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RIASSUNTO

Introduzione

Xanthomonas campestris pv. Campestris (Xcc) € un batterio patogeno
appartenente al phylum Proteobacteria, Gram-negativo, aerobico,
catalasi positivo e ossidasi negativo. Presenta una forma bastoncellare
ed una larghezza che va da 0.7 a 2.0 um; é dotato di mobilita grazie
alla presenza di un unico flagello.

L’infezione di Xcc provoca nell’ospite lesioni necrotiche a forma di “V”
presenti sul margine fogliare, I'annerimento vascolare, avvizzimento, e
problemi nel corretto sviluppo della pianta. Xcc € noto anche come
agente eziologico della “black rot” una malattia che colpisce in particolar
modo la famiglia delle Brassicacea. Essa si manifesta sulla superfice
delle piante contaminate. Tale infezione, si verifica maggiormente nelle
giovani piante e la contaminazione é favorita durante la stagione delle
piogge, in quanto Xcc possiede pili che permettono un movimento a
vela attraverso le foglie.

La caratteristica principale della “black rot” € la sua diffusione e
colonizzazione all'interno dello xylema della pianta. Il batterio penetra
nei tessuti della foglia attraverso gli stomi, gli idatodi, le radici o le
lesioni. Negli stadi avanzati il tessuto colpito assume una colorazione
marrone e necrotica, e una volta che la malattia si € estesa al sistema
vascolare, possono comparire lesione da invasione sistemica lungo le
nervature centrali delle foglie. Inoltre, una caratteristica bel nota di
questo batterio € la sua capacita di produrre biofilm.

Il termine biofilm fu utilizzato per la prima volta nel XVII secolo quando
si raggiunse la consapevolezza che microorganismi potessero
colonizzare superfici di diversa natura e formare specifiche comunita.
Questi in presenza di fattori ambientali e nutrizionali favorevoli, possono
crescere sia singolarmente e fluttuare in un mezzo liquido (forma
planctonica) oppure adesi a superfici biotiche o abiotiche come
aggregati sessili. Il processo di formazione del biofilm €& suddiviso
generalmente in diverse fasi:

- Adesione alla superficie reversibile (adsorbimento), reso possibile
grazie specifiche forze chimico fisiche che si instaurano tra |l
microorganismo e la superficie dove esso aderisce;



- Adesione irreversibile, ovvero un aumento dell’adesivita e formazione
di un unico strato di cellule batteriche adese alla superficie;

- Formazione di micro-colonie favorita dalla produzione di EPS;

- Maturazione del biofilm con la produzione di micro-colonie ed in
seguito di macro-colonie;

- Distacco delle cellule batteriche in specifiche condizioni sia ambientali
e nutritive.

Quando l'adesivita risulta irreversibile, la concentrazione dei batteri
inizia ad aumentare favorendo la produzione di materiale polimerico
extracellulare (EPS) che costituisce la matrice del biofilm e forma le
micro-colonie. Queste ultime andranno poi a formare le prime strutture
tridimensionali definite come macro-colonie, fino a formare la
complessa matrice del biofilm. Grazie alla capacita di fermentare, Xcc
produce lo xantano, un polisaccaride extracellulare che dona alle
colonie un aspetto mucoide. Questo polisaccaride & considerato un
importante fattore di virulenza in quanto, protegge la cellula dalla
disidratazione e favorisce l'adsorbimento alla cellula ospite. A
maturazione ultimata, in specifiche condizioni ambientali, i batteri
possono separarsi dal biofilm per riprendere la forma planctonica. Per
il mantenimento di una comunita funzionale all'interno del biofilm &
fondamentale che ci siano tali equilibri

Lo scopo primario della formazione del biofilm & sicuramente la
protezione dei microorganismi dall’aggressione del’ambiente esterno
favorendo cosi il periodo di sopravvivenza. Infatti, quando crescono
allinterno della matrice di biofilm, i batteri hanno una resistenza
maggiore rispetto alle singole colonie. Inoltre, un fattore determinante
e la resistenza del biofilm nei confronti degli antibiotici; tale resistenza
sembra essere dovuta allincapacita dell’antibiotico di penetrare
all'interno del biofilm agendo di conseguenza, solo suoi microorganismi
presenti sulla superfice piu esterna mentre quelli posti all’interno
agiscono come nucleo per una continua riproduzione. Anche il ridotto
metabolismo di questi microorganismi fa in modo che questi siano
meno sensibili agli antibiotici. Ulteriori meccanismi che favoriscono
I'antibiotico resistenza sono dovuti alla matrice polisaccaridica che
impedisce all’antibiotico di penetrare all’interno del biofim e di
conseguenza ne ritarda la diffusione.



Negli ultimi tempi risulta essere sempre piu rilevante lo sviluppo di
terapie alternative ai farmaci antibiotici, per questo limpiego di
batteriofagi (fagi) o molecole antimicrobiche naturali, sta diventando un
argomento interessante nellambito della ricerca scientifica. Da un
punto di vista strutturale i batteriofagi presentano un diametro di 23-32
nm, sono suddivisi in 6 morfotipi fondamentali, la cui organizzazione piu
complessa presenta un contenitore proteico isometrico (capside) che
racchiude I'acido nucleico (DNA o RNA), collegato con un’appendice
tubulare (coda) e appendici caudali con apparato contrattile in grado di
iniettare il materiale genetico nel citoplasma del batterio. L’acido
nucleico piu comune risulta essere il DNA a doppio filamento, meno
frequente quello a singolo filamento. Essendo i batteriofagi parassiti
obbligati sono in grado di sopravvivere integrando il proprio genoma
con quello di cellule batteriche che colonizzano.

| batteriofagi sono classificati in base alla morfologia, la natura e le

caratteristiche del materiale genico ed il ciclo vitale: litico o lisogenico.

In base a quale dei due cicli compiano, i batteriofagi posso essere

classificati come: virulenti se attuano il ciclo litico o temperati quando

attuano quello lisogenico. Il ciclo litico presenta diverse fasi:

- lafase di adsorbimento e penetrazione che prevede il legame di fibre
presenti sulla coda del fago a recettori (lipopolisaccaidi, lipoproteine
e acidi teicoici) situati sulla superfice batterica, in questo modo la
placca basale si posiziona sulla membrana batterica, la coda si
contrae e iniettano il loro genoma nell’'ospite. A seguito di cio la
cellula batterica risponde producendo enzimi e proteine che
permettono la sintesi di materiale genico ex novo causando la
replicazione virale.

- la fase dellassemblaggio che prevede Iimmagazzinamento
dell’acido nucleico all’interno del capside e la produzione di proteine
che compongono la particella fagica quali la placca basale, la coda
e le fimbrie.

Infine, la cellula va incontro a lisi mediante enzimi litici quali lisine,

rilasciando le particelle virali assemblate.

Nel ciclo lisogenico in seguito alle due fasi di adsorbimento e

penetrazione, il materiale genico del fago viene integrato nel

cromosoma batterico ed ereditato dalle cellule figlie. In questo caso il

fago viene chiamato profago e conferisce al batterio infettato I'immunita
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contro fagi dello stesso tipo, inoltre il profago rimane latente all’interno
della cellula infettata fino a quando stimoli esterni o stress non ne
determinano la fuoriuscita causando la lisi della cellula con un
meccanismo simile al ciclo litico.

La specificita dei fagi nei confronti di determinati batteri fa si che
I'utilizzo di quest’ultimi per il trattamento di particolari infezioni, comporti
I'eliminazione di solo il ceppo specifico. Per ovviare a questo problema
si possono realizzare cocktail di fagi ognuno in grado di infettare il
proprio ceppo al fine di poter contrastare anche infezioni pluri-
batteriche.

Un ulteriore vantaggio € rappresentato dalla crescita rapida ed
esponenziale dei fagi quindi & possibile utilizzarne una piccola dose per
poter controllare un’infezione batterica, e dato che questi si riproducono
tramite i batteri, una volta debellata l'infezione batterica anche i fagi
vengono eliminati o comunque rimangono latenti senza provocare
alcun danno. Inoltre, contrariamente agli antibiotici che si diffondono in
tutte le cellule, i batteriofagi si replicano solamente nel sito
dell’infezione.

Sia l'identificazione che I'isolamento dei fagi risultano essere piu rapide
rispetto alla produzione di antibiotici, inoltre la resistenza dei batteri ai
fagi risulta essere minore di circa dieci volte rispetto al numero di batteri
che diventano resistenti agli antibiotici.

L’ldrossiapatite (HA) ha una struttura cristallina esagonale costituita da
tetraedri di ioni PO4*, in cui due atomi di ossigeno sono sul piano
orizzontale, mentre gli altri due si trovano sugli assi paralleli, € un
minerale appartenente alla famiglia delle apatiti e costituisce lo
scheletro dei vertebrati. Si presenta in natura con una morfologia
laminare, avente lunghezza di circa 110nm, larghezza 20nm e
spessore di 8nm.

L’ldrossiapatite possiede specifiche caratteristiche chimico fisiche: &
caratterizzato da alte temperature di fusione, durezza, un’alta
resistenza alla compressione ma al tempo stesso una certa fragilita ed
una difficile processabilita. Termodinamicamente, l'idrossiapatite é il
composto piu stabile rispetto ad altri fosfati di calcio in condizioni
fisiologiche come temperatura e pH.

Obiettivi
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il mio progetto di dottorato si inserisce nell’ambito della ricerca di nuove
molecole che possano superare il problema dell’antibiotico resistenza
che sta emergendo sempre di piu. In dettaglio, partendo dal problema
insorgente della lotta contro la Xylella fastidiosa che sta coinvolgendo
oltre che tutto il sud Italia anche la maggior parte del’Europa mi sono
occupata dello studio di un metodo alternativo che potesse contrastare
questo tipo di infezioni. Inoltre, dato la peculiarita di infezione che
prevede la formazione del biofilm, mi sono occupata di identificare e
caratterizzare un complesso costituito da un batteriofago litico,
I'idrossiapatite, un noto carrier, e una molecola anti-biofilm prendendo
come modello il batterio Xanthomonas campestris pv. campestris a
causa delle restrizioni per I'utilizzo della Xylella. Lo studio si € basato in
primis sull’analisi dei singoli elementi e successivamente sull’utilizzo
sinergico dei tre.

Risultati

Capitolo |

E stato isolato e caratterizzato il ceppo utilizzato per tutti gli esperimenti
futuri da piante che presentavano i sintomi della malattia black rot. La
classificazione e avvenuta mediante Biolog. Successivamente € stato
isolato il batteriofago e caratterizzato al fine di poterlo utilizzare sulle
piante (in vivo). Le analisi molecolari e metaboliche effettuate dopo
trattamento sulle piantine hanno permesso la caratterizzazione
dell’attivita litica del fago.

Capitolo Il

E stato analizzato il biofilm di Xanthomonas campestris pv. campestris
dopo trattamento con diverse molecole anti-biofilm al fine di
determinare il composto che avesse maggior attivita. Successivamente
e stato testato [lacido eicosanoico, il composto scelto
precedentemente, complessato con l'idrossiapatite (molecola carrier) e
tramite analisi di microscopia confocale e real-time ne e stata validata
I'attivita anti-biofilm.

Capitolo Il

Infine, I'analisi metabolica é stata effettuata al fine di determinare con
precisione in che modo il fago potesse andare ad interagire non solo
con il batterio, lisandolo, ma anche con il biofilm.



SUMMARY

The use of bacteriophages for controlling plant bacterial diseases is an
increasing research field with great potential. Public concerns about
environmental abuse of pesticides are increasing the popularity of
organic production, that contributed to the growth of biological control
agent studies, and their use in plant disease management. However,
the efficient use of biocontrol agents requires good understanding of
their biological characteristics and efficacy. Furthermore, phage
therapy is an attractive option to prevent and control biofilm related
infections, supposed to contribute to an improved success of such an
integrated bacterial spot control strategy and to reduce the use of
conventional pesticides, which is beneficial to the environment, and
human and animal health.

Phage therapy is carried out by countless positive aspects that facilitate
the battle against bacterial infections. The study of these processes has
provided important scientific background about new intermediates,
unusual nanoparticles, different gene organizations and special
regulatory mechanisms, thus expanding older disciplines such as
biochemistry, genetics and microbiology.

Several bacterial strains develop into resistant from different types of
antibiotics; it is called multiple resistance antimicrobials if the resistance
is for four or more different classes of antimicrobials.

In this contest, my PhD project aimed to the engineer a Iytic
bacteriophage in order to overcome the antibiotic resistance problems.
Moreover, based to the biofilm problem the idea is to use an anti-biofilm
molecule in synergy with the bacteriophage.

For this reason, my project was focused on the characterization of a
bacteriophage, an anti-biofilm molecule, and a carrier that help the
complexation.

The first part of my PhD was dedicated on the isolation of Xanthomonas
campestris pv. campestris-specific bacteriophage from soil. It was
further characterized by studying its plague morphology, host range, pH
stability, and morphology.

The second part of my project was focused on the detection of an anti-
biofilm molecule and its possible application in combination with the
phage carried by the hydroxyapatite.

The last part was on the study of the metabolic changed of the biofilm
carried out by the phage and the anti-biofilm molecule.

All these results helped for better understand the best way to engineer
the phage for translate all the result carried out to other bacterial
infection.



INTRODUCTION




1) Xylellafastidiosa

Xylella fastidiosa is a gram-negative and xylem-limited bacterium [1],
which assembles into biofilms, it is a xylem-limited bacterium
transmitted to other plant species by Hemiptera insects which predict
use xylem-fluid as main nutritional element. The presence of this
bacteria can cause economic losses of both woody and herbaceous
plant species [2]. There are over 150 host species of X. fastidiosa
plants. This bacterium grows in the xylem vessels of the host plant,
causing an obstruction and subsequent onset of the disease. Its
virulence has been associated to biofilm formation in xylem vessels that
prevent the passage of water and nutrients from the roots to the leaves
[3]. X. fastidiosa, like related Xanthomonas plant pathogens, uses one
or more related signal molecules known as diffusible signalling factor
(DSFs) to regulate its behaviour in a cell density-dependent manner.
DSFs are synthesized by RpfF, which has 3-hydroxyacyl-acyl carrier
protein (ACP) dehydratase and thioesterase activity [4]. When DSF
reaches a threshold concentration outside the cell, the bacteria activate
their cognate receptor RpfC, a hybrid membrane sensor kinase that
phosphorylates the intracellular response regulator RpfG. RpfG then
converts the intercellular signal into an intracellular signal through its
cyclic di-GMP phosphodiesterase activity, which in turn alters the
expression of target genes [5]. RpfF-dependent signaling involving DSF
species accumulation has been shown to regulate motility, biofilm
formation, and virulence in several Xanthomonas species and in X.
fastidiosa [6]. The spread of Hemiptera and the serious damage that
Xylella is able to provide, identify it as relevant economic bacterium
(Figure 1).



e, 5
Figure 1: xylella-bactrocera https://www.ponteproject.eu/news/ippc-opens-expert-consultation-

for-xylella-fastidiosa-and-bactrocera-dorsalis-complex/.

Some researchers have shown the ability of the bacterium to colonize
new different geographic areas as Puglia, Corsica and Provenza-Alpi-
Costa Azzurra; this represents a serious damage for all Europe. In the
EU, X. fastidiosa has been identified as quarantine organism by the
Council Directive 2000/29/EC ('Plant Health Directive’) which contain
the protective measures against the introduction of organisms harmful
for plants or plant products into the Community. Due to 'Plant Health
Directive', the bacterial species used for the experiments was
Xanthomonas campestris pv. campestris which are very similar to
Xylella.

Using the BLAST program (Basic Local Alignment Search Tool,
https://blast.ncbi.nlm.nih.gov/Blast.cgi), the genome of Xylella species
could be matched with Xanthomonas species after comparative
analyses (Figure 2). Xylella shares ca. 74% of its genes with
Xanthomonas species [7].


https://www.ponteproject.eu/news/ippc-opens-expert-consultation-for-xylella-fastidiosa-and-bactrocera-dorsalis-complex/
https://www.ponteproject.eu/news/ippc-opens-expert-consultation-for-xylella-fastidiosa-and-bactrocera-dorsalis-complex/
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Figure 2 : https://www.researchgate.net/publication/43133302

Bacteriophages with dsDNA can infect many different bacterial species.
With the sequencing of entire bacterial genomes, homologous genes of
phages and prophages are described sometimes where no phage
particles have been isolated. Each of these genomes accommodates
at least one copy of a prophage, or remnants of a prophage, related to
P2 coliphage or CTX of the Pseudomonas aeruginosa genomes. The
genomes of Xylella strains have a high number of phage-related
sequences integrated in the genome, constituting 7% of the Xf-CVC
(strain 9a5c) genome and 9.02% of the Xf-PD (Temecula strain)
genome [8]. Differently from Xanthomonas, Xylella genomes display
large-scale genomic rearrangements probably because the presence
of prophages or prophage-like elements [9]. Based on the previus
study that describe the isolation of different phage from X. fastidosa that
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are able to lysis both Xylella that Xanthomonas strain it seem to be
plausible to focus the attencion on Xanthomonas strains [10].

2) Xanthomonas campestris pv. campestris

Xanthomonas campestris pv. campestris (Xcc) is the etiological agent
of the “black rot”, describe for the first time by Harrison Garman in the
1889. This bacterium can infect both monocotyledon that dicotyledon -
in particular Brassica oleracea such as cabbage, cauliflower, broccoli,
and kale - cried and after the colonization of the host it start to produce
xanthan that accumulates in the xylemic bundles stopping the
contribution of the nutrient’'s substances. When the bundles are
completely jammed leaf, necrosis is determined seems a V, the
browning whit the development of yellow border and the following
drying of the stakeholders (Figure 3) [11].
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Figure 3: Leaf of infected cabbage by Xcc.

Due to the lack of water and nutrients, the plant remains small and
weak, favouring the possible infection of other pathogenic
microorganisms. The symptoms of the infection appear in the host 3 to
7 days after the colonization of the bacterium. Xcc are able to infect the
host during the whole vital cycle of the plant (Figure 4). For example,
it's verified during the flowering through the pollination by the insect that
vehicles the bacteria [12]. The contaminated flower generates infected
seeds. Unlike, the seeds can be infected less generally following the
harvesting or the storage; at the last the contamination in carried out by
the external surface of the seed but not in the inside [13].
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Figure 4: Infection cycle by Xcc.
Researchgate.net/publication/338167535_Cupriavidus_sp_HN-
2_a_Novel_Quorum_Quenching_Bacterial_Isolate_is_a_Potent_Biocontrol_Agent_Against_X

anthomonas_campestris_pv_campestris/figures?lo=1

It secretes biofilm that contains degradative extracellular enzymes
such as cellulase, mannanase, pectinase, and protease, secreted by
the type Il secretion system [14]. The extracellular enzymes are able
to degrade plant cell elements and induce plant tissue necrosis, and
the effector proteins can interfere with cell plant immunity [15].
Moreover, it secretes the exopolysaccharide xanthan, which act as
virulence factors [16].

3) Biofilm

The bacteria that produce biofilm undergo profound changes during
their transition from planktonic (free-swimming) organisms to cells that
are part of a complex, surface-attached community. These changes are
reflected in the new phenotypic characteristics developed by biofilm
bacteria and occur in response to a variety of environmental signals.
Recent genetic and molecular approaches used to study microbial
biofilms have identified genes and regulatory circuits important for initial
cell-surface interactions, biofilm maturation, and the return of biofilm
microorganisms to a planktonic mode of growth. Briefly, the planktonic-
biofilm transition is a complex and highly regulated process. Basically,
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the biofilm development has been characterized as a well-defined
succession of different stages (Figure 5).

iipie i b S e e Planktonic state

Motility

o \;‘,3 A 0 '
V ()N | Matrix develpment |-
S Adhesion A

TR
:‘ ;@& ‘&3

Quorum sensing play an

3 Slow metabolism
important role

Resistant to antibiotics

Figure 5:
https://www.researchgate.net/publication/325091259_Bacterial_Biofilm_and_its_Clinical_Impli
cations/figures?lo=1

First, an attachment phase, regulated by electrostatic interactions,
hydrophobic interactions and Van der Waals forces, which involves an
initial and reversible attraction of bacterial cells to the surface, and a
subsequent but more tenacious and irreversible adhesion of the same.
Then, a maturation phase, during which cells irreversibly attached to
surfaces begin cell division forming microcolonies and produce
exopolysaccharides (EPS) that allows the formation of the first three-
dimensional structures of biofilm, macro-colonies.

Finally, a dispersal phase, which involves the detachment of single cells
or groups of cells that can colonize surrounding or remote sites and
promote the origin of a new biofilm.

One of the peculiarities of the Xcc and Xylella too is the DSF-mediated
signalling that can regulate the transition from a non-adhesive, motile
phenotype that allows systemic plant colonization to more adhesive
cells that can form biofilms (Figure 6) [17]. DSF synthesis and signalling
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is a well-known pathways that influence the virulence of several
Xanthomonas spp., X. fastidiosa, and other strains know as
opportunistic human pathogens [18,19]. DSF-deficient mutants have
a reduced capacity to colonize their insect vector and to form biofilms
in the insect foregut. This reduced retention leads to poor transmission
to uninfected plants [20].

Figure 6: Representative image of Biofilm - using Confocal laser Scanner Microscopy- of Xcc

In particular, rpfB is a fatty Acyl-CoA ligase involved in the turnover of
the DSF family of signals accumulate in the early stationary phase of
growth, and their levels subsequently decline sharply [21]. This
suggested the existence of a naturally occurring DSF signal turnover
system which might be responsible for this decline in DSF signal levels
during the stationary phase of growth. In Xcc, the rpfB gene located
immediately upstream of rpfF was initially predicted to be involved in
DSF biosynthesis [16]. Even though erstwhile results showed that rpfF
also has its own promoter which would permit its expression in an
independent way from rpfB [22]. Hence, it was suggested that rpfB may

15



be involved in DSF production in Xcc and X. fastidiosa, affecting the
profile of DSF-like fatty acids as showed by Almeida R.P. [23].
Furthermore, different biochemical and genetic study had showed that,
in Xcc, rpfB could functionally replace the archetypal bacterial fatty acyl-
CoA ligase (FCL) fadD, a key enzyme involved in the beta-oxidation
pathway in E. coli [4]. And in X. fastidiosa rpfB coordinates host vector
and plant colonization [19].

4) Plant response
Plants are regularly exposed to several microorganisms in the
environment, and present complex mechanisms to recognize and
defend themselves against possible pathogens. Several studies have
shown the concomitant downregulation of photosynthesis and other
processes associated with primary metabolism, and upregulation of
several primary metabolism that occurs during plant-pathogen
interactions. It has been proposed that the energy released by down-
regulation of primary metabolism is rerouted into defense responses. In
addition, the upregulation of primary metabolism modulates signal
transduction cascades [24].
The dynamic co-evolutionary conflict between phytopathogens and
plants over the host nutritional resources has shaped distinct invasion
strategies. Plants have developed several strategies to strip pathogens
of nutrients. Upon timely perception of the presence of pathogenic
microorganisms, a resistant plant can deploy assorted types of defense
strategies to halt pathogen progress [25]. To support this hypothesis,
several studies reported the evidence that upon exposure to pathogen,
plants can modulate different genes associated with primary metabolic
pathways, such as those involved in the synthesis or degradation of
carbohydrates, amino acids and lipids. Furthermore, genetic analysis
has confirmed the association of these metabolic pathways and plant
defense responses [26].
The upregulation of several genes is associated with processes
involved in energy production, such as glycolysis and the pentose
phosphate pathway, TCA cycle, mitochondrial electron transport, ATP
biosynthesis and biosynthesis of some amino acids such as lysine and
methionine. The amino acids catabolism leads to energy production, as
well as biosynthesis of glutamic acid, arginine, serine and glycine that
are associated with photorespiration [27].
For the above reasons, the best way to understand the plant-pathogen
interaction and system-wide alteration during the infection seems to be
the metabolomic analysis. It is able to provide significant information
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about compounds that play a pivotal role in plant innate immunity
[28,29].

5) Bacteriophage
In agriculture several approaches are being developed to use natural
antimicrobial agents that have no impact on humans or other non-target
organisms [30]. For example fatty acid [31], secondary metabolite from
Trichoderma [32]. Among natural antimicrobial agents, the
bacteriophage (phage) is one of the best candidates. In disease control,
phages have several potential advantages because they: undergo self-
replication and self-limitation (when the infection is removed, they leave
the host) [33]; are natural components and can be easily isolated from
different environments [34]; are nontoxic for eukaryotic cells [35]; are
specific or highly discriminatory, eliminating only target bacteria without
damaging other, possibly beneficial, members of the indigenous flora
[36].
The phage therapy is carried out by countless positive aspects that
facilitate the battle against bacterial infections. The study of these
processes has provided important scientific background about new
intermediates [37], unusual nanoparticles [38], different gene
organizations and special regulatory mechanisms [39], thus expanding
older disciplines such as biochemistry, genetics and microbiology.
Multidrug resistance is one of the top three threats to global public
health and is mostly lead to excessive drug management or
prescription, improper use of antimicrobials, and substandard
pharmaceuticals (pharmaceutical products that do not satisfy their
quality standards and specifications) [40]. it is not surprising that
expansion of antibiotic resistant bacteria has considerable interest in
the scientific and medical community. This is evident from the number
of researches that is being done on the subject [41].
Several bacterial strains develop into resistant from different types of
antibiotics; it is called multiple resistance antimicrobials if the resistance
is for four or more different classes of antimicrobials [42].
The phenomenon of antibiotic resistance was recognized in the 50s but
during the last years has undergone a rapid increase not only in the
health sector, but also in the veterinary, food, and environmental as
there are interactions between man and the environment [43].
It is called Bacteriophage, or phage, a viral particle able to infect and
replicate within bacteria. The use of phages has been studied to prevent
the phenomenon of antibiotic-resistant bacteria [44]. Phages are
ubiquitarian organisms that have been found in saltwater and sweet, in
soil, plants, animals and humans (especially in the gastro-intestinal
tract) [45].
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If it concerns the phage therapy, the focus is on virulent phages that are
associated to three main families such as Myoviridae, Siphoviridae and
Podoviridae [46,47]. The lithic cycle starts with the adsorption and
penetration in which phages are bound by the tail fimbriae to the
receptors on the bacterial surface (lipopolysaccharides and
lipoproteins) (Figure 7); in this way the basal plate is placed on the
bacterial membrane, by the production of an enzyme (lysozyme)
located in the tail, there is the reduction of the bacterial membrane
stiffness.
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The main advantage of the use of bacteriophages is the high specificity,
because each phage is selective for a specie or for an individual strain.
This characteristic is essential because, in this way, only the bacteria
involved in a specific infection will be the targets of the phage. Based
on specificity of bacteriophages against bacteria, is possible to
personalize the bacteriophage therapy against an infection, so it is
necessary to identify the responsible microorganism and consequently
the specific phage.

A further advantage of phage therapy is that applying phages in only a
single dose takes advantage of the phage potential to replicate and
obtain an ‘active’ therapy, moreover significant phage development via
auto “dosing” that results in greater bacterial cure. Achieving efficacy
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following only a single dose, or far less frequent dosing, is an
improvement, though in many or most instances a single dosage of
phages should not be sufficient to obtain desired efficacy [48].

Since they reproduce through bacteria, once the infection has been
eradicated, the phages are also eliminated [49].

The resistance to phages, however, could be the cause of a reduction
in the virulence of the bacterium, making the resistant less virulent than
the wild one [50].

Bacteriophages are used both as biological control or as therapy
against bacteria in the agriculture and fishing [49]. In the United States,
the FDA (Food and Drug Administration) has approved the use of
phage, as alternative methods, for the decontamination of animals,
plants and their derivatives meant to be human consumption.
Moreover, the classes of drugs that normally were used worldwide in
agriculture, such as tetracyclines, aminoglycosides, [-lactams,
lincosamides, macrolides, pleuromutilins, and sulphonamides create
concern for their potential adverse effects [51]. Gelband et al., for
example, noted that these antibiotics act in the same manner as those
used for humans [52].
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Author Summary

The use of bacteriophages (phages) could represent an alternative and
efficient crop protection strategy able to control plant diseases. This
study demonstrated the efficacy of a lytic bacteriophage to reduce the
Xanthomonas campestris pv. campestris proliferationin Brassica
oleracea var. gongylodes. Furthermore, for the first time, the effects of
the phage treatment - in planta - were also investigated by metabolic
analysis which allowed to evaluate the occurring changes based on a
holistic approach.

Abstract

Periodic epidemics of black rot disease occur worldwide causing
substantial yield losses. Xanthomonas campestris pv. campestris (Xcc)
represents one of the most common bacteria able to cause the above
disease in cruciferous plants such as broccoli, cabbage, cauliflower,
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and Arabidopsis thaliana.

In agriculture, several strategies are being developed to contain the
Xanthomonas infection. The use of bacteriophages could represent a
valid and efficient approach to overcome this widespread phenomenon.
Several studies have highlighted the potential usefulness of
implementing phage therapy to control plant diseases as well as Xcc
infection.

In the present study, we characterized the effect of a lytic phage on the
plant Brassica oleracea var. gongylodes infected with Xcc and, for the
first time, the correlated plant metabolic response.

The results highlighted the potential benefits of bacteriophages:
reduction of bacterium proliferation, alteration of the biofilm structure
and/or modulation of the plant metabolism and defense response.

Xanthomonas campestris pv. campestris | bacteriophages | plant
infection | metabolic response |

Introduction

Xanthomonas campestris pv. campestris (Xcc) is an economically
important bacterial plant pathogen worldwide causing black rot disease
that devastates many cultivated cruciferous crops, producing V-shaped
necrotic lesions on the foliar margins and blackened veins [1]. Xcc lives
epiphytically on the leaf surface, infects the host penetrating stomas,
hydathodes or wounds, and colonizes the vascular system of many
Brassicaceae, including broccoli, cabbage, cauliflower, radish, and the
model plant Arabidopsis thaliana [2]. Xcc infection is particularly harmful
due to the formation of biofilm, which contains degradative extracellular
enzymes and other virulence factors [3].

