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RIASSUNTO

Il settore agricolo svolge un ruolo importante nel processo di
sviluppo economico di un Paese. Tuttavia, negli ultimi anni ha
dovuto affrontare diverse sfide che hanno messo a dura prova il suo
sostentamento. Con oltre 7 miliardi di persone che vivono oggi sul
pianeta e stime che raggiungono tra 8 e 11 miliardi entro il 2050,
'umanita sta affrontando la piu grande sfida della sua storia
cercando di mantenere un tipo di alimentazione sana e produttiva.
Per far fronte a questo continuo fabbisogno di nutrienti, & stata
adottata una strategia basata sull’agricoltura intensiva. Si tratta di
un sistema di intensificazione e meccanizzazione agricola che mira
a massimizzare i rendimenti dei terreni disponibili attraverso vari
mezzi, come |'uso consistente di pesticidi e fertilizzanti chimici. Le
pratiche agricole intensive producono cibo piu economico in
rapporto alle dimensioni del terreno, il che contribuisce a nutrire una
popolazione umana in costante espansione. Oggi pero, I'agricoltura
intensiva si € rilevata la piu grande minaccia per I'ambiente
determinando la comparsa di nuovi parassiti e la ricomparsa di
parassiti precedentemente considerati “sotto controllo”, senza
dimenticarci che é responsabile di gran parte della deforestazione
mondiale e del’aumento di metalli pesanti nei suoli agricoli.

In aggiunta all’'uso eccessivo di fertilizzanti e pesticidi chimici, anche
metodi di irrigazione scadenti e vari stress abiotici come forti venti,
temperature estreme, salinita del suolo, siccita e alluvioni hanno
influenzato la produzione e le rese delle colture agricole. Tra questi,
la salinita del suolo € uno degli stress ambientali piu devastanti, in
guanto provoca importanti riduzioni della superficie coltivabile, della
produttivita e della qualita delle colture. E stato stimato che a livello
mondiale il 33% dei terreni agricoli irrigui sono afflitti da elevata
salinita. Inoltre, le aree salinizzate stanno aumentando ad un tasso
del 10% annuo a causa delle scarse precipitazioni, elevata
evaporazione superficiale, alterazione delle rocce autoctone,
irrigazione con acqua salata e scarse pratiche colturali. Si stima che
oltre il 50% della terra arabile sara salinizzato entro I'anno 2050.
Sebbene le piante abbiano evoluto diverse strategie di difesa per far
fronte ai molteplici stress ambientali, biotici e abiotici, questi da soli



non bastano. Nasce quindi l'esigenza di trovare strategie
biotecnologiche adeguate volte non solo a migliorare la produttivita
delle colture, ma anche la salute del suolo, attraverso interazioni che
vengono ad instaurarsi tra le radici delle piante e i microrganismi che
colonizzano la rizosfera. Negli anni si sono sempre di piu sviluppate
ricerche alternative definite “eco-friendly”, volte a mitigare gli effetti
nocivi dei prodotti agrochimici tossici, portando alla scoperta e al
successivo utilizzo di prodotti biofertilizzanti utilizzando batteri
benefici per il suolo.

Questo gruppo eterogeneo di batteri, definito Plant Growth
Promoting Rhizobacteria (PGPR), non soltanto svolge un ruolo
importante nell'aumentare la fertilita del suolo, ma migliora anche la
crescita e il vigore delle piante. | PGPR colonizzando le radici,
possono secernere diverse sostanze chimiche regolatorie, attive
nella promozione della crescita delle piante, o nellaumentare
I'assorbimento dei nutrienti da parte della pianta, mediante la
fissazione dell'azoto, solubilizzazione del P, o accelerando la
mineralizzazione della materia organica (Figural). Diversi lavori
hanno dimostrato che i PGPR sono anche in grado di aumentare
nella pianta la tolleranza agli stress abiotici. Inoltre, i PGPR possono
essere utilizzati anche come agenti di biocontrollo (BCA) volti a
proteggere le piante dagli agenti biotici dannosi, attraverso diversi
meccanismi antagonisti o con l'induzione della resistenza sistemica
delle piante.

Figural: Rappresentazione schematica dell’attivita diretta e
indiretta svolta dai batteri che promuovono la crescita delle piante
(PGPB).
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Pertanto, I'utilizzo di PGPR rappresenta una soluzione promettente
per la sicurezza delllambiente e per 'aumento della resa agricola,
con un impatto economico potenziale.

In questo contesto nasce il mio progetto di dottorato intitolato
“Biology and applications of industrial microorganisms” che pud
essere suddiviso in due parti.

Nella prima parte del progetto, I'obiettivo & stato quello di purificare
e caratterizzare metaboliti secreti da microrganismi con attivita
contro fitopatogeni fungini da utilizzare come alternativa eco-
sostenibile ai pesticidi.

In particolare, lo studio € iniziato con l'identificazione di due nuove
fitotossine (phaseocyclopentenones A and B) rilasciate dal fungo
fitopatogeno Macrophomina phaseolina che infetta piu di 500 specie
di piante coltivate e selvatiche in tutto il mondo, come la soia,
apportando gravi perdite economiche e alimentari. (Capitolo II).
Successivamente, mi sono occupata dell'isolamento di metaboliti
secondari rilasciati dal batterio Pseudomonas fluorescens 9, ceppo
isolato dal suolo in Argentina. Studi precedenti hanno identificato
guesto ceppo batterico come un promettente PGPR con notevoli
attivita biofertilizzanti e di biocontrollo. | miei studi si sono focalizzati
nellindividuare le molecole responsabili dell’attivita antifungina,
individuando la fenazina come principale metabolita in grado di
inibire la crescita di M. phaseolina e di altri due funghi (Cercospora
nicotianae e Colletotrichum truncatum) che infettano piante di soia
(Capitolo Ill). La soia & una delle colture piu importanti nel mondo,
con un valore di mercato stimato di circa 146,23 miliardi di dollari nel
2017 i cui semi sono utilizzati a livello globale come fonte di proteine
vegetali, mangimi per gli animali, combustibili e altri prodotti
industriali. Nel 2021, il prezzo della soia ha raggiunto livelli record
ripercuotendosi direttamente su vari settori, come quello dei
mangimi destinati al settore zootecnico. ldentificare metaboliti in
grado di proteggere la pianta di soia dall'attacco di fitopatogeni ha
qguindi un elevato interesse economico.

Al fine di trovare ulteriori molecole in grado di proteggere la soia
dall’attacco del fungo M. phaseolina, ho studiato la possibile attivita
antifungina del lipopolisaccaride grezzo (LPS), purificato e |l
corrispondete antigene-O (OPS) isolato da Pseudomonas
donghuensis SVBP6. | risultati hanno imputato la principale attivita
all OPS con una riduzione della crescita fungina pari al 75%
(Capitolo V).



In fine, durante lo studio volto all’identificazione delle fitotossine
prodotte dal fungo Truncatella angustata, fitopatogeno che infetta il
tronco della vite in Iran, sono stati identificati due metaboliti:
isocumumarina(+)-6-idrossiramulosina gia noto in letteratura e
sorprendentemente I'acido fenazina-1-carbossilico (PCA). Il PCA é
un noto metabolita batterico con attivita antimicrobica e per la prima
volta e stato identificato nei filtrati culturali del fungo T. angustata. Il
PCA e stato quindi saggiato contro altri quattro diversi funghi
responsabili della malattia del tronco della vite (Phaeoacremonium
minimum, Phaeoacremonium italicum, Fomitiporia mediterranea e
Neofusicoccum parvum). La forte capacita di inibizione del PCA
contro questi quattro fungi fitopatogeni, suggerisce che T. angustata
utilizzi questo metabolita per competere con altri antagonisti che
attaccano la vite, per questo motivo il PCA potrebbe essere
proposto come biofungicida (Capitolo V).

Nella seconda parte del mio progetto di dottorato mi sono occupata
dell'isolamento, identificazione e caratterizzazione di una nuova
collezione di batteri alofili, isolati da ambienti salini, appartenenti al
genere Bacillus con potenziali applicazioni come biofertilizzanti o
agenti di biocontrollo.

La scelta di selezionare soltanto batteri sporigeni deriva dal fatto che
il genere Bacillus include gia diverse specie di batteri eso ed endofiti
con caratteristiche di promozione della crescita delle piante. Oltre ai
benefici condivisi con altri PGPR, come la solubilizzazione del P nel
suolo, la capacita di fissazione dell'azoto e la produzione di
siderofori, Bacillus spp. sono adatti come biofertilizzanti perché: (i)
essendo loro stessi membri comuni della microflora radicale delle
piante, la loro applicazione ha un effetto scarso o nullo sulla
composizione di altre comunita microbiche presenti nel suolo; (ii)
questi batteri possono formare endospore e sopravvivere a
condizioni ambientali avverse; (iii) le spore sono piu stabili delle
cellule vegetative durante la lavorazione e la conservazione dei
preparati commerciali; (iv) batteri che crescono in ambienti estremi,
come le saline, sviluppano strategie complesse per sopravvivere,
che includono la produzione di una serie di diversi composti, come
pigmenti antiossidanti, enzimi litici e composti antimicrobici,
rendendoli a loro volta interessanti obiettivi biotecnologici.
Inizialmente ho ottenuto una raccolta di 22 Bacilli isolati dalla
rizosfera della pianta nutrice Juniperus sabina. Recenti studi,
attribuiscono alle piante nutrici la capacita di alterare la comunita
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microbica del suolo, selezionando il microbiota piu efficace in termini
di mineralizzazione dei nutrienti e attivita tipiche dei PGPR.

| batteri sono stati caratterizzati per le loro attivita PGPR ed in
particolare il ceppo Bacillus spp. RHFS10 é risultato essere il miglior
PGPR con attivita di biocontrollo contro M. phaseolina.

Studi di purificazione ed identificazione dei metaboliti rilasciati dal
batterio, imputano l'attivita antifungina alle subtilisin-like-proteases
e alla glucuronoxylanase. Un ulteriore importante risultato ottenuto
in questo studio, & stata la maggiore efficienza dei metaboliti
antimicotici  purificati  rispetto al fungicida commerciale
pentacloronitrobenzene PCNB, utilizzato come controllo positivo nei
saggi di antagonismo, in termini di efficacia e durata nel tempo
(Capitolo VI).

Successivamente sempre da ambiente salino ma questa volta dalla
sabbia, ho isolato 20 batteri alofili appartenenti al genere Bacillus.
Anche in questo caso, i batteri sono stati caratterizzati per i tratti
PGP ed infine sono stati selezionati sette promettenti ceppi da
entrambe le collezioni (rizosfera e sabbia) per uno studio piu
approfondito riguardo I'attivita di biocontrollo unendo esperimenti in
vitro con lo studio dellintero genoma, al fine di ricercare nuovi
cluster di geni coinvolti nella biosintesi dei metaboliti secondari. |
risultati ottenuti dimostrano che l'unione di entrambe le tecniche
consente di avere un’indagine piu approfondita della capacita
biosintetica dei batteri PGPB (Capitolo VII).

| sette ceppi precedentemente selezionati, sono stati analizzati per
le loro attivita biofertilizzanti durante stress da salinita, con il fine di
osservare se I'elevata concentrazione salina inibisse alcune attivita
enzimatiche importati nel ruolo di PGPB.

Due ceppi sono stati selezionati come PGPR piu efficienti in
condizioni di stress salino e analizzati per la loro capacita di
migliorare la crescita delle piante di Lotus japonicus cresciute in 200
mM NaCl in esperimenti in vitro. (Capitolo VIII).

Infine i sette ceppi selezionati sono stati ulteriormente analizzati per
il loro possibile utilizzo come fitodepurazione di suoli contaminati da
metalli pesanti. Tre ceppi batterici, singolarmente o inconsorzio,
sono stati selezionati per esperimenti in vivo ed inoculati in piante di
grano cresciute in terreno contaminato da rame.

Soltanto due ceppi, B. spp. RHFS10 e Bacillus gibsonii RHF15,
sono risultati promettenti, aumentando significativamente la
lunghezza e il peso delle radici e dei germogli rispetto al ceppo
Bacillus amyloliquefaciens RHFS18 e al consorzio. Certamente,
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sono necessarie ulteriori indagini per confermare i dati ma, questi
risultati preliminari, suggeriscono che i due PGPBs possono alterare
la tossicita dei metalli sulla pianta di grano, rendendoli ottimi
candidati per il ripristino potenziato di terreni contaminati.
Quest'ultima ricerca & stata svolta durante i 3 mesi trascorsi nel
Centro Helmholtz per la ricerca ambientale - UFZ (Germania) sotto
la diretta supervisione del Dr. Thomas Reitz (Capitolo IX).

| risultati sperimentali ottenuti durante questo percorso di dottorato,
hanno permesso di ampliare la conoscenza di metaboliti secondari
secreti da batteri PGPB con attivita antifungina da poter utilizzare in
futuro come bio-fungicidi. Inoltre, I'isolamento di nuovi batteri PGPB
resistenti a condizioni avverse come I'elevata salinita o presenza di
metalli pesanti, li rende ottimi candidati da poter utilizzare come bio-
inoculanti.



SUMMARY

The possibility to improve agricultural crop yield by the beneficial
bacteria inoculation has been an emerging area for the last decade.
In a historic moment in which the increasing population coupled with
land degradation aggravates challenges of crop production, the
potential of the use of soil microorganisms to ensure agricultural
productivity has a huge global impact on our society.

In this context, Plant Growth-Promoting (PGP) bacteria are receiving
increasing attention as biofertilizers able to sustain the fertility of
soils and replace agrochemical compounds with negative impacts
on the environment.

Moreover, these beneficial bacteria represent the cheaper and
easily available strategy for the mitigation of different biotic and
abiotic stresses, reducing the phytopathogens infection, or
alleviating environmental stresses respectively.

Consequently, PGPBs or their metabolites are exhibiting a gradual
increase in demand on the world market as sustainable and eco-
friendly tools.

In this Ph.D. thesis, the biotechnological potential of secondary
metabolites secreted by bacteria and fungi as new natural fungicides
is reported (Chapter 1I-V).

Moreover, the isolation and characterization of new plant growth-
promoting bacteria, able to improve the plant growth under different
stress conditions and with biocontrol activities, are also presented
herein (Chapter VI-IX).



CHAPTER I: INTRODUCTION

1.1 Intensive farming and the impact on the environment

In the last century, the increase in the world population was three
times greater than during the whole history of humanity. To deal with
the consequently increased requirement of nutrients, crop
production has been necessarily augmented mainly in wheat, rice,
and maize yields. In turn, to guarantee high crop yield, several
strategies have been developed, such as using pesticides and
chemical fertilizers, increasing land acreage, or using agricultural
intensification methods.

Nevertheless, agricultural intensification over the past decades,
together with global climate change, has negatively impacted
agricultural lands with a decrease in crop productivity and likely
increasing levels of poverty and accumulation of pollutants in the
environment. In fact, the most common pollutants present in the soil
are the derivates of pesticides and fertilizers used in excess over the
years (Mirsal et al., 2008).

1.2 Synthetic pesticides and chemicals fertilizers

The reduction of crop losses caused by pests and pathogens is a
major challenge to agricultural production. Synthetic pesticides are
chemical agents used to eliminate pests and can be divided into
several groups, namely insecticides, herbicides, rodenticides,
bactericides, fungicides, and larvicides, based on the types of
targeted pests.

From 1990 to 2018, the amounts of used pesticides by all countries,
especially in Asia and America, have been registered. As shown in
Figure 1A, the average world quantity has increased from 1.55
kg-ha™t in 1990 to 2.63 kg-ha™ in 2018. Mainly, fungicides and
bactericides are used more than the others (Figure 1B) (FAOSTAT,
2021).

Figure 1. Worldwide pesticide usage: (A) pesticides use per area of
cropland; (B) pesticides use from 1990 to 2016 (FAOSTAT, 2021).
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The number of synthetic pesticides used worldwide is increasing
over the year, and by the year 2025, global pesticide usage has
been estimated to increase up to 3.5 million tonnes (Sharma et al.,
2019). In addition to more efficient control of biotic stress by
pesticides, an increase in crop yield and quality is possible by
improving plant nutrition. In the permanent agricultural land, the soil
IS very poor in nutrients and so inefficient. To make more efficient
the soil, the use of chemical fertilizers containing phosphate, nitrate,
ammonium, and potassium salts was increased (Table 1).

Table 1. World demand for nitrogen, phosphorus (phosphoric acid
based) and potassium for other uses (thousand tonnes). (FAO,
2019.)

Year | 2015 | 2016 | 2016 | 2017 | 2018 | 2019 | 2020
Nitrogen, N 36930 | 37663 | 38320 | 38965 | 39569 | 40127 | 40660
Phosphorus (phos.

acid based), as PO, 6444 6677 | 7036| 7170| 7291 7482 7734

Potassium, as K,0 5572| 5752| 5876| 5993 6112 6237| 6363

Total (N+P,0_+K,0) 48946 | 50092 | 51232 | 52128 | 52972 | 53846 | 54757

2vs 2

However, the uncontrolled use of pesticides and fertilizers has a
negative impact on both agriculture and the environment.

The extensive use of pesticides is contaminating soil and water,
causing damage to its microflora and microfauna and hindering the
absorption of important mineral nutrients by plants (Abhilas et al.,
2009). Furthermore, the excessive use of pesticides on different
crop species leads to harmful effects on beneficial biota, including
honey bees, predators, birds, plants, small mammals, and humans,
creating an imbalance in the biodiversity of the entire ecological
system (Damalas et al., 2011; Paoli et al., 2015; WHO, 2017).



Chemical fertilizers misuse has led to water bodies pollution, nitrate
and heavy metal accumulation, and water eutrophication. Moreover,
chemicals can get stored in crop plants, enter the food chain, and
pose a threat to human health (FAOSTAT, 2021).

1.3 eco-friendly strategy: plant growth-promoting rhizobacteria

An eco-friendly and safe strategy that ensures agricultural
productivity is to use beneficial soil bacteria (Olenska, et al., 2020).
This heterogeneous group of bacteria, namely plant growth-
promoting rhizobacteria (PGPR), not only plays an essential role in
increasing soil fertility but also enhance the growth and vigor of
plants: PGPRs, colonizing the roots, may secrete several regulatory
chemicals, which are active in plant growth promotion, in improving
nutrient uptake by nitrogen fixation or P solubilization, in
accelerating the mineralization of organic matter (Olenska et al.,
2020), and reducing abiotic stresses (Bhat et al., 2020) (Figure 3).
Besides, PGPRs can be used as biocontrol agents (BCAs) to
moderate plant disease through several antagonistic mechanisms
or the induction of plants’ systemic resistance (Meena et al., 2020).
Therefore, the application of PGPR as biofertilizers has a relevant
economic and environmental impact in terms of benefits,
determining a significant increase of crop yields, and a reduction of
conventional chemical fertilizer and pesticide.

Figure 3. Mechanisms used by PGPR for enhancing plant growth.
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Many beneficial bacteria have been identified and developed into
commercially available products for promoting plant growth (Crow et
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al., 2014; Junaid et al., 2013) and currently, there are many ongoing
studies focusing on evaluating new bacterial strains or improving the
existing ones. The bacterial genera most commonly researched and
reported as PGPR include Agrobacterium, Arthrobacter,
Azotobacter, Azospirillum, Bacillus, Burkholderia, Caulobacter,
Chromobacterium,  Erwinia,  Flavobacterium,  Micrococcus,
Pseudomonas, and Serratia (Bhattacharyya and Jha et al., 2012).
Pseudomonas and Bacillus species are the predominant plant
growth-promoting bacteria though the current research is largely
focused on endospore-forming, Gram-positive bacteria in the
genera Bacillus (Radhakrishnan et al., 2017).

The ability of the Bacillus spp. of producing endospores, a quiescent
cell-forms able to resist harsh environmental conditions and several
stresses, makes them more suitable candidates for PGPR-based
commercial products since i) the resistance features of the spores
can ensure the persistence of the bacteria in the environment for a
long-period; ii) spores are more stable than vegetative cells during
processing and storage of commercial preparations (Ricca et al.,
2021).

A further advantage in the PGPR application is to utilize these
beneficial microorganisms to increase plant tolerance to salt and
heavy metals stress.

Soil salinity is one of the most devastating environmental stresses,
which causes major reductions in cultivated land area, crop
productivity and quality (Yamaguch and Blumwald et al., 2005;
Shahbaz, and Ashraf et al.,, 2013). It has been estimated that
worldwide 20% of total cultivated and 33% of irrigated agricultural
lands are afflicted by high salinity. Furthermore, the salinized areas
are increasing at a rate of 10% annually for various reasons,
including low precipitation, high surface evaporation, weathering of
native rocks, irrigation with saline water, and poor cultural practices.
It has been estimated that more than 50% of the arable land would
be salinized by the year 2050 (Jamil et al., 2011).

Although the plants have evolved proper defense strategies to cope
with the different environmental stress, these alone are not enough.
PGPR can mitigate the damage of salt stress and reduce the metals
harmful effects via several direct and indirect mechanisms such as
biofilm  formation, siderophores, exopolysaccharide, and
phytohormones production (Tiwari et al., 2016). Among PGPR,
bacteria belonging to the Bacillus genus are excellent candidates to
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use as an eco-friendly approach to sustainable agriculture in
degraded soil, due to their ability to resist under different
environmental stresses (salinity, pH, temperature) and the multiple
plant growth-promoting characteristics (Figure 2) (Radhakrishnan et
al., 2017).

Figure 2. Direct effect of Bacillus-secretions on plant protection from
adverse environments.

1.3.1 Bacillus-mediated plant growth promotion under abiotic
and biotic stress conditions

Halo-tolerant plant growth-promoting rhizobacteria (HT-PGPR),
when inoculated in salt soil, can enhance crop productivity in saline
agriculture. In fact, these salt-tolerant bacteria increase the relative
water content as well as the osmotic and turgor potential, improving
the growth of salt-injured plants (Yang et al., 2016). In particular, it
has been shown that Bacillus spp. can reduce the toxic effects of
salinity in plants by i) inhibiting lipid peroxidation (Han, et al., 2014);
i) producing Exopolysaccharides (EPS) that binds Na+ and inhibits
the transport into plant root cells (Ashraf al., 2004); iii) decreasing
ROS formation and the programmed cell death enhancing the action
of antioxidants enzymes such as Catalase or Peroxidase (Jha, and
Subramanian, 2014); iv) producing plant hormones to enhance the
concentrations of Indoleacetic acid (IAA) and Gibberellins (GAS)
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reducing the synthesis of Abscisic acid (ABA) in plants grown under
salt stress (Mohamed and Gomaa et al., 2012).

Moreover, the excessive use of fertilizers for a long time results in
heavy metals accumulation in agricultural soils reduces soil fertility
and decreases plant growth and productivity (Ai et al., 2020). The
negative effect of heavy metals on plants starts in the rhizosphere
through interaction with root exudates. A high concentration of Pb
can cause different physiological and biochemical deficiencies
(Shahid et al., 2011). In addition, the interaction between Cu and Zn
affects the bioavailability of nutrients in the soil. Moreover, the heavy
metals produce free radicals, increasing intracellular levels of
reactive oxygen species (ROS), and in turn, damage to the
biological molecules (e.g., proteins, nucleic acids, lipids, and
enzymes), which may ultimately lead to the death of the entire plant
(Wu et al., 2016).

Many PGPR are also able to heavy metal phytoremediation,
solubilizing, or converting toxic metals to non-toxic forms (Kang et
al., 2015c). Bacillus spp. alleviate this stress effect by: i) reducing
lipid peroxidation and Superoxide dismutases (SOD) activity and
increasing Amylase and Protease to promote plant growth in heavy
metal-polluted soil (Pandey et al., 2013) and ii) increasing the
balanced uptake of mineral nutrients and pigments synthesis in
stressed plants (Malekzadeh et al., 2012).

1.3.2 Use of PGPR as BCA to disease prevention in plants

Plant disease-causing pathogenic bacteria, fungi, viruses and
nematodes are major challenges in maintaining plant health and
yield in agricultural lands (Narasimhan and Shivakumar et al., 2015).
The application of PGPR microorganisms is an alternative to
chemical fungicides, bactericides and nematicides and an effective
environmentally friendly approach to improving plant growth and
controlling many plant diseases (Radhakrishnan et al., 2013).

PGPR uses different strategies in order to reduce the densities of
deleterious microbes by secreting different secondary metabolites
that are deleterious to the growth or metabolic activities of plant
pathogens (Beneduzi et al., 2012). These bacteria are able to biofilm
formation around the root surface and secretion different toxins
(surfactin, iturin, macrolactin, bacillomycin, and fengycin) destroying
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the phytopathogenic populations and reducing disease incidence in
plants (Elshakh et al., 2016; Hinarejos et al., 2016).

PGPR as biocontrol agents have the following advantages: i) these
bacteria are isolated from the rhizosphere or plants therefore they
are environmentally friendly and nontoxic (Beneduzi et al., 2012), ii)
PGPR utilize root exudates leading to their rapid growth and mass
production (Lugtenberg and Kamilova et al., 2009), iii) they adapt to
the environment by colonizing and multiplying in the rhizosphere and
interior of the plant (Compant et al., 2010), and iv) they undertake a
defined range of functions including antibiosis, growth promotion,
and induced systemic resistance (Compant et al., 2005).

Several commercial PGPR products are currently available for use
on vegetables and new products are constantly being studied and
commercialized in the market (Kumar et al., 2011).

Bacteria from both Bacillus and Pseudomonas genera are known to
be appropriate candidates to be used in a bio-control approach due
to their predominance in various environments, resilience and
survival ability, but also for the number of bio-active molecules they
are potentially able to produce (Raaijmakers et al., 2010).

For these reasons, intensive research on this group of
microorganisms has been taken over to develop new biofertilizers
and biocontrol agents.

1.3.3 Bacillus spp. and Pseudomonas spp. with bio-control
activity

Bacteria belonging to the genus Bacillus are among most studied
because they produce several secondary metabolites, divided into
ribosomally synthesized peptides (e.g., bacteriocins), non-
ribosomally synthesized peptides (e.g., lipopeptides, siderophores),
polyketides (macrolides, polyenes), and volatile in-/organic
compounds (VIC and VOC). Moreover, these compounds are
accompanied by various spectra of action. Lipopeptides and VOCs,
for instance, have direct antifungal activities as it is the case for the
lipopeptide iturin A on Rhizoctonia solani (Yu et al., 2002) or
volatiles pyrazine (2,5-dimethyl), benzothiazole, and phenol-(4-
chloro-3-methyl) against Alternaria solani and Botrytis cinerea on
tomato plants (Gao et al., 2017). But other VOCs (2,3-butanediol,
methyl jasmonate, or methyl salicylate), as well as other lipopeptides
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(surfactin, fengycin) are also able to induce systemic resistance in
plants through an ethylene dependent pathway (Ongena et al.,
2007; Jourdan et al., 2009).

Similarly, Pseudomonas spp. are also known to produce a broad
range of bioactive metabolites such as lipopeptides, siderophores,
polyketides, and volatile compounds with interesting activities
against different phytopathogens. It has been shown that these
metabolites enable pseudomonads to directly compete with plant
pathogens, promote plant growth or induce systemic plant
resistance. The best example among these Pseudomonas
spp. metabolites are the phenazine-1-carboxylic acid (PCA) and
2,4-diacetylphloroglucinol (DAPG). The antifungal activity of this
latter polyketide has been extensively reviewed on damping-off or
root rot diseases in various crops (Ahmadzadeh and Sharifi Tehrani
et al., 2009). Lipopeptides are another example of the multiple
antagonistic mechanisms used by Pseudomonads bacteria. Some
are known to lyse zoospores of Phytophthora infestans (De Bruijn et
al., 2007) and to induce resistance in tomato plants infected by this
pathogen (Bakker et al., 2007).

Moreover, both bacterial genera are able to produce microbial
enzymes such as chitinases, cellulases, (-1, 3 glucanases,
proteases, and lipases useful to lyse a portion of cell walls of many
plant pathogenic fungi (Glick et al., 2012).

Currently, several studies are still in progress to identify new
antifungal metabolites produced by PGPRs especially for the
genera Bacillus spp. and Pseudomonas spp. in order to use them
as bio-pesticides and clarify their modes of action to achieve
optimum disease control.
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AIMS OF THE THESIS

This Thesis is divided into two parts as follows:

In the first part, the aim has been to discover eco-friendly
alternatives for the safe control of fungal phytopathogens. To obtain
these results:

>

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

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

It was investigated the role of the O-specific polysaccharide
(OPS) isolated from the lipopolysaccharide (LPS) of
Pseudomonas donghuensis SVBP6 in the antifungal activity
against M. phaseolina (Chapter 1V).

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

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

>

A collection of 22 Bacilli was isolated from the saltpan
rhizosphere and characterized for PGPR traits. Also,
secondary metabolites with antifungal activity against M.
phaseolina, secreted by the best PGPR bacterium it was
identified (Chapter VI).
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» A collection of 20 halophilic Bacilli was isolated from the salt-

pans sand and studied for PGPR traits. Seven selected
strains from both groups (rhizosphere and sand) were further
analyzed with in vitro experiments to biocontrol activity.
Finally, the whole genome was studied to discover novel
gene clusters involved in the biosynthesis of secondary
metabolites (Chapter VII).

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

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

Overview of objectives of the thesis

() — —

* Bacteria |« Salinity
* Fungi Biotic /Abictic * Heavy metals
* Virus stresses \stresses * Drought
* Nematode & Insects ﬁ * Temperature
Eco-friendly strategies
+ Identification ~ of  phytotoxins by * Isolation of a new collection of halophilic Bacilli
Macrophomina phaseolina * Characterization of PGPR activities
* Research of antagonistic molecules by * Identification of secondary metabolites
gram-negative PGPR and fungi against M. *+ Detection PGPR activities during salinity stress
phaseolina and other phytopathogens and heavy metals stress
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CHAPTER 11

Phaseocyclopentenones A and B, Phytotoxic

Penta-

and Tetrasubstituted Cyclopentenones Produced by

Macrophomina phaseolina, the Causal Agent of Charcoal Rot of
Soybean in Argentina.
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ABSTRACT: Two new penta and tetraubstituted cyclopentencnes, named phaseocydopentenones A and B (1 and 2), together
with guignardone A (3), were isolted from Macrophoming phassoling cultures The phytopathogenic funges was solated from
infected soybean tissues showing charcoal rot symptoms in Argentina. Charcoal mt is a devastating disease considering that soybean
is one of the main legumes cultivated in the world Phaseocyclopentencones A and B were characterized by 1D and 2D 'H and “C
NME spectroscopic and HRESIMS spectrometric data and chemical methods 2 4-benmoyl-3 4, 5-trilydrosy-2-phenyloyelopent-2-
enone and 3,5-dikydrory2 4-diphenyloydopent-2-enone, respectively. The relative ion of phaseoc yelop AandB
was wssigned by 'H and NOESY NMR methods, while their absolute configurations were assigned by electronic circular dichroism
methods When asayed on a nonhost plant (Solamen lywpersiam L) by the leaf puncture sy, phaseocycopentenones A and B
and guignardone A showed phytotosic sctivity, while only 1 and 2 were toxic when tested on asting of the same plint. No
phytotoxicity or antifungal activity was detected for the three compounds on the host plant soybean (Glycine mae L) and against
some of its fungal pathogens, mamely, Cercaspora mico tianag and Calltotrichum trunstum, alo isolted from infected soybean plants
in Argenting

harcoal rot (CR) is one of the most common and severe

dry moot mot diseases that limits the pro ductivity of many
crops around the wodd Economically significant losses cawsed
by this disesse have been reported in many important arable,
vegetable, and Fuit crops.”™ CR is caused by Macraphomina
phaseoling (Tassd) Goidanish, a phytopathogenic fungus with a
wide host range of about S00 cultivated and wild plant species
in more than 100 famdies” The sedous negative impact of M
phasaling hat prompted maeards on the identification and

chamcterieation of genetic variability within its matural

critical substrate for foods, feeds, fuels, and biobased materials.
It is used not only for human comsumption but alse to produce
Tow-cost, high protein produced in bulk as ingredients for
remanuficture and formulited for severs different bods """
Soybean & cultivated mainly in South Amerca (Brasil,
Argentina, Paraguay, and Bolivia), North America (United
States and Canada), Asia (China and India), Eastern Europe,
and Northem Asia (Russia and Ulraine )"

A recent review by Evidente et al (2009) % descalbes some
studies carried out to investigate the phytotoxins produced by

populitions in order 1o better undestand its ol

biclogy* ™" Among the most economically important crops
that M phasmbing can infect, there is soybean (Glydne mae L.),
a Fabaceae or Leguminosae that was genetically modified
Currertly, soybean is one of the most important crops in the
world, with an estimated total market waloe of about 14623
billion USD in 2017 Soybean grains are wtilied globally s a
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Figure 1. Structures of phassocyclpentenanes A and B (1 and 2), guignardone A (3], and the 3,5-di-0-acetyl derivative of phaseocyclopentenons

A4

M. phaseling that potentially are involved in the CR disease.
Phaseolinone, an eremophiline sesquiterpenoid, which inhibits
seed germination of black gram (Phasehes mungo L. ), was fist
isolated from culture fltrates of M. phasoline, and its structure
was determined by spectroscopic and chemical methods.™ s
absolute configuration was wssigned by comparison of its
electronic drcular dichroian (ECD) and 'H NMR data with
those of phomenone, another eremophilane sesquiterpenoid
isolated from Phoma exvigus and other Phoma sp. such a
Phomia destrudiva Plowr, resporsible for wilt in tomato
{Sobaniem aspersiaem L.)." Subsequently, phaseolinone was
isolated in India from the culure Gltrates of M phaseoling
together with spedin, iscmpedin, phaseclinic acid, and
acetylphomalactone. All the metabolites caused nonspecific
leal necrosis on several plants, but only phaseclinone induced
disease symptoms in plints similar to those cavsed by the
P’w!‘.].

Phaseolinone was not produced when M. phassoling was
isolated from infected soybean plants in Missisappi, while
(= Vbotryodiplodin appeared to be the main phytotoxin'” The
latter & a mycotomin previoudy solated from Batryodiplodia
Huwbmn.u,aﬁn@nthﬂcmmtintupﬁdfnﬂts‘”mlms
synthesived a5 racemic mixture and as a pure enantiomer,
and its avallability permitted 3 stedy of its role in plant
disease.”

