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ABSTRACT

Fire blight represents a significant threat to apple and pear production worldwide. The causal
agent, Erwinia amylovora, spreads rapidly within host plants, making this devastating disease
particularly difficult to manage. Copper and antibiotics remain the most effective means of controlling
fire blight; however, their application contributes to environmental pollution and promotes the
emergence of antibiotic-resistant E. amylovora populations. For these reasons, there is an urgent need
to find new alternatives to such plant protection products. Notably, the presence of E. amylovora alone
does not necessarily result in the disease development. Instead, fire blight results from multiple
interactions established between E. amylovora cells, flower microbiota, plant host, insect vectors and
environmental factors. For instance, specific humidity and temperature create suitable conditions for
E. amylovora to grow and reach the cell density needed for plant infection. Once the disease develops,
insects act as potential vectors of E. amylovora, contributing to its spread. The host plant plays a
crucial role, as susceptibility varies among different species within the Rosaceae family. Recent
studies have shown that apple flower microbiota might either promote or hinder the infection, thus
representing a possible source of new biocontrol agents effective in controlling E. amylovora.
Therefore, studying the influence of the abovementioned factors is necessary to develop novel eco-

friendly solutions to manage fire blight disease.

The first objective of this thesis was to investigate the interaction between the plant pathogenic
bacterium and the apple flower microbiota to select new potential biocontrol agents. Flowers of Malus
domestica cv. Golden Delicious were collected from Trentino apple orchards at the ‘Balloon stage’
and surface-sterilized to isolate only endophytic bacteria. According to the /6S rRNA gene

sequencing, the bacterial isolates mainly belonged to the Enterobacteriaceae, Pseudomonadaceae,
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and Microbacteriaceae families. All bacterial strains isolated from apple flowers were tested against
E. amylovora on detached apple flowers and immature pear slices, which were first treated with
bacterial suspensions before being inoculated with E. amylovora. Among them, Pantoea agglomerans
AFF2001 showed the highest efficacy in controlling the plant pathogenic bacterium in both assays.
We then conducted several in vitro tests to investigate the modes of action underlying the antagonistic
activity observed. Based on the results of the experiments conducted on flowers and pears, the
bacterial strains selected as potential biocontrol agents grown in a specific medium that mimics the
apple stigma nutrient conditions, and the cultural filtrates were tested to evaluate their impact on the
growth and virulence of E. amylovora, with virulence referring to factors such as motility and biofilm
production. To achieve this, the bacterial culture filtrates were used as the medium for the
experiments. To further explore the molecular mechanisms involved in its biocontrol activity,
knockout mutants of P. agglomerans AFF2001 were generated. Mutants with reduced ability to inhibit
the growth of E. amylovora were subsequently characterised in vitro and in vivo. The results indicated
that differences in motility, biofilm production, and siderophore release distinguished the knockouts
from the wildtype, suggesting these factors may contribute to the biocontrol ability of P. agglomerans
AFF2001 to control E. amylovora on apple flowers and pear slices. Altogether, this study highlights
the potential of P. agglomerans AFF2001 as a promising biopesticide for fire blight disease

management.

The second objective of this thesis was to explore the potential role of Drosophila suzukii
(Matsumura) (Diptera: Drosophilidae) as a vector of E. amylovora. Pitfall and olfactometer choice
assays were conducted to assess whether D. suzukii is attracted to bacterial ooze produced by E.
amylovora. To do that, E. amylovora was cultured on Petri dishes with a specific medium that

promotes bacterial ooze formation, and D. suzukii was given a choice between inoculated and non-
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inoculated plates. The main difference between the two experimental setups was the exposure time,
which was longer in the pitfall assay, and the application of airflow in the olfactometer choice assay,
which was absent in the pitfall assay. The results showed a tendency of D. suzukii flies to be attracted
to the ooze produced by E. amylovora, suggesting this behaviour may support the dispersal of E.
amylovora in the environment. The attractiveness was particularly evident for female individuals, and
this difference observed between the two sexes might be related to biological factors, such as the
reproductive role of females, which may influence their choice. Next, we improved the protocol to
test the acquisition of E. amylovora by D. suzukii. Several parameters were evaluated: the fruit type
to inoculate with E. amylovora to produce the ooze; the time of exposure of the inoculated fruits to D.
suzukii; the time points of sampling; the molecular detection of E. amylovora in D. suzukii. Overall,
the results suggested that D. suzukii is attracted to E. amylovora ooze and can acquire plant pathogenic
bacteria. Future studies are needed to assess the ability of D. suzukii to spread and transmit E.

amylovora in the environment, with a particular focus on apple orchards.
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CHAPTER 1. INTRODUCTION

1.1 Fire blight disease

Fire blight is a devastating bacterial disease affecting many plant species belonging to the
Rosaceae family, including apple (Malus domestica L.) and pear (Pyrus communis L.), the major
hosts. Since its first description in New York State at the end of the 18" century, this destructive
disease spread to many countries, and it is now present in New Zealand, Europe, northern Africa,
Asia, and the Middle East (Van der Zwet et al. 2012; Jock et al. 2013; Park et al. 2017; Gaganidze et
al. 2018, 2021; Doolotkeldieva et al. 2021; Sun et al. 2023). Even though fire blight outbreaks are
often sporadic, disease development can rapidly lead to the loss of entire apple and/or pear orchards,
therefore representing a significant threat to the apple and pear production of many regions worldwide
(Doolotkeldieva et al. 2016). The causal agent of fire blight is Erwinia amylovora, a Gram-negative
bacterium reported in the European and Mediterranean Plant Protection Organization (EPPO) A2 lists
the pests recommended for regulation as quarantine pests (EPPO 2022). Although E. amylovora can
exploit minor wounds in plant tissues caused by insects or strong winds to invade the plant, flowers
are the main site of infection. Colonisation of flowers of Rosaceae plants by E. amylovora cells allows
them to grow on stigma surfaces and subsequently enter the plant through the hypanthium (Cui et al.
2021c). Once E. amylovora enters the plant, it moves systemically through the parenchyma, where its
accumulation and its production of biofilms break the epidermis, leading to ooze formation that
represents a secondary source of inoculum (Schouten 1989a, b; Slack et al. 2017). Ooze attracts insects
that can again become potential vectors and further spread the disease (Boucher et al. 2021a). Notably,

E. amylovora within the flowers does not inevitably result in disease development. Indeed, several
1



studies report fire blight only occurs when specific environmental conditions facilitate E. amylovora
cell movement and multiplication (Dagher et al. 2020; Pusey 2000). However, weather conditions are
not the only environmental factors to consider. Increasing evidence indicates that the microbial
communities living in flowers may play an essential role in the earliest stage of host colonisation when

E. amylovora multiplies on stigma surfaces (Cui et al. 2021b).

Since the knowledge of the ecology and biology of plant pathogens is essential to finding new
eco-sustainable approaches in plant protection (Morris et al. 2017), this introduction will focus on the
interactions between E. amylovora and all the other factors involved in the development of fire blight,

providing an insight in the ecology of this plant pathogenic bacterium (Figure 1) .
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Figure 1. Multiple interactions occur in the environment that may affect the establishment and virulence of
Erwinia amylovora cells in the flowers of Rosaceous plants. (1) Insects may promote the dissemination of
Erwinia amylovora cells and allow the plant pathogen to reach the plant hosts; (2) Environmental factors such
as temperature and relative humidity may affect Erwinia amylovora's ability to colonise flowers and infect the
plant hosts; (3) Plant hosts may hinder the success of the infection by Erwinia amylovora cells through the
perception of Pathogen Associated Molecular Patterns (PAMPs) and effectors leading to the activation of the
PAMP Triggered Immunity (PTI) and Effector Triggered Immunity (ETI), respectively; (4) Microbial
communities residing in the flowers may compete with Erwinia amylovora cells for space and nutrients.
Moreover, bacterial communities may interact directly through the Type 6 Secretion System (T6SS), thus
affecting Erwinia amylovora growth and virulence. (Created with Biorender.com)



1.2 Influence of environmental factors on the establishment and virulence of Erwinia

amylovora

As Stevens (1960) reported, a favourable environment is one of the three main factors needed

for disease development. But what is meant by ‘favourable environment’ in the case of fire blight?

First, Relative Humidity (RH) has been shown to strongly affect E. amylovora population size
during flower colonisation, whose density must exceed 10* bacterial cells per flower to cause the
infection in apple plants (Philion 2014). At a stigmatic level, the epiphytic growth of E. amylovora
can reach a concentration of more than 10° bacterial cells per crab apple flower only when RH is
above 55%. In contrast, a higher than 80% RH was required in the floral cup (hypanthium) (Pusey
2000). Rainy weather therefore plays therefore a key role is creating a wet environment suitable for
E. amylovora cell multiplication. However, flower humidity can also be enhanced by the dew
occurring throughout the night, as recently proposed (Slack et al. 2022). According to the same study,
light wind would even influence this phenomenon even (Slack et al. 2022). Besides E. amylovora cell
population size, disease development requires the activation of the Type 3 Secretion System (T3SS),
a crucial virulence factor. High RH would contribute to the expression of the genes related to T3SS,

thus enabling E. amylovora to inject proteins into the host plant to start the infection (Cui et al. 2021a).

Along with RH, the temperature is another essential environmental factor to reach the high
cell density required for flower infection (Canada AeA 2006; MAAARO 2011). The optimal
temperature for the growth of E. amylovora is 28°C (Santander et al. 2017; Van der Zwet et al. 1979),
which is consequently the most suitable temperature for fire blight development. However, it was

recently shown E. amylovora pathogenicity is maintained even at colder temperatures (14°C and 4°C),
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proving that the low bacterial cell growth rates slowed down the infection without necessarily
preventing it (Santander et al. 2017). Moreover, it is worth noting that pH is also a parameter to
consider. Indeed, the optimum pH for the growth of E. amylovora is around 7.5 (Shrestha et al. 2005),
and it was reported this affects both growth and chemotaxis in E. amylovora (Raymundo et al. 1980).
In addition, Pester and colleagues (2012) also showed acidic conditions might affect E. amylovora
pathogenicity. Indeed, the expression of T3SS genes is no longer induced in acidic conditions (pH 4),

proving pH has a role in E. amylovora virulence (Pester et al. 2012).

The factors described so far are all environmental variables. To a certain extent, the flower
itself could be seen as a confined environment in continuous evolution. By their opening, apple and
pear flowers undergo several changes that could explain why increasing flower age hinders the
colonization ability of E. amylovora (Pusey et al. 2008b; Slack et al. 2022). One of these changes is
related to the composition of stigmatic oozes, which differs in correlation to the flower opening stage
(Pusey et al. 2008a). Moreover, visitors, such as pollinators, can disperse microorganisms that
constitute potential competitors for the nutritional sources harboured within the flower, contributing

to a shift in the bacterial community (Cui et al. 2020).

All the studies reported above highlighted the environmental conditions that may favour the
establishment of E. amylovora cells in plant flowers. However, E. amylovora cells also have to
withstand environmental conditions that may be unfavourable (e.g., dryness). So, it comes naturally
to wonder how E. amylovora can cope with adverse environmental conditions and what strategies this

bacterium may implement to survive and persist in the environment.



It is now widely accepted that biofilm is one of the most important virulence factors required
by E. amylovora to cause disease (Koczan et al. 2009, 2011; Kharadi and Sundin 2021; Peng et al.
2021). Biofilm consists of E. amylovora cells and a polymeric matrix whose main components are
exopolysaccharides like amylovoran, levan and cellulose (Castiblanco et al. 2018; Koczan et al. 2009,
2011). In addition, EPS capsules synthesised by E. amylovora enhance both dry and cold tolerance
since, under these stressful conditions, their production is increased, in particular at low temperatures
(Jock et al. 2005; Santander et al. 2017). Moreover, it was reported that levan might protect E.
amylovora cells from plant defence mechanisms (Geier and Geider, 1993), while amylovoran had a
protective effect against desiccation and salinity (Geider, 2000, 2009). Similarly, Ordax and
colleagues (2010) showed that amylovoran and levan protected E. amylovora cells against the toxic
effect of copper ions. Moreover, both amylovoran and levan can be exploited by E. amylovora cells
as an alternative carbon source when the nutrient availability in the environment is limited (Ordax et

al. 2010).

The lack of nutrients is one of the several stresses plant pathogenic microorganisms are
exposed to, especially when not in the host plant. It was observed that E. amylovora undergoes
numerous morphological changes under starvation, altering cell size and shape and producing vesicles
whose function has not yet been determined (Santander et al. 2014). Additionally, nutrient deprivation
resulted in loss of motility even though flagellar biosynthesis was not reduced, as proved by gene
expression analysis (Santander et al. 2014). Strikingly, E. amylovora cells kept under starvation
conditions were still able to cause symptoms comparable to cells kept under optimal conditions

(Santander et al. 2014).



Similarly to other Gram-negative plant pathogenic bacteria (Grey et al. 2001; Kong et al.
2014), E. amylovora cells may also enter into a Viable But Not Culturable (VBNC) state to withstand
unsuitable environmental conditions. For instance, entry into VBNC is a strategy used by E.
amylovora cells to counteract the presence of chlorine and copper ions (Ordax et al. 2006, 2009;
Santander et al. 2012) and resist starvation. VBNC in E. amylovora is also triggered under starvation
and is mainly influenced by temperature (Santander et al. 2014), proving once again how much the

environment may affect the life of £. amylovora cells.

Recent findings showed the expression of virulence genes in E. amylovora changes throughout
apple flower infection (Schachterle et al. 2022). Specifically, T3SS and flagella are highly induced
during the colonization of flower stigmas and at the flower base (Schachterle et al. 2022). The
biosynthesis of amylovoran has a similar regulation, while genes involved in sulphur/oxidative stress
are expressed during all stages of the infection (Schachterle et al. 2022). These outcomes suggest that
E. amylovora might modulate its virulence according to the environmental stimuli perceived. Previous
studies were carried out to understand how this occurs at a molecular level (Schachterle et al. 2019a,
b, 2022; Yang et al. 2020; Kharadi et al. 2022). Yang and colleagues (2020) reported the RelA/SpoT
system is activated in E. amylovora under adverse conditions, such as starvation and oxidative stress,
leading to an increase in the production of the nucleotide second messenger (p)ppGpp that positively
regulates T3SS and motility (Yang et al. 2020). Cyclic di-GMP, another nucleotide second messenger,
is essential during xylem invasion. Indeed, its accumulation inside E. amylovora cells promoted the
surface attachment mediated by the Type IV pilus and the production of EPSs, two factors involved
in the biofilm formation (Kharadi et al. 2022). However, E. amylovora virulence traits and oxidative

stress adaptation are also influenced by ArcZ, OmrAB and RmaA, small RNA regulators acting at a
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transcriptional and post-transcriptional level (Schachterle et al. 2019a, b). Overall, these observations
highlighted the complexity of the regulatory systems activated by E. amylovora in response to the

environment.

1.3. Influence of the interaction with insects on the dispersal and infection by Erwinia amylovora

Due to their essential role in agriculture, honeybees and other pollinators have always been
seen as potential carriers of plant pathogenic microorganisms (McArt et al. 2014; Cellini et al. 2019).
This is of particular interest in the case of fire blight because pollination occurs in flowers, which are
regarded as the primary sites of infection. Honeybees’ involvement in E. amylovora dispersal was
demonstrated in the first half of 1900 (Keitt et al. 1941; Pierstorff et al. 1934). To be transmitted, E.
amylovora cells must survive inside and/or outside the body of the insects. Early results reported
contaminated honeybees can carry E. amylovora on the body surface and in the intestine for up to 48
and 36 hours, respectively. However, E. amylovora cell longevity strongly depended on temperatures
(Alexandrova et al. 2002a, b; Sabatini et al. 2006). In contrast, Choi et al. (2022) recently revealed E.
amylovora cells can be detected for a longer period inside the honeybees, which can disseminate the
plant pathogen in a time span of 10 days after contamination. Moreover, the same authors showed
honeybees may acquire E. amylovora from diseased apple plants and further spread the pathogen to
healthy plant hosts (Choi et al. 2022). This raises questions about how the interaction between E.
amylovora, pollinators, and host plants is modulated. Honeybees seem to be more attracted by healthy
apple flowers rather than infected ones and this phenomenon could be driven by the emission of
Volatile Organic Compounds (VOCs) (Cellini et al. 2019). It was hypothesised honeybees may

distinguish between diseased and non-diseased apple flowers by recognising their VOC profile. In



particular, methyl salicylate, whose emission is associated with E. amylovora infection, would
discourage pollinators’ visits (Cellini et al. 2019). On one hand, the honeybee's preference for healthy
flowers may help prevent the spread of E. amylovora, but on the other hand, the attraction of healthy
flowers to honeybees infected with E. amylovora might facilitate the transmission of the disease
(Cellini et al. 2019). The epidemiological implications behind these observations, as highlighted by
Cellini (2019), are unclear, and further studies are needed to disentangle the complicated interaction

between honeybees, E. amylovora and apple flowers.

Even though bees and hoverflies represent the most important pollinators of apple flowers
(Delaplane and Mayer, 2000; Klein et al. 2007; Pardo and Borges, 2020), a vast population of non-
pollinators visits orchards throughout the seasons. Among them, fruit flies such as Ceratitis capitata
(the Mediterranean fruit fly or medfly) and the common Drosophila melanogaster attracted the
attention of fire blight research. Medfly is classified as one of the most dangerous threats to fruit
production worldwide due to its invasiveness and ability to quickly settle in new areas, which make it
difficult to control this pest (Aluja and Norrbom, 2000). It was observed that this pest can acquire E.
amylovora by feeding on inoculum drops of infected apples and harbour the plant pathogenic
bacterium both in the inner and outer parts of the insect’s body for eight and 28 days, respectively,

similar to the previous observations conducted on honeybees (Ordax et al. 2015).

Trees infected by fire blight present tiny bacterial ooze droplets on fruits or other plant tissues
depending on how the stage of the disease is advanced (Johnson 2000). In contrast to honeybees, flies
such as D. melanogaster can be contaminated by E. amylovora directly from ooze and later transfer

the pathogen to a selective medium (Boucher et al. 2019). E. amylovora cell acquisition, but not its



abundance, was positively correlated to when D. melanogaster individuals were exposed to bacterial
ooze (Boucher et al. 2019). Boucher et al. (2019) tested 3, 6, 12 and 24 hours of exposure. Still, it is
questionable whether these times represent what happens in the field, where several ooze sources can
attract flies and could probably keep flying from one source to another. So, it is difficult to know
whether the time they are exposed to ooze is sufficient to acquire enough E. amylovora cells to spread

further, also because the E. amylovora population harboured in ooze could differ.

A recent study on Delia (De.) platura, another fly species, underlined that EPSs contained in
ooze would also enhance the attachment of the E. amylovora cells to the surface of the insects
(Boucher et al. 2020). Surprisingly, insects showed no preference for infected apples with or without
ooze droplets (Boucher et al. 2021a), although the attractive effect of ooze on insects is known (Agrios
2008). Investigating the role of odours emitted by infected and uninfected apples, it emerged that De.
platura prefers healthy fruits to those diseased when the infection is advanced (Boucher et al. 2021a).
To a certain extent, this is consistent with what Cellini et al. (2019) reported on the role of VOCs in
honeybee transmission. These observations were conducted on controlled experimental conditions,
but what happens in open fields? According to recent findings, the role of pollinators in the E.
amylovora dispersal may be overestimated (Boucher et al. 2021b). However, it is conceivable that
data collected in open fields are strongly affected by several environmental factors, such as
temperature and humidity. In addition, the outcomes reported by Boucher et al. (2021b) are just
preliminary and limited to a specific area. Further studies on other orchards are needed to provide

other data to confirm what was observed.
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To summarise, both pollinators and non-pollinators showed the ability to acquire F.
amylovora, which can be maintained in internal parts of the insect body, particularly in the digestive
tract. Molecular mechanisms underlying the interaction between E. amylovora and insects are still
unknown. However, two of the three T3SSs (Inv/Spa-1, Inv/Spa-2) found in the E. amylovora genome
(Zhao et al. 2009) might be involved, as observed for the establishment of Sodalis glossinidius in the
tsetse flies (Dale et al. 2001). This hypothesis is supported by Zhao and colleagues (2009), who
reported that the two systems are not directly required to interact with plant host, suggesting they may
instead function in interactions with insect hosts (Rezzonico et al. 2024). The generation of E.
amylovora mutants lacking Inv/Spa-1 or Inv/Spa-2 might therefore help determine their role in the
colonisation of insect tissues. Notably, E. amylovora internalisation might result in its transmission to
the progeny. Research carried out on the egg parasitoid Anaphes nitens focussed on this aspect. By
studying the endosymbionts of this insect, Ribeiro et al. (2022) found E. amylovora was inherited by
the F1 and F2 generations. Still, it was absent on the eggs of Gonipterus platensis, the beetle species
parasitised by 4. nitens (Ribeiro et al. 2022). These outcomes represent the first evidence E. amylovora
can be vertically transmitted in a parasitoid, raising questions on the possibility of this phenomenon
also occurring in other insect species able to disseminate E. amylovora. So far, E. amylovora has not

been detected in the eggs of the medfly (Ordax et al. 2015), but no data are available on honeybees.