Plants have developed different defense mechanisms against
pathogens [4]. They respond to “pathogen associated molecular
patterns” (PAMPs) by activating a PAMP-triggered immunity (PTI) or an
effector-triggered immunity (ETI) mediated by receptors able to
specifically recognize pathogens [5,6]. The consequence can be the
establishment of a “systemic acquired resistance” (SAR) status, which
may increase resistance in the whole plant to subsequent attacks
[5,7,8].

Defense responses have metabolic costs in terms of energy and
resources, normally used to support processes of development and
reproduction [9]. Indeed, during pathogen infection, photosynthesis is
down regulated, as result of primary metabolism reorganization.
Transcriptional analysis confirms that the metabolic reprogramming
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caused by pathogen infection is mainly associated with genetic and
biochemical changes in basic pathways, such as those involved in the
synthesis or degradation of carbohydrates, amino acids, and lipids, as
well as in defense response [10]. Contact with the pathogen often
causes up-regulation of genes involved in energy production
processes, such as glycolysis, the pentose phosphate pathway, Krebs
cycle, mitochondrial electron transport, ATP and amino acid
biosynthesis [11].

In agriculture, crop protection strategies based on beneficial
microorganisms or naturally-derived antimicrobial agents are being
developed in order to reduce the impact on non-target organisms,
including humans [12]. To this end, bacteriophages (phages) may be
particularly useful. They self-replicate only as long as the bacterial host
is present, which may reduce the need of multiple applications [13].
Moreover, phages - being considered the most common biological
entities on earth [14] - can be found in a variety of forms and
environments [15]. They are nontoxic for eukaryotic cells and, due to
their specificity, may not harm the soil beneficial microbiota [16—18].
Several studies have stressed the potential usefulness of implementing
phage therapy to control plant diseases [19]. This is the case also of
Xcc, for which different research groups have isolated specific phages
[20]. However, the use of phage therapy in plants is still poorly studied.

Metabolomics is particularly apt to investigate plant-pathogen
interactions, and to understand the mechanisms of innate immunity
[21-23]. High-resolution NMR spectroscopy and multivariate data
analysis have been widely used in order to evaluate the occurring
changes based on a holistic approach [24]. However, to date, the
metabolic impact of phage-bacterial infections on the plant have not yet
been described.

In the present study, we isolated and characterized a lytic
bacteriophage (Xccg1) able to control the disease caused by Xcc to
Brassica oleracea var. gongylodes and investigated the effect of Xcc
and Xcco1, applied singly or combined, on plant metabolome. Finally,
our results indicate that phage-based treatments limit the bacterium
proliferation, due to lysis of the host, to alteration of the biofilm structure
and/or modulation of plant defense response.

Materials and Methods

Isolation of Xanthomonas campestris pv. campestris (Xcc). Leaves
of cauliflower and kohlrabi plants with symptoms of Black rot were
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collected from cultivated crops in Campania (Piana del Sele, Italy)
during January - February 2017. After a thorough washing with tap
water, tissue fragments were ground in sterile distilled water (SDW) and
streaked on mMCS20ABN agar medium [25]. Yellow mucoid colonies
were extensively purified on Nutrient Agar (Sigma Aldrich, Milan, Italy)
supplemented with glucose 0.5% (NAG). Single colonies were then
suspended in SDW and stored at 4° C. The isolates were identified by

the BioIogTNI System (Hayward, CA, USA) as Xcc.

Species-specific PCR of Xcc. Molecular diagnosis of Xcc was carried
out using the primers HrcCF2 (5’- CGTGTGGATGT GCAGACC-3’) and
HrcCR2 (5'-CAGATCTGTCT GATCGGTGTCG-3’), which amplify an
internal fragment of 519 bp of hrcC [26].

Morphological characterization of Xcc. Curli and cellulose
productions were detected by growing bacteria on Nutrient Agar
supplemented with Congo-red (4 mg/ml Sigma Aldrich) and on Nutrient
Agar supplemented with calcofluor (10 mg/ml Sigma Aldrich)
respectively. Plates were incubated at 24- 25°C for 72 h. Calcofluor
colonies were visualized under a 366-nm light source [27].

Isolation and growth of Xcc phages. Ten grams of rhizospheric soll
of 100 cauliflower and kohlrabi plants with Black rot symptoms were
suspended in 15 ml of Nutrient broth (Sigma Aldrich), and agitated for
30 min at 20° C. Soil sediments were removed by centrifugation, and
the supernatants transferred to sterile flasks. Log-phase cultures of Xcc
were added and flasks incubated overnight at 24°C in shaking
condition. Cultures were clarified by centrifugation and filtered through
a Millipore 0.22um-pore-size membrane filter (MF-Millipore, Darmstadt,
Germany). The filtrates were assayed for the presence of Xcc-infecting
phage by plating (10 pl) on soft agar overlay for 48h. The clear plaque
on soft-agar containing phage were picked and incubated for 4h at
37°C, centrifuged for 30 min at 5000 rpm and filtered through 0.22-um-
pore-size membrane filters 55. The experiment was performed for 5
time. At least, suspensions were stored at 4°C.

Host range analysis. The lytic activity of al the phage lysate was tested
on 40 different Xanthomonas isolates (Tab). Individual Xanthomonas
strains grown in NB to the exponential phase were added (500 ul)
individually to tubes containing 4 ml of 0.7% agar (Sigma Aldrich, Milan,
Italy). The suspension was transferred to a Petri dish with nutrient agar
and let to solidify. Ten pl of all the phage were spotted on agar plates,
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which were then incubated at 25°C for 48h (Garbe et al., 2010). The
experiment was performed in triplicate.

Multiplicity of infection (MOI). The ratio between virus particles and
host cells was used to determine the MOI 56. The Xcc strain was grown
in Nutrient Broth (NB) at 24 °C to the concentration of 108 CFU/mI, as
determined by measuring the optical density at 600 nm. Cells at the
exponential growth phase, were infected with phage (103 to 1073
PFU/CFU) in a 96 well plates (Corning® 96 Well CellBIND®
Microplates, Sigma Aldrich), then incubated at 24° C for 48h. CFUs
were counted by standard soft agar overlay assay °":°8. Experiments
were performed in triplicate. Optimal MOI, that resulted in the highest
phage titer within 48 h incubation, was used in subsequent phage
propagation.

Burst size analysis. One ml of exponential-growth-phase culture of
Xcc in NB (108 CFU/ml) and phage suspension were mixed at MOI of
0.1. The mixture was incubated at 24 ° for 5 min to allow phage
adsorption. Immediately after, the mixture was diluted to 10 in 50 mi
Erlenmeyer flasks. Samples were taken from the diluted fraction at ten-
minute intervals, serially diluted ten-fold and spotted on NA plates using
the agar overlay technique. The experiment was repeated three times.
The latent period was expressed as the time interval between phage
adsorption (which does not include the 5-min pre-incubation time) and
the first burst 5989, Burst size was calculated as the ratio between the
final count of liberated phage particles and the initial count time of
infected bacterial cells during the latent period.

pH stability. The phage stability at different pH was assessed using the
double-layer agar technique. The pH of SM buffer was adjusted to the
following values using 1M NaOH or 1M HCl: pH 1 to 11 61.
Subsequently, the plates were incubated at 25°C for 48h. The lysis
spots were picked and inoculated into 500 ul of buffer SM solutions at
different pH and incubated at 37°C for 4h. The solutions were
centrifuged at 5000 rpm at room temperature for 30 min, filtered through
0.22 um filters (MF-Millipore) and incubated at RT for 7 days. Ten-fold
dilutions of each solution were spotted (10 ul) on the agar plate. The
plates were incubated at 25°C for 48h and evaluated the final
concentration of each condition.

Phage purification. To purify Xcc@1, 1 ml of the lysate was centrifuged
at 14K RPM for 2h at room temperature, then the supernatant was
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discarded and 200 pl of 5 mM MgSO, (Sigma Aldrich) was added, and
the pellet was incubated overnight at 5°C. The pellet was resuspended
by gently pipetting up and down, diluted 2x and 4x in 5 mM MgSOa.

Transmission Electron Microscopic analysis. The Xcc@1 stock (108
PFU/ml) was purified by CsCl density gradient ultracentrifugation
(Centrifuge for 2.5 h 24K in the SW 28.1) and dialyzed against SM
buffer overnight at 4°C. Phage particles were negatively stained with
2% phosphotungstic acid (pH 7.2) for 5 min. Phages were observed in
a Philips EM 300 electron microscope.

Chemical analysis. Glycosyl analysis was performed as reported by
Fresno et al., and Casillo et al. [28,29].

Confocal laser scanning microscopy. Biofilms were formed on

polystyrene Nunc™ Lab-Tek® 8-well Chamber Slides (n° 177445;
Thermo Scientific, Ottawa, ON, Canada). For this purpose, overnight
cultures of Xcc in Nutrient broth were diluted to a cell concentration of
about 0.001 (ODsoo nm) and inoculated into each well of a chamber slide.
The bacterial culture was incubated at 24°C for 72h in order to assess
the biofilm thickness and cell viability. After 106 and 108 PFU/mI of
phage was added for 6h. The biofilm cell viability was determined with

the FilmTracer™ LIVE/DEAD® Biofilm Viability Kit (Molecular Probes,
Invitrogen, Carlsbad, California) according to Papaianni et al. [14].

Static biofilm analysis. Biofilm formation was monitored using the
Christal violet assay. Xcc bacteria were incubated for 72h in NB at 24°C
and after the biofilm formation the galactose was added at different
concentrations (from 0.5% to 2%) and incubated for 4h at 24°C. The
biofilm was analyzed at 590 nm after the staining with Crystal violet
(Sigma Aldrich) [30].

In-planta experiments. Seeds of B. oleracea var. gongylodes —
susceptible to the disease — were sown in 60-well Styrofoam planting
trays containing steamed sterile soil peat mixture. The trays were kept
for 48h in a germination chamber and then transferred to a glasshouse.
All the experiments were carried out with a temperature of 15+2°C
(night) and 25+2°C (day). At the stage of the second true leaf, the
plantlets were used for the experiments. The Xcc strain was grown on
NAG Petri dishes for 36 h at 28 °C and the bacterial growth suspended
in SDW. The final bacterial concentration was spectrophotometrically
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adjusted to the established level. Seedlings were treated using a hand-
held plastic sprayer with SDW and suspensions of phage and Xcc
supplemented with Tween 20 (5 pl per 100 ml). Two experiments were
conducted. The first trial was performed to determine if the timing of
phage application had any influence on the pathogenic activity of Xcc
when the bacterium was inoculated on a host plant. Kohlrabi (B.
oleracea var. gongylodes) plantlets were treated as follows: a) SDW, b)
Xcco1, ¢) Xcc, d) Xcep1 24 hours before inoculation with Xcc, e) Xcco1
and Xcc together, f) Xcco1 24 hours after Xcc, g) Xcce1 48 hours after

Xcc. Both phage and bacterium were suspended in SDW at 10’

PFU/mL and 10" CFU/mL respectively.
The second trial was performed to determine if the concentration of the
phage application influenced the pathogenic activity of Xcc; the

plantlets were treated as follows: a) SDW, b) Xcco1 10° PFU/mL, c)

Xcc 10° CFU/mL, d) Xcep1 10° PFU/ML and Xcc 10° CFU/mL together.
Trials were planned according to a randomized block design with three
replications for each treatment. Each replication was made up of one
tray with 60 plantlets. After inoculation, the plantlets were kept under
clear plastic storage boxes, irrigated daily and misted with distilled water
twice a day to maintain a high level of relative humidity to aid infection
by the pathogen. Fifteen days after inoculation, infection symptoms
were rated according to a four-level arbitrary disease scale whereby: O
(no symptoms) to 3 (all leaves with symptoms and/or strong defoliation).
The empirical scale allowed the calculation of McKinney’s index,
expressed both as the weighted average of the disease and as a
percentage of the maximum possible level [31]. The non-transformed
values of the McKinney indexes were submitted to analysis of variance
(ANOVA) and the significance of the differences was calculated by
Tukey’s multiple range test (p<0.05).

RNA extraction and expression profiling by gPCR. Plantlets treated
as described in the second trial of the in planta-experiments were used
to analyze the expression profiling of genes involved in (1)
synthesis/degradation of GABA at 15 days post-inoculation (dpi) or (2)
in disease resistance at 48 h post inoculation (hpi). Plants were washed
with SDW and immediately frozen in liquid nitrogen. Total RNA was
extracted and purified using PureLink® RNA Mini Kit (Ambion Inc.,
Austin, TX, USA) from a pool of equal amounts of the powdered plant
tissue obtained from 3 biological replicates for each treatment. Removal
of genomic DNA was performed by digestion with DNase |,
Amplification Grade (Invitrogen, USA). The Qubit™ RNA BR Assay Kit
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and Qubit™ 2.0 Fluorometer (Life Technologies, Thermo Fisher
Scientific Inc., Denver, CO, USA) were used to assess total RNA
quantity, while the quality was verified by NanoDrop® ND-1000 (Thermo
Fisher Scientific Inc.). Only RNA samples with 230/260 and 260/280
ratios >2 were used in the further analyses. One pg of purified total RNA
was used as a template for first-strand cDNA synthesis using
SuperScript® 1ll Reverse Transcriptase (Invitrogen). Gene transcript
levels were measured using Power SYBR® Green PCR Master Mix
(Applied Biosystems®) on a QuantStudio™ 3 Real-Time PCR System
(Applied Biosystems®, Thermo Fisher Scientific, Waltham, MA, USA)
with the following conditions: an initial step at 95 °C for 10 min, followed
by 45 cycles of 95 °C for 10 s, 60 °C for 20 s and 72 °C for 10 s.
QuantStudio Design & Analysis Sofware v1.1 (Applied Biosystems) was
used for analysis of gene expression. All samples were normalized to
actin as reference housekeeping gene. The relative quantitative
expression was determined using the 2 22€T method [32]. All primers
used in this work are reported in Table S2 [33,34].

Extraction procedure and sample preparation for NMR. Forty plants
(0,5 g/plant) from each of the four conditions tested in the second trial
were used for the sample preparations. To extract the metabolites of
interest (e.g., lipids, carbohydrates, amino acids and other small
metabolites), while leaving DNA, RNA and proteins in the tissue pellet,
tissues were mechanically disrupted. Combined extraction of polar and
lipophilic metabolites was carried out by using a methanol/chloroform
protocol [23].

Prior to NMR analysis, the methanol/water fractions were resuspended
in 630 pl of phosphate buffer saline (PBS, pH 7.2), and 70 ml of a
deuterated-water solution (containing 1 mM sodium 3-trimethylsilyl

[2,2,3,3-H4] propionate (TSP) as a chemical shift reference for H
spectra). The deuterated solvent was added to provide a field-
frequency lock so that each sample reached 700 ml of total volume into
the NMR tubes.

NMR analysis. One-dimensional (1D) spectra were recorded on a
Bruker Avance IlI-600 MHz spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany), equipped with a TCI CryoProbe™ fitted with a
gradient along the Z-axis, at a probe temperature of 27°C. One-
dimensional (1D) proton spectra were acquired at 600 MHz by using
the excitation sculpting sequence [35]. A double-pulsed field gradient
echo was used, with a soft square pulse of 4 ms at the water resonance
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frequency, with the gradient pulse of 1 ms each in duration, adding 516
transients of 16384 points with a spectral width of 8417.5 Hz. Time-
domain data were all zero-filled to 32768 points, and prior to Fourier
transformation, an exponential multiplication of 0.8 Hz was applied. For
two-dimensional (2D) clean total correlation spectroscopy (TOCSY)
[36,37] spectra we used a standard pulse sequence with a spin-lock
period of 64 ms, achieved with the MLEV-17 pulse sequence, and
incorporating the excitation sculpting sequence for water suppression.
In general, 256 equally spaced evolution-time period t; values were
acquired, averaging 64 transients of 2048 points, with 8403.36 Hz of
spectral width. Time-domain data matrices were all zero-filled to 4096
points in both dimensions, thus yielding a digital resolution of 2.04 Hz/pt.
Prior to Fourier transformation, a Lorentz-to-Gauss window with
different parameters was applied for both t1 and t2 dimensions for all the
experiments. Spectra in water were referred to internal 0.1 mM TSP,

assumed to resonate at & = 0.00 ppm. Natural abundance 2D '"H-"c
heteronuclear single quantum coherence (HSQC) spectra were

recorded at 150.90 MHz for 13C, using an echo-antiecho phase
sensitive pulse sequence with adiabatic pulses for decoupling [38,39]
and pre- saturation for water suppression [9]. 128 equally spaced
evolution time period t; values were acquired, averaging 240 transients
of 2048 points and using GARP4 for decoupling. The final data matrix
was zero-filled to 4096 in both dimensions, and apodized before Fourier
transformation by a shifted cosine window function in t; and in t;. Linear
prediction was also applied to extend the data to twice its length in t;.
HSQC spectra in water were referred to the a-glucose doublet

resonating at 5.24 ppm for 'H and 93.10 ppm for “c.

Multivariate data analysis. The 0.70-9.70 ppm spectral region of
agueous extracts was automatically data reduced to integrated regions
(buckets) of 0.02-ppm width using the AMIX 3.9.7 package (Bruker
Biospin GmbH). The residual water resonance region (4.50-5.06 ppm)
was excluded, and each integrated region was normalized to the total
spectrum area. To discriminate samples using NMR profiles, a
multivariate statistical data analysis was carried out using projection
methods. The matrix of the integrated data was imported into SIMCA14
package (Umetrics, Umed, Sweden) and Principal Component Analysis
(PCA) and Orthogonal Projection to Latent Structures Discriminant
Analysis (OPLS-DA) were performed. Unit variance scaling was used
as data pre-treatment for both PCA and OPLS-DA. PCA was first
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applied as unsupervised strategy to identify data trends. Next, OPLS-
DA was used to better define clustering and relate metabolic variations
to pathophysiological changes [40]. Validation of the models was
carried out using 7-fold cross—validation and permutation tests (800
repeats) to verify possible model overfit. The quality of all PCA and
OPLS-DA models was evaluated using the regression correlation

. 2 . . . 2
coefficient R and the cross-validate correlation coefficient Q.
Normality test (Shapiro-Wilk and D’Agostino K squared) on normalized
buckets of discriminant metabolites and non-parametric Kruskal-Wallis
Anova test were performed with the OriginPro 9.1 software package
(OriginLab Corporation, Northampton, USA). Moreover, for multiple
comparisons, the Dunn Kruskal-Wallis test with Bonferroni correction
was implemented in R [41] (https://www.R-project.org), all the test
results and the adjusted p-values are presented in supporting
information material. Signal variations were presented as chemical shift
assignments (Table S1). Results were considered statistically
significant at p<0.05.

Pathway Analysis. Pathway topology and biomarker analysis on
selected and more representative discriminating metabolites were
carried out using specific tools in Metaboanalyst 4.0 [42]. We calculated
the centrality through the Pathway Impact, a combination of the
centrality and pathway enrichment results. Metabolites were selected
by evaluating both VIP values >1 in class discrimination and correlation
values |pq[corr]| >0.7. Arabidopsis thaliana pathway library was chosen
and analyzed using Fisher's Exact Test for over representation and
Relative- betweenness Centrality for pathway topology analysis.

Results

Isolation and characterization of Xcc. Twenty-seven bacterial
isolates were obtained from B. oleracea plants displaying typical
symptoms of Xcc infection and identified by PCR using Xcc-specific
primers. Ten isolates resulted positive (Figure 1A) and were found to
produce the main components of Xanthomonas biofilm (cellulose and
curli) (Figure 1B and 1C).
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Figure 1. Xanthomonas campestris pv. campestris characterization: (A)ldentification of the
isolates by PCR amplification of the Xcc specific gene HrcC. Lanes 1-13: bacterial DNA; M:
Marker (100 bp DNA Ladder). (B)Colony fluorescence on calcofluor agar plates due to cellulose
synthesis. (C) Colonies on Congo red demonstrating the pdar phenotype due to the presence
of fimbriae.

Isolation and characterization of phage Xcc@1. Phages were
isolated from 17 soil samples obtained from the rhizosphere of Brassica
plants. All phages displayed the same host range, were specific to X.
campestris pathovar campestris only, forming clear plaques on all Xcc
isolated from different area. Any phage isolated and tested are able to
lyse the other X. campestris strains tested (Table S1). On soft agar,
Xcc@1 consistently formed clear plaques of approximately 2-3 mm in
diameter (Figure 2A). Analysis by transmission electron microscopy
(TEM) revealed a structure typical of the Myoviridae family, with a
contractile, long and relatively thick tail (120x30nm), and a central core
separated from the head by a neck (Figure 2B) [43]. Adsorption rate of

Xccpl (27°C; 20 min) was 85%, 70% and 65% at 10°, 106, and 107
PFU/mlI, respectively. The latent period and burst size were 30 min and
42+4 viral particles per infected cell, respectively, while the rise period
was 30 min (Figure 2C). The phage growth curve displayed the
canonical phases of latency, replication, and host lysis (Figure 2C). The
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lytic activity was phage concentration independent (Figure 2 D). The
host range of Xcco1 included 12 bacterial isolates from Brassica plants
(cauliflower, kohlrabi and rocket). The concentration of the phage was
not affected at pH 5 and 7.5 in SM buffer or in water (Figure 2E).
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Figure 2. Xcco1 characterization: (A) plagues on soft agar of approximately 2-3 mm in
diameter. (B) Phage structure as observed by Transmission Electron Microscopy (TEM). Bar =
100 nm. (C) One step growth curve of phage. (D) Representation of phage activity on a Xcc
growing. The figure shows the final bacterial plate counts (CFU/mL) after the treatment with the
phage and growth on Nutrient Agar. Each value is the mean + DS of 3 independent
experiments. (E) Phage stability in SM buffer at different pH and H,O control. ***, p<0.001.
Statistical analysis was performed with Student’s t test. Values are the mean + SD from 3
independent experiments with 3 replicates for each data point.

Chemical analysis. Glycosyl analysis of Xcc cells in biofilm (Figure 3A)
revealed the presence of rhamnose (Rha), mannose (Man), glucose
(Glc), and traces of galactosamine (GalN) and glucosamine (GIcN), all
main components of exopolysaccharides (EPS) [44]. Phage analysis
(Figure 3B) indicated the presence of Glc, galactose (Gal) and, at a
lower concentration, Man, whereas the latter two are uncompetitive
inhibitors of bacterial biofilm stability. These findings may suggest the
role of galactose instead of mannose on biofilm maintenance and thus
on the phage activity [45].
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) analysis of (A) Xcc cells in biofilm,
and (B) Xcco1 particles. Rha, Rhamnose; Man, mannose; Glc, glucose; GalN, galactosamine;
GlcN, glucosamine; Gal, galactose.

Confocal laser scanning microscopy (CLSM). The biofilm analyzed
by CLSM showed a structure that appeared thick and multi-layered in
the absence of the phage and collapsed when bacteria were treated
with Xcco1 (Figure 4). The effect of the phage was concentration

dependent, with a dose of 10° PFU/mI added to the bacterial culture
demonstrating a greater reduction in the structure of the biofilm in

comparison to a dose of 10° PFU/mI (cfr. Figs 4B and C). The biofilm
was also reduced by a treatment with galactose, a sugar present as a
component of the Xcce1 capsid (Fig 3B)[46], whereby different non-
toxic concentrations (from 0.5% to 2%) were effective on the biofilm and
1.5 and 2% are significant (p<0,001)(Figure S1). These findings
indicate that the efficacy of biofilm disaggregation activity exerted by
the phage may be supported by galactose, a result in line with a
previous study [47].
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Figure 4. Effect of Xcce1 phage concentration on the structure of Xcc biofilm as analysed by
Confocal Laser Scanning Microscopy (CLSM): (A), Xcc alone; (B), Xcc after 6h of incubation
with phage at 10° PFU/mI; (C), Xcc after 6h of incubation with phage at 108 PFU/mI. Bacteria
were grown for 72 h in 8-well chamber slides and stained with LIVE/DEAD reagents. Green
fluorescence (SYTQO9) indicates viable and red fluorescence (PI) dead cells.

Phage activity in planta. B. oleracea var. gongylodes plantlets were
treated by spraying the aerial vegetative parts with suspensions of the
phage and the bacterium at different times and concentrations. The
results of the first trial showed a statistically significant decrease (20%)
in disease symptoms on plants treated with the anticipated application
of the phage 24 hours before Xcc (Figure S2). The effects on disease
development were not significant when the phage and bacteria were
sprayed together, at the same time. When the phage was applied 24 or
48 hours after the Xcc inoculation, there was no disease control. In the
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second trial, Xcc@1 was applied together with Xcc, both at higher
concentrations than those used previously (Xcce1 at 10° PFU/mI and

Xcc at 10° CFU/mI). In this case, the development of the disease
symptoms was reduced by about 45% (Figure 5). Interestingly, in the
glasshouse Xcc@1 survived and was detected on the plant leaf surfaces
up to six weeks after application. Furthermore, plants that received the
treatments with the phage alone exhibited no symptoms but were
visually greener in vegetative growth than the water-treated controls
(data not shown).
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Figure 5. Effect of the Xccp1 phage treatments on Xcc disease severity, as measured by the
McKinney index, with foliar applications to plants of B. oleracea var. gongylodes. Xcc was

inoculated at 108 CFU/ml, while Xcco1 at 109 PFU/ml. In the combined treatment, phage and
bacterium were applied simultaneously. Values are the mean = SD of three replicates (60
plantlets each) per treatment. Bars labeled with the same letter are not statistically different at
the Tukey test (p< 0,05).

NMR-based metabolomic analysis. We acquired 92 'H-NMR spectra
from extracts (polar fraction) obtained from leaves of B. oleracea var.
gongylodes receiving the phage and bacterium treatments conducted
in the second trial. For each treatment, the most representative samples
were analyzed by 2D NMR analysis. All resonances were identified by
comparing 2D data with the literature and/or online databases (Table
S1). 1D-NMR metabolic profiles were subjected to multivariate
statistical analysis in order to detect trends and clusters [48].

We tested the following leaf samples: 26 untreated (NT), 25
infected with Xcc (Xcc), 23 treated with Xcc plus the phage
(Xcc+Xccop1), and 18 treated with the phage alone (Xcco1).
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Unsupervised PCA models (data not shown) displayed a clear
clustering into four distinct groups that corresponded to the treatments
and excluded the potential presence of outliers.

OPLS-DA was applied to improve group separation. Regression

analysis generated a robust model (R2 = 0.97, Q2 = 0.96) with three
predictive components, and a clear separation in the scores plot (Figure
6A). In particular, the first component t[1] clearly differentiated the Xcc
(red squares) and the Xcc + Xccop1 groups (blue squares) from the
phage Xccep1 group (purple squares), with the NT group (green
squares) located in the middle (Figure 6A). The second component t[2]
discriminated between the Xcc and the Xcc + Xcc@1 groups, with the
latter located very close to the control group (Figure 6A). The third
component (tf[3] on t[1]) differentiated the NT group along the t[3]
positive axis (Figure S3).

Hence, the projection of all samples along the combination of the

first and the second components reflected the specific metabolic
alterations among different groups, which cluster in specific areas of the
statistical model. The Xcc and the Xcc@1 groups appeared in the Il and
the IV quadrants of the score plot, respectively, while the Xcc+Xcco1
group is placed in the Il quadrant, adjacent to the NT group (Figure 6A).
This result indicates a small metabolic variation between healthy
controls and leaves infected with both the phage and the bacterium.
Therefore, the presence of Xcce1 may have resulted in a significant
variation of the disease-associated plant metabolome.
The loadings plot helped in the identification of NMR variables
responsible for group separation (Figure 6B). We considered as
discriminating only signals (bins) with variable influence on projection
(VIP) values >1 and |pg[corr]| >0.7.
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Figure 6. Metabolomic analysis (OPLS-DA of NMR data) of leaf extracts from B. oleracea var.
gongylodes treated with Xcc and Xcc+Xcco1. (A) Scores plot (97%, p < 0.0001) showing the
separation of the treatments: NT (water); Xcc (bacteria alone); Xcc+Xccp1 (Xcc plus Xcco1
phage); Xcco1 (phage alone). R? was 0.97 and Q2 was 0.96. (B) Loadings plot associated with
the OPLS-DA analysis reported in (A), indicating determining NMR variables. Numbers refer to
buckets’ chemical shifts (spectral positions), and their size indicated the more discriminating
buckets. The pg[1] and pq[2] values refer to the weight that combines the X and Y loadings (p
and q).

Statistically relevant biochemical information was obtained from
discriminating metabolites in the OPLS-DA model, by using a univariate
statistical analysis. Metabolite set enrichment analysis (MSEA)
identified 30 major metabolic pathways involved and significantly
modified processes in the plants. Among these: alanine, aspartate and

glutamate (p = 3.1 x 10'5, impact = 0.44); arginine and proline (p = 4.5
X 10'3, impact = 11); valine, leucine and isoleucine biosynthesis (p =1.1
x 10”7, impact = 0.04); galactose (p = 1.1 x 10~, impact = 0.05): lysine
biosynthesis (p = 1.4 x 10, impact = 0.07); sucrose (p = 1.7 x 107,

impact = 0.09), and glyoxylate and dicarboxylate (p = 3.8 x 10'2, impact
= 0.27). The characteristics of the pathway are correlated with the size
and color of the circles shown in Figure S4. In particular, the relative
size and the color (from yellow to red) of the circles indicates the
pathway relevance for this study and the number of metabolites
differentially produced and associated to a specific pathway. Although

the alanine, aspartate and glutamate metabolism (Holm p = 2.7 x 10'3,

FDR = 1.3 x 10'3) appeared to be the most affected, all the pathways
involved were considered and shown.

The water control (NT) and the three treatments (Xcc, Xcc+Xcco1,
Xcc@1 alone) produced different changes in the plant metabolic profile.
The effect on the accumulation of each single metabolite is reported in
Figure 7. Specifically, in the Xcc group higher levels of branched chain
amino acids (valine, leucine and isoleucine), threonine, lysine, alanine
and GABA (y-aminobutyric acid) were observed compared to the other
groups. Interestingly, there was a lower concentration of these
metabolites in the Xcc+Xcce1 group compared to the Xcc group.
Similarly, the concentrations of glucose and fructose were higher in the
Xcc group compared to the treatment Xcc+Xcco1.