Recently, the metabolites produced by a stmin of M
phassoling isolated from Bucalypius plobeus were inmvestigated
and identified a the well- known fungal metabolites (3R AS)-
botryodiplodin, succinic add, tyrosol, (R)-mellein, (3RAR)cis-
Ahydrogymellein, and azelaic add However, no biclogical
activities were reported for these metabolites™

Soybean is the most important crop in Argenting, with an
average cropping area of 18 million hectares in the Lt five
years”” However, the growing condition: under monocelture
and no-tllsge sysems have Frored the occurrence and the
severity of a large number of diseases, which constitute a
seriows constraint to production and the quality of the legume.
Thus, many studies were carnied out to develop biocontrol
methods bated on seed inoculation with biological control
agents, Some bacteris were evaluated in dual in vitro tests for
their antifungal activity combined with manganese phosphite.
Two straing, Peewdomonas fhuorescens 9 and Baciles sublilic 54,

were selected. Consequently, greenhouse experiments demon-
strated that the greatest reductions in soybean disease severity
induced by M. phaolng were achieved when strain P
fugresens 9 was applied singly or when strain B, abiilis 54 was
combined with manganese phosphite, achieving 82% control in
both cases™ Additionally, soybean seed treatments with two
biologeal products (Trichoderma viride or Baglus subtiic)
proved to be weful in reducing the CR intersity at the feld
level™ Recently, Peeudomonas domghumsic strain SVBPS,
isolated from an agriculturl feld plot in Argenting, showed
a broadspectrem and difusble antifungal activity. From its
culture Hirates the main antifangal metabolite was isolted and
identified as 7-hydmowytropolone, which showed sgnificant
antifungal activity against M phassoling. This result is
important for its potential practical application as 3 naturl
fungicide readily synthesized and biobmuolated and & 2
precursor for novel binactive tropolonoid compounds.™

On this bads it seemed essential to investigate the
phytotoxins produced by a strain of M phaseoling solated
from infected soybean tissues in Argerting. This article reports
the isohtion and chemical and biclogical charscterization of
two new penta- and tetrasubstituted eyclopentenones named
phaseocydopentenones A and B.

W RESULTS AND DISCUSSION
The organic extract of the culture Ghrates of M phasoling,
obtained & described in the Experimental Section, was
fractiomated by a combimation of column and TLC
chromatography to afford two new metabolites, named
phasocydopentenones A and B (1 and 2, Fgure 1), and
the known guignardone A (3, Figure 1). The memterpenaid 3
showed the same physical (specific optical rotation),
spectroscopic, and spectrometric (‘H, YC, COSY, HSQC,
and HMBC NMR and ESIMS) data when compared to those
reported after its first solation from Guignardia feriz, an
endophytic funges solated from Thex @rmuta leaves.” This i
the first isolation of guigardone A (3) from M. phassling

A preliminary investigation of the 'H and "'C NMR specia
of the two specialived metsbolites (1 and 2) solated from the
Argenting strsin of M phasaling showed that they shared two
structural features, ie, monosubstituted phenyl and cydo-
pentenone residues

o decdolong/10. 102 Vs atprad A 1207
& Aot Frod, XOOCK, X2, M- 20X
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Table 1. "H and "C NMR and HSQC Data of Macrophenylopelopentenones A and B (1 and 2)*%
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1274, CH 740, [s.u]

1240, (H F2ém? Ha'g"

"‘I'hdlmﬂ.lduﬁsmmaﬂu [H)m]ﬁumTMﬁ. 0 "H'H (CO8Y) and VC'H ﬁ[ﬂc]mnupmudmmmmd
carhons. “Multy

ding

all the protoms and

ities were asigned by DEPT spectram. “These signals are averlapped.

Phaseocydopentenone A (1) was determined to have a
molecular formuls of CieH,, 0y a8 deduced fom its HRESIMS
spectrum and with 12 Inyd d The
presence of the phenyl, berzoyl, and cydopentenone residues
wai in agreement with the absorption bands br aromatic,
olefinic, and cabomy] groups and the ion maxima for
conjugated aromatic systems observed in the IR and UVH
spectra, respectively. The IR spectra ako showed the presence
of bands typical of hydroxy groups.”’ Accordingly, its 'H and
COSY data™ (Table 1) showed signaki consistent with the
abyrementioned residues. In particular, a doublet (= 80 He,
H-2,6), a taplet (] = 80 Hz, H-35"), and a triplet (] = 80
Hz, H4') resonating at & 805, 743, and 753, respectively,
accournted for the protons of the benzofl group™ supported by
the C-6 carbonyl signal at 6 200.3 in the "o NMR spectrim
(Table 1) which coupled in the HMBC spectrum™ (Table 1)
with H-2',6". In the same spectrum the quaternary sp” carbon
(C-17) of the same bermene dng at § 1367 coupled, =
expected, with both H-3' 3"

Similar spin systems were observed for the other phenyl
group. In fact, 3 doublet (J = 8.0 He, H-2"67),a triplet (J =80
Hz, H-3"57), and a triplet (J = 8.0 Hz, H4 ") were observed at
§ 783 736, and 725, respectively. H-3" 5" in the HMBC
spectmum coupled with the quatenary sp carbon (C-17) of
the same dng resonating at § 1308 The two phenyl groups
and the carbonyl group accounted for nine indices of hydrogen
defciency, and thus three other indices memaned 1o be
asmigned These were due to 2 pentasubstituted cydo-
pentenone ring. In fact, 3 quaternary olefinic carbon at &
115.2 (C-2) coupled in the HMBC spectrum with H-2°6",
while the proximal enolic carbon (C-3) appeared at § 196.6,
being also coupled in the HMBC spectrum with H-5 of a
secondary hydroxlated carbon (C-5) resonating a3 snglet at
& 4.69. H-5 coupled, in the same spectrem, with the carboryl
(C-1) of the cpelopentenone and the hydrocylated sp* tertiary
carbon (C-4) present at § 1905 and 880, mspm:'ve]{r. d

The correlations ebserved in the HSQC spectrum™ (Table
1) permitted the assignment of the chemical dhifts to the
protonsted catbons. In particular, the signals at § 1300, 1296,
127.7, 1274, 127.3, and 1264 were attributed 10 C4', C-2'4",
C-2767, C-3"5", C-35, and C4". Thus, the chemical shifis
were assigned to the protons and comesponding carboms as

shown in Table |, and phaseocyclopentenone A (1) was
formulated & 4-berzoyl-3 4 5-trlydrogy-2-phenylcpclopent -2-
enone. The relitive configuration ot C-4 and C-5 of 1 was
wsigned by the comelations observed in the NOESY
spectrum. ™ In particular, a diagnostic comelation was observed
between H-5 and H-1'6', indicating that H-5 and the benzoyl
group are cofacial, suggesting the (45%5R*) relative
configuration.

The structure asigned to 1 was supported by the other
correlations observed in its HMBC spectrum (Table 1) and it
HRESIMS spectrum. The latter, recorded in positive modality,
showed the dimer protonsted adduct [2 M + Na]* and the
protonated sdduct [M + H]"ions at m/z 643 and 3110927, A
agnificant fragmentation peak produced Fom the protonated
adduct by Joss of water [M+ H — Hy0]” was observed ot m/z
293, When the sme specrum was recorded in negative
modality, the dimer deprotonated adduet [2 M — H]™ and the
deprotonated adduect [M — H]™ jons were observed at m/z
619 and 3090773, respectively.

The structure of 1 was dso supported by preparing its 3,5
di-D-acetyl derivative (4). The 'H NMR dats of derivative 4
differed from that of 1 for the deshielding (A5 145) of H-5
appearing as 3 singlet at 56,14 and the presence of the singlets
of the acetyl metlyl groups of C-3 and C-5 at § 209 and 1.92.
The other acetyl group was located at C-3 for the absence of
NOESY comelations between its methyl group and H-2'6"
Thus, the hydroxy gooup at C-4 was not acetylated due to the
well documented dificulty to derivatize tertiary hydmxy
goups. Its BSIMS data showed the protonated [M + H]*
jonat m/z 395,

Phaseocydopentenone B (2) had a molecular formuls of
CpHu0y @ deduced from is HREESMS spectrum and
congstent with 11 indices of hydrogen deficiency. As cited
above, it contains the same phenyl and crclopentenone
resdues @ compound 1. In Bt the absorption bands for
aromatic, olefinic, and carbonyl groups and the absorption
mandma for a conjugated aromatic system were ohserved in the
B and UW® spectra, mespectively. In addition, the IR
spectrum also showed the presence of bands typical of lydroxy
groupe’’ This, on the bads of these preliminary results, 2
should differ from 1 with respect to the nature of the moiety at
C4. In fact, 2 showed the presence of another monosub-
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i N

o, KRKE, X2, RUE- 0K

24



Journal of Natural Products pubsacionglinp
4 : B F——r ——
—— Expanmantal UV far1 Expanmantal LV for 2
B Calculated UV for1 | ¥ ~=—Calculated UV for 2
£ 4
E :
3 z
T 1
plL 1 T, 1 1
18 ey —

— Expenmental CO for 1

""" Calculated CD for (45571

—Experimental CD for 2
§ o e Calcubated CD for 2

5 . 5 1 * Rotational strengihs
- F . AR
g P :‘r\\_ AW
o f : oo F o
= L i <
o i
i i
|
-i0 ol

20 80 e o 400
iinm

Figure L Experimental UV and ECD spectra

e =0 ] 0 400
& i

of | and 2 mexwwred in MeCN (solid gray lines) compared with the spectra cal culated for (45,5R)-1

and (4R55)-2 at the BILYP/delt-TZVF//wBITXD/6-31 14G(dp) level The vertical bars in the botiom right spectum represent calabited
mtational strengths (in arbitrary wnits). See Computational _\ucb:tffu detaile e

Table 2. Phytotaxic Activity of Compounds 1-3°

1 2 3
Dioassay plant 10 w0 T 10t 10t 10~ contml”
leaf ponciure asay Solomens hroperiious [ 2 1 2 2 3 3 a
Gilpeis mze L a a a o o [ a
OGN aRaY & leapesics L 1 nt? 3 nt nt nt ]

“0bservations were made 7 days after treatment. Intensity of necrosis on leaves in the leaf puncture amsay: 3, severs necrasis; 2, intermediate
necrasis; l,sliju:mcrwii;ﬂ,mm.hmﬂ':rm‘wjlinq:rmpmmmmﬁngmirj,mmpheuﬁngﬂ,mdumm; 1,skight
srmphm;ﬂ,no:rmpmm”ﬂh(cﬂl[indiiﬂndm. ‘Molar concentration. “Nat tested.

stiteted phenyl group instead of the bemoyl and teriary
hydroxy groups present in 1. As expected, the 'H and "'C
NMR dta of 2 confimed by COSY, HSQC, and HMBC data
(Table 1) supported the suggesed sructure. In particular the
spectra differed from that of 1in the presence of two coupled
doublets (] = 5.9 Hx) observed at & 4.79 and4.14 (H-$ and H-
4), which accounted for two adjacent methine groups, one of
which was hydroxylated,” while their comesponding carbons
resorated at & 715 and 551 (C-5 and C4), m!P&.'ﬁve]y.H
Another difference was the absence of the benzoyd maoiety,
replaced by a phenyl group. The long-range HMBC couplings
between C-1" and C-276" at § 1364 and 129.7 with H4 and
between C-2 at § 115.0 with H-276" permitted localation of
the two phenyl group ot C4 and C-2, respectively. Thus, the
chemical shifts were wsigned to all the protors and
corresponding carbons and reported in Table 1, and
phsescyclopentenone B wa formubited x 35-dhypdroxy-
24-diphenyleyd opent-2-enome (2).

The structure ssdgned to 2 was supported by the other
couplings observed in its HMBC spectrum (Table 1) and its
HRESIMS dats. The latter, acquired in postive modality,
showed the dimer sodium [2M + Na]* and protonated [2 M+
H]* adducts and the protonated adduct [M + H]+ ions atm /2
585, 533, and 2671021

The mltive configuration at cabors C4 and C-5 wa
wsigned by the comelations obsrved in the NOESY
:peﬂmm” between their geminal protons. Thus, H4 and
H-5 were cis-positioned and the relative configuration was
(4R* 35%).

Both metabolites 1 and 2 resisted crystallization, as well =
the dedvative 3. Thus, the AC of plasosydopentenones A
and B (1 and 2) was determined by mexns of ECD, using a
standardived procedure ™" ECD spectra of 1 and 2 were
mecorded i MeCN and simulsted wsing an established
approach, which is summarnized in the Computational Section.
Comparison between experimental and calculated spectra
(Figure 2) permitted asmignment of the absolute configurations
a8 (45,5R)-1 and (4R,55)-2.

It must be noticed that the agreement between experimental
and caleulated spectra is not completely satisfying in the short-
wavelength region of the spectra. This fact may be aseribed to
the presence of various chromophores with muliple transtions
dose in energy, which renders the wawelengh region below
250 nm loaded with dectronic exciations. This & shown in
Figure 2 for compound 2, for which a single strongly preferred
confomer was obtained.

The phytotode activity was tested using two different
bicassys, The colture flirate, the organic estract (st a
concentration of 1 mg/mL), and compounds 1 and 2 (at a

e e delong. 10 102 Wk adprod D117
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concentration of 107" M) were tested on tomato (SoLimum
Ipwpersiam L) by 3 cutting asay. Strong phytotosicity was
observed testing the culture flirate, the organic extract, and
phaseocyclopentenone B (2), which caed strong wilting,
while slight symptoms were detected for plants treated with
compound 1. Compounds 1 and 2 were also tested by the leal
puncture asay on tomato and soyben (Glyne max L),
together with guignardone A (3) (which was obtained in lower
amount), at 3 concentration of 107" and 107 M. Compounds
1-3 showed plytotoricity on tomato at both concentrations,
while no activity was observed on the host plant (Table 2).

Compound 3 induced marked necrosis compared to
compounds 1 and 2, especially at the highest concentration
(Figure 3).

1 2 E

Control

Figure 3. Phymtoxic activity inducad by compounds | =3 when tesed
at 107 M by the leaf.puncture assay on soybean (A: Glydine max 1)
and on tomato (B: Solamum lpcopersicum L); contral 4% MeOH in
distilled water.

These results demonstrated the impostance of the
substituents present ot C4 and C-5 in compounds 1 and 2
to impart the phytotoricty but ako a diferent mechanism of
action in the two bicassays, This is the fist report on the
phytotoxic activity of geignardone A dso with respect to the
other related meroterpenoids belonging to the same group of
natural compounds. When ssayed against Colldolricliom
fruncifin and Cergospora nigbianas (two fung pathogenic to
soybean), the metabolites 1—3 did not exhibit any antifungal
achivity.

In concusion, two new plytotoxic spedalized metabolites,
named phaseocyclopentenones A and B, were isobited from 2
strain of M. phaalna collected in Argentina Fom infected
soybean plants together with the wellknown fungal
meroterpenoid guignardone A The latter was isolated for
the frst time fFom M. phaseoling, which was previously shown
to produce l:ln]y the toxic sesquiterpeme eremophilane
phnm]mme and the polyketide (- }bﬁwmﬂx}odrx, 2 bon
abio produced by other phyto pathogenic fungi

Fungal metabolites containing 3 dihydroxyeydopentenone
core are known & naturally occurdng compounds, such as
kodaistating A-D produced by Aspergillus fermews with
antidiabetic activity, that are simiar to phaseocydopentenone
A (1), but they differed in the position of the substituents
attached to the core. ™ However, the closest compound to 1is
a synthetic compound prepared by a gold-catalyzed oxidative

meaction of meht carbomates or acetabes using 15
dichloropyridine ™ Two fungal metabolites, named involutin
and chamonizin, are the natuml compounds closest to
phaseocydopentenone B (2), but they differ for the position
and the natere of the subitituents on the cydopentenone
mlﬂ

B EXPERIMENTAL SECTION

General Experimental Procedures. A P.1010 digital Jasco
])ohﬁmmmedmmm&go]t'u] rotations in MeOH; a
PerkinFlmer Spectrum 100 FT.IR spectrametr wa employed to
record IR spectra as a glassy flm; a Jasco V-530 5
was utilized to aaquire UV spectra in MaCN soluion; UV and ECD
spectra wers remrded at room temperatre on a JASCO 815
spectropolarimeter, using 0.1 mm cells and concentrations of ca. 1.7 x
107" Min MeOH. "Hand “C NMR. spectra were recorded in CDCI,,
abo used a5 internal sondard, at 400100 MMz o 2 Broker
spectrometer. COSY-45, HS and HMBC iments wene
periormed wing a Bruker gt’)}nﬂgm i[RE:'II?;.d ESl mass
spectra and LC MS analyses wers arried out using the LC /MS TOF
sysem Agilent 62308, HPLC 1260 Infinity. A Phenomener LUNA
[Cix (2) 5u 150 % 46 mm column] was utiized to perform the
HPLC separations. Preparative and andytical TLC were
an slica gel (Merck, Kislgel 60 F254, 050 and 025 mm,
respectively) plates, while column duwnabngn?hy (OC) was
periormed on silica gel (Merck, Kieselpel 60, 0.063-0.200364
mm); the spots mmm]lmd'h'yeqrmmtmw bight ul{.lu

ying with 10% 150, in MeOH and with 5% phos
acd in EtDH, followed by heating at 110 *C far 10 min. Sigma-
Aldrich Co. (Milan, Inly) supplied all the reagents and the sobvents
Fungal Strain and Culture Conditions. The M. phaszalina
X131 strain was obtained from infecied soybean
mﬂnﬂmhqugmtuutdnwmmmm
destrose agar (FDA) in Petri dishes. The isolste was deposited in the
cultwre collection of the Plant P, ent of the
University of Buenos Aires (FAUBA, Argenting). Later, the iolate
ms:mmdﬂﬂﬁma:yomlﬂiminQLﬂaﬂxmﬁjrinlen‘
potato dextrose broth (PDB). Fach flsk was moculated with 15
mycelia ]ilgsmdixn'hﬂhdatﬁsc'f in the dark for 15 days. Next,
the mycelial mats were removed by centrifugation (7000 pm for 30
min ), and successive filtration of the supematant was wing
@22 yem pore dizmeter membranes (Whatman, Mai LK ).

Extraction and Purification of Secondary Metabolites
Produced by M phaseoling. The cubture filtrates of M. phaszolina
(4 L), showing significative phytotaric activity on tomai (5.
Iycapersicum L), were combined and concentrated under vacuum at
roam temperature to 400 ml.. Then, the culture was acidified to pH 2
mimxmdudmeﬂnm}:mamcnxim
mL). The organic extracts were combined, dried Dﬁz.\il],

ted under redunced we. The oomes residue
(109.7 mg) was pwified by silica gel clumn chromatography eluted
with Et0Ac—-MeOH —H, 0, 85:10:5 [wwv:l,pcﬂ.mg egilts!m]nn‘
fractions. The residue of the sscond fraction (8.3 mg)
an TLC ehied with CH (1, —Me0OH, 1:1 [wv:l,pleﬂ.ms
gu.'lg:ru:dmeﬁ ifm umunu'p&w\:mhd.'ﬂumndneofﬂw
seventh hcmuE‘EQﬂ:Q n:gl‘] further on TLC ehited with
CHCL~BOA—MeOH- L0, 221 (vu/x), yiskding
])emnumﬁﬁ[l lﬂ_'zmg‘]ntdﬂtﬂ,'i'ﬁ uhmpdhmdlm]s.

Phassocyclopentenone A (1} TR v, . 1332 (O], 1719 (C=0),
167 (C=C) (1597, 1530, 1503 (Ar)); UV Ay, mm (log £) 279
(454), 248 (445); 'H and "C NMR data, sse Table 1; HRESIMS
(+) m/z 643 [2M + Na]*, 3110927 [M + H]" [ caled for T 150y,
F1L0918), 293 [M + H — HLOJ"; HRESIMS (=) m/z 613 [2 M -
H], 3090773 [M — ]~ (cded for C,H 0, 309.0763).

Phaseacyclopentenane B (2): [a], +33 (¢ 04); IR vy, 3309
(OH), 1705 (C=0), 1627 (C=C), 1598, 1524, 1496 (Ar); UV iy
am (log &) 17 (438} 'H and PO NMR dats, see Table 1)
HRESIMS [+) m/z 555 [2 M+ Na]*, 533 [2 M + HJ, 267.1023 [M
+ H]* (caled dor € H,,0,, 267.1021).

et che el T 102 Wacs e 0l 18 7
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A(3k [a]®y +42 (£ 03 acetne) [Be:™ [a ¥, H2 m‘l% MeOH a:nd applied to the tops of diffrent mycelil pogs

(< 0.3 acstone) |, 'H md C COSY, HSGC, and HMEC NMR and
ESIMS 5 see 51) were similar o those previousy =
metgl De]ﬂmlu\e of Phaseocyclopentenons A (4).
AE],lmg]mmﬂmdemg[zﬂ
uL) and Ac,0 (20 ul.). The reaction was left at room
(ﬁgdﬂlhﬂﬁhnﬂﬁnﬂmﬂh{eﬂmudﬂistﬁum“m
residue (12 mg) wa purified by TLC, chited with CH,CL—M=0OH
(9:1), to afford 4asa '"HNMR.& 804 [2H,
4, = 8.0 Hz, FL.2), HL"), 795 (2H, d, ] = .0 Hz, HL2", H&"), 752
(1HL t, ] = 8.0 Hz, H4'), 744 (2H, t, [ = 80 Hs, H.¥, HL5'), 729
(26, & ] = 8.0 iz, FL.3° 157, 721 (1M, 1, = 80 Hy, H4"), 614
(1H, 5, H-5), 209 (3H, 5 MeOD-C3), 192 (3H, 5, MeCO-C5);
ESIMS (+) m/z 395 [M + H]".

Computational Detalls. Maecular mechanics and prefiminary
density functional theory (DFT) calulations were mn with
Spaun’l8 (Waefindion, Inc, Irvine, CA, 2018),* with standard

mdomgmum?:mlEFde.medq)mdm

DFT (TDDFT) cdculations were run with Gaussian’16 ™ with defait
grids and comvergene criteria. First, the conformational space of 1
and 2 was s with the Maonte Carle i ing the Merck
ol o 5 (MMBE ). A conorn th ] e £
aptmized & the wBI7XD/6-31G(d) level in vacug then at the
WBATED 6. 111+G[d,p]|nd ndndmg&.im)mlmmddh
MeCN. The procsdure led ® four conformers for | and one
conformer for 1 with smble at 300 K. TDDFT
th&msmmnﬂsﬂﬂ@mdm-ﬂﬂwhm
(which led to consistent results) with the def2TZVP hasis set and
mt&ﬁp?mmmﬂ“fwmﬂmﬂlm
i dmdm[m]!ﬂ)?ﬂmmﬂmw
AGummI:u.n.d witha 04 e\" Iu.lfw:d.d:,
Mﬂmmnﬁh@ﬂcTﬁeuﬂaﬁdspﬂmmF@mlm
plotied with SpecDis, ™ theyare red-shifted by 10nm (1) or Snm (2)
and scaled by a fictor 1.5 to compare with the experimental spectra.

Phytotoxicity Bloassay. Tomato Cutting Amay. The culire

the organic extract (at & concentration of 1 mg/ml], and
Aand B (1 and 2) were assayed on tomam
5 ersiam L ings. Toman cuttings were taken from 21-
[F\%Tmudmﬁ]ww 1 m?lmuﬂpuda.tl
mmﬁmoﬂﬂ“’mcm#mdn&gumﬁm 2
mlL) for 72 h and then o distillad water. MzOH in
distilled water (4%) was used a5 2 negative control. Three replications
were performed for the omganic edrac and each metabolite.
Symptoms were visually evaluated up & 7 days, and wilting symptoms
were svaluated using 2 vimal 03 scade (0 =no symptoms; 1 = digh
sympayms; 2 = intermediate symptoms; 3 = complete wilti

dissolved in MeOH (final concentration: #%), and swerile distilled
water was added to reach the required concentation. A (20
L) of the solutions was applied on the adadid srface of the plant
leaves, which wers previowly with a sterile needle. The
leaves were an the surfice of 3 water-mturated fiker paper in
Petri dishes. & sdlution of 4% MeOH in distilled water was med as 2
mhdﬁgdiﬁﬂwnmhdwiﬁpanﬂhnam{imhbd
at 24 °C for 7 daps i a d chamber. Thres
iations wers :f\ocre:dlm.hhemd
T&pdmmhmwww
by removing the Petri dish cover and wing a visal 03 scake (0=no
srmpimr 1 = skight necrasis; 2 = intermediat necrosis; 3 = severe

Antifungal Bi The antagonisti
1-3 m'imd::‘::ymsnm &mmwpﬁnpxw
Cercospora micofiane™® and Colltotrichum sruncatum,” isolated in
Argentina, for inhibition of the mycelial radial In brief, § mm
dizmeter mycelial plugs from 2 4-cay-old culture of . nicstianas or
trmeatum were placed in the center of PDA plats. For each
compound, amounts of 50, 100, and 200 g were dissobved in 20 4L

e at 2 con zspggludzup'.

m(I'KM:ﬂl[ were used as positive and negative controls,
fvely. The solvent was allowed to in a laminar flow
cahinet, and the plates were incubated at 20 °C for 47 days or unsl
the of the target used as contral covered the
mzﬁ suﬁmu;gdl h@mmm%m replicates, and
the experiment was repeated twice. The results were expressed as the
presence or absence of growth (an indication of antifngal activity).
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CHAPTER llI: Pseudomonas fluorescens Showing Antifungal
Activity against Macrophomina phaseolina, a Severe Pathogenic
Fungus of Soybean, Produce Phenazine as the Main Active
Metabolite.

E biomolecules

[MDP1 )

Article

Pseudomonas fluorescens Showing Antifungal Activity against

Macrophomina phaseolina, a Severe Pathogenic Fungus of

Soybean, Produces Phenazine as the Main Active Metabolite

Stefany Castaldi '*, Marco Masi %, Francisco Sautua *, Alessio Cimmino ?, Rachele Isticato ', Marcelo Carmona °,
Angela Tazi * and Antonio Evidente *

Cilatbon: Casialdi, 5 Masi, M
Snitiaa, F.; Caiminiee, A Btican, B,
Carmoea, M.; Tud, A Evidords A
Parsomings fuaniscens Showing
Anteturgal Activity agains!
Marophaitans plaodng, & S
Pahaganic Fungus of Soybean,
Produce Phenazing as iha Main
Active Metabolite. Biomolaads 2021,
11, 1728 biipsdolorg!
WAFHDiom1 1111724

Academic Edilor: Fio Maria Furmen

Roceived: 28 Ociober 2021
Acopad: 17 Novensbar 2121
Pubilishod: 15 Movembor HIT1

Publisher's Nole MDD shays
nautral wilh segard o judsdiciional
dsime i pubBished maps  and
Instivutioral affiliatioes

[Omom

Copyright: © 20271 by tha awthors. Li-
corses MDPL, Basel, Switzerland.
mmlmsanmmxxb
Astribustend undar the e and oon-
ditioes of the Creative Comenans Af-
Arition (O BY) Boansa (Mp:/icrea-
tivammons. or glioenses by S,

! Dipartimente di Biologia, Universitd di Mapoli Federico TT, Complesse Universitario Monte 5. Angelo, Via
Cintia 4, 80126 Mapaoli, Italy; isticatoSunina it

¥ Dipartimento di Scenze Chimiche, Universith di Napoli Federico I, Complesso Universitario Monte 5.

A:ng:ln. Via Cintia 4, .‘lI'IIEIS.‘J.:Pn'Ii, Tt.uly, manco. masiEumina it (ML) alessiocimminoduninaie (AC);

angela fuzigunina it (A.T.); evidentesrunina. it (A.E)

Citedra de Fitopatologia, Facultad de Agronomiz, Universidad de Buenos Ares, Cludad Autdnoma de

Buencs Aires C1417DSE, Argenting; sautuaeagrooubaar (FAL

carmanamiagre.ubaar (MC)

* Correspondence: stefany.castaldithunina it

Ab o i 9 and Bacillier subtiliz 54, proposed as biofungicides to control Mac-
rophoming plusssling, 3 dangerous pathopen of soybean and ofher cops, were grown in wifro to eval-
uate their shility to produce metabolites with anfifungal activity. The aim of the manuscript was to
identify the natural compounds responsible for their antifungal activity. Only the colthure filirates
of P. flusrescens 9 showed strong andifungal achivity against M phaseoling. Tis organic extract con-
tained phenarine and mesaconic acid (1 and 2). whose antifungal activity was tested against M
phusesling, as well as Cercospora micotiones and Colletoirichum druncatum, other pathogens of soybean;
however, only compound 1 exhibited activity. The antifungal activity of compound 1 was compared
to phenazme-1-carbosylic acd (PCA. 3). 2-hydrosyphenazine (2-0H F, 4). and various semisym-
thetic phenazine nitro derivatives in order to perform a shruchure—activity relationship (SAR) stady.
PCA and phenazine exhibited the same percentage of growth inhibition in M. phaseolina and C.
tnovcefum, whereas FCA (3) showed lower achivity against C. nicofivause than phenarme. 2-Flypdrox-
yphenazine {#) showed no antifungal activity against M. phasenling. The results of the SAR study
showed that elechron atbractor (COOH and NO:) or repul=or (OH) groups significantly affect fhe
antifungal growrth, as well as their a- or f-location on the phenazine ring. Both PCA and phenazine
could be proposed as biopesticides bo control the soybean pathogens M. phasenling, C. sicotiouee, and
C. triowcatum, and fhese results should prompt an investipation of their large-scale produchon and
their suitable formulation for greenhouse and field applications.

Key Preud - fi : Macropiumine ph I
derivatives; soybean pathogens; antifungal activity; SAR

phenazine; phenazine analogs and

1. Introduction

Food demand has increased with the gradual growth of the world population, which
is expected to reach almest 10 billion by 2050 [1,2]. Likewise, agricultural production has
increased over time with the development of techmeolegy and bictechneology innovations.
As a consequence, the environmental pollation of soil and water has negatively and sig-
nificantly affected the quality and gquantity of agricultural production [3,4]. Microbial
pathogens, weeds, and animal pests ameng the biotic stresses are responsible for heavy
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losses affecting crop yields. The use of chemical pesticides (herbiddes, insecticides, fun-
gicides, bactericides, etc.) has increased over time. Their massive use during the last 5-6
decades has become a threat to environmental preservation and a severe risk to human
and animal health. Among the biotic stresses, fungal pathogens are the main causal agents
of crop diseases. Their ability to produce phytotoxins plays an important rele in inducing
plant disease symptoms [5,6].

Macrophoming phaseoling (Tassi) Goid is one of the most vimlent and yield-limiting
phytopathogens [7.8]. This necrotrophic fungus can infect more than 500 plant species in
meore than 100 families causing dry root and stem rot, known as charceal rot (CE) [9]. CE
is an important disease of leguminous aops such as sovbean, chickpea, peanuf, alfalfa,
bean, and pea, as well as of cereals such as maize, sorghum, and sugarcane. Recently, M.
phasesling was reported as responsible for grapevine decline in Iran [10]. The first studies
on the phytotoxine produced by M. phaseoling reported the purification and the properties
of the exotoxin produced by the pathogen isclated in India [11]. Subsequently, the main
phytotoxin structure, an eremophilane sesquiterpencid named phaseolinone, was deter-
mined [12]. Fecently, from strain 2013-1 of M. phasepling, obtained from infected soybean
roots growing in Pergamine, Argentina, two new phytotoxic penta- and tetra-substituted
cyclopentencnes, named phaseocyclopentenones A and B, together with guignardene A,
were isolated. [13].

Fungi belonging to other genera such as Cereospore and Colletotrichion are causal
agents of several dissases of soybean in Argentina and Brazil, which have also developed
resistance or changes in sensitivity to commenly used fungicides [14-13].

A collection of bacteria were isolated to soybean plants and screened for their antag-
onistic activity against M. phaseoling aiming to avold the use of chemical fungicides. Two
of them, identified as Pseudomonas finorescens 9 and Bacillus subrilis 34 resulted most prom-
ising and were tested further using in vitro assays, as well as in the greenhouse. In partic-
ular, P. fluorescens 9 showed a greater reduction in disease than B. subtilis [19]. These re-
sults are not surprising, as the microbial antagenisms performed by benefidal bacteria
and fungi against different phytopathegens are well known [20]. In fact, some bacterial
metabelites have shown antifungal activily against pathogens of some important crops,
such as phenazine-1-carboxylic add and 2-hydroxyphenazine, which are produced by
Pseudemnonas chlororaphis subsp. moresfaciens strain M7. These metabolites, compared to
some semisynthetic phenazine-1-carboxylic add (PCA) derivatives, were assayed against
a group of crop and forest plant-pathogenic fungl. Ameng the compounds tested, PCA
was active against almost all tested pathogens. Instead, 2-hydrexyphenazine (2-0H F)
weakly inhibited a few fungal species. The results of a struchure-activity relationship
(SAR) study, testing the four semisynthetic derivatives of PCA, showed that the carbesxyl
group is a structural feature important for the antifungal achvity of PCA [21]. It is known
that the PCA completely inhibited in vitro [22] and in vivo [23] the growth of Seividiim
cardinale, & fungus that induces canker of common falian cypress (Cupressus sempervirans
L). Another example is Emericells sp. SMADL, a marine symbiotic fungus that produced
PCA as the main metabelite with antifungal activity against Phytophthora eapsici, Gibberella
zeae, and Verticillim dihlise with ICs values of 23.26-53.89 ug/mL [24]. PCA was also pro-
duced by Streptomyces kebangsammensts isolated from the stem of 2 Malaysian ethmomedic-
inal plant, Portulacs olerace in 2013, PCA inhibited Fusariumn solani isolates, UZ541/12, and
UZ667/13 at a minimal inhibitory concentration of 18.00 wg/mL [25]. Fhenazine deriva-
Hives alse showed inhibitor activity toward clinical antibiotic-resistant bacteria such as
Mycobrcterium tuberenlesis in the range 18.3 to 146.5 pM [26].

