells (Bhardwaj et al., 2014), promoting seed 

germination, elongation of the stem, and flowering and also in 
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increasing the photosynthetic rate in plants (Khan et al., 2021). PGPB 

genera connected to the production of phytohormones are Rhizobium, 

Herbaspirillum, Bacillus, Mesorhizobium, Pantoea, Arthrobacter, 

Pseudomonas, Bradyrhizobium, Rahnella, Enterobacter, 

Brevundimonas, and Burkholderia (Orozco-Mosqueda et al., 2021). 

1.2.1.3 Iron acquisition 

Iron is another important nutritional element for plants’ growth, used as 

a cofactor for proteins involved in metabolic processes such as 

respiration and photosynthesis. On earth, iron is mostly present in the 

ferric ionic form, not easily accessible for living beings (Ammari and 

Mengel, 2006). Nature has developed many strategies to cope with this 

issue: microbial siderophores is one of them. Siderophores are tiny 

peptides showing side chains and functional groups able to bind to ferric 

ions with high affinity (Moynié et al., 2019). Besides the biofertilizer 

activity, siderophores production is also implicated in biocontrol activity 

by depriving the pathogen from iron nutrition, as reported by several 

researchers (Kumar et al., 2017).  

 

1.2.1.4 Biological nitrogen fixation 

Nitrogen is necessary for the synthesis of amino acids, nucleotides, and 

mineral nutrients. However, as told for P and Fe, it is mostly available 

in the inaccessible form of N2, which both animals and plants cannot 

use (Petar and Normand, 2009). Impressively, many microorganisms, 

known as biological nitrogen-fixing bacteria (BNF), can help overcoming 

nitrogen deficiency. Indeed, they are able to fix the N2 into available 

forms of nitrogen by utilizing energy in the form of ATP and convert it 

into nitrite, nitrate, and ammonia, which plants can easily assume 

(Soumare et al., 2020).  

 

1.2.2 Indirect plant growth mechanisms 

1.2.2.1 Antibiotic synthesis 

Antibiotics are low molecular weight molecules generally produced as 

secondary metabolites by soil microorganisms, exhibiting biocidal or 

biostatic, target-specific activity on phytopathogens (Olanrewaju et al., 

2017). For instance, Bacillus spp. are reported to produce many 
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antibiotics such as bacilysin, iturin, subtilosin, fengycin, bacillaene, 

phenazine-1-carboxylic acid, zwittermicin A, rhamnolipids, pyrrolnitrin, 

oomycin A etc. (Kundan et al., 2015). P. aeruginosa also produces 

phenazine, that damages lipids within the membrane of their targets, and 

also obstruct the electron transport in pathogens (Haas and Défago, 

2005).  

 

1.2.2.2 Production of cell wall degrading enzymes 

Many PGPB are known to produce and release hydrolytic enzymes 

(e.g., proteases, cellulases, chitinase, lipases, xylanases, etc.) capable 

of degrading the cell wall of other organisms, such as pathogens, or 

other bacterial competitors in the soil, by changing their structural 

integrity, and in the end preventing their growth (Singh and Jha, 2017). 

 

1.3 Spore-forming PGPB as promising “plant probiotics” 

Among all the known PGPB genera, particular attention has been 

recently given to the spore-forming microorganisms as Bacillus spp., 

that besides showing the general PGP features described above, 

exhibit a pool of unique traits that put them ahead. First, of great interest 

is their resistance to harsh environments and conditions, due to their 

capacity of producing spores that can survive at high temperatures and 

dehydration, thus making the formulation of a potential commercial 

product easier (Pesce et al., 2014). Moreover, they are efficient 

producers of a broad spectrum of secondary metabolites, can be easily 

genetically manipulated, and present a great ability to colonize plant 

surfaces (Kumar et al., 2011). The model of Gram-positive spore-

forming bacteria certainly is Bacillus subtilis.  

 

1.4 B. subtilis sporulation  

B. subtilis is ubiquitous in nature and can effectively adapt to the 

changes of the environmental conditions (Tan and Ramamurthi, 2014), 

through many survival mechanisms like motility, competence, biofilm 

formation, or sporulation (Mirouze and Dubnau, 2013). The latter brings 

to the formation of an endospore, a quiescent cell highly resistant to 

starvation, high temperatures, ionizing radiations, mechanical abrasion, 
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chemical solvents, hydrolytic enzymes, desiccation, extreme pH, and 

antibiotics (Nicholson et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3 | The key stages of the sporulation cycle in B. subtilis (Lin et al., 2020). 
The inset shows electron micrographs of sporulating cells at each of the major stag
es. 

Bacillus’ sporulation is a genetically highly controlled process that 

involves many morphological, biochemical, and physiological changes, 

leading to the development of two different, but genetically identical 

cells (Fig. 3): the mother cell and the forespore. This is possible due to 

different gene expression programs. 
 

1.4.1 Morphological stages 

The first morphological change of the sporulation process is the 

formation of a polar septum which forms two asymmetric compartments: 

the mother cell and the forespore (Fig. 3). The first one will nurture the 

spore until its development completes, and by the end of the process 

releases the mature spore by its own lysis. After the asymmetric cell 

division, the sporulation gene expression program splits and two distinct 

programs activate, one in each of the resulting cellular compartments. 

Soon after, the septum membrane migrates around the forespore, 

which after the completion of the process becomes a double 

membrane-bound structure, as a result of the engulfment process (Fig. 

3). A series of protective layers are then synthesized in the mother cell 
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cytoplasm and assembled around the forming spore (Fig. 3, 4). The 

cortex is a modified peptidoglycan layer chemically different from that of 

the vegetative cells, deposited between the two membranes 

surrounding the forespore (Henriques and Moran, 2007). Meanwhile, 

the proteinaceous coat is deposited around the outer membrane. Two 

main coat layers can be observed by electron microscope analysis: a 

darkly stained outer coat, and a more lightly stained lamellar inner coat 

(Fig. 4). A third coat layer surrounds the spore: the crust, a glycoprotein 

layer composed of six proteins, whose architecture has not been 

cleared up yet (Bartels et al., 2019). The innermost part of the spore is 

the core which contains a partially dehydrated cytoplasm with a 

condensed and inactive chromosome (Fig. 4). The last stage of the 

sporulation process is the lysis of the mother cell, which releases the 

mature spore in the environment, where it can survive for a long time, 

continuously monitoring the environment, and waiting for the 

establishment of new favourable conditions. When this occurs, the 

spore can return to a vegetative state through the germination process 

(Fig. 3), which implies the spore core rehydration and the cracking of 

the spore protective layers, which will eventually release the nascent 

cell (Higgins and Dworkin, 2012). 

 

1.4.2 Spore structure 

 

As previously described, B. subtilis spore is made of a core surrounded 

by several protective layers: the inner membrane, the cortex, the outer 

membrane, and the coat (Fig.4). The core is the central part of the 

spore. It contains the spore cytoplasm with all the cellular components, 

such as cytoplasmic proteins, ribosomes, and DNA associated with a 

large amount of Small Acid Soluble Proteins (SASPs) which protect the 

DNA against many types of damage. The partially dehydrated core 

plays an important role in spore longevity, dormancy, and resistance 

(Setlow, 1994). The core is surrounded by the inner membrane, which 

exposes the germination receptors, and in turn is surrounded by the 

cortex, a modified peptidoglycan layer. The cortex is significant for the 

maintenance of spore core dehydration, resistance, and dormancy. The 

outer membrane, the second layer deriving from the engulfment 

process, has opposite polarity compared to the inner membrane. 

Finally, the outermost spore structure is the coat, mainly involved in 

spore resistance and germination, which apparently possesses 
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enzymatic functions that may permit interactions with other organisms 

in the environment. 

 

 

 

 

 

 

 
 

 

 

Figure 4 | B. subtilis spore structure. Left half, a micrograph taken by 
Transmission Electronic Microscopy (TEM). 

The spore coat layer is an intricate web made of more than 80 proteins 

(Fig. 5), which are synthesized in the mother cell cytoplasm, and 

gradually moved to the forespore surface (Krajčíková et al., 2017) 

where are organized into three distinct layers: the inner coat, the outer 

coat, and the crust (Fig. 4). Out of the 80 coat proteins, the Cot proteins, 

identified so far, at least 20 have shown an enzymatic function: some of 

them guide the correct assembly of other coat components, by 

catalysing post-translational modifications; some others are involved in 

spore protection and germination.  

 

1.5 The spore-based display system: a powerful biotechnological 

tool 

The unique spore structure allowed to develop an innovative surface 

display system to vehicle heterologous proteins (Isticato et al., 2001). 

Surface display systems aimed at exhibiting biologically active 

molecules on phages, yeast, bacteria, or synthetic particles have been 

developed for environmental and biomedical purposes such as vaccine 

development, bioabsorbants, biocatalysts, and biosensors (Gouy et al., 

2010; Chen et al., 2019).  
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Figure 5 | Model of the coat protein interaction network (Kim et al., 2006).  

Despite the promising results obtained, these technologies were not 

considered suitable for harsh industrial processes, especially for 

exposing enzymes sensitive to such conditions (Guoyan et al., 2019). 

