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RIASSUNTO
Introduzione
Xanthomonas campestris pv. Campestris (Xcc) è 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 µm; è dotato di mobilità grazie
alla presenza di un unico flagello.
L’infezione di Xcc provoca nell’ospite lesioni necrotiche a forma di “V”
presenti sul margine fogliare, l'annerimento vascolare, avvizzimento, e
problemi nel corretto sviluppo della pianta. Xcc è 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 è 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” è 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 è estesa al sistema
vascolare, possono comparire lesione da invasione sistemica lungo le
nervature centrali delle foglie. Inoltre, una caratteristica bel nota di
questo batterio è la sua capacità 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 comunità.
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 è suddiviso
generalmente in diverse fasi:
- Adesione alla superficie reversibile (adsorbimento), reso possibile
grazie specifiche forze chimico fisiche che si instaurano tra il
microorganismo e la superficie dove esso aderisce;
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- Adesione irreversibile, ovvero un aumento dell’adesività 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’adesività 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 capacità di fermentare, Xcc
produce lo xantano, un polisaccaride extracellulare che dona alle
colonie un aspetto mucoide. Questo polisaccaride è 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 comunità funzionale all’interno del biofilm è
fondamentale che ci siano tali equilibri
Lo scopo primario della formazione del biofilm è sicuramente la
protezione dei microorganismi dall’aggressione dell’ambiente esterno
favorendo così il periodo di sopravvivenza. Infatti, quando crescono
all’interno della matrice di biofilm, i batteri hanno una resistenza
maggiore rispetto alle singole colonie. Inoltre, un fattore determinante
è la resistenza del biofilm nei confronti degli antibiotici; tale resistenza
sembra essere dovuta all’incapacità dell’antibiotico di penetrare
all’interno del biofilm agendo di conseguenza, solo suoi microorganismi
presenti sulla superfice più 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
l’antibiotico resistenza sono dovuti alla matrice polisaccaridica che
impedisce all’antibiotico di penetrare all’interno del biofilm e di
conseguenza ne ritarda la diffusione.
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Negli ultimi tempi risulta essere sempre più rilevante lo sviluppo di
terapie alternative ai farmaci antibiotici, per questo l’impiego di
batteriofagi (fagi) o molecole antimicrobiche naturali, sta diventando un
argomento interessante nell’ambito 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 più
complessa presenta un contenitore proteico isometrico (capside) che
racchiude l’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 più 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.
I 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:
- la fase 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 ciò la
cellula batterica risponde producendo enzimi e proteine che
permettono la sintesi di materiale genico ex novo causando la
replicazione virale.
- la fase dell’assemblaggio che prevede l’immagazzinamento
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 l’immunità
3

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 specificità dei fagi nei confronti di determinati batteri fa sì che
l’utilizzo di quest’ultimi per il trattamento di particolari infezioni, comporti
l’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 pluribatteriche.
Un ulteriore vantaggio è rappresentato dalla crescita rapida ed
esponenziale dei fagi quindi è 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 l’isolamento dei fagi risultano essere più 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’Idrossiapatite (HA) ha una struttura cristallina esagonale costituita da
tetraedri di ioni PO43-, in cui due atomi di ossigeno sono sul piano
orizzontale, mentre gli altri due si trovano sugli assi paralleli, è 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’Idrossiapatite possiede specifiche caratteristiche chimico fisiche: è
caratterizzato da alte temperature di fusione, durezza, un’alta
resistenza alla compressione ma al tempo stesso una certa fragilità ed
una difficile processabilità. Termodinamicamente, l'idrossiapatite è il
composto più 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 più. 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 dell’Europa mi sono
occupata dello studio di un metodo alternativo che potesse contrastare
questo tipo di infezioni. Inoltre, dato la peculiarità di infezione che
prevede la formazione del biofilm, mi sono occupata di identificare e
caratterizzare un complesso costituito da un batteriofago litico,
l’idrossiapatite, un noto carrier, e una molecola anti-biofilm prendendo
come modello il batterio Xanthomonas campestris pv. campestris a
causa delle restrizioni per l’utilizzo della Xylella. Lo studio si è basato in
primis sull’analisi dei singoli elementi e successivamente sull’utilizzo
sinergico dei tre.
Risultati
Capitolo I
È stato isolato e caratterizzato il ceppo utilizzato per tutti gli esperimenti
futuri da piante che presentavano i sintomi della malattia black rot. La
classificazione è avvenuta mediante Biolog. Successivamente è 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’attività litica del fago.
Capitolo II
È 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 attività. Successivamente
è stato testato l’acido eicosanoico, il composto scelto
precedentemente, complessato con l’idrossiapatite (molecola carrier) e
tramite analisi di microscopia confocale e real-time ne è stata validata
l’attività anti-biofilm.
Capitolo III
Infine, l’analisi metabolica è 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.
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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 lytic
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 plaque morphology, host range, pH
stability, and morphology.
The second part of my project was focused on the detection of an antibiofilm 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.
6

INTRODUCTION
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1) Xylella fastidiosa

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).

8

Figure 1: xylella-bactrocera https://www.ponteproject.eu/news/ippc-opens-expert-consultationfor-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-AlpiCosta 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].
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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
10

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_HN2_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 II 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 planktonicbioﬁlm transition is a complex and highly regulated process. Basically,
13

the bioﬁlm development has been characterized as a well-deﬁned
succession of different stages (Figure 5).

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 threedimensional 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
14

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 acylCoA 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 downregulation 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 selfreplication 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.