This study reports the isolation, chemical characterization, and antifungal activity of
phenazine and mesaconic acid produced by P. fluorescens 9 against M. phaseoling, C. mico-
tiamae, and C. truncanen, all isolated from soybean in Argentina. The antifungal activity of
phenazine was compared to that of PCA and 2-0OH P, as well as some other semisynthetic
derivatives prepared by nitration of phenazine to evaluate their potential as natural fun-
gicides. The results of a structure—activity relationship (SAR) study are also discussed.
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2 Materials and Methods
2.1, General Experimental Procedures

A Bruker spectrometer (Karlsruhe, Germany) working at 200 MHz was used to rec-
ord 'H-NME spectra in CD}Cl: which was used as an intemnal standard. The LC/MS TOF
system Agilent £230B, HPLC 1260 Infinity was used to record ESI mass spectra. The Phe-
nomenex LUNA (C18 (2) 5 pm 150 » 4.6 mm column was used for HPLC separation. An-
alytical and preparative thin-layer chromatography (TLC) was performed on silica gel
plates (Kieselgel €0, Fes, 025 and 0.5 mm respectively) or on reverse-phase (Whatman,
KIC18 Fx4, 0.20 mum, plates (Merck, Darmstadt, Germany). UV light and/or iodine vapors
were used to visualize the compounds (CC: slica gel, Merck, Kieselgel &0, 0.063-0.200
mmy). The samples of standard phenazine and meseconic acid were purchased from Sigma
Aldrich The samples of PCA and 20H P (3 and 4) were obtained from the culture filfrate
of P. chlororaphis subsp. aureofaciens strain M71, as previcusly reported [21].

2.2 Bacterial and Fungal Strains

P. flugrescens 9 and B. subtilis 54 strains were isolated from soil samples and healthy
soybean plants collected in the field from different locations in the Santa Fe Province, Ar-
gentina as previcusly reported [19]. The M. phaseoling 2013-1 strain was obtained from
infected soybean roots grown in Pergamino, Buenos Aires, Argentina, as previously re-
ported [13]. Cercospora micotiomae isolate Cn_2017_BOL34 was obtained from soybean
leaves with Cercospora leaf blight symptoms sampled from commerdal soybean fields in
Santa Cruz, Bolivia in 2017 as previously reported [15]. The sirain 17-5-1 of Colletotrichum
truncatum was isolated from soybean leaves with anthramnose symptoms sampled from
commercial soybean fields in Roldan, Santa Fe, Argentina in 2017. The strain identified
was kept in the culture collection of the Department of Plant Pathology, FAUBA.

2.3, Cell-Free Supernatants

Bacteria were grown in minimal medium M? (composition according to the Cold
Spring Harb Protoc 2010 for 1 L: (1x) M9 salts mixture from Sigma-Aldrich (Saint-Louds,
MO, USA) supplemented with 20% glucose, 1 M MgS0s, and 1 M CaCl:) at 28 +2 °C for
72 h with shaking at 150 rpm. Then, the cells were removed by centrifugation (7000= ¢ for
30 min), and supernatants were filkered using 0.22 um pore diameter membranes (Com-
ing® Mew York, NY, USA) and concentrated 1:10.

2.4, Production, Extvaction, oud Purification of Metabolites from Psewdowonas Fluorescens 9
and Production of the Crude Extract of Bacillus subtilis 54

P. fiuorescens 9 and B. subrilis 54 were grown separately in minimal medium M9 for
72 howith shaking at 150 rpm. Cells were removed by centrifugation (7000« g for 30 min),
and supematants were filtered using 0.22 pm pore diameter membranes {Coming®). The
oulture filirate (1 L for each bacterium) was lyophilized, and the material obtained was
dissolved in distilled water (100 mL). A 50 mL aliquot was alkalinized with ammoenia
(37%) up to pH 10 and extracted with ethyl acetate (3 » 50 mL). The organic exiracts were
combined, washed with distilled water, and dehydrated with Na:5304. The filirates were
evaporated under reduced pressure, cbiaining an amorphous yellow solid residue (15 mg
for P. fluorescens 9) and white solid residue (8 mg for B. subtilis 54). Only the crude extract
of P. fluerescens 9 was purified by TLC on silica gel eluted with chloroform—ise-propancl
(97:3) yielding a pure homogenous solid that was identified, as reported below, as phen-
azine (1, 2.1 mg). The other 50 mL of the initial culture flirate was addified with formic
acid up to pH I and extracted with ethyl acetate (3 x 50 mL). The organic exiracts were
treated as above reported to give a white crystal identified, as reported below, as
mesaconic acid (2, 3.5 mg).
1. Phenazine {1} yellow amorphous solid, "H-NMR &: 8.2% (4H, dd, = 6.5 and 3.3 Hz),

7BE {4H, dd, J=6.5 and 3.3 Hz). ESI M3 (+) m/z: 181 [M + HJ".
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2 Mesaconic acid (2): white crystals, "H-NMR (CD:0D) &: 6.76 (1H, q, J=14 Hz), 2.23
(3H, d, J=14 Hz). ESI M5 (-): mjz 129 [M - H] .

2.5. Nirration of Phenazing
FPhenazine (1, 200 mg) was added to a mixture of concenirated sulfuric acid (0.5 mL)

and nitric add (37%, 0.5 mL). The reaction was carried at 50 °C for 4 days. The solution

was poured into ice water, and its pH was adjusted to 9-10 with concentrated NaOH (12

N), before extraction with ethyl acetate (3 « 70 mL). The organic extracts were combined,

dried (Na:50y), filtered, and evaporated under reduced pressure, yielding a yellow sclid

residue (130 mg). This was purified on a silica gel column eluted with methylene chloride.

Ten homogeneous fractions were obtained (F1-F10). F2 (3.2 mg) was isclated as a yellow

amorphous solid and identified as 1,9-dinitrophenazine (7). F3 (10.9 mg) was further pu-

rified by TLC eluted with methylene chlorids, yielding a yellow amorphous solid (2.5 mg)
identified as 2,9-dinitrophenazine (8). F5 (284 mg) was further purified by TLC eluted
with methylens chloride—iso-propancl 98:2, yielding a yellow amorphous solid (23.5 mg)
identified as 1 3-dinitrophenazine (6). Lastly, F5 (144 mg) was further purified by TLC

eluted with methylene chleride—ise-propanol 35:5, yielding a yellow amerphous solid (3,

3.0 mg) identified as 2-nitrophenazine.

1 2-Nitrophenazine (5): yellow amorphous solid, 'H-NME &:9.24(1H, d. J=3.4Hz, H-

1), 8.60 (1H, dd, J=9.5 and 3.4 Hz, H-3), 843 (1H, d, ] =9.5 Hz, H-4), .33 (ZH, m, H-

& and H-9), 7.99 (2H, m, H-7 and H-8), Figure 51. ESI MS (+) m/z: 226 [M + HJ".

1 3-Dinitrophenazine (6): yellow amorphous solid, "H-NMRF & 9.28 (1H, d,] =22 Hz,

H-4), 9.26 (1H, d, =22 Hz, H-2), 8.70 (ZH, m, H-7 and H-8), 8.51 (2H, m, H-6 and H-

9), Figure S2. ESIMS (+) mjz: 271 M + H]*, ESIMS (<) mn/z: 269 [M - HJ-.

1 %-Dinitrophenazine (7): vellow amorphous solid, 'H-NME &: 8.60 (2H br d, J=86

Hz, H-4 and H-6), .30 (2H, dd, J=7.7 and 1.2 Hz, H-2 and H-8), 8.04 {2H, m, H-3 and

H-7), Figure 53. ESIMS {+) m/z: 271 [M + HJ*, ESI MS5 (=) mjz: 269 [M - H]~.

4  29-Dinitrophenazine (8): yellow amorphous selid, "H-NMF &: 9.26 (1H, d, ] =25 Hz,
H-1), 8.69 (1H, dd, J=9.0 and 2.5 Hz, H-3), 8.59 (1H, br d, [ = 8.9 Hz H-6), 8.53 (1H, d,
J=9.0Hz, H-4), 835 (1H, brd, =89 Hz, H-8), .04 (1H, {, J=5.9 Hz, H-7), Figure 54
ESIMS (+) mfz: 271 [M + H, ESIMS {-) m/z: 269 [M - H]~.

(=]

[

2.6. Crystal Structure Determination of Mesaeonic Acid (2)

Single crystals of mesaconic acid (2) suitable for X-ray structure analysis were ob-
tained by slow evaporation of a solution of 2 in ethyl acetate. Cme selected crystal was
mounted in fAowing N: at 173 K on a Bruker Nomus Kappa CCD diffractometer equipped
with Onford Cryostream apparatus (graphite menochromated MoKa radiation A =
0.71073 ;5;, CCD rotation images, thick slices, ¢ and w scans to fill asymmetric unit). The
structure was solved by direct methods using the SIR37 program [27] and anisotropically
refined by the full matrix least-squares method on F¥ against all independent measured
reflections using the SHELXT-2018,3 program [28]. The hydroxy H atoms were located in
difference Fourier maps and freely refined with Uise (H) equal to 1.2 Ueq of the carrer
atom. All the other hydrogen atoms were introduced in calculated positions and refined
according to the riding model. Crystals were of poor quality, and the strocture was refined
as a two-component twin using HRKLFS procedure. Crystallographic data of 2: empirical
formula: CaHeOw; formula weight: 130.10 gmel?; monoclinic, P 2uc; a 7.079(2) 1;.; b
11.8200(7) .-;h; c: 6.86B0(13) .5.,' B 97.82(2)%; V. 569.2[2];&.’; Z: 4, D 1.518 Mg/m*; independ-
ent reflections: 4821; final F. indices [I > 2sigma(T)]: E1 = 0.1347, wR2 = 0.3625; largest dif-
fraction peak and hole: 0.665 and -0.657 e A% All crystallographic data for 2 were depos-
ited in the Cambridge Crystallographic Data Center with deposifion number CCDC
2121226, These data can be obtained free of charge from www.ccdccam.acuk/data_re-
quest/cif. The room-temperature crystal structure of mesaconic add was previously re-
ported by Gupta et al [29].
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2.7, Antifungal Assay

To test the cell-free supernatants (C5Fs) of P. fluerescens 9 and B. subsilis 54, 100 ul.
aliquots were placed on the potato dextrose agar (FDA) plate at 1.5 cm from the fungal
disc (6 = & mm diameter) of M. phaseoling. As a pesitive control, fungicdal pentachloroni-
trobenzene =4% (PCNE) (Sigma-Aldrich, Saint-Louis, MO, USA) dissolved in toluene
was used. Toluene alone was used as a negative condrol. The experiment was performed
in triplicate; the plates were incubated at 28 °C for 5 days and examined for zones of inhi-
bition of grown colondes [30].

The crude extracts of both bacteria were dissolved in 4% methanol and tested against
M. phaseoling at a final concentration of 10 mg/mL as described above. To detect the andi-
fungal activity of compounds obtained by P. flusrescens 9 phenazine (1), of its natural an-
alogs (3 and 4), and of semisynthelic derivatives (3-8), as well as that of mesaconic acd
(2), against M. phaseoling, C. nicotianae, and C. trumeatum, the dual-culture plate method
was carried out as previcusly described by Puopolo et al. [21] with some modifications.
The fungi were grown in Potato Dextrose Agar (PDA) separately at 28 + 2 °C for 57 days.
Fungal plugs of & x &6 mm diameter were placed at the center of FDA plates, and each
compound at 35, 50, 100, 200, 300, 500, and 1000 pg/mL, with a final concentration of 4%
methanol, was placed on the opposite four sides of the plates 1.5 cm away from the fungal
disc. Flates containing the fungal plugs alone were used as a pesitive control. As a nega-
Hwe conirol, 4% MeOH was applied on the top of each fungal plug positioned in the center
of the Petri dish. All plates were incubated at 28 + 2 °C for 5-7 days, and the experiments
were performed in triplicate. The percentage inhibition of fungal growth was calculated
using the following formula:

% = [{Fc - Fi)/Fc] = 100 (1)
where Fc is the radial growth of the test fungi in the control plates (mm), and Fi is the
radial growth of the fungi in the presence of different compounds tested (mm). The results
show the anfifungal activity of different compounds analyzed by ANOVA using Tukey's
test.

2.8 Minimal Inhibitory Concentration (MICs)

The minimal inhibitory concentration (MICs) was determined using the broth mi-
aodilution method in 24-well microplates, as described by Mefteh et al. [31] with some
modifications. Serial dilution of each compound (3, 1, and 5-8) was prepared to get final
concentrations ranging from 1 to 100 pg/mL dissolved in 4 % of MeOH. Each well con-
tained ulirapure Milli-Q water with different tested compounds dissolved and a fungal
plug (4 x 4 mm) resuspended in 2x FD broth in a final volume of 500 uL. The wells con-
taining the different fungal plugs with anly PD broth were used as a positive confrol and
with the added of 4% MeOH as a negative control The experiment was performed in
triplicate. The plates were incubated at 28 °C for 7 days. The MFC values of different tested
compounds (1, 3, and 5-8) were interpreted as the concentrations able to inhibit 50% of
fungal growth Finally, the percentage inhibition of fungal growth was calculated using
the formula described abowe.

2.9. Dieta Analysis

All statistical analyses were performed using GraphPad Prism (GraphPad 243 Soft-
ware, San Diego, CA), and the data were expressed as the mean + SEM. Differences among
groups were compared by ANOVA or r-test as indicated in figure legends. Differences
were considered statistically significant at p < 0.05.

3. Results and Discussion

Both the culture filtrates and their corresponding organic extracts obtained from the
selected sirains P. fluorescens 9 and B. subtilis 54 [19] were tested for their ability to inhibit
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the growth of M. phaseoling in vitro. As shown in Figure 1, the CSFs of P. fluorescens 9 and
B. subtilis 54 inhibited the fungus growth by 65% and 60%, respectively, in agreement with
the results previously reported [19]. However, when the corresponding crude organic ex-
tracts were tested, only that of the first bacterium confirmed its strong antifungal activity,
inhibiting the growth of M. phaseolina by about 75% (Figure 1).

(@)
M. phaseolina
P. fluorescens 9 B. subtilis 54 P
(L%)
cell-free < -
oall-free organic extrat cell-free organic extrat
supernatants supernatants
'b) P fuorescens §
- B swals N
0, m Poe

§ %

5 -

2%

£l

| 3

o

# 0

04
cilbFoc upemmtmts stz oord 2ONR

Figure 1. Antifungal activity of cell-free supematants (CSFz) and respective organic extracts of P. fi 9 and B. subtilis
54 against M. pk lina. (2) CSFz of bacterial strains collected after 72 h of growth and the respective organic extracts weze

h*edﬁwﬁmahhhbmmmﬁehﬂmduywm@pmbw control, pentachloronitrobenzene (PNCB)
0.5 mg/mL; C~ negati

control, toh tz weze p d in triplicate with three independent trials. (b)
Thepmmhgemhmofﬁmgﬂgrvwﬂ\wa. P rted azthe p t d
compared to the control plate Data are p ted az means t ztand

T

m the diameter of the fungal mycelia
(= 3). For comparative analysis of

e
3 4

groups of data, one-way ANOVA was used; p-values were extremely significant (p < 0.0001).

Thus, the organic extract of P. fluorescens 9 culture filtrates was fractionated, as re-
ported in detail Section 2, to yield phenazine and mesaconic acid (2-methyl-1,4-butenoic
acid), as indicated by numbers 1 and 2, respectively, in Figure 2. Both 1 and 2 were iden-
tified by 'H-NMR (Figure 3a,b) and “C-NMR (Figure 4a,b), as well as ESI MS spectra, in
comparison with those of commerdally available standards recorded in the same condi-
tions. The standards were also used in co-chromatography analyses developed in differ-
ent solvent mixtures. Mesaconic acid was crystallized by slow evaporation of ethyl acetate
solution, and X-ray analysis was carried out. The crystal data corresponding to that struc-
ture have already published [29].
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Fipure 2. Structure of phenazine (1), its natural analogs 1-carboxy and 2-hydrosor-phenazine (3 and
4}, and four mono- and dinitro derivatives (5-8) and mesacomic agd (2).
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Figure 3. {2) '"H-NME spectrum of phenazine (1) recorded in CDCL at 400 MHz; (b) "H-MNME spectram of mesaconic acid
{2) recorded In CDLOD at 200 MEH=z.
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Fipure 4. (a) “C—N'M:F.spr:h'm of phenazine (1) recorded in CDClxat 125 MHz; (b) BC-HME spectrum of mesaconic acid
(2) recorded in CDROD at 125 MEHz.

R .

Mesaconic add (2) was crystallized by slow evaporation of ethyl acetate solution. The
compound was undoubtedly identified by the X-ray analysis as mesaconic acid, and the
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molecular struchare is reported in Figure 5. The aystal structure of mesaconic add, previ-
ously reported at room temperature by Gupta et al. [29], was redetermined at 173 K.

(|

Figure 5, ORTEF view of the molecular structure of 2. Thermal ellipsoids weres drawn at the 30%

probability level

Mesaconic acid and several other organdc acds having a methyl or methylene side-
chain have been reported, as well as their interconversion biclogical systems. Mesaconate
hydration is also the key biosynthetic step to obfain D-citromalate in P. flurescens [32].
The natural ccourrence of mesaconic acid in a variety of plants and animals has also been
reported [33].

Phenazines have primarily been isolated from Pseudomones, Streptommyces, as well as
from a few other seil or marine organisms. They show several biclogical activities inchad-
ing anfimalaria, antibiotic, antilumor, and antiparasitic activities, which were reviewed
together with their biosynthesis and the preparation of semisynthetic derivatives [34].
More than 100 different natural phenazine analogs and over 8000 synthetic compounds
have been inwvestigated as potential anticancer agents, and the results were critically re-
viewed [35].

The antifungal activity of phenazine and its natural analogs is of particular inferest
for their potential application in agriculture as biofungicides. In fact, the isclation of FCA
(3) (Figure 2) from P. chleroraphis subsp. aureofaciens straim MY, as well as its ability to
completely inhibit 5. cardinale in vitro [2Z] and in vive [23], was previcusly mentioned. 1-
Hydroxyphenazine together with cereusitin was also produced, as the main metabolite,
from a strain P. aeruginesa 2016INX1, isolated from the root of Millettin specisoa. 1-Hydrox-
yphenazine strongly inhibited the growth of several common plant-pathogenic fungi and
bacteria such as Cochliokolus miyabewrus, Daporthe citri, Salmonella sp., and Elehsiella axy-
toc, and its potential as a biccontrol agent was evaluated [36]. Instead, 2-hydrophenazine
(4) as reported abeve exhibited only slight antifungal activity. P. reruginosa KU_BIOZ, ob-
tained from soll, was also able to produce a pyocyanin blue-green phenazine pigment
which showed interesting ecofriendly medidine, agriculture, and environment applica-
toms. In fact, it showed remarkable dye properties and significant inhibition of Mug-
naporthe grisen and Eanthomonas oryzas growth, causal agents of two different severe rice
diseases [37]. A mutation in the gltA gene of the P. chiororaphis subgroup from a native
isolate from Argentina was recently reported as a determinant inductor of a phenotypic
change associated with phenazine production, which is essential for the bacterial antifun-
gal activity [38]. In addition, phenazine derivatives were also produced by flucrescent
pseudomonads (FPs) proposed for the contral of sheath blight of rice [39].

Thus, phenazine and mesaconic acid (1 and 2) isclated from P. finerescens 9 (which
are FPs) were spot-inoculated in FDA plates to test for their antifungal activity against
some phytopathogenic fungi isolated from infected soybean, M. phaseoling, C. micotianar,
and C. rruncanm, as described in Section 2. As shown in Figure &, only phenazine exhib-
ited a strong antifungal activity when spot-inoculated (25 pg/mL), inhibiting the growth
of M. phaseplbia by around 40%, C. wicotianae by 100%, and C. truncatum by around 30%.
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Mesaconic acid tested up to 1 mg/mL used in the spot inoculation against the same path-
ogenic fungi did not show any antifungal activity. The variation in activity (75% against
40%) observed when testing the crude extract (Figure 1) and phenazine (Figure 6) on M.
phaseoling is probably due to the other metabolites present in the crude organic extract
obtained from CSFs of P. fi 9. These compounds, although present in very low
amounts, as shown by TLC analysis, could probably act synergically with phenazine, ob-
taining major inhibitory activity.

(a)

Mesaconic ackd 4% MeON

Contrel

M. phasealive

C micotinae

. truncative
(b) 0% == A phasookna
- C acclianae
s - C yoncslom
;c: 100
£
€
g »
s
L} u
M. phaseoina  C.oaceanae  C dwcatum
Phenazine 26 pgiml
Figure 6. Effects of ph ine (1) and ic acid (2) produced by P. f 9. The graphs

Jw’ﬂ!:bﬂvdplmhmhib#hhmgﬂngw&aﬁamﬁmdzsuw(A)Rep-
:e-.entzhvephoto‘oﬁhemhﬁmgﬂmbﬂmvﬂzom}ubxtmofmycehﬂgxouﬁhﬁmm
C. 7 and C. t pmhmmkol(ﬁmpﬂm}plmammaﬂd.n\dmga—
tive control (4% MeOH). (b) Inhibition of fungal growth by i ported as the p

reduchmmﬁud:md:toﬁh:f\mga!mycehzmﬂtheaﬁedphﬁcompaxedto&utm!hem&ol
plate. Data are p met“ dard deviation (e =3) pared to control fungi grown
alone. For i iz of groups of data, v ANOVA was used; p-values were ex-

tremely significant (p < 0.001).

Considering these Its, the activity of phenazine (1) was compared with that of
PCA (3), 2-OH P (4) (for this analog, only against M. phaseoling), and some synthetic de-
rivatives, which were prepared in order to study the effect of one or more electron attrac-
tor groups such as NO: linked to the phenazine carbon skeleton at the two different posi-
tions & (C-1,C-4, C-6, and C-9) and g (C-2, C-3, C7,and C-8).

In fact, nitration of phenazine, carried out with a classic sulfur-nitric acid mixture
[40] at room temperature for a long time (4 days), yielded 2-nitro, 1,3-dinitro, 1,9-dinatro,
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@)

and 2,9-dinitro phenazine (5-8). These derivatives were characterized by their "H-NMR
and ESI MS spectra (as detailed in Section 2).

Thennroplmuzme derivatives (5-8), compared wxﬁ\ phem.zme and PCA, were as-
sayed against the p ic fungi M. phaseolina, C. ,and C. tr (Figure
5). As shownin Figure 7, PCA(S)e)dubxbedmhﬁmgalachvﬂywhmspotmhbdatZS
ug/mL (the same concentration used for phenazine). This represents the minimal concen-
tration able to inhubit the fungal growth. PCA (3) and phenazine exhibited the same per-
centage of growth inhibition of M. phaseoling and C. tr In contrast, when tested
against C. nicotiowe PCA (3) showed a lower inhibition percentage (78%) than phenazine
(100%). When 2-hydroxyphenazine (4) was tested against M. phaseoling at a final concen-
tration from 25 pg/mL to 1 mg in 10 uL of spot inoculation, it showed no antifungal activ-
ity (data not shown).

7 L A% Moo

1 evoenoe
€ rvwaen
12 ™=\ phaseaiina
100 == C. nicotianae
()] gm . C funcelum
i
aan-
< 20-
o
s s o T L]
comnponeds
Figure 7, Effects of PCA (3) and phenazine derivates (5-8) against M. phaseolina. C. ricotd and C. trunction. The g;
shows the fungal inhibition growth by tested compounds ata 3 onSungL(a)Rzyrmkveplwb;oﬂhe
biological aszay for in vitro inhibition of mycekial growth of M. phaseoling, C. i The positive
omhol.wexehmgipmm?DAphﬁesmdhmg:ﬁwmmdwai%ueoﬂ(b)mhmoffungﬂwm
ported as the p t duction in the di t dhﬁmgﬂmymhamhbeahdphﬁecmyzndb&ntmhcm{ml
phILS yhmamn—lmbmh:md(?CA),S- itroph 6=13-nitrog ine; 7= 1,9-dinitroph ine; §=2,9-
ine. Data aze p d az means = dard deviation (x = 3) ppared to control fungi grown alone. For

mmpanhwnulymofgzvup’o!dat;mavANOVAwasused,p-vaeﬂxm}vsgnﬁm!(y<DM)

Finally, all inactive nitrophenazine derivatives (5-8) were tested against M. phaseolina
with spot-inoculation in PDA plates at concentrations from 25 pg/mL to 1 mg/mL of spot
inoculation, but they did not show antifungal activity. In contrast, all derivates showed
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antifungal activity against C. micotimnes and C. truncatum. In particular, the best activity
was found against C. micotime with about 70% inhibition at a final conceniration of 25
pg/mL.

In order to identify the minimal inhibitory concentration able to inhibit the fongal
growth of 50%, the tested compounds were subjected to a micodilution plate assay
against M. phasepling, C. micotianee, and C. ouncetum. As shown in Table 1, for compounds
3 and 1, 35 pg/mL was necessary o inhibit M. phasecling by 50%, 15 ug/mL was necessary
to inhibit C. ricotianme, and 25-30 pg/mL was necessary o inhibit C. oruncatum. Regarding
the phenazine derivatives, when tested on C. micafianae. compounds 3, 6, and 8 showed an
MICs of 20 pg/mL, while that of compound 7 was 40 ug/mL. Instead, all phenazine deri-
vates (3-8) inhibited C. fruncatum by 50% at 60 pg/mL.

Table 1. The MICx of FCA (3. Phgnazing 1), and lexuzlng derivates (5-8) ag:.im—t M. ;P.IMDH‘L!,
iC. micofuuee, and C. frumcadume.

MICs (ug/mL)
Compounds M. phaseolina C. micotianae C. trnmecatum
3 35 ug/mL 15 ug/mL 25 ug/mL
1 35 ug/mL 15 ug/mL 3 ug/mL
5 - 20 pg/mL €0 pg/mL
L3 - 20 ug/mL 60 ug/mL
7 - 40 pgfmL €0 pg/mL
3 - 20 ug/mL 60 pg/mL

Phenazine and PCA could be proposed as natural antagonists for the control of not
orly M. phaseoling but also C. wicotianae and C. truncatum. According to the SAR shudy and
considering the inhibition of M. phasecling, the nature of the carboxylic and 2-hydroxy
groups, which are electron attractor and eleciron repulsor groups, respectively, present in
PCA and 2-OH P (3 and 4), significanily affects the inhibition of M. phessoling, as 3 had the
same strong inhibition as 1, while 4 was mactive. Instead, the strong inhibition activity of
1-lydroxyphenazine reperted on different pathogenic fungi and bacteria [32] indicates
that only the position a or f to which the substituents are bended play a role In imparting
activity. Thus, 2-nitrephezine and 1,3-dinitro and 2,% dinitro-phenazine should be inactive
as at least one of the substitunents is in the f-position Lastly, 1,3-dinitro phenazine is prob-
ably inactive due to the well-known steric hindrance in this kind of phenazine derivative.
Derivatives 3-8 affected the other two fungi differently from M. pheseoling. In particular,
on C. micotuznae, all four derivatives 3-8 showed a slightly reduced activity with respect to
1 and 3, whereas, on C. fruncatur, the inhibiion effect of these derivatives was signifi-
cantly reduced; in particular, derivative 7 showed a markedly reduced inhibition of both
fungl Thus, the activity is probably also dependent on the sensitivity of fungal species.

Future studies will focus on the characterization of these compounds in order to test
them at different temperatures and pH, as well as in other environmental conditions, to
observe their resistance via in vitro and in vive experiments in plants infected by phyto-
pathogens. Other studies will focus on optimizing their large-scale production and find-
ing the best formulation for their application in the feld.

Supplementary Materials: The following are available onlne at www.mdplcomyart-
clef10.3390/biom11111725/51: Figure 51: H-MNMR spectum of 2-nitrophenazine (5), recorded in
CDCh at 200 MEz; Figure 52 "H-NMRE spectrum of 1.3-dinitrophenazine (6). recorded in CDMCh at
400 MHz; Figure 53: 'H-NMRE spectrum of 1.9-dnitrophenazine (7). recorded in CDCL at 200 MHz;
Figure 54 "H-NMR spectrum of 2,9-dindtrophenazine (§), recorded in CDCL at 200 Mz,
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of the mam=cript.
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An O.specific palysmccharide (015) was isclated from the lipopolysaccharide (LPS) of Psendomonas dongfmensis
SVEPS, a bacterium with a broad-specinam antifungal activity in vito, particularly that against Macrophorsng
phasecting. This latter is one of the mast virubent and dangerous pathogens of plants, inclading soybean which is
an economically important crop in Argentin today. The OPS was studied by sugar analysis and spectroscopy (10
and 200 "H and "¢ NMR) shawing the following trisccharide repeating unit:

—ti)egD-Manpiac-{1 — Zppo-Rhap{l — a)fi-DaElep{1—.

The crude 125, the purified LFS and the O.chain were assyed for their antfungal actvity against

M. phaseciing at 25, B0, 100, and 200 ugplug The results showed that the crude LIS best inkibition was at 200
ug plug™", able to inkibit the fangus growth by sbout 45%, while parified LPS and the corresponding OFS, in the
same candition, reduced fungus growth by 65%, and 75%, respectively. Furthermare, the parified LPS and 05
significantly reduced the growth of M. phoseoling already at 100 pg plug~" compared to the crode 1P5. The
structure of the O-chain is unique among the bacterial LF% and this is the first time thar both the antifungal
activicy of a bacterial LPS and its corresponding O-chadn were described.

1. Introduetion

Psendomanas donghuensiz otrain SVEPS iz a bacterium isalated from
agrarian goil in Argentina which showed 2 significant and broad-
spectrum antifungal activity in vito [1,2] due to the secondary metab-
alites it eynthesices [3]. The microbial antagonizms exhibited by bac-
terial metabolites iz well known and represensative example iz the
phenamine-1-carboxylic acid, produced by Preudomonas chlarorophiz
mubap. aunrofaciens gtrain M7, Mmaﬂgmmmplﬂdvmhlhtm
vitro [4] and in wive [5] the growth of Seiridhum cordingle, the fungus
rezponzible for bark canker of common cypress (Cupressws sempervirens

* Corresponding authar.

Emmi address evidentefiunina it (A Evidente).

hitpe #dol.org10.1016,
Heceived 4 Febmary
Available online 31 May 2021

014181300 2021 Hsevier B.V. All rights reserved.

L. Another example iz mm:lcmn, the rer.o—l..—Pm—J..—Tvr dipeptide
belonging to the family of 2,5-diketopip producad by Lyzob
rapsici AZ7E, that completely inhibit in vite and in vive the grovwth of
Phytophthora infestans and Flarmapars viticols. These Latter fungi are the
mﬂwimmb@aﬂmdmmﬂdm
m.-pecmd

hugnzis choveed cigrif ifimgal activity én viss againat
Mamq}mmmphzdma.umnfth:mﬁnﬂmtmdd:uguumphm
pathogens [7]. Thiz fungua causes the charcoal rot diseaze of about 500
(8] agrarian crops including ground nut, beans and tobaceo and was abo
reportsd to be responoible for srapevine decline in Iran [9]. In

ed form 30 Apeil 2001; Accepeed 26 May 2021
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Argentina, M. phaseoling in respomaible for charcoal rot dizeace of sory-
bean [Glyeine max (L) Marr], which iz an economically important crop
today [10]. Thuz, to aveid the use of chemiral fingicides many effort
weze focuped to find bacterial metabolites with an antagenistic activity
against M. phaseoling, such as those produced by Pscudomonas flucrescens
9 and Barilhe subslis 54 [11]. Recently, 7-hwdroxyiropolone was iden-
tified 2 the main antifungal metabolite produced by P. donghuensiz
orain SVBPS, which displayed a broad spectim and diffusible anti-
fungal activity against M. phasealing, Fusari i and Pusa-

Izolation and structure determination of lipopolysaccharides (LPSa)
from these bacteria could be important for the elucidation of their role in
microbial antagonizme. In fact, LPS has a dramatic nevtralizing pro-
pengity and a potent membrane-disruptive activity against microbial
cellz [12]. Structural sudies of LPS components, including the 0-apecific
polysaccharide (OPS), may have 2 chemotaxonomic valee for charac-
terizing otraing and opecier within a gz

In thiz paper, we repart the isolation and structure determination of
the OPS component of the LPS from P. donghucnsis atrain SVEPS. Results
of studiss on the antifungal activity of both LPS and OPS agaimst

&

Interrational Joernal of Biological Morromederafes |82 (2021) 2019-202%
2, Expenimental
21 Cubivation of bacteria

Strain SVBPS of P domghuensis waz isolated from agricultural soil in
Argentina and grovm az recently reported by Musio ez al [3].

22 Iolation of the LPD and OPS

Crude LPS (350 mg) was izalated by extraction of liophylized cells
(4.5 g) with phenal-water [13] followed by removal of nucleic acida and
proteinz by precipitation with ag 50% OClC0.H. The LPS obeained (50
mg) was hydrolyzed with ag 2% HOAc at 100 °C for 2 b, 2 lipid pre-
cipitate was removed by cenmifogation (13,000g, 20 min), and the
carbohydrate partion waz fractionated by GPC on 2 columm (56 = 2.6
cm) of Seghadex G-50 (5] in 0.05 M pyridinium acetate buffer o 4.5
manitored with a differential refractometer (Fnaver, Jarmany) to aford
OPS preparation (9 mg) and a low-molscular mase fraction (Fig. 511

M. phaseoling are alzo presented and discuszed.
n
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Fig. 1. Tracing commectivities in the 20 '8¢ HSQC of the Ouchain (OFS) from B, domghuensis stradn SVEPS.
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2.3, Moleculzr mas determination of OPS

The malecular mase of the OPS was established by HPLC on a TSE
G3000PW,; calumn (075 « 30 em) using an Agilent 1260 Infinity 2
chromatograph (Agilent, USA) with a refractometer desector in 0.2 M
P83 pH 9.0 (Fig. 52 The Shodex P10 (Shodex, Japan) MW 113000 and
Shodex P5 (Shodex, Japan) MW 5800 Da dextrans were uped as
reference

'
24 Sugar analyses

An OS5 exmglle (0.5 mg) was hydrolyzed with 2 M CF,COLH (120°C,
2 h). Monocaccharides were anabyzed ag the alditol acetates by OLC ona
HP-5 capillary column uzing a Masstro (Agilent 7520) chromatograph
(Inteslab, Biszia) and 2 temperamure gradient of 160°C (1 min) to 290°C
2t 7 °C min' [14]. The absclute confipmation of Rha and Glc was
determined by GLC of the acetylated (51-2-octyl ghycosides as described
[15].