Pipecolate appeared in relatively high concentrations in both the Xcc
and the Xcc+Xcc@1 groups compared to the other groups. The
treatment with both bacterium and phage (Xcc+Xcce1) increased the
concentration of aspartate, which is the precursor of lysine, asparagine
and glutamine, compared to all the other samples.
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Finally, in the Xcc@1 group, higher levels of citrate and lower
concentrations of valine, leucine and isoleucine, threonine, lysine,
alanine, GABA and pipecolate were observed compared to all the other
treatments.

To the best of our knowledge, this is the first study specifically
addressing the changes of metabolic profile occurring in plants infected
by pathogenic bacteria and concurrently inoculated with a disease-
controlling bacteriophage.
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Figure 7. Discriminating metabolites and metabolic pathways observed in the B. oleracea var.
gongylodes metabolome after treatments with NT, Xcc, Xcc+ Xcce1 and Xcce1 classes as in
Figure 6. Box-and-whisker plots show the variations of the metabolite concentration (green=NT,
red=Xcc, blue=Xcc+ Xccep1, purple= Xccp1). The relationships among the metabolites are
indicated by lines and arrows. The names of the metabolites is related to the color legend that
corresponds to the treatment where they are most accumulated.

Expression profiling of plant genes by gPCR

Quantitative real time PCR (QPCR) was used as a validation tool to
confirm metabolomic data. In particular, the expression of the key
genes in GABA synthesis (Gadl) and degradation (GABA-T4) were
analyzed 15-days after treatments. As shown in Figure 8A, in Xcc-
infected plants Gadl was found to be significantly up-regulated. On the
other hand, in infected plants treated with the phage (Xcc+Xcce1), the
up-regulation of GABA-T4 was observed. No significant differences
were observed in the expression of both genes in plant treated with the
phage alone (Xcc@1).

In addition, the expression profiles of resistance genes WRKY
transcription factor 70 (WRKY 70), legume lectin and osmotin 34 were
investigated at 48 hours post inoculation (hpi) (Figure 8B). Xcc-infected
plants showed a consistent over-expression of WRKY 70 and osmotin
genes compared to the control (>25 and >37 Fold Change,
respectively). No significant differences were observed in the
expression of these genes in plants treated with the phage alone or
combined with the bacterium. Similarly, the expression of legume lectin
gene resulted to be unaffected by the treatments.
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Figure 8. Expression profiling of B. oleracea var. gongylodes genes by quantitative real time
PCR (gPCR). (A): Analysis of genes involved in GABA synthesis (Glutamate decarboxylase- 1,
GAD1) and degradation (GABA-transaminase 4, GABA-T4). Plant samples were collected at
15 days post inoculation with Xcc, Xcc+Xccp1 or Xcce1. (B): Analysis of genes involved in
plant disease resistance. Plant samples were collected at 48 hours post inoculation with Xcc,
Xcet+Xeep1 or Xeepl. WRKY 70: WRKY transcription factor 70. Lectin: legume lectin family
protein. Osmotin: osmotin 34. Statistical analysis was performed with Student’s t tests (* = p
<0.05; ** = p< 0.001).
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Discussion

Phage therapy represents a research field with great potential as a new
and environmentally sustainable crop protection strategy [49]. Several
studies have already described the in vitro efficacy of bacteriophages
against different pathogenic strains of Xcc [20,50], Dickeya solani [51],
Ralstonia solanacearum [52], X. campestris pv. vesicatoria [53] and X.
axonopodis pv. citri [54]. In all these cases, a high dose of phages
combined with antimicrobial molecules was needed to reach a
moderate level of disease control, typically up to 20% reduction of
symptoms. In a field application, disease symptoms caused by X.
arboricola pv. pruni on peach trees and fruits were reduced by using a
bacteriophage [55].

In the present study, we describe the phage Xcc1, that, applied alone
at a Multiplicity of infection (MOI) of 10, reduces in vivo the symptoms
of black rot disease by up to 45% (Figure 5).

Disease control requires bacterial biofilm disruption, as demonstrated
at least in the case of human pathogens [56,57]. Using CLSM analysis,
we found that after 6h of incubation, Xcce1 disrupts the stability of Xcc
biofilm (Figure 4). Moreover, we observed the presence of galactose as
one of the main components of Xcc@1 particles (Figure 3B). The crystal
violet assay highlighted the significant effect of the galactose in
reducing the amount of biofilm (Figure S1), thus confirming the well
documented inhibitory activity of galactose in biofilm formation [45]. We
therefore suggest that the efficacy of the phage is, at least in part,
mediated by phage galactose.

Plant-pathogen interaction causes a drastic metabolic
reprogramming, needed to accumulate sugars as C source and amino
acids as N source [58,59] (Figure 7). Amino acids provide also
precursors of secondary metabolites, including a variety of antimicrobial
compounds involved in plant defenses [58,60]. In line with the above
evidence, leaves of B. oleracea infected with Xcc showed increased
levels of glucose, fructose, branched chain amino acids (BCAAs), and
lysine, indicating a metabolic transition from photosynthesis to a
respiratory metabolism, required to initiate a full defense response [61].
This is in accordance with what observed in crucifers infected with
compatible or incompatible Xcc strains and in Arabidopsis thaliana
infected by P. syringae pv. maculicola [11,58]. BCAAs have a role also
in human and animal metabolism as modulators of glycolysis and
inflammation [62], supporting analogies between plant and animal
innate defense mechanisms.

An additional non-protein amino acid, pipecolate, accumulated in Xcc-
infected and, interestingly, also in Xcc+Xccep1 treated plants.
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Pipecolate accumulation is involved in the host response to bacterial
infection and the establishment of SAR, possibly leading to a long-
lasting and broad-spectrum resistance [5,12,61]. In addition, this
compound supports the activation of enhanced pathogen-induced
defense responses associated with salicylic acid biosynthesis and
priming [5,63]. However, since pipecolate is a common lysine-
catabolite, our data suggest that its accumulation at 15 dpi is more
related to lysine degradation than to SAR response. This observation is
supported by the over-accumulation of the lysine amino acid in plants
treated with the bacterium alone or combined with the bacteriophage.
On the other hand, we observed the up-regulation of two resistance-
genes (WRKY 70 and osmotin 34) in Xcc-infected plants at 48 hpi. The
WRKY 70 is considered a key-player in plant responses mediated by
salicylic and jasmonic acids and its over-expression is related to the
activation of SAR [64]. Furthermore, the Xcc+Xcce1 treatment did not
determine effects on the expression of these genes, suggesting that the
phage act directly on the bacterium rather than on the activation of plant
defense responses.

In plants, the four-carbon non proteinogenic amino acid y-aminobutyric
acid (GABA) regulates multiple functions: cytosolic pH, osmolarity, cell
signaling and reactive oxygen species (ROS) production [51,65,66].
Since it is a molecule synthesized mainly from glutamate and strongly
associated with the Krebs cycle, GABA is an important component of
the balance between carbon and nitrogen metabolism in plant cells [67].
Interestingly, an increased production of GABA was observed only in
B. oleracea infected with Xcc. Moreover, the key gene involved in the
GABA biosynthetic pathway (i.e. GAD1) was over-expressed in Xcc-
infected plants. This evidence is consistent with metabolomic results.
On the other hand, the up-regulation of GABA-T4 could explain the
decrease of GABA accumulation in infected plants treated with the
phage (Xcc+ Xcco1).

In plants treated with both the bacterium and the phage (Xcc+ Xcco1)
there was an increase in the concentration of primary products of
nitrogen assimilation (aspartate and glutamine) and of amino acids
normally used as nitrogen storage and transport compounds, such as
asparagine [51].

Finally, a significant effect of the phage alone on plant metabolism was
observed (Figure 7). Plants treated with Xcc@1, compared to the water
control (NT in Figure 7), displayed a general decreased accumulation
of amino acids and nitrogen-containing compounds. Interestingly, this
effect concerned all of the nine amino acids analyzed, as well as
pipecolate, malate and fumarate. On the contrary, citrate accumulation
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strongly increased, while the level of glucose and fructose were
substantially unaffected. Possibly, the presence of the phage alone
stimulated the conversion of the amino acid carbon skeleton into
precursors/intermediate of the Krebs cycle, in order to support
mitochondrial metabolism and the production of ATP [52]. Coherently,
an increased catabolism of amino acids produced a higher level of
citrate production compared to control (Figure 7) [65]. A better
understanding of this phenomenon may support an effective application
of phages to control plant diseases.

In conclusion, the Xcc-phage interaction discussed here may represent
a model to study other combinations of plants with biofilm-producing
bacteria, such as olive trees (Olea europaea L.) and Xylella fastidiosa,
with the latter sharing a high genome homology with Xcc [68]. The
resulting knowledge may also be useful in the fight against human
pathogens, such as strains of Pseudomonas aeruginosa, that form
biofilm and are highly resistant to antibiotic therapy [69].
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Figure S1. Detection of Xcc biofilm production using Christal violet assay after 4h of treatment
with different concentrations of galactose (gal), as compared to control (ct). Each value is the
mean + DS of 3 independent experiments. *** p<0.001. Statistical analysis was performed with

Student’s t tests.
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Figure S2. Effect of the Xcco1 phage treatments on Xcc disease severity, as measured by the
McKinney index, with foliar applications to B. oleracea var. gongylodes. Different timing of
phage and pathogen applications to the plant, using equal concentrations of the phage and
bacterium.
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Figure S3. Score plot t[3]/t[1] showing the projection of the leave extracts NMR spectra onto
the third and the first components associated to the OPLS-DA statistical model.

53



Alanine, aspartate and ,"
glutamate metabolism ~
rd
s’ @
g s
',-
o '
- Citrate cycle e
g = \ 4
Argimine and proline
® metabolism
‘d
$ y Glyoxylate and
w» |~ @
_t dicdrboxylate metabolism

@ Phenylalanine
metabolism

0
2 om0

0.z o

Pathway

Figure S4. Pathway topology and bio

4 0.6 0.8

Impact

marker analysis of B. oleracea var. gongylodes of

discriminating metabolites and processes. Class separation was performed by using

Metaboanalyst 4.0.

Table S1. Phage host range determination on different Xanthomonas campestris strains.

Bacteria strains

Lytic activity

X. albilineans (3 different samples)

X. cyanopsidis

X. citri (3 different samples)

X. vasicola

X. vesicatoria

X. cucurbitae (3 different samples)

X. perforans

X. gardneri

X. malvacearum (3 different samples) -

X. maltophilia

Xcc. from kohlrabi from Terracina
different samples)

(7 -
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Xcc. from cabbage (antiserum) +
Xcc. from cauliflower (4 different +
samples)

Xcc. from kohlrabi (antiserum) (3 +
different samples)

Xcc. from cauliflower from Latina +
Xc. Phelargoni from Ercolano -
Xc. Pherlagoni from Eboli -
Xc. Phaesoli (3 different samples) -
Xcc. From cauliflower from nursery +

Xc. From violaciocca

-, Negative lysis result; +, positive lysis result.

Table S2. 1H and 13C chemical shift assignment (5, ppm) of metabolites found in 1H-TOCSY

and 1H- 13HSQC-NMR spectra of B. oleacea var. gongylodes leaves extracts.

Metaboli

Metaboli

Entry te 0™ 0 Bc Group Entry te O oc Group
g'g‘l‘ E"ig %.%Tf 214 | 2713 | OCH,
1 lle : : el 19 Gln 2.45 31.70 OCH,
1.48 - 'CH 377 | 55.06 | [OCH
198 | 36.60 | [OCH ' '
0.96 22.70 OCH; Succinat
2 Leu o9 | Gt | ba 20 < 239 | 3496 |0, CH,
098 |17.40 HCHs ,
il B 2.40 ; ['CH
3 val 208 | 2300 | ek, 21 Malate | 268 | 4343 | [OCH
2 |an [ICH 430 | 7124 | OCH
: : [CH
Propion | 1.05 11.05 OCH; . 2.52 46.47 0,0CH
4 ate | 2.19 31.51 ocH, | %2 Cirate | 565 | 46.47 | 0.0'CH
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2.68 37.10 BCH
5 | Ethanol é'ég ég'g 233 23 Asp 2.79 : B'CH
: : 2 3.89 52.70 aCH
1.27 19.41 CHs
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10 Acetoin 2.23 2494 | CHs-C= 28 Glucose 3.73 63.35 CH,
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5.24 94.93 C2H
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Table S3: List of genes selected for gPCR analysis. For each one, primer name,
sequences and the references were reported.

Gene name E;irr::r Primer sequences 5'-3' Reference
Glutamate Bj_GAD_f ATGGTGCTCTCTCACGCCGC Kim et al.,
decarboxylase 1 Bj_GAD1 r CTTGGATTACCGTCAAGCATCAACTC 2013
GABA-transaminase 'I(?f_?A CGCAAGAAAGAAATCGTATCA Faés et al.,,
4 CABA" GTGAGGGCAATCTGTGTGT 2015

WRKY_f TCTGCTCTTGATTCCTTAGAACCCG  wy et al.,

WRKY 70
WRKY_f  GGTCCAAGTCTTTTCCGACTATCAC 2017

Legume lectin family Lectin_f — GAAAGCTGGTTACTGGGTTCAGACA wy et al,

protein Lectin_r GCGAGCGTAATGGTAATCCTATTG 2017
_ Osmo34_f GGCTGAGTATGCTTTGAACCAGTTC \wy et al
Osmotin 34 v
Osmo34_r AGGACACTGTCCGTTTATGTCTG 2017
Bj_Actin_f CCGACCGTATGAGCAAGGAAATC Kim et al
Actin_ HK .
- Bj_Actin_r TTCCTGTGGACAATGGATGGAC 2013
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CHAPTER I



The union is strength: The synergic action of an anti-
biofilm molecule and a bacteriophage-hydroxyapatite
complex against Xanthomonas campestris biofilm

Introduction

The crop normally is under the attack by a variety of pathogens
both in the nursery as well as in field. However, some diseases directly
interfere with the quality of the product, generating economic damages.
Xanthomonas campestris pv. campestris (Xcc) [1], is responsible for
Black rot one of the most problematic diseases for cauliflower and other
crucifers [2][3]. For the control of this disease, there are some
approaches used as crop management based on exclusion of whole
or parts of infected plants, but for the control of the disease, there are
no products registered until now [4]. The peculiarity of Black rot is that
the biofilm produced by Xcc obstructs the xylem vessels inducing
tissue necrosis [5].

Biofilm formation is a key virulence factor for a wide range of
microorganisms that cause chronic infections, since bacteria in biofilm
show an increased tolerance towards antibiotics that leads in the
hardest eradication with conventional treatment strategies [6—8]. The
multifactorial nature of biofilm development and drug tolerance imposes
great challenges for the use of conventional antimicrobials and
indicates the need for multi-targeted or combinatorial strategy.

Bacteriophages are a potent, natural antibacterial capable of
inducing rapid bacterial cell lysis. Billions of years of this co-
evolutionary predator-prey relationship have made bacteriophages
a potentially rich source of antibacterial agents [9]. An added
advantage, in contrast to antibiotics, is that the concentration of
bacteriophages increases after reaching the site of infection due to
self-replication [10]. They can coexist with their host by integrating
them self into the bacterial genome (lysogenic bacteriophages) or killing
them (lytic bacteriophages) and lysis of the host not only kills the
bacterium but also releases the progeny copies of the phage for re-
infection of other bacteria (10). As a result, the required dose of
phages would generally be much less than that of antibiotics [11].
Economic considerations also favour bacteriophage therapy over
conventional antibiotics, as the cost and complexity of developing a
phage system is less than that of developing a new antibiotic [12]. A
further advantage of using phages is that they grow rapidly and
exponentially and therefore a single dose is enough to control infection.
Since they reproduce through bacteria, once the infection has been
eradicated, the phages are also eliminated [13]. Bacteriophages are
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species-specific, and so allows a targeted therapy limiting the
deleterious effect on the normal microbial flora preventing some
adverse effects associated with antibiotic use [14].

There are some limits that explains the reduced role of bacteriophages
in empirical therapy [15], one drawback in using phages could be their
lack of stability over time and their low activity against same intracellular
infections, while recently it was demonstrated that hydroxyapatite (HA)
was able to chemically interact with bacteriophages increasing and
stabilizing the activity of bacteriophages at different pH values [16].
Very recently a lytic bacteriophage (Xccep1) able to reduce the
Xanthomonas campestris pv. campestris proliferation was isolated and
characterized (Papaianni et al submitted), the phage Xcco1 displayed
the ability, in vivo, to reduce the symptoms of black rot disease
(Papaianni et al submitted).

In order to set up a new strategy for a possible treatment of Black rot
disease, in this paper the use of the lytic bacteriophage Xcco@1 is
proposed in combination with an anti-biofilm molecule able to eradicate
of Xanthomonas campestris mature biofilm.

Previously  reported results demonstrated that Polar bacteria,
belonging to different genera showed anti-biofilm activity against P.
aeruginosa PAQL, S. aureus and S. epidermidis [17] and recently it has
been demonstrated that the Antarctic bacterium Pseudoalteromonas
haloplanktis TAC125 produces a long-chain fatty aldehyde, the
pentadecanal [18], endowed with a strong anti-biofilm activity against
Staphylococcus epidermidis [19,20]. Additionally, pentadecanal
derivatives (corresponding acid, acetal and ester of the pentadecanal)
resulted endowed with strong anti-biofilm activity against [21].

Starting from the above-described results in this paper a multi-target
strategy was set up. In particular, the combined use of an effective
antimicrobic like a bacteriophage, complexed with HA, with the use of
a molecule specifically directed against biofilm was optimized to
eradicate Xanthomonas campestris mature biofilm.

Material and Method

Bacterial strains and culture conditions

The bacteria strain used in this work was isolated from leaves of
cauliflower and kohlrabi plants with symptoms of Black rot. Briefly, the
leaves were washing with distillate water, and disrupted mechanically,
tissue fragments were ground and streaked on mCS20ABN agar
medium [22]. Yellow mucoid colonies were purified on Nutrient Agar
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(Sigma Aldrich, Milan, Italy) supplemented with glucose 0.5% (NAG).
Single colonies were then suspended in SDW and stored at 4°C. The
isolates were identified by the BiologTM System (Hayward, CA, USA)
as Xcc.

Synthesis of pentadecanal derivatives

Dodecanoic acid (C12), pentadecanoic acid (C15), and hexadecanoic
acid (C16) were purchased from Sigma Aldrich. The octadecanoic and
eicosanoic acid (C18 and C20, respectively) were synthesized starting
from the corresponding alcohols purchased from Sigma Aldrich. The
oxidation of the alcohols was obtained as already reported [23]. A
solution of 1-octadecanol (30 mg, 0.19 mmol) in CHCI2 (3 mL) and H20
(650 pL) was added, in an ice-water bath, to aqueous solutions of: NaBr
(1M, 95 L), tetrabutylammonium bromide (1M, 190 uL), TEMPO (8.36
mg, 0.053 mmol), and NaHCOs3 (475 pL). The obtained mixture was
treated with an aqueous solution of NaOCI (570 pL), kept under
magnetic stirring until room temperature, and after neutralized with HCI.
After neutralization, 2.66 mL of tBuOH, 5.32 mL of 2-methylbut-2-ene
in THF, and a solution of NaClO2 (150 mg) and NaH2POa4 (120 mg) in
700 pL of water, were added. After 2 hours at room temperature, the
mixture was diluted with a saturated aqueous solution of NaH2PO4 (15
mL) and extracted with ethyl acetate. The organic layer was then dried
over Naz2SOy, filtrated, and concentrated in vacuum. Then, the solution
was completely dried under a stream of argon. The same procedure
was then utilized for the alcohols 1- 1-eicosanol for the obtainment of
the corresponding acid.

The pentadecanal (aldehyde), pentadecanoic acid methyl ester (ester),
and 1,1-dimethoxypentadecane (acetal) were prepared as already
reported [24].

To verify the purity of the derivatives, the compounds were analysed on
an Agilent 7820 A GC System-5977B MSD spectrometer equipped with
the automatic injector 7693A and a Zebron ZB-5 capillary column
(Phenomenex, Toornace, CA, USA; flow rate 1 ml min= ; He as carrier
gas), using the following temperature program: 150°C for 3 min, 150°C
to 300°C at 15°C/min, 300°C for 5 min.

Pentadecanal derivatives anti-biofilm activity

The biofilm formation with or without the different treatment was
measured using crystal violet staining. The experiment was performed
for characterized the anti-biofilm activity of the pentadecanal derivatives
on different biofilm step formation, attachment and mature. All the
molecules were tested for different concentration (60 pg/mL, 120
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pug/mL, 240 pug/mL). In the first experiment 200 pL of bacterium was
incubated in each well of sterile 96—well flat-bottomed polystyrene
plate (Falcon) for 72h at 24 °C without shaking, to allow bacterial
attachment and after the pentadecanal derivatives were added for 8h.
In the second experiment 200 uL of bacterium was incubated with the
molecules at different concentration on sterile 96—well for 72h at 24°C.
After treatment, planktonic cells were gently removed; each well was
washed with H20 for thee times. To quantify the biofilm formation, each
well was marked with 0.1% crystal violet and incubated for 10 min at
RT, washed with double-distilled water. The colourant bound to
adherent cells was solubilized with 20% (v/v) acetone and 80% (v/v)
ethanol. After 10 min of incubation at RT, (OD) was measured at 600
nm to quantify the total biomass of biofilm formed in each well. Each
data point is composed of three independent experiments, each
performed in six replicates.

The different acids were screening for choose the best candidate using
the same experimental procedure above.

Complex HA- $1C20

The HA- ¢$1C20 complex was prepared by mixing 1 mL of HA (100
mg/mL) with 1 mL of Xcc ¢1 (108 PFU/mL) and C20 (60 pg/mL) and
incubated - under shaking condition - at room temperature for: 0, 30’,
90’,180’°, 300’ and 24h. After the proper incubation time, sample was
centrifuged, and the pellet was suspended in H20 buffer. The
concentration of the active phage particles was evaluated by the DLA
method [25]. After the overnight incubation, the results allowed us to
select the optimal incubation time.

After that the evaluation of the complex was carried out using all the
molecules (60 pug/mL) and compared the activity of the phage alone
(10° PFU/mL), the phage and the molecules (10° PFU/mL and 60
pug/mL, respectively) and the complex using Crystal Violet staining.

Statistical analysis

The statistical analysis was performed using the measured absorbance
of the biofilm (triplicate) when the phages, HA and the several acids
were combined among them.

In particular, for this type of analysis, it has been convenient to introduce
the parameters p (normalization as function of control absorbance) and
Csyn (synergistic coefficient).

Once defined the p parameter as:
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abs.ir; — abs,

=1-
Pa absctrl

it has been possible to estimate the synergistic coefficient Csyn as:

Pa * Pb

Coyn =

yn

. Pab .

Moreover, for the calculation of the error analysis we used:

R=R(X,Y,..)

2

or = |(%E.0x) + (%2 .av) +
—\dX dy

If R is a function of X and Y, written as R(X,Y), then the uncertainty in
R is obtained by taking the partial derivatives of R with respect to each
variable, multiplication with the uncertainty in that variable, and addition
of these individual terms in quadrature

Optimization of the complex

The optimization of the complex, minimum biofilm inhibitory
concentration (MBIC) and the minimum biofilm eradication
concentration (MBEC) was performed using Crystal Violet staining with
different concentration of the compounds and different time of
incubation, in particular HA (10 and 5 mg/mL), Xcc1 (10° and 108
PFU/mL), C18 and C20 (30 pg/mL) for three and hours. To quantify
the biofilm formation, each well was stained with 0.1% crystal violet and
incubated for 10 min at RT, washed with double-distilled water. The dye
bound to adherent cells was solubilized with 20% (v/v) acetone and
80% (v/v) ethanol. After 10 min of incubation at RT, (OD) was measured
at 600 nm to quantify amount of biofilm present in each well. Each data
point is composed of three independent experiments, each performed
in six replicates.

CLSM analysis for static biofilm evaluation

The anti-biofilm activity of the selected samples was also evaluated by
Confocal laser scanning microscopy (CLSM). Xcc biofilms were formed
on Nunc™ Lab-Tek® 8-well Chamber Slides (n° 177445; Thermo
Scientific, Ottawa, ON, Canada). Briefly, the wells of the chamber slide
were filled with overnight growth of Xcc diluted of about 0.001
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(OD)600nm. The bacterial culture was incubated at 24°C for 96h to
allow the Xcc biofilm formation. Then, the mature biofiims were
incubated for 4h in the absence and in the presence of only C20, and
phage (108 CFU/ml) plus HA (10 mg/ml) and C20 (30ug/ml) in order to
assess their anti-biofilm activity and their influence on cell viability. The
biofilm cell viability was determined by the FilmTracerTM LIVE/DEAD®
Biofilm Viability Kit (Molecular Probes, Invitrogen, Carlsbad, California)
following the manufacturer’s instructions.

After rinsing with filter-sterilized PBS, each well of the chamber slide
were filled with 300 pL of working solution of fluorescent stains,
containing the SYTO® 9 green fluorescent nucleic acid stain (10 uM)
and propidium iodide, the red-fluorescent nucleic acid stain (60 uM),
and incubated for 20-30 min at room temperature, protected from light.
Excess stain was removed by gently rinsing with filter-sterilized PBS.
All microscopic observations and image acquisitions were performed
with a confocal laser scanning microscope (CLSM; LSM700-Zeiss,
Jena, Germany) equipped with an Ar laser (488 nm), and a He-Ne laser
(555 nm). Images were obtained using a 20x/0.8 objective. The
excitation/emission maxima for these dyes are ~-480/500nm for SYTO®
9 stain and 490/635nm for propidium iodide. Z-stacks were obtained by
driving the microscope to a point just out of focus on both the top and
bottom of the biofilms. Images were recorded as a series of .tif files with
a file-depth of 16 bits.

CLSM for dynamic biofilm evaluation

The effect of the selected samples on Xcc biofilm was evaluated using
flow cell methods, that allows non-invasive and non-destructive
examination of biofilms. In parallel analysis of Xcc biofilms was
performed using a 3-channel flow cell chamber (IBI Scientific. Peosta,
IA). For this study, a solution of phosphate-buffered saline (PBS, pH 7)
was flown into each channel of the cell at a controlled flow rate of 160
MI/min using Ismatec™ [IPC 4 Peristaltic Pump (Cole-Parmer GmbH,
Germany). The flow system was kept free of air bubbles using a bubble
trap, which created a low positive pressure with PBS flow, thus
mitigating undesirable peristaltic pulsation in liquid delivery to the flow
cell. The flow system was kept free of air bubbles using a bubble trap,
which created a low positive pressure with medium solution flow, thus
mitigating undesirable peristaltic pulsation in liquid delivery to the flow
cell. Then, a bacterial suspension of Xcc at 0,5 od ml* was circulated
through the system for 2h and the non-adhering cells were washed
away with sterile PBS for 15 min. Finally, fresh medium (Nutrient Broth
50% v/v in PBS) was circulated for 48h through the system to let the
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biofilm form. After incubation, three different solutions were circulated
for 3h into each channel of the cell: only fresh medium into the first
channel (NT), fresh medium containing only phage (108 CFU/mI) into
the second channel, fresh medium containing HA— $1C20 complex into
the third channel. Biofilms formed in absence and in presence of the
tested samples were evaluated by confocal laser scanning microscopy
(CLSM). PDMS surfaces were evaluated by Confocal laser scanning
microscopy (CLSM). The biofilm cell viability was determined by the
FilmTracer™ LIVE/DEAD® Biofilm Viability Kit (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
instructions. In detail, a volume of 500 pl of a working solution of
fluorescent stains, containing the SYTO® 9 green fluorescent nucleic
acid stain (10 uM) and propidium iodide, and the red-fluorescent nucleic
acid stain (60 pM), was injected with a syringe into each channel,
without removing the flow cell from the flow system, and incubated for
20-30 min at room temperature, protected from light. Then, fresh PBS
was flown to remove the excess stain. All microscopic observations and
image acquisitions were performed as previously described.

SEM image

Water suspensions of the samples HA— $1C20 complex, HA (10
mg/mL), Xccp1 (108 PFU/mL) and C20 (30 upg/mL) -previously
centrifuged at 13.000 rpm for 15 min- were deposited on 5 x 5 mm
silicon chips and the solvent was evaporated under vacuum at 30°C.
The silicon supports were mounted on 13 mm SEM aluminum stubs
and sputtered with a nanometric conductive layer of Au/Pd alloy using
a Desk V TSC coating system (Denton Vacuum, Moorestown, NJ,
USA). SEM micrographs were recorded with a Field Emission Gun
Scanning Electron Microscope (FEGSEM) Nova NanoSem 450
(FEI/Thermofisher, Hillsboro, OR, USA), under high vacuum conditions.

Z-potential

Water suspensions of the samples HA— $1C20 complex, HA (10
mg/mL), Xccp1 (108 PFU/mL) and C20 (30 pg/mL) were analyzed for
the measurement of zeta potential in disposable Folded Capillary Cells
(Malvern Instruments, DTS1070) using a Zetasizer Nano ZS (Malvern
Instruments). Each analysis was carried out in triplicate for three
independent experiments. The analysis temperature was 25 °C and
about 1 mL of sample was used for the test. The results were analysed,
and for each sample, the zeta potential average value was determined.
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RNA extraction and expression profiling by gPCR.