In this framework, the proposal of bacterial spores as novel platforms 

for the display of heterologous antigens or enzymes looked like the 

answer (Isticato et al., 2001): the ability of bacterial spores to survive 

extreme environments and retain the capacity to sporulate and 

germinate make them suitable candidates for surface display 

technology (Isticato and Ricca, 2014; Isticato et al., 2020)). B. subtilis is 

the most used among the spore-forming bacterial species, due to its 

many advantages: it is classified as generally recognized as safe 

(GRAS), has poor nutritional requirements, and is considered the Gram-

positive bacterial model (Chen et al., 2019). Moreover, a lot is known 

about its structure and physiology, indeed, among bacteria, the study of 

its genetic background is second only to Escherichia coli (Kunst et al., 

1997). To expose heterologous proteins on the spore surface, two 

strategies have been developed (Fig. 6). Both exhibit many advantages 

over cell- or phage-based systems: the stability, safety, and amenability 

to laboratory manipulations of spores of several bacterial species, 

together with the lack of some constraints limiting the use of other 

systems. All of this makes the spore a highly efficient platform to display 

heterologous proteins. 
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Figure 6 | Spore display system recombinant (A) and non-recombinant (B) 
approaches. 

 

1.5.1 Surface display on recombinant B. subtilis spores  

The extremely resistant structure of the spore coat clearly suggests the 

possibility of using its components as anchoring motifs for the 

expression of heterologous polypeptides on the spore surface. A 

genetic system to manipulate the coat of B. subtilis spores has been 

developed (Fig. 7A) (Isticato et al., 2001). The spore-based approach 

provides several advantages over other display systems, such as high 

stability even after prolonged storage, the possibility to display large 

multimeric proteins and the safety for human use. Attempts to expose 

heterologous proteins on the spore surface were focused mainly on 

CotB protein, selected for the surface location (Isticato et al., 2001), 

CotC and CotG, for the high relative abundance in spore coat layer 

(Mauriello et al., 2004). 

1.5.2 Surface display on non-recombinant spores 

The recombinant spore-based display system implies the genetic 

engineering of the host. This is a major drawback when the application 

of the display system is intended for the release into the environment of 

the recombinant host or is thought for human or animal use.  

Serious concerns over the release of genetically modified 

microorganisms (GMOs) into nature, and their clearance from the host 

following oral delivery have been raised (Detmer and Glenting, 2006). 
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Figure 7 | A) B. subtilis coat engineering process in the recombinant display system 

approach; B) Schematic representation of a typical adsorption experiment. Purified 

spores were mixed with the purified antigen in 1X PBS buffer (pH 4.0) and incubated 

one hour at 25 °C. The sample mix was fractionated by centrifugation and fractions 

assayed independently. 

 

To overcome this issue, a non-recombinant approach to expose 

heterologous proteins on the spore surface has been recently proposed 

(Fig. 7B). It has been demonstrated that adsorbed spores were shown 

able to induce specific and protective immune responses in mice 

immunized mucosally (Huang et al., 2010). Spore adsorption resulted 

more efficient when the pH of the binding buffer was acidic (pH 4) and 

less efficient or totally inhibited at pH values of 7 or 10 (Huang et al., 

2010). Electrostatic and hydrophobic interactions between spores and 

antigen were suggested to drive the adsorption that was shown to be 

not dependent on specific spore coat components but rather due to the 

negatively charged and hydrophobic surface of the spore (Huang et al., 

2010). In addition, the same study showed that killed or inactivated 

spores were equally effective as live spores in adsorbing the various 

antigens (Huang et al., 2010).  

 

1.5.3 Spores’ physicochemical properties  

The spore surface’ physicochemical properties have been addressed in 

different studies with different approaches. A first study showed that 
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spores of B. subtilis are negatively charged by time-resolved 

micropotentiometry (Kazakov et al., 2008). It has been shown that in an 

aqueous environment, spores behave like an almost infinite ionic 

reservoir and are able of accumulating billions of protons (approximately 

2 x 1010 per spore) (Kazakov et al., 2008). The carboxyl groups were 

recognized as the main ionizable groups in the spore and according with 

the diffusion time analysis, it was found that proton diffusion is much 

lower in the spore core than within the coat and cortex (Kazakov et al., 

2008). This implies the inner membrane to probably be a major 

permeability barrier for protons (Kazakov et al., 2008). The electrostatic 

forces’ role in spore adhesion to a planar surface has been also 

addressed by studying spores of B. thuringiensis (Chung et al., 2010). 

By using combined atomic force microscopy (AFM)-scanning surface 

potential microscopy technique, the surface potentials of a spore and a 

mica surface were experimentally obtained (Chung et al., 2010): the 

surface charge density of the spores was estimated at 0.03 μC/cm2 at 

20 % relative humidity and decreased with increasing humidity. The 

electrostatic force can be an important component in the adhesion 

between the spore and a planar surface (Chung et al., 2010). 

 

1.6 Bacillus spore as a platform to display molecules of agro-

industrial interest 

One of the emerging application fields of the spore-display system is 

that of sustainable agriculture (Rostami et al., 2017). Replacing the 

current soil management strategies, mainly dependent on inorganic 

chemical-based fertilizers, and causing serious threats to human health 

and the environment, is a matter of main importance (Castaldi et al., 

2021; Petrillo et al., 2021). To face two main problems obstructing plant 

growth, as the availability of nutrients and the defense against 

phytopathogens, the spore-based display system could represent a 

“green” answer. 

B. subtilis spores are considered as safe live biocompatible carriers of 

bioactive molecules in soil that benefit from some advantages like low 

cost, safety, stability, easy preparation, and high resistance to harsh 

conditions. Applied to the field of our concern, microbial spores could 

be coated with molecules of agro-industrial interest. 

Agricultural enzymes, for example, are bioactive proteins used instead 
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of chemicals for food production and protection (Agricultural Enzymes 

Market Size, Share | Global Industry Report, 2022-2025). Unfortunately, 

these molecules are often unstable or easily degraded when in the 

agricultural environment. Active biomolecules stably carried on the 

spore surface, could be shielded from the external environmental 

conditions. Indeed, the advantage of this approach lies in the protection 

that the outermost layers of the spore structure offer to the heterologous 

molecules exposed (Sirec et al., 2012). Furthermore, a recent study has 

shown that proteins displayed by the non-recombinant approach are not 

exposed on the spore surface but rather localized at the level of the 

inner coat (Donadio et al., 2016). This internal localization probably 

contributes to the protection of the heterologous protein without 

interfering with its biological activity (Donadio et al., 2016). For this 

purpose, the adsorption of active biomolecules on the spore surface, 

could represent a reasonable eco-friendly solution. The chitinase ChiS 

from B. pumilus was successfully expressed on the spores of B. subtilis 

using CotG as a carrier protein by Rostami et al. (2017). The enzyme 

conserved its full activity and was able to efficiently inhibit the growth of 

the fungal phytopathogens  Rhizoctonia solani and Trichoderma 

harzianum. On this path, many more enzymes like proteases, 

phosphatases, dehydrogenases, etc., could benefit from the spore 

display protection, and being efficiently applied to the agricultural field. 

The innovative idea this Thesis aims to shed the light on is the use of 

spore-forming PGPB as a matrix to expose agro-industrial molecules 

(functionalized PGPB). By doing so, crops would benefit not only from 

the natural action of PGPB, but also from the bioactive molecules 

brought upon their surface. Hence, as a powerful tool, Bacillus spore-

based display system conceivably offers broad possibilities in its future. 
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CHAPTER IV 

Microbial consortia as a strategy to reduce drought stress in 

Spinacia oleracea 

 

4.1 Abstract 

Drought stress is considered one of the most severe abiotic stresses 
affecting soil fertility, plant health, and crop yield, considering that 
almost all agricultural lands are subjected to it. In addition, due to 
climate change, water shortage is destined to increase even further, 
becoming a serious threat to crop production. An efficient eco-friendly 
alternative to the polluting and soil-deteriorating chemical fertilizers, is 
the use of bioformulations of Plant-Growth-Promoting Bacteria (PGPB), 
either single or consortia. PGPB can promote plant fitness through 
direct and indirect approaches, involving the enhancement of nutrients 
uptake, the production of phytohormones, or the ability to inhibit 
phytopathogens’ growth, thus strengthening plants’ defences against 
biotic and abiotic stresses. The present study aims at constructing 
bacterial consortia exhibiting complementary PGP traits, to defend 
Spinacia oleracea’s seeds and seedlings from drought stress and 
promote their growth in vitro. Therefore, a characterization of six 
potential PGPB belonging to the Bacillus, Azotobacter, and 
Pseudomonas genera was performed under water-shortage condition 
and compared with two promising PGP-Bacilli recently isolated from 
salt-pans. To verify the bacterial PGP-potential, individual and 
consortia, a germination bioassay was performed using the seed-
biopriming method. Three bacterial strains identified as B. 
amyloliquefaciens RHF6, B. amyloliquefaciens LMG9814 and B. sp. 
AGS84 emerged as the most promising, positively affecting S. oleracea’ 
seeds germination rate and efficiency, and promoting the seedlings’ 
radical development, in standard conditions. Interestingly, out of the four 
consortia constructed according to the bacterial compatibility, the one 
made of strains RHF6, LMG9814 and AGS84 gave the best results, 
confirming the previous data. Although these preliminary results were 
encouraging, further analysis is required to confirm the outcome under 
drought stress and to improve this strategy, making it available for 
commercial use in the agro-industrial field. 
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4.2 Introduction 