1.4. Impact of host plants on the pathogenicity of Erwinia amylovora

Plant disease can be seen as a never-ending war in which the invader, the plant pathogenic
microorganism, fights to conquer a new niche, represented by the host plant, where it can acquire

substances needed for survival (Agrios 2005). It is an arms race where each side tries to attack and
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protect itself from the other (Anderson et al. 2010). Due to their short generation time, plant
pathogenic bacteria evolve more rapidly than their host plants (Frantzeskakis et al. 2020), giving them

an advantage over the host and keeping the interaction with the plant constantly evolving.

Plant immunity is based on two main response mechanisms, namely Pattern-Triggered
Immunity (PTI) and Effector-Triggered Immunity (ETI) (Anderson et al. 2010). In PTI, plant defence
reactions are activated after widely conserved microbial molecules (Pathogen-Associated Molecular
Patterns, PAMPs) are recognised by specific receptors, namely Pattern Recognition Receptors (PRR)
(Chisholm et al. 2006; Zhang and Zhou, 2010). Transcriptional analysis revealed that apple plants
activate this basal defence in the first two hours after E. amylovora inoculation (Norelli et al. 2009),
thus representing the first barrier E. amylovora cells must overcome to establish disease. For this
reason, improving the earliest immune response of the plant would be a promising strategy to
withstand fire blight. As seen for several species belonging to the Solanaceae and Poaceae families,
transgenic plants expressing the Arabidopsis thaliana EF-TU RECEPTOR (EFR) have an increased
resistance to bacterial plant pathogens (Schoonbeek et al. 2015; Schwessinger et al. 2015; Boschi et
al. 2017). Once this PRR was also expressed in the susceptible apple rootstock M.26, the formation
of necrotic tissue in the leaves was significantly reduced upon the infection by E. amylovora (Piazza
et al. 2021). The case reported shows how finding candidate genes in species' genome belonging to
families other than Rosaceae can be a possible strategy to increase resistance in apple trees. However,
the same can be done by focusing on the Malus genus. The receptor-like kinase protein (FB_Mfu10)
found in Malus fusca might be involved in the resistance of this wild apple species (Emeriewen et al.

2018). Even though further studies are needed to confirm this hypothesis, this receptor harbours a
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domain that might bind the exopolysaccharide amylovoran, thus recognising E. amylovora cells and

contributing to activating the plant defence (Emeriewen et al. 2018).

Plant pathogens evolved a strategy to silence PTI based on the secretion of specific proteins
called effectors. In Gram-negative plant pathogenic bacteria, such as E. amylovora, effectors are
delivered into host cells through the T3SS encoded by the Arp box (Lindgren et al. 1986; Biittner et
al. 2009). On the other hand, the plant genome can harbour genes that can specifically suppress the
effector’s activity, leading to resistance. This gene-for-gene resistance mechanism is called ETI
(Effector Triggered Immunity). By acquiring additional effectors or modifying the recognised ones,
pathogens can avoid ETI until natural selection leads plants to have new resistance genes. This never-

ending evolution in attack-defence response was named ‘The zigzag model’ (Jones et al. 2006).

It 1s difficult to apply the zigzag model to Malus-E. amylovora pathosystem because several
studies showed how complicated it is to understand the gene-for-gene interaction between E.
amylovora and Malus species. However, the possible molecular mechanisms involved in the

interaction between E. amylovora and Malus spp. are summarised below.

In Erwinia amylovora, T3SS gene expression is activated in the first 48 hours after flower
inoculation (Pester et al. 2012; Schachterle et al. 2022). Particularly, its activation can be strongly
induced during the epiphytic colonisation of stigmas and reduced when E. amylovora cells reach the
hypanthium (Cui et al. 2021a). Several effector genes, namely ArpN, encoding for a hairpin protein
(Wei et al. 1992; Kim and Beer 1998); dspE, involved in plant cell apoptosis (Bogdanove et al. 1998);
hopPtoCg4, whose function is not known yet (Zhao et al. 2005); avrRpt2£4, homologous to avrRpt

effector of Pseudomonas syringae pv. tomato (Zhao et al. 2006); eop3, similar to effectors belonging
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to the HopX family (Nissinen et al. 2007); xopX1 £, (Bocsanczy et al. 2012); eop! (Wohner et al. 2018)
were identified in E. amylovora sequenced genomes. One of the most widely studied effectors is
avrRpt2g4, which has a single nucleotide polymorphism at position 156 of its amino acidic sequence,
where a cysteine residue can be replaced with a serine thus influencing the ability of overcoming plant
defences (Vogt et al. 2013). E. amylovora strains carrying cysteine, such as E. amylovora Ea273,
belong to the “C-allele” group. In contrast, those presenting serine, like the Canadian E. amylovora
strains, belong to the “S-allele” group (Vogt et al. 2013). Recently, Schropfer and colleagues (2018)
observed the effect of avrRpt2E4 on the susceptible Malus domestica cultivar Pinova (Schropfer et al.
2018). Transgenic lines expressing avrRpt2g4 activated the salicylic acid-mediated defence response
and developed typical fire blight symptoms, suggesting this effector alone is sufficient to cause disease
(Schropfer et al. 2018). Moreover, the interaction between the effector HrpN and the Malus spp., a
specific protein named HIMP, resulted in the disease development (Wei et al. 1992; Oh and Beer
2008). Consequently, transgenic apple plants with a reduced expression level of HIMP were more

resistant to £. amylovora infection (Campa et al. 2019).

Since most commercial apple tree varieties are susceptible to fire blight, genome mining
studies aimed at identifying resistance genes mainly in wild apple genotypes. Resistance quantitative
trait loci (QTLs) were found in Malus floribunda 821 (Durel et al. 2009), Malus x robusta 5 (Peil et
al. 2007), Malus fusca (Emeriewen et al. 2018), Malus % arnoldiana (Emeriewen et al. 2021), and in
the ornamental crab apple Malus evereste (Durel et al. 2009). So far, only the FB_MR5 gene from
Malus x robusta 5 showed a gene-for-gene interaction with effector avrRpt2e4, but this was strongly
influenced by the E. amylovora strain inoculated. Indeed, E. amylovora strains belonging to the S-

allele group could overcome plant defence, unlike strains with the cysteine allele (Vogt et al. 2013).
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These results were confirmed by transforming Malus 9 domestica cv. ‘Gala’ with FB_MRS5 (Broggini
et al. 2014). Strain-dependent susceptibility was also observed in M. floribunda 821 and Evereste,
whose resistance mechanism to E. amylovora is thought to be related to effector eop !, even though it

was not proved yet (Wohner et al. 2018).

In addition to the immunity response triggered by the FB _MR5 gene, other mechanisms
presumably occur during the resistance response. A recent study compared the response of Malus
Xrobusta 5 inoculated with either the wildtype strain E. amylovora Eal189, triggering the ETI and
therefore avirulent, and the mutant in the avrRpt2e4, which is virulent since the apple plants do not
anymore recognise it. Several differentially expressed genes were reported in plants inoculated with
the E. amylovora Eal189 virulent or avirulent strain. For instance, Malus xrobusta 5 plants induced
a higher expression of genes involved in the flavonoids pathway and the biosynthesis of (E)-B3-
caryophyllene (Schropfer et al. 2021), a VOC compound known for its antimicrobial activity (Cellini
et al. 2019). These outcomes add information to the resistance reaction in Malus Xrobusta 5, but

further studies are needed to have a more detailed view.

Plant defence may also be triggered indirectly, without physical contact between the plant
pathogen and the host. In this regard, the VOC profile emitted by apple (cv. Golden Delicious)
plantlets infected with E. amylovora Ea ICMP 1540 was characterised (Cellini et al. 2018).
Interestingly, Cellini and colleagues (2018) reported the exposure of apple plants to these volatiles
enhanced the activation of the signalling pathways related to salicylic acid (SA), a phenolic compound
known for its role in plant immunity (Vlot et al. 2009), thus highlighting a possible innovative

application of VOCs in the disease management.
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Looking at Erwinia amylovora during the interaction with apple plants, Pulawska and
colleagues (2017) inoculated E. amylovora strain 650 in a resistant or susceptible apple cultivar. The
main difference was seen for E. amylovora genes related to stress response, indicating that E.
amylovora 650 implemented molecular mechanisms to protect secondary metabolites and cells from
toxic compounds. Indeed, genes encoding heat shock protein and those related to multidrug efflux
pumps were highly expressed when E. amylovora 650 was inoculated in plants of the resistant apple

cultivar Free Redstar (Pulawska et al. 2017).

1.5. Influence of bacterial communities on Erwinia amylovora establishment in flowers

An increasing body of knowledge is highlighting the importance of the plant host microbiota

in establishing a pathogenic interaction between a plant pathogenic microorganism and its plant host.

For instance, Ralstonia solanacearum caused a drastic shift in the composition of tomato root-
associated bacterial taxa that strongly influenced the R. solanacearum abundance and the biochemical
soil properties (Wei et al. 2018). Similar changes in the rhizosphere microbial communities have been
reported also for Verticillium dahliae. This plant pathogenic fungus might select collaborative
microorganisms within the plant host microbiota through the secretion of a specific effector,
attributing these proteins to a new role in plant disease (Snelders et al. 2021). These are just two
examples that show manipulation of plant host microbiota might be a strategy exploited by several
plant pathogenic microorganisms during plant host colonisation. Does E. amylovora also share this

ability?
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Recently, Cui and colleagues (2021a) tried to understand what happens within the stigmatic
bacterial communities upon E. amylovora inoculation. Metagenomic analysis revealed that
Pseudomonadaceae and Enterobacteriaceae are the most represented bacterial families on the stigma
of healthy flowers (Cui et al. 2021a), consistent with previous observations underlining the
conservation of microbial community structure among different apple cultivars (Steven et al. 2018).
Moreover, it was seen that the Pseudomonadaceae tamily slowly took over the Enterobacteriaceae
family in five days, which is the opposite of what was observed in flowers inoculated with F.
amylovora, where members of the Enterobacteriaceae family rapidly became predominant (Cui et al.
2021a). As already mentioned for other plant pathogens, it is conceivable that the changes observed
result from a selection promoted by E. amylovora aimed at recruiting microbial communities that can
support the plant host colonisation and infection. Understanding how E. amylovora induces a shift in
the microbial communities of apple flowers and how this phenomenon takes place could shed light on

the early steps of the infection.

There are several direct and indirect mechanisms E. amylovora may exploit to manipulate
plant host microbiota. Type Six Secretion System (T6SS) is one of the secretion systems owned by
Gram-negative bacteria (Coulthurst 2019). Unlike T3SS, whose function is limited to plant invasion,
T6SS can influence the interaction among bacteria, as reported for Agrobacterium tumefaciens (Ma
etal. 2014). E. amylovora harbours three T6SS gene clusters in its genome (Kamber et al. 2017; Tian
et al. 2017), and they seem to have a role in antibacterial competition, as reported for E. amylovora
NCPPB1665 (Tian et al. 2017). Moreover, they can affect both levan and amylovoran production,
thus reducing E. amylovora NCPPB1665 virulence on immature pears (Tian et al. 2017). To assess

whether what was reported by Tian and colleagues (2017) could also apply to other E. amylovora
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strains, single or double mutants defective in T6SS were created for E. amylovora CFBP 1430 by
deleting either cluster one, three or both. A slight difference in virulence was reported on apple flowers
and shoots, probably due to an alteration in the motility showed by the E. amylovora mutants (Kamber
et al. 2017). Also, in this case, a possible involvement of T6SSs in antibacterial competition was
hypothesised. However, the results of the competition assay performed with E. coli revealed E. coli
survival was not so significantly higher compared with what was observed for the NCPPB1665 strain

(Kamber et al. 2017; Tian et al. 2017).

Quorum Sensing (QS) is a regulatory system that controls gene expression according to the
bacterial cell population size (Rutherford and Bassler, 2012). QS relies on three main components
consisting of a signal molecule released by bacteria cells, namely the autoinducer (Al), an enzyme
that synthesises the Al and a transcriptional factor able to perceive the Al (Papenfort and Bassler,
2016). In Gram-negative bacteria, the most common Als are N-acyl homoserine lactones (AHLs)
produced by N-acyl homoserine lactone synthases encoded by /ux/ homologs (Papenfort and Bassler,
2016). However, Gram-negative bacteria may produce another Al called Autoinducer-2 deriving from
the cyclisation of 4,5-dihydroxy-2,3-pentanedione synthesised by ribosyl homocysteine-cleavage
enzyme encoded by /uxS homologs (Schauder et al. 2001; Pereira et al. 2013). It is now widely
accepted that Als might be at the basis of interspecies communication within plant pathogenic bacteria
and bacterial communities residing on plant host organs (Dulla and Lindow, 2009; Cellini et al. 2020).
Homologs of the gene /uxS were found in E. amylovora genomes, but its role is limited to methionine
metabolism and does not involve quorum sensing (Rezzonico et al. 2007). Indeed, Al production was
not observed for some E. amylovora strains isolated in Germany and Switzerland (Mohammadi et al.

2007).
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T6SS can be considered as direct mechanisms possibly exploited by E. amylovora for
microbiota manipulation. However, influence on microbial communities can be exerted indirectly
through competition for available nutrient sources (Dubinkina et al. 2019). The major components of
stigmatic extracts of pomaceous plants are free sugars and amino acids (Pusey et al. 2008a). Glucose
and fructose strongly prevail on sugars such as sorbitol and sucrose, and this pattern is preserved
across different apple cultivars (Fuji, Gala, Golden), with an increase in sugar content related to the
stage of anther dehiscence (Pusey et al. 2008a). As their amount is normally very low, amino acids
are detected in the order of femtograms per pomaceous flowers, with proline, asparagine, glutamine,
and glutamic acid being the most abundant ones (Pusey et al. 2008b). Stockwell and collaborators
(2010a) reported that E. amylovora Eal53 might grow well in a minimal medium amended with one
of the principal stigmatic compounds, giving the first evidence that these components support the
growth of the plant pathogen. Understanding E. amylovora's nutrient requirements and metabolism is
important because they strongly influence its cell multiplication ability and virulence. For instance,
apple fruits and shoots inoculated with E. amylovora HKNO6P1 mutants impaired in the biosynthetic
pathways of isoleucine/valine, leucine, methionine, adenine, and tryptophan showed a reduction in
the severity of symptoms (Klee et al. 2019). In addition to these amino acids, another study highlighted
E. amylovora HKNO6P1 mutated in the arginine biosynthetic pathway and lost its pathogenicity on
immature apples (Ramos et al. 2014). This auxotrophic mutant, but not its dead cells, inhibited the
colonisation of the E. amylovora HKNO6P1 wild-type strain when applied to flowers (Klee et al.
2019). It is not known yet whether this effect is due to nutrient competition alone or other mechanisms

(i.e., plant immunity stimulation) are involved. However, Klee and collaborators (2019) proved that
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specific amino acids are necessary for the full virulence of E. amylovora, but they are not sufficiently

available in the host, forcing the plant pathogen to synthesise them.

Iron is another important element for bacterial cell growth because DNA replication, as well
as tolerance to oxidative stress, would not be possible without this cofactor (Krewulak et al. 2008;
Cornelis et al. 2011). Thus, iron might represent a limiting factor for bacterial cell survival,
particularly when several microorganisms are present in the same environmental niche. The latest
findings confirmed this hypothesis by comparing the growth of E. amylovora CFBP1430 deficient in
the iron-uptake receptor gene foxR on greenhouse and orchard apple flowers. Greenhouse flowers,
which can be considered as semi sterile, well supported the colonisation of the E. amylovora
CFBP1430 mutant in contrast to those collected from the orchards, whose established microbial

communities might be potential iron-competitors (Miiller et al. 2022).

1.6. Application of microorganisms for the sustainable control of Erwinia amylovora

For many years, antibiotics and copper-based compounds have been the most effective
solutions to limit E. amylovora spread and damage. However, these plant protection products cause
environmental pollution and contribute to the development of resistance that makes their application
useless, as reported in the USA, where streptomycin- and copper-resistant E. amylovora strains were
isolated already in 1991 (Loper et al. 1991). For these two main reasons, research has focused on

finding new strategies that can be both effective and eco-friendly.

Besides increasing the knowledge on the fire blight, unveiling how interaction between flower

microbiota and E. amylovora occurs may also help to improve the sustainable management of the
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disease. Indeed, microorganisms, such as yeasts and bacteria, that are able to reduce the ability of
plant pathogens to cause disease might be used as biocontrol agents (BCAs) and developed as the

main active ingredient of commercial biopesticides (Gupta et al. 2021).

Over the years, microorganisms tested against E. amylovora were isolated from different
environmental niches (Aktepe et al. 2022; Barbé et al. 2022; Mikicinski et al. 2016; Pourjafari et al.
2022; Pusey et al. 2009). Nevertheless, it is conceivable those isolated from apple flowers can
represent the best antagonistic candidates against E. amylovora because of their adaptation to living
in such an environment. Recent findings showed apple stigma-colonizing bacteria can reduce disease
severity when applied on flowers, even though efficacy strongly depends on the bacterial mixtures
and is not comparable to streptomycin treatment (Cui et al. 2021b). Among the bacterial isolates
tested, treatments including Pantoea sp. CT-1039 resulted in the best reduction of disease incidence,
indicating that this strain may be responsible for the observed effect (Cui et al. 2021b). Strains
belonging to Pantoea spp. are indeed the active ingredients of commercial biopesticides used in fire
blight management. At the moment, commercial biopesticides developed to control E. amylovora are
based on Gram-negative bacteria isolated from apple trees, such as Pantoea (Pa.) agglomerans E325
(Bloomtime), Pa. vagans C9-1 (BlightBan C9-1) and Pseudomonas (Ps.) fluorescens AS506
(BlightBan A506) (Sundin et al. 2009). All these strains can produce antibiotics, such as herbicolin O
and pantocin A, although not all strains produce both these antibiotics (Kamber et al. 2012; Stockwell
et al. 2010b). Interestingly, Ps. fluorescens A506 can release the antibacterial compound only in an
iron-rich environment, which is not the case for apple and pear floral surfaces (Temple et al. 2004).
The efficacy of Ps. fluorescens A506 may be mainly attributed to the nutrient/niche competition

(Stockwell et al. 2010a), even though the number of carbon sources utilised by Ps. fluorescens A506
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was lower than the one of Pa. vagans C9-1 and E. amylovora Eal35 (Stockwell et al. 2010a). On the
opposite, the two BCAs share almost all the nitrogen requirements with E. amylovora Eal35
(Stockwell et al. 2010a). In comparison to E. amylovora Eal35, both Pa. vagans C9-1 and P.
fluorescens A506 had faster growth when cultivated in the sugar compounds contained in the apple
stigmatic oozes (Pusey et al. 2008b; Stockwell et al. 2010a). Unexpectedly, the simultaneous
application of both BCAs did not enhance the reduction of fire blight symptoms because Ps.
fluorescens A506 produces a protease degrading the antibiotic produced by Pa. vagans C9-1, thus
erasing its effect (Stockwell et al. 2010b). This study highlighted the possible incompatibility among
BCAs, which is an important aspect to consider when developing new biopesticides. Considering
Gram-positive bacteria, the biopesticide Serenade is based on Bacillus subtilis QST713, whose
antimicrobial activity is related to the production of lipopeptides (Sundin et al. 2009). The application
of Serenade on apple blossoms reduced fire blight symptoms similarly to BlightBan A506, BlightBan
C9-1 and Bloomtime (Sundin et al. 2009). Another product used to control fire blight is Blossom
Protect, whose active ingredients are the yeast-like fungal strains Aureobasidium pullulans CF10 and
CF40. Regardless of the incubation temperature, these strains isolated from apple fruits were effective
in reducing the fire blight severity both on detached apple flowers and in open fields (Kunz 2004). In
a recent study, Temple et al. (2020) compared the efficacy of Blossom Protect to other yeast strains,
including Cystofilobasidium infirmominiatum YY 6 and Cryptococcus neoformans C9 and C16. None
of the tested yeast strains was as effective as Blossom Protect, whose mode of action is not related to

the reduction of E. amylovora populations in the flower (Temple et al. 2020).