Fifty mL of bacterium was incubated in an Erlenmeyer Flask, Narrow
Mouth - Glassfor for 72h at 24°C in a static manner for biofilm formation
and after were added phage (102 PFU/ml), C20 (30ug/ml) and HA-
$1C20. Each 30 min 10 ml of biofilm was taken until 2h. Total RNA was
extracted using trizol protocol (Rio et al 2010). NanoDrop® ND-1000
(Thermo Fisher Scientific Inc.) were used to assess total RNA quantity.
One g of purified total RNA was used as a template for first-strand
cDNA synthesis using SuperScript® Il Reverse Transcriptase
(Invitrogen). The primer were designed using the
https://www.eurofinsgenomics.eu/en/ecom/tools/gpcr-assay-design/
for the all genes:

clp (Fw 5-GACGGGAAAGGGGGCAATTA -3; Rw 5-
CACAACCGTCGTGTTCCCTA-3),

manA (Fw 5- CACCTTCCGCAGCAACAATC-3'; Rw 5-
AGCACGATATCCAGCGACTG -3’),

rpf (Fw 5-CGACGCTTTCCAATAGCACG-3’; Rw 5-
AGCGTCGATACCTGCTGATG-3),

gumB (Fw 5-GGTTCGACCTGACCGAGATC-3’; Rw 5'-
CGCCGCCATAAATCTCAGGA-3).

Gene transcript levels were measured using Power SYBR® Green PCR
Master Mix (Applied Biosystems®) on a QuantStudio™ 3 Real-Time
PCR System (Applied Biosystems®, Thermo Fisher Scientific, Waltham,
MA, USA).with the following conditions: an initial step at 95 °C for 10
min, followed by 40 cycles of 95 °C for 15 s, (clp 57,1 °C; manA 55°C,
rpf 59,9 °C, gumB 63,7°C) for 40 s and 72 °C for 1 min. QuantStudio
Design & Analysis Sofware v1.1 (Applied Biosystems) was used for
analysis of gene expression. All samples were normalized to HcrC as
reference housekeeping gene. The relative quantitative expression was
determined using the 2"22C¢T method [26].

Results

The effect of pentadecanal and Its derivatives on Xcc biofilm formation
and eradication.

The anti-biofilm activity of pentadecanal and its derivatives,
pentadecanoic acid (acid), pentadecanoic acid methyl ester (ester) and
1,1-dimethoxypentadecane (acetal), was evaluated on biofilm
formation of Xcc. In detail, a bacterial suspension of Xcc was
inoculated into the wells of a 96-well polystyrene plate in absence and
in presence of pentadecanal or its derivatives, at different
concentrations, and incubated for 72h at 25°C. Obtained results
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showed a decrease in the biofilm formation in all the tested conditions
(Fig. 1A), demonstrating the capability of these molecules to prevent
Xcc biofilm formation.

Furthermore, to assess if the anti-biofilm molecules were able to
eradicate a preformed biofilm, a 72h mature Xcc biofilm was treated
with pentadecanal or its derivatives for 8h at 25°C. Results indicated a
clear reduction of Xcc mature biofilm after the treatment with all the
tested molecules, with the highest eradication percentages, of about
80%, when biofilm was treated with pentadecanoic acid (Fig. 1B).
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Figure 1 (A) Analysis of the effect of pentadecanal derivatives on Xcc biofilm formation after
72h of incubation at 25° C. The data are reported as percentages of residual biofilm. Each
value is the mean + DS of 3 independent experiments. Statistical analysis was performed with
the absorbance compared to the untreated control and considered statistically significant when
p < 0.05 (*p < 0.05, *p < 0.01, ***p < 0.001, ****p<0.0001) according to Two Way Anova
Multiple comparisons. (B) Analysis of the effect of pentadecanal derivatives on Xcc mature
biofilm after 72h of incubation at 25° C and 8h of treatment. The data are reported as

68



percentages of residual biofilm. Each value is the mean + DS of 3 independent experiments.
Statistical analysis was performed with the absorbance compared to the untreated control and
considered statistically significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
****¥n<0.0001) according to Two Way Anova Multiple comparisons.

Then, to understand whether the chain length affect the biofilm-
inhibiting effect, different long-chain fatty acids (pentadecanoic acid
(C15), the dodecanoic (C12), hexadecanoic (C16), octadecanoic (C18)
and eicosanoic (C20) were tested on Xcc mature biofilm. The results
showed that the acids C12, C16, C18 and C20 displayed an anti-biofilm
activity comparable with pentadecanoic acid (Fig. 2A).

Synergic treatment of mature Xcc biofilm with HA— Xcc¢1 and long-
chain fatty acids

The anti-biofilm activity of the different long-chain fatty acids (C12, C15,
C16, C18 and C20) was evaluated in presence of HA—Xcc$1 complex
on Xcc mature biofilm. In particular, the anti-biofilm agent’s efficacy was
evaluated in combination with the Xcc¢1 alone or the HA—Xccd1
complex. The results demonstrated that the addition of the HA—Xccd1
complex resulted in a more effective anti-biofilm treatment, regardless
of the acid used (Fig. 2B).
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Figure 2 (A) Analysis of the effect of different acids on Xcc mature biofilm structure after 72h
of incubation at 25° C and 8h of treatment. The data are reported as percentages of residual
biofilm. Each value is the mean + DS of 3 independent experiments. Statistical analysis was
performed with the absorbance compared to the untreated control and considered statistically
significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001) according to Two
Way Anova Multiple comparisons. (B) Analysis of the effect of all the acids r with Xcc$1 or
Xced1 plus HA on Xcc biofilm structure using Christal violet assay after 72h of incubation at 25°
C and 8h of treatment. The data are reported as percentages of residual biofilm. Each value is
the mean = DS of 3 independent experiments. Statistical analysis was performed with the
absorbance compared to the untreated control and considered statistically significant when p <
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001) according to Two Way Anova Multiple
comparisons.

Moreover, in order to assess if the effect induced by the simultaneous
treatment with the HA— Xccd1 complex and fatty acids was additive or
synergistic, the results reported in figure 2B were analysed using a
statistical approach. Two parameters (p and Csyn), described in
materials and methods, were used to perform this evaluation. Taking
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into account that high Csyn values correspond to a clear synergistic
effect, as reported in table 1,the best synergistic effect was obtained
when the anti-biofilm treatment was performed using C20 and HA-
Xccd1 complex, even if a synergistic behaviour was also recorded in
presence of C12 and C18 (Table 1).

Table 1. The values in table (Csyn) are the result of the mathematical
analysis used to obtain the combination of acids, phage and HA
showing the best synergistic effect.

C12 C15 C16 C18 C20
¢ 297+133 |1.31 + | 0.84 +(1.59 +11.28 *
0.61 0.34 0.91 0.53
¢ +|792+321 (131 +|1.58 +(50x20 |7.94 *
HA 0.56 0.69 3.22

The combination of C20 and HA—Xcc$1 was selected for the following
experiments. In particular, the optimization of the treatment with C20
and HA-Xccp1 complex was performed by modifying the
concentrations of C20, Xccd1 and HA (Supplementary figure 1), and
exploring different incubation times (data not shown). The optimal
condition to eradicate Xcc mature biofilm was obtained using Xcc$1
(108 CFU/mL), HA (5 mg/mL) and C20 (30 pg/mL) for a 3h treatment.

Characterization of anti-biofilm activity of HA— Xcc¢? and C20
combined treatment on Xcc mature biofilm

The anti-biofilm activity of C20 alone and in combination with HA-Xcc$1
on Xcc mature biofilm was evaluated by confocal laser scanning
microscopy (CLSM). In detail, 72 h mature biofilm of Xcc was incubated
in the presence of HA— Xccd1 + C20. As shown in Figure 3A, although
the C20 led to a significative reduction in the biofilm biomass, when it is
used in combination with HA— Xccé1, a stronger biofilm inhibiting effect
was obtained.

Moreover, the anti-biofilm effect of HA—Xcc¢$1 + C20 treatment on Xcc
mature biofilm was explored also in dynamic conditions, using a flow
cell system. A 3-channel flow cells were used for analysis of Xcc biofilm
formation, in absence and in presence of C20 or HA—Xccd1+ C20.
Mature biofilms were treated for 3h, under a flow rate of 160 pl/min, with
only fresh medium, or with C20 or HA— Xcc$1 + C20. After treatment
the biofiims were observed by CLSM (Figure 3B). Although a
substantial reduction in biofilm biomass was obtained in both cases, it
is clear that the multi-agent treatment results in a more evident
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reduction of Xcc mature biofilm, leading to the formation of
inhomogeneous and unstructured biofilms (supplementary figure 2).
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Figure 3 (A) Analysis of the anti-biofilm effect of the eicosanoic acid (C20) alone, with Xcc$1
and in combination with Xcc$1 and HA on XCC mature biofilm. The experiment was performed
in a static manner. CLSM analysis were performed on 72h mature Xcc biofilms after 3h
incubation at RT in the presence and in the absence of the anti-biofilm samples. Three-
dimensional biofilm structures were obtained using the LIVE/DEAD® Biofilm Viability Kit. (B)
Evaluation of biofilm formation of Xcc in dynamic condition — under a constant flux of nutrients
- in presence and in absence of the C20 and the complex $HAC20. Biofilm formation was
performed in a 3-channel flow cell for 48h. CLSM analysis were performed after 3h incubation
at RT in the presence and in the absence of the anti-biofilm samples.
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Characterization of the complex HA— Xcc¢1 in presence of C20

In order to investigated how the Xcc¢1, HA and C20 interact each other,
scanning electron microscopy (SEM) analysis were carried out. In
particular, SEM images of pristine HA show porous spherical
aggregates of elongated crystallites, with variable dimensions from few
hundreds of nanometres to some microns (Fig. 4A). When HA is
functionalized with C20 acid, the porous structure appears filled with
the organic and only the external shape of the aggregates is visible (Fig.
4B). In the case of HA+Xcc¢1 the porous structure of HA is still visible,
although partially filled. A deeper investigation of the particle surface
showed HA crystallites were effectively functionalized with Xcc1, as it
can be appreciated by comparison of inset A and C of Figure 8. A similar
level of functionalization was observed in the case of HA— ¢$1C+20
complex (Fig. 4D).

s
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Figure 4 SEM image of HA (A), HA+C20 (B), HA-Xccd1 (C) and HA-Xccd1+C20 (D). Scale bar
is 1pym.
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Moreover, the zeta potential measurements were performed for HA,
HA— Xccd1 and HA- Xccd1 + C20 in order to investigate the change of
the surface charge of the different samples. Obtained results confirmed
the interaction of the phage with hydroxyapatite, because the zeta
potential value of the complex is about -3 mV compared the only HA
and only phage which values are 0 mV and -15 mV respectively (Fig 5).
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Figure 5 Zeta potential analysis of HA, HA-Xccd1, and HA Xccp1+C20.

No particular evidence of the modification of surface charge were
observed, conversely, when the only HA is previously treated with C20
since the peak value is approximately 0 mV. On the contrary, the peak
moves towards positive values (4 mV) with HA— ¢$1+C20 complex.
Thus, the presence of the C20 seems to affect, even if for small
changes, the surface charge of the HA.

Effect of C20 treatment on genes involved in Xcc quorum sensing

In order to collect information on the molecular mechanisms involved in
the anti-biofilm activity of C20, the expression of some key genes in
guorum sensing and biofilm formation of Xcc were investigated. In
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particular, the gene expression of rpfF, gumB, clp and manA was
evaluated using the Ct method. The rpfF gene encodes a enoyl—CoA
hydratase that is involved in the synthesis of DSF [27], gumB encodes
an outer membrane xanthan exporter and is essential for in xanthan
biosynthesis [28] clp gene encodes a global regulator (CAMP receptor
protein-like protein) involved in Xcc QS regulatory pathway [29] and
manA gene encodes endo-1,4-mannanase [30]. The absolute Ct values
from the gPCR assays were used to calculate the expression ratios of
the rpfF [31], gumB [28] and clp [29] and manA [30] genes in Xcc biofilm
cells treated or not treated with C20. The expression of gumB is not
affected by the treatment with C20, rpfF resulted up regulated while clp
is downregulated in presence of C20 (Fig. 6). manA gene expression
was deeply influenced by C20 treatment; indeed, a clear
overexpression of this gene was recorded after 60 minutes of treatment.
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Figure 6 Expression profiling of Xcc genes by quantitative real time PCR (qPCR) of different
gene involved in biofilm formation and quorum sensing. Biofilm samples were collected at
different time of treatment whit C20. The relative gene expression was normalized to HcrC as
reference housekeeping gene. Statistical analysis was performed with the relative gene
expression compared to the untreated control and considered statistically significant when p <
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001) according to Two Way Anova Multiple
comparisons

Discussion

The formation of biofilms is an important adaptation affecting the
survival and persistence of bacteria in most habitats on earth, for plant-
associated bacteria, the formation of biofims has evolved as an
adaptive strategy to successfully achieve host colonization and as a key
strategy for pathogenesis [32]. Biofilm development contributes to
virulence of phytopathogenic bacteria through various mechanisms,
including blockage of xylem vessels, increased resistance to plant
microbial compounds and/or enhanced colonization of specific habitats,
For instance, biofiims are commonly formed by xylem-dwelling
pathogens like Xanthomonas campestris pathovar campestris (Xcc)
the causal agent of black rot disease of cruciferous plants [33]. This
pathogen invades the plant through hydathodes at the leaf margins and
moves into the vascular tissues, interrupting water transport and
causing general foliar necrosis, wilt, and stunt.

Therefore, a possible treatment for black rot disease could be devoted
to the eradication of biofilm, however, an anti-biofilm approach in
agricultural microbiology has been rare [34]. This condition leaves
opportunity for discovery of novel approaches to crop disease
management [35] by an effective anti-biofilm approach against Xcc, the
multifactorial nature of biofilm implies the use of a multi-targeted or
combinatorial strategy.

Recently, it was isolated and characterized a lytic bacteriophage
(Xcco1) able to control the disease caused by Xcc to Brassica oleracea
var. gongylodes (Papaianni et al submitted), the phage-based
treatments resulted to be able to limit the bacterium proliferation and to
influence the biofilm structure of Xcc (Papaianni et al submitted).
Starting these results in this paper the phage-based treatment was
applied using the hydroxyapatite to increase and stabilize the activity of
bacteriophage, this strategy resulted effective against other pathogens
[16] and also in the present work the use of HA increased the anti-
biofilm activity of Xcce1 (Figure 2B). Following the idea of a multi-
targeted strategy, the anti-biofilm treatment with the complex HA—
Xccp1 was combined with the use of an anti-biofilm molecule. The
identification of a molecule able to act as anti-biofilm against Xcc was
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performed testing molecules differing for the functional group (i.e. acid,
acetal, ester and aldehyde) that share an aliphatic long chain of fifteen
carbon atoms. The molecules were evaluated for their capability to
prevent the biofilm formation and their efficacy on mature biofilm,
although the interest was mainly focused on the action on mature
biofilm, and the tests indicated the pentadecanoic acid as a most
promising compound. Then, the research was extended to different
long fatty acids looking for the acid that, in combination with HA— Xccé1,
resulted to be able to eradicate the mature biofilm of Xcc. Several long-
chain fatty acids resulted to be effective against Xcc mature biofilm, but
the best synergistic effect was obtained when the anti-biofilm treatment
was performed using eicosanoic acid (C20) in combination with HA-
Xccd1 complex and the treatment was optimized to reduce the action
time and the quantity of C20, HA and Xcc$1 necessary to eradicate the
Xcc mature biofilm.

Since biofilm evolution inflow condition is more closely related to
natural biofilms and can differ from static biofilms the anti-biofilm activity
of HA— Xccp1+ C20 was demonstrated also in a flow cell system.
Moreover, the CLSM analyses on treated biofilm revealed that the
synergic action of HA— Xcc¢1+ C20, not only reduces the biofilm
biomass but deeply modify the Xcc biofilm structure also.

To collect information on the molecular mechanism responsible for the
synergic anti-biofilm effect of HA— Xccp1+ C20 treatment, the SEM
images of HA in the presence of Xcc$1 or C20 or Xccp1+ C20 were
recorded and compared. The investigation confirmed the previously
reported functionalization of HA crystallites with Xcc$1 and indicated a
similar level of functionalization in case of HA-$1C+20 complex,
demonstrating that the synergic effect is not related with a different
functionalization. The zeta potential analysis indicated that the change
of the surface charge of the HA— Xccd1 is slightly affected by the
presence C20, therefore is not feasible that the synergy is related with
this difference in surface charge.

The chemical structure of C20 is similar to which of diffusible signal
factor DSF molecules [36] indeed DSF-family signals share a fatty acid
carbon chain with variations in chain length, double-bond configuration
and side-chain [37].This similarity pointed the attention on a possible
interference of C20 on in Xcc Quorum sensing as a potential
mechanism responsible for the synergy between HA— Xcc$1 and C20.
Signal molecules of the diffusible signal factor (DSF) family are cis-2-
unsaturated fatty acids and the paradigm is cis-11-methyl-2-
dodecenoic acid from Xanthomonas campestris pv. Campestris [36].
Both the synthesis and perception of the DSF signal require products
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of the rpf (regulation of pathogenicity factors) gene cluster. The
synthesis of DSF is dependent on RpfF, whereas the two-component
system comprising the sensor kinase RpfC and regulator RpfG is
implicated in DSF perception and signal transduction [38,39]. At low
bacterial cell density, RpfC binds to and represses the DSF synthase
RpfF preventing production of DSF [40]. At high cell density, high
concentration of extracellular DSF activates RpfC-RpfG system to
degrade the second messenger bis (3’, 5’)-cyclic diguanosine
monophosphate (cyclic di-GMP) c-di-GMP [41], releasing the
suppression of c-di-GMP on a global transcription factor Clp that
controls the expression of multiple virulence factors [29].

The Rpf/IDSF system positively influences the expression of the manA
gene, encoding the extracellular enzyme beta (1,4)-mannanase
implicated in biofilm dispersal [42]. The regulatory effect of the DSF/rpf
system on the expression of manA involves the transcriptional regulator
Clp, that positively regulated manA transcription [30]. Elevated levels of
cyclic di-GMP, the inhibitory ligand of clp, negatively influence the ability
of Clp to bind to DNA [43] and therefore manA si not positively
regulated, while in presence of DSF cyclic di-GMP is degraded and Clp
drives the expression of several genes including manA.

Results reported in the present paper demonstrated that after 60’ from
the treatment of Xcc mature biofilm with C20 the manA gene is induced,
indicating that C20 works as a DSF like molecule. Previously reported
paper [44] demonstrated that DSF structurally related molecules may
influence the bacterial antibiotic susceptibility by multiple ways,
including modulation of the biofilm formation, although it was not
reported if their functionality is related to their chemical properties or
associated with their potential roles in interference of bacterial signalling
and regulatory networks [44]. Instead in this paper, we demonstrated
that the DSF structurally related molecules C20 interfere with the
transcription and regulation of a gene coding for an enzyme involved in
biofilm dispersion stage. Indeed, DSF-inducible enzyme, endo-b-1,4-
mannanase ManA, is able to disperse the mature biofilm of Xcc [30].
The action of manA could explain the anti-biofilm effect of C20 and the
ability of this molecule to modify the biofilm structure (figure 4) that
resulted, if treated with C20, to be more heterogeneous.Indeed an
increase roughness coefficient in treated sample is observed
(Supplementary figure 2), this dimensionless factor provides a measure
of how much the thickness of a biofilm varies, and it is thus used as a
direct indicator of biofilm heterogeneity.

If C20 works as a DSF like molecule is expected that it has no strong
effect on rpfF and Clp gene expression, indeed the DSF synthesis in
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Xcc is not auto-inductive [45] and the influence of DSF molecules on
Clp is not transcriptional [46], gumB gene is essential for the production
of xanthan [28,47] one of exopolysaccharide produced by Xcc cells.
Previously reported paper suggested that Clp controls xanthan
synthesis by upregulating the gum promoter via direct binding to two
atypical tandem CBSs lacking a GTG motif [48]. While a more recent
paper demonstrated that, in Xcc, the gumB is under the control of
HpaR1, a regulator belonging to the GntR family [49], that positively
regulates the production of extracellular enzymes and xanthan
production. In the experimental condition used in this paper, the C20
seems to be not involved in gumB regulation, although further
experiments will be devoted to clarifying this point.

The proposed idea is that the C20 treatment induces the synthesis of
ManA that is able to hydrolase the mannan promoting the mature
biofilm dispersion and the making the biofilm more penetrable, this
effect is combined with the antimicrobial activity of the complex HA—
Xccd1 allowing very efficient removal of Xcc mature biofilm.

It's interesting to note that this strategy has several advantages, indeed
the virus replication at the site of infection allows to obtain high
concentration of phages in the biofilm, increasing the antimicrobial
treatment efficiency, moreover, since virus are able to infect dormant
cells the proposed approach should reduce the occurrence of recurrent
infections.
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Figure S1 Analysis of the effect of C20 alone (30ug/mL) or with Xccd1 (¢p) 108/10°
PFU/mL or Xccd1 plus HA on Xcc biofilm structure using Christal violet assay after
72h of incubation at 25° C and 3h of treatment. The data are reported as percentages
of residual biofilm. Each value is the mean + DS of 3 independent experiments.
Statistical analysis was performed with the absorbance compared to the untreated
control and considered statistically significant when p < 0.05 (*p < 0.05, **p < 0.01,
***p < 0.001, ***p<0.0001) according to Two Way Anova Multiple comparisons.
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Figure S2 Quantitative analysis of biomass, average thickness and roughness coefficient of
Xanthomonas campestris pv. campestris biofilms were reported. Each data point represents
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the mean * the SD of two independent samples. The mean values of the treated samples
were compared to the untreated control and considered significant when p <0.05 (* p <0.05,
** pn <0.01, *** p <0.001) according to the Student t-test.
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Abstract

Background: Bacterial biofilm is a matrix of polysaccharides,
extracellular DNA, proteins and lipids. It provides bacteria with
resistance to antimicrobial molecules, radiation, desiccation, UV, pH
change and osmotic shock. Biofilm also confers protection against
conventional antimicrobial agents and the host immune system.
Bacteriophages are known to move across the biofilm and make it
permeable to antimicrobials. Several studies have demonstrated the
property of mineral hydroxyapatite to improve the lytic activity of
bacteriophages, and the efficacy of eicosanoic acid isolated from
Antarctic bacteria to destroy the biofilm structure. Results: The present
study exploits the efficacy of the combined use of bacteriophage,
hydroxyapatite and eicosanoic acid against Xanthomonas campestris
pv. campestris biofilm. Conclusion: The approach might be extended
to the study of other biofilm-producing bacteria. Our data also show that
Xccd1 - alone or combined with hydroxyapatite and eicosanoic acid -
interferes with the metabolic pathways involved in biofilm formation.

Keyword: Bacteriophages; biofilm; NMR analysis.

Introduction

The concern about bacterial resistance to antibiotics and microbial
biofilm production is rapidly increasing, regardless of the many actions
taken by the World Health Organization to control these phenomena.
The latest data collected by the European Centre for Disease
Prevention and Control highlight a persistent increase of antibiotic-
resistant bacteria in the clinical area, as well as that of the food industry
and agriculture [1].
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Biofilm production is the response of bacteria to adverse environmental
conditions [2], such as the presence of antibiotics or the need to
establish a chronic colonization [3-5]. At present, microbial biofilm
production represents a major economic as well as clinical problem.
Prevention and treatment of bacterial biofilm formation is therefore a
prime concern.

Bacteriophages (phages) are viruses infecting bacteria. Several studies
highlight the potential of phages to lyse bacteria protected by the biofilm
[6-8], a property that many antibiotics do not possess [9]. In addition,
phages are species specific, and therefore can be used to target
pathogenic bacteria, without disturbing non-harmful commensal
bacteria [10]. These properties make phages an attractive means
against bacterial biofilms. At present, the regulatory agencies limit the
use of phages to the control of pathogens in food industry and
agriculture [11]. The use of phages for the treatment of human
infections might follow once the functions of phage genes are better
known and the risk of unwanted effects is acceptable [12]. During the
last century antibiotics have contrasted life threatening bacterial
infections. Now that these molecules have lost much of their power
against bacteria, the progress of synthetic biology and the renewed
interest in phages make realistic the anticipation that in the near future
phages may have a major role in the contrast of resistant bacterial
strains that continually emerge from the host-pathogen evolutionary
arms race.

Previous studies have demonstrated that hydroxyapatite (HA)
enhances the activity of phages [13], eicosanoic acid (C20) weaken
the bacterial biofilm structure [14-16], phage Xcc$1 can control Xcc
infection in plant (Papaianni submitted), and finally, that metabolomics
is particularly effective to learn how phages act against the biofilm
[6,17]. Using this technique, here we demonstrate that HA, C20 and
Xcch1 impair the Xanthomonas campestris pv. campestris (Xcc)
biofilm, when used simultaneously. In the future, this design might
easily be extended to phages selected for rapid replication in the
biofilm, or to a pool of phages producing different depolymerases
effective against a multispecies biofilm.

Material and method

Isolation and growth of Xcc phages. Ten g of rhizospheric soil from
Brassica oleracea plants with black rot symptoms (characteristic of Xcc
infection) were suspended in 15 ml of nutrient broth (Sigma Aldrich,
Milan, Italy), and shacked for 30 min at 24° C. Soil sediment was
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removed by centrifugation (5000 rpm for 10 min), and individual
supernatants (15 mL) transferred into sterile flasks. To each flask were
added 40 mL 10° colony forming units (CFU) per mL of Xcc bacteria in
exponential growth phase. Flasks were incubated overnight at 24°C.
Cultures were treated with chloroform, clarified by centrifugation, and
fillkered through Millipore 0.22 pm-pore-size membrane filters (MF-
Millipore, Darmstadt, Germany). Filtrates were tested for the presence
of Xcc-specific phages as described [13].

Activity of C20 against biofilm: The eicosanoic acid (C20) activity
was tested by the crystal violet staining test [18]. Individual wells of a
polystyrene 96 flat-well plate (Falcon) were spotted with 200 pl of Xcc
bacteria (10% colony forming units per ml). To facilitate bacterial
attachment, the plates were incubated for 72h at 24 °C without shaking.
C20 was then added (60 pg/mL, 120 pg/mL, or 240 pug/mL per well) and
again incubated for 8h. After treatment, planktonic cells were gently
removed, and the wells washed three times with H20. For NMR studies
C20 was used at the lowest concentration.

Preparation of supernatants for metabolic analysis: In order to
facilitate biofilm formation, the Xcc bacterial suspension was distributed
in Erlenmeyer flasks (50 mL/flask) and incubated for 72h at 24°C under
a static condition. Next, 5 mL of phages (108 plaque forming units
(PFU)/mL), acid (30 pg/mL) or Xccp1+HA+C20 (108 PFU/mL, 5 mg/mL
and 30 pg/mL respectively) were added to each flask. After 3h of
incubation at 24°C, the cultures were collected, centrifuged (13.000 rpm
for 20 min) and the supernatants stored at +4°C for NMR analysis.

NMR analysis: NMR spectra were recorded on a Bruker Avance llI-
600 MHz spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany), equipped with a TCI CryoProbe™ fitted with a gradient along
the Z-axis, at a probe temperature of 27°C. One-dimensional (1D)
proton spectra were acquired

at 600 MHz by using the excitation sculpting sequence [19]. wo-
dimensional (2D) total correlation spectroscopy (TOCSY)
spectra[20,21] were acquired using MLEV-17 pulse sequence
incorporating the excitation sculpting sequence for water suppression.
Spectra in water were referenced to internal 0.1 mM TSP, assumed to
resonate at & = 0.00 ppm. 2D 'H-13C heteronuclear single quantum
coherence (HSQC) spectra were recorded at 150.90 MHz for 13C using
pre-saturation for water suppression [22]. HSQC spectra in water were
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referenced to the a-glucose doublet resonating at 5.24 ppm for *H and
93.10 ppm for 13C.

Multivariate data analysis: The spectral region 0.50-9.50 ppm for
each aqueous supernatant was automatically binned into integrated
regions (buckets) of 0.02-ppm width using the AMIX 3.9.7 package
(Bruker Biospin GmbH, Rheinstetten, Germany). The residual water
resonance (4.40-5.60 ppm) was removed prior to the normalization
process to the total spectrum area. To discriminate samples according
to their metabolic variations, NMR profiles were analysed using
SIMCA14 package (Umetrics, Umed, Sweden). Principal Component
Analysis (PCA) and Orthogonal Projection to Latent Structures
Discriminant Analysis (OPLS-DA) [23] were performed. The quality of
all PCA and OPLS-DA models was evaluated using the regression
correlation coefficient R? and the cross-validate correlation coefficient
Q2. Normality test and ANOVA test with Bonferroni correction were
performed with the OriginPro 9.1 software package (Origin Lab
Corporation, Northampton, USA).

Pathway Analysis: Pathway topology and biomarker analysis were
carried using Metaboanalyst 4.0 [24]. Metabolites were selected by
evaluating both VIP values > 1 in class discrimination and correlation
values |pg[corr]| > 0.7.

Results

Phage Xcc@1, hydroxyapatite, and eicosanoic acid modulate Xcc
biofilm. The efficacy of hydroxyapatite (HA) to stabilize and enhance
the activity of phages [13], and of eicosanoic acid (C20) to modify the
microbial biofilm structure [14-16] have been already described.
Transmission electron microscopy (TEM) examination identified Xcc¢1
as a member of the Myoviridae family by the contractile, long, relatively
thick tail, and a central core separated from the head by the neck
(Figure 1). The C20 is approximately equally active at 60 pg/mL, 120
pg/mL, or 240 pg/mL, and reduces the amount of biofilm approximately
by 80% (Figure 2). In this study the degrading activity of phage Xccé1,
HA, and C20 cocktail against Xcc biofilm is evaluated using NMR.
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Figure 1: Phage Xcc¢1structure as observed by Transmission Electron Microscopy (TEM).
Bar = 100 nm.
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Figure 2: Activity of eicosanoic acid (C20) on Xcc biofilm formation. Data expressed as percent
of residual biofilm. Each value indicates mean + SD of 3 independent experiments. Absorbance

values of treated and untreated samples were compared by two way ANOVA multiple
comparisons analysis. ***p < 0.001.
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NMR analysis: class discrimination. The biofilms from Xcc cultures
treated with phage (Xcc$1), C20 or with both plus HA Xccd1+HA+C20
were analysed by NMR spectroscopy. Ten replicas of each condition
were analysed. Two of the 40 samples were tested twice for quality
control. Data homogeneity of the 42 samples was tested by
unsupervised PCA (data not shown). Differences between the
metabolic profiles of single samples were detected by supervised
OPLS-DA. The NMR data regression provided a robust statistical model
with 2 predictive components (parameters: R?= 0.70, significant; Q%=
0.71, significant; CV-ANOVA test: p value =3.7x102, significant; 900
hits permutation test: Rfit = 0.08; Q= -0.31, both indicating a non-
overfitting model). The projection of all spectra into the 2 principal
predictive components showed a total class discrimination (Figure 3A).
In particular, the first component t[1] accounts for the main differences
between the Xccp1/Xccd1+HA+C20 classes placed at t[1] negative
coordinates versus the XccNT/C20 classes placed at positive t[1]. The
second component t[2] accounts for the main differences between the
Xccdp1+HA+C20 and C20 classes placed at t[2] negative coordinates
versus those XccNT and Xccd1 (not treated with acid) placed at t[2]
positive coordinates.