Plants generally undergo many abiotic stresses during their growth and 
development, including heat, drought, salinity and acidity, which directly 
and indirectly influence soil fertility, plant health and crop yield (Hanaka 
et al., 2021). Among these, drought is considered one the most severe 
environmental stresses affecting agricultural productivity. It occurs due 
to temperature dynamics, light intensity, and low rainfall (Seleiman et 
al., 2021), and impacts all of the main agricultural lands (Sati et al., 
2021). Indeed, it is well acknowledged that water plays a key role in 
most of plant’s vital processes, being their body’s fresh mass made of 
almost the 95 % of it (Abbasi and Abbasi, 2010). Drought stress 
negatively affects seed germination rate and efficiency, seedling 
growth, leaves’ size, area and number; it limits the number of stomata 
and flowers, reduces roots’ growth and elongation, and decreases 
plants’ fresh and dry biomass (Ullah et al., 2019; Khan et al., 2021). 
Plants are normally able to defend themselves against numerous stress 
factors by several strategies, which imply different morphological and 
physiological responses (Hanaka et al., 2021). Therefore, plants may 
cope with water deficiency by producing osmoprotectants, shortening 
their life cycle, or by restarting their growth after the exposure to the 
abiotic stress (Fang and Xiong, 2015). Nevertheless, anthropogenic 
activities, together with the global warming led to an increased severity 
of droughts, imposing a serious threat on the agricultural productivity 
(Seleiman et al., 2021). Hence, plants defences may be not enough. 
Currently agriculture highly depends on chemical fertilizers, which 
expose the soil and the whole environment to deterioration (Kumar et 
al., 2011). For this reason, researchers and industries are seeking for 
greener and more sustainable approaches (Glick et al., 2007). One of 
the most promising solutions is represented by the skilful use of 
bioformulations, which may include the application of microorganisms 
inocula or the employment of natural metabolites acting as plants’ 
growth enhancers (Vishwakarma et al., 2020; Oszust et al., 2021).A 
very common approach is the application of active microorganisms 
known as Plant Growth Promoting Bacteria (PGPB) (Niu et al., 2017). 
PGPB are microorganisms naturally capable of enhancing plants’ 
growth by direct and indirect approaches, comprising the production of 
phytostimulant metabolites, the promotion of plants’ nutrients up-take or 
the inhibition of pests (Castaldi et al., 2021; Petrillo et al., 2021). More 
importantly, they can arrange beneficial associations with the roots of 
plants to improve their growth and increase tolerance to abiotic 
stresses, such as water shortage (Vishwakarma et al., 2020). Recently, 
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importance has been given to the application of PGPB consortia, groups 
of bacteria exhibiting complementary features (Hanaka et al., 2021). 
Indeed, bacterial consortia were shown to have higher performances as 
compared to the inoculation of individual species (Baez-Rogelio et al., 
2017) and were also shown to promote plant drought tolerance (Wang 
et al., 2012). 

In the present study, a collection of six bacteria belonging to the genera 
Bacillus, Azotobacter and Pseudomonas was characterized for their 
PGP traits and biocontrol activity and compared with two recently 
isolated potential PGP- Bacilli, B. amyloliquefaciens strain RHF6 
(Petrillo et al., 2021) and B. vallismortis strain RHFS10 (Castaldi et al., 
2021), that emerged for their ability to endure abiotic stresses and inhibit 
phytopathogens’ growth. The preliminary characterization was also 
performed under simulated drought stress and impressively, resulted in 
the enhancement of some PGP traits for many of the tested strains, 
according to the evidence that bacteria may respond to abiotic and 
biotic stresses by boosting their defence mechanisms. To confirm the 
bacterial strains PGP potential, their ability to promote Spinacia 
oleracea (Matador) germination was tested through a germination 
bioassay, performed using the seed-biopriming method, under standard 
condition. Spinach was selected as a model plant because it is one of 
the main vegetables sold as “ready-to-eat” bagged products and it is 
very sensitive to water stress (Bianchi et al., 2016). Three bacterial 
strains identified as B. amyloliquefaciens RHF6, B. amyloliquefaciens 
LMG9814 and B. sp. AGS84 emerged as the most promising, positively 
affecting S. oleracea’ seeds germination rate and efficiency and 
promoting the seedlings’ radical development. Moreover, out of the four 
consortia constructed according to the bacterial in vitro compatibility, the 
one made of strains RHF6, LMG9814 and AGS84 gave the best results, 
confirming the previous data. 

Although the results obtained were encouraging, further analysis are 
required to validate and improve this strategy for a commercial use in 
the agro-industrial field of arid and semi-arid regions.  

 
4.3 Materials and methods 

4.3.1 Bacterial strains and growth conditions 

The PGPB used in this study are listed in Table 1, grown on TY medium 
for routine use and pure cultures stored at −80 °C into glycerol stocks 
(Giglio et al., 2011). Some of the strains are deposited in the culture 
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collection of Agriges s.r.l. (San Salvatore Telesino, Benevento, Italy) 
and were kindly supplied. 

 

Table 1 | List of the bacterial strains used in this study. 

 

4.3.2 Phenotypic characterization and growth conditions 

The phenotype of the bacterial strains was determined by visual 
inspection. The facultative anaerobic growth was determined using the 
AnaeroGen sachets (Unipath Inc., Nepean, Ontario, Canada) placed in 
a sealed jar with bacteria streaked on TY agar plates and incubated at 
37 °C for 3 days. To confirm the sporulation ability, the bacterial strains 
were grown in Difco sporulation medium (DSM) (8 g/L Nutrient broth 
No. 4, 1 g/L KCl, 1 mM MgSO4, 1 mM Ca(NO3)2, 10 μM MnCl2, 1 μM 
FeSO4, Sigma-Aldrich, Germany). The optimum growth conditions were 
determined by growing the strains in TY agar at different pH (2.0, 4.0, 
6.0, 7.0, 8.0, 10.0, 12.0) (Cangiano et al., 2014), temperatures (4, 15, 
25, 37, 50, 60 °C) (Petrillo et al., 2020) and PEG6000 (0, 5, 10, 15, 20 
%) ranges. 

4.3.3 Bioassays for PGP traits  

The eight strains were characterized for their PGP traits as described 
below. When drought stress is simulated, 15% PEG6000 is 
supplemented to the media. 

4.3.3.1 Biofilm Production and Swarming Motility 

To investigate the capacity of producing biofilm, bacterial isolates were 
grown in 24-wells culture plates in TY broth for 48 h static conditions at 
37 °C in accordance to O’Toole (2011). After that, the supernatant was 
discarded, adhered cells were rinsed three times with distilled water and 
1 ml of a 0.1 % Crystal Violet (CV) solution was added to stain the 
adhered biomass. Plates were incubated for 30 min at room 
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temperature, carefully washed three times with distillated water and 
patted dry. Dye attached to the wells was extracted with 1 ml of 70 % 
ethanol and quantified at an absorbance of 570 nm. Data were 
normalized by total growth estimated by OD600nm. The experiment was 
performed in triplicate. Swarming motility was assayed according to the 
method described by Adler (1966). TY agar 0.7 % plates were spot 
inoculated with 3 μl of the freshly grown bacterial culture (107 CFU/ml). 
After an overnight incubation at 37 °C, the swarm diameters were 
measured. 

4.3.3.2 Phosphate Solubilization 

The microbial ability to solubilize phosphate was evaluated by spot 
inoculation of 3 μl of a freshly grown bacterial culture (107 CFU/ml) onto 
Pikovaskya’s agar medium (Pikovskaya, 1948). The plates were 
incubated at 28 °C for 10-15 days. A positive result is represented by 
the formation of transparent zones around the bacterial colonies 
(Schoebitz et al., 2013). 

4.3.3.3 Indole-acetic Acid (IAA) Detection 

The IAA production was measured as described by Etesami et al. 
(2013), with some modifications. Briefly, each strain was cultured in 10 
ml of TY broth at 37 °C for 4 days with shaking at 150 rpm. Then, 1 ml 
of bacterial supernatant was mixed with 2 ml of Salkowski reagent (0.5 
M FeCl3 in 35 % HClO4 solution), and the solution was vortexed and 
incubated at room temperature for 30 min. The formation of pink color 
represented a positive reaction (Damodaran et al., 2014) Quantitative 
estimation of IAA (μg/ml) was achieved by recording spectroscopic 
absorbance at 535 nm using a standard curve prepared with pure IAA 
(Sigma) in the range 0–100 μg/ml (Gordon and Weber, 1951). Sterile 
TY broth was used as control. 

4.3.3.4 Ammonia production 

To detect the production of ammonia, it was followed the method 
described by Bhattacharyya et al. (2020). The eight bacteria were grown 
in 4 % peptone broth and incubated for seven days at 30 °C. After that, 
to the bacterial suspension was added 0.5 ml of Nessler’s reagent. The 
development of brown to yellow colour indicates ammonia production. 
The samples’ absorbance was measured at 450 nm using a 
spectrophotometer. Quantitative estimation of the amount of ammonia 
production by the bacterial strains was performed comparing the results 
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with a standard curve generated using a standard ammonium sulphate 
solution. 