As the mode of action of Aureobasidium pullulans may rely on its ability to compete for space

and nutrients, Slack et al. (2019) evaluated the impact of a preventive application of hydrogen and
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peroxyacetic acid before the application of Blossom Protect in order to reduce the competition of the
microbial populations residing in the apple flowers. However, the removal of the flower microbiota
did not result in an increase in the Blossom Protect plant protection efficacy (Slack et al. 2019), an
indication that the mode of action of 4. pullulans might rely on multiple mechanisms. Accordingly,
Zeng and colleagues (2023) reported flower treatment with A. pullulans would trigger Systemic
Acquired Resistance in the apple flowers by increasing the level of salicylic acid and inducing the
expression of PRI and PR2 genes. Interestingly, the immune response in the plant host would be
active until five days after treatment. As this time period is also the life span of apple flowers, it is
conceivable that fewer applications of Blossom Protect would be needed to have an effective plant

protection efficacy (Zeng et al. 2023).

Despite the initial promises, years of experiments in the open field showed the application of
the above-mentioned BCAs alone was not sufficient in controlling fire blight unless they were used
together with streptomycin or other products (Sundin et al. 2009; Johnson et al. 2013, 2022). For
instance, a significant increase in fire blight control was achieved by applying Blossom Protect after
fruit load thinning treatment with lime sulphur, reaching an efficacy comparable to streptomycin
(Johnson et al. 2013). Recently, Johnson and colleagues (2022) suggested that different protection
products may be applied at different bloom stages, e.g. Blossom Protect, copper and Serenade at 70%
bloom, full bloom and petal fall, respectively. Notably, several trials showed this combination would
reduce both disease severity and fruit russeting (Johnson et al. 2022). Besides microbial BCAs, E.
amylovora might be controlled using bacteriophages, viruses widespread in all habitats where their
host, namely bacteria, live (Sieiro et al. 2020). The main characteristic of bacteriophages is they can

infect and kill specific bacterial species or strains by lysing their cells, thus representing a valid
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alternative to antibiotics in plant disease management (Sieiro et al. 2020). Concerning fire blight,
several bacteriophages isolated from apple trees in Germany and North America were characterised
and tested against several E. amylovora strains (Miiller et al. 2011). Miiller et al. (2011) showed that
bacteriophages belonging to the Myoviridae family significantly reduced the E. amylovora population

on apple flowers compared to the members of the Podoviridae family.

In general, the use of bacteriophages has two important disadvantages, such as the time of
application. Since bacteriophage survival is strictly dependent on the presence of their host bacteria,
there is reduction of bacteriophage population when flowers do not harbour E. amylovora (Ritchie
and Klos 1979; Schnabel et al. 1999, 2001). This issue can be solved by using a carrier like Pa.
agglomerans Eh21-5 to deliver bacteriophages, as developed by Lehman (2007) and employed in later
studies (Lehman 2007; Boulé et al. 2011; Geyder et al. 2020). The efficacy of this method might be
negatively affected by the sensitivity of the bacterial carrier to the bacteriophages delivered, making
the study of the bacteriophage-carrier interactions essential (Geyder et al. 2020). Moreover, E.
amylovora may rapidly develop resistance to bacteriophages, as seen for other plant pathogenic
bacteria (Dong et al. 2018; Fujiwara et al. 2011), thus limiting their efficacy. To overcome this
problem, research has focussed on creating mixtures of several bacteriophages that can reduce the
emergence of resistance in E. amylovora by using different infection strategies (Sieiro et al. 2020).
The synergy between several bacteriophages was proved, but in some cases, the validation in planta

has not been tested yet (Born et al. 2011, 2015; Geyder et al. 2020; Jo et al. 2023).

Besides microbial BCAs, E. amylovora might be controlled using bacteriophages, viruses

widespread in all habitats where their host, namely bacteria, live (Sieiro et al. 2020). The main
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characteristic of bacteriophages is they can infect and kill specific bacterial species or strains by lysing
their cells, thus representing a valid alternative to antibiotics in plant disease management (Sieiro et
al. 2020). Concerning fire blight, several bacteriophages isolated from apple trees in Germany and
North America were characterised and tested against several E. amylovora strains (Miiller et al. 2011).
Miiller et al. (2011) showed that bacteriophages belonging to the Myoviridae family significantly
reduced the E. amylovora population on apple flowers compared to the members of the Podoviridae
family. In general, the use of bacteriophages has two important disadvantages, the time of application
and the development of bacteriophage-resistant E. amylovora populations. Since bacteriophage
survival is strictly dependent on the presence of their host bacteria, there is reduction of bacteriophage
population when flowers do not harbour E. amylovora (Ritchie and Klos 1979; Schnabel et al. 1999,
2001). This issue can be solved by using a carrier like Pa. agglomerans Eh21-5 to deliver
bacteriophages, as developed by Lehman (2007) and employed in later studies (Lehman 2007; Boulé
et al. 2011; Geyder et al. 2020). The efficacy of this method might be negatively affected by the
sensitivity of the bacterial carrier to the bacteriophages delivered, making the study of the
bacteriophage-carrier interactions essential (Geyder et al. 2020). Moreover, E. amylovora may rapidly
develop resistance to bacteriophages, as seen for other plant pathogenic bacteria (Dong et al. 2018;
Fujiwara et al. 2011), thus limiting their efficacy. To overcome this problem, research has focussed
on creating mixtures of several bacteriophages that can reduce the emergence of resistance in E.
amylovora by using different infection strategies (Sieiro et al. 2020). The synergy between several
bacteriophages was proved, but in some cases, the validation in planta has not been tested yet (Born

etal. 2011, 2015; Geyder et al. 2020; Jo et al. 2023).

25



1.7. Future perspectives

As discussed so far, fire blight is influenced by many factors that make this disease complex

and difficult to study and manage.

For instance, the growth of E. amylovora is strongly affected by environmental conditions
such as humidity, rain, and temperature, which also influence the efficacy of eco-sustainable strategies
such as BCAs. These variables are hard to control, especially nowadays that global warming causes
more and more extreme climate events (Seneviratne et al. 2021) and for this reason it is important to

test the response of new strategies to adverse environmental phenomena.

In addition to heavy rain and winds, insects might play an important role in fire blight disease.
E. amylovora can survive on the surface but also inside the body of pollinators and non-pollinators,
thus becoming vectors able to spread the plant pathogen to healthy host plants. So far, most of the
experiments were carried out in controlled laboratory conditions, and very few data were collected on
the impact of insect-mediated transmission in open fields. This is an aspect to be investigated, as well
as the transmissibility of E. amylovora over generations of insects, which has been recently proved in
A. nitens (Ribeiro et al. 2022), without testing the viability and the pathogenicity of the bacterial cells.
It would also be of interest to dig into the complexity of the system “E. amylovora - host plant —
vectors” by pursuing the work carried out by Cellini et al. (2019) to understand the attractive/repulsive

effect of VOCs, in addition to the stimulation of plant defence.

The interaction between E. amylovora and host plants is also an open research field. Since PTI

is the earliest immune response activated, it would be conceivable to focus on its implementation.
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However, since plant pathogens overcome this barrier by releasing effectors, ETI must not be
forgotten. In this view, instead of concentrating only on wild apple varieties, looking at the genomes
of other species belonging to the Rosaceae family might lead to identifying QTLs harbouring new

resistance candidate genes.

During the earliest phase of infection, when E. amylovora cells try to colonize flower stigmas,
microbial communities residing in the flowers can influence the infective process, hindering or
enhancing the establishment of the E. amylovora population. By creating E. amylovora knock-out
mutants in the genes related to T6SS, it will be possible to assess their involvement in the interaction
with the microbiota, expanding the knowledge of the mechanisms that E. amylovora might implement
to manipulate the flower microbiota. Moreover, studying the bacterial community residing in apple
flowers might lead to finding new microbial species to use in the sustainable management of fire
blight. So far, commercialized BCAs are not sufficient to achieve complete control of the disease. So,
in the future, combining yeasts and bacteria may result in the development of new effective

biopesticides.

The combination of different strategies might possibly enhance the chance of reaching a

complete fire blight control, avoiding environmental pollution, but further research is required.

The content presented in this section has been previously published as a review article entitled

“This tree is on fire: a review on the ecology of Erwinia amylovora, the causal agent of fire blight
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disease” in the Journal of Plant Pathology (Pedroncelli and Puopolo, 2024). The material has been

updated for inclusion in this thesis.

1.8. Thesis aim

Based on this body of knowledge, this thesis focussed on two of the factors that influence the

development of fire blight.

First, we investigated the role of the flower bacterial communities in the interaction with E.
amylovora. Specifically, we isolated several bacterial strains isolated from apple flowers of Trentino
orchards and evaluated them for their ability to control the disease symptoms on flowers. We then
characterised the modes of the new potential biocontrol agents by conducting experiments both in

vivo and in vitro. All bacterial strains, including E. amylovora, were isolated from the Trentino region.

Second, we assessed the potentiality of Drosophila suzukii as a vector of E. amylovora.
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CHAPTER 2. MATERIALS AND METHODS

2.1. From apple flowers to control fire blight: new potential biocontrol agents of Erwinia

amylovora?

2.1.1. Isolation of endophytic bacteria from apple flowers

Flowers of Malus domestica cv. Golden Delicious from Trentino apple orchards were sampled
at the ‘Baloon stage’. After determining their weight, flowers were first surface sterilised by putting
them in sterile 50 ml tubes and adding ethanol (70%) to completely cover them. Tubes were gently
shaken for 1 minute, and ethanol was discarded. Sodium hypochlorite (NaClO) solution (2%) was
added to cover all the flowers, and tubes were gently shaken for 90 seconds. After discarding the
NaClO solution, flowers were washed with ethanol (70%) for 30 seconds to deactivate the NaClO
solution and washed five times with sterile distilled water (SDW). Flowers were then transferred with
sterile forceps into sterile Petri dishes and allowed to dry for 30 minutes under the laminar flow. Once
dried, flowers were transferred into sterile jars kept on ice and a volume of NaCl (0.85% w/v) +
Tween80 (0.1 % v/v) solution was added according to the weight previously determined. All samples
were disrupted using a mixer mill (Mixer Mill MM200, Retsch) for 20 seconds at 25 Hz. Jars were
put back on the ice; the mince was transferred into 2 ml tubes with cut tips and homogenised by brief
vortexing. A brief spin in the centrifuge allowed the separation of flower material from the solution.
Finally, serial dilutions were made, and 100 pl of each dilution was plated on Reasoner's 2A Agar

(R2A, Oxoid) amended with cycloheximide (50 pg/ml) to avoid the growth of fungi and yeasts.
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2.1.2. Maintenance of bacterial strains and preparation of bacterial cell suspensions

All bacterial strains and growth media used in this work are listed in Table 1 and Table 2,
respectively. Bacterial strains were stored at length in glycerol (40%) at -80°C and routinely grown
for 48 h at 27°C on Reasoner's 2A Agar (R2A, Oxoid) and/or Nutrient Agar (NA, Oxoid). Erwinia
amylovora Ea21 (Ea2l) isolated from a diseased apple plant in Trentino (Albanese et al. 2022) and
its spontaneous rifampicin-resistant mutant Ea2 1Rf®, selected in this study, were used interchangeably
in all the experiments. Ea21Rf® was routinely grown on NA amended with rifampicin 100 pg/ml.
Differences in the bacterial cell growth between Ea21 and Ea21Rf® were evaluated by estimating the
bacterial cell growth in a Partial Stigma-Based Medium (PSBMT; Pusey et al. 2008c) according to
the procedure reported below. Moreover, differences in the ability to induce the hypersensitive
reaction (HR) in tobacco (Nicotiana tabacum) leaves were evaluated according to Klement et al.
(1964). After 48 h incubation at 27 C°, bacterial cell suspensions were prepared by adding 3 ml of a
sterile saline solution (0.85% NaCl, w/v) into Petri dishes, scraping the bacterial cells with a sterile
spatula and collecting them in a sterile 15 ml tube. This procedure was applied in all the experiments,
with the exception of the inoculation of detached apple flowers. In this case, bacterial cells were
resuspended in sterile distilled water (SDW) to avoid any toxic effect of NaCl on apple flowers. The
bacterial cell suspensions were adjusted to a final optical density of 0.1 at 600 nm (OD600),
corresponding to = 10® colony forming units (cfu)/ml and used in all the experiments, except when

otherwise indicated.
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Table 1. Bacterial strains used in this study.

| Bacterial strain Relevant characteristics Reference

Erwinia amylovora strains

Ea21 Wildtype isolated from Malus Albanese et al.
domestica cv. Fengapi 2022

Ea2 IR} Rifampicin-resistant mutant This study
strain

Ea21GFP Ea21 carrying pBBRMCSS5- This study

GFP (Palluchini et al. 2024)

Bacterial strains isolated from Malus
domestica cv. Golden Delicious

Pseudomonas extremaustralis AFC1001 This study
Pseudomonas extremaustralis AFC1003 This study
Subtercola frigoramans AFC2001 This study
Pseudomonas helmanticensis AFF1002 This study
Pseudomonas graminis AFF1005 This study
Pantoea agglomerans AFF2001 This study
Acinetobacter sp. AFF2002 This study
Curtobacterium flaccumfaciens AFF2009 This study
Yersinia similis AFF3001 This study
Agreia sp. AFF4002 This study
Rahnella aquatilis AFF4004 This study
Erwinia billingiae AFF4005 This study
Pseudomonas yamanorum AFF5001 This study
Yersinia rochesterensis AFF5003 This study
Pseudomonas graminis AFF6001 This study

Escherichia coli strains

DHS50 pUT-miniTn5-Km Donor strain for triparental Alexeyev et al.
mating 1995

HB101 pRK2013 Helper strain for triparental Figurski and
mating Helinski 1979
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Table 2. Composition of growth media used in this study.

Medium Component Concentration
(€4))
Reasoner's 2A Agar Yeast extract 0.5
(R2A) Proteose peptone 0.5
Casein hydrolysate 0.5
Glucose 0.5
Starch 0.5
Di-potassium phosphate 0.3
Magnesium sulphate 0.024
Sodium pyruvate 0.3
Agar 15
Nutrient Broth/Agar Yeast extract 2
(NB/NA) Peptone 5
Sodium chloride 5
‘Lab-Lemco’ powder 1
Agar (for the solid medium) 15
Partial Stigma-Based Medium  Glucose 25
(PSBMT) Fructose 25
Amino acid mix (proline, asparagine, glutamine, 02
serine in ratio of 3:2:2:1) '
NH4Cl1 0.8
K>HPO4 0.3
NaH2PO4 0.1
MgSOg4 0.4
Nicotinic acid 0.0012
Thiamine-HC1 0.0026
Agar 15
Lysogeny Broth Yeast extract 5
(LB) Tryptone 10
Sodium chloride 10
Sucrose Nutrient Agar Yeast extract 2
(SNA) Peptone 5
Sodium chloride 5
‘Lab-Lemco’ powder 1
Sucrose 50
Agar 15
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2.1.3. Identification of bacterial isolates and comparison of metabolic profiles using Biolog assay

Bacterial isolates recovered from apple flowers were initially selected according to their
colony morphology and subsequently identified through /65 rRNA gene sequencing. The /6S rRNA
coding sequences were amplified with Taq polymerase (GoTaq Green Master Mix, Promega) by using
the universal primer pair 27f (5-AGAGTTTGATCCTGGCTCAG-3") and 1492r
(5'GGTTACCTTGTTACGACTT-3') (Lane 1991; Stackebrandt and Liesack1993) according to the
manufacturer’s and sequenced using BigDye Terminator v 3.1. The resulting DNA sequences were
analysed using BLASTN to find homologies with sequences deposited in GenBank. 16S rRNA
sequences belonging to wild-type bacterial strains were selected. All the sequences were used for
phylogenetic analyses using MEGAX software (Kumar et al. 2018). In detail, Clustal X (Thompson
et al. 1997) was used for the alignment, and Kimura’s two-parameter model (Kimura 1980) was used
to establish the evolutionary distances. The best phylogenetic tree was constructed with the neighbour-
joining method (Saitou and Nei 1987), and confidence levels for the branches were assessed through
a bootstrap analysis with 1000 replicates (Felsenstein 1985). Since competition for nutrients and space
might be one of the factors affecting flower colonization, Biolog Phenotype MicroArray Plates™
(PM) were used to identify and compare the metabolic profiles of all bacteria used in this study. The
assay was performed according to the manufacturer’s protocol (Biolog Inc., CA, USA). Carbon
sources (PM1, PM2A) and nitrogen sources (PM3B) were tested. Plates were inoculated with all the
bacteria strains and incubated for 24 hours at 27°C to monitor their growth. The growth curves of the
bacterial strains were analysed using Analysis 1.7 software. The signal intensity was measured in
Omnilog Units (OU), which correspond to the optical density (OD) derived from the reduction of the

tetrazolium dye used in the assay. The results were visualized in a heatmap, where different colours
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represent different OD values and thus varying metabolic activity. The colour scale ranges from purple
to yellow, with purple indicating zero metabolic activity and yellow representing high metabolic

activity.