In conclusion, the first and second components show the effect
of the phage, and the eicosanoic acid on the biofilm, respectively.

M Xcc NTMXce ¢1 M C20 W Xcedl+HA+C20 NMR variables M2.p(corr)[1]
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Figure 3: Orthogonal projection to latent structure discriminant analysis (OPLS-DA) of Xcc
biofilm. (A) Scores plot showing the separation between Xcc biofilm (green squares), Xcc
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biofilm treated with Xcc$1 (blue squares), with C20 (purple squares), or Xcc$1+HA+C20 (red
squares). (B) Loadings plot showing NMR variables corresponding to metabolites responsible
for class separation. Metabolites relevant for between-classes separation displaying
|p(corr)|>0.7.

NMR analysis: discriminating metabolites. To identify the main
discriminating metabolites, we inspected the loadings plot, selecting
NMR signals with VIP >1 and p(corr) > 0.7 (Figure 3B). The Xcc¢$1 and
the Xccd1+HA+C20 classes, both placed along the t[1] negative
component, show up-regulation of galactomannan, ethanol, fatty acids,
valine, isoleucine and down-regulation of pyroglutamate, lysine,
propionate, iso-butyrate, arginine, lactate and glycine (Table 1). The
main differences between the four classes grouped along the t[1]
predictive component are clearly attributable to the presence/absence
of phage.

On the other hand, the Xccp1+HA+C20 and C20 classes, both
placed along the t[2] negative component, show up-regulation of
dimethylamine (particularly in C20 group) and a-methyl-histidine, and
down-regulation of 2-aminoadipate, leucine, isoleucine, methionine,
betaine, 3-hidroxy-isobutyrate and glutamate (Table 1). The main
differences between the four classes grouped along the t[2] predictive
component this time are clearly attributable to the presence/absence of
eicosanoic acid.

In conclusion, Figure 3A clearly depicts how the phage and the
acid both alter the biofilm metabolism, though by different means. This
conclusion well fits with the unique lytic activity of $1 and that of the C20
to clear biofilm.

Metabolites XccNT Xccdl C20 Xccpl+HA+C20
2-Aminoadipate ++ +

Arginine + - -- ++

Betaine +

Dimethylamine - - - +
Ethanol - + - +

93



Galactomanann

Glutamate

Isobutyrate

Isoleucine

Lactate

Leucine

Lysine

Methionine

Pyroglutamate

Propionate

Saturated Fatty
Acids

t-methyl
histidine

Tyrosine

Table 1: Metabolites dysregulated +: upregulated, -: downregulated.

NMR analysis: pathway analysis. NMR signals with VIP >1 and
p(corr) > 0.7 were used to identify the main metabolic pathways
dysregulated between sample classes.
displayed the highest impact, followed by the alanine, aspartate, and
glutamate pathway; arginine and proline; glycine, serine, and proline;

glutamine and glutamate pathways (Figure 4).
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Figure 4: Pathway analysis based on most relevant metabolites identified by the OPLS-DA.
Impacts and statistical significance of pathways: 1, phenylalanine metabolism (Impact: 0.45;
p: 7.06x1072); 2, alanine, aspartate and glutamate metabolism (Impact: 0.25; p: 3.38x10%); 3,
arginine and proline metabolism (Impact: 0.25; p: 2.37x107Y); 4, glycine, serine and threonine
metabolism (Impact: 0.22; p: 2.07x10?); 5, glutamate and glutamine metabolism (Impact:
0.17; p: 1.34x10%).
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Figure 5: (A) Schematic presentation of altered pathways and associated metabolites. The
figure shows bin intensity plot and statistical significance (* p<0.05; ** p<0.01) of single
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metabolites. (B) Bin intensity plot of the metabolite galactomannan (statistical significance: **
p<0.01).

Discussion

In the present study, NMR-based metabolomic analysis resulted
highly functional to understand how the different components Xcc1-
Ha-C20 act against the Xcc biofilm. We focused on the metabolites that
distinguish the different cell classes. Specifically, the score plot (Figure
3A) shows that the Xcc$1-HA-C20 class is placed at negative
coordinates of both t[1] and t[2] components. This allocation indicates
that the metabolic alterations of this cell class can be attributed to the
activity of both the phage and C20. However, screening for metabolic
changes induced by C20 alone, did not show a clear association of C20
with Xcc biofilm.

Before proceeding in the discussion, it may help reminding that:
1) amino acids metabolism participates to the formation of the bacterial
biofilm [25], and are an important energy source since feed the TCA
cycle (Figure 5A); 2) that here we are describing a mature (72-h old)
biofilm, potentially marked by reduced levels of oxygen, a condition
promoting anaerobic glycolysis and inhibition of the TCA cycle [26].

In this study we find highly dysregulated amino acids pathways
and altered levels of lactate. Specifically, we find that the classes
without phage (XccNT and C20) display high levels of lysine, glutamate,
tyrosine, pyroglutamic acid and arginine, all involved in biofilm
formation, and maturation [25]. Instead, the classes with phage (Xcc1
and Xccp1+ HA+C20) display low levels of these same amino acids
(Figure 5A).

The same pattern holds for lactate. The classes without phage
(same as above) show high levels of lactate. This result is in line with
the evidence that lactate contributes to biofilm production [27] and that
addition of lactate to minimal medium favours bacterial cell adherence
to surfaces and biofilm formation [28]. The classes treated with phage
(same as above) instead show low levels of lactate (Figure 5A). This
result also conforms to the literature [25,27].

In this study, we find that the classes treated with phage show high
levels of saturated fatty acids (SFAs) (Figure 5A). Very likely, this result
reflects the cell lysis caused by the phage and subsequent release of
SFAs in the exogenous environment (the supernatant, in this case).
This interpretation is enforced by the evidence that bacteria in the
biofilm state increase their membrane stability and rigidity by
incorporating exogenous fatty acids into the membrane [29].
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The same classes show also high levels of galactomannan
(Figure 5B). Several studies demonstrate that xanthan and
galactomannan synergistically increase the  biofilm viscosity of
Xanthomonas campestris [30]. In the classes with the phage, xanthan
was not detected, while galactomannan was present at high level.
Galactomannan gel is unstable since loses up to 50% of its water by
syneresis [31]. Thus, the absence of xanthan and the high level of
galactomannan in the classes with the phage suggest that the phage
reduces the viscosity of the biofilm through the production of
galactomannan.

More importantly, these results show the ability of the phage to
down-regulate the metabolites associated with bacterial biofilm
production and up-regulate the production of galactomannan, that
weakens the biofilm.

In conclusion, the case described here — the action of the
complex Xccp1+ HA+C20 against bacterial biofiim — is a proof-of-
concept that a complex problem (bacterial biofilm control) can be solved
starting from empirical data. The approach might be extended to the
study of other biofilm-producing bacteria, like Escherichia coli, and
Pseudomonas aeruginosa in which Pf4 bacteriophage (filamentous
bacteriophage) has demonstrated inhibit the metabolic activity of
Aspergillus fumigatus biofilms [32]. Our data also show that Xcc¢1 -
alone or combined with HA and C20 - interferes with the metabolic
pathways involved in biofilm formation. Furthermore, the altered
pathways, reflecting the most relevant metabolic change, may become
the possible targets for the treatment of bacterial biofilm.

Finally, Metabolomic analysis might also be used to understand how
phages act on the host metabolism.
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Abstract: The development of a simple and low cost electrochemical impedance immunosensor
based on screen printed gold electrode for rapid detection of Escherichia coli in water is reported.
The immunosensor is fabricated by immobilizing anti-E. coli antibodies onto a gold surface in a
covalent way by the photochemical immobilization technique, a simple procedure able to bind
antibodies upright onto gold surfaces. Impedance spectra are recorded in 0.01 M phosphate buffer
solution (PBS) containing 10 mM Fe(CN)g3~/Fe(CN)g* as redox probe. The Nyquist plots can be
modelled with a modified Randles circuit, identifying the charge transfer resistance R, as the relevant
parameter after the immobilization of antibodies, the blocking with BSA and the binding of E. coli.
The introduction of a standard amplification procedure leads to a significant enhancement of the
impedance increase, which allows one to measure E. coli in drinking water with a limit of detection of
3 % 10! CFU mL™! while preserving the rapidity of the method that requires only 1 h to provide a
“yes/no” response. Additionally, by applying the Langmuir adsorption model, we are able to describe
the change of Ry in terms of the “effective” electrode, which is modified by the detection of the
analyte whose microscopic conducting properties can be quantified.

Keywords: Escherichia coli; immunosensor; electrochemical impedance spectroscopy; antibodies;
photochemical immobilization technique; cyclic voltammetry

1. Introduction

Water is a natural resource, essential for the life sustainment and significant for health in both
developing and developed countries worldwide. In the recent years, the inappropriate handling of
urban, industrial and agricultural wastewater has affected the quality of the drinking water which
turns out to be alarmingly contaminated and chemically polluted [1]. Contaminated water causes a
serious impact on the population as it induces a large number of diseases caused by microorganisms [2].
According to the World Health Organization (WHO), water-related diseases are a worldwide problem

Sensors 2020, 20, 274; doi:10.3390/s20010274 www.mdpi.com/journalfsensors
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and each year 3.4 million people, mostly children below the age five, suffer from waterborne diseases
and die [3]. Pathogenic bacteria in water are mainly responsible for human infection diseases and one
of the most common bacteria associated with the sanitary risk of water is the species Escherichia coli.

Escherichia coli is a gram-negative bacterium of the genus Escherichia identified for the first time
in 1885 by the German paediatrician and bacteriologist Theodor Escherich. E. coli is a rod-shaped
gut bacterium, natural inhabitant in the intestinal tracts of humans and warm-blooded animals. It is
considered one of the most dangerous pathogens because some strains can cause serious illness,
including severe diarrhoea, urinary tracts infections, inflammations and peritonitis. As a consequence,
the presence of E. coli in drinking water is considered as a possible indicator of the microbiological
water quality deterioration and the presence of E. coli in processed food products can indicate faecal
contamination [1]. In fact, according to WHO and the European Union [4] no E-coli should be detected
in 100 mL of water. Such a limit can only be reached by time-consuming measurements carried out in
equipped laboratories; therefore, nowadays one of the challenges in food industry and environmental
monitoring is the development of methods for the rapid detection of low levels of E. coli

Conventional methods for the detection of E. coli include multiple-tube fermentation, membrane
filter and plate counting. Although, these culture-based methods are accurate, reliable and have low
detection limits, they are typically labor-intensive and time-consuming since they require 2-3 days
to yield initial results and up to 7-10 for the confirmation [5]. Other detection methods, such as
ELISA [6] and PCR [7,8] are less time consuming but they require expensive equipment and initial
sample pre-treatment which make the application of these methods limited only to the laboratory
environment [9-11]. Thus, the research for new strategies that could be promising alternatives to the
conventional techniques to be used in industrial applications is very timely.

Detection techniques based on biosensors are widely recognized as powerful tools for the
detection of bacteria due to their several advantages such as fast response, robustness, low cost,
sensitivity, specificity and real time detection [12]. Among them, biosensors based on antibody-antigen
interaction (the so-called immunosensors) are broadly investigated, and, in fact, immunosensors
using electrochemical [13], surface plasmon resonance (SPR) [14], piezoelectric [15] and cantilever [16]
based transducers have been applied for E. coli detection. Electrochemical biosensors are considered
powerful instruments overcoming the limitations of the conventional methods due to their multiple
advantages such as low cost, high sensitivity, fast response, robustness and simple operation [17-19].
Among different electrochemical techniques, electrochemical impedance spectroscopy (ELS) is very
commonly used to investigate the recognition events at electrode/electrolyte interface [11,20] and EIS
based biosensors are particularly attractive since they allow antigen detection with high sensitivity.
In the last decade, different impedimetric immunosensors for the detection of E. coli have already been
developed [21-24].

The immobilization of antibodies (Abs) is a crucial step in the realization of an immunosensor
because its analytical performance strongly depends both on the orientation of the antibodies and their
density on the surface. Thus, it would highly desirable to rely on a surface functionalization procedure
that would overcome such an issue [25,26]. Generally, antibodies can be immobilized via physical
or chemical adsorption involving electrostatic or ionic bonds, hydrophobic interactions and van der
Waals forces [27,28], via covalent attachment [29-32], by using the biotin-avidin approach [33,34] or
immobilizing intermediate binding proteins, such as protein A or G [35-38] and through entrapment into
a polymer matrix [39-42]. These approaches, particularly protein A and G method, are time-consuming,
but even more important, require a surface modification or pre-treatment for an effective protein A/G
binding [43] that can affect the robustness and reproducibility of the protocol.

Among all the possible strategies, self-assembled monolayers (SAMs) is currently one of the most
widespread methods for electrode functionalization aiming at detecting E. coli by electrochemical
approaches. For instance, an oriented anti-E. coli immobilization on gold electrode surfaces could
be achieved by exploiting SAMs of thiolated carboxylic acid [44—46] or by immobilizing anti-E. coli
on electrochemically deposited cysteamine layers [45]. The use of thiolated scaffolds such as protein
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G [45,47] and cross-linkers as glutaraldehyde [48], the latter allowing the immobilization of anti-E. coli
onto electrochemically synthesized polyaniline substrate, have also been reported with promising
results for the immobilization of anti-E. coli.

Thus, SAMs are broadly used as linkers for the immobilization of antibodies onto gold electrode
surfaces, but in spite of the many advantages they offer in many applications, there are several issues that
should be considered in order to find out and control their physical and chemistry properties [49-51].
SAMs on gold surfaces are usually represented as perfect monolayers, with molecules in a closed
packed configuration. Nevertheless, this concept is far from reality and the control of the quality of
SAMs is a key point in many applications. The realization of a well-assembled monolayer strongly
relies on the purity of the solutions used and the presence of even a low amount of contaminants, as for
instance thiolated precursor molecules that are the typical impurities in thiol compounds, can lead
to a non-uniform and, hence, non-ideal monolayer [52]. In addition, the electrode surface plays an
important role in the realization of SAMs. EIS analysis of electrode surfaces with different roughness
showed that the rougher substrate exhibited small and variable response as a result of a non-ideal
SAM formation, while the smoother surface produces higher and more reproducible response due to
the increase of the SAM homogeneity [53]. Moreover, over the years several studies have worked to
clarify the true nature of the interaction gold-thiols SAMs [36,54-56]. Considering these issues, it is
worth developing alternative methods to covalent bind antibodies on gold electrode surfaces in an
easier, more rapid and reliable way.

In this paper, we propose a simple and low-cost EIS immunosensor based on screen printed gold
electrodes (AuSPEs) for the detection of Escherichia coli. The anti-E. coli antibodies were immobilized on
the gold electrode surface using the Photochemical Immobilization Technique (PIT) a simple procedure
able to steer antibodies in a convenient orientation of the Fab region once immobilized onto gold
surface [57,58]. In this work, PIT has been used for the first time in the functionalization of commercial
gold electrodes in order to develop an “on-off” electrochemical immunosensor based on impedance
spectroscopy (EIS) using Fe(CN)g>~/Fe(CN)g*~ as redox probe. The effectiveness of our approach is
demonstrated by detecting E. coli ATTCC 25922 in drinking water. Our immunosensor exhibits a limit
of detection (LOD) of 3 x 10" CFU mL~", with no need for pre-concentration and pre-enrichment steps.
The selectivity against other bacteria was evaluated and the immunosensor was applied to the analysis
of inoculated drinking water samples.

2. Materials and Methods

2.1. Chemicals and Materials

Gold screen printed electrodes (AuSPEs) were purchased from BVT Technologies (Strazek,
Czech Republic). They include a gold disk-shaped (d = 1 mm) working electrode, a silver/silver
chloride electrode and a gold counter electrode, all of them printed on a corundum ceramic base
(0.7 em X 2.5 cm). All potential values were referred to the silver/silver chloride reference electrode.
Phosphate buffer solution (PBS) was prepared by dissolving PBS tablets (from GoldBio, St Louis, MO,
USA) in Milli-Q water (each tablet prepares 100 mL of a 0.01 M PBS solution). Anti-E. coli polyclonal
antibody (5.5 mg mL ") was obtained from Thermo Fisher Scientific (Rockford, IL, USA) and anti-E. coli
solutions (25 pg mL™1) were prepared in a 0.01 M PBS solution (pH 7.4). Bovine serum albumin
(BSA), potassium hexacyanoferrate (II) trihydrate (K4Fe(CN)4-3H20), potassium hexacyanoferrate (I1T)
(K3Fe(CN)g) and sulphuric acid (H;S04 98%) were purchased from Sigma-Aldrich (Milano, Ttaly).
The microfluidic setup involves a fluidic cell, silicon tubes and a continuous pump (HNP Mikrosysteme
GmbH, Schwerin, Germany). The total volume of the circuit is about 100 uL, the cell volume is about
10 uL and the flow rate is 6 uLs™'.
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2.2. Apparatus

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements
were carried out with a potentiostat/galvanostat and impedance analyzer PALMSENS (Utrecht,
The Netherlands) model PalmSens3 controlled by a computer through the PSTRACE version 5 software.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were conducted in the
presence of Fe(CN)g>~/Fe(CN)s*~ (1:1, 10 mM) as redox probe in 0.01 M PBS solution (pH =7.4). In CVs,
potential was cycled from —0.6 V to 0.6 V with a scan rate of 0.15 V s~! in 10 mM Fe(CN)¢>~/Fe(CN)s*~.
EIS measurements were performed at the frequency range from 5 Hz to 10000 Hz at the formal potential
of 0.16 V and using an amplitude perturbation of 10 mV. The impedance data were shown in the
Nyquist plot and the EIS spectrum Analyzer software, supplied with the instrument, was used to fit
EIS data to the electrical equivalent circuit in order to obtain the fit-component parameters values.

A fluidic setup including a Plexiglas cell, silicon tubes and a continuous pump was used for the
flowing of the different solutions (Abs, BSA and E. coli). A schematic representation of the cell is
shown in Figure 1a. The main feature of the cell is its small volume that facilitate the interaction of the
particles in the solutions (Abs, BSA, E. coli, etc.) with the electrode. Any solution was conveyed by
a continuous pump at a flow rate of 6 uL. sl Although effective for the interaction, such a cell was
unsuitable for electrochemical measurements in view of the small amount of electrolytes involved.
Thus, after each interaction (i.e., each steps shown in Scheme 1), we took the electrode out of the
cell and dipped it into a 1.5 mL beaker containing Fe(CN)3 /Fe(CN)s+ (Figure 1b), in which the
electrochemical measurements were carried out at room temperature.

(a) (b)

Fe(CN)63j/4'

Figure 1. (a) Sketch of the fluidic cell used for an effective interaction of the solutions (Abs, BSA and
E. coli) with the electrode and (b) scheme used for the electrochemical measurements: the AuSPE was
dipped in a beaker containing 1.5 mL of Fe(CN)4>7#~ and it was connected to the potentiostat through
a holder (in grey) for the impedance/current measurements.

2.3. Preparation of the Biological Sample

Bacterial strain E. coli ATCC 25922 was grown in Muller Hinton Broth (MHB, Becton Dickinson
Difco, Franklin Lakes, NJ, USA) and on Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). In all the
experiments, bacteria were inoculated and grown overnight in MHB at 37 °C. The next day, bacteria
were centrifuged and solubilized in drinking water at the desired cell densities (10'-10® CFU mL™").
By colony counting assays, it was verified that bacterial growth was negligible in PBS 1X with respect to
MHB through a time interval of 3 hrs at room temperature, whereas bacterial death was not observed.
Clinical isolated bacteria Salnionella enteriditis 706 RIVM [59] and Acinetobacter baumannii (ATCC 17978)
were grown in the same way and diluted drinking water in order to verify the specificity of the
immunosensor towards E. coli in comparison with non-target bacteria.
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2.4. UV Activation of Antibody Solution

The gold SPE was functionalized with anti-E. coli antibodies, previously activated by the
Photochemical Immobilization Technique (PIT) [57,58]. PIT is a functionalization method able to
tether antibodies (Abs) upright on metal (gold or silver) surfaces with their binding sites well exposed
to the environment [60], based upon the selective photochemical reduction of disulphide bridges
in immunoglobulins (IgGs) produced by UV activation of near aromatic amino acid [61]. Briefly,
a selective photoreduction of disulphide bridges produced by the UV activation of the trp/cys-cys
triad occurs. This triad is a typical structural feature of IgGs and basically, the UV photon energy is
adsorbed by tryptophan and transferred to near electrophilic species like the close cys-cys. The result
is the cleavage of the disulphide bridges and the formation of new thiol (SH) groups able to bind,
through a covalent bond, thiol reactive surfaces like gold ones (Figure 2b). Every IgGs have twelve
triads but, it has recently been demonstrated [57] that only two of them are involved in this process.
These triads are located in the constant variable region and allow the attack of the antibody to the
surface with one of the two Fab regions exposed to the solution (Figure 2c¢) [57]. Considering that
the triad of residues trp/cys-cys can be found in every IgGs, the PIT is applicable in a wide range
of fields. PIT is accomplished by activating 300 uL of antibody samples (25 ug mL™") in a quartz
cuvette by two low pressure mercury lamp (LP Hg lamp) emitting at 254 nm and manufactured by
Procom Alta Tecnologia s.r.l. (Dicomano, FI, Italy) (Figure 2a). The two lamps (1.5 cm of diameter) are
horseshoe-shaped and mounted in a stacked configuration so that its internal empty space fits with a
(quartz) cuvette whose dimensions are 1 cm X 1 cm X 4 cm. The power of each lamp is 6 W and by
considering that the cuvette containing the anti-E. coli IgG solution is close to the lamps, the effective
irradiation intensity used for the antibody activation is about 0.3 W/cm?. The samples are irradiated
for 30 s. This time is the result of an optimized protocol that, as confirmed by the Ellman’s assay [62],
produces an high concentration of activated Abs while guaranteeing no denaturation of antibodies as
evidenced by their efficiency in antigen binding in the developed biosensors.

Fab anchored

Figure 2. (a) UV lamp used for the UV activation of the antibodies. Emitting wavelength: 254 nm,
diameter of each lamp: 1.5 cm, dimensions internal: space 1 cm x 1 cm X 4 cm, power of each lamp 6 W,
irradiation intensity 0.3 W/em?; (b) Description of the reaction involved in PIT: the UV photon energy
is adsorbed by tryptophan and transferred to near cys-cys. The result is the cleavage of the disulphide
bridges and the formation of new thiol (SH) groups; (c) Antibody is immobilized onto the surface so
that the angle ¢ is 45° on average thereby providing one Fab free and well-exposed to the environment.

After the activation, the Abs solution was conveyed to the electrode surface by means of a fluidic
circuit. In previous works, this method has been used in a number of experiments to develop sensitive
and selective QCM-based immunosensors [63—67] as well as colorimetric biosensors [68].
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2.5. Immunosensor Development and E. coli Detection

Before the functionalization, the AuSPE was electrochemically cleaned by applying 10 cycles
between —0.4 V and 1.4 V at a scan rate of 0.1 V s71 in 0.1 M HySOy. The electrode was rinsed with a
copious amount of Milli-Q water and it was ready to use. The cleaned SPE was placed in the fluidic
cell and the experimental procedure for impedance measurements consists in the flowing of different
solutions onto the sensitive gold surface of the AuSPE. First, a solution of UV-activated anti-E. coli
antibodies (25 pg mL™') was conveyed onto the gold sensitive surface for 15 min by applying a
constant flow rate (6 uL s™!). Since the Ab activation only lasts approximately five minutes [57],
to saturate the gold electrode surface, such a step was repeated 4 times with a fresh irradiated Abs
solution. Subsequently, the electrode was rinsed for 1 h with 0.01 M PBS buffer to remove the unbound
antibodies. After that, a BSA solution (50 ug mL ™) flowed into the cell for 15 min filling the remaining
free space on the gold surface. This blocking step is crucial because, by filling the free remaining
spaces on the gold electrode surface, the possible non-specific interactions of the following molecules
are avoided. A 1mL aliquot of drinking water incubated with different concentration of E. coli cells
(from 10" to 10 CFU mL~") flowed into the circuit for 30 min at room temperature and the bacteria
cells were captured by the immobilized antibodies. The electrode was rinsed with 0.01 M phosphate
buffer to remove non-specifically and weakly bound bacteria for 5 min. Each detection was repeated
three times. The difference in impedance measured before and after E. coli incubation, normalized
with the impedance value obtained after Abs immobilization, was taken as the signal produced by the
binding between immobilized antibodies and target bacterial cells. An aliquot of 1 mL of drinking
water, without incubation of bacteria, was used as negative control.

2.6. Enhanced Sensitivity Protocol

In order to improve the signal, an amplification step has been included in the experimental
procedure. The response enhancement has been achieved by conveying anti-E. coli (25 ug mL™") into
the microfluidic cell for 30 min. This additional step, which leads to the formation of a sandwich
complex, was used to amplify the slight impedance increment obtained after E. coli detection at low
concentration. In such a case, the formation of a sandwich complex further hinders the electron-transfer
process thus improving the electrochemical response. A final washing phase with 0.01 M PBS is used
to remove unbound or weakly bonded molecules.

3. Results and Discussion

3.1. Principle of the Impedimetric Biosensor

The different steps involved in the preparation of our immunosensor are schematically illustrated
in Scheme 1 (not to scale). After cleaning the AuSPE with H,SOy, the surface is functionalized (step
I) with previously activated antibodies using the LP Hg lamp above described. Then, bovine serum
albumin (BSA) is used as blocking reagent to fill the free remaining spaces on the gold electrode (step
I1). In the next step (step I1I) a specific binding event occurs between the immobilized antibodies and
the E. coli cells. Finally, in order to improve the sensitivity, a sandwich complex is realized by conveying
a fresh anti-E. coli Abs solution to the circuit. Consecutive steps of the immunosensor development as
well as the E. coli detection are described in detail in the Materials and Methods section above.

EIS is characterization techniques to study the electron transfer process and, specifically, the changes
of charge transfer resistance caused by the adsorption of isolating molecules to the gold electrode.
The impedance data are represented as Nyquist plots (see Figures 3-6), where the real and the imaginary
components of impedance are plotted in the X and Y axes, respectively. The Nyquist plots consist of
two portions: the semicircle portion at high frequencies indicates the electron-transfer process while
the linear part at lower frequencies represents the diffusion-limited mass transfer process of the redox
probe. A modified Randles circuit (shown as inset in Figures 3-6) was used to fit the experimental data
over the whole frequency range. In this equivalent circuit, R; stands for the resistance of the solution,
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CPE is the constant phase element, R is the charge transfer resistance and W the Warburg impedance.
R; and W represent bulk properties of the electrolyte solution and diffusion features of the redox probe
in the solution. These parameters are not influenced by modification of the electrode surface and
are not modified by the antibodies-bacteria interaction. On the contrary. R depends critically on
the dielectric and insulating features at the electrode-electrolyte interface and can be used as sensing
parameter since it is very sensitive to electrode modifications. The CPE is introduced in the equivalent
circuit instead of a simple capacitor to account for inhomogeneity and defect areas of the layer [69].
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Scheme 1. Schematic diagram (not in scale) of the stepwise functionalization and detection. The black
line represents the intensity of the redox reaction, which is inhibited as the surface covering grows.
The reduction of its thickness is associated to a decrease of the “effective” area available for the
electrolyte current, which is measured as an increase of the charge transfer resistance.

110

= barc AuSPE (a) 4000/ (B) L.
40001 « Ab15min R s
4 Ab 30 min w r
P~ v Ab45min 3000 »
S « Ab 60 min cre c bt
s =
N 2000 a5 2000 j
1000 ‘
0 0 / T T T -
0 2000 4000 0 15 30 45 60
A Time (min)

Figure 3. (a) EIS spectrum measured at different times while the UV irradiated antibodies are conveyed
to the interaction cell; (b) Rt as a function of time showing that the surface saturation takes place within
one-hour time. The errors of R,; are within the thickness of the experimental points.
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Figure 4. (a) EIS spectrum measured at different times with E. coli at 10° CFU mL™; (b) Ryt as a function
of time showing an exponential kinetic with a constant time of 14 + 7 min.
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Figure 5. Kinetics of the secondary antibody. (a) EIS spectrum measured at different times while a
25 ug mL~1 Ab solution is conveyed to the cell after the detection E. coli (10° CFU mL™1); (b) Ry as a
function of time showing an exponential dynamic with a constant time of 13.5 + 0.3 min.
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Figure 6. (a) EIS and (b) CV of the step-by-step immunosensor development and E. coli detection in
10 mM Fe(CN),?~/Fe(CN)s*~ solution at pH 7.4.

3.2. Kinetics of the Functionalization and Detection

In the photochemical immobilization technique, the Abs are conveyed to the electrode after
they have been irradiated by the UV lamp. Since the activation of the Abs only lasts approximately
5 min [57], it is necessary to optimize the time the solution is fluxed in the cell containing the working
electrode (10 pL volume). The results obtained with a flow rate of 6 pL s™! are reported in Figure 3a
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(see Table S1 for the data), that shows EIS spectra measured at intervals of 15 min, which are required to
cover the whole surface. The resulting Rt is shown in Figure 3b and its behavior with the time is well
fitted by an exponential function with time constant of 13 + 1 min. Thus, the whole functionalization
procedure can be considered accomplished in one-hour time. Since no significant change of Rt is
observed after the blocking step, we can assess that the saturation of Rt shown in Figure 3b corresponds
to an electrode fully covered by antibodies.