Figure 7: https://www.researchgate.net/publication/225987979
_Mutual_mobile_membranes_with_objects_on_surface

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, β-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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Running Title: Metabolic changes triggered by bacteriophage
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 proliferation in
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 (Xccφ1) able to control the disease caused by Xcc to
Brassica oleracea var. gongylodes and investigated the effect of Xcc
and Xccφ1, 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 mCS20ABN 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
TM
the Biolog 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 soil
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 0.22µm-pore-size membrane filter (MF-Millipore, Darmstadt,
Germany). The filtrates were assayed for the presence of Xcc-infecting
phage by plating (10 µl) 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-µmpore-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 µl)
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 µl of all the phage were spotted on agar plates,
27

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 10 8 CFU/ml, as
determined by measuring the optical density at 600 nm. Cells at the
exponential growth phase, were infected with phage (10 3 to 10-3
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 57,58. 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 -4 in 50 ml
Erlenmeyer flasks. Samples were taken from the diluted fraction at tenminute 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 59,60. 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 µl 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 μm filters (MF-Millipore) and incubated at RT for 7 days. Ten-fold
dilutions of each solution were spotted (10 µl) 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 Xccφ1, 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 µl of 5 mM MgSO4 (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 MgSO4.
8

Transmission Electron Microscopic analysis. The Xccφ1 stock (10
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 (OD600 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/ml 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 handheld plastic sprayer with SDW and suspensions of phage and Xcc
supplemented with Tween 20 (5 µl 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)
Xccφ1, c) Xcc, d) Xccφ1 24 hours before inoculation with Xcc, e) Xccφ1
and Xcc together, f) Xccφ1 24 hours after Xcc, g) Xccφ1 48 hours after
7
Xcc. Both phage and bacterium were suspended in SDW at 10
7
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
9
plantlets were treated as follows: a) SDW, b) Xccφ1 10 PFU/mL, c)
8
9
8
Xcc 10 CFU/mL, d) Xccφ1 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: 0
(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 qPCR. 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 I,
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 μg of purified total RNA
was used as a template for first-strand cDNA synthesis using
SuperScript® III 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−ΔΔCT 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 µl of phosphate buffer saline (PBS, pH 7.2), and 70 ml of a
deuterated-water solution (containing 1 mM sodium 3-trimethylsilyl
1
[2,2,3,3-2H4] propionate (TSP) as a chemical shift reference for H
spectra). The deuterated solvent was added to provide a fieldfrequency 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 III–600 MHz spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany), equipped with a TCI CryoProbeTM fitted with a
gradient along the Z–axis, at a probe temperature of 27°C. Onedimensional (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
31

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. Timedomain 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 t1 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,
1
13
assumed to resonate at δ = 0.00 ppm. Natural abundance 2D H– C
heteronuclear single quantum coherence (HSQC) spectra were
13
recorded at 150.90 MHz for C, 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 t1 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 t2 and in t1. Linear
prediction was also applied to extend the data to twice its length in t 1.
HSQC spectra in water were referred to the α-glucose doublet
1
13
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
aqueous 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, Umeå, 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, OPLSDA 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)Identification 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 Xccφ1. 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,
Xccφ1 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
Xccφ1 (27°C; 20 min) was 85%, 70% and 65% at 105, 106, and 107
PFU/ml, 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 Xccφ1 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).

Figure 2. Xccφ1 characterization: (A) plaques 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 2O 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 (GlcN), 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) Xccφ1 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 Xccφ1 (Figure 4). The effect of the phage was concentration
8
dependent, with a dose of 10 PFU/ml added to the bacterial culture
demonstrating a greater reduction in the structure of the biofilm in
6
comparison to a dose of 10 PFU/ml (cfr. Figs 4B and C). The biofilm
was also reduced by a treatment with galactose, a sugar present as a
component of the Xccφ1 capsid (Fig 3B)[46], whereby different nontoxic 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 Xccφ1 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 106 PFU/ml; (C), Xcc after 6h of incubation with phage at 10 8 PFU/ml. Bacteria
were grown for 72 h in 8-well chamber slides and stained with LIVE/DEAD reagents. Green
fluorescence (SYTO9) 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, Xccφ1 was applied together with Xcc, both at higher
9
concentrations than those used previously (Xccφ1 at 10 PFU/ml and
8
Xcc at 10 CFU/ml). In this case, the development of the disease
symptoms was reduced by about 45% (Figure 5). Interestingly, in the
glasshouse Xccφ1 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).

Figure 5. Effect of the Xccφ1 phage treatments on Xcc disease severity, as measured by the
McKinney index, with foliar applications to plants of B. oleracea var. gongylodes. Xcc was
8