2.1.4. Evaluation of bacterial strain ability to protect detached apple flower against Erwinia

amylovora Ea2l

Detached apple flower assay was performed according to Pusey (1997) with slight
modifications. Briefly, sixty newly open apple flowers of M. domestica cv. Golden Delicious were
collected and transferred in 5 ml tubes with the peduncle submerged in 4.5 ml of sucrose solution
(10% w/v). Apple flower stigmas were inoculated by dropping 2 ul of each bacterial cell suspension
(10 pl/flower) and allowed to dry under the laminar flow. Subsequently, apple flowers were enclosed
in plastic containers and incubated at 25°C in a growth chamber (80% humidity). After 24 h, 10 pl of
an Ea21 suspension (=107 cfu/ml) were deposited on the stigmas as previously described. Apple
flowers treated with SDW without inoculation of Ea21 and apple flowers treated with SDW and
inoculated with Ea2l were used as controls. Apple flowers were kept at the same incubation
conditions reported above. Disease severity was evaluated after four days according to a scale from 0
to 4. In detail, 0: green stigma; 1: necrotic area limited to the tips; 2: half stigma is necrotic; 3: most
of the stigma is necrotic; 4: the entire stigma is necrotic. Since each flower has five stigmas, each
score represents the average of all stigmas. The experiment was repeated twice, with ten replicates

(flowers) for each treatment.
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2.1.5. Evaluation of bacterial strain ability to protect immature pear slices against Erwinia amylovora

Ea2l

Immature pears (Pyrus communis cv. Williams) were transferred in a plastic container
previously sterilised and covered with NaCIlO solution (2% v/v). The container was left in shaking
conditions (60 rpm) for 5 minutes. NaClO solution was discarded, and pears were covered with NaClO
solution (0.5% v/v). The container was left in shaking conditions (60 rpm) for 1 minute. The
hypochlorite solution was discarded, and the pears were washed three times with SDW. Sterile Petri
dishes (90 mm) were filled with three layers of sterile paper moistened with 3 ml of SDW. Pears were
cut into small slices with a sterile chopper, and each slice was soaked in one of the bacterial cell
suspensions until the entire surface became wet. The dishes were dried under the laminar flow and
incubated in a growth chamber at 25°C (80% humidity). After 24 h, 10 ul of an Ea21 cell suspension
(=108 cfu/ml) were deposited on each slice and left to dry under the laminar flow. Dishes were kept
in the same incubation conditions for five days. Pear slices treated with saline solution without
inoculation of Ea21 and pear slices treated with saline solution and inoculated with Ea21 were used
as controls. Ea21 virulence on pear slices was evaluated according to a scale from 0 to 6 (Mendes et
al. 2021). Symptomless (0); low ooze production with browning in % of the slice (1); production of
ooze with browning in half of the slice (2); production of ooze with light browning of the slice (3);
production of ooze with dark browning of the slice (4); enhanced production of ooze with intense dark
browning of the slice (5); scorched slice (6). Each treatment included three biological replicates (Petri

dishes) and three technical replicates (pear slices), and the experiment was repeated twice.
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2.1.6. Assessment of potential biocontrol bacteria to prevent hypersensitive reaction in tobacco plants

The test of Klement et al. (1964) was modified as follows. Briefly, bacterial strains were
resuspended in sterile saline solution and combined with Ea21Rf® to have a bacterial cell suspension
with a final concentration of 10 cfu/ml for each bacterium. The resulting bacterial cell suspension (1
ml) was injected into intercellular spaces (three replicates) per leaf of a healthy tobacco (N. tabacum)
plant. One tobacco plant was used for each treatment to avoid any crosstalk among injected tobacco
leaves. Bacterial strains isolated in this work were injected alone to assess their ability to establish a
pathogenic interaction with tobacco plants. Sterile saline solution and Ea21 were injected alone as
untreated and positive control, respectively. Tobacco plants were maintained under controlled
conditions (25 = 1 °C; 70 = 10 % RH; 16 h photoperiod) in the greenhouse. The Hypersensitive
Response (HR) is one of the plant defence mechanisms against pathogenic bacteria and is
characterised by the development of chlorosis on the leaves, followed by localized cell death to restrict
the spread of the pathogen (Klement et al. 1964). HR was scored after 48 h by measuring necrotic
areas and sectors by using ImagelJ software (Schneider et al. 2012). Three replicates were done for
each treatment, and the assay was repeated twice. To see whether the bacterial strains were able to
reduce the Ea21Rf® population size, the three leaf sectors previously infiltrated were cut into small
pieces, transferred into a sterile 15 ml tube containing 3 ml sterile saline solution and briefly vortexed
(10 s). The resulting suspension was serially diluted (from 107! to 107'%) and plated onto NA amended

with rifampicin (100 pg/ml) and cycloheximide (100 pg/ml).
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2.1.7. Evaluation of contact-dependent and independent antibacterial activity of bacterial strains

potential biocontrol agents of Erwinia amylovora Ea2l

Three bacterial strains were evaluated for their ability to inhibit E. amylovora cell growth. The
contact-dependent antibacterial activity was evaluated by preparing cell suspensions of Ea21 and
potential biocontrol bacteria at 107 or 10® cfu/ml. In this assay, Ea21Rf? was used. Volumes of five
ul of Ea21 and one of the selected strains were spot co-inoculated onto PSBMT prepared according
to Pusey et al. (2008c) with the addition of thiamine-HCI (2.6 mg/l), as illustrated in Table 2. The
following combinations were tested: i) Ea21Rf® (10% cfu/ml) + Bacterial strain X (10% cfu/ml); ii)
Ea21RfR (10® cfu/ml) + Bacterial strain X (107 cfu/ml). Cell suspension at 107 and 10® cfu/ml of the
tested bacterial strains and Ea21Rf® (10® cfu/ml) were spot inoculated individually onto PSBMT as
untreated controls. After 48 h incubation at 27°C, each spot was excised from PSBMT with a sterile
corkborer (5 mm diameter), transferred in a sterile 1.5 ml microcentrifuge tube containing 1 ml of
sterile saline solution and briefly vortexed (10 s). The resulting bacterial cell suspensions were serially
diluted (from 107! to 107'°) and plated onto NA amended with rifampicin (100 pg/ml) to determine the
concentration of Ea21Rf® viable cells. As well, NA was used to determine the concentration of the
viable cells of selected bacteria. Three replicates were done for each combination, and the assay was

repeated twice.

The contact-independent antibacterial activity of the potential biocontrol bacteria was
evaluated by first exposing the bacterial strains to chloroform to kill them, followed by inoculating
Ea21. The growth of Ea21 was subsequently monitored to assess whether any secondary metabolites

produced by the biocontrol bacteria prior to their death exhibited residual toxicity. This approach
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evaluates the potential of biocontrol agents to generate toxic compounds capable of inhibiting
pathogen growth even after the bacterial cells are no longer viable. The test was conducted according
to the protocol of Puopolo et al. (2016), by spot-inoculating 20 pl of the cell suspensions (10 cfu/ml)
of potential biocontrol bacteria onto PSBMT and/or R2A contained in Petri dishes (60 mm). After 48
h incubation at 27°C, bacteria cells were killed by using chloroform vapours for one hour under the
chemical hood. Subsequently, Petri dishes were aerated under the laminar flow for 30 min and then
exposed to the UV rays for another 20 min to avoid any contaminations. Petri dishes containing
PSBMT and/or R2A that were not inoculated with any selected bacterial strains were used as a control.
A suspension of Ea21 was added to Phosphate-Buffered Saline amended with agar (0.4 g/l; PBSA) to
have a final cell concentration of 10® cfu/ml. The resulting PBSA containing Ea21 was poured on the
treated Petri dishes (3 ml/ Petri dish), and after cooling, Petri dishes were incubated at 27°C. After 48
h, contact-independent antibacterial activity was evaluated by scoring the presence of inhibition
haloes surrounding the bacterial cell microcolonies. Three replicates were done for each treatment,

and the assay was repeated twice.

2.1.8. Assessment of the mutual influence between Erwinia amylovora Ea2l and selected bacterial

strains on siderophore production

Siderophore detection assay was performed according to Schwyn and Neiland (1987), and
Vasseur-Coronado et al. (2021), with some modifications. PSBMT was poured into Petri dishes (90
mm) and left to dry. Once dried, half part of the growth medium was removed using a sterile scalpel
from each Petri dish. CAS Agar was prepared and poured to fill the now empty part of the Petri dishes.

Cell suspensions of Ea2l and selected bacterial strains were prepared, and five pl of each cell
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suspension of selected bacteria was spot inoculated onto PSBMT at one cm far from the spot of Ea21
cell suspensions (five ul). Both spots were done at 1 cm far from the border with CAS agar. Selected
bacterial strains and Ea21 grown alone onto PSBMT at a one cm distance from CAS agar were used
as untreated controls. Once the spot inoculated, Petri dishes were incubated at 27°C. After five days,
CAS agar discoloration area was calculated with ImageJ software by measuring the side of the halo
not in contact with the interacting bacterial strain (when two bacterial strains were tested), thereby
enabling the quantification of siderophore production for each strain, or on the corresponding side
when one single bacterial strain was tested. Three replicates (Petri dishes) were used for each

treatment and the experiment was carried out twice.

2.1.9. Growth curves in Partial Stigma-Based Medium

Selected bacterial strains and Ea21 suspensions were centrifuged at 5,000 rpm for 10 min,
washed twice with saline solution, and resuspended in liquid PSBMT to an ODsoo of 0.1. Each well
of a sterile 48-well microplate was filled with 1 ml of each bacterial suspension. The plate was
incubated at 27°C in the Synergy 2 (BioTek® Instruments) with horizontal shaking (rpm). The growth
of each bacterial culture was estimated by measuring the optical density at 600 nm every hour to build
the bacterial growth curves. After 24 h of incubation, the bacterial cell cultures were serially diluted
(from 107" to 107'%) and plated onto NA or R2A to determine the final bacterial cell concentration. The

experiment was repeated twice with three replicates for each bacterial strain.
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2.1.10. Determination of the effect of bacterial culture filtrates on Erwinia amylovora Ea2l cell

growth and motility

Selected bacterial strains and Ea21 were inoculated in 12 ml of liquid PSBMT contained in
sterile 15 ml tubes and incubated at 27°C on an orbital shaker (180 rpm). Tubes containing PSBMT
were used as the untreated controls. After 24h, the bacterial cell cultures were centrifuged at 5,000
rpm for 10 min, and the supernatants were sterilised by filtration (0.2 pm). Once the pH value was
determined, half the volume of the supernatant was adjusted to pH 7, while the other half was left
unchanged and labelled as Talis Qualis (TQ). The supernatants were again filter sterilised, transferred
into sterile 15 ml tubes (5 ml each) and inoculated with 100 pl of the Ea21 cell culture. The tubes were
incubated overnight at 27°C on an orbital shaker (180 rpm). The resulting Ea21 cell cultures were
serially diluted, plated on NA dishes and incubated at 27°C. Ea21 colonies were counted after 48 h.

The experiment was repeated three times with three technical replicates for each treatment.

A similar approach was used to test the impact of culture filtrates on Ea21 cell motility. Briefly,
the selected bacterial strains were grown in 500 ml bottles containing PSBMT (300 ml) at 27°C on an
orbital shaker (180 rpm). After 24h, the bacterial cell cultures were processed as reported above to
have half part of the culture filtrate at pH 7, whereas the other half was. A 500 ml flask containing
PSBMT (300 ml) was used as the untreated control. Subsequently, 100 ml sterile bottles containing
10 ml of distilled water with two different agar concentrations were autoclaved and mixed with 60 ml
of each cultural filtrate. The final agar concentrations used were 0.25% (Zeng et al. 2014) and 0.5%
(Rezzonico and Duffy, 2007) for swimming and swarming, respectively. The resulting growth media

were poured into Petri dishes (60 mm) and allowed to dry overnight; an aliquot of Ea21 cells grown
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on NA dishes (48 h) was placed at the centre of each Petri dish using a one pl loop and incubated at
27°C. The motility area was evaluated with ImageJ software after 24 and 48 hours for swimming and
swarming assay, respectively. The experiments were repeated three times with ten technical replicates

for each treatment.

2.1.11. Assessment of the effect of bacterial culture filtrates on Erwinia amylovora Ea2l biofilm

production

The assay was performed according to Peng et al. (2021) with slight modifications. Selected
bacterial strains were inoculated in sterile liquid PSBMT (5 ml) contained in sterile 15 ml tubes and
grown for 24 h at 27°C on an orbital shaker (180 rpm). Similarly, Ea21 was inoculated in 10 ml of
sterile Lysogeny Broth (LB, Fluka) contained in sterile 15 ml tubes and grown for 18 h at 27°C on an
orbital shaker (180 rpm). Bacterial cell cultures were centrifuged at 5,000 rpm for 10 min, and the
supernatants were handled as reported above. Ea21 cultures were centrifuged at 5,000 rpm for 10 min,
washed twice with saline solution and resuspended in LB to an ODggo of 2. Wells of a sterile 96-well
plate (Costar, 3595) were treated with 200 ul of acetone for 20 s (Davies and Marques, 2009; Peng et
al. 2021), dried under the laminar flow hood and filled with 100 pl of the Ea21 suspension. The same
volume (100 pl) of either PSBMT, bacterial cell culture filtrate (pH 7 or as it was) or SDW were
added to the wells to have a final Ea21 cell ODg¢go of 1. The media resulting from these combinations
were PSBMT + LB, culture filtrate + LB, culture filtrate (pH7) + LB, and SDW + LB. The plate was
incubated at 27°C, 10 rpm. After 48h, the wells were stained with 10% crystal violet, washed with
distilled water and dried. 300 pl of a solution made with methanol acetic acid solution (40% and 10%,

respectively) were added to each well. After 1 h of incubation, the biofilm production was assessed
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by measuring the absorbance at 594 nm. The experiment was repeated twice with seven replicates for

each treatment.

2.1.12. Sequencing and assembly of Pantoea agglomerans AFF2001 genome

Genomic DNA was extracted from Pantoea agglomerans AFF2001 using DNeasy Blood and
Tissue Kit (Qiagen) following the protocol according to the manufacturer’s protocol. The whole
genome was sequenced through Oxford Nanopore technology at the Edmund Mach Foundation (San
Michele all’Adige, Italy). Part of a flow cell version 9.4 was employed. The generated reads were then
assembled following the bacterial-genomes pipeline implemented with epi2me flye V.2.9.3-b1797
(Kolmogorov et al. 2019) and polished with medaka V.1.11.3 (medaka: Sequence correction provided
by ONT Research). Finally, the genome was annotated with a RAST annotation server (Aziz et al.
2008) and subsequently analysed with antiSMASH 7.0 (Blin et al. 2023) to search for any bioactive

secondary metabolites.

2.1.13. Construction and screening of Pantoea agglomerans AFF2001 knockout mutants

To investigate the molecular mechanisms involved in the biocontrol activity, knockout
mutants of P. agglomerans AFF2001 were created via transposon mutagenesis (Alexeyev et al. 1995).
Triparental mating was performed according to Williams and Stavrinides (2020), with slight
modifications. E. coli DH5a pUT-miniTn5-Km was used as donor strain (D), E. coli HB101 pRK2013
as helper strain (H), and a spontaneous rifampicin-resistant mutant of P. agglomerans AFF2001 as
recipient strain (R). Briefly, the three bacterial strains were inoculated in sterile liquid LB amended

with either kanamycin 50 pg/ml for donor and helper strains or rifampicin 100 pg/ml in the case of
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the recipient strain and grown for 16 hours on an orbital shaker (180 rpm). Overnight bacterial cultures
were then centrifuged at 5,000 rpm for 5 min and washed three times with sterile NaCl solution.
Bacterial suspensions were mixed in a 20:20:1 (D:H: R) ratio, and 100 pl of the triparental mix was
spot inoculated on LBA plates and incubated at 30°C. After 24 hours, each spot was resuspended in
1 ml of sterile saline solution, and 100 pl of the suspensions were plated on NA amended with
kanamycin 25 pg/ml and rifampicin 100 pg/ml and incubated at 27°C until single bacterial colonies

were visible on the plates.

The screening of the effects of the transformant on the growth of E. amylovora Ea21 was done
as follows: Ea21 was transformed with plasmid pPBBRMCS5-GFP (Pallucchini et al. 2024), which
contains the Green Fluorescent Protein (GFP) and named Ea21GFP. Bacterial suspensions of P.
agglomerans AFF2001 mutants and Ea21GFP suspension were spot co-inoculated onto PSBMT
plates and incubated at 27°C. After 48 hours, bacterial spots were exposed to the UV light and the
transformants whose co-spot resulted fluorescent or showed a different morphology compared to the
positive control (P. agglomerans AFF2001 wildtype with Ea21GFP) were selected for further

analysis. Fluorescent halos were recorded as an indication of Ea21GFP viability and growth.

To understand the impact of the mutated genes on the biocontrol activity of P. agglomerans
AFF2001, the plant protection efficacy of all mutants was evaluated both on apple flowers and pear
slices to see any differences in the control of fire blight symptoms and E. amylovora virulence. To
avoid any possible biased results in the assays, the growth rate of the knockouts was determined in

Nutrient Broth with an incubation time of 16 hours.
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Subsequently, the insertion of the mini-Tn5 transposon in the genome of the selected mutants
was determined following what was reported by Ochman et al. (1988), Smith et al. (2016), and
Williams and Stavrinides (2020). First, the genomic DNA of each transformant extracted with the
Qiagen DNeasy Blood and Tissue Kit was digested with the HinclI restriction enzyme. The digestion
product was then ligated, purified and used as a template for a PCR reaction with primers npt+772
(5'-TTCGCAGCGCATCGCCTTCTATC-3") and npt-41 (5'-
AGCCGAATAGCCTCTCCACCCAAG-3'). Finally, the transposon insertion sites were identified by
BLASTing the amplified sequences against the draft genome of P. agglomerans AFF2001 and using

the RAST annotation server.

2.1.14. Characterization of Pantoea agglomerans AFF2001 knockout mutants

All Pantoea agglomerans AFF2001 knockout mutants were characterised in vitro by testing
motility, siderophore production and bacterial culture filtrates. All these assays were done as
previously described. The biofilm formation was instead performed according to Nagorska et al.
(2008) and Yaryura et al. (2008) with slight modifications. Briefly, bacterial suspensions of each
mutant were prepared (ODsoo=1). Ten pl of the suspension was inoculate into 1 ml of PSBMT in the
wells of a 48-well plate and incubated at 27°C for 48 hours. The medium was removed by inverting
the plate and the plate was dried at 37°C for 15 minutes. One ml of methanol was added to the wells
for one minute, discarded and washed with sterile distilled water (SDW). After drying again at 37°C
for 20 minutes, wells were filled with Cristal Violet (1%) and incubated for 1 minute. Successively,

several washes with SDW were done before adding one ml of an ethanol:acetone solution (ratio 4:1).
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After 5 minutes of incubation, the biofilm amount was determined at ODsos. The experiment was

repeated three times with 5 replicates for each bacterial strain.

2.2. Drosophila suzukii: a potential vector of Erwinia amylovora, the causal agent of apple fire

blight?

2.2.1. Maintenance of Drosophila suzukii colony, Erwinia amylovora strains and preparation of

bacterial cell suspensions

The Drosophila suzukii colony was started from individuals collected from the Trentino region
(Italy) in 2010. Flies were raised according to Rossi-Stacconi et al. (2022). Briefly, all the insects were
given a specific diet (Dalton et al. 2016; Rossi-Stacconi et al. 2022) twice a week and kept in flasks
at suitable conditions (21°C, 16 L: 8 D photoperiod, 60%-80% relative humidity [RH%]) in an
environmental chamber for 3 weeks for fly emergence. According to Boucher and colleagues (2019),
food deprived flies were used for all experiments. Three-day-old flies (£1 day) were kept in starvation

for 24 hours.

Erwinia amylovora strain Ea21 used in this study was isolated from a diseased apple plant in
Trentino (Albanese et al. 2022). Bacterial cells were stored at length in glycerol (40%) at -80°C and
routinely grown for 48 h at 27°C on Nutrient Agar (NA, Oxoid). An E. amylovora Ea21 strain holding
a plasmid containing the Green Fluorescent Protein (GFP) (Pallucchini et al. 2024) was also
employed. In this case, NA was amended with gentamycin (25 pg/ml) and chloramphenicol (25
pg/ml). For all the assays, NA amended with 50 g/l of Sucrose (SNA) was inoculated with E.

amylovora Ea21 and incubated at the same conditions described above. Bacterial cell suspensions
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were prepared by adding 3 ml of a sterile saline solution (0.85% NaCl, w/v) into Petri dishes, scraping
the bacterial cells with a sterile spatula and collecting them in a sterile 15 ml tube. This procedure was
applied in all the experiments. The bacterial cell suspensions of E. amylovora Ea21 and E. amylovora
Ea21GFP were adjusted to a final optical density of 1 at 600 nm (ODsoo), corresponding to = 10°

colony forming units cfu/ml and used in all the experiments, except when otherwise indicated.

2.2.2. Assessing the attraction of Drosophila suzukii to Erwinia amylovora Ea21: Pitfall choice test

The pitfall test was conducted to evaluate the attractiveness of the bacterial ooze produced by
E. amylovora Ea21 to D. suzukii. Individual insects had to choose between a vial inoculated with the
E. amylovora Ea21 and a non-inoculated vial containing only the growth medium. The experimental
setup was designed as follows. Glass vials (20 ml) were filled with 5 ml of SNA, closed with the cap,
autoclaved and then left to dry at 45° of inclination. Half of the vials were inoculated with 50 ul of a
E. amylovora Ea2l suspension, while the other half was not inoculated, representing the treatment
and the negative control, respectively. The inoculation was done under the laminar flow hood, and the
vials were closed with the cap and incubated for 48 hours at 27°C to allow Ea2l to produce the
bacterial ooze. After this time, the vials were opened, and a 5 ml Eppendorf was secured to the opening
of the vial with parafilm. To avoid contact with the bacterial medium inside the vial, all Eppendorf
tubes were modified by cutting off both ends, one at the tip and the other at the 4 ml mark. This
allowed the tubes to function as funnels for introducing D. suzukii individuals without allowing them

to escape once inside the vial.

Plastic containers (2 12,5 x 12 cm) were used as arenas. The lids were modified by drilling

two holes with a diameter of 2.3 cm. One of the holes was sealed using a fine mesh secured with hot
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glue. The second hole was plugged with a 50 ml tube previously cut at the 40 ml mark. The tube was
fixed to the cap at the hole using hot glue to ensure a tight seal (Figure 2A). Prior to each experimental
trial, all the containers and lids were sterilized with ethanol (70%, v/v) and left to dry. One inoculated
vial and one non-inoculated vial were placed inside each container (Figure 2B). In addition to the
vials, a 1.5 ml Eppendorf sealed with a cotton plug soaked in water was placed in the container to

maintain humidity and provide water for the tested D. suzukii individuals (Figure 2B).

Figure 2. Plastic containers used for the pitfall choice test. A) the cap; B) the vials containing the medium
inoculated or non-inoculated with Erwinia amylovora Ea21.