4.3.3.5 Siderophores Production 

The siderophores production was determined through the Chrome 
Azurol S (CAS) assay as described by Pérez-Miranda et al. (2007). 3 
mL of freshly grown bacterial cultures were spot inoculated on CAS agar 
plates and incubated at 28 °C. The appearance of a yellow-orange halo 
zone around the bacterial colonies was a positive indicator of 
siderophores production and the halos’ diameters were measured after 
4 days of incubation. 

4.3.3.6 Biosurfactants production 

The bacterial isolates were spot inoculated on blood agar plates (BBL™ 
Trypticase™ Soy Agar (TSA II) supplemented with 5 % Horse Blood) 
and after 72 h of incubation at 28 °C, the clear zone around the colonies 
indicates a positive result (Sarwar et al., 2018). 

4.3.3.7 Screening for hydrolytic enzymatic activity 

The eight bacterial strains were grown separately in 5 mL of TY broth a 
37 °C overnight with shaking at 150 rpm. 3 µL of each fresh bacterial 
culture was spot inoculated on plates containing different carbon 
sources, to test hydrolytic enzyme activity. The protease activity was 
assayed on Skimmed Milk Agar (SMA) (Morris et al., 2012). After an 
overnight incubation at 37 °C, the formation of a clear halo around the 
colonies was considered as positive activity. To detect the amylase 
activity, the method described by Alariya et al. (2013) with Starch Agar 
plates, was used. After the overnight incubation at 37 °C, the plates 
were flooded with iodine solution and the hydrolysis of starch was 
observed as a colourless zone around the colonies. To detect cellulase 
and xylanase activities, Xylanase Production Medium (XPM) agar 
plates with 0.5 % xylan (Megazyme) (Meddeb-Mouelhi et al., 2014) and 
a minimal medium with 0.5 % carboxymethylcellulose (CMC) (Hankin 
and Anagnostakis, 1977) as sole carbon sources, were used. The 
plates were incubated at 37 °C for 3 days after which hydrolysis zones 
were visualized by flooding the plates with 0.1 % Congo Red for 15–20 
min and then destained by washing twice with 1 M NaCl. Plates, where 
CMC and xylan were omitted, were used as no substrate controls. 
Transparent hydrolytic zones around the colonies were considered 
positive. 
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To quantify the activity observed on plate, the ratio of the clear zone 
diameter to colony diameter was measured, assuming the largest ratio 
represents the highest activity. Hence, the following formula was 
applied: 

% Efficiency =  
total diameter − colony diameter

colony diameter
 x 100 

 All experiments were performed in triplicate. 

4.3.4 Evaluation of potential biocontrol activity 
 
The eight bacterial strains were tested in vitro for their biocontrol activity 
against spinach phytopathogenic fungi and bacteria listed in Table 5. 
Colletotrichum truncatum is deposited in the fungal culture collection of 
the Plant Pathology Department of the University of Buenos Aires 
(FAUBA, Argentina) and was kindly supplied by Marcelo Anibal 
Carmona (Facultad de Agronomía, Cátedra de Fitopatología, 
Universidad de Buenos Aires, Buenos Aires, Argentina). All the fungi 
were stored on Potato Dextrose Agar (PDA) in Petri dishes. A dual-
culture assay method was performed to evaluate the antifungal activity 
in accordance with Xu and Kim (2014). In short, fungal plugs of 6 mm × 
6 mm diameter were placed in the middle of PDA plates and 5 μl of 
bacterial cultures grown overnight in TY medium were spotted on the 
opposite four sides of the plates 1.5 cm away from the fungal disc. 
Negative controls consisted of plates containing the fungal plugs alone. 
All plates were incubated at 28 °C for 5–7days. The antagonism activity 
against bacterial phytopathogens was carried out as described in Li et 
al. (2020) with some modifications. Bacterial pathogens were streaked 
on TY plates and incubated at 25 °C overnight. Single colonies were 
suspended in TY broth and incubated at 25 °C. Approximately 1×10−6 

CFU/mL were mixed with melted 0.8 % TY agar before pouring the 
plates. After solidification, 5 μl of bacterial isolates solution (OD600=1.0) 
was spot inoculated onto the plates and incubated at 28 °C for 48 h, 
before measuring the diameters of the inhibition halos. All experiments 
were performed in triplicate. 
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Table 2 | List of the phytopathogenic fungi and bacteria used in this study.

 

4.3.5 Germination assay 
 
To test the ability of the microbial strains to promote seeds’ germination, 
a modified method described by Wang et al. (2019) was performed. The 
bacterial strains were overnight cultured in TY medium at 37 ± 2 °C (25 
± 2 °C for strain AGS54). Then, the cells’ concentration (CFU/mL) was 
determined by a Burker chamber and diluted to 1x108 CFU/mL in 1X 
Phosphate-Buffered Saline (PBS). For the consortia, the dilutions of the 
single strains were mixed keeping a 1:1:1 ratio. S. oleracea (Matador) 
seeds were rapidly sterilized with 5 % H2O2 and rinsed with sterile 
deionized water. After that, 45 seeds were incubated with the proper 
bacterial dilution (single or consortium) for about 4 hours at room 
temperature, under stirred conditions to favor the bacterial adhesion to 
the seeds. Seeds treated with 1X PBS were used as control. The treated 
seeds were then spread on water agar (1.8 %) medium (WA) and 
incubated at 20 °C in dark conditions. Germination was defined as the 
appearance of radicles through the seed coat. The germination rate and 
efficiency were obtained from three independent experiments. To 
determine the seedlings’ well-being, the length of primary roots was also 
measured by ImageJ software. 
 
4.3.6 Adhesion assay 
 
To evaluate bacterial adhesion onto S. oleracea’s seeds (each of the 
different treatments and the control), a modified method described by 
Hashmi et al. (2019), was performed. Three seeds were randomly 
collected to count bacterial cells adhering at their surface by flow 
cytometry. Seeds of each individual treatment were placed in sterile 
tubes containing 1 mL of sterile 1X PBS and vortexed vigorously for 1 
min.  
 
4.3.7 Microbial compatibility in vitro 
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To assess the ability of the eight strains to coexist, they were subjected 
to in vitro compatibility test using the agar diffusion assay as described 
by Tabacchioni et al. (2021), with minor modifications. A single colony 
of each strain was inoculated in TY medium and incubated at 37 ± 2 °C 
for ~ 18 h, 150 rpm. 100 μL of each strain were plated on TY agar 
medium, and 5 μL of the other strains were spotted on top of it. The 
plates were then incubated at 37 ± 2 °C. The microorganisms that 
overlap are considered compatible. On the other hand, when an 
inhibition halo appears, the two microorganisms are considered 
incompatible. 
 
4.3.8 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. 
 
4.4  Results and discussion 

4.4.1 In vitro characterization of potential PGPB 

The six bacterial strains of the collection listed in Table 1, were 
preliminarily characterized for growth properties (Supplementary Table 
S1) and compared with two Bacilli isolated from samples of sand and 
rhizosphere collected from salt-pans, strains RHF6 and RHFS10, 
recently emerged as promising PGPB (Castaldi et al., 2021; Petrillo et 
al., 2021). All the strains object of this study represent well-recognized 
PGPB genera, with more than the 70 % identified as members of the 
Bacillus genus, while strains LS132 and AGS54 were identified as the 
Gram-negative A. chroococcum and P. fluorescens (Table 1). 

The eight strains can be classified as facultative anaerobic; almost all 
of them fit in the mesophiles group, except for strains LMG9814, AGS84 
and AGS108 that can grow up to 60 °C and strain AGS54, which grows 
between 4 and 40 °C (Supplementary Table S1) (Schiraldi and De 
Rosa, 2016). In addition, to determine the tolerance to drought stress, 
the eight strains were grown in the presence of different PEG6000 
concentrations (Materials and methods). The 60 % of the strains 
tolerate up to 15 % PEG6000; only strains AGS172, AGS84 and AGS54 
survived up to 20 %. The strains used in this study seem to be 
moderately tolerant to the lack of moisture, proven by either the capacity 
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of growing in relatively high PEG6000 concentrations and the ability to 
survive at high temperatures. In fact, drought is strictly connected to the 
rising global warming: the higher temperatures promote evaporation, 
which in turn reduces surface water and dries out soils and vegetation 
(Drought and Climate Change, 2021). To compare the PGP potential of 
the six new strains to the already characterized Bacilli, strains RHF6 
and RHFS10, their ability to produce growth hormones and 
siderophores, to solubilize phosphorous, and the capability of 
hydrolysing different polymers were assayed (Table 3). Most of the 
strains is potentially able to colonize root apparatus, since capable of 
surface spreading by swarming and to form biofilms (Amaya-Gómez et 
al., 2020), while only five were found positive to biosurfactants 
production. Strain AGS54 is the best IAA producer, followed by AGS84 
and AGS172. On the other hand strain LS132 releases the highest 
amount of ammonia, as expected of an Azotobacter (Plunkett et al., 
2020). As mentioned above, all the microorganisms were tested for their 
hydrolytic potential against different substrates (milk proteins, starch, 
xylan and cellulose). As shown in Table 3, the best hydrolytic activity, 
often connected to biocontrol (Pal and McSpadden Gardener, 2006), 
was registered for strains AGS172 and AGS84, comparable with that 
exerted by RHF6 and RHFS10; while LS132 strain, only exhibited 
proteolytic activity. 