2.5 NMRE zpectroscopy

An OPG gample was deuterium-sxchanged by freese-drying swice
from D0 and then sxamined 2 2 solution in 99.956 D+0. 'H and ¢
NMR spectra were recorded uzing 2 Bruker Avance [T 800 MHz spec-
trometes (Jermany] at 50 ° C using internal sodivm 3-trimethylilylpro-
panioatz=-2,2,3,3-04 (55 0.0 ppm, B — 1.6 ppm) as references. 2D NMR
Bruker TopSpin 2.1 program waz uzed to acquire and process the NMR.
dat=. A opin-lock time of §0 mo and 2 mixing time of 200 mz was wed in
TOCEY and ROESY axpariment, respectively. The HE0C cpectrom was
recorded with mulsiplicity editing during celection ctep. The HMBC
cpectrum was recorded with 2 60-mo delay for evolution of long-range
couplingz.

26 Antifurgal actvity of LPS and OPF ggminst M. phaseoling

The palymaccharides, isolated from P, donghuensiz SVEPS was tegted
againct the phytopathogenic fungue M. phaseoling. The strain 2013-1 of
M. phsegoling uoed in thiz study war obtained from infected soybean
rootz growing in Pergamino, Buenos Aires, Argentina and it was
maintained on potatn dextroce agar (PDA) in Petri diches The iolate
wan depogited in the fungal colture collection of the Plant Pathology
Department of the University of Buenca Aires (FAUBA, Argentina). The
senzitivigy of the funguz to this compound waz evaluated on Potato
dextroze agar (PDA) a2 the inhibition of the mycelial radial growth. In
brief, mycelial plugz (6 » 6 mm diameter) were cut from the margin of
actively growing 4-day-old colonies and one plug was placed in the
center of 2 9 cm diameter Petri dich with the mycelia in contact with the
medinm, Then, different amountz (25, 50, 100, and 200 pg/plug) of
compound dizcolved in Milli4) ultrapure water, were applisd separataly
on the top of each plug. Similarly, the crude and purified LPS and OPS

Table 1
"H and C NMHR chiemical shifts (8, ppm) of the O-specific polysaccharide of
P. donghusnsis SVEPS".

Suges reidue H1 HZ HI H4 HS HEmb
ol cE o83 04 05 06
~GlaDMuphise(l - A 498 441 412 376 400 396,402

o3 544 704 SA0  TRE &5

~+3p1-Rhep4] + B 485 4.36 365 Heéh 4] 133
M20 684 FRE TIL9 TAT 184
—pDakep (]l = C 4.51 334 365 363 R53  3E1 B4

MY T4F  FRF M8 M 424

* V3¢ MR chemical shifts are i mlicized. Chemical shifts for the N-acery groap
are &y 208, A 23,1 (Me) and 1743 [COL

202
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were tected separately against M. phaseoling. The negative control wasz
obtained by applying 20 pL of Milli-) ultrapure water. The plates were
incubated at 25 °C for 5 days. The percentage of inhibition of the fungal
growth was caleulated wsing the following formula:

% =[{Re

where Be iz the radial growsh of the test pathogen in the contral
plates (mm}, and Ri iz the radial growth of the tect pathogen in the et
plates {mm). The experiment was repeated in triplicate.

Ri)Rc = 100]

27, Semtiztical analysis

All the ctatistical anabyzes were performed wing OraphPad Priom &
voftware. Data were expressed az mean 4 SEM. Difference: among
groups were compared by ANOVA or ttest 2 indicated in the figure
legends. Differences were conzidered statiztically significant at p < 005,

3. Results and diseussion
3.1 Structure determinetion af OFS

A LPS preparation war obtained from the bacterial cell mam by the
hot phenol/warer methed [13] and purified by removal of nucleic acids
and progeing by precipitation with aq 50% CCL,COLH. An OPS sample
‘was isolated by OPC on Saphadex G-50 (Fig. £1). Since the OPS eluted on
the G-50 column with a rather wide peak, we camried out an additional
experiment and datermined the range of the molecular macs of the O-
polyaaccharide by HPLC. It was found thar the molecular ma of frac-
tion Ik > 5900 Da and fraction Ia = 11,300 Da (Fig. 32).

Sugar analymio by GLC of the aldito] acetatss obtained afrer acid
bpdrolyzic of the OFS revealsd Rha and Olc in the mtio —1:1 and amall
peak cosresponded to the ManNAc (Fig. 53). Determinasgion of the ab-
zolute configurations by GLC of the acetylated glycocides with (5-2-
octanol indicated that rhammooe hag the L configuration and Gle the D
configuration. Purther studies showed that the OPS aloo includes Man-
MAc, and itr D' configuration wag ectabliched baged on the ¥'C NMR
[16] 2z rummarized and calculated by GODDESS NMR. simulation cer-
wies [17].

The 'H NMR zpectrum of the OPS (Fig. 54) contained cignals for
thres anomeric protonz at § 4.51-4.95, other sugar ring protonz at §
3.34-4.41, CH, group (H-6) of Rha at 5 1.33, and N-acetyl group at 5
206, The ''C NMR spectrum of the OPS chowsd signala for three
anomeric carbons at & 97.3-104.1, one nitrogen-bearing carbon at &
54.4, ane CHs group (C-6) of Rha at § 18.4, owo CH2OH groupa (G-6 of
hexooes) at £ 62 4 and 69.3, other sugar ring carbona at § 63.0-78.8, and
N-acetyl group at 5 25.1 (CHs) and 176.3 (CO). Therefore, the 0P iz

Table
Correlations for Ho1 and C-1 in the 20 'H,"H ROESY and "M, ' HMBEC spectra of
the O-specific polymccharide of F. donghuensis SVEPE.
Anianeric ateen is
g e (8, ppim)

Correlatioals) to atoms in sugar midus(s) (5, ppm)

'H,'H ROESY H,MC HMBC
A [4.08) AH2(441, BHI(42),H-  AC-I(54.4), O3 (70.4),
3 [2.65) £.5 (7200, B 0.3 {T2.8)
AC-197.3) AHI[4.41), CHE
[2.65)
BH-I (485) BHI[4.26), B3 (165, HE5  BO2(68.4), 05737,
[341), CH4 (163}, HE Co4 (PR3)
(253)
BC-1 {1020 BH-2(4.26), H-5[3.41)
CH-& (365
CH-1 (5.20) AHEab (396, 4.1, CH2 A CH(503), CC2
[3.34), H3 [3.65), HE(153) (747, C5(7E.1)
CC1{1041) A HEab (306,412, C
H-2 (3,34, HE [3.55]
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d of trizaccharid ting unitz g one rezidue each
o[Ok,Rha,;ndanN-uetvlhmum(HexNA:)

Tracing connectivities in the 2D 'H,'H COSY, 'H,'H TOCSY, and
'H,'C HSQC (Figs. 1, 55-58) spectra ensbled assignment of the 'H and
”CMW&&O‘P“(‘I’:L&I] Az 2 result, spin systems were
identified for the residues of HexNAc (A), Rha (B), and Glc (C). The

was baed on lations b H-1to H-5for Ok, H-1 20
H-2 and H-2 to H-6 for Rha and HexNAc in the TOCSY zp azwell

Buernationsl Jowrnal of Bilogical Macromolecedes 182 (2021) 2019-2023

*J2 13 value of <4 Hz and Large i 4 2nd Jua s values of > S Hz
indicatad that HexNAc has the manno ion and iz thus ManNAc.
C-5 chemical chiftz of 5 72.9, 75.7 and 76.1 of ManNAc (A), Rha (B)
and Gle (), respectively, in the *C NMR zpectrum of the OPS, az
compared with the publiched data for the comresponding mono-
saccharides [15] (575.3 and 7.6 for 0- and [-ManNAc, respactively, 5
69.5 and 73.2 for ¢- and [-Rha § 72.4 and 77.2 for 0- and §-Gle,
ively), ac reported by GODDESS NMR simulation service [17]

22 between H-2 and C-2 of HexNAc in the HSQC spectrum. The assign-
the COSY and TOGSY spectra (Fige. 55 and S6).

MMMMA&M)WG—MWM@)MO]:(C)M
the } configuration.
Relatively lov-field pocitions at 5 69.3, 78.8, and 78.3 of the zsignalz
for C-6 of ManNAc (A), C‘Sofmnm)!ndo-"ofok((:) Ncomp:nd
iti in the P mono-
116] &ﬁnﬂhm&mmdhmxd:m‘k

The relative config and the form of the mono-
mchuxkeweedeemngdbudm’bmewﬂmgcmmeﬂu- with their p
mated from the 1D and 2D NMR spectra. Particul a ly zmall harid

A

25ug/plug  50pg/plug

100ug/plug  200pg/plug

B L] Lo g
2 '| Ouglpiug
H = 25u0/plug
2 100 ' m sougiplug
s =3 100pg/plug
g P 08 200pg/plug
®

e"y

R
&

Fig. 2. Antifungal assay.
A) The crude extract of LPS, pure LPS, and pure OPS from P. donghuensis strain SVEPS tested at 25, 50, 100, and 200 pg/plug against M. phaseoling for 5 days at 28 °C.
The negative control was Milli-Q water.
B) Graph P of the inhib of the fungal growth of M. phaseoling by the crude LP'S, and the punified LPS and OPS compounds from P. donghuensis.
Data are presented as means = standard d (n = 3repl far the three comp d to control M. phaseoling grown without ds. ANOVA
d are ignificant as indicated ****p < 0.0001.
022
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residues in the OPS. The sequence of the barides in the

Daterraitioniel Fornal of Bidoplaal Macromeds ales |82 [2021) 2009-202%

ry data

ing unit was & ined by Jations between the anomeric
and linkage atom: in the 'H,"H ROESY and 'H,''C HMBC spectra of the
OPS (Table 2, Pige. 57, G8).
Therefore, the OPS of I donghuensic SVEPS iz linear and haz the
following structure:

—#fijmceTManpNAc 1 -3 i R byl 1 —p4 i Beellcpe{ 1
A E C

Supplementary dara m thiz article can be found anline at hetpa-//dai.
org/10.1016/j.ijbinmac. 2021.05.157.
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CHAPTER V: Phenazine-1-Carboxylic Acid (PCA), Produced for
the First Time as an Antifungal Metabolite by Truncatella angustata
a Causal Agent of Grapevine Trunk Disease (GTDs) in Iran.
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ABSTRACT: The phytopathogenic fungus Truncefells angustafa, ssocated with grapevine trunk diesses (GTDs) in Iran,
produces the wellknown secondary metabaolite socoumumarin (+)-6-hymoryramulosin and serprisingly also pherg ine-1-carborylic
add (PCA). PCA, identified by spectroscopic (essentially 'H NMR and EST MS) spectra, is a bacterial metabolite well known for its
antifungal activity and was found for the Brst time in T, angustata culture Blirates. The antifungal sctivity of PCA was assayed against
four different fung responsible for GTDs, Phasvasemoniom mintmum, Phasoacremoniem ifalaem, Fomitiporia mediterranea, involved
in grapevine esca disease, and Neofusicoceum paramm, responsible for Botryosphaeria dieback The activity was compared with that of
the known commercial fungicide, pentachloronitrobernzene, and the close phenarine. PCA and phenazine exhibited strong antifngal
activity against all plytopathogenic fung, inhibiting the fungal growth by about $0—100% and 80— 100%, regpectively. These results
suggested that T. angustata could use PCA to compete with other phytopathogenic fungi that attack grapevine and ths PCA could

[ Articde Recommendations |

be proposed as a biofungdde against the fungl respomsible for grapevine esca and Botryosphaeria dieback diseases.
KEYWORDS: Truncaielle gustata, phenazine-l carboxylic acid (PCA), phenaring, antifungal adivity, biological antrol

W INTRODUCTION

The economic importance of grapevine (Vitis vinifera L) has
grown exponentially in recent years and many effonts have
been made to increase its production yield and the
organcleptic qualies of wine.” Unfbrtunately, grapevine
can be affected by several biotic stress agents that are
considered a major threat to the economic sustainability of
viticulture.™ Among these, pathogenic fungl cause significant
losses by inducing severe diseases in different plant organs.
They are able to produce toxic metabolites belonging to several
chsses of naturally occuring compounds whose role in the
plnt—pathogen interaction is under study’ However, the
modt important grapevine diseases are related to the woody
tissues, Le., trunk and cordons, and are called grapevine trunk
diseases (GTDs). There are no effechve methods for the
contral of GTDs and the pme\.reﬂhn of infaction i ﬂuln}y
based on the application of chemical pesticides’ For these
reasons, environmentally Flendly altematives for controlling
GTDs are urgently needed and could be based on the use of
natural fungicides.

Truncatdle angustata was recently mepoded a5 one of the
cawsal agents of GTDs in Iran and was shown to produce
(#)-6-hydroxyramulosin, a wellknown phytotosin® Surpris-
ingly, T. angustata also produced a yellow compound, which
showed antifungal activity againgt some fungl imvolved in
GTDs, mgemng a pobenﬂa] role in the microbial interacton
in the diseased grapevine.

&0 The Audhon Fubildbeed
Aevaiean Qi

A4 ACS Publications

Thiss, the aims of this manuscrpt were the kolation and
chemical and biologicll danctedzation of this metabolite
This was identified as phenazine- 1 -carborylic add (PCA), a
compound frequently isolated from Peewdomonas gpp. and well
known for its antfungal sctivity and potential application in
agriculture 25 a potential Rangicide to control phytopat hogens
that J;‘_:\fect the agricultunl plants with high wodd madket
value.

Thies, this manuscrpt reports the isolation of phenazine1-
catboxylic acld for the Brsttime from the culture Bltrates of the
phytopathogenic funges T. angustata and its invelvement in
GTDs in Iran. Its role in completely inhibiting the growth of
other furgl competing in the same environment has also been
discussed

B MATERIALS AND METHODS

General Experimental Procedures. 'H NMR spectra were
recorded 2t 400 MHr, respectively, in CDCl on 2 Bruker
spectrometer (Kadashrue, Germany). The same sobvent was used as
an intemnal standard. Hectrospray ionization (EST) mass spectra and
biquid chromatography LC/MS analyses were performed using the
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LC/MS time-of-flight (TOF) system Agilent 6230B (Agilent
Technologies, Milan, Italy) and ]ughp-u'ﬁmnm kiquid chromatog:
raphy (HPLC) 1260 Infinity. The HPLL seporations wers
with 2 Fhenomener [Hdlg)q Iuly] LUNA (€5 (2) § pm 150 % 46
mm). Anahtical and thindayer y (TLC)
was pﬂhmﬂdmsﬂ:ugﬂ plates (Merck, Kieselgel 60, Fapy, 025 and

mm, respectively) or on teverse phase (Whatman, Cg Fae 0.20
mm] plates (Merck, Darmstadt, Germany), and the compounds were
visualined by erposure to UV light and/or iodine vapors CC: silica gel
[Mﬂd, Kisselgel 60, (L063~0.200 mm). The sample of sandard

m was ru.vdumd from Sigma-Aldrich (Milan, Ttaly).
ns. The strain m‘%’mmguﬂuh [CJAZBSREL) used in

&ksudymo&amndﬁmiﬁmdﬁhmgms&
grapevine trunk diseases inchuding decline and vascular discoloration
and necrosis, located in Dinavar diswict, Sahneh, Kermanshah
Province, Iran. The fungus was pnnﬁ.ed. wing a singlespors
technique. DNA extration, PCF, and maxdimum anmy analysis
were carried out a5 described by Ahdollshzadeh etal [m] Forthe
identification of T. angustata ITS region of ribosomal DNA was
amplified To confirm its pathoge nicity under greenhouse conditions
(22~28 *C), Koch's postulats were fllowed T. stata strain
(CJAZBSRK1]) was stored on potato dextross agar (FDA) at 4-8 °C
in the fungal collsction of the of Plint Protection,
University of Kurdistan, Iran. The fungal strains of Phasoacramanion
minimun, Famitiporia mediterranea, and Negfusicacaum parvum were
supplied by Prof. laura Mugnai of the Department of Science and
Technology Agriculture, Food, Environmentzl and Forstry
(DAGRI), Sec Pathology and Entomology, University of Florence,
Flarence, Italy. The strain of Phassacamonium italizum was supplisd
by Prof. Antomia Carlucd of the Department of Agricultural Sciences,
Food, Naural Respurces and Engineering, Univerdty of Foggia,

Foggia, ltaly.

Production, Extraction, and Purfication of PCA. For
mekbolits production, T. st was inoculated and na
sttionary culture [;“alw:ﬂs L) &mmﬁﬂ“&ﬂ
(PI}B) as previously reported * The lyophilized culture filtrates (5 L)
of T. angustata were dissolved in 1/10 of the mitial volume (pH &)
and extracted with E#0Ac as recently reported * The organic extracts

re combined, dried [Ma80,), and evaporated under reduced
pressure, giving a corresponding residue of 330 mg. This latter was
purified by sifica gel column yand ehited with CHOI, /
PriH (91, rfv]m['?h r_."r] yielding seven fraction
groups. The residue of fraction 2 (100 mg) was frther purified by
TLC on the reverse phase eluted with CHCN/HO (7:3, v/4),
yielding a yellow amorphous sobid identified as phenazine.]-carharglic
acid (PCA) (1, Rf 048, &0 mg).

Antifungal Assays. The enic i P minimm
(PV.FLAISS), P imlicawn (Pm 45), F. medigmanan (FV.FLALR),
and N. parwon (PV.FLA41) wers grown s on FDA in Petrd
dishes at 25 °C % 1 for 7/8 days in darkness The in vitro antifungal
bipassays were cxred out ing to the method previously
described by Puopolo et al (2013)° with some modifiations. PCA
and e dissohed n MeOH and itrobenzene
(PCNB) ($igma-Aldrich, Saint Lowis, MO) dissalved in toluene were

on the opposite four sides of the plates 1.5 cm away from the
fimgal didk at 2 final conntration of 25 ,ugijM.eDHmdmhm
were used in the same conditions as negative controke The plates
were incubated at 25 *C + 1 for 7/8 days and examined for zoness of
inhibition of grown colonies. Plates contaning the fungal plugs alone
were nsed = control The were perrmed in wiplicate,
The percentage ofinkibition of the fungal growth was cal culated using
the fallowing formuk

% = [(R,— R)/R] % 100
where B, is the radial growth of the test pathogen in the control plates
(mm) and B is the radial growth of the t=st pathogen in the test plates

using Tukey's test.

W RESULTS AND DISCUSSION

PCA (1, Figure 1) was isolated fram the organic extract of T.
angustata culture fltrates and identified by comparing its "H

R
N
©: ﬁ
B
N
1, R=COOH

2, R=H
Figure 1. Structwe of phenazine-]-carbarglic acid and phenazine (1
and 2]

NMR and ESI MS with those previowsly reported’” and those
of an suthentic sample previoudy Bolated from Pesdmmonas
dilorophass subsp. aurafacios strain M7L"

This Peewdomonas strain produced compound 1 together
with 2-hydroeyphenazine and was proposed as a potential
agent for the biocontral of Seridium canlinal, the fungus
respongble for the bak canker of Ballan cypres (C‘:guemu
sempervirens L)Y When 1 was applied m vito against 5.
arridmale, the canker size was reduced, indicating that it is
directly involved in the contol of the J:nﬂwgen by P
dilroraphis subsp. auncafacisns sf.um M7L" This resub was
also confimmed by feld eq:eﬁmenﬁ. ! Studies were also carried
out to estimate the spectrum of the activity of PCA, 2-
hydrowyphenazine, and four semisynthetic PCA derivatives
against a group of pathogenic fungl of aghedltural and forest
plants by an agar plate bicasay. PCA was active against most
of the plant pathogens tested, showlng that the carboxyl group
i a strectural feature important for the antifingdl activity.”

PCA belongs to the wellknown synthetic and natural
phenazine goup, which indudes more than 100 different
compounds of mturl odgin and over 6000 synthetic
compounds. Many of them were studied for ther potential
application in different Belds such 2 in medicine as anticancer
agmts”aml againgt cystic fibrosie "' It could also be used in
other biotechnological applications as fuorescent mabem] for
the advancement of modern science and teclhwbgy

Rarely, PCA was isolated from fiengi. In fact, 1 and its amide
were previowsly isolated from Nigrospora oryzae obtained from
the medicina plant Cocania grandis, and the carboxyamide
showed antifungal activity against the phnt pathogen
Qadosporien cladosporioides.’

Recently, 1 was reported & an antimicrobial metabolite
iwolated Fom the ses anemone-derived funges Emerzlle sp,
showing antifungal activity against PJg.(u_phﬂulm capsic,
Gibberdla zeaz, and Verticilium daltiae”

In addition, some of the authors isolated phemazine from
Pl ormomas fluorescens 9, 2 strain isolated in Argenting and
proposed for the control of Masephoming phasoling, which
infects soybean and more than 300 plant spedes belonging to
more than 100 Eumilies, cavsing dry root and stem rot, known
s charcoal rot (CR)' Thus, PCA (1), phenazine (2, Figuse
1), 2- bydronyphenazine, and some mono and dinitrophenarine
dervatives, prepared by nitration of 3, were assayed against M.
phasoling and abo against two other destructive fung

e ey 100 LY s fke 1Y
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strain PV.FLA. 188

%
>
4
L
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(B)

g

= PCA
B Phenazine

8

Ysgrowh inhibition
8

0

W PCNB

F.medtenanea N parvum P ifalcum P minimum
Fgmllnmm‘inmdu ine-1-carborylic acid; ph and PCNB: pentachloronitroberze tested at 25 ug/ul.. (A)
tify azyfwnmmhiﬂxmolmymlnlmdf’mm}‘l&un,Fn&tn-m,mdN

pmls (B} lnhbhmoﬁmylpmnhiqPCA,

in the reated plate mpared © that in the control plate. Data are p

and PCNB reg

thm&mmnﬁe&mdﬁewma
d = mean + dard devigion (n = 3) d to contral

ymMFwWﬂpsdmﬂdd&mmymAmwudpnhuuepmmudmﬂ:ﬁpn *¥%, extremely

significant <0.001.

infecting soybeans such as Cercospora micotianae and
Colletotridy Phemazine and PCA showed the
same strong ﬂlﬁmgﬂ activity against the three pathogens
while 2-hydroxyphenazine, assayed only against M. phasewling,
was imactive. Finally, all nitrophenazine derivatives not showed
antifungal activity against M. phaseolina while exhibited
antifungal activity against C. micotianae and C. truncatum. In
paticular, in C. nicotianae, they showed a slightly reduced
activity than in 1 and 2, while on C. trunaitum, the inhibition

panvum, one of the causl agents of Botryosphaeda dieback”
As shown in Figure 2, the PCA exhibited strong antifungal
activity against all phytopathogenic fungi, inhibiting the fungal
growth by about 90-100% when spot-inoculated at a final
concentration of 25 pg/uL. Simiarly, phenwine has shown
strong growth-inhibiting activity in all fungl, respectively, by
80-100% when tested at the same concentration of PCA. A
different result was obtained with the commercial fungicide
PCNB. At the same concentration (25 pg/uL) used for PCA

effect of these derivatives appeared to be significantly reduced
Thus, probably the aaMty is akso dependent on the uuﬂvﬂy
oidu fungal species.”
quently, PCA and phenxzine can be evaluated for their
yoﬁenﬁal antifungal activity against the fungi involved in
GTDs.
PCA (1) compared to phenulne (2) and the commercial
icide pentachloroni (PCNB) were assayed
apln! mme fungi involved in GTDs as P. mimi P.

and phemazine, the PCNB showed a lower fungal growth
inhibition activity by about 10-48%.

In condusion, this manuscrpt reports for the first time the
of phenazine-l-catboxylic add from a phytopatho-
genlcfuqmasT angustaty, 3 causal agent of GTDs in Iran. Its
isolation as a fungal metabolite is very rare considering that
only three other fungi, two of which were isolated fom marine
organisms, have been reported a PCA producers. The

I

pr of PCA by T. angustata is probably due to inhibit

kolst

itabaon, F. mediterranea involved in esca disease™™ and Na

the growth of other pathogenic fungi that could attack

[4 Rt i ony 101021 facs Jufic 104 81
-
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grapevine, This hypothess has been confimmed by the results
of the bicassays camied out againgt some fungi responsible for
GTDs. In fact, the PCA has shown strong antifungal activity
inhibiting the fungal gowth of P. mouren, P. ilabaom, F.
mgditzransa, and N. parvem of about 90—100%. Thus, PCA
could be propesed as a biofengicide against the fung
responsible for grapevine ea and Botryosphaeria dieback
diseases.
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CHAPTER VI: Plant Growth Promotion Function of Bacillus sp.
Strains Isolated from Salt-Pan Rhizosphere and Their Biocontrol

Potential against Macrophomina phaseolina.
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Abstrack In recent decades, inbensive cnop managedent has o olved excessive wse of pesticides or
fertilizers, compromising environmental integrity and public health. Accordingly, there has been
worldwide pressune to find an eco-friendly and safe strategy to ensume agricultural productivity.
Among alternative approaches, Flant Growth-Fromoting (PGF) rhizobacteria ane receiving increasing
attention as suitable biccontrol agents against agricultural pests In the present study, 22 spoe-
forming bacteria were selected among a salt-pan thizobacteria collection for their PGP traits and
their antagenistic activity against the plant pathogen fungus Macraphomina phasedling. Based on the
higher antifungal activity, strain RHFS10, identified as Bacllus ralliswartis, was further examined and
celkfree supematant assays, column purification, and tandem mass spectrometry were employed to
purify and pee iminarily identify the antifungal metabolites, Interestingly, the minimum inhibitory
concentration assessed for the fractions active against M. pluseolina was 10 times lower and mose
stable than the one estimated for the commercial fungicide pentachloronitrobenzene. These nesults
sugest the wse of B. pallismortis strain FHFS10 a= a potential plant growth-promoting rhizobacteria as
an alternative to chemical pesticides to efficiently control the plytopathogenic fungus M. phaseaine.

Keywords: plast grow th-promoting bacteria; spom-forming bactena; Bacllvs vallismartis; Macrophom-
ina phasenlina; phenoty pic and genoty pic characterization; biccontrol agents

1. Introduction

In the last century; the world population reached a size three times greater than any
previous value across the whole history of humanity. To cope with the rising request for
nutrients, such as those provided by wheat and rice, current agricultural practices are
based on the wide use of chemical fertilizer and pesticides. As a result, agrochemical
multinationals have gradually acquired the control of global food production and modern
agriculture is increasingly diverging from the traditional model [1]. Additionally, the
extensive use of synthetic agrochemicals has generated heavy environmental pollution
and serious risk for human and animal health due to their translocation along the food
chain [1,2]. The massive use of pesticides has also led to a gradual loss of protection
efficiency due to new mesistances acquired by pests, with a continuous increase in pesticide
dosage [2,3]. A sustainable and safe strategy to ensure crop production is to substitute
agrochemicals with Plant Grow th- Promoting Rhizobacteria (PGFPR) as agents stimulating
plant growth and health [3-5] These beneficial microbes not only play an important role

It | Mol Sd 2021, 33, 3324 hetps/ / doiorg,/ 10.3390/ fme227 3224
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in increasing soil fertility but also enhance the growth and vigor of the plants—PGPRs,
by colonizing the roots, may enhance nutrient uptake by nitrogen fixation or P solubi-
lization [4], reduce abiotic stresses by biofilm production [5] or regulate plant hormone
production [4]. Emerging evidence has shown that rich microflora of the rhizosphere can
reduce plant disease through several antagonistic mechanisms such as competition, the
production of cell-wall-degrading enzymes, (e.g, chitinase, glucanase, and protease) [6],
wvolatile compounds and siderophores [7], antibiosis or the induction of plants” systemic
resistance [5]. Replacing agrochemicals with the application of PGPRs may have both
economic and environmental impacts, inchading relevant benefits such as rising yields,
reduction in or elimination of chemical residues, limited or no development of resistance
by pests and pathogens, employment of agricultural raw materials, and a low risk to non-
target organisms, including pollinators. For this reason, intensive research on this group of
microorganisms has been taking over to develop new biofertilizers and biocontrol agents.

In this contest, Bacillus genera include several exo- and endophytic bacteria species and
plant growth-promoting (PGF) features have been associated with different strains [9,10].
In addition to the benefits shared with other PGPR, such as solubilization of scil P, en-
hancement of nitrogen fixation, and siderophore production, Baallus spp. are suitable as
biofertilizers because: (i) their application has little, if any, effect on the composition of
the soil microbial communities, being common members of the plant root microflora [11);
(ii) these bacteria may form endospores, which can survive at high temperatures and
dehydration, making the formulation of a commercial product easier [12]; (iii) some Bacdlus
PCPR strains have also been reported to perform well under different environmental con-
ditions [13]. As biocontrol agents, Bacillus spp. echibit both direct and indirect mechanisms
to suppress diseases caused by pathogens. These bacteria secrete a vast range of secondary
metabolites, such as cell-wall-degrading eneymes, and antioxidants that assist directly the
plant in its defense against pathogen attack [14]. As an indirect mechanism, Bacllus spp.
ame able to induce the acquired systemic resistance of the colonized plant [8].

This manuscript describes the sceening of 22 Bacillus strains isolated from samples
of the rhizosphere of Juniperus sabina [15] collected from the Mational Park of Ses Salines
d'Fivissa, Formentera (Spain), focused on finding a PGPR strain with antagonistic activity
against the phytopathogenic fungus Macrophaniing phaseoling.

M. phasenlina (Tassi) Goid is responsible for charcoal root rot, the most common and
widely spread root disease affecting more than 500 cultivated and wild plant species.
The fungus is distributed worldwide and prevalently in arid ameas with low rainfall and
high temperature where it can survive for up to 15 years in the soil as a saprophyte [16].
M. phaseoling generally affects the fibrovascular system of the roots and basal internodes
producing black sclerotia, which allow the fungus survival after the plants rotted [16].

Each year, this fungus induces heavy damages in agrarian plants with a high world
market value, such as soy, sunflower, leguminous, and corn [16]. Soybean grains, in
particular, are globally ufilized not only as foods but also as substrates for feeds, fuels, and
bic-based materials [17]. Thus, many efforts are made for the control of M. phaseoling to
reduce or avoid the loss of agricultural yields and the consequent economic damage.

Additionally, PGPRs have been evaluated as biocontrol agents against M. phassoling
and strains belonging fo Peeudomonas and Bacillus genera showed the best performance.
In a study carried out by Simonetti et al. [18], two strains, namely Pseudorronas fluorescens
9 and Baallus subtiis 54, have been assayed for antifungal activity in combination with
manganese phosphite or alone and shown to significantly reduced soybean disease severity
induced by M. phaseolina compared to the untreated contral

Several studies are still in progress to identify the main antifungal metabolites pro-
duced by PGPRs and clarify their modes of action to achieve optimum disease control.
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2 Results
2.1. Isolation and Screming of Plant Growth-Promoting Spore-Forming Fhizobacteria

Aerobic spore-forming bacteria were isolated from rhizosphere samples of | sabing
collected in Parque Natural de Ses Salines d'Eivissa, Formentera (Spain), as described in
the Materials and Methods section. A preliminary characterization based on the bacterial
morphology and growth properties has allowed the selection of 22 facultative anserobic
strains, mesophiles, which are able to grow at a different pH range (Table 51).

Amnalysis of the DNA sequence of the 165 ENA gene of the 22 strains alkowed the iden-
tification of all of them as belonging to the Baalius genus (Table 52). In order to confirm the
different spedies obtained by BlastM analysis (Table 52), a phylogenetic analysis (Figure 1) was
performed by comparing the 165 sequences with respective type strains (") available at
the NCBI Taxonomy database. The analysis corroborated the different Baallus spedes by
=0.90 bootstrap values. All isolates belong to species commonly considered as FGPR for
their ability to colonize mots [11,19] and produce antimicrobial compounds [14,19).
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Figure 1 Phylogenetic tree of isolated shizobacteria. The phylogenetic bree was constructed using
the maxinum-like lihood algerithm based on 165 rENA gene sequences. The gene sequences of the
isolated bacteria wem aligned to the representative bype strains (7). The numbers in parentheses
indicate the GenBanl icn numbers. The percentage of replicate trees in which the associated
taxa clustersd together in the bootstrap best (1000 peplicates) is shown next to the branches. The 165
rRMNA sequence of Clostridiondes diffiale (NTCC98%) was used to assign an culgroup species.

The selected strains were analyzed for PGP traits by testing the presence of both
fertilizing and biocontrol features. As summarized in Table 1, a high proportion was able
to solubilize phosphate (Supplementary Figure 51), produce siderophores (Supplementary
Figure 52) and indoleacetic acid, while only some of the strains were biosurfactant and
biofilm producers and showed swarming motility.
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Table 1. Summary of plant growih-prometing and biocontre] traits exhibited by 22 spore-forming bacteria isclates.

Biofertlizer Activities Biocontral Activities
Stmins  Sidemphores - . Totease Amylase Li Aylanase Cellulase~ Chitinase Catalase
Code ]‘rudllp::on R AT lim S Adi:l'iljr .\nm h::liviq' Advity  Advity Aty
BHESL + - - - - H H + + + + +H
BHIS) - + - + +Ht H i + +# +H +
RHFS - + + - H H +H t +H
FHES - + + - - H H - H +H + +H
RHFSE + - + - - H H - t + + +H
RHFSE - + H - - H H - H + - +H
BHI - - H - - + - + H +H + +H
RHER H t - - - H tH - H# + + t
RHFS + - - + H H H +H - +H + +H
RHESID +H +H + + H H H +H H +H + +H
FHESL + + + - - H H + H - + +H
FRHESLE - + + + - - H - H +H + +
RHESIS - - H - - H - - + - + +H
RHEEN - H # - - t t - t - t t
RHESIS + + + - - H H + + +H + -
RHESLG + + + + - + + - H +H
FHESE + + + - - H + - t + + +H
RHFSIE +H +H H +H +H H H +H H +H + +H
FRHES +# +H + +H +H H H +H H +H + +H
RHFEN + - + - - + + - + + + +H
RHPER + + + - +H H - - t + +
RHFSE - - - - - H H - + + + +H

+++ strong activity {formation halo 10 mm]; ++: moderate activity (5 mm « halo < 1 mm}; +: sight activity (halo < 5 mm}; ~ no activity; VK *: Phosphate salubilization activity; IAA * Indeleacetic acid
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Then, the potentiality as biocontrol agents of the 22 strains was tested analyzing their
ability to secrete lytic enzymes (Supplementary Figure S3) [20]. As shown in Table 1,
the number of protease and xylanase producers was the highest (over 90%) followed by
amylase, chitinase and cellulase producers (over 80%), whereas less than 50% were lipase-
producers (45%).