9

inoculated at 10 CFU/ml, while Xccφ1 at 10 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 1H-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+Xccφ1), and 18 treated with the phage alone (Xccφ1).
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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
2
2
analysis generated a robust model (R = 0.97, Q = 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 + Xccφ1 groups (blue squares) from the
phage Xccφ1 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 + Xccφ1 groups, with the
latter located very close to the control group (Figure 6A). The third
component (t[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 Xccφ1 groups appeared in the III and
the IV quadrants of the score plot, respectively, while the Xcc+Xccφ1
group is placed in the II 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 Xccφ1 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 |pq[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+Xccφ1. (A) Scores plot (97%, p < 0.0001) showing the
separation of the treatments: NT (water); Xcc (bacteria alone); Xcc+Xccφ1 (Xcc plus Xccφ1
phage); Xccφ1 (phage alone). R2 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 pq[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
-5
glutamate (p = 3.1 × 10 , impact = 0.44); arginine and proline (p = 4.5
-3
× 10 , impact = 11); valine, leucine and isoleucine biosynthesis (p = 1.1
-2
-2
× 10 , impact = 0.04); galactose (p = 1.1 × 10 , impact = 0.05); lysine
-2
-2
biosynthesis (p = 1.4 × 10 , impact = 0.07); sucrose (p = 1.7 × 10 ,
-2
impact = 0.09), and glyoxylate and dicarboxylate (p = 3.8 × 10 , 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
-3
the alanine, aspartate and glutamate metabolism (Holm p = 2.7 × 10 ,
-3
FDR = 1.3 × 10 ) appeared to be the most affected, all the pathways
involved were considered and shown.
The water control (NT) and the three treatments (Xcc, Xcc+Xccφ1,
Xccφ1 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 (γ-aminobutyric acid) were observed compared to the other
groups. Interestingly, there was a lower concentration of these
metabolites in the Xcc+Xccφ1 group compared to the Xcc group.
Similarly, the concentrations of glucose and fructose were higher in the
Xcc group compared to the treatment Xcc+Xccφ1.
Pipecolate appeared in relatively high concentrations in both the Xcc
and the Xcc+Xccφ1 groups compared to the other groups. The
treatment with both bacterium and phage (Xcc+Xccφ1) 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 Xccφ1 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 diseasecontrolling 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+ Xccφ1 and Xccφ1 classes as in
Figure 6. Box-and-whisker plots show the variations of the metabolite concentration (green=NT,
red=Xcc, blue=Xcc+ Xccφ1, purple= Xccφ1). 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 qPCR
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 (Gad1) and degradation (GABA-T4) were
analyzed 15-days after treatments. As shown in Figure 8A, in Xccinfected plants Gad1 was found to be significantly up-regulated. On the
other hand, in infected plants treated with the phage (Xcc+Xccφ1), 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 (Xccφ1).
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 (qPCR). (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+Xccφ1 or Xccφ1. (B): Analysis of genes involved in
plant disease resistance. Plant samples were collected at 48 hours post inoculation with Xcc,
Xcc+Xccφ1 or Xccφ1. 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 Xccφ1, 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, Xccφ1 disrupts the stability of Xcc
biofilm (Figure 4). Moreover, we observed the presence of galactose as
one of the main components of Xccφ1 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 Xccinfected and, interestingly, also in Xcc+Xccφ1 treated plants.
45

Pipecolate accumulation is involved in the host response to bacterial
infection and the establishment of SAR, possibly leading to a longlasting 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 lysinecatabolite, 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 resistancegenes (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+Xccφ1 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 γ-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 Xccinfected 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+ Xccφ1).
In plants treated with both the bacterium and the phage (Xcc+ Xccφ1)
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 Xccφ1, 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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Supplementary material

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 Xccφ1 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.

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.
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Figure S4. Pathway topology and biomarker 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 (7
different samples)

-
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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 (δ, ppm) of metabolites found in 1H-TOCSY
and 1H- 13HSQC-NMR spectra of B. oleacea var. gongylodes leaves extracts.
Entry