Table 3 | Summary of plant growth-promoting and biocontrol traits exhibited by the 8 bacterial 
strains. 

No activity (−), halo or colony diameter < 5 mm (+), halo or colony diameter 10 mm (+++). Data are represented by means 

of at least three replicates ± SE at p ≤ 0.05 using LDS. PVK, Pikovskaya; IAA, indoleacetic acid; and CMC, 
carboxymethylcellulose. 1 Available from Petrillo et al. (2021). 2 Available from Castaldi et al. (2021). 

Based on this preliminary characterization, it is possible to say that this 
bacterial collection has a strong PGPB potential in vitro. 
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4.4.2 Antagonistic activity against Spinacia oleracea 
phytopathogens 

To verify if the bacterial strains, that already proved to possess many 
PGP traits in vitro, also exert an antagonistic activity against some S. 
oleracea phytopathogens (Koike et al., 2002; Liu et al., 2021), dual 
culture assays were performed between the PGPB and the pathogens 
listed in Table 2. The results revealed that the bacteria inhibit plant 
pathogens on plates with different efficiency (Fig. 1). Based on the size 
of the inhibition zone in dual culture tests, all the strains but LS132 
showed a strong antifungal activity against S. vesicarium and C. 
truncatum (Fig.1; Table 4). 

 
Figure 1 | Representative photographs of dual culture assay for in vitro mycelial growth 
inhibition of fungal phytopathogens.  

In particular, it is possible to notice that B. subtilis strain AGS172 
exhibited a broad spectrum of action against both fungal and bacterial 
pathogens (Table 4) comparable to the one already observed for strains 
RHF6 and RHFS10 (Petrillo et al., 2021); whereas strains B. sp. AGS84 
and B. amyloliquefaciens AGS108 showed an inhibitory activity limited 
to the fungal pathogens. Unexpectedly, strain A. chroococcum LS132 
showed any particular biocontrol activity. 

Table 4 | Antimicrobial activity of the bacterial strains against phytopathogenic fungi and 
bacteria.

No inhibition (−), inhibitory zone 5mm (+++). 1 Available from Petrillo et al. (2021).  

 
4.4.3  Characterization of PGP traits under drought stress 
condition 
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To fulfil the aim of this study, a further characterization of the bacterial 
strains was repeated under drought stress condition, in the presence of 
15 % PEG6000. As expected, the results obtained this time were lower 
than the ones registered before (Table 5), on average. 
 
Table 5 |Summary of plant growth-promoting and biocontrol traits exhibited by the 8 bacterial 

strains under drought stress. 

No activity (−), halo or colony diameter < 5 mm (+), halo or colony diameter 10 mm (+++). Data are represented by means 
of at least three replicates ± SE at p ≤ 0.05 using LDS. PVK, Pikovskaya; IAA, indoleacetic acid; and CMC, 
carboxymethylcellulose. 

The most impressive loss was observed for the hydrolytic activities, 

cellulolytic activity on top of all. Strain RHF6 which exhibited one of the 

highest hydrolytic potentials, lost it completely, together with strains 

LS132 and AGS54. On the contrary, the xylanase activity exhibited by 

strains AGS172 and AGS108, and the amylase activity exhibited by 

strains AGS84 and AGS108 increased under drought-stress condition. 

This behaviour agrees with what has been recently stated by Bouskill et 

al. (2016). It was observed, indeed, that bacterial communities can 

respond to water stress by increasing the hydrolytic activity of classes 

of enzymes correlated to the metabolism of complex C-sources. The 

same tendency was observed for the IAA production shown by strains 

RHFS10 and LS132, which increased almost three and two times, 

respectively, reaching 18 and 2.4 µg/mL (Table 5).  

 
4.4.4 Effects of seed-biopriming on S. oleracea germination in vitro 

Once verified that the bacterial strains used in this study exhibited 
important PGP traits in vitro under standard and water-shortage 
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conditions, a germination bioassay was carried out to evaluate the 
effects of the potential PGPB, on the early vegetative growth stage of 
S. oleracea seedlings. S. oleracea was chosen as a model plant, due to 
its moisture-sensitiveness (Bianchi et al., 2016). To this aim, 45 seeds 
(per treatment) of S. oleracea, after being rapidly sterilized with 5 % 
H2O2 and rinsed with sterile deionized water, were incubated with a 
dilution of each one of the strains adjusted to 1 x 108 CFU/mL with 1X 
PBS, for ~ 4 h at room temperature under stirred conditions to favor the 
bacterial adhesion to the seeds. Seeds treated with 1X PBS only, were 
used as control (Material and methods). Following the incubation, the 
seeds were spread on WA plates, and let germinate in the dark at 20 
°C for about one week. Germination was defined as the appearance of 
radicles through the seed coat. In Fig.2A are reported the effects of S. 
oleracea’s seeds bio-priming. During the germination period, the 
number of germinated seeds was counted every day after incubation, 
to calculate the germination rate and efficiency (Fig.2B, 2D). To 
determine the seedlings’ well-being, the length of primary roots was also 
measured (Fig.2C). As it is possible to observe, the bacterial strains 
affect seeds germination with different efficiency. Seed-biopriming 
using strains RHF6, LMG9814 and AGS84 significantly improved 
seeds’ germination rate and efficiency and produced the healthiest 
seedlings also, against the untreated control seeds (Fig. 2A); strain 
AGS108 also positively affected the seeds’ germination. In particular, 
the longest radicle length (6.82 cm), and the highest germination rate 
and efficiency (Fig.2B, 2C, 2D) was recorded for seeds bioprimed with 
B. amyloliquefaciens strain RHF6. On the other hand, strains RHFS10, 
LS132, AGS172 and AGS54 -bioprimed seeds exhibited lower viability 
and vigor (Fig.2A). 

A possible explanation for the best effects exerted by strains RHF6, 
LMG9814 and AGS84, could be a stronger adhesion of the bacterial 
cells to the seeds (Supplementary Figure S2). To evaluate this 
parameter, three bioprimed seeds were randomly collected to count 
bacterial cells adhering at their surface by flow cytometry as described 
in the Materials and methods section. Once again, strain RHF6 
exhibited the best performance. Hence, we can say that the bacterial 
inoculation, in some cases, led to an acceleration of the radicle 
emergence (as for strains RHF6, LMG9814 and AGS84), and that it has 
a positive impact on radicle growth after its initial, rapid, protrusion from 
the seed. 
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Figure 2 | A) Effects of seed-biopriming on S. oleracea. The red squares point out the 
treatments that gave the best results; B) Seeds germination rate (%) measured over a 6 days 
period; C) Measure of the seedlings’ primary roots length by ImageJ software; D) Seeds 
germination efficiency measured over a 6 days period: the comparison between the number of 
total germinated seeds over the number of total seeds on each plate is reported in percentage. 
Data are presented as means ± standard deviation (n = 3). For comparative analysis of groups 
of data, one-way ANOVA was used, and p values are presented in the figure: ***: extremely 
significant < 0.001. 

 

4.4.5 Effects of bacterial consortia on S. oleracea germination in 
vitro 

A more recent strategy to increase plant growth, is the application of 
consortia of PGPB exhibiting complementary traits (Hanaka et al., 
2021). Indeed, bacterial consortia were shown to have higher 
performances as compared to the inoculation of individual species 
(Baez-Rogelio et al., 2017). On the base of the results obtained for the 
in vitro bacterial compatibility assayed on Petri dishes and reported in 
Supplementary Table S3, four consortia named C1, C2, C3 and C4, 
were prepared out of the eight potential PGPB (Table 1). As described 
in the previous paragraph, a germination assay was performed to verify 
the action of the consortia on the germination phase of S. oleracea 
(Fig.3).  
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Figure 3 | A) Effects of seed-biopriming with the bacterial consortia on S. oleracea. The red 
square points out the consortium that gave the best results: C2; B) Seeds germination rate (%) 
measured over a 6 days period; C) Measure of the seedlings’ primary roots length by ImageJ 
software; D) Seeds germination efficiency measured over a 6 days period: the comparison 
between the number of total germinated seeds over the number of total seeds on each plate is 
reported in percentage. C1: RHFS10, AGS172, AGS108; C2: RHF6, AGS84, LMG9814; C3: 
RHFS10, RHF6, AGS172; C4: RHFS10, AGS54, LS132. Data are presented as means ± 
standard deviation (n = 3). For comparative analysis of groups of data, one-way ANOVA was 
used, and p values are presented in the figure: ***: extremely significant < 0.001; **: significant 
< 0.006.  