Finally, one D. suzukii individual was placed into each container subsequently closed with the
lid. The distribution of individuals based on sex and the positioning of the vials within the container
(inner vs. outer) was randomized as much as possible following the given scheme (Figure 3). All
containers were then placed for 48 hours in a climate-controlled chamber at 22°C and 80% relative
humidity, with a 16-hour light and 8-hour dark photoperiod. The same shelves were used for all test

setups to ensure consistent environmental conditions throughout the trials. A total of 224 replicates
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(113 males and 111 females of D. suzukii) were conducted using the pitfall choice test across six

experimental sessions.

Figure 3. Setup of pitfall choice experiment. Circles represent the plastic container used for the test. Colours
indicate whether females (pink) or males (blue) of Drosophila suzukii were tested. Letter ‘P’ (positive control)
refers to the vials inoculated with Erwinia. amylovora Ea21.

2.2.3. Assessing the attraction of Drosophila suzukii to Erwinia amylovora Ea2 1. Olfactometer choice

test

The Y-tube olfactometer choice test was performed to assess a possible attraction of D. suzukii
to any volatile organic compounds (VOCs) released by the bacterial ooze produced by E. amylovora
Ea21. Compared to the pitfall choice test, the olfactometer experiment presents two main differences.
First, the test duration was set to 5 minutes. Second, insect attraction to bacterial ooze was assessed
under airflow conditions and not static air, allowing a better analysis of the attractive effect related to

volatile compounds emitted by the ooze. The setup used in this study consisted of a Y-tube glass
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olfactometer (24 cm; @ 2.5 cm) with two arms connected to sealed plastic containers. In each
experiment, one of the two containers presented a SNA petri dish inoculated with 50 ul of a E.
amylovora Ea21 suspension (namely the treatment), whereas the other contained a SNA plate not
inoculated that represented the negative control. An airflow generated by a peristaltic pump (Sera®
Precision; Air 275 R Plus) was humidified, purified and split into two equal streams, set at 550 ml
min—1 by flow meters (Berk, 2013; Kytola Instruments®, EK-2KR) flowing into the plastic containers

and then in the olfactometer’s arms (Figure 4).

Figure 4. Setup of olfactometer assay. Petri dishes were placed in the two plastic containers at the end of the
two arms.

Drosophila suzukii individuals were introduced into the central arm to observe whether they
were attracted and moved toward one of the arms where the chemical stimuli were present. D. suzukii
flies were tested individually in a single examination session consisting of observing one individual

at the time. Each session lasted until the individual made a choice, with a maximum duration of 5
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minutes. This period was defined as the activation time (i.e., the time allowed for the individual to
make a choice). A choice was considered to have occurred when D. suzukii flies moved and crossed
the midpoint of the two Y-tubes. Individuals that did not move within the allotted 5-minute period
were deemed non-responsive and excluded from the analysis. Preliminary experiments tested single
individuals; however, due to a very low activation rate, subsequent tests were conducted in groups of
10, with flies separated by sex. A total of 160 individuals (80 females and 80 males) were tested. The
experiment was first conducted testing 20 individuals of D. suzukii (8 females and 12 males).
Subsequently, since no activation was observed, the flies were tested in groups of 10. When tested in
groups of 10 individuals, the flies were divided by sex. A total of 16 replicates were conducted, with

8 groups of females and 8 groups of males, for a total of 160 individuals.

2.2.4. Acquisition test.: protocol optimization

To assess the acquisition of E. amylovora Ea2l by D. suzukii, several experiments were

performed to test different setups of the acquisition assay reported by Ordax and colleagues (2015).

Inoculation substrate. Several fruits (mature and immature apple and pears) were infected with
E. amylovora Ea21GFP to evaluate which biological substrate most effectively promoted the
production of bacterial ooze. At first, mature apples Malus domestica cv. Royal Gala (Biosiidtirol®,
VOG) and cv. Golden Delicious (Melinda®) were tested. The fruits were transferred in a plastic
container previously sterilised and covered with NaClO solution (2% v/v). The container was left in
shaking conditions (60 rpm) for 5 minutes. NaClO solution was discarded, and the apples were
covered with NaClO solution (0.5% v/v). The container was left in shaking conditions (60 rpm) for 1

minute. The hypochlorite solution was discarded, and the apples were washed three times with SDW.
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The fruits were then left to dry under the laminar flow hood. Eight linear incisions (approximately 0.5
cm deep and 2.5 cm long) were made around the circumference of each fruit with a sterile scalpel and
subsequently inoculated with 20 ul of a E. amylovora Ea21GFP suspension. Three different bacterial
concentrations were inoculated, once for each apple: ODgoo 0f 0.1, ODsoo 0f 0.5, and ODeoo of 1. Plastic
containers previously sterilised with ethanol (70%, v/v) and UV light were filled with three layers of
sterile paper moistened with 1 ml of sterile distilled water to maintain humidity. Apples were then
placed inside the containers and incubated at 27 °C for 48 hours. Subsequently, immature pears (Pyrus
communis cv. Williams) and apples (Malus domestica cv. Royal Gala and Golden Delicious) with a
diameter of approximately 3 cm, collected in the orchard of the Fondazione Edmund Mach (San
Michele all‘ Adige) were sterilised and inoculated as described above. All infected fruits and D. suzukii

were placed together inside a cage covered in a plastic film to maintain humidity.

Time of exposure. To determine the experiment duration based on the lifespan of D. suzukii,
flies were exposed for 7 days to SNA plates exhibiting E. amylovora Ea21GFP ooze, as inoculated

fruits were not available. Insects were sampled at fours time points (day 0, 3, 5 and 7).

Number of insects. Once the substrate of inoculation and the time exposure were established,
the number of D. suzukii individuals to be tested was assessed. Thus, flies were exposed to the
bacterial ooze developed on SNA plates upon inoculation with E. amylovora Ea21GFP. The exposed
individuals were pooled together with unexposed flies in ratios 1:1, 1:20 and 1:100 (individuals
exposed to E. amylovora: individuals not exposed). The pooling was done to evaluate whether the
diagnostic method could be applied to large numbers of individuals, as insect captures often yield

many specimens, and analysing them individually can be time-consuming. DNA was extracted
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according to the method described in the following paragraph and analysed through real-time PCR
(qPCR) with the parameters reported below. Four samples (C1, C2, C3, C4) were analysed for each
combination and compared to two positive controls (P1, P2), one consisting of a colony of E.
amylovora Ea21 and the other a previously tested D. suzukii harbouring the bacterial plant pathogen.
Additionally, two negative controls (N1, N2) were included, one consisting of a D. suzukii individual

not exposed to the bacterium and the other Milli-Q water. Each sample was tested in duplicate.

DNA extraction. Two DNA extraction methods were compared. In the first method, a single
D. suzukii fly was put in a 1.5 ml Eppendorf with steel beads, homogenised using a mixer mill (Mixer
Mill MM200, Retsch) for 30 seconds at 25 Hz, and filled with 100 pl of Smm Tris-HCI (pH 8).
Eppendorf tubes and steel beads were kept at -20°C prior to homogenisation. Two samples were tested
with this ‘alternative’ method and designated as D1 and D2. In the second one, an individual fly was
processed by using a DNA FFPE Tissue Kit (QIAGEN GmbH), eluting the DNA in 100 pl of the
suggested buffer and following the manufacturer’s protocol. Two samples were tested with the
commercial kit and named D3 and D4. A thermal shock (95°C) was subsequently applied to the tubes
for 5 minutes, and the sample was stored at -20°C for at least 20 minutes. The effectiveness of both
methods was evaluated by performing a qPCR using the primer pairs described by Gottsberger (2010),
which target a gene coding for a hypothetical protein. The protocol consisted of 50 cycles of 95°C for
5 sec and 60°C for 30 sec. Before the thermal treatment, dilutions of the samples were plated on SNA

plates to assess the viability of E. amylovora bacterial cells.
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2.2.5. Statistical analysis

Pitfall choice test data were analysed using a G-test with William’s correction to evaluate the
significance of D. suzukii's choices between the control and the bacterial ooze treatment. This test
assessed whether the observed distribution of choices was significantly different from a random

distribution.

Concerning the olfactometer trials, a two-tailed exact binomial test was used to assess whether
the individuals' attraction to the control or the treatment deviated significantly from a random 50:50
distribution. Additionally, a chi-squared test was performed to determine whether there were
significant differences in attraction between males and females in their response to the bacterial ooze.
These tests provided insights into both individual preferences and potential sex-based differences in

behaviour. All the analyses were conducted with R.
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CHAPTER 3. RESULTS

3.1. From apple flowers to control fire blight: new potential biocontrol agents of Erwinia

amylovora?

3.1.1. Bacterial isolates mainly belong to the Enterobacteriaceae, Microbacteriaceae and
Pseudomonadaceae bacterial families, and their metabolic profiles revealed differences and

similarities with Erwinia amylovora Ea21

Upon a first selection based on the colony morphology, the endophytic bacteria isolated from
healthy apple flowers were identified through 16S rRNA gene sequences. The phylogenetic analysis
revealed that most of the bacterial strains belonged to Enterobacteriaceae, Microbacteriaceae and
Pseudomonadaceae (Figure 5). Among the members of the family Enterobacteriaceae, Erwinia
billingiae AFF4005 belonged to the same genus of Erwinia amylovora, and the similarity in the colony
morphology was visible on plates. Two bacterial isolates were identified as Pseudomonas
extremaustralis (AFC1001 and AFC1003) and Pseudomonas graminis (AFF1005 and AFF6001).
Thus, only one representative isolate per species was tested, namely AFC1001 and AFF1005. Ps.
extremaustralis AFC1001 had a transparent appearance on R2A plates, while all the other
Pseudomonas strains were either yellow or white. Acinetobacter sp. AFF2002 is the only
representative of the Moraxellaceae family. Gram-negative bacteria were more abundant since only

three out of thirteen endophytes were Gram-positive and belonged to the Microbacteriaceae family.
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Figure 5. Phylogenetic tree of the endophytic bacteria isolated from apple flowers. Bacterial strains were
identified as members of the Enterobacteriaceae (blue), Microbacteriaceae (violet) and Pseudomonadaceae
(yellow) families. The analysis was conducted based on /65 rRNA gene sequences and on the neighbour-joining
method (Saitou and Nei 1987). Bootstrap value of 1000 replicates.
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The metabolic profiles of apple endophytic bacteria were compared with E. amylovora Ea21
to assess a possible overlap in the nutritional requirements, which could lead to competition with the
pathogen for floral nutrients, thereby inhibiting its colonization. All bacteria were incubated in the
Biolog PM plates to assess whether each compound tested was required for growth. Based on the
extent of growth, it was determined whether the compound was metabolized by the bacteria. Bacterial
strains belonging to the Enterobacteriaceae family (Pantoea agglomerans AFF2001, Erwinia
billingiae AFF4005, Yersinia similis AFF3001, Rahnella aquatilis AFF4004, Yersinia aldovae
AFF5003) exhibited a similar carbon source utilisation profile to E. amylovora Ea21, with a strong
preference for glucose and its derivatives (PM1, Figure 6; PM2A, Figure 7). These substrates include
b-methyl-D-glucoside, fructose, galactose, mannitol, N-acetyl-D-glucosamine, ribose, sorbitol, and
D-trehalose. High values of Omnilog Units were also measured for gentiobiose, pectin and sucrose.
Among the Enterobacteriaceae strains, P. agglomerans AFF2001 demonstrated the most potential for
competition with E. amylovora Ea2l, particularly for N-acetyl-D-glucosamine, fructose, succinic
acid, D-galactose, D-trehalose, and pectin, as indicated by the overlap in the growth curves (data not
shown) and by the values in the heatmaps (PM1, Figure 6; PM2A, Figure 7). Interestingly, other
bacterial strains from different families, such as Acinetobacter sp. AFF2002 and Subtercola
frigoramans AFC2001, showed very limited assimilation of the carbon sources present in the Biolog
plates PM1 and PM2A. The assimilation of nitrogen substrates was more variable among the bacterial
strains tested (PM3B, Figure 8). However, it was possible to observe that Ea21 requires specific amino
acids, such as asparagine, aspartic acid, cysteine, glutamic acid, glutamine, proline and tryptophan.
These were also metabolized by other Enterobacteriaceae members (P. agglomerans AFF2001, R.
aquatilis AFF4004, Y. aldovae AFF5003), Pseudomonadaceae strains (Pseudomonas extremaustralis
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AFC1001, Pseudomonas helmanticensis AFF1002, Pseudomonas yamanorum AFF5001) and
Acinetobacter sp. AFF2002. The endophytic bacteria were generally able to assimilate almost all the
amino acids. Only S. frigoramans AFC2001, Curtobacterium flaccumfaciens AFF2009 and
Acinetobacter sp. AFF2002 showed low assimilation of the nitrogen sources of the Biolog PM3B
plate (Figure 8). Overall, despite their similar metabolic profiles, the main difference among the
bacterial strains was the timing of nutrient acquisition, as indicated by the growth curves data recorded

by the Omnilog instrument (data not shown).
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Figure 6. Heat map based on the utilisation patterns of carbon sources from the Biolog PM1 MicroPlate by the
strains derived from the microbial communities of apple flowers and Erwinia amylovora Ea2l. Data were
measured in Omnilog Units (OU). The higher is the value, the higher is the assimilation of a certain substrate
by the bacterial strain.
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Heatmap of PM2 MicroPlate
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Figure 7. Heat map based on the utilisation patterns of carbon sources from the Biolog PM2A MicroPlate by
the strains derived from the microbial communities of apple flowers and Erwinia amylovora Ea21. Data were
measured in Omnilog Units (OU). The higher is the value, the higher is the assimilation of a certain substrate
by the bacterial strain.
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Heatmap of PM3B MicroPlate
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Figure 8. Heat map based on the utilisation patterns of nitrogen sources from the Biolog PM3B MicroPlate by
the strains derived from the microbial communities of apple flowers and Erwinia amylovora Ea21. Data were
measured in Omnilog Units (OU). The higher is the value, the higher is the assimilation of a certain substrate
by the bacterial strain.
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3.1.2. Acinetobacter sp. AFF2002, Curtobacterium flaccumfaciens AFF2009, Pantoea agglomerans
AFF2001, and Pseudomonas extremaustralis AFCI001 showed the highest efficacy in
controlling Erwinia amylovora Ea2l on apple flowers and immature pear slices and in

preventing hypersensitive reactions in tobacco plants

To find new potential biocontrol agents, all bacterial strains isolated from healthy apple
flowers were tested on newly opened apple flowers to assess their effect on E. amylovora Ea21. The
stigmas of the flowers were treated by applying 2 pul of each bacterial cell suspension, followed by
inoculation with E. amylovora Ea21 after 24 h. The symptoms were evaluated on stigmas where E.
amylovora colonisation takes place at the earliest stage of the infection. Results showed that
Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009, P. agglomerans AFF2001, and Ps.
extremaustralis AFC1001 treatments were effective in controlling fire blight disease development on
flowers (Figure 9). The flowers treated with all other bacterial strains did not show any significant
reduction in symptoms and were therefore excluded from further analysis. For all these treatments,
symptoms of stigmas were significantly reduced compared to the flowers inoculated with Ea21 alone.
Except in a few cases, stigmas appeared mildly damaged since the necrotic area was not spread all
over the stigmatic surface. This was especially observed in flowers treated with P. agglomerans
AFF2001, even though the treatment efficacy was not statistically different from that calculated for

Acinetobacter sp. AFF2002 and C. flaccumfaciens AFF2009.

Bacterial strains that were effective on flowers were tested on immature pear slices to assess

their effect on the virulence of Ea21. Similarly to what done in the previous assay, pear slices were
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Figure 9. Bacterial strain ability to protect detached apple flowers against Erwinia amylovora Ea21. A) Plant
protection efficacy. Of all bacterial strains tested, Acinetobacter sp. AFF2002, Curtobacterium flaccumfaciens
AFF2009, Pantoea agglomerans AFF2001, and Pseudomonas extremaustralis AFC1001 showed the most
significant protective effect. Columns represent mean plant protection efficacy + standard errors of ten
replicates. The values indicate the relative percentage change between the flowers treated with the potential
biocontrol bacteria prior to the inoculation of Ea21 and those treated with Ea21 alone. Letters indicate values
that differ significantly according to Tukey's pairwise comparison test (oo = 0.05). B) Treated flowers. Red
arrows show the necrosis at stigmatic level. Flowers treated with sterile distilled water represent the negative
control.
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treated with the bacterial strain suspensions 24 h before the inoculation of Ea21. As observed in the
detached flower assay, Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009, and P. agglomerans
AFF2001 significantly reduced the development of symptoms and their severity (Figure 10A). These
include the production of oozes by Ea21 and the occurrence of brown areas on the slices. The efficacy
was above 70% in all treatments, but pear slices treated with P. agglomerans AFF2001 showed no
symptoms at all. When present, the ooze drops were not spread all over the pear slice surface in
comparison to the positive control. Moreover, the brownish areas were also strongly reduced. For still
unknown reasons, the application of Ps. extremaustralis AFC1001 caused side effects. The entire
surface of the pear slices appeared brown, including the peel (Figure 10B). However, it was not the
typical browning symptoms caused by E. amylovora. Thus, it was not possible to evaluate the impact

of this bacterial strain on the virulence of Ea21.
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Figure 10. Bacterial strain ability to protect immature pear slices against Erwinia amylovora Ea21. A) Plant
protection efficacy. Pantoea agglomerans AFF2001 showed the highest protective effect of 100% in
comparison to the other treatments. However, also Acinetobacter sp. AFF2002 and Curtobacterium
flaccumfaciens AFF2009 were effective. Data related to Pseudomonas extremaustralis AFC1001 are not
reported since the application of the bacterial suspension had a side effect on the pear slices. Columns represent
mean plant protection efficacy + standard errors of six replicates. The values indicate the relative percentage
change between the slices treated with the potential biocontrol bacteria prior to the inoculation of Ea21 and the
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slices treated with Ea21 alone. Asterisk indicates values that differ significantly according to the Student’s t-
test, p < 0.05 (* when p < 0.05; ** when p <0.01, *** when p < 0.001). B) Treated immature pear slices. Red
arrows show bacterial ooze produced by Ea2l. Pear slices treated with sterile saline solution represent the
negative control.

The hypersensitive reaction assay on tobacco was performed to evaluate whether the bacterial
strains tested had an impact on the pathogenicity of Ea21 (Figure 11). In contrast to what was observed
in the other treatments, Ps. extremaustralis AFC1001 was not able to prevent HR (Figure 11). The
leaf area presenting the symptoms almost corresponded to the leaf area injected. However, the typical
collapse of leaf tissue was less severe than in the positive control, meaning there might be a delay in
the resistant reaction. Leaf area infiltrated with Ea21Rf*-P. agglomerans AFF2001 had slightly
yellow symptoms, and this treatment was the most effective considering the severity of HR. Among
the treatments, only P. agglomerans AFF2001 significantly reduced the recovery of Ea21Rf® cells
from infected leaf tissue compared to the positive control, with a three-order magnitude difference
(10® cfu/ml for the positive control and 10° cfu/ml for the leaf infiltrated with both P. agglomerans

AFF2001 and Ea21). Other treatments did not result in a significant reduction of Ea21Rf® cells.
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Figure 11. Bacterial strain ability to prevent Hypersensitive Response (HR) in tobacco plants. A) Plant
protection efficacy. Pseudomonas extremaustralis AFC1001 showed no effect at all since the leaf surface
presenting HR symptoms was statistically comparable to the positive control. Columns represent mean plant
protection efficacy + standard errors of three replicates. The values indicate the relative percentage change
between the leaves treated with the potential biocontrol bacteria prior to the inoculation of Ea21 and the leaf
treated with Ea2l alone. Letters indicate values that differ significantly according to Tukey's pairwise
comparison test (a = 0.05). B) Infiltrated leaves. The injection of Erwinia amylovora Ea21Rf® suspensions
combined with either Acinetobacter sp. AFF2002, Curtobacterium flaccumfaciens AFF2009, or Pantoea
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agglomerans AFF2001 produced smaller HR areas in tobacco leaves (red arrows). The infiltration areas are
outlined in black. The leaf injected with sterile saline solution represents the negative control.

3.1.3. Pantoea agglomerans AFF2001 might exert a contact-dependent antibacterial activity against

Erwinia amylovora Ea21 in the Partial Stigma-Based Medium (PSBMT)

Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009, and P. agglomerans AFF2001 were
selected as potential biocontrol agents based on what was observed in apple flowers and in the other
plant assays. To investigate their modes of action, the antibacterial activity of the selected bacterial

strains on Ea21 cell growth was evaluated.