Metaboli
te

1

13

C

Group

1

Ile

0.94
1.01
1.48
1.98

11.80
15.40
36.60

2

Leu

0.96
1.71

22.70
40.50

3

Val

0.98
1.04
2.28
3.62

4

Propion
ate
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H

1.05
2.19

17.40
18.60
29.70
61.10

11.05
31.51

Entry

Metaboli
te

1

13

C

Group

CH3
'CH3
'CH
CH

19

Gln

2.14
2.45
3.77

27.13
31.70
55.06

CH2
CH2
CH

CH3
CH2

20

Succinat
e

2.39

34.96

21

Malate

2.40
2.68
4.30

43.43
71.24

’CH
CH
CH

Citrate

2.52
2.65

46.47
46.47

, CH
’, ’CH

H

CH3
’CH3
CH
CH

CH3
CH2

22

,

CH2

5

Ethanol

1.19
3.67

1.27
3.60
3.85
4.12
5.20

17.2
56.8

19.41
75.59
70.91
96.21
96.76

CH3
CH2

23

Asp

2.68
2.79
3.89

37.10
52.70

𝛽CH
𝛽 ’CH
𝛼CH

CH3
γCH
εCH
CH
αCH

24

Methylguanidin
e

2.83

38.00

CH3

CH2

25

Choline

3.13
3.43
3.96

55.00
56.60
68.30

N-CH3
𝛽CH2
𝛼CH2

26

Ethanola
mine

3.13
3.81

43.93
60.57

-CH2NH2
OH-CH2-

His

3.14
3.23
3.98
7.07
7.87

Glucose

3.24
3.40
3.46
3.53
3.73
3.82
3.90
4.63
5.24

76.95
72.34
78.57
74.19
63.35
74.13
63.47
98.71
94.93

55.85
68.64

6

Fucose

7

SFA

8

Lactate

1.32
4.11

20.76
69.33

𝛽CH3
𝛼CH

Thr

1.32
3.60
4.25

20.00
61.00
66.60

𝛾CH3
𝛼CH
𝛽CH

9

10

11

12
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Acetoin

Ala

Pipecola
te

1.31
1.56
2.17

1.37
2.23
4.43

1.48
3.79

1.63
1.87
2.21
3.01
3.60

19.54
24.94
73.16

CH3-CHCH3-C=
CH

27

28

16.80
51.10

𝛽CH3
𝛼CH

29

Betaine

3.25
3.90

29.36
24.55
24.57
46.66
61.92

𝛽 CH2;
𝛾CH2;
𝛿CH2.
𝛽CH2;;𝛾
CH2
𝜀CH2
𝛽 CH2
CH

30

myoInositol

3.29
3.54
4.07

29.15
55.30
117.50
137.17

75.13
73.29
73.10

𝛽CH
𝛽 ’ CH
𝛼CH
C4H,ring
C2H,ring
C3H
C5H
C6H
C3H
C4H;
CH2
C6H;CH
2

CH2
C2H
C2H

CH2
CH3

C5H
C1H
C2H

13

14

Lys

Arg

1.65
1.88
3.01

1.68
1.92
3.23
3.78

26.70
30.20
39.50

24.40
28.00
41.00
54.60

32

Methano
l

𝛽
Galactos
e

3.34

51.43

3.48
3.633.65
3.70
3.75
3.93

72.90
73.80
76.00
62.00
69.70

CH3

C2H
C3H
C5H
C6H
C4H

66.53
64.73
66.52
70.00
72.37

C10H2
C2H2
C10H2;
C2H2
C3H;C4
H
C5H

33

Fructose

CH3

34

Sucrose

3.58
3.77
5.42

71.90
73.40
93.00

G2H
G3H
G1H

23.90
29.20
46.00
61.10

𝛾CH2
𝛽 ’ CH
𝛽CH
’
CH
CH
𝛼CH

35

𝛼
Galactos
e

3.73
3.84
5.26

62.20
70.20
93.20

C6H
C3H
C1H

Glu

2.09
2.34
3.75

27.60
34.00
55.20

𝛽CH;𝛽
’CH
𝛾CH2
𝛼CH

Tyr

6.88
7.18

117.00
130.00

C3,
5H,ring
C2,
6H,ring

Fumarat
e

6.52

136.08

𝛼, 𝛽C=C

1.88
2.28
3.00

24.54
35.17
40.11

GABA

16

Acetate

1.92

24.07

Pro

2.01
2.08
2.34
3.33
3.40
4.14

18

37

57

𝛾CH2
𝛽CH2
𝛿CH2
𝛼CH

31

3.50
3.60
3.703.73
3.82
3.90

15

17

𝛿CH2
𝛽CH2
𝜀CH2

𝛽CH2
𝛼CH2
𝛾CH2
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Table S3: List of genes selected for qPCR analysis. For each one, primer name,
sequences and the references were reported.
Primer
Gene name
Primer sequences 5'-3'
Reference
name
Glutamate
decarboxylase 1
GABA-transaminase
4

WRKY 70

Bj_GAD_f

Kim et al.,
Bj_GAD1_r CTTGGATTACCGTCAAGCATCAACTC 2013
GABAT4_f
GABAT4_r
WRKY_f
WRKY_f

Legume lectin family Lectin_f
protein
Lectin_r
Osmotin 34

Actin_HK
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ATGGTGCTCTCTCACGCCGC

CGCAAGAAAGAAATCGTATCA
GTGAGGGCAATCTGTGTGT
TCTGCTCTTGATTCCTTAGAACCCG
GGTCCAAGTCTTTTCCGACTATCAC
GAAAGCTGGTTACTGGGTTCAGACA
GCGAGCGTAATGGTAATCCTATTG

Osmo34_f

GGCTGAGTATGCTTTGAACCAGTTC

Osmo34_r

AGGACACTGTCCGTTTATGTCTG

Bj_Actin_f

CCGACCGTATGAGCAAGGAAATC

Bj_Actin_r

TTCCTGTGGACAATGGATGGAC

Faës et al.,
2015
Wu et al.,
2017
Wu et al.,
2017
Wu et al.,
2017
Kim et al.,
2013
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The union is strength: The synergic action of an antibiofilm 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 coevolutionary 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 reinfection 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 (Xccφ1) able to reduce the
Xanthomonas campestris pv. campestris proliferation was isolated and
characterized (Papaianni et al submitted), the phage Xccφ1 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 Xccφ1 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 PAO1, 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 CHCl2 (3 mL) and H2O
(650 µL) was added, in an ice-water bath, to aqueous solutions of: NaBr
(1M, 95 µL), tetrabutylammonium bromide (1M, 190 µL), TEMPO (8.36
mg, 0.053 mmol), and NaHCO3 (475 µL). The obtained mixture was
treated with an aqueous solution of NaOCl (570 µL), kept under
magnetic stirring until room temperature, and after neutralized with HCl.
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 NaH2PO4 (120 mg) in
700 µL 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 Na2SO4, 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–1 ; 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 µg/mL, 120
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µg/mL, 240 µg/mL). In the first experiment 200 µL 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 µL 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 H2O 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– ɸ1C20
The HA– ɸ1C20 complex was prepared by mixing 1 mL of HA (100
mg/mL) with 1 mL of Xcc ϕ1 (108 PFU/mL) and C20 (60 µg/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 H2O 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 µg/mL) and compared the activity of the phage alone
(109 PFU/mL), the phage and the molecules (109 PFU/mL and 60
µg/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 ρ (normalization as function of control absorbance) and
Csyn (synergistic coefficient).
Once defined the ρ parameter as:
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ρ𝑎 = 1 −

𝑎𝑏𝑠𝑐𝑡𝑟𝑙 − 𝑎𝑏𝑠𝑎
𝑎𝑏𝑠𝑐𝑡𝑟𝑙

it has been possible to estimate the synergistic coefficient Csyn as:
𝜌𝑎 ∗ 𝜌𝑏
𝜌𝑎𝑏
Moreover, for the calculation of the error analysis we used:
𝐶𝑠𝑦𝑛 =

𝑅 = 𝑅(𝑋, 𝑌, … )
2
2
𝑑𝑅
𝑑𝑅
√
𝜕𝑅 = ( ∙ 𝜕𝑋) + ( ∙ 𝜕𝑌) + ⋯ …
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), Xccɸ1 (109 and 108
PFU/mL), C18 and C20 (30 µg/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 NuncTM 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 biofilms 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 (30µg/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 μL of working solution of fluorescent stains,
containing the SYTO® 9 green fluorescent nucleic acid stain (10 μM)
and propidium iodide, the red-fluorescent nucleic acid stain (60 μM),
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
µl/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-1 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 (10 8 CFU/ml) into
the second channel, fresh medium containing HA– ɸ1C20 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 µl of a working solution of
fluorescent stains, containing the SYTO® 9 green fluorescent nucleic
acid stain (10 µM) and propidium iodide, and the red-fluorescent nucleic
acid stain (60 µM), 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– ɸ1C20 complex, HA (10
mg/mL), Xccɸ1 (108 PFU/mL) and C20 (30 µg/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– ɸ1C20 complex, HA (10
mg/mL), Xccɸ1 (108 PFU/mL) and C20 (30 µg/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 qPCR.
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 (108 PFU/ml), C20 (30µg/ml) and HA–
ɸ1C20. 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 μg of purified total RNA was used as a template for first-strand
cDNA synthesis using SuperScript® III Reverse Transcriptase
(Invitrogen).
The
primer
were
designed
using
the
https://www.eurofinsgenomics.eu/en/ecom/tools/qpcr-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−ΔΔCT 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).