This time the seeds were imbibed with the four cultures mixes (adjusted 
to 1x108 CFU/mL, maintaining a 1:1:1 ratio of the single 
microorganisms), and after that let germinate on WA plates. As 
previously described, the seedlings well-being was evaluated through 
several parameters (Fig.3B, 3C and 3D). Out of the four consortia, C2 
made of strains RHF6, AGS84 and LMG9814, gave the best results, 
increasing the germination rate and efficiency up to ~100 %, and 
producing seedlings with the longest primary roots (6.96 cm) (Fig.3). 
Interestingly, the best consortium is the one bringing together the PGPB 
which showed the strongest effect when assayed individually (Fig.2). 
This outcome confirms the former results and allows to hypothesize a 
beneficial synergic action of the three strains in the consortium C2, at 
least looking at the germination efficiency. 

 
4.5 Conclusions 

The application of PGPB to the agricultural field is considered to have 
the potential for improving plant growth in extreme environments 
characterized by water shortage. Drought stress, indeed, is one of the 
main agricultural problems reducing crop yield in arid and semiarid 
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areas, and it is made even tougher by the rapid global warming, which 
brings longer drought periods, that severely damage food production in 
some countries (Seleiman et al., 2021). PGPB are known to enhance 
plant growth by several mechanisms including nitrogen fixation, 
phytohormone production (including auxins, cytokinins, and 
gibberellins), solubilization of mineral phosphates, and iron 
sequestration by siderophores production (Glick, 2012). Interestingly, 
many PGPB have been demonstrated to limit drought stress effects in 
plants, for example by reducing plant ethylene levels, a molecular stress 
marker, or by increasing their antioxidant potential (Mayak et al., 2004; 
Arshad et al., 2008). Anyway, the ability of bacteria to survive, and 
compete with the soil microflora, colonizing the rhizosphere remains a 
critical step for successful application (Bashan, 1998) especially in dry 
soils (van Meeteren et al., 2008). For these reasons, the application of 
drought tolerant PGPB may represent a valid strategy to deliver 
beneficial effects on plants. The present study aims at proposing new 
potential drought tolerant PGPB, which may be able to alleviate water-
shortage induced stress on S. oleracea seedlings and plants. For this 
purpose, a collection of eight bacteria from the Bacillus, Pseudomonas 
and Azotobacter genera were preliminary characterized for their PGP 
traits as the ability to produce biofilm, growth hormones, siderophores 
or the capacity to surface-spread, and solubilize nutrients under 
standard and drought stress conditions (Table 3, 5). As hypothesized, 
the results obtained under simulated water-shortage were lower than 
the ones registered in optimal conditions (Table 5). The most impressive 
loss was observed for the hydrolytic activities, cellulolytic activity on top 
of all: strain RHF6 which exhibited one of the highest hydrolytic 
potentials, lost it completely. Interestingly, drought stress also triggered 
some of the bacterial features, such as the IAA production, which 
increased almost three and two times, compared to the standard 
condition, reaching 18 and 2.4 µg/mL in strains RHFS10 and LS132, 
respectively (Table 5). The bacterial strains were also successfully 
tested for their biocontrol activity against some S. oleracea’s fungal and 
bacterial pathogens. All the strains but A. chroococcum LS132, 
exhibited inhibitory activity; strain B. subtilis AGS172 exhibited a broad 
spectrum of action against both fungal and bacterial pathogens (Table 
6), showing a similar behaviour to the already characterized strains 
RHF6 and RHFS10, (Petrillo et al., 2021; Castaldi et al., 2021). Since 
seed germination is a critical step in plant growth as it controls seedling 
production and crop yield, to find approaches able to promote seed 
germination of economical-valuable crops is considered of great interest 
on global level (Makhaye et al., 2021). In this context, over the past 
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decades, inoculation of seeds with PGPB, has proved to be an efficient 
and “green” practice to increase plant tolerance over stresses, the 
durability of food production and reduce its ecological impact (Duhamel 
and Vandenkoornhuyse, 2013; Gupta et al., 2015). This method is 
referred to as seed-biopriming (Mitra et al., 2021). This represents an 
effective method to introduce beneficial microbial inocula into the 
rhizosphere or soil, and improves the seed quality, germination, viability, 
by enhancing the production of regulatory substances, the uptake of 
nutrients, and protection from seed or soil-borne pathogens (Mitra et al., 
2021). Hence, a germination bioassay was performed to evaluate the 
effects of the potential PGPB on the early vegetative growth stage of S. 
oleracea seedlings. S. oleracea was chosen as a model plant, due to its 
moisture-sensitiveness (Bianchi et al., 2016). The most promising 
strains were B. amyloliquefaciens RHF6, B. amyloliquefaciens 
LMG9814 and B. sp. AGS84, which significantly improved seeds’ 
germination rate and efficiency and produced the healthiest seedlings 
compared with the untreated seeds (Fig. 3). The beneficial effect, 
especially the one shown by strain RHF6, agrees with the stronger 
adhesion of the bacterial cells to the seed surface (Supplementary 
Figure S3). According to the in vitro compatibility, four consortia were 
prepared out of the eight bacterial strains. Again, the germination 
efficiency, rate and primary roots length were considered to determine 
the seedlings vigour (Fig.3). Interestingly, the best consortium (C2) is 
the one made of the three PGPB that exhibited the strongest beneficial 
effect on the germination, individually (Fig.2): strains RHF6, LMG9814 
and AGS84. This outcome confirms the former results and allows to 
hypothesize a beneficial synergic action of the three strains in the 
consortium C2, at least for the germination efficiency. 

Due to Covid-19 pandemic, this study hasn’t come to an end yet. Further 
experiments need to be performed to confirm the promising results 
reached so far. 

4.6 Supplemental material 

Supplementary Figures and Tables are available in Appendix I. 
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CHAPTER V 

Myxococcus xanthus’ Frz chemosensory system 

 
5.1 A potential PGPB: M. xanthus 

M. xanthus belongs to the Myxococcales, or myxobacteria, soil dwelling 
Gram-negative gliding bacteria that form fruiting bodies containing 
myxospores (Dawid, 2000) resistant to harsh conditions such as 
desiccation, high temperature, and UV irradiation (Reichenbach, 1999) 
(Fig.1). 

 

 

 

 

 

 

 

 

Figure 1 | M. xanthus life cycle. 

 

Myxobacteria are found in both terrestrial soils and aquatic 
environments (Dawid, 2000), and besides fruiting bodies and spores 
formation (Curtis et al., 2007), show several complex social traits 
including cooperative swarming with two motility systems (Spormann, 
1999), and group (or “wolf pack”) predation on both bacteria and fungi 
(Berleman et al., 2006) (Fig. 2). Myxobacteria embrace several species 
of micropredators that colonize soil and predate many microorganisms 
classified as plant pathogens (Adaikpoh et al., 2020); their predatory 
capabilities are ascribed to secreted hydrolytic enzymes and secondary 
metabolites with antimicrobial activity, which place the myxobacteria 
near or at the top of the microbial food chain (Konovalova et al., 2010). 
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Figure 2 | Epibiotic predation by the myxobacterium M. xanthus. A) M. xanthus cells that 
are placed next to E. coli on a CF agar plate, which only provides a minimal amount of nutrients, 
expand radially using gliding motility, enter the prey colony, and lyse prey cells. Multicellular 
fruiting bodies (white arrowhead), in which M. xanthus cells differentiate into spores, start to 
emerge near the inoculation spot. Preying M. xanthus induces regular cell reversals, which 
appear as macroscopic ripples within the prey area (yellow arrowhead). The image was taken 
2 days after the initial inoculation of predator and prey. B) M. xanthus secretes hydrolytic 
enzymes and secondary metabolites, which presumably kill and degrade prey cells for biomass 
acquisition. Outer membrane vesicles (OMVs) may contribute to the delivery of these lytic 
factors. M. xanthus cells typically move and prey in large clusters, but also individual cells can 
induce prey cell lysis. 

 

This evidence indicates that myxobacteria may enhance plant health by 
inhibiting the growth of fungal and/or bacterial plant pathogens (Bull et 
al., 2002), acting as potential biocontrol agents by competition, 
antibiosis, and parasitism (Chet and Inbar, 1994). 

 
5.2 Frz chemosensory system 

At the CNRS of Marseille (France), I focused on one of the main 
chemosensory systems used by M. xanthus. The Frz (“frizzy”) 
chemosensory system controls the frequency at which cells change the 
direction of their movement on solid surfaces to reorient in the 
environment, analogously to controlled tumbles in E. coli (Blackhart and 
Zusman, 1985): this behavior allows cells to move towards favorable 
directions or away from toxic compounds. There is evidence that M. 
xanthus employs chemotaxis-like genes in its attack on prey cells 
(Berleman et al., 2008). In fact, myxobacteria use gliding motility 
(Spormann, 1999) to search the soil for preys and produce a wide range 
of antibiotics and lytic compounds that kill and decompose prey cells 
and break down complex polymers, thereby releasing substrates for 
growth (Sudo and Dworkin, 1972). In this contest, M. xanthus’ “frizzy” 
system seems to have a possible key role. It is known that the Frz 
system is activated by a variety of saturated fatty acids which trigger the 
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signal transduction pathway associated with chemotaxis in the 
microorganism. This system could probably respond to the plant 
signaling, attracting the myxobacteria to the roots, where they may act 
as biocontrol agents as previously explained. 