The kinetic of E. coli detection was studied to optimize the performance of the immunosensor.
Drinking water samples incubated with a concentration on E. coli 10° CFU mL™! was flowed over
the antibody-modified electrode and the Rt change was monitored at time intervals of 15 min.
The results are reported in Figure 4a (Nyquist plot) and 4b (normalized R) with an exponential
fit of the experimental data that provides a time constant of 14 + 7 min (see Table S2 for the data).
Although with larger error, such a value is similar to that measured for surface functionalization by Abs
suggesting that 30 min was a suitable incubation time to allow the completion of the analyte detection.

We also measured the kinetics of the Ab binding to the E. coli from the top (sandwich configuration)
by carrying out EIS as a function of time during the flow of a 25 pg mL~! Ab solution into the cell.
The Nyquist plots are reported in Figure 5a and the corresponding values for Ry are shown in
Figure 5b (see Table S3 for the data) with an exponential fit of the data that provides a constant
time of 13.5 + 0.3 min. Once again, 30 min can be considered a recommended value that allows the
accomplishment of the amplification step.

3.3. Electrochemical Characterization of the Immunosensor Preparation

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were
carried out to investigate the layer by layer construction of the immunosensor and to verify the E. coli
binding (Figure 6). Both characterization techniques investigate the electron transfer process and,
specifically, the changes of charge transfer resistance caused by the adsorption of isolating molecules
to the gold electrode. EIS plots of the step-by-step immunosensor fabrication are shown in Figure 6a,
utilizing 10 mM Fe(CN)s*~/Fe(CN)g*~ as redox probe in 0.01 M PBS buffer.

The potential applied for the EIS studies was set to 0.16 V (vs. Ag/AgCl) according to the CV
result. The impedance data are represented as Nyquist plots and R values were extracted by fitting
the data with the Randles circuit (inset Figure 6a, see Table 54 for the data),) after each preparation step
since the comparison of these values indicate the change of the redox probe kinetics at the electrode
interface. The Ry of the bare electrode was as small as 878 (). The surface is functionalized using
previously activated antibodies which tether the surface providing a significantly resistance increase of
approximately 5.4 k(), since the covalent immobilization of antibodies onto the electrode surface acts
as an inert electron transfer blocking layer and the penetration of the redox probe. The blocking of the
surface was carried out with BSA at 50 ug mL™" as well as at 100 ug mL~" and in both cases a negligible
increment of Rt value could be detected thereby proving that the gold surface is fully covered by the
antibodies (Figure S1, see Tables S5 and S6 for the data). In the next step, the solution containing the
E. coli cells (10> CFU mL™) flows in the circuit and the analyte is recognized by the Abs. However,
with the further attachment of the E. coli cells (102 CFU mL™) to the modified electrode surface no
significant increase of impedance is observed and a solution of anti-E. coli Abs is conveyed to the cell
giving rise to a sandwich complex which produces an increase of the charge transfer resistance caused
by the realization of a further barrier towards the access of the redox probe to the electrode. In such a
case, the Ry value increases by a 15% after the formation of antibody E. coli complex.

In addition, CV measurements were carried out to corroborate the EIS results. CV curves of the
step-by-step modification are shown in Figure 6b, using 10 mM Fe(CN)s3~/Fe(CN)s*~ as redox probe
in 0.01 M PBS buffer. The bare gold electrode gave a well-defined anodic and cathodic peaks, due to
the reversible interconversion of the redox probe Fe(CN)s>~/Fe(CN)s*~, with peak potential difference
(AEp) of 107 mV and peak current (Ip) of 23.9 uA. After antibodies immobilization, the AEp increased
to 192 mV and the Ip decreased to 19.1 HA confirming the attachment of charge transfer inhibiting
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molecules to the gold electrode. The surface blocking with BSA caused a negligible decrease of Ip (18.9)
confirming the complete saturation of the gold surface with antibodies. Finally, after the incubation
with E. coli no significant decrease of current is observed and the resulting formation of antibody-E. coli
complex lead to a further decrease of the peak current (Ip = 17.2 and AEp = 218) which coincides with
EIS results.

3.4. Immunosensor Analytical Performance

The performance of the immunosensor for the detection of E. coli was investigated in drinking
water by EIS. Drinking water samples (1 mL) were incubated with E. coli at different concentration in
the range of 10'-10° CFU mL~!. Figure 7a shows the dose response curves obtained with steps I-I11
(red curve, direct detection protocol without amplification or DDP) and I-IV (black curve, ballasting
detection protocol with amplification or BDP). The sensing parameter is ARt/Rct(av) where AR is the
change in the impedance brought about by E. coli [in case of DDP ARct = Ret(r. coiy — Ret(gsayl, whereas
Ret(ab) is the impedance value measured after the functionalization. As Figure 7a (red curve) shows,
a detection range of two decades (10° to 10> CFU mL ™) is achieved before reaching a saturation at
concentration higher than 10> CFU mL™.

35
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Figure 7. (a) Dose-response curve obtained using both protocols: DDP-direct detection protocol and
BDP-ballasting detection protocol. The experimental data are fitted by Equation (6); (b) Gain factor g
as a function of the E. coli concentration.

Each concentration has been tested three times in several days in different environmental conditions
and using different electrode. The standard deviation (¢) of the measurements is approximately 2%
proving that the protocol shows good accuracy and reproducibility. According to the 30 formula, it is
necessary to achieve an impedance increase 26% in order to consider the variation as significant. As it
shown in the dose-response curve, the limit E. coli concentration (LOD) producing such variation in
impedance increase is 10* CFU mL™? (Figure 7a, red curve). The AR/Rct(aby measured for the negative
sample (1 mL aliquot of drinking water) was less than 1% confirming the absence of interferences of
the drinking water components (especially salts) with the biosensor surface.

In the DDP condition a LOD of approximately 10* CFU mL ™! is obtained, which can be significantly
improved by including the step IV that consists of addition of anti-E. coli Abs so that a sandwich
configuration is realized as shown in Scheme 1 (step IV with Ab II). In fact, the relative electron-transfer
resistance difference in such a case is AR:/R¢(ab) where ARt = Reabiny — Ret(gsa) (Figure 7a, black curve).
The black curve shows a remarkable increase in the slope as well as in the saturation level, which is
achieved at lower concentration. With the same criteria used before (30 formula with o about 2%),
the detection limit of this extended protocol (BDP) is estimated to be 3 x 10! CFU mL~! whereas the
quantification range is 102-10> CFU mL™". Tt is worth noticing that a narrow quantification range is
not a drawback when “on-off” biosensors are considered, as it is the case of the device proposed here.
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The comparison of the two curves in Figure 7a suggests an enhancement of the signal whose
factor depends on the E. coli concentration. In fact, by defining ¢ as a gain factor, we have:

ARPPP)(E - coll)

: (1)
ARPPP((E - coti])

8([E - coli]) =

where the superscripts DDP and BDP refer to the three step and four step protocol, respectively. The plot
of g is reported in Figure 7b as a function of E. coli concentration together with the 95% confidence
interval (grey area) obtained by propagating the error from the curves in Figure 7a into Equation (1).
The enhancement factor is more than one order of magnitude (10 < ¢ < 33) at lower concentration and
decreases to an expected saturation value of approximately 1 at higher concentrations. Such a behavior
may well be explained by considering that at higher concentration of E. coli, the surface has a higher
degree of occupancy by the bacteria so that the binding of additional Ab II tethered to E. coli, gives rise
to a smaller effect on Rt when compared to the effect produced at lower concentration.

The analytical performances of the developed immunosensor have been compared with other
recent impedimetric immunosensors for the detection of E. coli (Table 1). It is remarkable that all
of them share a quite long functionalization time ranging from few hours to even twenty hours to
immobilize antibodies on gold electrode surface.

Table 1. Overview of the latest impedimetric biosensors for Escherichia coli detection.

Functi izatic Functionalization Time

po— ) LOD (CFUmL™) Reference
Au-MHDA-Ab 18* 2 [44]
Au-Cys-Ferrocene-Ab 20* 3 [45]
Au-MUA/UDT-Ab 20* 100 [46]
Au-PrG thiol-Ab 10 140 [47]
Au-AuNPs-PrG thiol-Ab 24* 48 [47]
Au-PANI-Glu-Ab >2 100 [48]

Au-Ab (PIT activated) 1 30 This work

Ab: antibody; MHDA: 16-mercaptohexadecanoic acid; Cys: Cysteamine; AuNPs: gold nanoparticles; PrG: Protein
G; PANL polyaniline; Glu: Glutaraldehyde; MUA: 11-mercaptoundecanoic acid; UDT: 1-undecanethiol. * These
times have been evaluated by considering overnight as 16 h.

The immunosensors reported in Table 1 are based on immobilization procedures that include the
formation of self-assembled monolayers, which usually require particularly smooth gold electrode
surfaces [53] and expert personnel for the setup of complex chemical procedures. In contrast, PIT is
user-friendly nor is any previous modification of the surface required. Any single electrode (AuSPE) was
used “as is” that is without any pretreatment (only a rapid cleaning in HSOj) or surface modification,
but, even more important, the inherent differences among them in terms of bare impedance did not
prevent us from building the more than satisfactory dose-response curve shown in Figure 7a.

3.5. Data Fitting

To account for the dose-response curve, we propose a simple model that describes the change of
the resistance Rt due to the analyte recognition as a change of the “effective” electrode area. To start
with, let’s consider that while R, in the bare electrode is in the range 500-900 ), its value increases
up to tens of k() when the antibodies tether to the surface. Moreover, thanks to our functionalization
procedure, no significant change of R is observed after the blocking step (the surface is fully covered
by antibodies), and, hence, the initial charge transfer resistance of the biosensor is due to the antibody

layel and can be written:
Reto = : 2)
1, 1y
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In Equation (2) p is the resistivity of the antibody layer, d its thickness and Ay the electrode area.
Since the contact layer does not change during the detection procedure, both p and d are constant.
On the contrary, the occurrence of the analyte detection reduces to some extent the effective area of the
electrode, which in turn leads to an increase of the impedance, i.e.:

pd

RallC) = 2=z

(©)
where A([C]) represents the area occupied by the analytes and «a is a coefficient that accounts for
their conducting properties (@ = 0, for a “conductive” analyte that does not affect the electrolyte
current, whereas @ = 1 for a fully “insulator” analyte). The occupancy area can be described by the
Langmuir isotherm:
(€
A(C)) =Ap——= 4

(€] = Aoz © )
where for convenience we used K as the inverse of the equilibrium constant. By combining Equations (3)
and (4), we have:

B K+[C]
Ru([C]) = Rcr,OK T0-a)Q (5)
and the sensing parameter becomes:
AR _ Rut([C]) = Rero = [C] ©
Ret(ab) Reto 5_f+ @[Cl

The best fit of the experimental data by the Langmuir-type Equation (6) is shown in Figure 7a,
whereas the fitting parameters are reported in Table 2.

Table 2. Fitting parameters a and K obtained for both protocols DDP and BDP.

@ K
DDP 0.185 + 0.007 (3.0 +0.7) x 10*
BDP 0.20 + 0.01 70 + 26

As expected, the conductivity coefficient @, which measures the microscopic tendency of the
analyte to inhibit the electrolyte current, is larger when antibodies are tied to the bacterium. The choice
of AR¢t/R 4(ap) as sensing parameter not only allows one to measure the values for a reported in Table 2,
but even more important from the practical point of view, introduces a high degree of robustness in
the biosensors as demonstrated by the fact that each experimental point reported in Figure 7a was
obtained with different electrode.

The increase of a observed when antibodies are bound to bacteria from the top is due to the high
“opacity” of the antibodies, the latter property being deducible from the large increment of R brought
about by the surface functionalization (see Figures 3-6). By imaging that a bacterium fully covered by
antibodies would have a = 1, we can (under)estimate the fraction f of the bacterium area covered by
the antibodies as: ar—a

f=Tog =00 @)

In Equation (7) a2 and a correspond to the value of @ with and without amplification step,
respectively. By considering that the area of E. coli is Ag— ~ 1 um? and that of an Abis A4, ~ 100 nm?,
for the number N4, of Abs per bacterium, we have:

AI'—(
~ 240 8
App )

Ngp=f
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Since this calculation is based on the assumption that an antibody is fully “opaque” to the
electrolyte current, such a value has to be meant as an underestimation for the number of antibodies
binding the bacterium from the top, which is likely to be larger than one thousand.

3.6. Immunosensor Specificity

In order to evaluate the specificity of the developed immunosensor for E. coli, we tested the
response of the functionalized immunosensor by measuring ARct/Rct(ab) induced by some non-specific
bacteria such as Acinetobacter baumannii and Salmonella enteriditis 706 RIVM. To this end a 1mL aliquot
of drinking water incubated with Salnonella enteriditis 706 RIVM and Acinetobacter baumannii (105 CFU
mL™!) flowed into the circuit for 30 min at room temperature, followed by a fresh solution of anti-E. coli
Abs. Figure 8 shows the electron transfer resistance changes for both protocols. According to the direct
detection protocol (DDP), AR/Rct(av) increased by 2% and 7% when Salmonella enteriditis 706 RIVM
and Acinetobacter baumannii were assayed, respectively, compared with an 15% increase achieved with
E. coli. Actually, a greater increase with Salmonella enteriditis 706 RIVM would be expected in view
of the stronger morphological similarities with E. coli but, this unexpected behaviour can be likely
ascribed to the different shape of Acinetobacter baumannii, which is a short, rod-shaped almost round
bacterium which mostly hinder at the same concentration. With reference to the extended protocol
(BDD), after the ballasting with a fresh solution of anti-E. coli Abs, AR./Rct(ab) increased less than a 9%
for both Salmonella enteriditis 706 RIVM and Acinetobacter bamannii, compared to the marked increase
(24%) obtained with E. coli cells. This means that the amplification factor is about 1% for Acinetobacter
baumannii and 4.5% for Salmonella enteriditis 706 RIVM, a difference likely due to the superior affinity
between anti-E. coli pAbs and Salmonella, which share the same morphology. These results are more
than satisfactory since only a slight cross-reaction arises with other bacterial species.

30

DDP
BDP

E. coli  A. baumannii Salmonella Water

Figure 8. Specificity of the immunosensor in 10 mM Fe(CN)Gz"*"“ solution at pH 7.4. ARct/Ret(ab)
induced by 105 CFU mL~! E. coli in comparison with the negative control (drinking water) and
non-target bacteria (Acinetobacter b ii and Sal lla enteriditis 706 RIVM).

4. Conclusions

An electrochemical impedance immunosensor based on a screen printed gold electrode for the
rapid detection of E. coli in drinking water is proposed. Firstly, the antibodies were immobilized on the
gold electrode surface in a covalent way using the Photochemical Immobilization Technique and the
change in charge transfer resistance was monitored in the redox probe Fe(CN)s?~/Fe(CN)s*~ using the
EIS. The proposed immunosensor exhibits a limit of detection of 3 x 10! CFU mL ! which was obtained
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by including in the measurement procedure a simple and rapid ballasting step, the latter consisting in
the flowing of a fresh antibody solution onto the electrode surface so to realize a sandwich-complex.

PIT is an alternative method to bind antibodies onto gold surfaces and this is the first time it was
used in biosensing by EIS. Our results demonstrate that PIT is effective proved even on commercial
cheap electrodes This is major achievement since in most situations careful surface treatments are
required in order to get an effective sensor response. In addition, PIT is a really a quick functionalization
method since only 30 s are required for the antibodies activation and 1 h for the whole functionalization
procedure (solution flowing on the electrode surface). Thus, the whole measurement can be carried
out in less than 6 h (which means within a working day) since the total analysis time is 3 h and 30 min
including washing and sensing processes making our approach suitable for out-of-lab use when low
contamination levels need to be detected for alert emergency and, hence, an “on-off” approach is more
desirable than a time-consuming quantitative procedure.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/1/274/s1,
Figure S1: (a) EIS spectrum measured with 100 pg mL~" BSA solution. (b) EIS spectrum measured at different
times while a 50 ug mL~! BSA solution is conveyed to the cell, Table S1: Results from the fitting of impedance
data (Figure 3) to the Randles circuit, Table S2: Results from the fitting of impedance data (Figure 4) to the Randles
circuit, Table S3: Results from the fitting of impedance data (Figure 5) to the Randles circuit, Table S4: Results
from the fitting of impedance data (Figure 6) to the Randles circuit, Table S5: Results from the fitting of impedance
data (Figure Sla) to the Randles circuit, Table S6: Results from the fitting of impedance data (Figure S1b) to the
Randles circuit.
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Purpose: The use of bacteriophages represents a valid alternative to conventional antimicrobial
0 ing the wid In this work,

d bacterial antibiotic resi h

we evaluated whether biomimetic hydroxyapatite (HA) nanocrystals are able to enhance some
properties of bacteriophages. The final goal of this study was to demonstrate that biomimetic
HA nanocrystals can be used for bacteriophage delivery in the context of bacterial infections,
and contribute — at the same time — to enhance some of the biological propertics of the same
bacteriophages such as stability, preservation, antimicrobial activity. and so on.

Materials and methods: Phage isolation and characterization were carried out by using

Mitomycin C and following double-layer agar technique. The bi; ic HA water susy

was synthesized in order to obtain nanocrystals with plate-like morphology and nanometric
dimensions. The interaction of phages with the HA was investigated by dynamic light scat-
tering and Zeta potential analyses. The cytotoxicity and intracellular killing activities of the
phage-HA complex were evaluated in human hepatocellular carcinoma HepG2 cells. The
bacterial inhibition capacity of the complex was assessed on chicken minced meat samples
infected with Salmonella Rissen.

Results: Our data highlighted that the bi iophage
was more stable and more effective than phages alone in all tested experimental conditions.
Conclusion: Our results evidenced the important contribution of biomimetic HA nanocrystals:
they act as an excellent carrier for bacteriophage delivery and enhance its biological character-
istics. This study confirmed the significant role of the mineral HA when it is complexed with

ic HA nanocrystal

biological entities like bacteriophages, as it has been shown for molecules such as lactoferrin.

Keywords: biomimetic hydroxyapatite nanocrystals, Sal, 1l h

Rissen, bacteri

antibiotic resistance

Introduction

Inappropriate abuse of antibiotics has led to the development of drug-resistant
microorganisms.' Antibiotic resistance is a constantly evolving phenomenon and
represents a serious problem with high death toll and a substantial economic impact
worldwide; it complicates patient management and treatment strategy and prolongs
hospital stays. In Europe antibiotic-resistant bacteria infect 4 million people every
year.”* Therefore, therapies that can serve as an alternative to antibiotics need to
be developed.

A valid and alternative approach to solve the widespread phenomenon of “antibi-
otic resistance” of different pathogens such as Salmonella,* Staphylococcus aureus,
Escherichia coli,* and Streptococcus’ —in addition to well-known antimicrobial peptides®
is the use of bacteriophages or phages. Bacteriophages are the most abundant viruses
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found in the biosphere;™' they grow quickly and exponen-
tially, and they are efficacy since the fist interaction with
bacteria.'' At the same time, phages have some disadvan-
tages such as low stability over time and low resistance (or
short half-life) in acidic environments such as that of the
stomach.'>"

These limitations could be overcome by stabilizing the
phages by combining them with nanoparticles of different
materials such as carbon, silica, metal oxide, graphene, and
hydroxyapatite (HA). HA, in particular, has been frequently
used in several studies to stabilize, protect, and deliver mol-
ecules or radionuclides.'**

HA represents the major components of bone, tooth, and
cartilagi

tissues. It pc several properties such as

biocompatibility, biomimetic dimensions, osteoconductiv-
ity, and degradability, which make it suitable for several
applications'®® when combined with different biological
molecules."” Indeed, HA nanocrystals have been success-
fully employed to build bone scaffolds and implant coating
materials and vehicles for drug targeting.*** Furthermore,
HA nanocrystals have low toxicity and remarkable stability,
as reported in our previous studies.*”

In industrialized countries, infections acquired by food
and water represent a big concern for public health, and
about 50% of foodborne infections in humans are caused by
Salmonella spp.*' Despite control measures and monitoring
carried out by the healthcare authorities, cases of Salmonella
contaminations are still very frequent.*

Salmonella serovars such as Enteritidis and Typhimurium
are accountable for most of the salmonellosis cases.* In recent
years, infections by other serovars such as Kentucky and
Rissen became more frequent; the latter Salmonella strain,
especially, has been isolated from pork and chicken products
and in human and swineherds gastrointestinal tract.****

Based on these considerations, we decided to investigate
whether the biomimetic HA nanocrystals — which mimick
the natural bone mineral — could interact with Salmonella
bacteriophages and whether the newly developed complex
could control Salmonella bacterial infection.

Materials and methods

Bacteria

All the Salmonella spp. strains used in this study were
provided by the Istituto Zooprofilattico Sperimentale Del
Mezzogiorno (Portici, Naples, Italy). Among these, S. Rissen
was selected as reference strain for bacteriophage (phage)
isolation.

Phage isolation
Phage (SR 1) from S. Rissen was isolated as described by
Capparelli et al.*® Briefly, S. Rissen was grown in 5 mL of
Luria Bertani broth (LB; Sigma-Aldrich Co., St Louis, MO,
USA) and, when the culture reached the exponential growth
phase, Mitomycin C (1 pg/mL) was added. Then, the suspen-
sion was incubated at 37°C for 30 minutes. After incubation,
it was centrifuged twice at 5,000 rpm for 10 minutes; each
time the supernatant was discarded and the pellet resuspended
in 5 mL of LB in order to remove any residue of Mitomycin
C. Later, the suspension was incubated at 37°C for 4 hours.
Then another centrifugation step was carried out but this
time, the supernatant — containing bacteriophages — was col-
lected, filtered through a 0.22 um membrane, and screened
for the presence of phages using the double-layer agar (DLA)
method. The last step included a lower nutrient agar layer
and an upper soft agar layer (4 mL of 0.7% bacteriological
agar [Sigma-Aldrich Co.] mixed with 107 colony forming
unit [CFU}/mL of bacterial strain used for phage isolation
and previously filtered bacteriophage solution). After over-
night incubation at 37°C, the plates were observed for the
presence of clear zone (plaque formation) over the surface
of the double agar plate. The phages isolated were stored
at —20°C in buffer SM.*” However, the pellet was streaked
onto Sa/monella Chromogenic Agar Base (CM 1007, Oxoid;
Thermo Fisher Scientific, Waltham, MA, USA) to confirm
the presence of Salmonella spp. bacteria.

The titer of phage, expressed as plaque forming units
(PFUs), was evaluated by using the DLA technique as
reported by Sambrook et al.**

Phage host range

Host range of phages was cvaluated against 14 different
Salmonella strains by the overlay method.* Briefly, the test
consisted of spotting 100 puL of SR 61 on the surface of a
double agar layer as reported above.

Multiplicity of infection (MOI) of phage

MOT is the ratio of virus particles to host cells.* To establish
the best MOI, S. Rissen strain was grown in LB at 37°C till
10* CFU/mL. Later, 100 pL of bacterial suspension was
treated with 100 uL of SR ¢ 1 at different ratios, ranging from
107 to 10° PFU/CFU, in a 96-well microplate. Positive and
negative controls were represented by a mixture contain-
ing 100 uL of S. Rissen (10* CFU/mL) plus 100 pL of SM
buffer or 100 uL of LB broth plus 100 pL of SM buffer,
respectively. After 16-18 hours of incubation at 37°C, the
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optical density was measured at OD 600 nm to determine
the optimal MOI. This last parameter shows that the lower
phage titer is able to kill the majority of the bacteria. and it
was used for all the subsequent experiments.

One-step growth curve

The “burst size” and phage life cycle were evaluated
by the one-step growth assay. The culture of S. Rissen
(10* CFU/mL), in exponential growth phase, was infected
with phage according to the optimal MOI (previously
selected). The mixture was incubated at 37°C for 5 minutes
to favor phage adsorption, and later, it was serially diluted up
to 10~ in 20 mL of LB. The above mixture was incubated at
37°C for 90 minutes, and 100 uL of sample was taken every
S minutes and plated, during the whole incubation period.
Latent period was the interval between the beginning of the
adsorption (not including 5 minutes pre-incubation) and the
onset of the first burst (corresponding to the initial rise in
phage titer). Burst size was the ratio between the final count
of released phage particles and the initial amount of infected
bacterial cells.

Electron microscopic analysis

SR ¢1 (10* PFU/mL) was purified by CsCl density gradient
ultracentrifugation and dialyzed against SM buffer overnight
at 4°C.*' Phage particles were negatively stained with 2%
of phosphotungstic acid (pH 7.2) for 20 minutes. Later,
phages were observed by using a Philips EM 300 electron
microscope.

Phage phylogenetic analysis

Phylogenetic analysis was performed using the maximum
likelihood method.* Data alignment was carried out with
Blosum 65 (gap open penalty =11; gap extension penalty =3)
and tree was built by using Jukes-Cantor and UPGMA
models.

Phage genome sequencing, assembly, and
annotation

Genomic DNA was quantified using the Qubit dsDNA BR
Assay Kit (Thermo Fisher Scientific); DNA purity was
assessed with a Nanodrop (Thermo Fisher Scientific), and
DNA size was determined with a 2200 Tape Station Instru-
ment (Agilent Technologies, Santa Clara, CA, USA). Illu-
mina libraries were produced starting from 1 pug of genomic
DNA, which was sheared using the Covaris S220 instrument
(Covaris Inc. Woburn, MA, USA) and the TruSeq DNA

Sample Prep Kit (Illumina, San Diego, CA, USA) following
the manufacturer’s guidelines. Sequencing was performed
on a NextSeq500 instrument with the 150-nt paired-end
protocol (Illumina) according to the manufacturer’s guide-
lines. Illumina reads underwent quality filtering and trim-
ming using Sickle and were quality corrected with Bayes

Wl

Hammer before being d de novo. G were
assembled de novo from Illumina reads using SPAdes 2.9.0

with multiple k-mer combinations. The resultant contigs were

scaffolded using SSPACE 3.0. Five micrograms of high-
molecular-weight genomic DNA (peak >60 kb) was used to
prepare ~20 kb-insert single-molecule real-time (SMRT)-bell
libraries according to the manufacturer’s guidelines (Pacific
Biosciences, Menlo Park, CA, USA). The library templates
were sequenced using the SMRT sequencing technology
on a PacBio RSII sequencer (Pacific Biosciences) at Mac-
rogen, Inc (Korea). PacBio subreads were extracted using
BashS5tools (version 0.8.0), filtrated, and assembled de novo
using Falcon-Integrate with the suggested settings for bacte-
rial genome. The assembled genome sequence was polished
by Quiverv 0.9.2, and gene annotation was performed using
RAST web service (hitp://rast.nmpdr.org/).*

Biomimetic HA nanocrystal synthesis and
characterization
Biomimetic HA nanocrystals were produced as described by
Nocerino et al.* Briefly, HA nanocrystals were precipitated
from an aqueous solution of (CH,COO) Ca (75 mM) by slow
addition (one drop per second) of an aqueous solution of
H,PO, (50 mM), keeping the pH constant at 10 (by the addition
of (NH,)OH solution). The synthesis was performed at room
temperature. After this last process, the suspension of HA was
washed with distilled water in order to remove ammonium
ions and favor the interaction between nanocrystals.
Transmission electron microscopy (TEM) investigation
was carried out using a 1200 EX microscope, linked to X-ray
analysis detectors and a 3010 UHR operating at 300 kV (JEOL
Ltd, Tokyo, Japan). Few droplets of the samples (in ultrapure
water) were deposited on perforated carbon foils supported
on conventional copper microgrids. The surface area was
determined using a Sorpty 1750 instrument (Carlo Erba
Reagents S.r.l,, Milan, Italy) using N, absorption at 77 K.**

Synthesis of complex HA-SR ¢

The HA-SR ¢1 complex was prepared by mixing 10 mL of
HA (100 mg/mL) with 10 mL of SR ¢1 (10" PFU/mL) under
stirring wad. The suspension was stable, and no precipitation
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phenomena were observed during the synthesis process.
Later, aliquots of 1 mL of the mixture were incubated —
under shaking — at room temperature for the following time
intervals: 30, 90, 180, and 300 minutes and 24 hours. After
proper incubation, the sample was centrifuged, and the pel-
let was suspended in SM buffer. The concentration of the
active phage particles was evaluated by the DLA method.
After overnight incubation, the optimal incubation time was
selected according to the results. Next, other tests were car-
ried out by maintaining constant concentration of the HA
but increasing the bacteriophage titer. The results showed
that, by increasing the phage titer, the concentration of the
active phage particles estimated by the DLA method, after
the optimal time of incubation, remained constant at 107 PFU/
mL (the titer used for the above complex synthesis) (data not
shown). Based on these data, we evidenced that the maximum
loading capacity of the HA used for this study was 107 PFU/
mL of bacteriophages.

Complex HA-SR ¢ characterization

Zeta potential, dynamic light scattering (DLS)
analysis, and pH stability

SR 61, HA-SR ¢1, and HA were analyzed for the measure-
ment of zeta potential and DLS in appropriate disposable
folded capillary cells (DTS1070; Malvern Instruments,
Malvern, UK) using a Zetasizer Nano ZS (Malvern Instru-
ments). For the DLS analysis, the instrument was, in addi-
tion, equipped with a 633 nm He—Ne laser and an avalanche
photodiode detector placed at a detection angle of 173°. Each
analysis was carried out in triplicate for three independent
experiments. The analysis temperature was 25°C and about
1 mL of sample (at pH value of 7) was used for the test. The
results were examined, and, for each sample, the zeta poten-
tial average and DLS measurement value were determined.