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
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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.

Then, to understand whether the chain length affect the biofilminhibiting 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– Xccɸ1 and longchain 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–Xccɸ1 complex
on Xcc mature biofilm. In particular, the anti-biofilm agent’s efficacy was
evaluated in combination with the Xccɸ1 alone or the HA–Xccɸ1
complex. The results demonstrated that the addition of the HA–Xccɸ1
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 Xccɸ1 or
Xccɸ1 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– Xccɸ1 complex and fatty acids was additive or
synergistic, the results reported in figure 2B were analysed using a
statistical approach. Two parameters (ρ 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–
Xccɸ1 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.

ɸ

C12
2.97 ± 1.33

ɸ
+ 7.92 ± 3.21
HA

C15
C16
C18
1.31
± 0.84
± 1.59
±
0.61
0.34
0.91
1.31
± 1.58
± 5.0 ± 2.0
0.56
0.69

C20
1.28
±
0.53
7.94
±
3.22

The combination of C20 and HA–Xccɸ1 was selected for the following
experiments. In particular, the optimization of the treatment with C20
and HA–Xccɸ1 complex was performed by modifying the
concentrations of C20, Xccɸ1 and HA (Supplementary figure 1), and
exploring different incubation times (data not shown). The optimal
condition to eradicate Xcc mature biofilm was obtained using Xccɸ1
(108 CFU/mL), HA (5 mg/mL) and C20 (30 µg/mL) for a 3h treatment.
Characterization of anti-biofilm activity of HA– Xccɸ1 and C20
combined treatment on Xcc mature biofilm
The anti-biofilm activity of C20 alone and in combination with HA-Xccɸ1
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– Xccɸ1 + 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– Xccɸ1, a stronger biofilm inhibiting effect
was obtained.
Moreover, the anti-biofilm effect of HA–Xccɸ1 + 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–Xccɸ1+ C20.
Mature biofilms were treated for 3h, under a flow rate of 160 µl/min, with
only fresh medium, or with C20 or HA– Xccɸ1 + C20. After treatment
the biofilms 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).

Figure 3 (A) Analysis of the anti-biofilm effect of the eicosanoic acid (C20) alone, with Xccɸ1
and in combination with Xccɸ1 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. Threedimensional 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 ɸHAC20. 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– Xccɸ1 in presence of C20
In order to investigated how the Xccɸ1, 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+Xccɸ1 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 Xccɸ1, 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– ɸ1C+20
complex (Fig. 4D).

Figure 4 SEM image of HA (A), HA+C20 (B), HA-Xccɸ1 (C) and HA-Xccɸ1+C20 (D). Scale bar
is 1µm.
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Moreover, the zeta potential measurements were performed for HA,
HA– Xccɸ1 and HA– Xccɸ1 + 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).

Figure 5 Zeta potential analysis of HA, HA-Xccɸ1, and HA Xccɸ1+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– ɸ1+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
quorum 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 qPCR 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 plantassociated bacteria, the formation of biofilms 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, biofilms 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
(Xccφ1) 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 antibiofilm activity of Xccφ1 (Figure 2B). Following the idea of a multitargeted strategy, the anti-biofilm treatment with the complex HA–
Xccɸ1 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– Xccɸ1,
resulted to be able to eradicate the mature biofilm of Xcc. Several longchain 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–
Xccɸ1 complex and the treatment was optimized to reduce the action
time and the quantity of C20, HA and Xccɸ1 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– Xccɸ1+ C20 was demonstrated also in a flow cell system.
Moreover, the CLSM analyses on treated biofilm revealed that the
synergic action of HA– Xccɸ1+ 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– Xccɸ1+ C20 treatment, the SEM
images of HA in the presence of Xccɸ1 or C20 or Xccɸ1+ C20 were
recorded and compared. The investigation confirmed the previously
reported functionalization of HA crystallites with Xccɸ1 and indicated a
similar level of functionalization in case of HA–ɸ1C+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– Xccɸ1 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– Xccɸ1 and C20.
Signal molecules of the diffusible signal factor (DSF) family are cis-2unsaturated fatty acids and the paradigm is cis-11-methyl-2dodecenoic 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/DSF 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-1,4mannanase 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
78

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–
Xccɸ1 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.
References
1.

2.

3.

4.

5.
6.

79

Liao, C.-T.; Chiang, Y.-C.; Hsiao, Y.-M. Functional characterization and
proteomic analysis of lolA in Xanthomonas campestris pv. campestris. BMC
Microbiol. 2019, 19, 20.
Akimoto-Tomiyama, C.; Tanabe, S.; Kajiwara, H.; Minami, E.; Ochiai, H. Loss
of chloroplast-localized protein phosphatase 2Cs in Arabidopsis thaliana
leads to enhancement of plant immunity and resistance to Xanthomonas
campestris pv. campestris infection. Mol. Plant Pathol. 2018, 19, 1184–1195.
Integrated management of black rot of cabbage caused by Xanthomonas
campestris (Pammel) Dowson. Available online:
https://www.cabi.org/ISC/abstract/20013171495 (accessed on Nov 19,
2019).
Agrofit, 2019 MAPA - Ministério da Agricultura, Pecuária e Abastecimento
Available online:
http://agrofit.agricultura.gov.br/primeira_pagina/extranet/AGROFIT.html
(accessed on Nov 27, 2019).
Büttner, D.; Bonas, U. Regulation and secretion of Xanthomonas virulence
factors. FEMS Microbiol. Rev. 2010, 34, 107–133.
Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial biofilms: From the
natural environment to infectious diseases. Nat. Rev. Microbiol. 2004, 2, 95–

7.
8.