In Fig. 3 is shown the Frz system organization. The Frz core is 
composed of a cytoplasmic Methyl-accepting Chemotaxis Proteins 
MCP (FrzCD), a CheA (FrzE) and a CheW (FrzA) (Sourjik and Berg, 
2000) (Fig. 3B), encoded by a single operon (Fig. 3C). In the absence 
of any of these three proteins, cells display drastically reduced reversal 
frequencies and are no longer able to respond to isoamyl alcohol (IAA), 
a Frz activator (Sudo and Dworkin, 1972). The Frz system also includes 
a second CheW-like protein, FrzB, described as an accessory because 
while in its absence, cells show phenotypes similar to those caused by 
the deletion of core proteins, ΔfrzB cells are still able to respond to IAA 
with increased reversal frequencies (Guzzo et al., 2015) (Fig. 3B). 

 

 

 

 

 

 

 

 

 

Figure 3 | Schematic representation of the supramolecular organization of Che proteins. 
A) MCP form trimers of dimers (each dimer is shown as a green circle), which, in turn, form 
hexagons connected with rings composed of the CheA-P5 domain (dark blue bars) and CheW 
(white bars). The light blue circles represent the CheA-P4 domain and the red circles the 
interface between the β-strands 3 and 4 of subdomain 1 of CheA-P5 and the β-strands 4 and 5 
of subdomain 2 of CheW. Rings containing six CheW proteins (shown at the center of the array) 
might serve to modulate the stability and activation of the system. A signaling unit is represented 
in the red box. B) FrzCD, FrzECheA, FrzA and FrzB proteins organization depicted by homology 
with Che proteins. C) Schematic representation of the frz operon. 

In the Frz pathway, the FrzCD chemoreceptor activates the 
autophosphorylation of a CheA-CheY fusion, FrzE, which in turn 
phosphorylates the response regulator FrzZ (Guzzo et al., 2015). The 
system also possesses two CheW homologues (FrzA and FrzB), a 
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methyltransferase (FrzF) and methylesterase (FrzG). The 
chemoreceptor of the Frz pathway, FrzCD, lacks the transmembrane 
and periplasmic domains, which are replaced by a N-terminal domain 
of unknown function (Bustamante et al., 2004). When FrzCD was first 
localized in cells, it appeared organized in multiple dynamic cytoplasm 
clusters that aligned when cells made side-to-side contacts, which has 
been proposed to be part of a signaling process that synchronizes cell 
reversals (Mauriello et al., 2009). Furthermore, M. xanthus Frz system 
doesn’t form clusters on the membrane, but directly on the bacterial 
chromosome. Clusters assembly is controlled by the chemoreceptor 
FrzCD, which binds to the DNA by a N-terminal domain carrying a 
positively charged eukaryotic histon-like tail (Parra et al., 2006). FrzCD 
appears to bind DNA in a non-sequence specific manner, thus, DNA-
bound clusters do not occupy fixed localization sites but move across 
small areas on the nucleoid surface. While the binding of FrzCD to DNA 
is essential to target the Frz chemosensory system to the nucleoid, it is 
not sufficient for Frz cluster formation, as it requires downstream 
interactions with the FrzE kinase (Moine et al., 2017).  

5.3 HAMP domains 

An important question is how superficial receptors bring the signals 
across the cell membranes right into the cells. Bacteria and lower 
eukaryotes sense environmental stimuli through modular, dimeric 
transmembrane receptors, whose extra- and intracellular parts are often 
connected by a HAMP domain (Hulko et al., 2006). HAMP domains act 
as the signal relay modules in many receptors, physically bridging input 
and output components and transferring signals between them (Airola 
et al., 2013). HAMP domains were originally referred to as ‘‘linker 
regions’’ in histidine kinases and chemotaxis receptors, and 
subsequently named HAMP by Aravind and Ponting, (1999) for their 
occurrence in histidine kinases, adenylyl cyclases, methyl-accepting 
chemotaxis proteins, and phosphatases (Hulko et al., 2006). As 
mentioned above, M. xanthus Frz chemosensory system is made of 
several proteins encoded by a single operon. Among them FrzCD, a 
cytoplasmic MCP, represents the chemoreceptor of the pathway and 
controls Frz cluster assembly on the DNA. FrzCD conteins two HAMP 
domains (Fig. 4), which most likely take part to the transduction of 
external stimuli, from the outside to the inside of the cell. 
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Figure 4 | Schematic representation of HAMP1 and HAMP2 domains in the frzCD gene 
sequence. 

 
5.3.1 Role of the Frz HAMP domains in cluster formation 

As demonstrated by Mauriello et al. (2009), Frz system chemoreceptor 
FrzCD is organized in multiple dynamic cytoplasm clusters that align 
when cells are side-by-side. This has been proposed to be involved in 
the process that controls cells reversals. As shown in Fig. 4 FrzCD is 
composed of two HAMP domains, which might be implicated. To 
investigate their involvement in clusters formation, frzCDΔhamp1 and 
frzCDΔhamp2 mutants were constructed as described in the Materials and 
methods section, bringing to the strains named EM777 and EM775, 
respectively. frzCD null mutant (EM410), and the double-mutant 
frzCDΔhamp1Δhamp2 (EM776) were already available in the lab. The 
mutants’ motility and fruiting bodies formation were then analyzed by 
spotting fresh cultures onto CYE 0.5 % agar or CF 1.5 % agar, 
respectively, and observed by a binocular stereoscope after 48 °C 
incubation at 32 °C (data not shown). 

 
5.3.2 Role of the DNA binding domain in cluster formation  

Clusters assembly is generally guided by the interaction between FrzCD 
N-terminal domain and the DNA, in a non-sequence specific way (Parra 
et al., 2006). Surprisingly, in mutants carrying a lacking-DNA Binding 
Domain frzCDΔDBD, the protein is still able to form clusters, though 
smaller and less defined than wild type, that do not colocalize with the 
nucleoid (Fig. 5). The HAMP domains localized downstream the DNA 
Binding Domain (DBD), right after FrzCD N-terminal, could be 
implicated in the conservation of the interaction. To better understand 
this, HAMP truncated mutant proteins, FrzCDΔhamp1, FrzCDΔhamp2, 
FrzCDΔhamp1Δhamp2, were expressed and purified together with the wild 
type FrzCD and the lacking DNA Binding Domain FrzCDΔDBD, used as 
positive and negative controls (Fig. 6). For this purpose, their capacity 
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to bind ssDNA was then investigated by Biolayer interferometry (BLItz) 
technique, useful for measuring interactions between proteins, 
peptides, nucleic acids, small molecules, and/or lipids in real time (data 
not shown).  

 

 

 

 

 

 

 

 

Figure 5 | Fluorescence microscopy analysis of the localization of FrzCD-neongreen and 

FrzCD-neongreenΔDBD in M. xanthus cells. DAPI (blue) and FITC (green) micrographs, 

acquired by an inverted Delta Vision optical sectioning microscope (Applied Precision) are 
shown. 

 

Figure 6 | SDS-PAGE of purified proteins. Lanes: 1) FrzCD (45.9 kDa); 2) FrzCDΔhamp2 (39.9 
kDa); 3) FrzCDΔhamp1 (40.5 kDa); 4) FrzCDΔhamp1Δhamp2 (34.5 kDa); 5) FrzCD ΔDBD (37.3 kDa). M: 
protein marker (kDa). 

Unfortunately, due to COVID-19 pandemic I was unable to follow the 
successive analyses. 

 
5.4 Materials and methods 

5.4.1 Bacterial Strains, Plasmids, and Growth 

M. xanthus strains were grown as described by Bustamante et al. 
(2004). frzCDΔhamp1 and frzCDΔhamp2 constructs were generated by overlap 
extension PCR and cloned into pBJ114 (Mauriello et al., 2009). The plasmid 
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obtained was used to electroporate wild type strain DZ2, yielding strains 

EM777 and EM775.  

5.4.2 Proteins expression and purification 

For the FrzCDΔhamp1, FrzCDΔhamp2, FrzCDΔhamp1Δhamp2, FrzCD and FrzCDΔDBD 
production, cells of E. coli LB21 strains pEM663, pEM662, pEM658 and 
pEM414, bearing pMR3690 expression vector were grown for 3 h at 37 °C in 

500 mL LB medium supplemented with 100 μg/mL Ampicillin and 0.5 mM IPTG 
to express the heterologous proteins. The His6-tagged proteins were then 
purified under native conditions by affinity chromatography and desalted using 

a Repligen’s SpectraPor® membrane to remove high NaCl and imidazole 

concentrations. 

5.5 References 

Adaikpoh, B. I., Akbar, S., Albataineh, H., Misra, S. K., Sharp, J. S., and 

Stevens, D. C. (2020). Myxobacterial Response to Methyljasmonate Exposure 
Indicates Contribution to Plant Recruitment of Micropredators. Frontiers in 

Microbiology 11, 34. doi:10.3389/fmicb.2020.00034. 

Airola, M. V., Sukomon, N., Samanta, D., Borbat, P. P., Freed, J. H., Watts, K. 
J., et al. (2013). HAMP Domain Conformers That Propagate Opposite Signals 
in Bacterial Chemoreceptors. PLOS Biology 11, e1001479. 

doi:10.1371/journal.pbio.1001479. 