22 Antagonistic Activity of Spore-Forming Isolates against Fungal Plant Pathogen
The antagonistic activity of the 22 strains was examined against the phytopathogen
M. phaseolina by dual-culture assay (Figure 2A).

A

Figure 2 Antagonism assays in solid medium. (A) Reg ive photographs of duak-culture assay
for invitro inhibition of my celial growth of M. phaseoling by isolated strains. (1) M. phaseniing (control
plate); (2) example of active strain (RHF510) against M. phaseoling growth; (3) images of interaction
zone of RHFS10 strain and M. phasepling acquired with a stereoscopic microscope (10 x magnification);
(4) example of inactive strain (RHFS28) against M. phasealma growth; red arrow in panel 2 indicates
the interaction zone magnified in panel 3. (B) Inhibition of fungal growth reported as the percentage
reduction in the diameter of the fungal mycelia in the teeated plate compared to that in the control
plate. All experiments wen: performed in triplicate with three independent trials. Data are presented
as means -+ standard deviation (1 = 4) compared to control M. phasealing grown without bacteria. For
comparative analysis of groups of data, one-way ANOVA was used and p values are presented in the
figune ***% extremely significant < 0.0001.

Based on the size of the inhibition zone in dual-culture tests, some strains were found
to be highly efficient against the fungal pathogen while others had limited or no antimi-
crobial activity (Figure 2B). For a more detailed analysis, the produced inhibition halos
were observed under a stereomicroscope, highlighting agar-diffusible antifungal molecule
production by the most active strains (Figure 2A, panel 3; Supplementary Figure 54).

Of all analyzed isolates, RHFS10 and RHFS18 proved to higher potentiality than
PGPR, since they possess traits beneficial for both plant growth, such as the ability to
solubilize phosphorus or produce siderophores, and show antagonistic ability against
phytopathogens. For these reasons, both strains were selected for further experiments.
Strain RHFS28, able to produce lytic enzymes but not showing antifungal activity, was
selected as a negative control for the next experiments.

To assess the effect of the cell-free culture supernatants (CFSs) of RHFS10 and RHFS18
on mycelial growth, the CFSs at 24, 48, 72 and 9 h were collected and tested against
M. phaseoling. The commercial fungicide pentachloronitrobenzene (PCNB) dissolved in
toluene was used as a positive control and toluene alone was used as a negative control of
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the experiments (Figure 3A). The antifungal activity increased proportionally with the growth
time reaching a maximum after 72 h, specifically for the RHFS18 strain (Figure 3B). Based
on the efficiency of inhibition, d by the perc of mycelial grow th reduction,
strain RHFS10 was chosen for further investigation.

=}

A

—ere
)

M - 7 »
T swwmed

Figure 3. Antifungal activity of secreted metabolites by Plant Grow th-Promoting Rhizobacteria
(PGPR) strains. (A) Effects of the CSFs from RHFS10 (panel 1) and RHFSIS (panel 2) strains collected
after 72 h of growth on the mycelial growth of M. phasedina (panel 1). C+: Positive control, pen-
tachloronitrobenzene; C—: Negative control, toluene. All experiments were performed in triplicate
with three independent trials. (B) Antifungal activity of the Cell-Free Supemnatants (CFSs) of the
two strains RHFS10 and RHFS18 collected from 24 to 96 h of growth. Percentage of fungal growth
inhibition was m ported as the percentage reduction in the diameter of the fungal mycelia compared
to control plate (panel 3). Data are p ] as means + standard deviation (1 = 3). For comparative
analysis of groups of data, one-way ANOVA was used and p values am presented in the figure:
= extremely significant < 0.001.

2.3. Characterization of Antifungal Metabalites

The stability of the antifungal metabolites secreted by RHFS10 was tested by incubat-
ing the CFS collected after 72 h (72-CFSs) with different proteoly tic enzymes or organic
solvents and then tested for inhibition of mycelial growth.

As shown in Figure 4A, the 72-CFS still had notable activity after incubation with
organic solvents but decreased under the action of proteinase K or pepsin.

Thermostability was verified incubating the 72-CFS at increasing temperatures for 1 or
3 h. The results showed that treatments at 65 and 75 “C do not affect the inhibitory effect
against M. phaseoling, while at 85 °C a reduction in the antifungal activity was observed
(Figure 4B).

Finally, metabolites of the 72-CFSs were extracted with ethyl acetate at pH 2.0 and
pH7.0 and the two obtained phases were separated and tested against M. plasedina. The
results showed that the antifungal activity was mainly associated with the aqueous phase
at pH 7.0 (data not shown). This data indicated a protein nature of the bioactive molecules
in agreement with the protease sensitivity recorded in the previous tests.
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Figure & Stability of secreted antifungal metabolites. CFSs collected after 72 h (72-CFS) of RHFS10
was treated separately, with different enzymes and organic solvents (A) or incubated at increasing

temperatures (37, 65, 75, and 85 °C) (B) and tested against M. phaseoling. All data rep the
average of three se parate experi ANOVA statistical analysis is extremely significant indicated,
s p<0.00L

2.4. Purification of Antifingal Metabolites

To preliminarily identify the antifungal compounds released by the RHFS10 strain, 72-
CFS was subjected to purification by two different steps. First, the 72-CFS was fractionated
and the obtained fractions were tested against M. phasedina. As shown in Figure 5A, the
antifungal activity was observed in the fraction containing compounds with molecular
weights between 10 and 50 kDa. In the second step of purification, the polypeptides present
in 72-CFS were collected with ammonium sulfate, dialyzed to eliminate the polypeptides
with a molecular weight lower than 10 kDa, and subjected to column chromatography. The
three obtained fractions were tested against M. phasealing and peaks 1 and 2 showed a wide
zone of inhibition while no antagonistic activity was detected for the metabolites recovered

in peak 3 (Figure 5B).
B
poakt peak

peak 2

A

m

Figure 5. Antifungal activity of cell-free supernatant fractions of RHFS10. (A) 72-CFS was size-
fractionated using 10, 30 kDa and, 50 kDa cutoff spin columns, and the obtained fractions were ksted
against M. phaseoling. The results obtained with fractions <10 (1), >10 (2), <50 (3) and >50 kDa (4)
ame mported. C+: Positive control, pentachloronitrobenzene; C—: negative control, toluene; RHFS1%:
0.1 mL of fractionated 72-CFS. (B) Elution profile of 72-CFS by fractionation on Sephadex G-50 fine
column chromatography. The antagonist activity of the three recovened peaks (1 mg/ dot) is reported
in the upper part of the panel All data mpresent the g of three sep experi ANOVA
istical analysis is ext ly signifi indicated—p < 0.001.

57



Int. | Mol Sci 2021, 22, 3324

8of 18

2.4.1. Minimum Inhibitory Concentration

Minimum inhibitory concentration (MIC) of the antifungal compounds presents in
peaks 1 and 2 was determined, incubating decreasing concentrations of peaks 1 and 2
(Figure &(A1,A2)) with M. phaseviina plugs. The antifungal efficiency of the compounds
present in the peaks was compared to the commercial fungicide PCNB (Figure 6(A4)). The
results obtained after 5 days of incubation clearly showed higher antifungal activity of
peaks 1 and 2 than the fungicide PCNB. In particular, the deduced MIC for both peaks was
50 ug/mL, 10 times less than that deduced for PCNB (0.5 mg/mlL). We also compared the
stability of the antifungal activity over time. In this regard, the bicactive compounds present
in peaks 1 and 2 perfectly retained their fungal growth inhibition for up to 14 days, while
PNCB's efficiency decreased after a week. Peak 3 confirmed its inactivity (Figure 6 (A3)).

1) Poak + 1) Peak 2

Figure 6. Mini inhibitory of purified fractions of 72-CFS on fungal growth.
(A) Mini inhibitory cone tion of the mhﬁmgal compound present in pick 1 (Panel 1), pick
2 (Panel 2) and pick 3 (Panel 3) of purified fractions of 72-CFS using a 24-well plate assay. The

ial fungicide pentachl itrobenzene (PCNB) (Panel 4) was used as a reference. The tested

concentrations are indicated. Fungal plugs incubated with only PD broth (PD + M. phaseolina) and
the PD alone (PD) were used as a control The blue lines represent the MICs of the tested samples.
(B) Graphical representation of the MIC assay. The dotted line indicates the starting size (mm) of M.

phasedma plug (4 x 4 mm) at the beginning of the experiment. The results were obtained after 5 days
of incubation at 28 “C. Data are p ted as means = dard deviation (1 = 3 mplication for each
different ion). ANOVA statistical analysis is extremely significant indscated—*** p< 0.0001
and *** p< 0.00L
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242 Preliminary Identification of Bioactive Compounds

Finally, the three fractions were analyzed by liquid chromatography coupled with
tandem mass spectrometry (LC-MS5/MS5). Az shown in Table 2, several protease and
Iytic enzymes wemne identified in the two antifungal active peaks. Two different forms of
subtilisin- like proteins were identified in peak 1, showing apparent molecular weights of
39 and 28 kDa and corresponding to the matume serine protease and the proereyme, espec-
tively. Additionally, the glucuronoxylanase XynC was also detected. Both subtilisin-like
protein forms were also present in peak 2, even if with a lower conentration, together with
a B-glucanase, whereas peak 3 contains a metalloprotease and an alpha-amylase. As serine-
proteases, beta-glucanase and glucoronoxylanase were demonstrated to act as antifungal
agents [21,22], our results suggest that the activity of these secreted metabolites could be
responsible, at least partially, for the antifungal action of EHFS10. To further corroborate
this hypothesis, a mass spectrometry-based proteomic analysis on the previously described
72-CF3s of RHFS10 strain treated at increasing temperatures (cfr. 3.4) was performed.
Again, the two forms of subtilisin and glucuronoxylanase XynC were identified in the
samples etaining the antifungal activity. Interestingly, the two proteins were not detected
in CFS from the negative control (RHFS28) when subjected to the same treatment. Although
the genome of RHFS10 was in permanent draft stage (SAMN17389611), it allowed us to
confirm the presence of all the purified protein genes, which when expressed could be
invelved in inhibiting fungal growth.

Table L The proteins identified on the three peaks ane Listed with their accession (AC) numbers and molecular weights.

Fractions Mass (Da) * Swiss Prot AC Significant Sequences Scare Description
o XYNC_BACU 18 176 Glucuronmoylanase Ny 0F = Bacillus subtilis
30483 SUBN_BACNA B 1060 Subtilisin NAT O5= Barillus subtilis suben. natto
Peak 1 a2 SUBN_BACNA B BE5 Sabtilisin NAT O5= Bacllus subtilis subsp. natho
75961 SACC_BACSU 1 79 Levanase 08 = Badllus subtdis
36141 PELZ_BACTU 2 L1 Pectin lyaw 05 = Bamlius subhilis
X365 GUB BACAM 8 qe0 Beta-glucanase OF = Badllus anyloligugfadens
Pealk 2 30483 SUBN_BACNA B 800 Sabtilisin NAT O5= Bagllus subtilis subsp. natho
e SUBN_BACNA B ¥ Subtilisin NAT OS5 = Baglus subtilis subsp. natto
Pk 3 713 AMY BACSU 1 41 Alpha-amylase 06 = Bacillus subtilis
3106 MFPE_BACSU 1 m Extraelular metalloprotesse 05 = Baolus subtibis

* Molecular mass of the Swiss Prot squence in the absnce of molecule processing

3. Discussion

Fungal pathogens represent one of the most common causes of plant disease and are
responsible for losing a third of crops annually [23], causing economic loss and impacting
global poverty. Among phytopathogenic fungi, M. phaseolia (Tassi) Goid is one of the most
virulent and dangerous plant pathogens. The fungus is responsible for charcoal rot disease
and for the consequent significant yield losses in major crops such as maire, sorghum,
soyhean, and common beans each year. The harmfulness of the pathogen is due to its ability
to produce phytotoxins, to survive for a long time in the soil, and to target any stage of plant
grow th affecting seeds, seedlings, and adult plants [24]. The persistence of M. phaseoling in
the soil and in turn its capacity to trigger plant infection depends on its ability to compete
with other microorganisms of the rhizosphere—for example, competing for organic sources
or host root colonization. For this reason, a growing number of studies have been focusing
on the isolation and characterization of PGPRs able to limit M. phaseolme growth. PGPRs
can not only colonize the rhizosphere improving plant grow th by enhancing nutrient
uptake or regulating plant hormone production, but can suppress a broad spectrum of
phytopathogens, producing different antagonistic compounds or competing for nutrients.

In this contest, the focus of our research was to identify promising Bacilli rhizobacteria
acting as biofertilizers and biocontrol agents against M. phaseoling. Bacillus species are
a major type of thizobacteria able to be beneficial to plants and to perform the same
robe as chemical fertilizers [25] and pesticides [26]. As PGPR, Badllus spp. act both by
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direct and indirect mechanisms, secreting phytohormones, anticeidants, solubilizing soil B
enhancing nitrogen fixation, or producing cell-wall-degrading enzymes and siderophornes
that promote plant growth and suppress the pathogens [27].

Moreover, the ability of the Bacillus spp. the produce endospores makes them more
suitable candidates for PCPR-based commercial products since the resistance features of
the spores can ensure the persistence of the bacteria during industrial processing and after
their spread in the environment [12].

To this aim, spore-forming bacteria were isolated from salt-pan rhizosphere (For-
mentera, Spain) of the nurse plant |. safina. As a nurse plant, |. sabing ensures a beneficial
organization of plant communities and maintenance of biodiversity, particularly in harsh
environments [28]. Growing evidence highlights that nurse plants alter the composi-
tion of soil bacterial communities, selecting microbiota that are more effective at nutrient
mineralization and involved in plant grow th-promoting mechanisms. Among isolates,
22 spore-forming bacteria strains wee identified at a species level and first screened for
their plant growth-promoeting traits. More than 50% of the selected strains have shown to
solubilize insoluble phosphates, to produce siderophores and secrete JAA, the main plant
auxin able to regulate growth and developmental processes. These findings confirm that
the rhizosphere of nurse plants is a useful source of PGPRs. Then, the biocontrol activity
against the fungus M. phaseoling has been tested by dual-culture assay

Among the 22 isolates, strain RHFS10, identified as B. vallismortis, showed the best
performance for plant growth-promoting applications both as bicfertilizer and biocontrol
agents. The fungal growth inhibition revealed in the cell-free supernatant assay suggested
the secretion of antifungal extracellular metabolites not induced by direct contact with the
fungus. These data were in agreement with the stereoscopic observation of coculture exper-
iments. Additionally, the antagonist activity of RHF510 was not influenced by the bacterial
grow th stage, suggesting a constitutive production of the antimicrobial compounds.

Stability experiments revealed a thermostability of the antifungal compounds up
to 75 “C and resistance to various organic solvents. Instead, the sensitivity to protease
treatment as well as the association of the antifungal activity with the aqueous phase during
the extraction with an organic sobvent suggests a proteinacecus nature of the metabolites.

Purification experiments have associated the antifungal activity with metabolites
with molecular weights between 10 and 50 kD, while LC-M5/MS analysis revealed
the presence of proteases and hydrolytic enzymes in the active fractions. In particular a
glucuronmeylanase of 45 kIDa and a homologous of the serine protease Subtilisin NAT from
B. subtilis subsp. natfe that could be directly implicated in the fungal growth inhibition. Both
proteins weme absent in the inactive peak, confirming their invohrement in the ohserved
antifungal activity.

There ame, indeed, several functions ascribed to the release of these compounds
during the stationary phase of growth It is well known that during this very phase
of their life opcle, bacteria generally release hydrolytic eneymes mainly involved in the cell
wall turnover and nutritional functions, which in many cases show antimicrobial and for
antibiofilm activity [29]. Moreover, it has been lately reported that subtilisin-like proteases
and glucuronoecylanases can digest fungal cell wall structural proteins [30], supporting our
preliminary results. Recently, it has been shown that B. subtiis nafto can use several fungal
‘materials as a carbon source for growth, pointing out the role of constitutively secreted
protease as a nutrient scavenger as well as a potent tool for fungal biccontrel [31).

A further important result is the higher effidency of the purified antifungal metabolies
than the commercial fungicide PCNE, used as a positive contmol in antagonism assays.
The minimum inhibitory concentration assessed for the bacterial bioactive compounds
against M. phaseoling growth (50 pg/ ml) was 10 times lower than the one estimated for
the commercial fungicide PCNB (0.5 mg/mL). Interestingly, the bacterial metabolites also
appeared to be more stable over time—they retained their antifungal activity for up to two
weeks, while PCNB egistered an efficency reduction after 6 days only. Hence, the purified
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bacterial bioactive metabolites might be employed in lower concentrations, reaching a
higher long term efficiency compared to chemical fungicides.

Altogether, these results suggest a strong antifungal effect of the protein compounds
produced by the RHPS10 strain and a promising prospect for agricultural applications. The
bacterial bivactive proteins could represent a valid sustainable eco-friendly fungicide and
have potential as a biocontrol agent as an alternative to chemical pesticides.

Future studies will focus on the effect of the M. phaseoling on the expression of anti-
fungal metabolites produced by RHFS10, to verify if the fungus itself may enhance the
production of the binactive compounds aleady detected in this study or, perhaps, trigger
the expression of new metabolites. Other studies also need to optimize their large scale
production and to find their best formulation for their application in field.

4. Materials and Methods
4.1. Isolation of Bacteria

Samples of the rhizosphere of Juniperis sabma plants were collected from the National
Park of Ses Salines d'Fivissa, Formentera (Spain). To isolate rhizospheric bacteria, 1 g
of roots samples was washed three times with 2 mL sterile distilled water to remove
impurities, transferred into @ mL 1= PBS, and vortexed. The selection of spome-forming
strains was promoted through a heat pretreatment at 80 °C to kill all vegetative cells. In
total, 1 mL of the mixture was inoculated into @ mL of LB (8 g/ L NaCl, 10 g/L tryptone,
5 g/ L yeast extract), serially diluted up to 106 and 0.1 mL of each dilution were spread
on LB agar plates. Plates were incubated at 30 + 1 *C for 2-3 days. Pure cultures were
obtained by serial subculturing, Clycerol stocks of the isolates were prepared and stored at
—50°C.

4.2 Growth Condifims

Each bacterial isolate was characterized by visual inspection for colony color and
morphology, such as colony shape, size, margin and appearance. The ability to grow in
facultative anaerobic conditions was determined using the AnaeroGen sachets (Unipath
Inc., Mepean, ON, Canada) placed in a sealed jar with bacteria streaked on LB agar plates
and incubated at 37 °C for 34 days. To determine the optimum grow th conditions, the
bacterial isolates were grown in LB agar at different pH (2.0, 4.0, 6.0, 7.0, 80, 10.0, 12.0) [32]
and temperature {4, 15, 25, 37, 50, 60 “C) ranges [33]. Plates were incubated until the
appearance of bacterial colonies.

4.3 Tsolates Identification by PCR Amplification of 165 rRNA

Exponentially growing cells were used to extract chromosomal DNA using the DNeasy
PowerSoil kit (Qiagen, Hilden, Germany | according to the manufacturer’s instructions.
165 rRNA gene was PCR amplified by using chromoesomal DNA as a emplate and oligonu-
clentides forward 8F (5 AGTTTGATCCTGGCTCAG-3 annealing at position + &% 28) and
reverse 1517R (5-ACGCCTACCTTCTTACGACT-Y annealing at position + 14974 1517).
These two oligonucleotides were designed to amplify a 1500 bp DNA fragment and the
reaction was carried out according to Gronemeyer et al [34] in an Esco SwiftTh Max-
Pro Thermal Cycler. The 1500 bp DNA amplified fragment was sequenced at the Bio-
Fab research sequencing facility and analyzed using Basic Local Alignment Search Tool
(BLAST). Phylogenetic analyses were carried out using Seaview 4.4.0 softwame package
(http:/ /pbiluniv-lyonl.fr/ softwane,/ seaview html, accessed on 7 January 2020) on 165
ribosomal ENA genes aligned using the Muscle algorithm. All 165 rRMA sequences were
deposited in the NCBI Sequence Read Archive and identified with the accession number
as shown in Table 51

Phy legenetic reconstruction for nucleotide alignment was carried out using the max-
imum likelihood algorithm (PhyLM). The gene sequences of the isolated bacteria were
aligned to the representative type strains () belonging to the same species obtained from

61



Int. [ Mol 52 2071, 12, 3524

12of 1B

BlastN analysis. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the branches.

4.4, In Vitro Screening for Flant Growth-Promoting (PGP) Traits
441, Phosphate Solubilization

The ability to solubilize inorganic phosphate was tested by growing the bacterial
isolates on Pikovskaya agar (Cheoid Ltd., Hampshire, UK) dyed with bromophenol blue [35)
for 10 days at 30 “C. The formation of morme transparent zones around the bacterial colonies
was indicative of inorganic phosphate solubilization on Pikovskaya agar

4472 Siderophore Production

To test siderophores production, 3 pl. of overnight-grown culture in LB medium
was spot-inoculated on iron-free 57 agar minimal medium. After 72 h of incubation at
28 °C, 10 mL of Chrome Azurol 5 (CAS) agar medium [36] was applied over agar plates

containing cultivated microorganisms. Development of yellow-orange halo zone around
bacterial spots was ohserved after 1 h of incubation.

4.4.3. Indole Acetic Acid Detection

To detect the [AA production, the bacteria were grown in LB broth for72ha 37 °C
with shaking at 150 rpm. After, 2 mL of bacteria supernatant was mixed with 4 mL of
Salkowski reagent (0.5 M FeCla in 35% HCIOy solution) and 2 drops of orthophosphoric
acid, and was finally incubated for 30 min at 25 °C. The development of pink color indicates
[AA production [37].

4.4 4. Biosurfactant Production

The bacterial strains were spot-inoculated on blood agar plates (BBL™ Trypticase™
Soy Agar (TSA II) with 5% Horse Blood) and after 72 h of incubation at 28 “C, the clear
zone around the colonies indicates a positive result [38].

4.4.5. Swarming Motility

Bacterial isolates were analyzed for their swarming motility using LB with spot-
inoculation on agar 0.7% and incubated at 37 “C overnight.

4.4.6. Biofilm Production

To evaluate the ability to produce biofilm, the isolates were separately grown in glass
tubes in LB medium as described by Haney et al. (2018) [39]. Cultures wem inoculated by
adding 10 pL. of an overnight culture of bacteria into 1 ml. of sterile media, and the tubes
were incubated statically at either 37 “C for 48 h

4.5 Evaluation of Potential Biocontrol Feafures
4.5.1. Screening for Hydrolytic Eneymatic Activity

Twenty-two bacterial isolates were grown separately in 5 mL of LB broth a 37 “C
overnight with shaking at 150 rpm. In total, 3 pL of each fresh bacterial culture was
spot-inoculated on different assay plates to test hydrolytic ensyme activity. The protease
activity was performed on Skimmed Milk Agar (SMA) [40] and the lipase activity on
Tributyrene Agar medium [41]. After overnight at 37 °C, the formation of a clear halo
around the colony was considered as positive production of these ensymes. To detect
the amylase activity was used the method described by Sethi et al (2013) [42] with
Starch A gar plates. A fter the overnight incubation at 37 *C, the plates were flooded with
iodine solution and the hydrolysis of starch was observed as a colorkess zone with a
violet background around grown colonies. For the detection of cellulase and xylanase
activities, Xylanase Production Medium (XPM) agar plates were used with 0.5% xylan [43]
(Megazyme) and a minimal medium with 0.5% carbeoymethyloellulose (CMC) [44] as a
sole carbon source. The plates were incubated at 37 *C for 3 days after which hydrolysis
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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 NaClL Flates, where CMC and xylan were omitted,
were used as nonsubstrate controls. Transparent hydrolytic zones around the colonies were
considened positive. For the dhitinase activity, the bacterial strains were spot-inoculated on
colloidal chitin-containing medium plates [45]. After incubation at 25 4 2 °C for 2-3 days,
the clear zones around or within the colonies ae considered positive evidence. The catalase
activity was checked qualitatively as described by Geetha et al. {2014) [46). Three percent
H30: was added (34 drops) on the colonies grown on LB agar plates; effervescences of Oy
released from the bacterial colonies indicate the positivity of catalase activity:
All experiments wene performed in triplicate.

4.5.2 PDual-Culture Assay

The isclated strains were examined in vitro for antifungal activity against pathogenic
fungus M. phaseoling (Tassi) Goid (ATCC® 64334™), The fungus was obtained from infected
soybean roots growing in Pergamino, Buenos Aires, Argenting, and it was maintained on
Potato Dextrose Agar (PI2A ) in Petri dishes.

The in vitro antifungal bicassays were carried out based on the dual-culture method
as previously described by Khamn et al. (2009 [47] with some modifications.

Fungal plugs of & » & mm diameter were placed at the center of FDA plates and 5 plL
of bacteria strains overnight grown in LB broth was placed on the opposite four sides of
the plates at 1.5 om away from the fungal disc. Plates containing the fungal plugs without
bacterial inoculation were used as control plates. All plates were incubated at 28 “C for
five days. The percentage of inhibition of the fungal growth was calculated using the
following formula:

% =[(Re — Ri)/Re] x 100

where Fe is the radial grow th of the test pathogen in the control plates (mm), and Ri is the
radial growth of the test pathogen in the test plates (mm). The experiment was repeated
thrice. Bacterial strains that showed an inhibition of the growth of pathogenic fungus were
ohserved by stereoscopic microscope 10x magnification.

4.5.3. Antifungal Assay of Cell-Free Supernatants {CF3s)

Bacteria were grown on LB at 28 & 2 *C and aliquots of the suspensions, collected at
24 h intervals for the first 9% h. Cells were removed by centrifugation (7000 g for 30 min)
and supernatants were filtered using 0.22 pm-pore-diameter membranes (Corning™) and
concentrated 1:10. Then, 20 pL aliquots of sterilized supemnatant samples were placed on
the opposite four sides of the PDIA plate at 1.5 cm from the fungal disc (6 »x 6 mm diameter)
of M. phaseolina [48]. As a positive control, fungicidal pentachloronitrobersene > 94%,
(PCNEB) (Sigma-Aldrich, Saint-Louis, MO, USA) dissolved in toluene was used. Toluene
alone was used as a negative control. Plates were prepared in triplicate, incubated at 28 *C
for 5 days, and examined for zones of inhibition of grown colonies.

4.6, Extraction of Secondary Metabolites

The strains were grown in 300 mL of LB at 28 + 2 °C and for 72 h. The broth cultures
were then centrifuged at 9000 g for 30 min at 4 “C and filtered through a 0.22 um syringe
filer. The cultume filtrate was extracted at pH7 and pH2 three times for each, mixed with an
equal volume of EtOA ¢ into the separating funnel, and shaken for complete extraction. The
secondary compounds contained in the solvent phase were separated from the aqueous
phase, dried with NaxS0y, and evaporated under reduced pressume to yield the crude
extracts. The crude extracts were dissolved in 1 mL 2% methanol at a final concentration of
5 mg,/mL, the aqueous phase was concentrated 1:10. All fractions were tested against M.
phaseolma on PDA plates and incubated at 28 £ 2 *C for 5 days.
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4.7, Stablify of Antifungal Maaboites o Different Enzymes, Temperatures and Crgmic St Condifims

In total, 100 pg/mL. of enzymes (trypsin, proteinase K, pancreatin and pepsin) and
10% organic sohvents (acetone, ethyl alcohol, chloroform, toluene and isopropyl alcohol)
(see Figure 4) were added to 100 pl. of culture supematant. Enzyme-treated samples
were incubated for 3 hat 37 “C (42 “C in the case of proteinase K) and the solvent-treated
samples were incubated for 3 h at 25 °C and subsequently, 100 L. aliquots were tested for
antifungal activity as described above. To assess the stability of the binactive compounds at
high temperatures, C5Fs were incubated at 65, 75 and 80 °C for 1 or 3 h, and their activity
toward M phaseoling eventually tested.

4.8 See-Fractionated Supernatants Tested for Anfifungal Activity

RHF510 strain was grown in 100 ml. of LB broth for 72 h at 28 “C. The cultures were
centrifuged at 7000 g for 30 min at 4 °C and the supernatants fillersterilized with a
0.22 pm filter (Millipore, Bedford, MA, USA). The supernatants were size-fractionated
(10, 30 and, 50 kDa cutoff spin column; Centricon, Millipore). Fractions were tested for
antifungal activity and meported as a percentage of growth inhibition as described above.

4.9. LC-M5/MS5 Analyses

Protein extracts were electrophoretically separated on a 12.5% polyacrylamide gel,
under denaturing conditions. Resulting lines were divided into 10 pieces, and each under-
went trypsin in gel digestion procedure. NanoUPLC-hrM5S/MS analyses of the resulting
peptides mixtures were carried out on a Q-Exactive orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), coupled with a nanoUltimate300 UHFPLC system
(Thermo Fisher Scientific). Peptides separation was performed on a capillary EASY-Spray
C18 column {0.075 »x 100, 1.7 pm, Thermo Fisher Scientific) using aquecus 0.1% formic
acid (A) and CHyCN containing 0.1% formic acid (B) as mobile phases and a linear gra-
dient from 3% to 30% of B in 60 min and a 300 nL min~! flow rate. Mass spectra were
acquired over an iz range from 350 to 1500, To achieve protein identification, M5 and
MS/MS data underwent Mascot software (Matrix Science, London, UK) analysis using the
nonredundant Data Bank UniProtKB/Swiss-Prot (Release 2020 03). Parameter sets wene:
trypsin cleavage; carbamidomethylation of cysteine as a fied modification and methionine
oxidation as a variable modification; a maximum of two missed deavages; false discovery
rate (FDR), calculated by searching the decoy database, <0.05. A comparison between the
proteins found in the different samples allowed discriminating those spedfically expressed
by the strains showing promising antifungal activity

410 Detection of Antifungal Metabolites

RHES10 strain was grown in 2 L of LB broth at 28 *C for 72 h with shaking at 150 rpm.
The cells were removed by centrifugation (9000 g, 30 min) and the supernatant fluid
was filter-sterilized using 0.22 um-pome-diameter membranes. The antifungal activity
of the preparation was determined against M. phaseoling using the e ll-free supernatant
assay described above. The culture filtrate (1800 mL) was precipitated with ammonium
sulfate (56% w/r saturation) and stored overnight at 4 “C with shaking. The precipitate
was removed by centrifugation (12,000 g, 20 min, 4 “C), resuspended in PBS 1 buffer
{001 mol LY, pH £.5; 1,/10 of the initial volume) and dialyzed against the same buffer for
48 h at 4 °C with several changes (dialysis tube, porosity 24, cutoff 12 kDa; Union Carbide
Corporation, Danbury, CT, USA). The dialyzed precipitate was lyophilized, and the esidue
(483 mg) was dissolved in 6 mL ultrapure Milli-(} water and applied to a Sephadex G-
50 fine column (Pharmacia, Uppsala, Sweden; 4 5-40 cm; flow rate 25 mL min~1). The
column fractions (3 mL each) were collected in homogeneous groups according to the
chromatogram obtained by monitoring proteins concentration at 280 nm [49]). Fractions
wem lyophilized, tested for antifungal activity (1 mg,/dot) against M. phaesealing, and
analyzed by S5 PAGE. The SD5-PAGE was performed with 20 pg of total proteins,
fractionated on 12.5%, 5125 polyacrylamide gels and stained by Brilliant Blue Coomassie.
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Protein concentration was determined with the Bradford assay (Bio-Rad Protein Assay,
Hercules, CA, USA; cat no. 500-0006) with bovine serum albumin used as standard.

411, Minfmumn Inkibit ory Concent rafims

The MIC determination was performed in 24-well culture plates according to the
method described by Agrillo et al. (2019) [50] with some modification. The wells were
prepared in triplicate for each concentration. The retentates (peaks 1, 2, and 3) containing
the antifungal compounds wem diluted separately at different concentrations (1 mg/ml;
0.5 mg/ml; 200 pg/mL; 100 ug/ mL; 50 pg/ml and 25 pg/mL} in a volume of 500 pL of
ultrapure Milli-Q water and were inoculated with 500 ul. of M. phaseoling plugs (4 » 4 mm)
resuspended in 2 x PIDYbroth. As a control, 500 L. of M. phasealing plugs (4 = 4 mm)were
resuspended in 2 x D broth diluted with 500 pL. of ultrapure Milli-Q water. The retentates
wemre compared with the fungicidal PCNB =94% (Sigma-Aldrich) at the same different
concentrations. The plates were incubated at 28 °C for 5 days and the MIC was taken as
the lowest concentration of antifungal agent at which there was no visible growth of the
fungus after incubation. Finally, the percentage of inhibition of the fungal growth was
caloulated using the formula described above.

412 Whae-Gmome Sequencimg

The most promising bacterial strain, RHF510, which showed outstanding biocontrol
performance, was selected for whole-genome sequending to obtain future relevant genetic
information. DMNA extraction was performed using the method described above. Genome
sequencing was performed by MicrobesNG (Birmingham, UK) with the genomic DNA
library prepared using the Nextera XT library prep kit (Illumina) follow ing the manufac-
turer's protocol. Libraries were sequenced on the Illumina HiSeq using a 250 bp paired-end
protocol. Reads were adapter trimmed using Trimmomatic 0,30 with a sliding window
quality cutoff of Q15 [51] and de novo genome assembly was carried out with SPAdes
(wersion 3.7) via MicrobesNG (University of Birmingham, Birmingham, UK).