9.

10.

11.
12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

80

108.
Stewart, P.S.; Costerton, J.W. Antibiotic resistance of bacteria in biofilms.
2001, 358, 135–138.
Burmølle, M.; Thomsen, T.R.; Fazli, M.; Dige, I.; Christensen, L.; Homøe, P.;
Tvede, M.; Nyvad, B.; Tolker-Nielsen, T.; Givskov, M.; et al. Biofilms in
chronic infections - A matter of opportunity - Monospecies biofilms in
multispecies infections. FEMS Immunol. Med. Microbiol. 2010, 59, 324–336.
Rakhuba, D. V.; Kolomiets, E.I.; Szwajcer Dey, E.; Novik, G.I. Bacteriophage
receptors, mechanisms of phage adsorption and penetration into host cell.
Polish J. Microbiol. 2010, 59, 145–155.
Verbeken, G.; Pirnay, J.P.; Lavigne, R.; Jennes, S.; De Vos, D.; Casteels,
M.; Huys, I. Call for a dedicated European legal framework for bacteriophage
therapy. Arch. Immunol. Ther. Exp. (Warsz). 2014, 62, 117–129.
Payne, R.J.H.; Jansen, V.A.A. Phage therapy: The peculiar kinetics of selfreplicating pharmaceuticals. Clin. Pharmacol. Ther. 2000, 68, 225–230.
Miedzybrodzki, R.; Fortuna, W.; Weber-Dabrowska, B.; Górski, A. Phage
therapy of staphylococcal infections (including MRSA) may be less
expensive than antibiotic treatment. Postepy Hig. Med. Dosw. (Online) 2007,
61, 461–465.
Inal, J.M. Phage Therapy: a Reappraisal of Bacteriophages as Antibiotics;
2003; Vol. 51;.
Hanlon, G.W. Bacteriophages: an appraisal of their role in the treatment of
bacterial infections. Int. J. Antimicrob. Agents 2007, 30, 118–28.
Doss, J.; Culbertson, K.; Hahn, D.; Camacho, J.; Barekzi, N. A review of
phage therapy against bacterial pathogens of aquatic and terrestrial
organisms. Viruses 2017, 9.
Fulgione, A.; Ianniello, F.; Papaianni, M.; Contaldi, F.; Sgamma, T.; Giannini,
C.; Pastore, S.; Velotta, R.; Della Ventura, B.; Roveri, N.; et al. Biomimetic
hydroxyapatite nanocrystals are an active carrier for Salmonella
bacteriophages. Int. J. Nanomedicine 2019, 14, 2219–2232.
Papa, R.; Selan, L.; Parrilli, E.; Tilotta, M.; Sannino, F.; Feller, G.; Tutino,
M.L.; Artini, M. Anti-Biofilm Activities from Marine Cold Adapted Bacteria
Against Staphylococci and Pseudomonas aeruginosa. Front. Microbiol. 2015,
6, 1333.
Casillo, A.; Papa, R.; Ricciardelli, A.; Sannino, F.; Ziaco, M.; Tilotta, M.;
Selan, L.; Marino, G.; Corsaro, M.M.; Tutino, M.L.; et al. Anti-Biofilm Activity
of a Long-Chain Fatty Aldehyde from Antarctic Pseudoalteromonas
haloplanktis TAC125 against Staphylococcus epidermidis Biofilm. Front. Cell.
Infect. Microbiol. 2017, 7, 46.
Papa, R.; Parrilli, E.; Sannino, F.; Barbato, G.; Tutino, M.L.; Artini, M.; Selan,
L. Anti-biofilm activity of the Antarctic marine bacterium Pseudoalteromonas
haloplanktis TAC125. Res. Microbiol. 2013, 164, 450–456.
Parrilli, E.; Papa, R.; Carillo, S.; Tilotta, M.; Casillo, A.; Sannino, F.; Cellini,
A.; Artini, M.; Selan, L.; Corsaro, M.M.; et al. Anti-biofilm activity of
pseudoalteromonas haloplanktis tac125 against staphylococcus epidermidis
biofilm: Evidence of a signal molecule involvement? Int. J. Immunopathol.
Pharmacol. 2015, 28, 104–113.
Ricciardelli, A.; Casillo, A.; Papa, R.; Monti, D.M.; Imbimbo, P.; Vrenna, G.;
Artini, M.; Selan, L.; Corsaro, M.M.; Tutino, M.L.; et al. Pentadecanal inspired
molecules as new anti-biofilm agents against Staphylococcus epidermidis.
Biofouling 2018, 34, 1110–1120.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