To estimate the stability of SR ¢1 and HA-SR 61 over
time, the titer of phage — or mixed with HA — was evaluated
for 2 successive months, at weekly intervals. During this
time, the samples were stored at +4°C.*

In addition, the effects of an acid or alkaline pH, on SR ¢1
or HA-SR ¢1 complex, were evaluated by mimicking differ-
ent pH conditions (ranging from 2 to 10). Briefly, the phage
suspensions were incubated at 37°C for 1 hour in buffer SM
at the following pH values: 2, 4, 7, and 10. After incubation,
the phage titer was estimated by the DLA method as reported
by Jun et al.*’ Each assay was performed in triplicate.

X-ray analysis
X-ray powder diffraction (XPD) patterns were obtained at
room temperature by using a Rigaku RINT2500 rotating

anode laboratory diffractometer (50 kV, 200 mA) equipped
with the silicon strip Rigaku D/teX Ultra detector. An
asymmetric Johansson Ge (111) crystal was used to select
the monochromatic Cu Kol radiation (A=1.54056 A). The
measurements were carried out in transmission geometry by
introducing the samples in a Lindemann glass capillary of

0.3 mm diameter. The XPD patterns were first indexed by

the program QUALX* by matching the XPD patterns with

the ICSD database. They were further analyzed by using a

whole-profile Rietveld-based fitting program* to determine

the crystalline domain size as follows:

1. The instrumental resolution function (IRF) was evalu-
ated by fitting the XPD pattern of a LaB6 NIST standard
recorded under the same experimental conditions as those
used for measuring the samples. The IRF data file was
provided separately to the program in order to allow
subsequent refinement of the diffraction patterns of the
samples.

2. The crystal structure of the samples, once determined, was
input into the program and refined. The inhomogeneous
peak broadening of the diffraction peaks was described by
a phenomenological model based on a modified Scherrer
formula:

A A
pn.u - hcos 6 - cos 0 Zmpaimpymw(gh’ ‘Dn)

where B, represent the size contribution to the integral width
of the (1,4, 7) reflection and are real spherical harmonics. After
refinement of the e, coefficients, the program calculates the
apparent size of the crystal domains along each reciprocal
lattice vector (h,k,/) direction.

Cytotoxicity trials
MTT assay
Human hepatocellular carcinoma HepG2 (HB-8065; American
Type Culture Collection [ATCC], Manassas, VA, USA) cells
were grown in minimal essential media (MEM) plus 10%
FBS, 2mM glutamine, 1% nonessential amino acids (NEAA),
100 U/mL penicillin, and 100 pg/mL streptomycin (all from
Thermo Fisher Scientific). Cells (200 pL at 30,000 cells/well)
were placed in a 96-well plate and were treated with SR ¢1
(107 PFU/mL), HA-SR 61 (100 mg/mL plus 10" PFU/mL),
or HA (100 mg/mL) for 24, 48, and 72 hours, respectively.
The positive and negative controls contained 10%
DMSO or PBS, respectively. All the conditions tested were
performed in triplicate. An aliquot of 20 uL of MTT dis-
solved in PBS at a concentration of 5 mg/mL was added to
each well. After 2 hours, the supernatant was discarded and
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150 pL of isopropanol was added. The plate was incubated
at 37°C for 30 minutes and then, the optical density was
measured at 560 nm.

Lactate dehydrogenase (LDH) assay

An LDH assay was performed using a CytoTox 96 Non-
Radio cytotoxicity assay kit (Promega Corporation, Fitch-
burg, W1, USA) at 24, 48, and 72 hours according to the
manufacturer’s protocol. The LDH levels were evaluated
for all the conditions tested for the MTT assay.

Internalization of fluorescent HA-SR ¢

In order to evaluate the internalization of the complex, HA
nanoparticles were labeled by fluorescein isothiocyanate
(FITC). Briefly, HA (100 mg/mL) was mixed with 20 mL of
3-aminopropyltriethoxysilane (Sigma-Aldrich Co.) in 100 mL
of anhydrous ethanol and stirred at 74°C for 3 hours. Later,
fluorescein (6 pg/mL; Sigma-Aldrich Co.) was added and
continued to react at 74°C for about 20 hours in the dark. The
mixture was centrifuged at 5,000 rpm for 1 minute and the pel-
let was rinsed three times with anhydrous ethanol and deion-
ized water, and later suspended in SM buffer.** Subsequently,
SR 61 (107 PFU/mL) was added to the HA previously labeled.
An aliquot of 10 uL of the complex HA-SR ¢1 at different
dilutions (1:1,000, 1:100, and 1:10) was added to HepG2 cells
(1.0x10° per well) for 24 hours. The control cells were treated
with 10 pL of SM buffer. After treatment, the medium was
discarded, and cells were rinsed twice with PBS and fixed in
4% paraformaldehyde for 10 minutes at room temperature.
DAPI was used to counterstain nuclei. Slices were observed
using a Zeiss LSM 710 Confocal Laser Scanning Microscope
(Carl Zeiss Microlmaging GmbH). Samples were vertically
scanned with a 63x or 40x (1.40 NA) Plan-Apochromat oil-
immersion objective. Images were obtained with Zeiss ZEN
Confocal Software (Carl Zeiss Microlmaging GmbH).

Intracellular killing activity

HepG2 cells were placed in a 24-well plate (0.2x10° cells/
well), incubated overnight (37°C, 5% CO,) in MEM
supplemented with 10% FBS (Thermo Fisher Scientific).
The experiment was carried out in two different ways in
order to evaluate different types of antimicrobial activity
of the complex according to different infection processes.
First, the cells were infected with S. Rissen (10¥ CFU/mL)
for 1 hour. The medium was discarded, and the cells were
washed with PBS (three times) and incubated in MEM plus
10% FBS and gentamicin (12.5 pg/mL)* at 37°C in 5%
CO, for 3 hours. Later, the cells were treated with SR ¢1
(107 PFU/mL), HA-SR 61 (100 mg/mL plus 10’ PFU/mL),

or HA (100 mg/mL) for 24 hours as reported by McLaughlin
etal®’ and Withanage et al.”

In the second infection process, the cells were infected
with S. Rissen (10° CFU/mL) and simultancously treated
with SR ¢1 (107 PFU/mL), HA-SR ¢1 (100 mg/mL plus
10" PFU/mL), or HA (100 mg/mL) for 1 hour. The cells
were then treated with gentamicin as described above. After
3 hours of incubation at 37°C in 5% CO,, the medium was
discarded, and the cells were incubated in MEM cc
10% FBS for 24 hours.

The cells of both experiments were lysed with Tween 20
(0.05%) and incubated at 37°C in 5% CO, for 4 hours, and
each lysate was then serially diluted in PBS and plated on
XLT4 (Sigma-Aldrich Co.). The plates were incubated at
37°C overnight and evaluated for the presence of bacteria.

Both the above experiments were carried out using
mouse macrophage cell line J774A.1 (TIB-67; ATCC)
instead of HepG2 cells. J774A.1 cells were grown in DMEM
supplemented with 10% FBS, 2 mM glutamine, 1% NEAA,
100 U/mL penicillin, and 100 pg/mL streptomycin (all from

Thermo Fisher Scientific). Cells were maintained in a humidi-
fied, 37°C, 5% CO, incubator.

Bacterial reduction assay on chicken
minced meat

S. Rissen was processed as reported by Sukumaran et al.**
For the test, 250 g of chicken minced meat was divided into
five equal parts. Four sections were infected with S. Rissen
(10 CFU/mL) and incubated at room temperature accord-
ing to ISO 16140-2: 2016;* while the last one was treated
only with PBS (negative control). After 30 minutes, three of
the four infected parts were treated respectively with SR ¢1
(10 PFU/mL), HA-SR 61 (100 mg/mL plus 10* PFU/mL), or
HA (100 mg/mL). All samples were stored at 4°C for 7 days
and tested for the presence of the bacteria every 24 hours.
In particular, at each time point, 5 g of meat was taken from
each sample and homogenized in 45 mL of 0.1% buffered
peptone water (AES Laboratoire Groupe, France) at 200 rpm
for 1 minute, using the Stomacher 400 Circulator (Seward
Ltd, Bohemia, NY, USA). Subsequently, 100 uL of sample
was plated on XL.T4 agar and incubated at 37°C for 24 hours.
The efficacy of each treatment was evaluated by counting the
CFU formed on the plate after the incubation time.

Results

Phage isolation and characterization

Phage excision from S. Rissen was induced by Mitomycin
C procedure.**** The SR ¢1 host range was tested against 14
Salmonella strains, each belonging to a different serovar, and

I ional Journal of N: dicine 2019:14

submit your manuscripe 2223

Dovepr



126

Fulgione et al

Doveprt

Table | Phage host range against different Salmonella strains

Bacteria Lytic activity
S. Livingstone +
S. Infantis +
S. Potsdam +
S. Thompson -
S. Mbandaka +
S. Winston +
S. Montevideo -
S. Virchow +
S. Ohio +
S. Jerusalem -
S. Inganda +
S. Wil +
S. Typhimurium +
S. Enteritidis +

Notes: + indicates lysis after infection with SR ¢1; — indicates lack of lysis after
infection with SR 61.

it was active against 11 out of 14 selected strains (Table 1).
The MOI test allowed us to select the value of 0.1 as optimal
MOI (Figure S1). This value has been used for all the later
experiments. The one-step growth analysis highlighted that
the latent period of SR ¢1 was 60 minutes (Figure S2) and
that its burst size was 54 PFU/cell.

TEM analysis of SR 61 allowed us to classify the phage as
amember of the Podoviridae family, according to a previous
publication.'” In particular, TEM analysis revealed that the
tail length and head diameter were 16£2.0 nm (mean * SD)
and 57+1.0 nm (mean + SD), respectively; and the total length
was 7342.0 nm (mean + SD) (Figure 1).

Figure | Electron microscopic analysis of phage. SR ol observed with a TEM
analysis. Scale bar, 100 nm.
Abbreviation: TEM, transmission electron microscopy.

Comparative genomic analysis of phage

DNA sequencing yielded a total of 2,199,543 reads (660 Mb)
and an average coverage of 13,200x. Phage SR ¢1 genome
consists of 51,738 bp with a G+C content of 48.4%. The
genomic sequence of SR ¢1 described in this study has
been deposited in the GenBank database (accession number:
KY709687). Open reading frames (ORFs) with a length of
at least 38 amino acids were selected. A total of 622 ORFs
were predicted to be present within the genome. However,
only 87 ORFs (13.98%) were predicted to be functional
based on gene predictions and annotation of the genome
(Figure 2). Concrete gene information such as positions,
directions, sizes, and putative functions of SR ¢1 coding
DNA sequences (CDSs) are shown in Table S1. The genome
contains 87 predicted CDSs, of which 70 matched with
already identified phage genes. Identified genes included
30 genes affecting bacteriophage physiology, 12 phage
structures, 10 DNA replication, and three bacterial lysis. The
remaining 32 CDSs encoded hypothetical proteins. Phage SR
¢1-predicted genome did not show genes coding for toxins,

antibiotic resistance, or Salmonella virulence.

To gain an insight into the characteristics of the phage SR
1 genome, we performed a phylogenetic analysis, compar-
ing its genome to the predicted genomes of other 37 fully
sequenced phages. The phylogenetic analysis confirmed that
phage 01 is a Podoviridae, specifically showing 19 homologous
genes with PHAGE_Salmon_SPN9CC (NC017985) (Figure 3).

Biomimetic HA nanocrystal
characterization

The biomimetic HA nanocrystals used in this study had a
composition very close to that of the human body.**

The TEM analysis revealed the length of HA nanocrystals
(~30-40 nm) and its plate-like morphology (Figure S3). The
high reactivity of HA is ascribed to its amorphous surface'®
and to its high surface area of about 110 m?/g, which is only
slightly lower than that of biological nanocrystals (120 m%/g).*

Moreover, the degree of crystallinity and the presence of

carbonate ions in the structure of biomimetic HA (data not
shown) clearly confirm that the HA selected for this study
is — structurally — very similar to that of the bone, not only
in the size of the nanocrystals but also in ionic substitution.

Preparation and characterization of the
complex (HA-SR 1)

The interaction of SR ¢1 with HA, carried out as reported
in Patent IT102017000050733,°” was evaluated at different
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Figure 2 Functional genome map of phage SR 61.

Notes: Hypothetical functions of encoded proteins were determined by comparison of amino acid sequences to the non-redundant databank using BLASTP. Annotation was
verified using PHAST, a web server designed to rapidly and accurately identify, annotate, and graphically display prophage sequences within bacterial genomes or plasmids.

The +and - stranded ORFs were colored in yellow.

Abbreviations: BLASTP, Basic Local Alignment Search Tool Protein; ORFs, open reading frames; PHAST, PHAge Search Tool.

incubation time intervals. The results showed that SR ¢ 1 has
interacted with HA already after 30 minutes. Furthermore,
the graph showed that the amount of complexes SR ¢1-HA
increased over time (Figure 4A). Based on this result, we
considered overnight incubation to be the optimal time
interval for the complex synthesis.

The interaction between HA and SR ¢1 was studied also
through the zeta potential analysis, in which SR ¢1 was
negatively charged (—11.28+1.16) while HA was positively
charged (2.9+0.9 mV). Therefore, the SR ¢1 and HA complex
showed a positive zeta potential 0f 0.9+1.60 mV (Figure 4B).

In addition, the stability of the SR ¢1 and the HA-SR
®1 complex was assessed after the complex synthesis
for about 2 months at 7 days intervals. Stability for long
periods is essential for using phages in several biocontrol
applications.” The titer of the phage SR ¢1 alone started to
decrease already after 1 week; instead, when the phage was
complexed with HA, its titer was stable for up to 6 weeks
without any variation at the different time points analyzed
(Figure 4C).

The analysis of the HA-SR ¢1 complex stability at dif-
ferent pH values (ranging from 2 to 10) assessed the strong
stability of the complex, compared to that of SR ¢1 alone

(Figure 4D). Further characterization of the complex was
carried out by DLS analysis. During this test, no rapid aggre-
gation phenomenon was observed. As shown in Figure 4E,
the diameter of HA was 300 nm while only diameter of SR
1 was smaller (about 200 nm) than the HA. When HA and
SR ¢1 were complexed, the estimated hydrodynamic diam-
cter was about 400 nm, thereby confirming the interaction
between these two elements as reported by Wang at al >

XPD analysis showed that HA nanocrystals® have a hex-
agonal crystalline structure (structure parameters are reported
in Table S2). XPD patterns were further studied by using a
whole-profile Rietveld-based fitting program* as shown in
Figure S4. The Rietveld analysis allowed us to determine cell
parameters and crystalline domain size along the [002] and
[110] crystallographic directions (summarized in Table S3).
This analysis also showed the structural variation of the HA
crystalline domain size with or without SR ¢1 (Figure 5,
black and red dots, respectively). When the HA percentage
was increased, the samples without SR ¢1 did not show any
change in the crystalline domain size along [002] and [110]
directions. Instead, when the HA amount was increased, in
the case of the complex (HA-SR ¢1), the crystalline domain
size decreased (Figure 5).
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Figure 3 Assignment of SR 91 to the Podoviridae family.

Notes: The phylogenetic tree shows a strong DNA identity between SR ¢1 and five members of the Podovoridae (three Salmonella and two Entero phages). The tree is based

on the alignment of 39 phage genomes. The bar indicates branch length scale.

Cytotoxicity trials
To evaluate the cytotoxic effect of SR ¢1, HA, and the
complex HA-SR 01, a cell viability test was carried out
by evaluating the reduction of MTT to formazan in human
hepatocellular carcinoma HepG2 cells. The results showed
that none of the treatments affected the cell vitality up to
72 hours (Eigure S5A).

Moreover, the amount of the extracellular enzyme
LDH, a cell death indicator,”" was assessed under the same

experimental conditions described above. Again, based on
the amount of LHD produced, we concluded that none of the
treatments produced cytotoxic effects (Figure S5B).

Internalization of fluorescent complex
As Salmonella spp. is an intracellular pathogen, the capac-
ity of the complex to penetrate HepG2 eukaryotic cells was

evaluated by laser confocal py analysis.
Figure 6 evidences the cell uptake of the complex. In par-
ticular, the complex HA—SR 01 (HA colored in green) was
internalized into the cytoplasm of the HepG2 cells after

24 hours of treatment. Nuclei were counterstained with

DAPI dye (blue). No fluorescent signal was detected in the
control cells.

Intracellular killing activity
Once the ability of the complex to penetrate host cells was
determined, the intracellular killing activity was gauged in
two different experimental conditions: the HA-SR ¢1 com-
plex was administered at 1 hour postinfection or together
with Salmonella bacteria. The results showed that 1 hour
postinfection, only HA-SR ¢1 showed lytic activity against
bacteria, reducing the bacterial load significantly (Figure 7A)
while the effect of phages alone was minimal. In the second
experiment, in which all the treatments were carried out
simultaneously with the bacteria infection, both SR ¢1 and
HA-SR ¢1 showed comparable lytic activity (Figure 7B).
The data reported in Figure 7A evidenced that 1 hour after
the infection with S. Rissen, the presence of biomimetic HA
favored the uptake of phages into the HepG2 cells, allowing
phages to kill also the intracellular bacteria.

Furthermore, Figure 7B showed that the biomimetic HA
nanocrystals did not compromise the lytic activity of the
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phages, when the complex was applied concurrently with
the bacteria. The trend observed in HepG2 cells was also
observed for murine macrophage cell line J774A.1 (data
not shown).

Bacterial reduction assay on chicken
minced meat

The efficacy of the complex HA-SR ¢1 toreduce Salmonella
contamination was investigated in chicken minced meat
which is considered one of the meat categories intended to
be cooked before consumption (together with mechanically
separated meat and meat preparations) with the highest level
of noncompliance, as reported by European Food Safety
Authority (EFSA).® S. Rissen colonies, in the sample treated
with SR 01, were reduced by 0.3 log CFU/g, while the sample
treated with only HA was contaminated very similar to that
of the positive control (5.5 log CFU/g). Instead, in the case
of treatments with HA-SR ¢1, the bacterial load of S. Rissen
was reduced by 3 log CFU/g (Figure 8).

Control

Figure 6 Confocal microscopy analysis.
Notes: Control cells or cells treated with the complex at 24 hours. Scale bars, 20 um.

Discussion

Different material nanoparticles such as carbon, silica, metal
oxide, graphene, and HA have been used in several studies
to stabilize, protect, deliver, or enhance some biological

14-16,30,44

properties of molecules.

The characteristics of HA used in this study (such as
composition, structure, size, and morphology) and the results
obtained allow us to confirm that this mineral, due to its fea-
tures, was able to chemically interact not only with molecules
but also with biological structures like bacteriophages. Its low
degree of crystallinity and the presence of carbonate ions in
the crystal structure are other important characteristics that
make HA extremely reactive in biological systems, and par-
ticularly suitable to interact and transport the bacteriophages,
as reported in this study.

Thebacteriophage SR ¢1 —isolated inthis

study — showed
an efficient bacteriolytic activity against S. Livingstone,
S. Infantis, S. Potsdam, S. Thompson, S. Mbandaka,
S. Winston, S. Montevideo, S. Virchow, S. Ohio, S.
Jerusalem, S. Inganda, S. Wil, S. Typhimurium, and S.
Enteritidis as shown in Table 1. These results evidenced
that it could be used as an antimicrobial agent against the
strains of Salmonella spp. selected for this study. Further
investigations are needed to evaluate whether the phage
SR ¢1 could show antimicrobial activity against other
Salmonella strains and serovars.

Based on these results, we evaluated whether the use of
HA could improve some properties of the bacteriophage.
First, we used the mineral HA, which did not affect the cell
viability and was not toxic for human cells (Figure S5).
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The complex HA-SR ¢1 showed enhanced lytic activ-
ity against S. Rissen than SR ¢1 alone, thus indicating that
the interaction with HA increased the antibacterial activity
of the bacteriophage. Furthermore, the mineral contributed
to stabilize the phage activity over time and at different pH
values, making the complex suitable for long-term treat-
ment and effective for controlling infection in harsh niches,
showing acid pH (such as stomach, urinary tract, etc), or
in different physiological environments of healthy tissues
(including blood).
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Figure 8 Bacterial reduction assay on chicken meat.
Notes: The samples of the meat were infected with Samonela Rissen (10’ CFU/mL)
and were treated with SR 61 (10° PFU/mL), HA-SR 61 (100 mgimL plus 107 PFU/mL),
and HA (100 mg/mL). Positive control was represented by S. Rissen infected meat.
#p<0,01, +#+P<0,001. Each value s the mean £ SD of three i

The interaction of HA with phage is a good strategy to
overcome the problem related to the reduction of bacterio-
phage viability in acidic conditions.'?

The zeta potential analysis and DLS measurements
demonstrated the interaction of the phage with HA. In fact,
Figure 4B showed the behavior of the zeta potential of SR
61 and HA alone and when they were complexed. In the
latter case, neutralization of the negative surface charges of
SR 01 was observable. Because the charges of two elements
are reversed, neutralization of the surface charges could be
principally due to electrostatic interactions. Furthermore, the
results of the DLS analysis allow us to hypothesize that when
the two elements are complexed, the HA acts as a scaffold
for the phages.

These results are also supported by Wang et al.* Indeed,
they demonstrated the ability of the bacteriophages to bind
calcium ions, or non-stoichiometric HAs with positive
zeta potential.” The HA used in this study, just like the
ones mentioned above, has a positive zeta potential, a non-
stoichiometric Ca/P ratio; all these characteristics induce the
interaction of the HA with proteins and carboxyl groups of
the phage capsid by the development of an electrostatic bond.

Some studies have shown the capacity of HA to permeate
the cell membrane through the energy-dependent process
of clathrin-mediated endocytosis® or phagocytosis® but
have, also, highlighted that the permeabilization process is
influenced by the equilibrium of multiple features such as
"

ion, charge, shape, and surface area.>**-¢

p
with three replicates each. Statistical analysis was performed with Student’s t-test.
Abbreviations: CFU, colony forming unit; HA, hydroxyapatite; PFU, plaque
forming unit.

It has been reported that the bacteriophages are also able
to bypass the cell membrane.*’
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Based on these evidences, we tested the capacity of the
complex, and in particular the contribution of the mineral
HA to penetrate into the eukaryotic cells. The results dem-
onstrated that, in the same infection condition, the presence
of the mineral increases the number of phages that are able
to penetrate into cells more efficiently and consequently
kill intracellular bacteria.’*® This mineral could be a good
candidate in the use of phage therapy against obligate or
facultative intracellular bacteria like Mycobacterium spp.,
Chlamydia spp., Rickettsia spp. or Salmonella spp., Listeria
spp., and Brucella spp.*®

Inaddition, another experiment was carried out on HepG2
cells or J774A.1 cells not infected with bacteria. The results
confirmed the ability of the HA to enter into eukaryotic
cells and the capacity of bacteriophage to bypass the cell
membrane (both reported in literature) and, at the same
time, highlighted the role of HA in increasing the number of
phages that pass through the cell membrane (data not shown)
although there was no infection.

The last test, carried out to evaluate the efficacy of the
complex to control bacterial infection in a food matrix such
as chicken minced meat and for long time, showed the abil-
ity of the complex to reduce bacterial load also in the case
of food contamination.

Conclusion

The main drawback in using phages are their lack of stability
over time and their low activity against intracellular infec-
tions due to their low efficiency in penetrating eukaryotic
cells. In addition, phages do not tolerate the low pH pres-
ent in the stomach and when used in food processing their
activity can be compromised. In this study, these problems
were successfully addressed by complexing phages with
HA (nontoxic mineral for humans). This complex is stable,
allows phages to enter eukaryotic cells more efficiently
than phages alone, and, at the same time, the complexed
phages were stable at very low pH. These results evidence
the important contribution of HA making it a promising
approach to overcome problems which could emerge when
biological entities are used.

One of the most important problems in phage therapy
is the application of phages as biocontrol agents against
contamination in food.” This drawback has been addressed,
and it has been resolved by carrying out a test on infected
meat. The results showed how HA enhances the lytic activ-
ity of phage to control bacterial meat infection. Strikingly,
the complex is able to control Sa/monella infection in food.

Furthermore, the approach proposed here (use of biomi-
metic HA nanocrystals as a carrier for bacteriophages) can

be extended to different fields of interest such as biomedical,
agricultural, and other commercial applications.
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Abstract

Background: The study describes the Saimonella Rissen phage @1 isolated from the @1-sensitive Salmonella Rissen
strain R™. The same phage was then used to select the resistant strain R%@1+, which can harbour or not @I1.
Results: Following this approach, we found that @1, upon excision from R cells with mitomycin, behaves as a
temperate phage: lyses host cells and generates phage particles; instead, upon spontaneous excision from Ri@1+
cells, it does not generate phage particles; causes loss of phage resistance; switches the O-antigen from the smooth
to the rough phenotype, and favors the transition of Salmonefla Rissen from the planktonic to the biofilm growth.
The R and R@1+ strains differ by 10 genes; of these, only two (phosphomannomutase_1 and phosphomannomutase_

2; both involved in the mannose synthesis pathway) display significant differences at the expression levels. This result
suggests that phage resistance is associated with these two genes.

Conclusions: Phage @1 displays the unusual property of behaving as template as well as lytic phage. This feature was
used by the phage to modulate several phases of Salmonella Rissen lifestyle.

Keywords: Phage selection, Salmonelia Rissen, Cost of resistance, Phase variation, Repeatable evolution

Background

Bacteria are under constant attack by bacteriophages
(phages), the most abundant life forms in the biosphere
[1]. They have evolved a variety of defense mechanisms
against phages, which in turn have evolved mechanisms
to offset the defense plans set up by bacteria [2]. Gener-
ally, phages recognize only very few strains of the same
bacterial species (3], a tactic maximizing the benefits
from recombination with phages having the same life-
style and genomic organization [4]. Bacteria frequently
gain resistance by losing the phage receptor [2] or re-
ducing its binding specificity [5]. Bacteria can also pro-
mote a temporary change of the phage receptor
specificity. They do it through a mechanism known as
phase variation. In a context of antagonistic co-evolution
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[6], rapidity in the response to a phage attack is funda-
mental for bacterial survival. Phase variation confers re-
sistance at a much faster rate than random mutation [7].
Bacteria and phages both exploit phase variation: S. enter-
ica ser. Typhimurium to express alternative forms of the
O-antigen and escape phage attack [8, 9]; Escherichia (E.)
coli phage Mu [10] and other phages [11] to alternatively
express different ligands and expand their host range.
Phage receptors often function also as bacterial virulence
factors. The reversibility of phase variation curbs this toll
by limiting it strictly to the duration of phage infection. In
addition to reversibility, phase variation displays the prop-
erty of regulating the expression of several traits in a
co-ordinate fashion [8], a feature that adds efficiency to
this mechanism. Recent studies show that - to maximize
survival of a fraction of the population in case of sudden
environmental changes - reversible phase variation can
occur randomly [12]. In conclusion, the above examples
well explain how the role of phase variation in the
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bacterial world is to rapidly generate diversity and enable
bacteria to colonize different hosts and survive in chan-
ging environments [8].

The term superinfection exclusion (SE) describes the
property of a preexisting prophage to inhibit a secondary
infection by the same — or a very close — phage [13, 14].
SE is mediated by proteins that block the penetration of
phage DNA inside the host cell soon after infection [2].
As an example, the SE protein A of S. enterica ser.
Typhimurium carrying the lysogenic phage P22 confers
protection against infection by the phages L, MG178, or
MG40 [15]. The proteins blocking the phage DNA pene-
tration can be of bacterial or phage origin. SE in fact can
benefit the phage as well as the host. SE, reducing the
cost of phage infection, sets conditions for a mutualistic
relationship [16], where the phage benefits of increased
transmission opportunities and protection against preda-
tors, while providing the host with virulence factors [17],
toxins [18], or promoting gene transfer and thus bacter-
ial genome variability [19].

Here we describe the S. Rissen phage ¢1. This phage
was excised from the 1-sensitive S. Rissen strain R™
and then used to select the ¢l-resistant strain RR¢)1+,
which can spontaneously lose 1. The ¢1 excised from
RY cells with mitomycin behaves as an inducible tem-
perate phage since lyses host cells and generates phage
particles. Instead, the spontaneous excision of ¢1 from
R¥p1+ cells does not generate phage particles, promotes
biofilm production, loss of phage resistance, and the
switch of the O-antigen from smooth to rough. To carry
out the above tasks, phage ¢1 uses all the resources de-
scribed earlier: phase variation, SE, and SE inhibition.

Finally, because of their rapid evolution and easy repli-
cation of experiments, bacteria are frequently used to in-
vestigate whether evolution is contingent or repeatable,
an issue still debated [20]. Here we show that four inde-
pendent ¢1- rCSLstant clones isolated from the same
¢l-sensitive strain R, all display identical mutations at
two phasphomannomumse genes.

Results

Phage isolation and bacterial strains characterization
Following incubation with mitomycin C, the wild type S.
Rissen bacteria (RY) yielded phage ¢1 (titer: 107 PFU/
mL; burst size: 50 PFU/cell) and release of ¢1 particles
was followed by host cell lysis. Instead, the spontancous
release of ¢1 from R¥Pp1+ cells (R5p1-) occurs without
recovery of phage particles and is also associated with
increased biofilm production (Fig. la-d) and the phage-
sensitive phenotype (Table 1). Ordinarily, lysogenic
strains are immune to the phage that lhey produce
(phenomenon known as SE). Remarkably, RY bacteria
were positive by the double layer agar (DLA) method
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with ¢1, indicating that the ¢p1 prophage is resistant to
the SE mechanism.