413, Statistical Analys's

All the statistical analyses wene performed using GraphPad Prism & 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
atp < 0.05
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the chizosphen: of |. sabina plants. Table 52 165 fRNA gene-based molecular identity of isolaked
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Potential plant growth-promoting traite of selected bacterial wolates. Figure 52, Potential plant
grony th-promaoting traits of selected bacterial isolakes. Figure 53, Hydrolytic activities of selecied
bacterial isclates. Figuee 54, Preliminary dual-culbum assay.
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Massive application of chemical fertilizers and pesticides has bean the main strategy usad
to cope with the rising crop demands in the last decades. The indiscriminate use of
chamicals while providing a temporary solution to food demand has led to a decreassein
crop productivity and an increass in the environmental impact of modemn agriculture. A
sustainable alternative to the usa of agrochamicals is the use of microcrganisms naturally
capable of enhancing plant growth and protecting crops from pests known as Plant-
Growth-Promoting Bacteria (PGPB). Aim of the present study was o isclate and
characterize PGPE from salt-pans sand samples with activities associated to plant fitness
increase. To survive high salinity, salt-tolsrant microbes produce a broad range of
compounds with heterogenscus biclogical activities that are potentially beneficial for plant
growth. A total of 20 halophilic spore-forming bactaria have been screened in witro for
phyto-beneficial traits and compared with other two members of Bacillus genus recently
isolated from the rhizosphars of the same collection site and characterized as potential
biccontrol agents. Whole-genome analysis on saven sslected strains confirmed the
presence of numercus gene clustars with PGP and biocontral funcfions and of novel
secondary-metabolite bicsynthetic ganas, which could exart beneficial impacts on plant
growth and protection. The predicted biocontrol potential was confirmed in dual culfure
assays against several phytopathogenic fungi and bactera. Interastingty, the presence of
predictad gene clustars with known biccontrol functions in some of the isolates was not
predictive of the in witro results, supporting the need of combining laboratory assays and
genome mining in PGPB identification for future applications.

Keywords: spore-fonming baciera, bloconirod agents, halophiles, plant-growih-promoting bacieria, genome mining,
Bacll
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INTRODUCTION

In the past decades, social concern ahout the environmental
effects of the uncontrolled wse of chemical pesticides, fertilizers,
and herbicides in the agricultural field has risen considerably.
The use of chemicals for the protection and enhancement of
crops has led to several negative consequences: the formation
of stable phytopathogenic variants, the reduction in the number
of beneficial microorganisms, and the accumulation of toxic
substances in soils and aquatic ecosystems (Reddy et al, 2009
Pertot et al, 2017). Given the increased global demand for
crop production, researchers and industries are seeking new,
more sustainable and greener approaches to pesticides and
fertilizers (Glick et al, 2007). In this framework, the use of
microorganisms known as Plant-Growth-Promoting Bacteria
(PGP'B) for crop production appears to be 2 promising alternative.
PGPE improve crop fitness and yields both, through direct
and indirect mechanisms. Direct mechanisms include the
promotion of alternative nutrient uptake pathways, through
the solubilization of phosphorus, the fixation of atmospheric
nitrogen, the acquisition of iron by siderophores, and the
production of growth hormones and melecules like vitamins,
amino acids, and volatile compounds (Babalola, 2010). Indirect
mechanisms instead, include the prevention or reduction of
the damage induced by phytopathogens through the production
of different classes of antimicrobial compounds such as hydrolytic
enzymes that can lyse a portion of the cell wall of many
pathogenic fungi (Jadhav et al. 2017).

The work presented here is part of a wide study aimed at
identifying and selecting halophilic Bacilli with potential
applications as biofertilizers or biocontrol agents. For this
purpose, samples from the rhizosphere of the nurse plants
Juniperus sabina and nearby soils were collected from salt-pans
(Castaldi et al, 2021). Murse plants, such as [ sabina, exert
beneficial effects on their surmounding ecosystem, facilitating
the growth and development of other plant species. This paositive
effect is in part due to the plant influence on the composition
of soil microbial communities, generally selecting for
microorganisms capable of mineralizing nutrients, enhancing
soil fertility, and thus promoting plant growth and health
(Hortal et al, 2013; Goberna et al, 2014; Rodriguez-Echeverria
et al, 2018). For this reason, the nurse-plants rhizosphere and
relative surrounding soil are a useful source of PGPE. In
addition, bacteria growing in extreme environments, like salt-
pans, have developed complex strategies to survive harsh
conditions, which include the production of an array of diverse
compounds, such as antioxidant pigments, lytic enzymes, and
antimicrobial  compounds, making  them  interesting
biotechnological targets (Anwar et al, 2020). Among the PGPB,
bacteria belonging to the Bacillus genus are of particular interest
given their resistance to stressful environments and conditions
due to their capacity of producing spores (Pesce et al, 2014),
together with the ability to release a broad spectrum of secondary
metabolites, the easy genetic manipulation, and the great ability
to colonize plant surfaces (Kumar et al, 2011). In addition,
the effectiveness of halo-tolerant Bacillus spp. to increase the
growth of various crope under salt stress conditions has been

widely reported (Shultana et al. 2020). Recently, we have
identified and characterized PGPB Bacillus strains isolated from
the rhizosphere of | sabina (Castaldi et al, 2021). The two
strains, named as Bacillus sp. RHFS10 and Bacilius sp. RHFS18,
emerged for their promising PGP traits. These strains produce
siderophores and solubilize phosphorus, enhancing plant nutrients
uptake, and secrete indoleacetic acid (TAA), a phytohormone
playing a key role in both root and shoot development.
Additionally, both isolates showed a strong biocontrol activity,
inhibiting the fungal phytopathogen Macrophomina phaseolina
growth (Castaldi et al, 2021).

Here, we present the results of the screening of 20 halophilic
Bacilli isolated from salt-pan sand samples. All the strains
were characterized for PGP traits and five strains emerged for
their high potentiality as biofertilizers and biocontrol agents.
Comparative genomic analysis of the five sand strains and the
previously characterized rhizospheric straine RHF510 and
RHFS18 revealed the presence of known genes involved in
plant growth promotion and protection, sustaining, in part,
the activities observed in vitro. Overall, this work suggests a
strategy for the selection of potential PGP candidates belonging
to Bacillus genus using combined in silico and in vitro approaches.

MATERIALS AND METHODS
Isolation of Bacteria

Bacillus strains used in this study were isolated from sand
samples collected in the proximity of /. sabina plants growing
in the salt-pans of Formentera (Spain). Sand samples were
heat-treated at 80°C, for 15min to kill vegetative cells and
select for spore-forming bacteria, and 1g of sample was
suspended in 9ml of TY broth (10g/L tryptone, Sgil. yeast
extract, and 8g/l. NaCl) and 10-fold serial dilutions placed
on TY plates (Cangiano et al, 2010). After 4-5days of
incubation at 30+1°C, colonies were recovered and streaked
on fresh TY plates, and pure cultures stored at —80°C into
ghycerol stocks (Giglio et al, 2011).

Phenotypic Characterization and Growth
Conditions

The phenotypic variants of isolated strains were determined by
visual inspection. The facultative anaerobic growth was determined
using the AnaeroGen sachets (Unipath Inc, Mepean, Ontario,
Canada) placed in a sealed jar with bacteria streaked on TY
agar plates and incubated at 37°C for 3days. To confirm the
sporulation ability, the bacteria were grown in Difco sporulation
medium (3g/L Nutrient broth No. 4, 1g/L KCl, ImM Mg50,,
ImM CalNOs);, 10pM MnCl, and 1 pM FeS0,, Sigma-Aldrich,
Germany) at 37°C for 30-48h, and the presence of spores was
checked by light microscopy. Salt, pH, and temperature tolerance
were determined as follows: about 50pl of culture of each isolate
grown in TY broth for 6h at 37°C (107 cells/ml) were transferred
to individual tubes containing Sml of TY broth with different
pH (2.0, 4.0, 6.0, 7.0, 8.0, 10.0, and 12.0) or NaCl concentration
(0, 5 10, 13, 15, and 18%) and left to grow at 37°C with
agitation (Cangiano et al, 2014) . The temperature tolerance
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of isolates was tested incubating the cultures at 37 (control),
4, 15, 25, 50, and 60°C. The growth (+) or no growth (=) in
comparison with the controls after 24-48h was recorded.

Plant Growth-Promoting Traits

Phosphate Solubilization

The phosphate solubilization activity was evaluated by spot
inoculation of 3pl of the freshly grown bacterial culture (107
cells/ml) onto Pikovaskyas agar medium (Pikovskays, 1948).
The plates were incubated at 28°C for 10days. The formation
of transparent zones around the bacterial colonies indicates a
positive result (Schoebitz et al, 2013).

Siderophores Production

The siderophores production was determined by the Chrome
Azurol § (CAS) assay as described by Pérez-Miranda et al
(2007). Three milliliter of freshly-grown bacterial cultures was
spot-inoculated on CAS agar plates and incubated at 28°C.
The formation of a yellow-orange halo zone around the bacterial
colony was a positive indicator of siderophore production and
the halo zone diameters were measured afier 4 days of incubation.

Indoleacetic Acid Detection

The indoleacetic acid production was measured as described
by Etesami et al (2014), with some modifications. Briefly,
each strain was cultured in 10ml of TY broth at 37°C for
4days with shaking at 150rpm. Following growth, 1ml of
bacteria supernatant was mixed with 2 ml of Salkowski reagent
{0.5M FeCl, in 35% HClO, solution), and the solution was
vortexed and incubated at room temperature for 30min. The
formation of pink color was considered & positive reaction
(Damodaran et al, 2013). Quantitative estimation of IAA
(pg/ml) was obtained by recording spectroscopic absorbance
at 535nm using a standard curve prepared separately with
pure IAA (Sigma) in the range 0-100pgiml (Gordon and
Weber, 1951). Sterile TY medium was used as control.

Biofilm Production and Swarming Motility

To detect the ability to produce biofilm, bacterial isolates were
grown in 24-well culture plates in TY broth for 48h without
agitation at 37°C in according to O'Toole (2011). Then, the
supernatant was discarded, adhered cells were rinsed three
times with distilled water and Iml of a 0.1% crystal violet
{CV) solution was added to stain the adhered biomass. Plates
were incubated for 30 min at room temperature, washed carefully
three times with distillated water and patted dry. Dye attached
to the wells was extracted with 1ml of 70% ethanol and
quantified at an sbsorbance of 570 nm. Data were normalized
by total growth estimated by OD&00 nm, and the experiment
was performed in triplicate.

Swarming motility was tested according to the method
adopted by Adler (1966). TY agar 0.7% plates were spot
inoculated with 3yl of the freshly grown bacterial culture (107
cellsiml). After an overnight incubation at 37°C, the swarm
diameters were measured.

Whole-Genome Sequencing of the
Selected PGPB
DNA extraction was performed using the DNeasy PowerSoil kit
(Qiagen, Hilden, Germany) according to the manufacturers
instructions. Genome sequencing was performed by MicrobesNG
{Birmingham, United Kingdom) with the genomic DMA library
prepared using the Nextera XT library prep kit (lluminal following
the manufacturer’s protocol. Libraries were sequenced on the
Hlumina HiSeq using a 250bp paired-end protocol Reads were
adapted and trimmed using Trimmomatic 030 with & sliding
window quality cutoff of Q15 (Bolger et al, 2014) and the de
novo genome assembly was carried out with SPAdes (version
37) vin MicrobesNG. Genomes were annotated using Prokka
(Seemann, 2014). Biosamples accession numbers for strains RHFB,
RHFZ, RHFs, RHF1Z, RHF15, RHS10, and RHFS13 are,
ively: SAMNI7389615, SAMN17389609, SAMN17389610,
SAMNI7389:12, SAMNI7389613, SAMNI7389611, and
SAMNI7389614. MIGS compliant details regarding each genome
are available in the Supplementary Table S1.

Average Mucleotide Identity [ANI) values between the
sequenced genomes and the closest bacterial species identified
from the 165 rRNA phylogenetic analysis (see below) were
obtained using the OrthoANI algorithm of EZBioCloud (Yoon
et al, 2017} An ANI similarity of 95% was considered as a
cut-off for species delineation.

Phylogenetic Analysis

The 165 rRMA genes were extracted from the sequenced
genomes using Anvio v2.3.3 (Eren et al, 2021). and compared
to 76 reference 165 rRNA genes from closely related strains
identified using the Genome Taxonomy Database (GTDB)'
taxonomy and retrieved from the NCBI database. All sequences
were aligned using Seaview 4.4.0 software (Corrado et al,
2021), and the phylogenetic tree was constructed using the
Maximum-likelihood  algorithm  with model GTR+1+G4.
Statistical support was evaluated by the approximate likelihood-
ratio test (alRT) and is shown at the corresponding nodes
of the tree. Clostridium difficile is used as an outgroup to
oot the tree.

Evaluation of Potential Biocontrol Activity

Isolated bacterial strains were tested in vifro for growth inhibitory
activity against phytopathogenic fungi and bacteria are listed
in Table 1. The phytopathogenic fungi are deposited in the
fungal culture collection of the Plant Pathology Department
of the University of Buenos Aires (FAUBA, Argentina) and
were kindly supplied by Marcelo Anibal Carmona (Facultad
de Agronomia, Citedra de Fitopatologia, Universidad de Buenos
Aires, Buenos Aires, Argentina), except for Stemphylium
vesicarium. All the fungi were stored on Potato Dextrose Agar
(PDA) in Petri dishes. Dual-culture plate method was carried
out to detect the antifungal activity in accordance with Xu
and Kim (2014). Briefly, fungal plugs of 6 mmx6mm diameter
were placed at the center of PDA plates and 5pl of bacterial
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TABLE 1 | List of the phylopathogaric iungl and becieds used In his stugy

Pathogen type sSpecies Strain Provenience Host plant

Fungl Macrophoming phassoins 20120134 Apenting £
Coleoinchum nncatum 1756 Apening sy
Dl tanes T Apentng Baney
Carcospon nicalianse CH_2017_Ras Boivs N
SEmp LT vaskanUm Ty Pear

Bactera Pestciomanas toksast 2182 - WEhroom
Pesyciomanas gyrhgae pv (abac ICMP 2708 - Tobecco
PeSUGNTONSS SyTINga DV parkc! ICMP 2065 - Rica
Peaucomonas canyopiyl NCPPEMD Ity Camaticrs
Peaucimonas SyTingae DY syhgas TS - Wengo
Peatdamonas SyTngas DV jEponica ICHIP 8305 Whest
Pestcymanas syrhgas pv papulns Pep28 Aopie

strains grown overnight in TY broth were placed an the opposite
four sides of the plates 1.5cm away from the fungal disc. This
method was repeated for each fungus. Controls consisted of
plates containing the fungal plugs alone. All plates were incubated
at 28°C for 5-7 days. The antagonism activity against bacterial
phytopathogens was performed as described in Li et al. (2020)
with some modifications. Bacterial pathogens were streaked
on TY plates and incubated at 15°C overnight. Single colonies
were suspended in TY broth and incubated at 25°C
Approximately 1:107*CFU/ml were mixed with melted 0.8%
TY agar medium before pouring plates. After solidification,
5l of bacterial isolates solution (0D = 1.0} was spot inoculated
onto the plates and incubated at 28°C for 48 h, hefore measuring
the diameters of inhibition halos. All experiments were performed
in triplicate.

Identification of Biosynthetic Gene
Clusters

Obtained genomes were analyred by antiSMASH 5.0 (Blin et al,
2019) and BAGEL 4 (van Heel et al, 2018} to i.dmtif}‘ bJD\s}mlheth
gene clusters (BOGs) of potential antimicrobial compounds such
as non-ribosomal peptide synthetases (NRPSs), polyketide
synthases (PESs), post-translationally modified peptides (RiPPs),
hybrid lipopeptides (NRPS-PKS) and bacteriocins. Biosynthetic
Gene Clusters that shared less than 70% amino acid identity
against known clusters were regarded as novel

RESULTS AND DISCUSSION

Isolation and Characterization of Spore-

Forming Plant-Growth-Promoting Bacteria
Spore-forming bacteria were specifically isolated from sand
samples collected from gaps among nurse plants, belonging
to the genus [ sabina, in salt-pans as described in the Materials
and Methods section. Based on morphological characteristics,
a total of 20 isolates were selected and preliminarily characterized
for growth properties (Supplementary Table 52). All the strains
can be classified as facultative anaerobic, mesophiles and
moderate halophiles, excluding RHF5 strain, which survives
up to 60°C and strain RHFB unable to grow at temperature

and salt concentration higher than 37°C and 5% MaCl, respectively
(Ventosa et al, 1998; Schiraldi and De Rosa, 2018).

To identify potential PGPE, the 20 strains were evaluated
in vitro for physiological traits associated with plant growth
enhancement and biocontrol ability (Table 2). Strain performance
was compared with those of two promising PGPB, RHFS10,
and RHFS18 strains, belonging to the Bacillus genus and isolated
from [ sabina rhizosphere of the same collection site (Castaldi
et al, 2021) and proposed as biocontrol agents for their
antagonistic activity against the phytopathogen M. phaseolina.
Most of the new strains displayed root-colonization phenotypes
since ahle to surface spread by swarming and to form biofilms
{Amaya-Gomez et al, 2020), while only five were found either
positive to bath solubilization of phosphate, indoleacetic acid
(IAA), and siderophore production. Strains RHFs, RHF15, and
RHFB showed a better performance than when compared
against the already characterized rhizobacteria strains RHF310
and RHFSIE, confirming that the microenvironments created
under or nearby nurse shrubs are a promising source of PGPB
(Rodriguez-Echeverria et al, 2016). All bacterial isolates were
tested for in vitro activities of their extracellular hydrolytic
enzymes (lipase, protease, amylase, xylanase, and cellulase)
usually associated with biocontrol activity (Pal and McSpadden
Gardener, 2006). As reported in Table 2, the highest hydrolytic
activity was ohserved for RHF12, RHF15, and RHFE strains,
comparzble with that exerted by rhizosphere strains RHFS10
and RHFSI8.

Based on these results reported in Table 2, seven strains
were selected for whole-genome sequencing analysis. All selected
strains were able o solubilize phosphate with efficiency higher
than the other ones and to produce Biofilm, IAA, and
siderophores. Further, strains RHF12, RHF15, RHFE, and
RHF518 emerged for their strong hydrelytic potential, ofien
associated to biocontrol activity (Castaldi et al, 2021), while
strain RHFé showed the ability to growth up to 13% Nacl,
showing the best salt tolerance (Supplementary Table 52).

Genome Sequencing and Phylogenetic
Analysis

The ohtained genomes had coverage of -30w, with a variable
number of contigs between 40 and 1,105 for RHFIS and
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TABLE 2 | Summary of plent growth-promioting and biccontrol irits exhibtied by 20 spore-Toming bactens soiates.

PGPE actiities. Hydroiytic activities
Sirain
Bioflim (00,)  Swarming PVK A& jugiml Siderophores  Lipase Proteass  Amylase  Xylanase CMC

PHF1 - Fe 4 - & - 4 4 + +
RHF2 02 3 + 18 & - + + + %
FHF3 - - - - - + 4+ 42 + -
FHF4 - 3 - - & + 4+ 4+ - %
FHFE 0.z - - 2 - - + 4 - -
RHF& 03 3 +4 a1 -+ - + + + Fs
FHFT 04 - - - - - + + - -
FHFE 0B 4 - B - - 4= 4 4+ -
FHFR - - + 3z - - 4+ 42 - -
PHF1Q - - - 4 - - 4+ + + %
FHF11 0.2 + - - - - + + + -
RHF{2 ar Fe + 25 -+ - 4 4 Fe Fe
FHF13 - 4 - 3 + + - 4 + i
PHF14 - - - - - + + + + -
RHF{5 0.6 4 - 23 4 + 4 4 -+ i
FHF18 - - - - - + + + - -
PHF17 0E Fes + - & + + + -+ %
RHFB 2.3 3 4 a2 -+ Fe - 4 Fe 3
FHFE - - - - - + + + - -
FHFL 03 - - - - - + + - -
RHFS{0! 03 . + 12 - -+ + + -+ e
RHF3{8! 06 3 + 12 H + 12 12 - I

o oty |-, ks ar colony dinmalar <fmm (+, faia or ook divmalar = Smm (++], bl ar oobnoy domatar 10mm (+4++). Dotn ane mpresenfed by means of at eas! droe
roplcatas = 5F at p 0.06 using [0S, The stmins solected for Rerthor studios are indioated in bok. PV, Ploveikarya; WA, indblencaiic acd! and CAMC, corbompmathyioofidosa,

yniabi fom Castald o al POZTL

TABLE 3 | Genesal faalures of the azsambied genomes.

Strains
analysks statistics

RHFE RAHF2 RHFE RHE12 RHFi5 AHFEH0 RHFS18
£t fop) 5.BABTET 4,000,762 4068378 4,096,200 4,232,538 4254 B3 3,006,406
Number of contigs 158 &2 166 200 & 48 1,106
Mean GG content (%) 05 4274 483 2401 4330 95 aB.14
oos 5413 3908 3001 2,807 4202 PR 387
NED 187,761 213213 504,35 80,220 2,184,724 1.138.270 B170
NTE 20 208,768 202 476 34,071 1,049,735 340,267 3118
L50 11 E] 2 19 1 2 176
L7E 21 g 4 a2 2 1 7

RHFS18, respectively (Table 3). The genome of strain RHFS18
was particularly fragmented, and repeated sequencing of the
same strain did not yield improved assembly suggesting that
the results are not dependent on a low-guality sequencing
library. The ohtained genomes are approximately 4.0Mbp long
except for RHFBs genome, being the longest (5.6Mbp) and
the one with the highest number of predicted protein coding
sequences compared to the others. Taxonomic identification
of the strains was based on the phylogenetic analysis of the
165 rRNA sequence as well as the whole genome Average
Nucleotide Identity. All the isolates were identified as members
of the genus Bacillus (Figure 1) with six strains out of seven
clustering into the same clade, and only strain RHFB falling
in a different clade. The phylogenetic divergence observed for
RHFE from the other strains agrees with the observed differences

in physiological traits for this strain (Supplementary Table §3).
Since most Bacillus species are phylogenetically close, 165 rRMA
analysis is not always exhaustive to obtain an wnambiguous
assignment (Rooney et al, 2009). To overcome this issue and
classify the strains at the species level, whole genome AMNI
was used (Table 4). Strain RHFB exhibited 96.95% ANI against
the genome of the closest relative Brevibacterium frigoritolerans
and was therefore identified as a B. frigoritoferans species. Strain
RHF2 was identified as Bacillus subtilis, based on 99.96% ANI
score. Strains RHF6 and RHFSIS were classified as members
of the Bacilius amylofiquefaciens species, exhibiting 99.26 and
98.36% ANI, respectively. Strain RHF12 was identified as Bacillus
halotolerans, based on 98.04% ANI score, while RHF15 was
classified as Bacillus gibsonii, showing 99.6% ANI score. As
shown in Table 4, RHFB, RHF12, and RHFS18 strains were
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FIGURE 1 | Phylogenatc tree of the spore-forming bacterts Isolated from
sait-pars. The pryogenatic fraa was Lehng the

KainCod BOrtm With modes GTH+ 1+ G4, based on 16S ANA gene
saquencas. Tha gene sequencas of tha Bolated baclena wera algned lo
reference bactets baionging 1o the tamly 2 to Genome
Taxonomy Datehasa {TDE). Node Support rapeesants the approdmate
Kaihood 1o teet (SLAT) 2nd s shown &t the comesponding noda of the
{ran. COSIrEILT MG 6 Used 25 an Ogoup.

univocally matched with the same species, while for RHF2,
RHF6, and RHF15 strains the two analyses returned different
results. This mismatch between the two methods of classification
is due to the poor discrimination between closely related species
of the Bacillus genus due to their high morphological,
biochemical, and genetic similarities (Celandroni et &l 2019).
Since taxonomy annotations based on genetic markers, such
as the 165 rRNA gene, can give variable results dependi

TABLE 4 | Classification of ihe seven s@iacted sirains,

16S IANA similarity ANI best score)
AEn B Myortolerans (100%) 8. trgortokrans [96.95%)
AE2 B, vekzensts 99.87%) £, SuDi®s 168 (99.96%)
REG B, velarensss {100%) B, amybiguatsciens [98.26%)
AE12 B halokrans (98.51%) . habtokrars (38.04%)
AF15 B suoths {100%) . qibsond (80.6%)
RESI0 B, haolokrans (97.5%) . valsmortss (23.48%)
AFSIE B amyokquetoiers (100%) B amyloiquatscens [98.36%)

Tha 165 rANA simianty and AN score agans! tho clsas? ralitva dantified from tho
phylogenctc analysts are raported for axch solats.

B. subtilis, B. amyloliquefaciens, and B. gibsomii, respectively
(Table 4). Only strain RHFSI0 could not be classified at the
species level due to the low ANI score (93.48%) when compared
with the closest relative Bacillus vallismortis and it was classified
as Bacillus sp. RHFS10 (Table 3). Further analysis will be required
to fill this classification gap.

Environmental Adaptation to Halophilic
Conditions

The phenotypic plasticity of the salt-pans isolates was investigated
by comparing their growth parameters against the closest Bacillus
species identified by the ANI analysis (Table 4). T

pH, and salinity ranges required for growth were evaluated.
These parameters are useful to identify distinct phenotypic
strategies used by microorganisms to better adapt to environmental
conditions (Agrawal, 2001). As expected, taxonomically closer
strains showed small differences when compared with each
other or with their representative species (red dashed lines in
Figure 2). As already highlighted by the phylogenetic analysis,
B. frigoritolerans RHFB strain presented a diverging phenotype,
especially considering the lower salt tolerance compared to the
other isolates. Interestingly, some strains, like B. halotolerans
RHFI2, B. gibsonii RHF15, and Bacillus sp. RHFSI0, showed
identical growth properties even though belonging to three
ditferent Bacillus species (Figure 2), while strains of the same
species, like B. amyloliquefaciens RHF6 and RHFSIS, exhibited
different adaptations to NaCl concentration and pH range.
Moreover, B. amyloliquefaciens RHFS like B. subtilis RHF2 were
able to grow at higher salt concentrations than their representative
species, suggesting an adaptive phenotypic variation to the high
salinity condition of salt-pans.

Analysis of Potential PGP and Biocontrol
Traits

To confirm the in vifro PGP characterization of the isolates,
a prediction of the genes (Figure 3) and proteins (Table 5)
involved in biocontrol activity and plant growth promotion
was performed. The analyses identified genes that can
be attributed to the strains ability to improve nutrient availability,

on the strain, ANI-based classification has been pmfmd in
this study when showing ANI scores 295% (Jain et al, 2018).
Based on this, RHF2, RHFS, and RHF15 were identified as

pathogenic fungi, and resist oxidative stress and quorum
sensmg in all analyzed genomes. For instance, the genome of
most of the seven strains included the pyrrologuinolone quinone

synthase (pqq) and the dependent glucose dehydrogenase (gdh)

Fronfiees In Mioiology | wwwTantiersin, org

Sepiamber 2021 | Volume 12 | Artice 716678

73



Peiriloatal

Halophilc Pant Growih Promoling Bacl

RHFS10 B

B halotolerans

R gihsonii

| S B S T Y
[T

B. vallismortis -

RHF6
RHF518

B. amyloliquefaciens ———

FIGURE 2 | Phenalypic plaslicity of the ssit-pen lsistes. Muthveriste polygons piols (Giovarnell et &L, 2021, In preparation] showing the growth lemperaiure
{gT=C), pH, and salrity {3 Ma) bounderiss obsanved for tha saven Isclatas (polygons) and the rangs for the ciosest reistve dentfiad by AMI jred dashad Ines).
Each ade represants the range for the spacfic varlables projected onta the axs. Mare Information sbout poiygons plat car be found st hitps:fgiovennalish.

gnub k/poygorspicy,

genes, involved in mineral phosphate solubilization as well as
antifungal activities and systemic resistance  induction.
Interestingly, both isolates B, anryloliquefaciens RHFS and RHFS18
did not carry the cofactor pgy gene cluster, suggesting that
other mechanisms could co-exist (Table 2). IAA is one of the
most common and effective plant-growth hormones. Besides
plants, most rhizobacteria can produce and secrete [AA,
increasing the and the yield of crops {Bunsangiam
et al, 2019} All the strains produced Tryptophan-2-
monooxygenase and Indole-3-acetamide hydrolase, able to
convert Tryptophan in Indole-3-acetamide and then in [AA,
respectively (Bunsangiam et al, 2009). The presence of other
tryptophan synthases orthologs (subunits a and b) in all the
analyzed genomes suggests alternative 1A A biosynthesis pathways
potentially involving different intermediates. This hypothesis
is supported by the observation that B. frigorifolerans RHFB,
one of the best 1AA producers among the isolated PGPE,
possessed the indole-3-pyruvate decarboxylase, a key enzyme

of another Trp-dependent pathway for IAA production (Sithon
et al, 2000).

All the strains were predicted to be potentially able to fix
nitrogen and produce nitric oxide, both wseful features in
agricultural practices (Ahmad et al, 2013), and to synthesize
polyamines, as spermidine and putrescine, and the ACC
deaminase, involved in lateral root development and plant
growth enhancement under abiotic stress (Xie et al, 20014
Gupta and Pandey, 2019).

As expected, the genome of all the halophilic Bacillus strains
contained multiple genes involved in antioxidant response, such
as peroxidases, catalases, superaxide dismutase, and glutathione
peroxidase (Hlassan et al, 2020; Figure 3; Table 5). Other
enzymes involved in abiotic stress responses were identified
in the strains, as the osmoprotectants choline dehydrogenase,
betaine-aldehyde dehydrogenase, and proline dehydrogenase
(Table 5). The predicted production of osmotically active
metabolites, as well as ROS scavenging enzymes, reflects the
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ability of the selected strains to survive in extreme environments, Finally, all the isolates p d in their g genes
as salt-pans and to potentially alleviate abiotic stress in  encoding for hydrolases involved in fungal cell-wall and starch
agricultural system. degrading pathways, confirming the results obtained with the
Frontiers In MKsoUIoogy | wwirontiersin.org 8 Saplember 2021 | Volume 12| Afide 715678

75



Peirilloatal

Haiophilc Pant Growth Promoting Bacll

TABLE b | Plant-Growin-Fromoting {raks-essociated profsng identfiad In tha probasme of Na sseciad Sirains and e sbundance.

PGP Trait RHFE RHF2

RHF& RHF42 RHF{5 RHFE10 RHF518

Phosphele
soiubiization

Nirogan fdng
NITIC 0 SinesE

|44 biosyninests

Putnescine and
Spamiding-restad
producion

=
=]

é
i

ACC deamiress

%
(= R

[==1

Antiowidant scihity

n oo=m

Abiolic slress

ol wal and
degradng

BON S oODL - D D R O--g o

[ R R L L ]

LS}

Moo= A [ 1
Zo o o
F R -]

L =T =l R e =]

W OO = mm A [

B RIRI D <k RIS B3 RA R
L = -0 - T T~ B~ - I}
BIRIM D DO A LRI R M DT DR
I R L ]
R ek ek ek ek DRI B3 RA R

in vitre analysis, except for strain B. frigoritolerans RHEB whose
genome did not carry o-amylase or cellulase genes.

Antimicrobial Activity Screening

To verify the antagonistic potential that emerped from the
genome-mining, the isolates were dually cultured with fungal
and bacterial plant pathogens (see Table 1 for a list of the used
phytopathogens). The results reveal that isolates inhibited plant
pathogens growth on plates with different efficiency (Figure 4).
Strains B. subtilis RHE2, B. amyloliquefaciens RHF6, and Bacillus sp.

RHFS10 showed a broad inhibitory spectrum, being able to
antagonize both phytopathogenic fungi and bacteria, while B
halotolerans RHF12 and B. anyloliquefaciens RHFS18 exhibited
an antimicrobial activity limited to fungi. The highest antagonistic
activity was observed for strain Bacillus sp. RHFS10, capable of
inhibiting the growth of most of the test pathogens, confirming
its bincontrol potential already observed by Castaldi et al (2021).
Unexpectedly. B. frigoritolerans RHFB exhibited no activity at
all. Nevertheless, in the last decade, this species has been identified
as a potential insect pathogenic hacterial species, with nematicidal

Frontiers InMITOgY | WwreTatiersin.org

Seplamber 2021 | Voume 12 | Artide 715878

76



Petmioatal Halophiic Pant Growth Promating Bacll
Control RHFB RHF2 RHF12 RHFS10 RHFS18
g |7
C. nicotianue i .
: { by
& vesicarium

FIGURE 4 | Pepresentative photogrephs of dusl cultura 3ssay for in viro mycalal growth niblion of fungal Fytopathogans.

activity (Selvakumar et al, 2011). The diversity observed in the
antimicrobial activity against plant pathogens highlighted the
phenotypic diversity of sand and rhizosphere isolated Bacilli,
suggesting that in nature plant-associated bacteria may encounter
different phytopathogens that may induce the acquisition of
different antagonistic activity.

Genome Mining for Biosynthetic Gene
Clusters

‘The biocontrol potential and the ability to enhance plant growth
of PGPB are mostly attributed to their bioactive secondary
metabolites. Proteins and metabolites released in the soil by
PGPB, indeed, are implicated in root colonization, as well as
in interactions with the plant immune response and the
surrounding niche (Lugtenberg and Kamilova, 2009; Pieterse
et al, 2014; Jamali et al, 2020). The strong antimicrobial activity
of selected Bacillus strains is most likely due in part to the
production of hydrolytic enzymes and siderophores observed
in in vitro assays and confirmed by genome analysis (Tables 2
and 5). To better investigate this antagonistic activity, the
biosynthetic potential of the halophilic PGPB was evaluated
by using antiSMASH 6.0.0 to predict both characterized and
unknown functioned secondary metabolites (Figure 5).

The bacterial isolates harbored BGCs coding for NRPSs,
polyketide synthases (PKSs), post-translationally modified
peptides (RiPPs), hybrid lipopeptides (NRPS-PKS; Figure 5A),
and the majority of the BGCs are assigned to known products
(Figure 5B; Supplementary Table $4). The unknown BGCs
are type 3 polyketide synthase (T3PKS), RiPPs and terpenes
(Figure 5C; Supplementary Table S4).