Ea21RfR cell suspension was spot co-inoculated with each bacterial strains at different cell
concentrations, as reported in Figure 12. All bacterial strains inhibited the growth of Ea21Rf®, even
when their cellular concentration was lower than that of the bacterial pathogen. Interestingly, no
Ea21RfR viable cells were recovered in the presence of P. agglomerans AFF2001. This bacterial strain
showed an inhibition efficacy of 100% and this might indicate a strong contact-dependent antagonism.
This antibacterial activity was mild in Acinetobacter sp. AFF2002 and C. flaccumfaciens AFF2009,
whose similar effect was not comparable to that of P. agglomerans AFF2001. The biocontrol bacterial

cell concentrations (107and 10® cfu/ml) did not influence the observed inhibition effect.

Regarding the assay with chloroform vapours, none of the tested bacterial strains affected Ea21

growth (data not shown), suggesting they likely lack contact-independent antibacterial activity.
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Figure 12. Contact-dependent antibacterial activity of bacterial strains against Erwinia amylovora Ea2 1R,
Ea21Rf® was spot co-inoculated with each bacterial strain. In all combination tested, a negative effect on the
growth of Ea21 was visible. Pantoea agglomerans AFF2001 showed the highest efficacy and thus the strongest
inhibition ability. Columns represent mean effect + standard errors of three replicates. For each combination
reported, the values indicate the relative percentage change between the growth of Ea2 1Rf® in the presence of
the potential biocontrol bacteria and the growth of Ea21Rf® alone. Asterisk indicates values that differ
significantly according to the Student’s t-test, p < 0.05 (* when p < 0.05; ** when p < 0.01, *** when p <
0.001).

3.1.4. The production of siderophores in Pantoea agglomerans AFF2001 in PSMBT medium is higher

in the presence of Erwinia amylovora Ea2 1

The potential biocontrol agents might compete for nutrients and elements present in the
environment. Thus, the iron acquisition ability of each bacterial strain alone and in the presence of
Ea21 was evaluated. No CAS agar discolouration area was detected for Acinetobacter sp. AFF2002
and C. flaccumfaciens AFF2009, underlying these bacterial strains did not release any siderophores
under the tested conditions. This was constantly observed even when Ea21 was spot inoculated at 1
cm, meaning there was no competition with bacterial pathogens in PSBMT. However, in the presence

of Ea21, an increase in the production of siderophores by P. agglomerans AFF2001 was observed, as
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shown in Figure 13A, C. Interestingly, Pantoea agglomerans AFF2001 seemed to have a similar
effect on Ea2l, suggesting a possible iron competition between these two bacterial strains.
Additionally, the morphology of the microcolonies of Ea21 changed when P. agglomerans AFF2001
was spot inoculated at 1 cm. The side of the Ea21 colony facing the other spot appeared less dense
(Figure 13C) in comparison to what was observed in the singular spot. Moreover, the Ea21 colony
looked more transparent and not fully white as the positive control. Regarding the effect of the selected
bacterial strains on Ea21, a higher release of siderophores was observed in Ea21 in the presence of
AFF2001 (Figure 13B, C). Interestingly, siderophore production was reduced when Ea21 was grown

with AFF2009 and AFF2002 as shown in Figure 13B.
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Figure 13. Mutual influence between Erwinia amylovora Ea2l and selected bacterial strains on siderophore
production. A) Pantoea agglomerans AFF2001 increased the release of siderophores in the presence of the
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bacterial pathogen. On the other hand, the other two bacterial strains did not seem to need to acquire iron in the
tested conditions. Columns represent the mean effect + standard errors of three replicates. The values indicate
the relative percentage change between the area of the discoloration halo produced by each tested bacterial
strain in the presence of Ea21 and that observed for each bacterial strain alone. B) During the interaction with
Pantoea agglomerans AFF2001, Ea21 showed a significant increase in the release of siderophore. On the
opposite, the release dropped when Ea21 was grown with Acinetobacter sp. AFF2002 and, Curtobacterium.
Sflaccumfaciens AFF2009. Columns represent the mean effect = standard errors of three replicates. The values
indicate the relative percentage change between the area of the discoloration halo produced by Ea21 in the
presence of the tested bacterial strains and that observed for Ea21 alone. Letters indicate values that differ
significantly according to Tukey's pairwise comparison test (o = 0.05). C) Pictures of the plates. White arrows
show the discolouration halos that indicate the release of siderophore. n the plates where the two spots are
present, EA21 spot is the one on the right.

3.1.5. Bacterial culture filtrates had an impact on Erwinia amylovora Ea21 cell growth and motility

To further investigate the modes of action of the bacterial strains selected as potential
biocontrol agents, the effect of their bacterial culture filtrates on Ea21 growth and motility was tested.
Interestingly, the PSBMT medium, initially at pH 7, became strongly acidic (pH 3.51) upon culturing
P. agglomerans AFF2001, while the acidification observed in the other treatments was mild (Table

3).

Table 3. pH of Acinetobacter sp. AFF2002, Curtobacterium flaccumfaciens AFF2009, Pantoea agglomerans
AFF2001 culture filtrates in Partial Stigma-Based Medium (PSBMT). Values represent the average of three
replicates. 'Letters indicate values that differ significantly according to Tukey's pairwise comparison test (o =
0.05).

Bacterial strain pH value
Pantoea agglomerans AFF2001 3.51b!
Acinetobacter sp. AFF2002 6.33a

Curtobacterium flaccumfaciens AFF2009 6.45a
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To assess whether the effect observed was mainly influenced by the medium acidification,
each bacterial culture filtrate was also tested adjusting the pH to 7. As shown in Figure 14, the bacterial
culture filtrates had a negative impact on Ea21 cell viability when their pH was left as originally

reported in Table 3 (Talis quails, TQ). However, this effect was lower when the pH was raised to 7.

100 B P. agglomerans AFF2001

B C flaccumfaciens AFF2009

80 B Acinetobacter sp. AFF2002

60

Effect on E. amylovora Ea2l
cell viability (%)

TQ pH 7

Figure 14. Effect of bacterial culture filtrates on Erwinia amylovora Ea2l cell viability. Bacterial culture
filtrates were tested without modifying their pH (7Talis Qualis, TQ) or adjusting it to 7 (pH 7). Pantoea
agglomerans AFF2001 had the greatest negative impact on Ea21 cell growth in both conditions (TQ and pH
7), but its efficacy was lower than 50%. The columns represent the mean effect + standard errors of three
replicates. The values indicate the relative percentage change between the viability of Ea21 in the bacterial
culture filtrates and that observed for Ea21 cultured in PSBMT that had not been previously inoculated. Letters
indicate values that differ significantly according to Tukey's pairwise comparison test (o = 0.05).

The acidification of Pantoea agglomerans AFF2001 culture filtrate significantly inhibited the
growth of the bacterial pathogen, which was, however, still able to grow in such acidic conditions. In
contrast, the pH 3.51 (P. agglomerans AFF2001 TQ) completely inhibited both swimming and
swarming motility in Ea21 (Figure 15, Figure 16). Interestingly, inhibition of Ea21 motility was still

observed with the P. agglomerans AFF2001 culture filtrate at pH 7, showing a 50% and 30%
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reduction in swimming and swarming, respectively. This effect was statistically higher than that of
the other culture filtrates. According to the results, the Acinetobacter sp. AFF2002 culture filtrate
(TQ) reduced Ea21 swimming motility similarly to C. flaccumfaciens AFF2009 (TQ). However, at
pH 7, the Acinetobacter filtrate appeared to enhance swimming motility. The opposite trend was
observed for swarming motility (Figure 16), where both C. flaccumfaciens AFF2009 (pH 7) and
Acinetobacter sp. AFF2002 (TQ), but not the latter at pH 7, seemed to enhance Ea2l swarming

motility.
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Figure 15. Effect of bacterial culture filtrates on Erwinia amylovora Ea2l swimming motility. A) Statistical
analysis. Bacterial culture filtrates were tested without modifying their pH (Talis Qualis, TQ) or adjusting it to
7 (pH 7). Pantoea agglomerans AFF2001 culture filtrate TQ completely inhibited Ea21 swimming motility.
The inhibition was lower but still present when the pH was raised to 7. Unexpectedly, Acinetobacter sp.
AFF2002 culture filtrate pH 7 seemed to enhance the motility of the bacterial pathogen. Columns represent the
mean effect + standard errors of six replicates. The values indicate the relative percentage change between the
area of the swimming motility halo produced by Ea21 on the solid bacterial culture filtrates and that observed
for Ea21 cultured on solid PSBMT that had not been previously inoculated. Asterisks indicate values that differ
significantly according to the Student’s t-test, p < 0.05 (* when p < 0.05; ** when p < 0.01, *** when p <
0.001). B) Pictures of the plates. Orange arrows indicate the reduced swimming motility halo of Ea21.
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Figure 16. Effect of bacterial culture filtrates on Erwinia amylovora Ea2l swarming motility. A) Statistical
analysis. Bacterial culture filtrates were tested without modifying their pH (Talis Qualis, TQ) or adjusting it to
7 (pH 7). Pantoea agglomerans AFF2001 culture filtrate TQ had the most significant inhibitory effect on the
swarming motility of Ea21. The inhibition was lower but still present when the pH was raised to 7. Curiously
Acinetobacter sp. AFF2002 culture filtrate TQ and Curtobacterium flaccumfaciens AFF2009 culture filtrate
pH 7 did not inhibit the motility. Columns represent the mean effect + standard errors of six replicates. The
values indicate the relative percentage change between the area of the swarming motility halo produced by
Ea21 on the solid bacterial culture filtrates and that observed for Ea21 cultured on solid PSBMT that had not
been previously inoculated. Asterisks indicate values that differ significantly according to the Student’s t-test,
p <0.05 (* when p < 0.05; ** when p < 0.01, *** when p < 0.001). B) Pictures of the plates. Orange arrows
indicate the reduced swarming motility halo of Ea21.
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3.1.6. Uncertain impact of bacterial culture filtrates on biofilm formation in Erwinia amylovora

Ea2lof bacterial culture filtrates on biofilm production in Erwinia amylovora Ea2 1

Since biofilm production is considered a virulence factor of Erwinia amylovora, we
investigated the effect of bacterial culture filtrates on biofilm production in Erwinia amylovora Ea21
(Table 4). Due to the high variability in the data, with both positive and negative values and no clear
explanation for this inconsistency, it was not possible to assess the impact or identify consistent trends

across treatments.

Table 4. Modulation (%) of Erwinia amylovora Ea21 biofilm production by culture filtrates of biocontrol
bacteria.

P. agglomerans Acinetobacter sp. C. flaccumfaciens
AFF2001 AFF2002 AFF2009

TQ pH7 TQ pH7 TQ pH7

36.22  101.79 76.10 -49.07  78.58 74.43

4450 19.56  72.39 35.18 -127.63  -4.37

-75.09 -102.73 -26.75 -3.14 35.60 18.36

-19.46 4136  9.88 6.23 29.61 63.40

2626 3337  37.96 12.60  7.12 5.50

-17.65 -2742 -43.63 -1.93 9.27 19.29

-28.07 38.52  20.99 -0.02 43.43 45.77
Average 4776 1492 20.99 -0.02 10.86 32.77
Standard Deviation 42.70 64.29  45.73 25.35 65.58 29.86
Standard Error 16.14  24.30 17.28 9.58 24.79 11.28

3.1.7. Pantoea agglomerans AFF2001 genome assembly

The genome of Pantoea agglomerans AFF2001 consists of 5,054,504 bp assembled into five

contigs (Table 5), with a G+C content of 54.8 %, similar to what was reported for the P. agglomerans
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type strain FDAARGOS 1447 (55.4%; BioProject PRINA231221). The P. agglomerans AFF2001

genome contains 4932 predicted coding sequences and 98 predicted non-coding RNAs (Table 5).

Table 5. Summary of the genomic characteristics of Pantoea agglomerans AFF2001.

P. agglomerans AFF2001

Contigs

Number of bases (bp)
G+C content (%)

Number of predicted coding sequences

RNA

5
5,054,504
54.8
4,932

98

The longest contig (3,994,567 bp) is predicted to be the chromosome, while BLAST analysis

revealed that the other contigs (contig 3, contig 4, and contig_5) contain homologous regions with

the plasmids pPBH6¢cv2 D (GenBank accession no. CP134748.1), pASB05p2 (GenBank accession no.

CP046724.1), and pASBO5p1 (GenBank accession no. CP046723.1), respectively (Table 6).

Table 6. Contigs of Pantoea agglomerans AFF2001 with associated features and secondary
metabolite predictions.

Contig ID Length (bp) Notes antiSMASH analysis
Contig_1 3,994,567 Predicted chromosome frederiksenibactin (similarity
84%), aryl polyenes (similarity
94%)
Contig_2 230,479 No homologies -
Contig_3 54,201 DNA regions homologous to plasmid -
pBH6cv2 D
(identity 97.55%, coverage 57%)
Contig 4 196,450 Homologous to plasmid pASB05p2 griseoluteic acid (similarity
(identity 99.42%, coverage 100%) 66%)
Contig 5 578,807 DNA regions homologous to plasmid desferrioxamine E (similarity
pASBO5p1 100%), carotenoid (similarity
(identity 99.09%, coverage 90%) 100%)
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Plasmids pASBO05p1 and pASBO05p2 belong to Pantoea agglomerans strain ASB05 (Lee et al. 2021),
while pPBH6¢cv2 D is associated with P. agglomerans strain BH6¢ (BioProject PRINA642846).
Genome mining with antiSMASH revealed the presence of biosynthetic gene clusters related to
frederiksenibactin and aryl polyenes production on Contig 1, while Contig 5 harbours clusters
associated with siderophore (desferrioxamine E) and carotenoid (terpene) biosynthesis (Table 6). No
known antibiotic-related clusters were identified, except for genes associated with a griseoluteic acid
biosynthetic gene cluster located on Contig_4, which shares 66% similarity with reference clusters in

the antiSMASH database.

Genes associated with the Type Six Secretion System (T6SS) were also identified with RAST
in Contig_1, as shown in Table 7. Moreover, two putative T6SS effectors, homologous to proteins
QXB58602.1 and QXB58650.1 from Pantoea agglomerans strain FDAARGOS 1447 (BioProject
PRINA231221), were predicted in P. agglomerans AFF2001 genome on Contig 1 at positions

306057-306542 and 263367-263846, respectively.
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Table 7. Genes associated with the Type Six Secretion System in Pantoea agglomerans AFF2001 draft genome.

Gene Function Location on Contig 1
Start Stop

T6SS component Hep 263,367 263,846
T6SS component Hep 306,057 306,542
T6SS associated component FIG00553474 1,373,161 1,373,757
T6SS secretion lipoprotein TssJ (VasD) 1,373,784 1,374,275
T6SS component TssK (ImpJ/VasE) 1,374,275 1,375,624
T6SS outer membrane component TssL 1,375,639 1,376,877
T6SS component TssM (IecmF/VasK) 1,376,881 1,380,510
T6SS associated component TagF (ImpM) 1,380,525 1,381,241
T6SS component TssA (ImpA) 1,381,252 1,382,271
T6SS component TssB (ImpB/VipA) 1,382,353 1,382,886
T6SS component TssC (ImpC/VipB) 1,382,883 1,384,382
T6SS component Hep 1,384,983 1,385,465
T6SS forkhead associated domain protein Impl/VasC 1,387,817 1,389,688
T6SS protein serine/threonine phosphatase PppA 1,389,685 1,390,476
T6SS associated component TagJ (ImpE) 1,391,478 1,392,305
T6SS lysozyme-like component TssE 1,392,295 1,392,870
T6SS component TssF (ImpG/VasA) 1,392,873 1,394,744
T6SS component TssG (ImpH/VasB) 1,394,741 1,395,787
T6SS AAA+ chaperone ClpV (TssH) 1,395,842 1,398,451
T6SS Serine/threonine protein kinase (EC 2.7.11.1) PpkA 1,398,479 1,399,984
VerG protein 1,400,001 1,402,565
T6SS PAAR-repeat protein / RhaS protein 1,404,434 1,408,801
T6SS Serine/threonine protein kinase (EC 2.7.11.1) PpkA 1,436,472 1,435,045
T6SS protein serine/threonine phosphatase PppA 1,438,261 1,437,485
T6SS forkhead associated domain protein Impl/VasC 1,439,394 1,438,258
T6SS associated component TagF (ImpM) 1,440,129 1,439,431
T6SS component TssM (IcmF/VasK) 1,442,257 1,440,143
T6SS outer membrane component TssL 1,443,474 1,442,257
T6SS associated component FIG00553474 1,444,048 1,443,560
T6SS lysozyme-like component TssE 2,602,338 2,601,886
T6SS secretion lipoprotein TssJ (VasD) 2,602,459 2,602,331
T6SS outer membrane component TssL (ImpK/VasF) 2,602,832 2,602,410
T6SS component TssK (ImpJ/VasE) 2,603,031 2,602,861
T6SS component TssC (ImpC/VipB) 2,603,363 2,603,091
T6SS component TssB (ImpB/VipA) 2,603,903 2,603,403
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3.1.8. Pantoea agglomerans AFF2001 mutants showed a reduced biocontrol activity on apple flowers

and immature pear slices

The efficacy of Pantoea agglomerans AFF2001 in controlling Erwinia amylovora Ea21 may
involve multiple mechanisms. To characterize its biocontrol activity from a molecular perspective,
identifying the genes involved, mutants of P. agglomerans AFF2001 were generated using the Tn5
transposon system. Over 2,000 knockout mutants were initially screened by observing spot co-
inoculation with Ea21GFP on PSBMT. Mutants that failed to inhibit Ea21 growth, displaying a
fluorescent co-spot, and/or exhibiting altered spot morphology were selected for further analysis. This
screening identified three mutants: A2, A13, and A24. The A2 co-spot showed a fluorescent ring,
while the A24 spot appeared transparent. No pigmentation differences were observed in A2 and A13;

however, their spots exhibited a lumpy appearance.

Before proceeding with their characterization, the growth of all mutants was tested in NB to
rule out any differences that could affect subsequent experiments. The mutants exhibited slightly
different growth curves in NB medium (Figure 17A), but their final cell concentrations were

comparable (Figure 17B).
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Figure 17. Growth curves of Pantoea agglomerans AFF2001 knockout mutants in Nutrient Broth (NB)
medium. All mutants showed a growth rate comparable to that of the wild type.

The selected mutants were tested first on flowers and immature pear slices to assess any
differences with the wild type in the biocontrol activity against Ea21. All mutants, except for A2,
exhibited a significant lower biocontrol activity on flowers compared to the wild type, but none of
them completely lost their ability to reduce fire blight symptoms (Figure 18). A24 biocontrol activity
was statistically four times lower than P. agglomerans AFF2001, with more extensive stigmatic
necrosis observed compared to the flowers treated with the other mutants and the wildtype strain. In
the immature pear slices assay, only the slices treated with A24 suspension presented Ea21 exudates
and slight browning, indicating a lower plant protection efficacy of A24 in comparison to the other
mutants (Figure 19A, B). Although the severity of the symptoms was not comparable to that observed

in the positive control, the amount of Ea21 cells recovered was equivalent in both treatments (Figure

19C).
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Figure 18. Pantoea agglomerans AFF2001 mutants’ ability to protect detached apple flowers against Erwinia
amylovora Ea21. A) Plant protection efficacy. All mutants conserved the biocontrol activity, but only A2
showed a protective effect comparable to the wild type. A24 exhibited the lowest efficacy. Columns represent
mean plant protection efficacy + standard errors of five replicates. The values indicate the relative percentage
change between the flowers treated with Pantoea agglomerans mutants prior to the inoculation of Ea21 and
those treated with Ea21 alone. Letters indicate values that differ significantly according to Tukey's pairwise
comparison test (o= 0.05). B) Treated flowers. Red arrows show the necrosis at stigmatic level. Flowers treated
with sterile distilled water represent the negative control.
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Figure 19. Pantoea agglomerans AFF2001 mutants’ ability to protect immature pear slices against Erwinia
amylovora Ea21. A, B) Plant protection efficacy. The reduction in the virulence of Ea21 appeared more evident
in A24-treated pear slices, whereas A13 efficacy was almost 100%. Columns represent the mean effect +
standard errors of six replicates. The values indicate the relative percentage change between the flowers treated
with Pantoea agglomerans mutants prior to the inoculation of Ea21 and those treated with Ea21 alone. Data
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related to A24 are typically distributed. Red arrows show bacterial ooze produced by Ea21. Pear slices treated
with sterile saline solution represent the negative control. C) Ea21 viable cells recovered from immature pear
slices. Columns represent mean plant protection efficacy + standard errors of three replicates: normal
distribution, but no difference according to the Student’s t-test, p < 0.05.