Aravind, L., and Ponting, C. P. (1999). The cytoplasmic helical linker domain 
of receptor histidine kinase and methyl-accepting proteins is common to many 
prokaryotic signalling proteins. FEMS Microbiol Lett 176, 111–116. 

doi:10.1111/j.1574-6968.1999.tb13650.x. 

Berleman, J. E., Chumley, T., Cheung, P., and Kirby, J. R. (2006). Rippling Is 
a Predatory Behavior in Myxococcus xanthus. J Bacteriol 188, 5888–5895. 

doi:10.1128/JB.00559-06. 

Berleman, J. E., Scott, J., Chumley, T., and Kirby, J. R. (2008). Predataxis 
behavior in Myxococcus xanthus. PNAS 105, 17127–17132. 

doi:10.1073/pnas.0804387105. 

Blackhart, B. D., and Zusman, D. R. (1985). “Frizzy” genes of Myxococcus 
xanthus are involved in control of frequency of reversal of gliding motility. Proc 

Natl Acad Sci U S A 82, 8767–8770. doi:10.1073/pnas.82.24.8767. 

Bull, C. T., Shetty, K. G., and Subbarao, K. V. (2002). Interactions Between 
Myxobacteria, Plant Pathogenic Fungi, and Biocontrol Agents. Plant Dis 86, 

889–896. doi:10.1094/PDIS.2002.86.8.889. 



  

   
 
 

96 | P a g .  
 

Bustamante, V. H., Martínez-Flores, I., Vlamakis, H. C., and Zusman, D. R. 
(2004). Analysis of the Frz signal transduction system of Myxococcus xanthus 

shows the importance of the conserved C-terminal region of the cytoplasmic 
chemoreceptor FrzCD in sensing signals. Mol Microbiol 53, 1501–1513. 

doi:10.1111/j.1365-2958.2004.04221.x. 

Chet, I., and Inbar, J. (1994). Biological control of fungal pathogens. Appl 

Biochem Biotechnol 48, 37–43. doi:10.1007/BF02825358. 

Curtis, P. D., Taylor, R. G., Welch, R. D., and Shimkets, L. J. (2007). Spatial 
Organization of Myxococcus xanthus during Fruiting Body Formation. J 

Bacteriol 189, 9126–9130. doi:10.1128/JB.01008-07. 

Dawid, W. (2000). Biology and global distribution of myxobacteria in soils. 
FEMS Microbiology Reviews 24, 403–427. doi:10.1111/j.1574-

6976.2000.tb00548.x. 

Guzzo, M., Agrebi, R., Espinosa, L., Baronian, G., Molle, V., Mauriello, E. M. 
F., et al. (2015). Evolution and Design Governing Signal Precision and 
Amplification in a Bacterial Chemosensory Pathway. PLOS Genetics 11, 

e1005460. doi:10.1371/journal.pgen.1005460. 

Hulko, M., Berndt, F., Gruber, M., Linder, J. U., Truffault, V., Schultz, A., et al. 
(2006). The HAMP domain structure implies helix rotation in transmembrane 

signaling. Cell 126, 929–940. doi:10.1016/j.cell.2006.06.058. 

Konovalova, A., Petters, T., and Søgaard-Andersen, L. (2010). Extracellular 
biology of Myxococcus xanthus. FEMS Microbiology Reviews 34, 89–106. 

doi:10.1111/j.1574-6976.2009.00194.x. 

Mauriello, E. M. F., Astling, D. P., Sliusarenko, O., and Zusman, D. R. (2009). 
Localization of a bacterial cytoplasmic receptor is dynamic and changes with 
cell-cell contacts. Proc Natl Acad Sci U S A 106, 4852–4857. 

doi:10.1073/pnas.0810583106. 

Moine, A., Espinosa, L., Martineau, E., Yaikhomba, M., Jazleena, P. J., Byrne, 
D., et al. (2017). The nucleoid as a scaffold for the assembly of bacterial 

signaling complexes. PLOS Genetics 13, e1007103. 

doi:10.1371/journal.pgen.1007103. 

Parra, M. A., Kerr, D., Fahy, D., Pouchnik, D. J., and Wyrick, J. J. (2006). 
Deciphering the Roles of the Histone H2B N-Terminal Domain in Genome-

Wide Transcription. Molecular and Cellular Biology 26, 3842. 

doi:10.1128/MCB.26.10.3842-3852.2006. 



  

   
 
 

97 | P a g .  
 

Reichenbach, H. (1999). The ecology of the myxobacteria. Environmental 

Microbiology 1, 15–21. doi:10.1046/j.1462-2920.1999.00016.x. 

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed Your Friends: Do Plant 
Exudates Shape the Root Microbiome? Trends Plant Sci 23, 25–41. 

doi:10.1016/j.tplants.2017.09.003. 

Sourjik, V., and Berg, H. C. (2000). Localization of components of the 

chemotaxis machinery of Escherichia coli using fluorescent protein fusions. 

Mol Microbiol 37, 740–751. doi:10.1046/j.1365-2958.2000.02044.x. 

Spormann, A. M. (1999). Gliding motility in bacteria: insights from studies of 

Myxococcus xanthus. Microbiol Mol Biol Rev 63, 621–641. 

doi:10.1128/MMBR.63.3.621-641.1999. 

Sudo, S., and Dworkin, M. (1972). Bacteriolytic Enzymes Produced by 

Myxococcus xanthus. J Bacteriol 110, 236–245. 

 

 

 

 

 

 

 

 

 



  

   
 
 

98 | P a g .  
 

 

 

 
 

PART II 

The spore-based display system: a 
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CHAPTER IX 

 

The employment of plant-beneficial soil microorganisms known as 

PGPB to the agricultural field, is receiving increasing attention for their 

biotechnological potential as alternatives to chemicals. Among soil 

microorganisms, spore-forming bacteria such as Bacillus and 

Myxococcus, are catching researchers’ interest. Due to their low-cost 

production, easy manipulation, safety, and high resistance to harsh 

conditions, spore-forming bacteria present undoubted advantages in 

the development of new eco-friendly fertilizers and pesticides 

formulations. 

In this framework, our findings highlighted the value of the extreme 

environments such as salt-pans, as remarkable reservoirs of 

biotechnological potential, since hosting microorganisms with unique 

characteristics. Interestingly, the influence of the saline environment on 

the studied species, put in evidence how the surrounding habitat plays 

a significant role in the bacterial phenotypic plasticity, which can be 

exploited to select even more suitable extreme PGPB candidates, able 

to endure harsh conditions like high salinity, temperature, and drought, 

to be exploited individually or in consortia. In these extreme 

ecosystems, microorganisms have developed many strategies to cope 

with such harsh conditions, such as the production of bioactive 

compounds potentially valuable for biotechnological applications, for 

instance, antimicrobial molecules or highly efficient hydrolytic enzymes 

with multiple applications, from the formulation of sustainable pesticides 

to the production of value-added products like Polyhydroxyalkanoates 

(PHA) in the circular-economy sector. Finally, this Thesis proposes an 

advanced method to exploit spore-forming PGPB as efficient matrixes 

to expose bioactive molecules (functionalized-PGPB), which are often 

unstable or easily degraded when in the agricultural environment. It has 

been demonstrated that Bacillus’ spore structure is actively shaped by 

the temperature of sporulation, thus affecting the heterologous 

molecules’ display efficiency on its surface. These results suggest it is 

possible to take advantage of the influence of the environmental 

conditions on the bacterial spores’ phenotype, to create an even more 

effective system, customizable in accordance with the features of the 

application soil. 
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In conclusion, the results obtained widely confirmed the use of spore-

forming PGPB as an efficient eco-friendly alternative to agrochemicals 

and shed a light on the development of a “2.0 functionalized-PGPB”, as 

an innovative matrix to deliver agro-industrial enzymes for the 

promotion and protection of crops. 
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Table S1 | Bacterial growth properties. 

*Anaerobic growth: +: low growth; ++: moderately growth; +++: high growth. 1 Petrillo et al., 2021; 2 
Castaldi et al., 2021. 

 

 

Figure S2 | Adhesion assay. Flow cytometry analysis of S. oleracea bioprimed-seeds. Seeds 
treated with individual bacterial strain were collected randomly to count bacterial cells adhering 
at their surface. In each panel is indicated the number of cells counted (Y- axis) against their 
dimension (X-axis). As control experiment 1X PBS-treated seeds were analysed. 
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❖ CONGRESSES ORGANIZATION 

Member of the organising committee of the II Industrial 

Biotechnology Congress: BioID&A (Biotechnology Identity and 

Application) held in Naples on October 28th, 2019. 
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APPENDIX III 

EXPERIENCE IN INDUSTRY AND FOREIGN LABORATORIES 

 

From the 6th of October 2020 to the 6th of April 2021 I worked (in 

presence and remote working alternation) at Agriges s.r.l., Contrada 

Selva di sotto – Zona Industriale, 82035 San Salvatore Telesino (BN) – 

Italia, where I was tutored by Patrizia Ambrosino, PhD.  

 

From the 7th of February to the 8th of May 2020 (in presence and remote 

working alternation) and from the 5th of July to the 1st of October 2021, 

I worked at the Laboratoire de Chimie Bactérienne, CNRS, 31 Chemin 

Joseph Aiguier, 13402 Marseille (France), where I was tutored by Emilia 

Mauriello, PhD. 