81

Schaad, N.W.; Frederick, R.D.; Shaw, J.; Schneider, W.L.; Hickson, R.;
Petrillo, M.D.; Luster, D.G. Advances in molecular-based diagnostics in
meeting crop biosecurity and phytosanitary issues. Annu. Rev. Phytopathol.
2003, 41, 305–24.
Huang, L.; Teumelsan, N.; Huang, X. A facile method for oxidation of primary
alcohols to carboxylic acids and its application in glycosaminoglycan
syntheses. Chem. - A Eur. J. 2006, 12, 5246–5252.
Ricciardelli, A.; Casillo, A.; Papa, R.; Monti, D.M.; Imbimbo, P.; Vrenna, G.;
Artini, M.; Selan, L.; Corsaro, M.M.; Tutino, M.L.; et al. Pentadecanal inspired
molecules as new anti-biofilm agents against Staphylococcus epidermidis.
Biofouling 2018, 34, 1110–1120.
Papaianni, M.; Contaldi, F.; Fulgione, A.; Woo, S.L.; Casillo, A.; Corsaro,
M.M.; Parrilli, E.; Marcolungo, L.; Rossato, M.; Delledonne, M.; et al. Role of
phage ϕ1 in two strains of Salmonella Rissen, sensitive and resistant to
phage ϕ1. BMC Microbiol. 2018, 18, 208.
Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 2001,
25, 402–408.
Dow, J.M.; Crossman, L.; Findlay, K.; He, Y.Q.; Feng, J.X.; Tang, J.L. Biofilm
dispersal in Xanthomonas campestris is controlled by cell-cell signaling and
is required for full virulence to plants. Proc. Natl. Acad. Sci. U. S. A. 2003,
100, 10995–11000.
Torres, P.S.; Malamud, F.; Rigano, L.A.; Russo, D.M.; Marano, M.R.;
Castagnaro, A.P.; Zorreguieta, A.; Bouarab, K.; Dow, J.M.; Vojnov, A.A.
Controlled synthesis of the DSF cell-cell signal is required for biofilm
formation and virulence in Xanthomonas campestris. Environ. Microbiol.
2007, 9, 2101–2109.
Tao, F.; He, Y.W.; Wu, D.H.; Swarup, S.; Zhang, L.H. The cyclic nucleotide
monophosphate domain of Xanthomonas campestris global regulator Clp
defines a new class of cyclic di-GMP effectors. J. Bacteriol. 2010, 192, 1020–
1029.
Hsiao, Y.M.; Liu, Y.F.; Fang, M.C.; Tseng, Y.H. Transcriptional regulation
and molecular characterization of the manA gene encoding the biofilm
dispersing enzyme mannan endo-1, 4-β-mannosidase in xanthomonas
campestris. J. Agric. Food Chem. 2010, 58, 1653–1663.
Dow, J.M.; Crossman, L.; Findlay, K.; He, Y.-Q.; Feng, J.-X.; Tang, J.-L.
Biofilm dispersal in Xanthomonas campestris is controlled by cell-cell
signaling and is required for full virulence to plants. Proc. Natl. Acad. Sci. U.
S. A. 2003, 100, 10995–1000.
Koczan, J.M.; Mcgrath, M.J.; Zhao, Y.; Sundin, G.W. Contribution of Erwinia
amylovora Exopolysaccharides Amylovoran and Levan to Biofilm Formation:
Implications in Pathogenicity. 2009, 99, 1237.
Nuñez, A.M.P.; Rodríguez, G.A.A.; Monteiro, F.P.; Faria, A.F.; Silva, J.C.P.;
Monteiro, A.C.A.; Carvalho, C. V.; Gomes, L.A.A.; Souza, R.M.; De Souza,
J.T.; et al. Bio-based products control black rot (Xanthomonas campestris pv.
campestris) and increase the nutraceutical and antioxidant components in
kale. Sci. Rep. 2018, 8.
Harding, M.; Nadworny, P.; Buziak, B.; Omar, A.; Daniels, G.; Feng, J.
Improved methods for treatment of phytopathogenic biofilms: Metallic
compounds as anti-bacterial coatings and fungicide tank-mix partners.
Molecules 2019, 24.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

82

Villa, F.; Cappitelli, F.; Cortesi, P.; Kunova, A. Fungal biofilms: Targets for the
development of novel strategies in plant disease management. Front.
Microbiol. 2017, 8.
Ryan, R.P.; Dow, J.M. Communication with a growing family: Diffusible signal
factor (DSF) signaling in bacteria. Trends Microbiol. 2011, 19, 145–152.
Deng, Y.; Wu, J.; Tao, F.; Zhang, L.H. Listening to a new language: DSFbased quorum sensing in gram-negative bacteria. Chem. Rev. 2011, 111,
160–179.
Barber, C.E.; Tang, J.L.; Feng, J.X.; Pan, M.Q.; Wilson, T.J.; Slater, H.; Dow,
J.M.; Williams, P.; Daniels, M.J. A novel regulatory system required for
pathogenicity of Xanthomonas campestris is mediated by a small diffusible
signal molecule. Mol. Microbiol. 1997, 24, 555–66.
Slater, H.; Alvarez-Morales, A.; Barber, C.E.; Daniels, M.J.; Maxwell Dow, J.
A two-component system involving an HD-GYP domain protein links cell-cell
signalling to pathogenicity gene expression in Xanthomonas campestris. Mol.
Microbiol. 2000, 38, 986–1003.
Huedo, P.; Yero, D.; Martínez-Servat, S.; Estibariz, I.; Planell, R.; Martínez,
P.; Ruyra, À.; Roher, N.; Roca, I.; Vila, J.; et al. Two different rpf clusters
distributed among a population of Stenotrophomonas maltophilia clinical
strains display differential diffusible signal factor production and virulence
regulation. J. Bacteriol. 2014, 196, 2431–2442.
Ryan, R.P.; Fouhy, Y.; Lucey, J.F.; Crossman, L.C.; Spiro, S.; He, Y.W.;
Zhang, L.H.; Heeb, S.; Cámara, M.; Williams, P.; et al. Cell-cell signaling in
Xanthomonas campestris involves an HD-GYP domain protein that functions
in cyclic di-GMP turnover. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 6712–
6717.
Tao, F.; Swarup, S.; Zhang, L.H. Quorum sensing modulation of a putative
glycosyltransferase gene cluster essential for Xanthomonas campestris
biofilm formation. Environ. Microbiol. 2010, 12, 3159–3170.
Leduc, J.L.; Roberts, G.P. Cyclic di-GMP allosterically inhibits the CRP-like
protein (Clp) of Xanthomonas axonopodis pv. citri. J. Bacteriol. 2009, 191,
7121–7122.
Deng, Y.; Lim, A.; Lee, J.; Chen, S.; An, S.; Dong, Y.-H.; Zhang, L.-H.
Diffusible signal factor (DSF) quorum sensing signal and structurally related
molecules enhance the antimicrobial efficacy of antibiotics against some
bacterial pathogens. BMC Microbiol. 2014, 14, 51.
Cheng, Z.; He, Y.W.; Lim, S.C.; Qamra, R.; Walsh, M.A.; Zhang, L.H.; Song,
H. Structural basis of the sensor-synthase interaction in autoinduction of the
quorum sensing signal DSF biosynthesis. Structure 2010, 18, 1199–1209.
Ryan, R.P.; An, S. qi; Allan, J.H.; McCarthy, Y.; Dow, J.M. The DSF Family
of Cell–Cell Signals: An Expanding Class of Bacterial Virulence Regulators.
PLoS Pathog. 2015, 11.
Katzen, F.; Becker, A.; Zorreguieta, A.; Pühler, A.; Ielpi, L. Promoter analysis
of the Xanthomonas campestris pv. campestris gum operon directing
biosynthesis of the xanthan polysaccharide. J. Bacteriol. 1996, 178, 4313–
4318.
Chen, C.H.; Lin, N.T.; Hsiao, Y.M.; Yang, C.Y.; Tseng, Y.H. Two nonconsensus Clp binding sites are involved in upregulation of the gum operon
involved in xanthan polysaccharide synthesis in Xanthomonas campestris pv.
campestris. Res. Microbiol. 2010, 161, 583–589.
An, S.Q.; Lu, G.T.; Su, H.Z.; Li, R.F.; He, Y.Q.; Jiang, B. Le; Tang, D.J.;