Novel Non-ribosomal Peptide Synthetases
and Bacteriocins
NRPs are modular enzymes that synthesize secondary
metabolites, some of which are known to be involved in
plant disease control (Ongena and Jacques, 2008). Several
bioactive compounds produced by Bacillus strains fit in this
category, such as surfactin or fengycin (Keswani et al,, 2020),
both of them exhibiting antimicrobial activity potentially
exploited for biocontrol in agriculture. We have identified
one novel BGC belonging to the class of the NRPs from B.
amyloliguefaciens RHF6 (Figure 6). This cluster of 66.3 Kb
has six genes encoding 25 domains, which include six
cond ion (C) domains, seven adenylation (A) domai
one coenzyme A ligase (CAL) domain, two epimerization
(E)  domai one thi (TE) d one
heterocyclization (Cy) domain and seven peptidyl carrier
protein (PCP) domains. Among them, 24 domains are essential
components of this cluster, and catalyze the incorporation
of seven amino acids into the final product exhibiting the
following sequence: D-Cys-Ser-Cys-Ala-Asn-D-Asn. This cluster
shows no similarity to any known BGCs reported in the
antiSMASH database (Supplementary Table $4). The single
heterocyclization (C) domain in the first module of the BGC,
could form a thiazoline ring from a residue of cystine (Cys).
Interestingly, many antimicrobial drugs expose a thiazoline
ring (Desai et al,, 2016). This allows us to speculate on the
potential antimicrobial activity of the compound produced
by this novel BGC.

The seven genomes were also mined for potential novel
bacteriocins BGCs using BAGELA. Bacteriocins are ribosomally
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synthesized antimicrobial peptides, generally active against
bacteria closely related to producers (Cotter et al, 2013),
and classified into three main classes: class 1 comprehends
ribosomally produced and post-translationally modified
peptides (RiPPs); class I unmodified peptides, and class 11
large antimicrobial peptides (Zhao and Kuipers, 2016). These
molecules are directed against competitive microorganisms,
and therefore generate a selective advantage for the producers.
Generally, bacteriocins are highly specific against their
target, although some might have a wider spectrum

(Jack et al, 1995). The analysis made using BAGEL4, returned
15 regions of interest (in contrast with the antiSMASH
analysis which revealed a higher number of bacteriocins,
Supplementary Table 54), even though only six of them
could be classified as novel bacteriocins, sharing <70% of
similarity with known sequences from BAGEL4 database
(Figure 7).

One orphan BGC of 27 genes is carried by both B
amyloliquefaciens RHF6 and RHFS18 strains (Figures 7a.1,d.1),
although the core biosynthetic genes encode two different
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precursor of 40 and 29 amino acids, respectively,
sharing 41.03 and 57.14% of similarity with ComX4 from the
B. subtilis group. In particular, ComX4 belongs to the ComX
subclass of RiPPs according to the BAGEL4 database, and it
is part of a major quorum-sensing system that regulates the
development of genetic competence (Okada et al, 2005) and
the production of surfactins {Caulier et al, 2019). Bacillus

amyloliquefaciens RHF& also harbors a BGC of 23 genes
(Figure 7A-a.2), with the core biosynthetic gene encoding a
63-amino acids precursor peptide, showing a similarity of
36.51% compared to Uvili, a class 11 bacteriocin first identified
in the mobilizable plasmid pIP404, from C. perfringens, known
to be bacteriocinogenic (Garnier and Cole, 1988). Interestingly,
two different BGCs containing the same gene encoding for a
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putative UviB-like bacteriocin, were found in strains B. gibsomnii
RHFIS (Figure 7B) and B. amylaliguefaciens RHFSIS ( 7D-d.1).
Their precursor peptides share 421 and 33.4% similarity
with UviB,

Finally, Bacillus sp. RHFS10 carries an orphan 28 genes
BGC with a core biosynthetic gene encoding a 40-amino
acids peptide sharing 35% of similarity with the competence
pheromone of B. subtilis 168, a RiPP belonging to class
1 hacteriocins. Bacillus species are known to synthesize many
well-studied bacteriocins, such as subtilin, ericin, paenibacillin,
subtilosin, thuricin, and coagulin (Abriouel et al, 2011).
Anyway, it is impossible to predict if the six compounds
produced by strains B. amyloliquefaciens RHFs, and RHFS18,
B. gibsonii RHF15 and Bacillus sp. RHFSI0 actually have
antimicrobial properties from genome sequence data only.
Despite this, the antagonistic activity exerted by RHFs, RHF
15, RHFS10, and RHFSIE strains observed previously in
in vitro assays (Table 6) could be associated with these
potential compounds. This will need to be validated by
further experiments.

CONCLUSION

In a historic moment in which the increasing population
coupled with land degradation aggravates crop production,
the use of plant growth promating bacteria to ensure agricultural
productivity has a huge impact on owr society. These soil
microorganisms enhance plant performance and represent an
eco-friendly alternative to chemical fertilizers and pesticides
(Hashem et al, 2019). When applied directly to the soil,
PGPB enhance plant growth by different action mechanisms
such as the production of different phytohormones, accelerating
the mineralization of organic matter and improving the
bioavailability of the nutrients, and protecting plants from
pests’ damages. The beneficial activity exerted by PGPB is
in part mediated by a broad spectrum of secondary metabolites
and enzymes. For example, polyamines, such as spermidine,
play important physiological and protective roles in plants,
resulting in an increase in hiomass, altered root architecture,
and elevated photosynthetic capacity. Until recently, these key

metabolites were uncovered only by systematic investigation
or by serendipity, often understating the PGPB potentiality
during their screening. Many genes involved in PGB activity,
in fact, could be silent under standard laboratory conditions,
due to the absence of appropriate natural triggers or stress
signals,. More recently, the onset of the genomic era has
facilitated the discovery of these ecologically important
metabolites and novel strategies became available for
PGPR characterization.

For example, genome mining allows to look over the whole
genome of @ PGPB strain and highlights genes encoding
beneficial enzymes, involved in the enhancement of plant
nutritional uptake or modulation of hormone levels, as well
as for antimicrobial-encoding BGCs.

In this work, we have isolated soil halophilic Bacilli and
performed their screening for PGP traits by using standard
laboratory procedures and whole-genome  analysis.  Bacilli
represent a significant fraction of the soil microbial community
and some species are categorized as PGPB (Cazorla et al,
2007). They are also able to produce endospores, which besides
enduring harsh environmental conditions fatal for other cell
forms (Petrillo et al, 2020), permit easy formulation and storage
of commercial PGPE-based products. In addition, salt-tolerant
PGPB can easily withstand several abiotic stresses and ameliorate
plant growth in degraded soil

Seven Bacillus strains have been selected for in vitro
PGP traits and identified at the species level by genome
analysis. Based on genome mining. not only have
we confirmed the beneficial activities PGP found by in
vitro analysis, identifying the involved genes but also we have
highlighted their strong potentiality by the discovery of
novel biosynthesis gene clusters. Our results demonstrated
that the genomic analyses, as genome mining, allow a full
investigation of PGPE biosynthetic capacity for secondary
metabaolites and proteins and represent useful tools in the
characterization of plant beneficial bacteria. Mevertheless,
the divergences observed between the predicted biocontrol
functions by found gene clusters and the results obtained
by in vitro analysis, highlight the need of combining
lshoratory-assays and genome-mining in identification of
new PGPB for future applications.

Frontiers InMicoibioiogy | wieTanersin,org

‘Sapilamber 2021 | volume 12 | Artide T1BETE

80



Peirfloat al

Halophilic Pant Growth Promoting Bacll

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

AUTHOR CONTRIBUTIONS

RI: conceptualization, supervision, project administration, and
funding acquisition. 5C and CP: methodology. SC, CP, ML,
and MS: validation and formal analysis. SC, CR and DG:
investigation. SC, CP. M5, AC, and RI: data curation. RI, 5C,
CF, and DG: writing original draft preparation. All authors
have read and agreed to the published version of the manuscript.

REFERENCES

Abetousd, H, Frane, C. M. A P, Ben Omar, N, and Gibwer, A (2011). Diversity
and apphictions of Bacillies bacteriocins. FEMS Micmbiol Rev. 35, 101-232.
dok 101111 574-6576.2010.00244.x

Agrowal, A A (2001). Phenotypic plastictty in the interactions and evalution
aof species. Sciemcr 204, 321-316. dat: 10.1126/sckence 1080701

Abmad, M., Zahir, 7. A, ¥haltd, M, Nadi, E, and Arshad M. (2013). Effiacy
af Rhtzobtem and Preudomonas strains to improve physiclogy, loalc balinoe
amd quality of mung bean under mlt-afected conditions on frmer’s Gelds.
Plamt Physiol. Biochem. 63, 170-176. dot: 1001016/ plaphy.2002.11.024

Adler, | {1966). Chemiotaxts in Bacterla, Science. 153, TUB-T16. dok 101126/
sclence 1533737708

Amaya-Gémez, C. V, Porcel, M., Mesa-Garriga, L, and Gimer-Abvarer, M. L
{2030}, A framework for the selection of plant growth-promating rhizobactzria
hased on bactertal competence mechantsme. Appl Environ. Micmobiol B,
00760200820, dat: 10.11 28/ AEM 0078020

Amwar, UL B, Zwar, | B, and de Soeza, A O (2020). "Chapiter 12: Blomolecules
produced by extremophiles micoorgantsms and recent discoveries,” tn New
and Future Develapments in Microbial Biotechnology and Bioengineering.
ed A G. Rodriguas (Elsevter], 247-170.

Babalala, 0. 0. (20000, Beneficl bacterla of Impartance. Biotechnol
Lett. 37, 1555-1570 dot: 10.1007/510525.010-0347-0

Blin, K. Shae, 5, Steinke, K., Villehro, B, Zlemert, M., Lee, 5 Y et al. (2015).
antiEMASH 5.0: updates to the secondary metabalite genome mining pipeline.
Nucleic Acids Res. 47, WBI-WE7. dal: 10.1093/narigkz310

Balger, A. M., Lohse, M., and Usadd_ B. (2014). Trimmomatic: a fexthie trimmer
for llumina squence dat. Bioiglrmatic 30, 2114-2120. ol 101083/
Totnformatica it | 70

Ham, 5, Sakpuntoon, ¥, Snssk, N, Otashy T, Fejtyama, K, and
Limtong, 5. (2019). Biosmibesic pathway of indols3acetic aod
basidiomycetous yeast thodosporkdioboles Suvialls. Mycobiology 47, 191-300.
dot= 101080V1 21258053, 2015 1638672

Canglano, G, Mazone, A. Bacciglepl, L. lsticato B, Exchenberges, B, De
Feltcr, M., et al {000}, Direct and indirect control of late sporsbfion genes
by GerRl of Baclbi subtilic | Bacteriol 190, 3406-3413. doi 10.1128/H.
oBE. 10

Cangtana, G., Strec, T, Panarella, €., lsticain, R, Baccigalupt, L, De Felice, M.,
et al. (2014). The sps gene products afect the germination, hydrophobicty,
and protein adsorphion of Bacilhes subfilis spores. Appl. Environ. Micobiol
B0, 72937301 dok 10.1128/AEM.0IES3- 14

Castaldi, 5, Petrille, C, Domadio, G, Paz, B 1, Cimmino, A, Mast, M,
et al. (2021). Plant growth promatton function of Bacillus sp. stradns isalated
froemn salt-pan rhizosphere and their Bocontrol potental against macrophamina
phasenlina. It [ Mol S 223334 dot- 103390/ msTH73324

Casller, 5, Nannan, C, Gillls, &, Uoctardl F. Bragard, C., amd Mahillon, |
(2009}, Crverview of the atimicroblal compounds prodeced by members af
the Bacillus subtils group. Front Microbiol 10:302. dol- 10,3380/ fmach. 2019.00302

ACKNOWLEDGMENTS

We thank Marcelo Anibal Carmona (Facultad de Agronomia,
Citedra de Fitopatologia, Universidad de Buenos Aires,
Buenos Aires, Argentina) for supplying the phytopathogenic
fungi (M. phaseoling, C. truncatum, C. nicotiange, and . teres)
used in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: hittps:/fwww frontiersin org/articles/10.3389/fmich 2021.7 15678/
full#supplementary-material

Cazorla, F. M., Romers, [, Pérez Garcia, A., Lugtenberg, B. ]. ], &= Vicense, A,
and Bloemberg, G. (2007). [solation and characiermtion of antagoaistic
Bacills  sbfiis strains from  the avocado 1 displaying
blocontral activity. L Appl Mioobiol 103, 1950-1959. dat. 101110/
J1365. 2672 2007.03433

Celandront, F, Vecchions, A, Cara, A, Mzmotnt D, Lepems, A, and
Ghelards, E (2019). Identication of Bacillus speciss: implication an the
«quality of probotic formulations. FLoS Owe 1400217020 dot: 1001371/ joursal
pane 0217021

Catter, ! [ Ross, B. P, and Hill, C. (2013). Bacteriocins: a viable altercative
to antthtoncs? Nt Bev Micobinl 11, 95-105. dot: 10U103&/mrmicra 2437

Carrado, L, Petrillo, C. Isticatn, B, Casilio, A, Corsro, M. M., Sania, G
etal (2021} The power of twe: An artifidal micoblal consarium for the
conversion of inelin tnio Polyhydroryalianoates. it | Biol Macromol 159,
494-501. dol: 10,1016/ 1jbtomac 2021 08 123

Damodaran, T, Sah, V. Rat, B B, Sharma, I K, Mishra, ¥ K, Jha, 5 K
et al. (2013). lsalation of salt talerant endophytic and rhizosphenic bacterta
by matural seection and screening for promising plant growth-promoting
rhimbacieria (PGPR) and growth vigour in tomabo under sodic environment.
Afr. . Microbiol, Res. 7, S082-5089. det: 10,5897/ AJMEI013.£003

Desal, N. C, Malowana, A H., and Rajpara, K M. (2016). Synthesis and study
of 1,3,5-trtaxine hased thiazole dertvattves 3 antimicrobtal agents. | Saudi
Chem. Soc. 20, S334-5341. ded: 1001006/ scs 2012.12.004

Eren, & M., Kiefl, E. Shather, A, Veselt [, Miller 5. E. Schechter, M. 5
et al (2021). Commentty-led, imegrated, reprodecthls meltt-omics with
anvia. Microbiol 6, 3-6. dot: 10.1038/531564-000.00834.3

Eiesami, H., Mirsyed Hosseint, H, Alikhant, H. A and Mohammad, L (3014}
Bactertal biosynthests of 1 amimocyclopropane- | -crboryiate (ACC) deaminase
and Indole-3-acetic add (IAA) as endophytic preferential sdlection trais by
rice plant seedlings. | Flamt Growth Regul 33, 654-670. dot 101007/
sD0344-004-5415.3

Gamnter, T, and Cale, 5 T. {1588). Complete nodeofide sequence and genetic
organtzation of the bacteriocinogenic plasmad, plPal, from Clostricfum
perfringens. Plasmid 19, 134-150. dot: 10.100&0147-619X(B8)190052-2

Giglio, B, Fanl, B, Isticaio, R, De Felice, M, Ricca, E, and Bacdgalepl, L
(2011). Orgastzation and evelutton of the oot and cotHl genes of Bacifiu
subtilis. |, Bacteriol, 193, 8664-6673. dat: 10.1128/JB.06121-11

Ghk, B K., Cheng, X, Czamy, |, and Duan, | (2007). Promotion of plant
growth by ACC dsaminase producing soll bactena Fux [ Plant Pathol
118, 329-339. dot: 10.1007/s10638-007-9162-4

Goberna, M., Garcia, C., and Verd, M. (2014). A rols for biosc flering 1n
driving pinlogenetic custering in soll bacterial communitles. Giok Ecol
Bingengr. 73, 1346-1355. dot= 1000111/ geh 12237

Gordan, 5. A, and Webar, & P (1951} Colorimetric ssttmation of indolsacetic
actd. Plamt Physiol 16, 192-195. dal: 10.1104/pp.26.1.192

Gupta, 5, and Pandey, 5 (2190, ACC dearminase producieg bacteria with multir o
plant growth prometing falls dlevisies slinlty stes In french ben
(Phaseohs valparis) plants, Fromd Mioobinl 1061506 dot: L0389 Emich2019.
01506

Fronlies In Micrbigiogy | wie nantirsin.ong

Sepiembear 2021 | Volume 12 | Aride T1B878

81



Periioatal

Haiophilc Pant Growth Promoiing Sacll

Hashem, A., Tabassem, B, and Fathl Abd Allsh, E (2019). Bacillus subsifis:
a plant-growth promoting rhizobacteriem that also mpacks blobic siress.
Saudi [ Biol. Sci. 26, 1291-1297, det: 10,1006/ 5fbs.2019.05.004

Hassan, A. H. A, Alkhalifah, I H. M., Al Yousef, 5 A Heemster, G T 5,
Mousa, A. 5 M, Homen, W. N, ot al (2000). Salinity stress enbances
the antloxidant capadity of Bacilus and Planowons species tsolated from
sine lake envirooment Fromt. Micohiol 11:561816. dok 103383
fmich2020.561816

Hartal, |, Carrascal, L, Triants, K, Thébawh, ¥, and Mairt, 5 (2013} Spacas
richness can decrease with alifude bet not with habiiat diversity. Proc
Natl. Acad S [0 5 A 110, E2I49-E2150. dot: 1001073 pnas 1301663110

Jack, B. W, Tagz, | R and Hap B. (1995). Bacteriocins of gram-positive
bacterts. Micobiol Rev 55, 171-200. dot 1001128/mr 59 2 171001995

ladhav, H., Shaikh, 5, and Sayyed, R. (2017). “Role of hydrobytic sneymes of
rhizoflora tn blocoatrol of fungal phytopathogens: an overview! in Riszotmjpls:
Plamt CGrowth Promation to Bioremediation. &d. 5. Mehnaz (Singapare: Springar
Singapore) 183-203.

hain, C, Rodrigues- B, L M, Phillippy, A M, Konstantinidis, K. T, and Aluru, 5.
(2018). High thmoeghput AN anaysis of 50K prokaryotic genomes reveals
dear species boundaries. Nat. Commee 35114 dot: 1001038/ 1867-01B07541 .9

Jamale, H., Sharma, A., Rookt, and Srivastrva, A K. (2020). Biocontrol potential
aof Badlus subtilis RHS against sheath blight of ree cused by Rhizocionla
salany. | Basic Microbiol &0, 168-280. dot: 101000/ jobm J0I900347

Eswani C., Sngh H B, Garcla-Estrada, C, Carades, [, He Y-W,
Memache-Atchour, 5, et al (2020). Anttmicrobial secondary metabolites
fromn agriculiurally tmportant bacterla as nexd-generation pesticides. Appl
Microbiol. Bistechnoal 104, 1003-1034. dot= 10_1007/00253.019. 10300.8

Kumar, A, Prakash, A, and Jchr, B. (2011}, "Bacilles a5 PGFR tn crop scosystem,’
in Bacteria m Agmiiology: Crop Ecosysiems (Springer Berlin Hetddlberg), 37-55.

11, Z, Chakmborty, P, de Vles, B H_, Song, O, Thaa, X, Rodfes, G, et al.
(2020). Chamac af two T belonging 1o 2 novel dass of
circubar Hpopeptides that act against gram-negaitve bacierdal p
Emvirom. Microbiol 12, 3125-5136. dot: 10.111171462-2920.15145

Lugenberg, B, and Kamilova, F (3009} Plant-growth.promoting rhizebacterta.
Az Rev. Microbiol. 63, 541-356. dot: 10.1 146/ annerev.micrm S 2081 307162918

OTole, G AL (2011}, Microtiter dish biofilm formabion assay. [ Vis Exp
30337, dol: 10.3791/2457

Okada, M., Sato, [ Cha, 5. | Iwata, H., Nishia, T, Dubmas, D et al. (2005).
Strecture af the Badlies subiifis quorum-semsing peptide pheromane ComX
Nab Chem Biol 1, 23-24. det: 101038/ nchembia? 09

Ongena, M., and facques, P {2008). Bacilles versatile weapons
for phnt disense bocontrol. Tremds Microbial 18, 115125, dot 101016
Um 2007 12009

Pal, B K. and McSpadden Gardener, B. (20068} Biologtcal control of plant
pathagens. Plant Health [nstr 2, 1117-1142 dok: 10.1094/PHI-A-2006-1117-02

Pérer-Miranda, 5, Cabtrol, N, George-Téler, R, Zamadto-Rivera, 1. 5 and
Fernindez, F. | (2007). O-CAS, a fast and untversal method for sidarophore
detection. || Microbiol Methods 70, 127-131. dat: 10.1016/). mimet 2007 03,023

Periot, 1., Caffy, T, Rossi, V., Mugnal, L., Hoffmann, C, Granda, M. 5, et al
(2017} A critical review of plant protection tools for reducing pesticide
use on grapevine and new perspectives for the implementaton of IPM =
vittoutare. Crop Prod 97, T0-84. dok 10.101&/).crapro.2016.11.025

Pesce, G, Rusclano, G, Sasso, A Isicato, B, Strec, T, and Ricca, E (2014).
Surface charge and by coefficlent of Bacillus subtilis
spore by optical tweesers. Colloids Surf B Bisinterfaces 116, 568-575. dok
10,1006/ colearfs 701401 039

Petrillo, O, Castaldy, 5, Lanzilll, M., Saggese, A, Domadia, G, Baccgalupt, L,
et al. (2000). The temperature of growth and sporulation modulates the
efficency of spore-dlsplay In Bacilles sublilis. Micob. Cell Factories 19:185.
dot: 10.1186/512534-000-01 4466

Prgterse, O M. |, Zamtoudss, T, Barendsen, B L, Weller, I M., Vo Wess, 5 C M.,
and Bakker, P AL H. ML (2014). Induced systemic resistance by henefictal microbes.
Ammz Rev Phytopathol 52, 347-375. dok: 10,1146/ smurey-phyto-082712- 102340

Mkovsiaya, B 1 (1945). Mobllization of phosphorus In soll in connection
wtth the vital activity of some microblal spectss. Mikmbiolsgiye 17, 362-370.

Reddy, K. K. N, Redéy, C. 5, and Mumlidharan, K. (2009} Potential of
botanical and biocontral agents on growth and afhtoxin production by

Aspergilles flavus Infecting rice grains. Food Comral 20, 173-178 dok
10.10164) foodcont 2008.03.008

Rodripeer-Echeverra, 5, Lomano, Y. M., and Bardgett, R [L (2016). Influznce
of soll micohiota in nurse plant systems. Fomct Eeol 30, 30-40 dok
10.111171365-2435.11584

Roaney, A. B, Price. N. B L. Ehrhards, C, Swezey, | L. and Bannan, 1. DL
(2009). Pviogeny and molecular taxonomy of the Bacillus subtilis species
compler and description of Bacilluy subdilis ssbsp. Inaquosoram subsp. now.
Int | Spst. Evol Micrbiol. 50, 2470-2436. dat: IO.IW:;LG.ODGJM

Schiraldt, ., and De Rosa, M. (2016}, T
of Membmanes. eds. & Driclt nd L. Giormo {Berlin, Hedelberg: Springes
Berlln Hetdelberg), 1-1

Schochitz, M. Ceballos, . and Clampl, L. (2013). Effect of immobifized
phosphate solubtizing bacteria on whent growth and phosphate uptake. [
Soil Sci Plant N 13, 1-10. dol: 104067/50718-9516201 3005000001

Seemann, T. (2014). Prokka: rapid prakaryotic genome annotation. Bisinformatics
30, 2068-2065. dol: 10.1093hiotnformaticsbiul 53

Sehvakmmar, G, Sushil, 5. N Sanley, |, umu Decl, A, Rat, [, et al
(2011). af Anomiala
dimidiats and Halotrichia longipennis tSanbuﬂda: Coleopiera). Bincontral
Sci Tech. 11, 811-B27. dot |0UL0B0VDSSE3IST 2011 588021

SheMtana, K. Kee Zuan, A T, Yusop, M. R, and Sawd, H. M. (2020}
‘Characterizatton of salt-talerant plamt growth-prometing rhizobacteria and
the effect on growth and yield of saline-affacted rice. FLoS Ome 1520038537,
ded: 10.1371/journal pone 0238537

Sitbon, E, Astot, €., Edlund, A., Crozler, A, and Sandbers, G. (20001 The
relattve Importance of tryplophan-dependent and trypiophan-independent
bosynthests of Indole3-acetic actd I tobacco during vegetative growth.
Planta 211, TI5-TIL. dot L01007/:004250000338

van Hed, A [, de Jong, A, Song. C. Viel, | H. Kok, |, and Kuipers, O. B
(2018). BAGEL4: a user-friendly web server in thoroughly mine RIPPs and
bacteriodns. Nuclic Acids Res 46, WITB-WIEL dai: 101083narf
gky3B3

Ventasa, A, Mieto, | |, and Oren, A. {1998). Biology of moderately halophilic
serobic bacterta. Mioobiol Mol Biol Rew 62, 504-544. dai: 10011287
MMBR.£1.1504-544.1558

Xiz, 5.5, Wu, H.[, Zamg, H-Y, Wy, L-M, The Q.Q, and Gz, X-W
(2014). Plant growth promotion by spermadine-producing Bacille subfifis
OKBIOS. Mol Flant.Micobe Interact. 17, 655-663. dat: 1000540
MPMI-01-14-0010-R

Xu, 5 L and Kim, B. S (2014). Bocontrol of fasarium crown and root rat
and promation of growth of tmain by pamibacilles strains tsalated from
soll. Mycobioiogy 42, 1538-166. dot 10.5941/MYO0.2014.42.2.158

Yoan, 5.-H, Ha, 8.M_, Lim, |, Kwon, 5, and Chun, I {(MI7). A large-scale
evaluation of algorithms to calculate average mucleotide Identity. Amiomic
Van Leemnwenfioek 110, 12811286 dol: 10.1007/s10482.017-0844-4

Zhao, X, and Kulpers, 0. B (2016). Jdenttficatton and classtficatton of kniown
and putattve anéimicrobial compoands produced by a wide variety of Bacillales
species. BMC Genoweics 17852 dot: 10.1186/512864-016-3224-y

Conflict of Interest: The authars declare that the ressarch was condected in
the absence of any commerdal or financial reationships that coeld be constreed
= a polendal conflict of inferest.

Publishers Nofe: All datms expressed tn this artice are scldy thoss of the
zmthars and do not necesanly represent those of thetr affiftated cepanirations,
or those af the publishes, the editors and the reviewers. Any prodect that may
be evaleaied in this articde, ar datm that may be made by fts manefacturer, s
not guzranized or endorsed by the publisher.

Copyright © 2021 Petrillo, Castalefi, Lamzil, Seici, Cordome, Ciovanmelli amd Isticate.
This & an open-access article distribuded wader the levms of the Creative Commons
Attribnation License (0O EY). The uss, distribwtion or reprocuction in other forams
s permitfed, provided ffe original sutfor(s) and the copymipht owner{s) are crediied
and that the arigingl publication i this fowrnal is cited, in accondance with aoospied
academic practice. No uss, dismibution or reproduction is permitied which does not
comply with these ferms

Fronlers InMIcRbiiogy | wwerantisrsin.ong

‘Seplamber 2021 | Woume 12 | Aride 71 BETE

82



CHAPTER IX: Heavy Metal-Tolerant PGPR strains and
amelioration the growth of in wheat plants in Copper contamination
soil.

During the period spent in the foreign laboratory at Helmholtz Center
for Environmental Research - UFZ (Germany) under the direct
supervision of Dr. Thomas Reitz, | have analyzed if the inoculation
of some of 7 Bacilli, previously selected and studied in Petrillo and
Castaldi et al. 2021, can be used as phytoremediation of heavy-
metal-contaminated soils.

9.1 Introduction

Heavy metals (Zn, Zinc; Ni, Nikel; Co, Cobalt; Cu, Copper and, Cd,
cadmium) have been widely distributed and a prominent
apprehension for sustainable agriculture and human welfare
(Rizwan et al., 2016). They have been discharged into the
environment through anthropogenic activities such as fertilizers,
industrial wastes, pesticides, mining, sewage etc. (Zhang et al.,
2015). Many of these metals act as vital nutrients for plant growth
under optimal concentrations but when they exceed their optimal
limits, they tend to be toxic in nature (Gall et al., 2015). There is
undoubtedly an urgent need to promote crop productivities by
eliminating the metal toxicities from the food chain.

Among these, Cu is an essential micronutrient required in small
amounts for normal plant activity. Currently, Cu pollution in
agricultural soils, due to arbitrary use of pesticides, fungicides,
industrial effluent, and wastewater irrigation, presents a major
concern for sustainable agri-food production, especially in
developing countries (Adrees et al., 2015). Plants, in general, are
very sensitive to Cu toxicity, displaying metabolic disturbances and
growth inhibition at Cu contents in the tissues only slightly higher
than the normal levels. Excess Cu inhibits a large number of
enzymes and interferes with several aspects of plant biochemistry,
including photosynthesis, pigment synthesis, and membrane
integrity. The most important effect is associated with the blocking
of photosynthetic electron transport, leading to the production of
radicals which start peroxidative chain reactions involving
membrane lipids (Adrees et al., 2015).
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Metal immobilizing and metal-resistant plant growth-promoting
rhizobacteria (PGPR) have recently been studied to stimulate
growth and reduce the bioavailability of heavy metals and their
accumulation within plants (Wang et al., 2018). Metal resistant and
growth-promoting bacteria provide resistance to plants in metal-
polluted sites by the production of plant hormones such as indole-3-
acetic acid (IAA), gibberellins etc. They also lead to the production
of solubilizing phosphates, siderophores, and 1-
aminocyclopropane-1 -carboxylate (ACC) - deaminase that
promotes the plant growth and defense properties and reduces the
translocation of heavy metals within the plant tissues (Chandra et
al., 2018). The objective of the present study was to explore the role
of 7 halophilic Bacilli (Bacillus subtilis RHF2, Bacillus
amyloliquefaciens RHF6, Bacillus halotolerans RHF12, Bacillus
gibsonii RHF15, Bacillus frigoritolerans RHFB, Bacillus
spp. RHF10, and Bacillus amyloliquefaciens RHFS18) were
previously characterized and identified as promising plant growth-
promoting bacteria PGPBs in Petrillo and Castaldi et al. 2021, if they
improve the wheat plant growth in Cu-contaminated soil with in
Vivo experiments.

9.2 Methods

9.2.1 Determination of Heavy Metal Tolerance

The heavy metal resistance of 7 Bacilli isolates was measured as
described by Xiumei et al, 2014 with some modifications. Bacteria
were grown in LB broth a 37 °C up to the exponential phase (~0.8
OD/mL). 150 pL of bacterial cultures (108 cells/mL) were inoculated
into 15 mL of 0.7% LB agar and left to solidify in a Petri dish. ZnSO4
X 7 H20, CdClz, CuSO4 x 5 H20, CoS0Oa4 x 7 H20 and (NH4)2Ni(SOa4)2
x 6 H20 were added to the medium with spot-inoculating 5 pL at
different final concentrations (from 0.1mM to 50 mM). After
incubation at 28°C for 3 days, the minimum inhibitory concentration
(MIC) was defined as the lowest concentration of metal salt inhibiting
bacterial growth.

9.2.2 Detection of the heavy metal resistance genes (HMRGS) in
Bacilli strains

Genes involved in heavy metal resistance in 7 Bacilli genomes were
identified by performing BLASTP searches against the BacMet
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database (Pal et al., 2014), which contains genes with
experimentally confirmed metal resistance functions.

9.2.3 In vivo assays: wheat Inoculation

To evaluate the efficacy of select Bacilli a pot experiment was
conducted in greenhouse with growing conditions: at 23°C in
photoperiodic conditions (16 h light and 8 h darkness) for 30 days.
The wheat seeds (common wheat (Weichweizen) variety "Quintus”,
unstained seeds (ungebeizt)) were surface sterilized by washing
with 70% ethanol for 1 min followed by three washings with sterile
distilled water. Thereafter, the seeds were treated with 1.5% sodium
hypochlorite (NaOCI) solution for 5 min followed by six times of
successive washings in sterile water to remove all traces of the
disinfectant (Rudolph et al., 2015).

Three select bacteria for inoculation of the plants were grown
separately in LB broth at 30+2 °C overnight. The cultures were
centrifuged at 5000 rpm for 10 min and the pellets were washed
three times with sterile distilled water and resuspended in a final
concentration of 1x107 cfu/mL.

Then, the seeds were inoculated with three different strains and with
a consortium of the three same select bacteria at room temperature
overnight in a sterile hood. Seeds inoculated with sterile distilled
water were used as a control.

Three wheat seeds equally spaced were sown in each plastic pot
containing 1 kg soil (Albic Luvisol from Thyrow Research Station).
Before sowing the seeds, the soil was treated with 7mM of CuSO4 x
5 H20 and as control with 7mM of MgSO4 dissolved in 2L of water
and spray in soil.

The weight of each pot was marked and finally re-marked to check
the water evaporation. The experiment was carried out with three
replicates of each treatment in a completely randomized design
(CRD). The plants were collected for further analysis at 30 days after
sowing (DAS).

9.2.4 Growth Parameters

Wheat plants were carefully harvested from the soil at the end of

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

9.2.5Evaluation of Heavy metal tolerance index

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

Dry weight of Treated Plants

100
Dry weights of Untreated plants (CN) x

%Heavy metal tolerance index =

9.2.6 Statistical analysis

All the statistical analyses were performed using GraphPad Prism 8
software. Data were expressed as mean + SEM. Differences among
groups were compared by ANOVA or t-test as indicated in figure
legends. Differences were considered statistically significant at p <
0.05.

9.3 Result and discussion
9.3.1 Heavy metal tolerance

The seven bacterial strains used in this study were isolated from the
salt-pan sand and the rhizosphere of Juniperus sabina in the
National Park of Ses Salines d’Eivissa, Formentera (Spain).

These bacteria were selected from the collection of 43 isolates, for
their high potentiality as biofertilizers and biocontrol agents emerged
with in vitro experiments and with genomic analysis (Petrillo and
Castaldi et al., 2021). In this study, were further analyzed for heavy
metal tolerance (Zn, Cd, Cu, Co, and Ni). Initial screening to detect
the minimum inhibitory concentration (MIC) of five representative
metals demonstrated that all bacteria are more resistant to Cu, Co
and, Ni with mM between 10 and 15. Only the strain RHFS18
showed the highest (MIC) level against Cu, up to 18mM.

However, bacteria not shown the same tolerance for Zn and Cd with
MIC between 0.1 and 5 mM (Table 1).