Since the results observed on the flowers indicated a reduced biocontrol activity in all mutants
except A2, the transposon insertion sites in their genomes were identified to determine the disrupted
genes. A2 was also included in the analysis, as it could help determine which genes are not involved
in the biocontrol activity of P. agglomerans AFF2001. The sequences amplified with primers npt+772
and npt-41 were mapped to the P. agglomerans AFF2001 draft genome using BLAST. Based on the
RAST annotation server, Tn5 insertions were found in the genes rcs4 encoding the transcriptional
regulator RcsA in case of the mutant A2; pdeR, encoding the c-di-GMP phosphodiesterase in the
mutant A13; and /eud, encoding the enzyme responsible for the leucine biosynthesis in the mutant

A24 (Table 8).

Table 8. Mini-Tn5 insertion sites in Pantoea agglomerans AFF2001.

Mutant Genomic region Gene Protein
P. agglomerans Contig 1: 2,141,131 - 2,141,766 resA Colanic acid capsular biosynthesis

A2 activation accessory protein RcsA
ilggglomemns Contig_1: 1,860,136 — 1,862,121 pdeR  c-di-GMP phosphodiesterase
iZZgg lomerans Contig 1: 436,542 — 434,980 leud  2-isopropylmalate synthase

84



3.1.9. Pantoea agglomerans AFF2001 biocontrol activity might involve genes affecting motility and

siderophore production

To investigate the impact of the knockout genes reported in Table 8 on Pantoea agglomerans
AFF2001 performance, all mutants were characterised in vitro on PSBMT medium for motility,

biofilm formation, and siderophore production, which might be potential biocontrol mechanisms.

Except for A2, which exhibited motility comparable to P. agglomerans AFF2001, the other
mutants displayed different motility patterns. Swimming was impaired in A13 and A24, with the latter
showing no movement at all. A13 exhibited reduced motility compared to P. agglomerans AFF2001
(Figure 20A). Moreover, the morphology of the A13 halo differed from that of the wild type. The
motility area appeared delimited and denser, and the bacterial cells were more concentrated at the
centre of the halo as if they were stuck together in a lumpy spot. Differences in the A13 movement
area were also seen in the swarming assay (Figure 20B), where there was a visible increase in the
spreading ability of this mutant compared to P. agglomerans AFF2001. Moreover, in Al3, the
swarming halo appeared yellow in the centre and white and dense at the edges, while in A2 and
AFF2001, the entire halo area was yellow. Similarly to the swimming assay, A24 showed a minimal

swarming ability.
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Figure 20. Characterisation in vitro of Pantoea agglomerans AFF2001 mutants. A) Swimming motility. No
differences were observed between A2 and Pantoea agglomerans AFF2001 swimming motility. However,
there was a significant reduction There was a significant difference in the size of the motility halo for A13,
while for A24, it was barely visible. Columns represent mean motility area + standard errors of six replicates.
Letters indicate values that differ significantly according to Tukey's pairwise comparison test (a = 0.05). B)
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Swarming motility. Motility was significantly increased in A13 but was nearly absent in A24. Columns
represent mean motility area + standard errors of six replicates. Letters indicate values that differ considerably
according to Tukey's pairwise comparison test (o = 0.05).

Mutations in rcsAd, pdeR and leud genes affected biofilm formation since in all knockouts
showed differences compared to the wildtype (Figure 21A). Interestingly, no biofilm ring was visible
in the wells of the 48-well plate inoculated with A24 and no value was measured by the
spectrophotometer. On the contrary, in the wells inoculated with A13, the rings were clearly visible
and appeared more intense in colour compared to those inoculated with P. agglomerans AFF2001.
Spectrophotometric analysis confirmed this observation, revealing that the biofilm produced by A13
was nearly twice as abundant as that formed by the wildtype strain. Concerning A2, biofilm production

was halved compared to P. agglomerans AFF2001, and the rings in the wells were faint.

Since previous results suggested there might be a competition for iron between Ea21 and P.
agglomerans AFF2001, siderophore production was tested. Mutation in the c-di-GMP
phosphodiesterase gene induced a statistically significant reduction in the release of siderophores, as
shown in Figure 21B, C. No halo of discolouration was visible on plates inoculated with A24, while

data collected for A2 were comparable to the wild type.
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Figure 21. Characterisation in vitro of Pantoea agglomerans AFF2001 mutants. A) Biofilm formation. No
biofilm was visible or detectable for A24. An increase was measured for A13, while A2 produced less biofilm
than wildtype ones. Columns represent mean biofilm production + standard errors of five replicates. Letters
indicate values that differ significantly according to Tukey's pairwise comparison test (o = 0.05). B)
Siderophore production. A24 appeared incapable of producing siderophores. A2 and Pantoea agglomerans

AFF2001 produced a statistically equivalent amount of siderophores, whereas a drop was observed for A13.
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Columns represent mean siderophore production + standard errors of three replicates. Letters indicate values
that differ significantly according to Tukey's pairwise comparison test (a = 0.05). C) Pictures of the plates.
White arrows show the discolouration halos that indicate the release of siderophore.

As P. agglomerans AFF2001 culture filtrate showed a strong negative effect on Ea21 cell growth, the
same test was conducted using the culture filtrates of A2, A13, and A24 mutants. The pH values of
bacterial culture filtrates revealed that A2 and A 13 retained the ability to lower the pH of the medium
below 4, similar to the wildtype (Figure 22). Acidification was observed also for A24, but the values
were closer to 5. Despite the pH values, a reduction in Ea21 cell growth was visible in all treatments
(Figure 23). However, the effect was milder when the pH of bacterial culture filtrates was raised to 7.
There were no differences between the mutants and the wild type in this case. The impact of A24
bacterial culture filtrates TQ and pH 7 was not statistically equivalent according to the Student’s t-test

(p < 0.05).

L7 | - NN |
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pH values of P. agglomerans
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A2 A13 A24 AFF2001

Figure 22. Pantoea agglomerans AFF2001 mutants’ culture filtrates in Partial Stigma-Based Medium
(PSBMT). Values represent the average of three replicates. Asterisk indicates values that differ significantly
according to the Student’s t-test, p < 0.05 (* when p < 0.05; ** when p < 0.01, *** when p <0.001).
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Figure 23. Viability of Erwinia amylovora Ea2l cell in Pantoea agglomerans AFF2001 mutants culture
filtrates. When the pH of bacterial culture filtrates was not modified (7alis Qualis, TQ), the negative effect on
Ea21 cell growth observed for Pantoea agglomerans AFF2001 was still visible in all mutants but A24. When
the pH was raised to 7, Ea21 cell viability was still lower than the positive control, but the effect of the
treatments was statistically comparable. Columns represent the mean effect & standard errors of three replicates.
Letters indicate values that differ significantly according to Tukey's pairwise comparison test (o = 0.05).

The differences observed in the P. agglomerans AFF2001 mutants compared to the wild type

are summarised in Table 9.

Table 9. Differences in Pantoea agglomerans AFF2001 mutants compared to the wild type.

Bacterial strain traits A2 Al3 A24
Plant protection on apple flowers equal lower lower
Plant protection on pear slices equal equal lower
Swimming motility equal lower O
Swarming motility equal higher 0
Biofilm formation lower higher 0
Siderophore production equal lower O

pH of culture filtrate equal equal higher
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3.2. Drosophila suzukii: a potential vector of Erwinia amylovora, the causal agent of apple fire

blight?

3.2.1. Drosophila suzukii showed a tendency to be attracted to Erwinia amylovora Ea2l ooze

Two assays were conducted to assess a potential attraction of Drosophila suzukii to Ea21 ooze,
namely pitfall and olfactometer choice tests. Female and male flies were tested separately in both
assays. Regarding the pitfall test, the overall activation rate was 64.28%, corresponding to 144
individuals making a choice, with males showing an activation rate of 61.95% (70 individuals) and
females displaying a slightly higher rate of 66.67% (74 individuals). Among the activated individuals,
61.54% chose the treatment represented by the SNA medium with E. amylovora Ea21 ooze. Analysing
the data according to the fly sex (Figure 24), 63.51% (47 individuals) of the activated females and
60.00% (42 individuals) of the activated males were attracted to E. amylovora Ea21 ooze. Statistical
analysis (Table 10) shows that the overall test result was statistically significant (p = 0.0045),
indicating a preference for the treatment and a potential attraction to the bacterial ooze produced by
E. amylovora Ea21. However, when considering the sex, only females demonstrated a significant
tendency to be attracted to the positive control (p =0.019), whereas males did not show any significant

tendency of attraction (p = 0.0943).
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Figure 24. Pitfall test. The chart shows Drosophila suzukii individuals’ choices according to the treatment and
the fly sex.

Table 10. Statistical analysis of pitfall choice test. The logarithm of the likelihood function of the model (L);
the likelihood ratio test statistic (G), indicating the difference between the observed and expected frequency
distributions (null hypothesis); the adjusted version of G for small sample sizes (Gadj), used when the number
of observations in one or more categories is low (<80-100), it corrects the tendency of G to overestimate
evidence against the null hypothesis in small samples; the p-value (p) indicates the significance of the result,
with values <0.05 (5% of confidence) considered significant.

FEMALES L 15.435
G 5.473  William’s correction = 1.003

Gadj 5.436 p=0.0197

MALES L 4.094
G 2.819  William’s correction = 1.003

Gadj 2.799 p=0.0943

TOTAL L 57.515
G 8.104 William’s correction = 1.007

Gadj 8.076 p=0.0045
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To test potential attraction over a shorter time frame compared to the pitfall test, which lasted
48 hours, olfactometer tests were conducted. These tests allow for a more specific assessment of
attraction to olfactory stimuli associated with volatile compounds. The experiments were initially
conducted on single individuals, but the data showed that only about 35% (n = 7) of D. suzukii flies
made a choice. Such a low activation rate did not allow for a reliable statistical analysis to make any
assumptions. Therefore, the testing approach was adjusted to group experiments. When tested in
groups of 10 individuals, the overall activation rate was about 68.13% (n=109), with both males and
females showing a significant tendency to prefer the treatment (Binomial test: males, p<0.001;
females, p<0.001). The activation rates were almost identical between sexes, being 67.50% and
68.75% for females and males, respectively. Figure 25 shows that among activated individuals,

88.89% of females (n=48) and 78.18% of males (n=43) chose the treatment.

100

W £ amylovora Ea2l
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Female Male

Figure 25. Olfactometer test. The chart shows the choice made by Drosophila suzukii flies when tested in
groups of ten individuals.
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A Chi-square test revealed no significant difference in choices between males and females (32

=1.15, p=0.28), rejecting the null hypothesis that sex influenced the flies’ choice.

3.2.2. Optimized protocol for Erwinia amylovora Ea21 acquisition by Drosophila suzukii

Since none of the mature apples inoculated with E. amylovora Ea21GFP developed bacterial
ooze, even with longer incubation time and higher E. amylovora Ea21GFP concentrations, alternative
fruits were tested. Mature apples from two cultivars (Malus domestica cv. Royal Gala and cv. Golden
Delicious) were initially inoculated with Ea21GFP, but this approach was not successful. The focus
then shifted to immature apples of the same varieties and immature pears (Pyrus communis cv.
Williams), and in the latter case, the fruits exhibited visible production of E. amylovora Ea21GFP

ooze, as shown in Figure 26.

A

Figure 26. Immature pears (Pyrus communis cv. Williams) inoculated with Erwinia amylovora Ea21 tagged
with the Green Fluorescent Protein (GFP). Fluorescence indicates the presence of bacterial ooze. A) Internal
tissue of the pear; B) Fruit surface.
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Given that immature pears were not available anymore at the time of the experiments to
evaluate the time of exposure and to conduct the molecular analysis through qPCR, Drosophila suzukii
individuals were exposed to SNA plates containing Erwinia amylovora Ea21GFP ooze. Interestingly,
D. suzukii individuals were able to acquire and potentially ingest Ea21GFP, as indicated by the

fluorescence observed in their abdomens following exposure (Figure 27).

A B

Figure 27. Drosophila suzukii after the acquisition of Erwinia amylovora Ea2l tagged with the Green
Fluorescent Protein (GFP). A) Flies exhibit a yellow colouration in the abdomen (indicated by red arrows); B)
Under a transilluminator, the abdomen fluoresces, confirming the presence of GFP-labelled Erwinia
amylovora.

To assess the persistence of the bacterium on or within the insects, five exposed D. suzukii
individuals were sampled at multiple time points in a timeframe of 7 days, which was concluded to
be the duration of the experiment. Notably, E. amylovora cells associated with the surface or internal
structures of D. suzukii remained viable even after prolonged storage at —20 °C, as evidenced by the

growth of fluorescent bacterial colonies upon plating the sample suspension on Petri dishes (data not
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shown). Regarding the qPCR analysis, four samples (C1, C2, C3, C4) were tested, each one with
different ratios of individuals exposed to E. amylovora Ea21GFP to non-exposed individuals, namely
1:1, 1:20, and 1:100. This approach simulates a sampling scenario in which many flies are captured,
and analysing multiple insects at once could help expedite the process. Two positive (P1, P2) and
negative (N1, N2) controls were included in the analysis. Table 11 highlights the differences in
detectability across the tested sample ratios. Since the initial Ea21GFP concentration in the samples
was unknown, variability was observed in the mean cycle threshold (Cp). As Cp values are inversely
correlated with DNA concentration, lower Cp values indicate higher DNA concentrations, while
higher Cp values correspond to lower DNA concentrations. E. amylovora was detected in all tested
ratios, though its detectability was lower in the 1:100 ratio compared to the others. Since the pathogen
was consistently detected, pooling multiple individuals for molecular analysis is a feasible approach
for monitoring the presence of E. amylovora. The agar plates, where the dilutions of the C1-C4

samples and the P2 control were plated prior to thermal treatment, showed Ea21GFP growth.

Regarding the DNA extraction, two methods were tested: one involving sample
homogenization with a mixer mill, as previously described, and the other using a commercial
extraction kit. Samples D1 and D2 were processed using the alternative method, while samples D3
and D4 were extracted with the commercial extraction kit. Since the initial bacterial cell concentration
on the insects was also unknown in this case, direct comparison of E. amylovora Ea21GFP
quantification between the methods was not possible. However, these results confirmed that both

methods efficiently extract bacterial DNA from the insects (Table 12).
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Table 11. Results of the qPCR conducted on Drosophila suzukii flies. The mean cycle threshold (Cp) and the
standard deviation of the cycles (Std Cp) are reported. C1-C4 represent the tested samples; P1 is the positive
control derived from a colony of E. amylovora Ea21; P2 is the positive control derived from a D. suzukii fly
harbouring the bacterial plant pathogen; N1 is the negative control from a D. suzukii individual not exposed to
Ea21; and N2 is the negative control consisting of sterile Milli-Q water.

Sample

Mean Cp Std Cp

Cl1:1
C11:20
C1 1:100
C21:1
C21:20
C2 1:100
C31:1
C31:20
C31:100
C41:1
C41:20
C4 1:100
P1 1:1
P11:20
P11:100
P2 1:1
N1 1:1
N1 1:20
N1 1:100
N2 1:1

21.70 0.22
25.61 0.10
27.80 0.01
23.60 0.06
27.64 0.08
29.79 0.06
22.98 0.06
26.88 0.16
29.09 0.03
24.88 0.03
29.55 1.25
29.43 1.80
17.83 0.16
21.67 0.02
23.44 0.19
21.96 0.01
35.70 1.22
37.50 -

39.32 -

38.57 -

Table 12. The mean cycles (Cp) and the standard deviation (Std Cp) needed to detect the bacterium assimilated

by the four Drosophila suzukii individuals.

Sample Mean Cp Std Cp

DI
D2
D3
D4

34.57 0.58
33.99 0.12
22.05 0.16
31.57 1.55
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Based on these observations, the final protocol for the acquisition test of Erwinia amylovora

by Drosophila suzukii is as follows:

1. Immature pears sterilisation and inoculation.

Immature pears (Pyrus communis cv. Williams, @ 3 cm) were sterilised by immersion in a NaCIO
solution (2% v/v) and shaken at 85 rpm for 5 minutes. Then, the pears were transferred to a 0.5%
sodium hypochlorite solution and shaken again at 85 rpm for 1 minute. Afterwards, the pears were
rinsed three times with sterile distilled water, shaking at 85 rpm for 3 minutes. The pears were then
allowed to dry under a laminar flow hood before eight linear incisions were made around the
circumference of each fruit with a sterile scalpel. Each incision was approximately 0.5 cm deep and
2.5 cm long. The cuts were inoculated with 20 ul of an E. amylovora suspension at ODgoo 1. Finally,
the inoculated fruits were placed inside plastic containers sterilised with ethanol and UV light. Sterile
absorbent paper moistened with 1 mL of sterile distilled water was added to each container to maintain

humidity. The pears were incubated for 48 hours at 27°C to promote ooze development.

2. Insect exposure to inoculated fruits.

The inoculated fruits were placed in a 22x22x22 cm cage, sealed with plastic film to retain humidity.
Fifty D. suzukii individuals (25 females, 25 males) were introduced into the cage for a 7-day exposure
period. Samples were collected on days 0, 3, 5, and 7, with five individuals of each sex sampled at
each time point. After collection, the exposed insects were stored at -20°C for subsequent molecular

analysis.
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3. Molecular analysis to detect the presence of E. amylovora.

The insects (5 individuals per Eppendorf tube) were homogenised with steel beads using a mixer mill
(Mixer Mill MM200, Retsch) for 30 seconds at 25 Hz, and the homogenisation product was
resuspended in 100 pl of Smm Tris-HCI (pH 8). Eppendorf tubes and steel beads were kept at -20°C
before homogenisation. Then, a thermal shock was applied by exposing the samples to 95°C for 5
minutes, followed by storage at -20°C for at least 20 minutes. Before the thermal treatment, dilutions
of the homogenate were placed on SNA plates to assess the viability of E. amylovora bacterial cells.
The plates were incubated for 48 hours at 27°C. The DNA extracts were prepared according to
Gottsberger (2010) and the EPPO Standard protocol on Diagnostic “PM 7/20 (3) Erwinia amylovora”
(2022). A gqPCR reaction was run by setting 50 cycles, each consisting of 5 seconds at 95°C and 30

seconds at 60°C.
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CHAPTERA4. DISCUSSION

4.1. From apple flowers to control fire blight: new potential biocontrol agents of Erwinia

amylovora?

It is now widely accepted that microbial communities residing in apple flowers may represent
a significant natural barrier to the colonization of Erwinia amylovora, thereby hindering the
development of fire blight disease. Based on this body of knowledge, in this study, we aimed to
investigate the microbiota of apple flowers to select new potential biocontrol agents active against E.
amylovora. BCAs active against fire blight are already available on the market as biopesticides
(Sundin et al. 2009); however, their efficacy remains lower than treatments based on antibiotics and
copper-based compounds (Sundin et al. 2009; Johnson et al. 2013, 2022). Therefore, identifying new

BCAs that can be combined with existing ones could enhance the effectiveness of fire blight control.