Tang, J.L. Systematic mutagenesis of all predicted gntR genes in
xanthomonas campestris pv. campestris reveals a GntR family transcriptional
regulator controlling hypersensitive response and virulence. Mol. PlantMicrobe Interact. 2011, 24, 1027–1039.

Supplementary figure

Figure S1 Analysis of the effect of C20 alone (30µg/mL) or with Xccɸ1 (ɸ) 10 8 /109
PFU/mL or Xccɸ1 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,
** p <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
Xccɸ1 - 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 antibioticresistant 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 Xccɸ1 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
Xccɸ1 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 106 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
filtered through Millipore 0.22 µm-pore-size membrane filters (MFMillipore, 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 µl of Xcc
bacteria (106 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 µg/mL, 120 µg/mL, or 240 µg/mL per well) and
again incubated for 8h. After treatment, planktonic cells were gently
removed, and the wells washed three times with H2O. 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 µg/mL) or Xccɸ1+HA+C20 (108 PFU/mL, 5 mg/mL
and 30 µg/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 III600 MHz spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany), equipped with a TCI CryoProbeTM 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]. wodimensional (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 δ = 0.00 ppm. 2D 1H-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 α-glucose doublet resonating at 5.24 ppm for 1H 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, Umeå, 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 R2 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 |pq[corr]| > 0.7.

Results
Phage Xccφ1, 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 Xccɸ1
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 µg/mL, 120
µg/mL, or 240 µg/mL, and reduces the amount of biofilm approximately
by 80% (Figure 2). In this study the degrading activity of phage Xccɸ1,
HA, and C20 cocktail against Xcc biofilm is evaluated using NMR.
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Figure 1: Phage Xccɸ1structure as observed by Transmission Electron Microscopy (TEM).
Bar = 100 nm.

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 (Xccɸ1), C20 or with both plus HA Xccɸ1+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: R2= 0.70, significant; Q2=
0.71, significant; CV-ANOVA test: p value =3.7x10-21, significant; 900
hits permutation test: Rfit = 0.08; Qfit= -0.31, both indicating a nonoverfitting 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 Xccɸ1/Xccɸ1+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
Xccɸ1+HA+C20 and C20 classes placed at t[2] negative coordinates
versus those XccNT and Xccɸ1 (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.

A

B

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 Xccɸ1 (blue squares), with C20 (purple squares), or Xccɸ1+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 Xccɸ1 and
the Xccɸ1+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 Xccɸ1+HA+C20 and C20 classes, both
placed along the t[2] negative component, show up-regulation of
dimethylamine (particularly in C20 group) and α-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 ɸ1 and that of the C20
to clear biofilm.
Metabolites
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XccNT

Xcc𝛟1

C20

Xcc𝛟1+HA+C20

2-Aminoadipate

++

+

--

-

Arginine

+-

--

++

-

Betaine

+

-

-

-

Dimethylamine

-

-

-

+

Ethanol

-

+

-

+

Galactomanann

/

+

/

+

Glutamate

+

-

+

--

Isobutyrate

+-

-

++

-

Isoleucine

++

+

-

-

Lactate

+

-

+

-

Leucine

++

+

-

-

+

-

+

-

++

-+

+-

--

Pyroglutamate

+

-

+

-

Propionate

+

-

+

-

Saturated Fatty
Acids

-

+

--

+

t-methyl
histidine

-+

-

+

+-

Tyrosine

+

-

+

-

Lysine

Methionine

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. The phenylalanine pathway
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: 7.06x10-2); 2, alanine, aspartate and glutamate metabolism (Impact: 0.25; p: 3.38x10-1); 3,
arginine and proline metabolism (Impact: 0.25; p: 2.37x10-1); 4, glycine, serine and threonine
metabolism (Impact: 0.22; p: 2.07x10-1); 5, glutamate and glutamine metabolism (Impact:
0.17; p: 1.34x10-1).
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A

B

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 Xccɸ1Ha-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 Xccɸ1-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 (Xccɸ1
and Xccɸ1+ 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 Xccɸ1+ HA+C20 against bacterial biofilm – is a proof-ofconcept 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 Xccɸ1 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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