Table 1: Minimum inhibitory concentrations (MICs) of bacterial isolates against
five heavy metals.
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Strains In(mM) Cd(mM) Cu(mM) Co(mM) Ni{mM)

B. subtilis RHF2 1 0.2 10 1 10
B. amyloliquefaciens RHF6 1 0.2 10 10 12
B. vallismortis RHFS10 5 0.2 12 10 10
B. halolerans RHF12 2 0.2 10 5 12
B. gibsonii RHF15 4 0.2 15 15 10
B. amyloliguefaciens RHFS18 3 0.1 18 12 10
B. frigoritolerans RHFB 3 0.1 10 12 12

Zn, zinc; Cd, cadmium; Cu, copper; Co, cobalt; Ni, nickel.
9.3.2 Genes and proteins involved in heavy metals tolerance

To confirm the in vitro characterization of the isolates, a prediction
of the genes and proteins (Table 2) involved in heavy metal
resistance activity was performed present in the proteome of
selected bacteria. As expected, the genome of all selected Bacilli
strains contained multiple genes involved in heavy metals
resistance. Only in Ni and Co metals bacteria present lew resistance
genes, except the strain RHFB. This suggests that the bacteria use
other strategies to increase the resistance, such as chelation or the
precipitation of toxic metals.

Table 2: Heavy metals associated proteins identified in the proteome of the
selected strains.
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Metals Protein RHFS2 RHF6 RHF12 RHF15 RHFB RHFS10 RHFS18

Copper-sensing transcriptional repressor CsoR X X X X X X X
Copper chaperone CopZ

Cu Copper-exporting P-type ATPase
Copper transport protein YcnJ
Transcriptional activator protein CopR
Copper homeostasis protein CutC - - - -
Copper methylamine oxidase - - - -

X
X
X

X X x X
X X X X
X X X X
X X X X X x
X X x X
X X x X

Nickel transport system permease protein NikC - - - -
Ni Nickel transport system permease protein NikB - - - -
Nickel-binding periplasmic protein - -

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

X X x X

Zinc-type alcohol dehydrogenase-like protein SA1988 - -
zinc-specific metallo-regulatory protein - - X -
Probable polyketide biosynthesis zinc-dependent hydrolase PksB X X -
Uncharacterized zinc protease Rv2782c - X
Cadmium, cobalt and zinc/H(+)-K(+) antiporter X X
Putative peptide zinc metalloprotease protein YydH - - - - -
Putative zinc protease AlbF X -
Cadmium, zinc and cobalt-transporting ATPase -
Zinc-dependent sulfurtransferase SufU -
High-affinity zinc uptake system binding-protein ZnuA X
Zn High-affinity zinc uptake system ATP-binding protein ZnuC X
High-affinity zinc uptake system membrane protein ZnuB X
Zinc-dependent sulfurtransferase SufU X
Probable zinc-binding alcohol dehydrogenase Rv1895 X
Periplasmic zinc-binding protein TroA X
X
X
X
X
X

x X x
X X x <

x X

X X X X X
X X X X X X

Uncharacterized zinc-type alcohol dehydrogenase-like protein YjmD
ATP-dependent zinc metalloprotease FtsH

Zinc-transporting ATPase

Zinc-specific metallo-regulatory protein

Putative peptide zinc metalloprotease protein YydH

Zinc transporter ZitB - - - - X - -
Zinc transporter ZupT - - - - X - -

X X X X X X
X X X X X X

Cadmium-transporting ATPase - - - - -
Cadmium, cobalt and zinc/H(+)-K(+) antiporter X X X
cd Cadmium, zinc and cobalt-transporting ATPase X X X
Cadmium-induced protein Cad/ X -

Cadmium resistance transcriptional regulatory protein CadC - - -

X X x
=

Cadmium, cobalt and zinc/H(+)-K(+) antiporter X X
Cadmium, zinc and cobalt-transporting ATPase X X X
Cobalt/magnesium transport protein CorA X X

Co Cobalt transport protein CbiQ - - - -
Cobalt transport protein CbiN - - - -
Cobalt transport protein CbiM - - - -
Cobalt-factor Ill methyltransferase - - - -
Cobalt-precorrin-6A reductase - - - -
Cobalt-precorrin-8 methylmutase - - - -
Cobalt-precorrin-5B C(1)-methyltransferase - - - -
Cobalt-precorrin-2 C(20)-methyltransferase - - - -
Cobalt-precorrin-4 C(11)-methyltransferase - - - -
Cobalt-precorrin-5A hydrolase - - - -

X X X
x X X
x X X

X X X X X X X X X X X

The strains RHFS10, RHF15 and, RHFS18 were chosen for
subsequently in vivo experiments to test their ability to improve the
wheat plants grown in Cu-contaminated soil.

These bacteria have shown the best capability to tolerate Cu and
other metals such as Zn and Co. Moreover, in precedent studies
reported in Petrillo and Castaldi et al., 2021 and Castaldi et al., 2021,
these bacteria have shown a strong biocontrol activity against
different phytopathogenic fungi and promising biofertilizer activities.
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9.3.3 Bacteria inoculation effects on wheat plant growth in Cu-
contaminated soil

The wheat plant was used to estimate plant growth and biomass
after 30 days of the experiment. The results showed that in stress
and non-stress conditions, wheat plants inoculated with the select
bacteria showed a one-fold higher plant development than the
uninoculated controls. In control, the inoculation of three bacteria
and the consortium of all bacteria increased the shoot length by
about 50% (Figure 1-a), but in the root length, only the strain RHF15
has shown the best activity, enhancing the growth by 20% (Figure
1-b). In addition, fresh shoot weight and dry were enhanced by 60%
(Figure 2 c-d) with bacteria inoculation. A different result was
obtained into roots dry weight. All bacteria and the consortium have
improved the weight by about 50% compared to the control but, with
the inoculation of the RHFS10 strain are increased by 60%. As
shown in figure 2, during the stress condition all parameters were
drastically decreased compared to the control without heavy-metal
stress (Figure 1 a-e). However, the inoculation of bacteria strains
has increased the growth of plants by about 10% compared with
control. Significantly, the inoculation of RHFS10 and RHFS15
strains resulted positive respect for the strain RHFS18 and
consortium. These strains have improved plant growth by about 25
% in all parameters tested.

Figure 1. Effects of B. vallismortis RHFS10, B. gibsonii RHF15, B.
amyloliquefaciens RHFS18 and consortium, in the shoot length (a) and root length
(b), fresh shoot weight (c), and dry shoot weight (d) and root (e) of wheat plants
in non-contaminated and contaminated soil with Cu. Nt: not treated with metal.
Each value is the mean of replicates (n = 3). +S.D (standard deviation) with a p-
value <0.01.
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9.3.4 Heavy metal tolerance Index

Finally, the heavy metal tolerance index was observed to be lowered from
100% in control seedlings to 40% in 7 mM Cu stressed plants. An elevation
in the tolerance index was recorded by 80% when Cd-stressed seedlings
were amended with RHFS10 and RHF15 strain respectively and by 20%
with inoculation by RHFS18 and consortium, respectively (Figure 2).

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

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

value <0.01. Nt: Untreated with Cu.
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9.4 Conclusion

Crop production is a challenging issue to feed the increasing
population due to biotic and abiotic stresses and uncertainty of
climatic optima. Among abiotic stresses, Cu toxicity is also an
important constraint limiting crop productivity worldwide. Cu is an
essential element for plants at low levels, but in excess, it is
phytotoxic at morphological, physiological, biochemical, and
molecular levels. Cu interferes with various metabolic processes
that are vital for plant growth and development.

Numerous studies reported the Cu induced growth inhibition,
oxidative damage and antioxidant response in agricultural food
crops such as wheat, rice, maize, sunflower and cucumber.

In this work, it's tested 7 halophilic Bacilli, previously characterized
as a promising PGPB, in the tolerance at different concentrations of
heavy metals. Three strains (RHFS10, RHF15 and, RHFS18) and a
consortium of all three were selected for in vivo experiments in a
wheat plants grown in Cu-contaminated soil.

These bacteria have shown an interesting biofertilizer activity in
wheat plants grown without stress conditions. However, in soil Cu-
contamination, preliminary studies suggest that the strain RHFS10
and RHF15 significantly increase the root and shoot length and
weight of plants grown in stress conditions compared with the
RHFS18 strain and the consortium. Certainly, further investigations
are needed to confirm the data but, these results propose that the
two PGPB can alter the toxicity of metals on the wheat plant and
makes these strains excellent candidates for the enhanced
restoration of contaminated soils through bacterial-assisted
phytoremediation. The phytoremediation process is eco-friendly and
could be used to reclaim the industrial soil from contaminants.
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CHAPTER X: CONCLUSION

The increasing amount of chemical pollutants in soil via excessive
use of synthetic chemical fertilizers and pesticides cause
environmental damage with potential risks to human health.

To sustainable agriculture, crops produced need to be equipped with
disease resistance, salt tolerance, heavy metal stress tolerance, and
better nutritional value.

To fulfill the above-desired crop properties, one possibility is to use
soil microorganisms such as bacteria, fungi, algae, etc., that
increase the nutrient uptake capacity, water use efficiency, and crop
protection (Armada et al., 2014).

The plant growth-promoting rhizobacteria (PGPR) are the most
promising soil microorganisms. They can enhance health and plant
growth without environmental contamination (Calvo et al., 2014).
Nowadays, different varieties of PGPR have been studied, and
some of them have been commercialized, including the species
Pseudomonas, Bacillus, and, Azobacter (Glick et al., 2012).
However, PGPR’s successful utilization depends on its survival in
soil, the compatibility with the crop on which it is inoculated, the
interaction ability with indigenous microflora in soil, and
environmental factors (Martinez-Viveros et al., 2010).

For these reasons, intensive research of new PGPRs has been
taken over to develop new biofertilizers and biocontrol agents able
to resist harsh environmental conditions.

This Ph.D. project has been structured along with two thematic
areas, both based on this topic: isolation, identification, and
characterization of secondary metabolites with antifungal activity to
be used with biopesticides and search for new soil bacteria
beneficial able to resist stressful environmental conditions to be
used as bio-inoculants. The results obtained made it possible to
improve the knowledge of the phytopathogenic fungus M.
phaseolina with the isolation and chemical and biological
characterization of two new penta- and tetrasubstituted
cyclopentenones named phaseocyclopentenones A and B used to
infect relevant agro-industrial crops.

Subsequently, bacteria with important biocontrol activity were
identified against M. phaseolina and other phytopathogenic fungi
and characterized for the molecules responsible for this activity.
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These bacteria and their metabolites, such as phenazine and PCA,
can reduce the incidence or severity of plant diseases instead of
using chemical pesticides. Therefore, they could be proposed as
natural antagonists to control different phytopathogenic fungi.
Future studies will focus on the characterization of these compounds
to test them at different environmental conditions (T, pH) and
observe their resistance via in vitro and in vivo experiments in plants
infected by phytopathogens. Other studies will optimize their large-
scale production and find the best formulation for their application in
the field.

Concerning the second part of the Ph.D. thesis focused on isolating
a new collection of halophilic Bacilli PGPRs, seven bacteria strains
were selected emerged for their high potentiality as biofertilizers and
biocontrol agents by experiments in vitro and in vivo. The
combination of laboratory-assays studies with whole-genome
studies proved useful helpful to finding gene clusters involved in
PGPB activities.

The ability of these select bacteria to produce secondary
metabolites against different phytopathogens and improve plant
growth under different stress (salinity and heavy metals) provides a
possibility to commercialize these bacteria or their microbial
products.

Biostimulants involving halotolerant PGPRs and their metabolites
are yet to take off and enter the market (Sunita et al., 2020). Hence,
developing tailor-made bioformulations from these unique PGPRs
and their metabolites can be crucial to combat salinity and other
environmental stress and improve the yield of biotic and abiotic
stress-affected agro-ecosystems leading to better productivity and
sustainability agriculture. Future studies will focus on confirming
their PGPR activities in the field and optimizing the best
bioformulation.
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The temperature of growth and sporulation =
modulates the efficiency of spore-display
in Bacillus subtilis

Claudia Petrilla!, Stefany Castaldi’, Mariamichela Lanzilli'3, Anellz Saggese’, Giulizna Donadia'#,
Loredana Baccigalupi®, Ezio Ricca' '@ and Rachele Isticato

Abstract

Background: Bacterial spores displaying heterologous antigens or enzymes have long been proposed as mucosal
vacrines, functionalized probiotics or biocatalysts. Two main strategies have been developed to display heterclogous
mclecules an the surface of Bacillus subtilis sporex () a recombinant approach, based on the construction of 2 gene
fusion between a gene coding for a coat protain (carrier) and DMA coding for the protein 1o be displayed, and (i) a
non-recombinant approach, based on the spontanecus and stable adsorption of heterolegous molecules on the
spore surface. Both systems have advantages and drawbacks and the selection of one or the other depends on the
protein to be displayed and on the final use of the activated spore. It has been recently shown that & subrilis builds
structurally and funfticnally different spores when grown at different temperatures; based on this finding & subtilis
spores prepared at 25, 37 or 42 °C were comipared for their efficiency in displzying various model proteins by either
the recombinant ar the non-recombinant approach.

Results: Immune- and fluarescence-based assays were used to analyze the display of several model proteins on
spores prepared at 25, 37 or 42 °C. Recombinant spores displayed different amaunts of the same fusion protein in
response to the temperature of spore production. In spores simultanecusly displaying two fusion proteins, each of
thern was differentially displayed at the various temperatures The display by the non-recombinant approach was only
micdestly affected by the temperature of spore production, with spores prepared at 37 or 42 °C slightly more efficient
than 25 *C spores in adsorbing at least some of the model proteins tested.

Condusion: Our results indicate that the temperature of spore production allows contral of the display of hetercla-
gous proteins on spores and, therefore, that the spore-display strategy @n be optimized for the specfic final use of
the activated spores by selecting the display approach, the carrier pratein and the temperature of spare production.

Keywords: Display platform, Mucasal vaccines, Bacillus subilis, Probiotics

Introduction In the spore form, these bacterial species can survive
Endospores (spores) are quiescent cell forms produced —conditions, such as the prolonged absence of water and
by over 1060 bacterial species when the emvironmen- nutrients, the exposure to extremes of temperature and
tal conditions do not allow cell growth to continue [1.  pH, to UV irradiations and to toxic chemicals, that would
bie lethal for other cell forms [2]. Although metabolically
quiescent, the spore is able to sense the environment and

*Commpondence erccagunina it respond to conditions that allow cell growth by germinat-
' Departrment of Bialogy, Federica || University complessa uriversitario ing and generating a new vegetative cell [3]. Spore ger-
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structure of the spore, that has been studied in detail in
Bacillus subtilis, the model system for spore formers |2,
4]. In B. subtilis, spores are formed by a partially dehy-
drated cytoplasm (core) surrounded by several protective
layers: the thick peptidoglycan-like cortex, the multilay-
ered, proteinaceous coat and the crust, the outermost
layer formed of proteins and glyeans [4]. In some species,
including B. anthracis, B. cereus and B. megaterium, the
outermost layer of the coat is the exosporium, a protec-
tive shell mainly made of glyeoproteins [4].

The rigidity and compactness of the spore suggested
the possibility of using this unusual cell as a platform to
display heterologous proteins [S]. In a proof-of-concept
work, the spore coat protein CotB of B. subfilis was used
as a carrier to display the C fragment of the tetanus toxin
(TTFC) of Clostridium tetani on the spore surface [5].
To this aim a genetic system was developed to generate
gene fusions between the colB gene and DNA coding
for TTEC and to allow expression of the fusion during
sporulation [5]. The mucosal administration of recom-
binant spores displaying TTFC was then shown protec-
tive against a challenge with the tetanus toxin and able
to induce humoral and cellular immune responses [§, 7].
Ower the years, the same approach has been used with
other coat proteins as carriers and a variety of other het-
erologous proteins [8]. However, this display system has
the drawback of generating recombinant spores, that
in case of a field use could raise safety concerns [9]. To
overcome this problem a non-recombinant display sys-
tem based on the spontaneous and stable adsorption of
heterologous proteins to bacterizl spores has been also
developed [10, 11]. Antigens and enzymes have been effi-
ciently and stably adsorbed to spores [12, 13] and it has
been proposed that the adsorption is due to the nega-
tive electric charge and the relative hydrophobicity of the
spare surface [10, 14]. In addition, studies with B. subti-
lis and B. megaterium indicated that some proteins were
able to infiltrate through "pores” of the outermost spore
coat layers and localize in the inner coat of B. sbtilis
spares [15] or in the interspace between the exosporium
and the outer coat in B. mepaterium spores [16, 17].

The spore-display system by both the recombinant or
non-recombinant approach, provides several advantages
with respect to other display systems, such as a high sta-
bility even after a prolonged storage, the possibility of
displaying large, multimeric proteins and the safety for
a human use, demonstrated by the wide use of spores of
some species as probiotics [18, 19]. Based on these, the
activated spore has been proposed as a mucosal delivery
system, as a vaccine vehicle, as a functionalized probiotic
and as a platform to display enzymes [8, 20].

Both approaches are quite efficient, and it has been
estimated that up to 3.0 10* heterologous molecules
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can be displayed by each recombinant spore of B. subtilis
|8, 21]. The efficiency of the non-recombinant approach
can be higher than that measured for the recombinant
system and depends on the heterologous protein and the
Bacillus species used [12, 15, 16, 20]. In spite of the effi-
ciency of these systems, the possibility to increase and/
or control the number of heterologous proteins pre-
sented on the spore is an important achievement for the
full exploitation of this biotechnology tool. In the case
of a use as a vaccine vehicle, for example, an increased
efficiency of display results in a higher dose of antigen
delivered or reduced amounts of spores needed for the
immunization.

Based on a recent report showing that B. subtilis builds
spores with different structure when grown at 25, 37
or 42 °C [22], we investigated whether the efficiency of
spare-display by both recombinant and non-recombinant
approaches could be modulated by modifying the tem-
perature of spore production.

Results and discussion

Effects of the temperature on the recombinant display
system

CotB, CotC and CotG are abundant coat proteins widely
used as carriers to display heterologous proteins on the
spare surface [8]. All three proteins have been recently
found differentially represented in spores produced at
15, 37 or 42 °C, with CotB and CotG more abundant in
spores prepared at 25 °C and CotC more abundant in
42 °C spores [22]. We used isogenic B. subtilis strains
carrying DNA coding for the model antigen TTFC
(tetC) fused to the gene coding for either CotB {cotB) 5]
or CotC (eotC) [23] to evaluate the effect of the sporu-
lation temperature on the fusion proteins. Spores of
strains RH103 (cotBtetC) and RH114 (cotCtetC) were
produced at 25, 37 and 42 "C and purified, as previously
reported [22]. Surface proteins were extracted from
RH103 and RH115 spores by the SDS-DTT or NaOH
treatments, respectively and used for western blotting
analysis with anti-CotB [5] or anti-CotC [23] antibodies.

As shown in Fig. 1, specific CotB-TTFC (upper panel)
and CotC-TTFC (lower panel) signals were observed in
all the samples but not in the negative controls, reveal-
ing that the temperature did not affect the self-assembly
of the heterologous proteins around the spores. Moreo-
ver, we observed that the fusion protein CotB-TTFC
was more represented in 25 "C spores than in 37 or
42 "C spores (upper panel), while the fusion CotC-TTFC
showed the opposite trend (lower panel).

A flow cytometry approach was used to confirm and
quantify the differences in the display of CotB-TTFC
and CotC-TTFC at the various temperatures and evalu-
ate their surface exposure. Spores of strains RH103
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and analyzed by flow cytometry as previously reported

M Co 25 37 42 [24]. The threshold of positive events was set at 1x 10°
70 CotB- fluorescence intensity and the percentages of fluorescent
50 B w— <_TTFC events for each temperature are indicated in red in each

panel. The flow cytometry analysis indicated that CotB-

TTFC was displayed with the highest efficiency in spores
prepared at 25 "C (86.9% positive events) and that such
efficiency decreased in 37 and 42 *C spores (Fig. 2). The
efficiency of display was opposite with CotC-TTFC with
M Co: 25 31 42 the highest levels observed with 42 °C spores (90.0% of

701 positive events) and lower levels with 37 and 25 °C spores
CotC- (Fig. 2). In addition, the fluorescent intensity peak for

50| LS <_'[11:(: CotB-TTFC was tenfold higher at 25 °C than at 42 °C
while for CotC-TTFC was tenfold higher at 42 °C than

Fig. 1 Westamn blotting analysis of coat proteins. Purified spares of at 25 °C, suggesting that the sporulalion temperature

strains cyrying the cotB:tetC (upper pana) o cotCetC lowes pane)

vt pociicec] a the thee temipsratires avd ised i edract ccit affected not only the amount of assembled heterologous

proteins by SDS-DTT {upper panel) or NaOH Jower pans) trastment proteins but also their surface display.
as previously reparted [22). Prateing were reacted with anti-CotB Results of Figs. 1, 2 indicated, respectively, the amounts
{ispper panel) or anti-CotC lower paneé) antibody. Cortral lanes (Co) of fusion proteins extracted and exposed on the spore
yeers oucled with protes extiacted o, spores of Salte camng surface but did not allow to exclude that other amounts
either 3 cotB {upper panaf) or a cotC lower paned) null mutation :

L ) of each fusion were actually present (but not extracted or

not exposed) on spores produced at different tempera-
tures. To address this issue, we used different isogenic
and RH114 were reacted with anti-TTFC [7] antibod-  strains of B. subtilis RH238, carrying the Green Fluo-
ies, then with fluorescently labeled secondary antibody  rescent Protein (GFP) fused to CotC [23], and RH296,
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Fig. 2 Flow cytometry aralyss of spores of strains carrying the cot-teC o coeCretC gene fusion. Spores wers peoduced at 25, 37 e 42 Cand
reactad with ant-TTFC antibody, then with HTC-conjugatad sacondary antibody. The analysis was then perfcemed on the enties spore population
(ungated). In each panel & indicated the parcantage tive events abave the fiucrescent int=nsity theashald of 1 x 10° (red ). As contral
experiment spoees of an isogenic wikd type strain (PY79) not containing any gene fusion were analyaed
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carrying the Red Fluorescent Protein (RFP) fused to
CotG [22]. A fluorescence microscopy analysis on spores
prepared at 25, 37 or 42 °C and the quantification of the
fluorescence signals performed by the Image] software,
as previously reported [24]. indicated that the CotG-
based fusion was more abundant at 25 °C, less abundant
at 37 °C and almost undetectable at 42 "C while the CotC-
based fusion showed an oppaosite pattern (Fig. 3).

Results of Fig. 3, confirming results of Figs. 1,2, allow
to conclude that the CotB- and CotG-based fusions are
efficiently displayed when spores are produced at 25 "C,
while CotC-based fusions are better displayed when
spores are produced at 42 °C and, therefore, that is pos-
sible to modulate the amount and the surface exposure
of fusion proteins displayed on the spore by changing the
temperature of spore production on the base of the car-
rier protein used for the display.

Effects of the temperature on recombinant spores
displaying two fuslon proteins

An extension of the recombinant spore-display tech-
nology is the use of spores carrying more than one het-
erologous  protein. By chromosomal DNA-mediated
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transformation [25], the gene fusion carried by strains
RH238 (coftCaglp) was moved into strain RH29
(cotG=rfp) obtaining strain RH406 that carried both
fusions. As shown in Fig. 4, spores of strain RH406 pre-
sented both fluorescent proteins on their surfaces in
similar amounts when spores were grown at 37 "C. When
spores were produced at 25 °C the red fluorescent sig-
nal {CotG-RFP) was more sbundant than the green one
[CotC-GFP) that was instead predominant when spores
were grown at 42 °C.

Results of Fig. 4 highlight an important improvement
for the spore-display technology, showing that it is pos-
sible to produce spores that simultanecusly display two
heterologous proteins and to control which displayed
protein has to be more abundantly represented by select-
ing the temperature of spore production.

Effects of the temperature on the non-recombinant display
system

To evaluate the effects of the temperature on non-
recombinant spore-display (adsorption) we used three
madel proteins: the pentapeptide HPHGH (herein PPFT)
of 0.77 kDa [26], the commercially available lysozyme

b pc
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= SIS NeEpor
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(herein LYS) of 14.4 kDa (Sigma) and the commercially
available bovine serum albumin (herein BSA) of 66.4 kDa
(Mew England-Biolabs). All three proteins were fluores-
cently labeled with rhodamine as previously described
[26] and 10 mM of each model protein independently
used for adsorption with 5.0 x 107 purified spores of the
B. subtilis strains PY79 |27] produced at 25, 37 or 42 °C.
The adsorption reactions were carried out for 1 h at
25 °C in 50 mM Sodium Citrate buffer, pH 4.0, as pre-
viously described [11]. Adsorbed spores were collected
by centrifugation and analysed by fluorescence micros-
copy and flow cytofluorimetry, as previously described
[24]. As shown in Fig. 5, all three proteins were adsorbed
to the spores and the fluorescent signal distributed all
around the spore surface. The relative fluorescence sig-
nals were analyzed by the Image] software (NIH), as
previously reported [24]. Since the proteins were fluo-
rescently tagged with rhodamine, an amine-specific
label, the number of fluorophore molecules attached to
each protein was different, impairing a comparison of
fluorescence levels between different proteins. However,
the analysis allowed to conclude that: (i) PPT adsorbed
with similar efficiency to 37 "C and 42 "C and slightly
less efficiently to 25 °C spores (37 =42 25); i) LYS had
a pattern of adsorption similar to that deseribed for PPT
(37=42>25); and (iii) BSA adsorbed at similar levels to
15, 57 or 42 "C spores (25=37=42) (Fig. 5). Adsorbed
spores were analyzed by flow cytometry and the per-
centage of positive-fluorescent events was obtained

as described for Fig. 2. This quantitative analysis per-
formed in duplicate on 100,000 spores/each, confirmed
the fluorescence microscopy results of Fig. 5, indicating
that PPT was absorbed much more efficiently at 37 or
42 °C, with respectively 75.95 and 77.80% positive events
(p.e.) than at 25 "C (41.74% p. e.) (Fig. 6). A similar trend
was observed with LYS, although the differences were
smaller with 74.48, 8215 and 90.44% p.e. at 25, 37 and
42 °C respectively, while no differences were observed
with BSA with spores prepared at the three temperatures
{Fig. 6).

Although the molecular mechanism of spore adsorp-
tion is not known in detail, it is likely that more factors
are involved in the process. The negative electric charge
and relative hydrophobicity of the spore surface have
both been shown to influence the efficiency of adsorption
[10, 14]. Since it has been previously reported that 25 C
spores are more hydrophobic than 37 and 42 °C spores
[22], we hypothesized that the different relative hydro-
phobicity of spores could explain the reduced efficiency
of adsorption of PPT and LYS to 25 "C spores. How-
ever, the GRAVY valug, an estimation of protein hydro-
phobicity caleulsted by adding the hydropathy values of
each amino acid residue of a protein and dividing by the
number of residues in the protein 28], for PPT, LYS and
BSA were —2.32, —0.15 and — 045, respectively, with
increasing positive values indicating an increasing hydro-
phobicity. Therefore, proteins with the least (PPT) and
the highest (LYS) hydrophobicity value showed a similar
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adsorption pattern (Figs. 5.6), making it unlikely that
the hydrophobicity is 3 major determinant of the efi-
ciency of adsorption, in our experiments. Other physical
and chemical parameters of the heterologous proteins,
including probably the size and the isoelectric point, have
to be considered as they may mediate the ability of pro-
teins to cross the outermast spore layers [15-17], result-
ing in relevant for the efficiency of the process.

Localization of proteins adsorbed on 25, 37 or 42 °C spores
A previous report showed that RFP when adsorbed to
spores is able to cross the crust and the outer coat, local-
izing at the inner coat level [15]. In that study, the RFP
fluorescence signal was localized by comparison with the
signal due to GFP fused to proteins known to be local-
ized in various spore coat layers [15]. A similar approach
was used to evaluate whether the temperature of spore
production also affected the localization of the adsorbed
proteins within the coat. Since the high red fluorescence
signal produced by rhodamine-labeled PPT, LYS or BSA
overlapped (and caused interference) with the region of
detection for the GFP signal, the localization assays were
performed adsorbing RFP to spores carrying the cotC:
gfp fusion [15] and prepared at 25, 37 or 42°C.

As previously reported [15], in 37 *C spores the red
fluorescence signal of RFP was internal to the green
signal of CotC-GFP (Fig. 7). While RFP localization
did not change with 25 *C spores, it was slightly altered
with 42 "C spores where the RFP signal was external
with respect to the CotC-GFP signal (Fig. 7). The dif-
ferent localization of RFP is most likely due to the dif-
ferent coat structure of spore produced at the various
temperatures and indicates that the lamellar and highly

electron-dense outer coat (CotB-CotG rich) produced
at low temperatures [22] is somehow a more permeable
than the granular and thick coat (CotC rich) produced
at 42 °C |22], at least with respect to RFP

Conclusions

Main conclusion of this study is that the temperature
of spore production affects the display of heterologous
proteins on the spore surface:

+ with the recombinant display the temperature
modulates the amount and the surface exposure of
the displayed proteins with CotB- and CotG-hased
fusions more efficient at low temperatures and
CotC-based fusions are more efficient at high tem-
peratures;

+ when a recombinant spore carries two heterologous
proteins each of them is differentially displayed at dif-
ferent temperatures on the base of the carrier used;

+ with the non-recombinant display a modest effect
is observed with small proteins (PPT and LYS)
adsorbed more efficiently by 37 or 42 °C spores
than by 25 "C spores;

+ the localization of adsorbed RFP within the spore
surface layers is modified by the temperature, indi-
cating that spores produced at the low temperatures
(CotB/CotG type coat) or at high temperature (CotC
type coat) [22] have different adsorption properties.

Overall, this study indicates that the temperature of
spore production is an essential parameter to be con-
sidered in the development of a spore-display system.
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Materials and methods

Spore production, extraction of coat proteins and westem
blot analysis

Sporulation at 25, 37 and 42 °C was induced by the
exhanstion method in Difeo Sporulation (D) medium
as recently reported [24, 29]. Mature spores were puri-
fied by cold-water washing using overnight incubation
in Hy0 at 4 °C to lyse residual sporangial cells. Spore
purity (higher than 95%) was checked under optical
MICTOSCOPE.

Spore coat proteins were extracted from a suspension
of spores by SDS-DTT or NaOH treatment [30]. The
concentration of extracted proteins was determined
by using Bio-Rad D protein assay kit (Bio-Rad), and

Then, a

20 pg of total spore coat proteins were fractionated on
12.5% SDS polyacrylamide gels and staining by Brilliant
Blue Coomassie or electro-transferred to nitrocellu-
lose filters {Bio-Rad) for western blot analysis following
standard procedures. CotC- and CotB- substrate spe-
cific antibodies were used at working dilutions 1:7000
for CotC-TTFC and CotB-TTFC detection [5 21].
horseradish peroxidase-conjugated antirabbit
secondary antibody was used (Santa Cruz). Western
blot filters were visualized by the electro chemi lumi-
nescence method as specified by the manufacturer and
processed to improve the contrast level using Chemi-
docX RS software (Bio-Rad).

The experiments have been repeated twice analyzing
two distinet coat protein extractions,
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Labeling with Rhodamine

2 mg/ml of pentapeptide HPHGH (PPT), commercially
available lysozyme (LYS-Sigma), and bovine serum
albumin (BSA-New England-Biolabs) were labeled with
50 pl of Rhodamine B isothiocyanate (Sigma) (1 mg/ml
in DMSO) as specified by the manufacturer. The pro-
tocol is based on the reaction between the isothiocy-
anate group of Rhodamine and epsilon-NH, of Lysine
residues of the protein to be labeled in order to obtain
a fuorescent complex. Final melar Rhodamine/Pro-
teins ratio was (.06 and the labeling reactions were per-
formed pH &.5. The labeling was followed by dialysis in
1%PES to remove the unbound flucrescent excess and
Iyophilization.

Binding reaction

10 mM of PPT-Rd, LYS-Rd, BSA-Rd were added to a sus-
pension of 5.0 10° wild type spares, produced at differ-
ent temperatures, in 50 mM sodium citrate pH 45in a
final volume of 200 pl. For the reaction with RFF, 1 pg of
purified protein was added to the suspension of 1.0 107
spores produced at different temperatures, in 1.5 M PES
pH 4.0 in a final volume of 200 pl. After 1 h of incubation
at 25 °C, the binding mixtures were washed and centri-
fuged (10 min at 13,000g) to fractionate adsorbed spares
{pellet) from unbound protein (supernatant).

Flow cytometry

Fecombinant spores expressing TTFC were analyzed by
flow cytometry as previously described [31]. Briefly, 10°
purified spores were incubated at room temperature for
30 min at room temperature in phosphate-buffered saline
(PES)-3% fetal bovine serum (FBS) prior to 1 h-incuba-
tion with anti-TTFC polyclonal antibedies diluted at 1:20
in 1 PBS-1%FBS. After three washes in 1 PBS, fluores-
cein isothiscyanate (FITC)-conjugated anti-rabbit immu-
noglobulin G (1:64; Sigma) was added and the mixture
was incubated for 1 h at room temperature, followed by
four washes in PES.

For spores adsorbed with PPT-Rd, LYS-Rd and BSA-
Rd, a total of 10° spores were resuspended in 0.5 ml of
binding buffer and directly analyzed.

Flow cytometry analysis was performed by BD Accuri™
6 Cytometer and BD Accuri™ C6 Software (BD Bio-
sciences, Inc., Milan, ltaly) collecting 100,000 events.
Spore without the addition of primary and secondary
antibodies or not adsorbed were used to measure the
unspecific fluorescence, allowing to set the threshold
of positive events at 1 107 fluorescence intensity. The
experiments were repeated twice analyzing two indepen-
dently prepared samples.

Fagedaf 10

Flugrescence microscopy

107 adsorbed spores were resuspended in 50 pl of bind-
ing buffer and observed with an Olympus BX51 fluores-
cence microscope fitted with a 100 » objective UPlanF1
and U-MNG or U-MWIEBP cube-filters to detect the red
and green fluorescence emission respectively. The expo-
sure times are in the range between 500 and 1000 ms. Cap-
tured images were processed with Image Analysis Software
(Olympus) for minor adjustments of brightness, contrast
and color balance and for creation of merge images. For
RFP adsorbed spores, the fluorescence intensities and the
distance between two fluorescent peaks were measured
using unadjusted merged images with Image | processing
software (version 1.48, MIH) as previously described [15].
To obtain the total corrected cellular fluorescence (TCCF),
an outline was drawn around several fluorescent spores
and area, integrated density and the mean fuorescence
mieasured, along with several adjacent background read-
ings. The TCCF was calculated by subtracting the area of
selected cell » mean fluorescence of background readings
to the integrated density.
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