Moreover, R*¢1+ and R™ colonies differ in curli pro-
duction: RR¢1+ colonies express the “ras” (red and
smooth) phenotype, while RY colonies display the
“pdar” (pink red and dry) phenotype (characterized by
a reduced amount of curli) [21] (Table 1). Furthermore,
the strains RSp1- and RY are both ¢l-sensitive, while
that R¥p1+ is ¢1-resistant (Table 1). Also, DOC- poly-
acrylamide gel electrophoresis of llpnpolysacchande
(LPS) showed that the ¢l-sensitive strains RY and
RS¢1- display the semi-rough and rough phenotypes,
respectively, while the ¢1-resistant strain R*p1+ shows
the smooth phenotype (Fig. 2a). Accurate phage ¢1 ad-
sorption experiments confirmed that ¢1 binds to the
semi-rough or rough strains but not to the smooth one
(Fig. 2b). Phages specific for rough strains have already
been described in S. enterica ser. Typhimurium [22, 23]
and Pseud s (P.) aer [24]. Further, carbo-
hydrate analysis of LPS indicated that ¢1-sensitive cells -
compared to the ¢l-resistant ones - are associated with
higher mannose synthesis (Additional file 1: Figure S1).

ing and
Phage ¢1 ylelded a total of 2,199, .)43 reads (660 Mb) and
an average coverage of 13,200 x. The de-novo assembled
phage ¢1 genome is 51,738 bp long with a GC content
of 48,4%. The genome contains 87 predicted coding se-
quences (CDSs): 30 affecting bacteriophage physiology,
12 encoding phage structures, 10 regulating DNA repli-
cation, and 3 encoding bacterial lysis. Genome sequence
and general phage organization can be found in the an-
notation (available on GenBank accession: KY709687).
The phylogenetic tree of phage ¢p1 genome was recon-
structed by comparing its proteome with those of 37
fully sequenced phage genomes. Phage ¢1 disclosed a
robust orthology with 5 members of Podovoridae (3 Sal-
mon and 2 Entero phages: 53-72% DNA identity) and
therefore assigned to this family (Fig. 3a). The short,
stubby, and non-contractible tail confirmed ¢l as a
member of the Podoviridae family (Fig. 3b). Data gener-
ated from the RR(p1+ bacteria by PacBio sequencing evi-
denced that the phage is circular and double-stranded.
Upon mitomycin-induced excision, ¢1 transduces a 5
kb-long portion of the host genome from R¢p1+, and
RY (Fig. 3c). Apparently, transduction of the 5kb frag-
ment occurs randomly (Additional file 2: Figure S2).
Illumina sequencing of RY and RR$p1+ was generated
8,036,355 (2.4 Gb; coverage 602x) and 12,639,370 reads
(3.8 Gb; coverage 948x), respectively. To identify the in-
sertion site of ¢p1, we assembled de novo the reads gen-
erated from RY and RR$p1+ and compared them. This
approach yielded 104,974 reads with an average length
of 5305 bp for a total of 556 Mb and an average coverage
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Table 1 Distinctive traits of the different Salmonelia Rissen strains
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Strain Biofilm production O1 presence Morphology phenotype M1 resistance
frid +— + odar

Rip1+ ++ + as +

Rpl- . pdar

1-4: Amount of Biofilm production; +: positive; —: negative; pdar Pink dry and red phenotype, ras Red and smooth phenotype

b d
B 0
-+ R
+ R+
41,0108
“E; =+ RS-
%
Z 20406
-3.0x10% 4 T T T T
0 04 § 10 15
time (min)

Fig. 2 Strains chemical phenotypes and phage @1 binding activities.
a R+ (lane bj, R°@1- (ane ¢), and R* (ane d) display the smooth,
rough, and semi-rough phenotypes, respectively. The reference marker
{lane a) is the LPS from F. coli O55:B5. b R"q)l-t— strain (@1-resistant and
smooth) does not bind the phag: strain (gp7-sensitive and semi-
rough) binds the phage, while R°@1- strain {@1-sensitive and rough}
displays an intermediate level of phage binding activity

of 116X. We could thus establish that in the RRp1+
strain phage ¢1 is inserted at the end of the genome
(from 4,828,664 to 4,834,023 bps) (Fig. 3d).

Phage resistance results from frameshift mutations in two
genes of the mannose pathway

Comparative genomics showed that the two strains R
and RE(p1+ differ by 10 genes, each displaying from 1
to 15 SNP sites (Additional file 3: Table S1). The ex-
pression levels of the genes phosphomannomutasel and
phosphomannomutase2 participating to the mannose
synthesis are higher in the susceptible strain RS¢1-
compared to the resistant strain Rp1+ (Fig. 4). This
result concurs with evidence from carbohydrate ana-
lysis of LPS (Additional file 1: Figure S1). We conclude
that phage {1 resistance is associated with reduced ex-
pression levels of the phosphomannomutasel and phos-
phomannomutase2 genes. As often observed in bacteria
[25-27], phage ¢1 resistance was gained by phase vari-
ation via frameshift mutation in homopolymeric tracts
(HTs) (Fig. 5a and b). Four independent phage-resistant
mutants from RY (R**%) all displayed the same differ-
ential gene expression already observed in the original
strains R™ and R® 1 + .

Discussion

This study describes the properties of ¢1, a prophage
which modulates several phases of S. Rissen life style. In
general, prophages aid bacteria with the production of
virulence molecules [18], toxins [28], antibiotics [18], or
(as in this study) support the bacterial host conferring
phage resistance (Fig. 2b), increasing biofilm production
(Fig. 1a-d), and providing new genetic material (Fig. 5a
and b and Additional file 3: Table S1).

Given the importance of ¢1 in the life style of the S.
Rissen, it seems plausible to suggest that the absence of
superinfection immunity serves to permit ¢1 to rapidly
abandon or re-infect the host, as environmental circum-
stances require.

We found that induction of ¢1 excision with mitomycin
in RY cells leads to replication and release of phage parti-
cles. Instead, 1 excision from RR¢p1+ cells - spontaneous
or induced by thermal shock — does not lead to replication
and release of phage particles. This result suggests that
phage replication is inhibited in RR$p1+ cells. As already
proposed for the Listeria (L.) monocytogenes $p10403S, we
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(See figure on previous pzge.)

Fig. 3 Phage @1 properties. a The phylogenetic tree shows a strong DNA identity between @1 and 5 members of the Podovoridae (3 Salmon
and 2 Entero phages). The tree is based on the alignment of 39 phage genomes. The bar indicates branch length scale. b Transmission Electron
Microscopy (IEM) of bacteriophage @1. The short and non-contractile tail, characteristic of Podoviridae, confirms @1 as a member of this family.
The scale bar corresponds to 100nm. ¢ Upon excision, phage @1 transduces a 5 kb long region of the host genome, The region includes the
following genes: 5 hypothetical proteins, 1 phage endopeptidase, 1 HNH homing endonuclease, 1 lysozyme and 1 phage Nin protein. d The

phage @1 insertion point is at the end of the R Q1+ strain genome (from 4,828,664 to 4, 834, 023 bps)

speculate that ¢p1 or the RRp1+ host cells can disconnect
phage excision from phage replication and release [29].

The cases of bacterial genes controlled by prophage
excision generally involve cryptic prophages [30, 31].
Phage ¢1 is not cryptic since, following induction with
mitomycin, produces infective particles. Thus, ¢1 is a
rare - but not unique [31] — example of non-cryptic pro-
phage influencing the expression of the host cell genes.

Many bacterial species, including Salmonella, gain
phage resistance by altering the genes of the LPS biosyn-
thesis pathway [24]. In E. coli, nine different genes are
involved in the LPS biosynthesis pathway, which poten-
tially could lead to T7 phage resistance, but bacteria
reach resistance by altering waaG, the gene associated
with reduced biological cost [32].

Our study describes similar results. Four independent
l-resistant strains isolated from the same strain (RW)
and grown under the same conditions displayed the same
regulatory alteration at two genes (phosph 1

and phosphomannomutase2) (Fig. 4). Parallel evolution
has also been reported in L. monocytogenes (33, E. coli
[34] and Propionibacterium (P.) acnes [35]. These results
suggest that whenever it is possible, phage resistance is ac-
quired using the path requiring a lower cost. The same ex-
planation could be extended to the acquisition of phage
resistance by phase variation, as observed in several bac-
terial species: Campylobacter (C.) jejuni [25), Vibrio (V)
cholerae [26), L. monocytogenes (27, 33, Herpes (H.) influ-
enzae [36), Staphylococcus (S.) aureus [37], and S. Rissen
(this study). Also, in most of these bacterial species (in-
cluding S. Rissen), phase variation originates from HTs
frameshift mutations (Fig. 5a and b) and is reversible.
Phage resistance by frameshift mutations instead is rapid
and reversible: once phage infection ends, the phage-re-
sistant bacteria can revert to the more adaptive phage-sen-
sitive genotype.

Conclusi

4

wxs R+
B3 R

'S

~

Relative gene expression

Fig. 4 Differences in expression levels of the 10 genes differentiating
the R71+ and R°@1- strains. The resistant strain (R%@1+) displays
significantly reduced expression levels of the phosphomanncmutase!
and phosphomannomutaseZ genes, compared to the sensitive strain
(R The relative gene expression levels are expressed using the R™
strain as internal comparison

This study describes a phage which modulates several
properties of its host. The results of this study may
stimulate researchers to better understand benefits and
negative outcomes associated with the therapeutic use of
phages; how the stability of mutations is influenced by
environmental stresses; how phages affect evolution and
pathogenicity of bacteria. Finally, the study demonstrates
that, at least in bacteria, natural selection uses repeatedly
the same evolutionary path, when it requires a lower
biological cost.

Methods

Bacterial strains

The S. Rissen strain RY (serotype 6; antisera were from
Staten Serum, Copenhagen, Denmark) was isolated from
a food matrix and characterized by Istituto Zooprofilat-
tico Sperimentale Del Mezzogiorno (Portici, Naples,
Italy). The S. Rissen strain R® was derived - in the course
of this research - from the RY strain following selection
for resistance to phage ¢1 as described in this study. R}
cells can spontaneously lose the prophage and thus
occur with (R%p1+) or without ¢p1 (R3p1-) (the super-
script S indicates that loss of ¢p1 causes loss of phage re-
sistance). All the bacterial strains were analyzed for
cellulose production and LPS phenotype and stored at —
20°C in LB (Sigma-Aldrich, Milan, Italy) supplemented
with glycerol (10%; Sigma-Aldrich, Milan, Italy).
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Isolation of the phage @1
Phage ¢1 excision was induced by incubating R™ cells
(2x 10° CFU/5 mL) in LB broth containing 1 pug/mL mi-
tomycin C (Sigma-Aldrich, Milan, Italy) for 1 h at 37°C.
Following centrifugation (5.7 x 10°g), the supernatant
was stored at +4°C, and the pellet resuspended in 5 mL
of LB broth and incubated again at 37°C for 4h and
then centrifuged. The pellet was discarded, while the su-
pernatants from the two centrifugations were pooled
and filtered (filter pore size: 0.22 um; MEF-Millipore,
Darmstadt, Germany) [38].

The titer of phage, expressed as plaque forming
units (PFU), was evaluated by using the DLA tech-
nique as reported by Sambrook et al. [39] Phage ¢1

was stored in SM buffer at - 20 °C. The aliquot in use
was kept at +4°C.

Isolation of the phage @1-resistant strain R?

RY bacteria in early exponential growth phase were
mixed with warm soft agar. The mixture was poured on
LB agar (Sigma-Aldrich, Milan, Italy) plates and allowed
to solidify. Phage ¢1 was then spotted (10 uL/spot) and
the plates were incubated overnight at 37 °C. The follow-
ing morning, the colonies grown inside the lysis plaques
were picked with a sterile loop and streaked on LB agar
plate. This procedure was repeated 3 times. Phage-resist-
ant bacteria were further tested for phage ¢1 resistance
by the spot test. Plaque absence after overnight
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incubation confirmed that bacteria were phage ¢p1-re-
sistant (R®$1+). Phage ¢l-resistant colonies were de-
tected after about 24 h of selection.

Lysogenization

R¢1- bacteria (10°CFU in 500 uL LB) were incubated
with ¢1 isolated from RY bacteria (10° PFU/mL) for 72 h.
The suspension was mixed with soft agar (4 mL) and then
poured on a solid agar. Phage ¢plwas spotted on soft agar
(10 uL/spot) and plates were incubated at +37°C and
inspected daily for plaque formation.

Analysis of cellulose production

Cellulose production was detected by growing bacteria
on LB agar supplemented with 200 pg/mL calcofluor
(Sigma-Aldrich, Milan, Italy). Plates were incubated at
37°C for 2-4days. Colonies were visualized under a
366-nm light source [40]. Congo red binding was de-
tected by growing bacteria on LB agar supplemented
with Congo red (40 pg/mL; Sigma-Aldrich, Milan, Italy).

Biofilm thickness determined by confocal laser scanning
microscopy

Biofilms were formed on polystyrene Chamber Slides (n
© 177,445; Thermo Scientific, Ottawa, Canada). For this
purpose, overnight cultures of R%p1+, R°p1-, and RY
strains grown in LB medium were diluted to a final
concentration of 0.001 and seeded into a chamber slide
at 37 °C for 36 h to assess biofilm thickness and cell via-
bility. The biofilm cell viability was determined with the
FilmTracer™ LIVE/DEAD® Biofilm Viability Kit (Mo-
lecular Probes, Invitrogen, Carlsbad, California, USA)
following the manufacturer’s instructions. Microscopic
observations and image acquisitions were performed as
described [41].

Salmonella g bl
annotation

The RY or R¥ strains were expanded in LB broth start-
ing from a single colony. Genomic DNA was then ex-
tracted by the phenol-chloroform method, purified with
Agencourt AMPure XP beads (Beckman Coulter; beads
to DNA ratio 1.8:1), and quantified by the Qubit dsDNA
BR Assay Kit (Thermo Fisher, MA, USA). DNA size and
purity were measured by the 2200 Tape Station Instru-
ment (Agilent Genomics) and Nanodrop (Thermo
Fisher), respectively. Illumina libraries were obtained
from 1pug of genomic DNA, and sequenced with the
NextSeq500 instrument using the 150nt paired-end
protocol (Ilumina, San Diego, CA). lllumina reads were
quality filtered, trimmed using Sickle and finally quality
corrected with BayesHammer. Genomes were assembled
de novo from Illumina reads using SPAdes 2.9.0 with
multiple k-mer combinations: from 101 to 125 with 2 nt

y and

sequencing,
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steps for the 202 R} genome, with 95, 97, 111, 113 for
the RY genome and 101, 105, 109, 113, 117, 121,125 for
the ¢1 genome. The resultant contigs were scaffolded
using SSPACE 3.0. Five pg high-molecular-weight gen-
omic DNA (peak >60Kb) were used to prepare ~20
Kb-insert SMRT-bell libraries (Pacific Biosciences, CA,
USA). The library templates were sequenced using the
single molecule real time (SMRT) Sequencing technol-
ogy on a PacBio RSII sequencer (Pacific Biosciences,
Macrogen Inc., Korea). PacBio subreads were extracted
using Bash5tools (version 0.8.0), filtered and assembled
de-novo with Falcon-Integrate and the settings suggested
for bacterial genome. The assembled genome sequence
was polished by Quiver v 0.9.2. and gene annotation per-
formed using RAST web service (http://rast.nmpdr.org/)
[42]. The ¢1 insertion site was identified by mapping
PacBio reads from RF{l+ bacteria against the phage
genome assembly and soft-clipped bases were retrieved.

Variant SNP calling

SNP calling was carried out using MUMmer 3.23 tool
[43]. Single-nucleotide polymorphisms (SNPs) were
identified by Show-SNPs, a script associated with MUM-
mer 3.23.

The output was filtered by BUFF > 50 with the Show-
SNPs flags ClIrx 25 and the SNP position was assembly
by quality > 80. The R Salmonella genome was used as
reference. Each assembly was queried with each SNP
context from the MUMmer output using BLAST + [44],
retaining only SNPs for which exactly one occurrence of
either of the two genomes was found in all assemblies.

Chemical analysis

PAGE was performed using the system of Laemmli [45]
with sodium deoxycholate (DOC; Thermo Scientific,
Waltham, MA USA) as detergent as described [46].
Glycosyl analysis was performed as reported [47].

Real time PCR

Total RNA was extracted from individual bacterial
strains according to the Allprep Bacterial DNA/RNA/
Protein Kit protocol (Quiagen) and then reverse-tran-
scribed using the high-capacity ¢cDNA reverse tran-
scription kit (Applied Biosystem). Real-time PCR was
carried out using the Step One Real-Time PCR Systems
machine (Thermo-Fisher scientific). Reactions were
carried out in a 20pl of Master SYBR Green I mix
(Roche Diagnostics Ltd., Lewes, UK). The amplification
protocol included 10 min at 95°C and 40 cycles, each
consisting of 10s at 95°C for denaturation, 120 min at
57 °C for annealing, and 60 s at 60 °C for extension; the
final step was at 4 °C. PCR reactions were carried out in
triplicate. Expression values were normalized versus the
RY strain. The reference gene was the housekeeping
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InvA. The relative gene expression was carried out
using the Delta Delta ct Method [48].

Other methods

Following the genome sequencing experiment, we de-
signed the primers for the 5kb region using primer 3 as
primer design tool. We used the following overlapping
eight primer pairs. Primers are designed to amplify re-
gions within a size range of 400-600 bp.

The thermal shock of RY or R¥p1+ cells was carried
out by exposing the cells at —20°C for 1h and +40°C
for 2h. The cells were then tested for loss of phage re-
sistance. The phylogenetic tree was constructed using
the maximum likelihood method [49]; for data align-
ment were used the Blosum 65 (gap open penalty = 11;
gap extension penalty =3), Jukes-Cantor, and UPGMA
models. Biofilm production was measured by the crystal
violet assay [50].

Additional files

Additional file 1: Figure S1. Gas chromatography-mass spectrometry’
{GC-MS) analysis of the (A) RY, (8) R'p1+, an (C) R'@1-strains. All of the
strains display the presence of glucose, glucosamine, heotose, and KDO.
Acguisition of phage resistance by R°1+ stain is associated with loss of
mannose. Peaks marked with X represent methyl esters of fatty acids.
(PDF 673 kb)

Additional file 2: Figure S2. Electiophoresis gel of PCR for detecting
the presence of 5 kb region. Lines 1-5: RWp1+ lines 6-9: RW@1- lines
10-14: RBR@1+; Iines 15-18: RS@1-; M = marker (100 kb). (PDF 35 kb
Additional file 3: Table S1. S\Ps detection analysis of R and Ri1+
strains. (PDF 107 kb)
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CDSs: Coding secuences; DLA: Double layer agar;
LPS: Lipopolysaccharide; Pdar: Pink red and dry; R:
SE: Superinfection exclusion

Ts: Homopelymeric tracts;
: Red and smooth;
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1. Introduction

Fungi play an important role in several aspects of human life, in particular as source of ther-
apeutics and food. Many fungi naturally produce antibiotics, which are able to inhibit the
growth of the competing micro-organisms. The edible fungi (mushrooms) are often favoured
in the human diet because they are poor in fat and rich in proteins, minerals and fibres (Manzi
etal. 1999). Fungal cell walls arerich in bioactive polysaccharides (glycans), which are differ-
ent from each other in chemical structure and biological activity (Herrera 2012). Glucans are
the most abundant (and most studied as well) fungal glycans and they have only p-glucose
as structural component: itis possible to distinguish linear or branched a-, B- as well as mixed
a,3-glucans (Synytsya & Novak 2014). 3-glucans of several fungi show numerous biological
properties, including antitumour, antimicrobial, antidiabetic, antihypercholesterolemic and
immunomodulating activities (Wasser 2011; Chang & Wasser 2012). Krestin — a heteroglycan
isolated from Polysticus versicolor and consisted of glucose and other simple sugars - has
antitumour, antihepatitis and antihyperlipidemic properties. Pachymaran — a heteroglycan
purified from Poria cocos and consisted of glucose, galactose and mannose units - has anti-
tumour activity and is used to treat insomnia and schizophrenia. Grifola frondosa heterogly-
cans - consisted of glucose, xylose, fucose, galactose and mannose units - show anticancer
and immunomodulatory properties (Zhou et al. 2014).

Biological properties of fungal glycans vary depending on their water solubility, chemical
composition and conformational structure (Polishchuk & Kovalenko 2009), but the basic
requirements for biological activity are not still completely clear (Brown & Gordon 2003).
Eight fungal glycans-based drugs are marketed in China, each of them displays unique pol-
ysaccharide composition and biological effects (Zhou et al. 2014). In general, water-soluble
glycans are considered pharmacologically more active (Hu et al. 2013). Moreover, isolation
methods may influence the features of the glycans and differences can be observed among
compounds differentially isolated from the same source (Volman et al. 2008).

Ganoderma lucidum (Curtis) P. Karst is a lignocellulose-degrading mushroom of the
Polyporaceae family. Over the past centuries, its fruiting bodies have been widely used in
the Chinese and Japanese traditional medicine for the treatment of several disorders (such
as gastritis, diabetes, hypercholesterolemia, hepatitis and cardiovascular problems). Modern
research - by confirming the antitumour, antihypertensive, antidiabetic and immunomod-
ulatory properties of G. lucidum extracts (Boh et al. 2007; Rex 2014) - has sensibly contributed
to the success of this mushroom as nutraceutical so that the annual sale of G. lucidum-derived
products is estimated about 2.5 billion U.S. dollars (Li et al. 2013). The major bioactive com-
pounds of Ganoderma species are polysaccharides (such as -glucans, glycoproteins and
heteroglycans) and triterpenoids (Nie et al. 2013; Ruan et al. 2014), both usually isolated
from the fruiting bodies of Asian isolates. In particular, polysaccharides are known for their
anticancer and antimicrobial effects and their capacity to enhance the hostimmune system
(Lin 2005), but there are few available studies about polysaccharides obtained from mycelium
of European isolates of G. lucidum (Boh et al. 2007).

This study investigated immunomodulatory properties and capacity to improve glucose
metabolism of a water-soluble heteroglycan (HGlyc), extracted from the mycelium of an
Italian isolate of G. lucidum. For this purpose, gene expression analyses and two different
bioenergeticassays were carried out in a cell line model. The report also describes an alkaline
method, that combines purity with high yield, for the extraction of HGlyc and the chemical
characterisation by NMR spectroscopy.
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2. Results and discussion
2.1. Extraction of HGlyc

Eight grams of dry material were obtained from 80 g of fresh mycelium. About 20 mg of a
water-soluble heteroglycan (composed by units of several monosaccharides) were extracted
from 2 g of lyophilised mycelium. Simplicity and high yield suggest the possibility to use
the method for a large-scale production of HGlyc from the mycelium of G. lucidum.

2.2. Monosaccharide composition and 'H NMR spectrum

Preliminary studies were performed to determine the structure of HGlyc. The monosaccharide
composition was determined by complete hydrolysis of the glycan at 100°C in water/TFA,
followed by NaBH, reduction and acetylation with acetic anhydride. GC-MS analysis of the
resulting alditol acetates showed the glycan to be composed of glucose, mannose, fucose,
xylose and galactose, in the molar ratios 58:16:14:7:5 (see Experimental Part for details).

The "HNMR spectrum of the glycan in D,O was recorded to obtain information about the
anomeric configurations of the sugars. Firstly, the anomeric protons were identified from
their correlation with the relevant anomeric carbons using an HSQC 2D NMR (Figure S1).To
make 'H signals as sharp as possible, the spectrum was acquired at 70°C. Even so, all signals
appeared as unresolved broad singlets, and proton-proton coupling constants (the most
reliable parameter for determination of anomeric configurations) could not be measured.
Therefore, the determination of anomeric configuration was based on chemical shifts of
anomeric protons (typically & 5.2-4.9 for a-sugars and & 4.6-4.3 for 3-sugars) (Synytsya &
Novak 2014). The anomeric region of the spectrum of HGlyc was quite complex (Figure S1),
with multiple signals of different intensity both in the region of a-sugars and B-sugars.
Integration showed an approximate 3:1 ratio between the overall areas of the signals of
a-anomeric protons and 3-anomeric protons, showing that most sugars were in the a
configuration.

A more detailed analysis of the structure of HGlyc is in progress and the results will be
reported in the due course.

2.3. Cellviability and NO, measurements

At the concentrations of 200, 500 and 1000 ug mL~", HGlyc did not affect cell viability, while
the positive control (THP-1 cells treated with 50% ethanol) showed a 70% reduction of cell
viability. Compared to the cells treated only with 10 ug mL~"' LPS, HGlyc (at the concentration
of 200 ug mL™") reduced NO, production by 67% (Figure S2).

2.4. Bioenergetic analyses

Basal and maximal glycolysis values and glycolytic capacity were calculated (Figure 1(a-b)).
Upon glucose addition, the medium of LPS-treated cells showed a significant increase of
acidification (422%), compared to untreated cells, indicating a higher rate of basal glycolysis.
Instead, when cells were treated with HGlyc and then LPS, a reduction of basal glycolysis
was observed (53%). Next, incubating cells with oligomycine, the property of HGlyc to curb
the maximal glycolysis was measured. Again, the HGlyc significantly reduced the maximal
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glycolysis (44%). Finally, to measure the glycolytic capacity of the cells, 2-DG reagent was
added. As expected, the glycolytic capacity was also significantly reduced (36%).

Glucose-oxidase activity, an index of glucose uptake in cells, was evaluated in eight exper-
imental conditions (Figure 1(c)). Glucose level was markedly higher in cells treated with LPS
or prednisone (1 hand 12 h), compared to untreated cells (58.5, 100 and 83%, respectively).
LPS and prednisone are reported to determine an increase of glucose uptake, up-regulating
the expression of glucose-transporter genes (Chung 2008; Hwang & Weiss 2014). Further,
the property of HGlyc to curb the glucose uptake was measured: in cells treated with HGlyc
and then with LPS or prednisone (1 h and 12 h), a reduction of glucose level (52,66 and 95%,
respectively) was registered. Cells treated only with HGlyc showed a glucose level lower
(66%) than untreated cells.

Taken together, NO, measurements and ECAR values showed the capacity of HGlyc to
reduce stress in inflammatory conditions induced by LPS in the model cell line. In our knowl-
edge, ECAR analysis was used for the first time to investigate the effect of a fungal polysac-
charide on cellular glucose metabolism. In addition, GOA assay indicated a hypoglycemic
activity of HGlyc. Ability to reduce glucose levels in blood was already reported for polysac-
charides from G. lucidum (He et al. 2006; Jia et al. 2009).

2.5. Gene expression

The expression levels of four important pro-inflammatory cytokines (TNF-a, IL-6, IL1-a and
IL-1B) were measured. HGlyc was used at the optimal concentration of 200 pg mL~".The cells
incubated with HGlyc and LPS displayed down-regulation of three cytokine genes: TNF-a
by 28.5%; IL-6 and IL-1a by 94%, compared to the positive control (cells incubated only with
LPS). On the contrary, IL-1B gene was up-regulated by 40%. The cytokines mRNA level was
identical in cells treated with HGlyc and in untreated cells. The analysis was extended to the
mediator of inflammation COX-2, that resulted significantly down-regulated (33% compared
to positive control) (Figure 2). Down-regulation of pro-inflammatory molecules mediated

80 -
704
60 - 3 Untreated cells
50- @l HGlyc

= LPS

@l HGlyc + LPS

Relative gene expression
8

TNF-a IL-1c IL-6 IL-1p COX-2

Figure 2. Expression levels of TNF-a, IL-6, IL1-a, IL-1B and COX-2 genes involved in immune response. The
gene expression was evaluated in: untreated THP-1 cells; cells treated 12 h with HGlyc 200 pg mL~"; cells
treated 1 h with LPS (10 pg mL™"); cells treated with HGlyc and then LPS. Values represent the average
determination + SE for three experiments, carried out in triplicate. A pool of THP-1 untreated cells was
used as a calibrator for real time PCR experiments. ™ = p < 0.0001. P-values express statistical significance
for LPS-treated cells versus untreated cells, and for cells treated with HGlyc + LPS versus LPS-treated cells.
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by G. lucidum polysaccharides was described in a previous report (Wang et al. 2014), in which
water insoluble B-glucans extracted from fruit bodies reduced LPS-induced inflammation
in mouse macrophages.

3. Conclusions

Different types of bioactive glycans — which vary in monosaccharide composition, glycosidic
bonds, tertiary structure and molecular weight — have been purified from fruiting bodies
of G. lucidum (Zhou et al. 2014). This study reports a method - easily reproducible - for the
extraction of a water-soluble heteroglycan (HGlyc) from the mycelium of G. lucidum. HGlyc
has glucose as major monosaccharide and it contains mannose, fucose, xylose and galac-
tose. HGlyc exhibited the capacity to significantly reduce the inflammation induced by LPS
inTHP-1 cells in a dose-dependent manner. In cells incubated with HGlyc and then LPS, the
expression levels of the mediators of inflammation TNF-a, IL-6, IL1-a and COX-2 were sig-
nificantly down-regulated, compared to LPS-treated cells. On the contrary, HGlyc up-
regulated the expression of IL-1B. This result is consistent with the property of fungal
glucans to activate the transcription of this cytokine via the dectin-1-dependent pathway
(Kankkunen et al. 2010). Bioenergetics assays and NO, measurements also confirmed the
property of HGlyc to reduce cellular stress in inflammatory conditions, indicating at same
time a hypoglycemic activity. HGlyc from G. lucidum are able to control excessive inflam-
mation and to establish a homeostasis between pro- and anti-inflammatory responses, so
they could be used as a probiotic or as ingredient in functional foods, with protective effects
in pro-inflammatory conditions and benefits for people characterised by suppressed
immune response.

In the last years, the idea to develop functional foods or drugs containing fungal pol-
ysaccharides is attracting great attention (Aida et al. 2009). Numerous health products
based on G. lucidum are internationally marketed (Chang & Buswell 2008). Fruiting bodies
are very rare in nature, so the amount of wild G. lucidum is not sufficient to meet the
demands in international markets and its cultivation in vitro is essential. In the present
work, a water-soluble heteroglycan was efficiently and economically isolated from the
mycelium of G. lucidum, suggesting the possibility of a large scale production by sub-
merged cultivations in bio-reactors. The benefits of liquid cultivations include: i) the ability
to manipulate the medium to optimise mycelium growth; ii) reduced costs; iii) shorter
cultivation time and lower risk of contamination, compared to the cultivation of fruiting
bodies.

Furthermore, water solubility makes HGlyc easier to disperse in a food matrix and so more
favourable for therapeutic applications, because they are easy to be absorbed by the organ-
ism and consequently more effective.

However, further studies are needed and these concepts should be confirmed in future
trials in vivo using realistic food matrices.
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