In the present study we isolated bacterial strains from healthy apple flowers (Malus domestica
cv. Golden delicious) of Trentino orchards. The evaluation of the biocontrol properties of all bacterial
strains was done following a specific workflow. We began with in vivo testing to assess their efficacy
in controlling fire blight development on detached apple flowers, and then we carried out all the in
vitro experiments to characterize the modes of action. This approach helped avoid biases seen in some
studies (Dagher et al. 2020; Aktepe et al. 2022), where the efficacy observed in vitro was not replicated
in vivo. First, we identified the endophytic bacteria we isolated to have a general idea of the bacterial
taxa harboured in healthy apple flowers of Trentino orchards. We found bacterial strains mainly

belonged to Enterobacteriaceae, Microbacteriaceae and Pseudomonadaceae families. Consistent
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with previous studies conducted on different apple varieties, Enterobacteriaceae and
Pseudomonadaceae were the most represented bacterial families (Cui et al. 2021a; Steven et al. 2018).
This suggests that the bacterial community's structure is well-conserved among different cultivars. As
previously done by Stockwell and colleagues (2010a), we further analysed all bacterial strains from
the metabolic point of view through a Biolog assay to spot any differences in nutritional requirements
compared to E. amylovora Ea2l. As expected, most of nutritional overlaps were observed between
Ea21 and other members of the Enterobacteriaceae family (Pantoea agglomerans AFF2001, Erwinia
billingiae AFF4005, Yersinia similis AFF3001, Rahnella aquatilis AFF4004, Yersinia aldovae
AFF5003) to which it belongs, particularly in the assimilation of carbon substrates such as b-methyl-
D-glucoside, galactose, mannitol, N-acetyl-D-glucosamine, ribose, sorbitol, and D-trehalose. The data
collected on Pantoea agglomerans AFF2001 indicate that this bacterial strain has potential as an
antagonist to E. amylovora Ea21 through nutrient competition, especially for glucose, its derivatives,
and fructose. In terms of nitrogen sources, Ea21 demonstrated a marked preference for specific amino
acids, such as asparagine, aspartic acid, cysteine, glutamic acid, glutamine, proline, and tryptophan.
In contrast, most endophytic strains did not show a strong preference and tended to assimilate a
broader or more variable spectrum of amino acids. Bacterial strains such as P. agglomerans AFF2001
may compete with Ea21 for specific amino acids, especially glutamine, glutamic acid, and aspartic
acid. These data are important for understanding whether endophytic bacteria of apple flowers may
hinder (or not) the colonization of E. amylovora Ea2l cells by competing for nutrients and space, a
common strategy used by biocontrol agents (Pal and Gardener 2006; Stockwell et al. 2010a; Kohl et
al. 2019). Notably, the amino acids required by Ea21 are present in flowers at femtogram levels (Pusey
et al. 2008a), meaning their scarcity could intensify competition among bacterial species. Detached
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apple flowers assay enabled the selection of potential biocontrol agents among the endophytic bacteria
isolated. Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009, P. agglomerans AFF2001, and Ps.
extremaustralis AFC1001 were most effective in controlling disease development. This was not
surprising, as some of the biopesticides for fire blight management are based on bacterial strains
belonging to the Pantoea and Pseudomonas genera (Sundin et al. 2009). Moreover, our results were
aligning with those reported by Cui and colleagues (2021b), where the most efficient flower treatments
were those of Curtobacterium sp. 24E2, Pantoea sp. 1B4 and Pseudomonas sp. 15A4, though in that
study isolates were not taxonomically identified at the strain level. We then investigated the effect of
the four selected bacteria strains on the virulence of Ea21. Immature pear slices were treated with
suspensions of the four bacterial strains, as previously described by Paternoster (2010), and
subsequently inoculated with Ea21. While Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009,
and P. agglomerans AFF2001 displayed comparable levels of plant protection efficacy in the flower
assay, though all below 100%, in this case P. agglomerans AFF2001 achieved the highest efficacy
reaching full protection (100%). Unexpectedly, Ps. extremaustralis AFC1001 caused a side effect on
the pear slices that turned brown, which interfered with the assessment parameters and rendered data
collection for this strain unfeasible. We hypothesise that an oxidative reaction may have occurred
following Ps. extremaustralis AFC1001 treatment, as the Pseudomonas genus is known to secrete
oxidative enzymes, such as polyphenol oxidases (PPOs), which contribute to fruit and vegetable
browning by oxidizing polyphenols in plant tissues (Mayer 2006; McMahon 2007; Kumar et al. 2024).
Results on immature pear slices underlined that three out of the four bacterial strains evaluated may
suppress the virulence of Ea21. To obtain a comprehensive overview of the main characteristics of
the tested endophytic bacteria, we finally assessed their impact on the ability of Ea2l to elicit the
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hypersensitive response (HR) on tobacco leaves. This test is widely employed to study the
pathogenicity of plant pathogens, and it is based on evidence that non-host plants typically show their
resistance to plant pathogenic bacteria by inducing a hypersensitive response (Kelman and Sequeira,
1972). Our results showed that only Ps. extremaustralis AFC1001 failed to prevent HR formation,
suggesting that the other bacterial strains tested may suppress Ea21 pathogenicity. Despite its efficacy
in controlling fire blight on apple flowers, Ps. extremaustralis AFC1001 neither inhibited the
virulence of Ea21 nor suppress the hypersensitive response in tobacco. Consequently, we excluded
this bacterial strain from our selection process. Overall, these findings indicated that Acinetobacter
sp. AFF2002, C. flaccumfaciens AFF2009, and P. agglomerans AFF2001 may be promising

candidates for biocontrol applications against Erwinia amylovora.

Next, we investigated the modes of action of these four bacterial strains by performing several
in vitro tests. In literature, most of the studies related to biocontrol agents against fire blight carried
out these assays using general bacterial culture media, such as King's B Medium (Barbé¢ et al. 2022),
LB (Cuietal. 2021a), Tryptic Soy Agar (Dagher et al. 2020). The main limitation of using these media
is that they significantly differ from the natural conditions found in the flowers, which might affect
the observations' reliability. For this reason, we decided to conduct each test on the PSBMT medium
developed by Pusey and colleagues (2008c), which aimed to reproduce the nutrient condition found
in apple flowers based on the analysis previously done on the stigma oozes of some apple varieties
(Pusey et al. 2008a). Gas chromatography and high-performance liquid chromatography revealed that
glucose and fructose are the predominant free sugars in the oozes (Pusey et al. 2008a). This finding,
together with the Biolog assay, suggests potential competition for these resources between Ea2l, C.

flaccumfaciens AFF2009, and P. agglomerans AFF2001. In contrast, sorbitol, inositol, and sucrose
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were only detected in trace amounts (Pusey et al. 2008a). Proline, asparagine, glutamine, and serine
were the predominant free amino acids, despite their extremely low levels (Pusey et al. 2008a). The
scarcity for other amino acids, such as glutamine, glutamic acid, leucine and aspartic acid, may restrict
bacterial growth and enhance competitive interactions among microbial communities. For example,
C. flaccumfaciens AFF2009, P. agglomerans AFF2001, and E. amylovora Ea2l are all able to
metabolize tryptophan. Our data suggest that competition for key carbon and nitrogen sources between
E. amylovora and selected endophytic bacterial strains may contribute to the observed reduction in

symptom development.

Nutrient assimilation is one of the factors that strictly influence the growth of E. amylovora,
consequently affecting its virulence (Ramos et al. 2014). However, in addition to nutrients,
competition for iron may also occur. Iron has been identified as a limiting factor for bacterial
replication during flower colonization and is therefore essential during the early stages of fire blight
infection (Dellagi et al. 1998; Miiller et al. 2022). Bacteria can acquire iron from the environment
through the release of specific molecules known as siderophores (Lankford 1973), which have a high
affinity for the insoluble state of this element (Fe*") that is converted to its soluble form (Fe**) once
inside the bacterial cells (Bagg and Neilands 1987; Andrews et al. 2003; Miiller et al. 2022). To see
whether the potential biocontrol bacteria released siderophores, CAS-agar modified test was
performed on PSBMT. In contrast to what was observed for Acinetobacter sp. AFF2002 and C.
flaccumfaciens AFF2009, both P. agglomerans AFF2001 and Ea21 released siderophores. Supporting
this, a genomic analysis of the draft genomes of E. amylovora Ea21 (Albanese et al. 2022) and P.
agglomerans AFF2001 (this study), conducted using antiSMASH, revealed that these bacterial strains

harbour the genes responsible for the biosynthesis of the siderophore desferrioxamine E. Specifically,
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AFF2001 carries these genes on Contig_5, which shows partial homology to plasmid pASB05p1 from
P. agglomerans strain ASB05, a plasmid known to encode the aforementioned siderophore (Lee et
al., 2021). This siderophore is synthesized by several bacteria, including P. agglomerans and E.
amylovora strains (Berner et al., 1988; Smits and Duffy, 2011). Interestingly, when P. agglomerans
AFF2001 and E. amylovora Ea21 were spot inoculated 1 cm apart, an increase in the discoloration
halo, which indicates the release of siderophores, was observed. This observation might support our

hypothesis that iron competition might be one of the modes of action behind biocontrol activity.

P. agglomerans AFF2001 showed the strongest potential contact-dependent antibacterial
activity, completely preventing the growth of Ea21 when the two bacterial strains were cultured
together. All commercially available Gram-negative bacteria biocontrol agents used in fire blight
management, namely P. agglomerans E325, P. vagans C9-1, and Ps. fluorescens A506, produce
antibiotics active against E. amylovora (Pusey et al. 2008c; Sundin 2009; Stockwell et al. 2010b).
antiSMASH analysis of the P. agglomerans AFF2001 draft genome revealed a D-alanylgriseoluteic
acid (AGA) biosynthetic gene cluster on Contig 4, which corresponds to a known phenazine
antibiotic cluster previously identified in Erwinia herbicola (now P. agglomerans) strain Eh1087
(Kearns and Mahanty 1998; Giddens et al. 2002). Since the results of the chloroform assay showed
no contact-independent antibacterial activity, we speculate that AGA production may be triggered by
the presence of other bacterial strains, such as Ea21. However, further analysis is required to confirm
whether the antibiotic predicted in silico is produced by P. agglomerans AFF2001. In addition to the
AGA biosynthetic gene cluster, we also identified genes associated with the Type VI Secretion System
(T6SS), which is known to deliver antibacterial effectors capable of killing neighbouring bacterial

cells (Ma et al. 2019). The genes encoding the components of the T6SS include those forming the
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transmembrane complex (TssA—M), the tubular structure extending outside the cell (Hcp), the tip of
the secretion apparatus (PAAR, VgrG), and some accessory protein (TagF, Tagl, TagH, PppA, PpkA)
(Cianfanelli et al. 2016; Coulthurst 2019). According to the RAST annotation, all the listed genes are
present in the draft genome of P. agglomerans AFF2001. In line with previous reports, Hcp and VrgG
proteins, which form the outer part of T6SS apparatus, are also known secreted effectors (Pukatzki et
al. 2007; De Maayer et al. 2011), and they may play a similar role in P. agglomerans AFF2001.
Furthermore, two putative T6SS effector genes, homologous to those found in P. agglomerans strain
FDAARGOS 1447 (QXB58602.1, QXB58650.1), were identified, supporting our hypothesis that
T6SS might be involved in the contact-dependent interaction between P. agglomerans AFF2001 and
Ea21. The function of all these potential effectors should be experimentally confirmed through

mutagenesis methods.

It was found that fire blight develops only if the size of the E. amylovora population in the
flower is bigger than 10* bacterial cells (Philion, 2014). The ability of E. amylovora to grow and
colonise the stigma has, therefore, a key role in the success of the infection, together with all the
virulence factors so far identified for this bacterial phytopathogen (Piqué et al. 2015). Thus, we
explored the impact of Acinetobacter sp. AFF2002, C. flaccumfaciens AFF2009, P. agglomerans
AFF2001 on the growth and virulence of Ea21. We decided to test the effect of the culture filtrates of
these bacterial strains as previously done with several Streptomyces species (Le et al. 2021; Nguyen
et al. 2024). The first detail we noticed was P. agglomerans AFF2001 strongly lowered the pH of the
PSBMT medium from an initial pH of 7 to 3.51 after 24 hours, whereas Acinetobacter sp. AFF2002
and C. flaccumfaciens AFF2009 led to an insignificant decrease in the pH values (pH 6.33 and 6.45,

respectively). Pusey and colleagues observed a similar behaviour for P. agglomerans E325 (2011),
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whose cultivation in PSBMT caused a pH drop to 3 after 72 hours. Inoculation of E325 on flowers
also caused a decrease in the pH of stigma oozes, although the acidification was less pronounced,
ranging from pH 4.8 to 5.1 (Pusey et al. 2008c). Additionally, P. agglomerans E325 was shown to
produce an antibiotic that remains stable and active under acidic conditions (Pusey et al. 2011).
However, acidification was observed independently of antibiotic production, as demonstrated by E325
antibiotic-deficient mutants, suggesting that the pH drop is not driven by antibiotic activity (Pusey et
al. 2011). In our study, compared to what observed in PSBMT at pH 7, the acidic conditions of the P.
agglomerans AFF2001 culture filtrate impaired but did not fully suppress the growth of Ea21. The
most considerable reduction in cell viability was observed in Ea21 when grown in P. agglomerans
AFF2001 culture filtrate. In contrast, the culture filtrates of Acinetobacter sp. AFF2002 and C.
flaccumfaciens AFF2009 had milder effects. We acknowledge that a lower nutrient content
availability might limit the growth of Ea21 in a spent medium. However, in the case of P. agglomerans
AFF2001, we hypothesise that the acidification of PSBMT by P. agglomerans AFF2001 might be a
primary factor contributing to the observed growth inhibition, as E. amylovora grows optimally at
around pH 7.5 (Shrestha et al. 2005). We adjusted the pH of each bacterial culture filtrate to 7 to
specifically evaluate the effect of pH on E. amylovora growth. Even at this adjusted pH, the culture
filtrates still exhibited an inhibitory effect, suggesting that, beyond acidification, other mechanisms
may also contribute to the inhibition of E. amylovora. Chemical analysis is needed to see whether the
effect observed was due to the production of antimicrobial compounds or side-products. Notably,
Ea21 was still able to grow in the P. agglomerans AFF2001 culture filtrate, but it was not in the
presence of P. agglomerans AFF2001. This indicates that the acidification of pH alone is not sufficient
to completely hinder the growth of the bacterial phytopathogen, but other mechanisms including the
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competition for nutrients and other resources, as well as the potential contact-dependent antibacterial

activity we hypothesised, may be needed.

Several virulence factors have been described for E. amylovora (Piqué et al. 2015). Among
these, motility is specifically required during the initial phases of infection, when E. amylovora cells
must reach the nectary of the flowers to get access to the xylem and spread within the plant
(Schachterle et al. 2022). Thus, we tested the effect of the bacterial culture filtrates on both the
swimming and swarming motility of Ea2l. P. agglomerans AFF2001 culture filtrate completely
inhibited the motility of the bacterial phytopathogen. Acidic conditions have been shown to decrease
swimming motility in E. amylovora (Raymundo and Ries, 1980), and we thus suppose that low pH
may have a similar effect on swarming motility. As observed in the growth assay, adjusting the pH of
P. agglomerans AFF2001 culture filtrate at 7 still negatively impacted motility. Motility in
Acinetobacter sp. AFF2002 and C. flaccumfaciens AFF2009 culture filtrates was generally reduced,
but the effect was milder compared to P. agglomerans AFF2001. Interestingly, Acinetobacter sp.
AFF2002 culture filtrate at pH 7 appeared to enhance the swimming motility of Ea21. As reported by
Santander and colleagues (2014), during starvation, E. amylovora is unable to move. We might
speculate that the reduction in Ea21 motility observed in all bacterial culture filtrates tested may also
be related to the lower nutrient content of the spent medium. However, this would not explain the
reduced inhibition effect observed when the culture filtrates were adjusted to pH 7. If acidification of
the floral environment occurs, it could interfere with E. amylovora’s movement from the stigmatic
tips toward the base of the flower, potentially hindering colonization and subsequent symptom

development.
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Finally, we evaluated the effect of the Acinetobacter sp. AFF2002 and C. flaccumfaciens
AFF2009, and P. agglomerans AFF2001 culture filtrates on biofilm production. Several studies
reported that biofilm formation is essential for E. amylovora to survive under stressful conditions,
such as low temperature, starvation, and host plant responses, making it one of the most critical
virulence factors (Geier and Geider 1993; Jock et al. 2005; Koczan et al. 2009, 2011; Ordax et al.
2010; Santander et al. 2017; Kharadi and Sundin 2021; Peng et al. 2021). We believe the results we
obtained are not reliable since we had difficulties in replicating the protocol. No biofilm ring was
visible in the control wells inoculated with Ea21 alone, which was unexpected. The dilution of the

medium with LB or the plate material might have negatively affected the outcomes of this experiment.

Based on the results described, P. agglomerans AFF2001 was the bacterial strain that most
effectively controlled the pathogenicity, virulence, growth and motility of E. amylovora Ea21, making
it the best candidate as a new biocontrol agent among the three bacterial strains tested. For these
reasons, we tried to unveil its modes of action by performing a random transposon mutagenesis. We
selected three knockout mutants (A2, A13, A24) that were either unable to inhibit the growth of Ea21
and/or exhibited abnormal colony morphology. We then investigated the effects of these mutations,
both in vivo and in vitro, on the PSBMT medium, as previously done for the wild type. Mutants A13
and A24 were less effective than P. agglomerans AFF2001 in protecting detached apple flowers,
suggesting that the mutations present in their genomes may impact their biocontrol. All mutants except
A24 still exhibited a negative effect on Ea21 virulence, as treatment of pear slices with A24 did not
prevent the development of Ea2l ooze and slice browning. Although A2 showed plant protection
efficacy similar to that of the wild type, we decided to conduct further analysis on this mutant, as it

could help identify the gene not involved in the biocontrol activity. The localization of transposon
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insertion revealed that A2 was mutated in the rcsA gene, encoding the auxiliary regulator protein
RcsA. This activator has been previously described in E. coli as part of the Regulator
of capsule synthesis (Rcs) phosphorelay transduction system, which involves also other genes,
namely resB, resC, and resD (Majdalani and Gottesman 2005). ResA binds to ResB, forming a
heterodimer that activates the transcription of genes involved in EPS and biofilm production (Danese
et al. 2000) and represses the transcription of genes responsible for flagellar synthesis (Francez-
Charlot et al. 2003). Our results confirmed what was reported in the literature. A2 mutant differed
from the wild type in that it exhibited reduced biofilm formation, but motility was comparable to that
observed for P. agglomerans AFF2001, and siderophore production was reduced. The reason behind
a reduction and not a complete inhibition of biofilm production is related to the role of the RcsA
protein. In the complex with ResB, ResA has the role of a co-regulator that enhances the activity of
the activator protein RcsB (Majdalani and Gottesman, 2005; Geider et al. 2006). This suggests the
EPS production is still positively regulated by the RcsB protein, whose gene was not mutated.
Similarly, rcs4A mutation may not be relevant in suppressing of flagellar synthesis since RcsB is active.
Otherwise, we would have seen an increase in the motility of this mutant in comparison to P.
agglomerans AFF2001. Concerning A13, the transposon insertion was identified in the pdeR gene,
encoding a c-di-GMP phosphodiesterase. Swarming activity and biofilm production were enhanced
in this mutant while swimming motility and siderophore release were reduced. c-di-GMP is a second
messenger that regulates several bacterial functions, including the induction of biofilm formation and
the suppression of swimming motility (Romling et al. 2005; Jenal et al. 2006; Cotter et al. 2007;
Hengge 2009; Edmunds et al. 2013). This molecule is synthesised by diguanylate cyclases and
degraded into 5’-phosphoguanylyl-(3’,5')-guanosine (pGpG) by phosphodiesterases (Valentini and
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Filloux, 2016). A mutation in the gene encoding a phosphodiesterase would likely result in
accumulation of intracellular c-di-GMP, as it would no longer be converted into pGpG. This
accumulation would lead to increased biofilm production and reduced swimming activity. Our
observations perfectly agree with this statement. Moreover, it was found that c-di-GMP is also
involved in the suppression of swarming motility and in the induction of siderophores biosynthesis in
Ps. aeruginosa (Frangipani et al. 2014; Kuchma et al. 2015). These findings suggest that c-di-GMP
might have a similar role in P. agglomerans AFF2001. The last mutant we selected, A24, was mutated
in the leuA gene, encoding a 2-isopropylmalate synthase. A24 exhibited distinctly different behaviour
in all assays compared to the other knockouts. Neither biofilm nor siderophore production was
observed for A24, and this mutant also slightly reduced the pH of PSBMT to approximately 5. As a
result, it showed the lowest efficacy in inhibiting Ea21 growth in the bacterial culture filtrate assay.
A24 can be defined as an auxotrophic mutant as the mutation in the 2-isopropylmalate synthase gene
led to the loss of its ability to synthesise leucine. Since the Biolog assay revealed that P. agglomerans
AFF2001 assimilates leucine, even though at a very low level, losing the ability to synthesize it may
become essential when the availability of this amino acid is limited or completely absent in the
environment, as seen in flower stigmas and in the PSBMT medium, respectively, where only proline,
asparagine, glutamine, and serine are present. A24 showed an unusually low growth rate in PSBMT
unless leucine was added to the medium (data not shown). Since liquid PSBMT inoculated with A24
looked almost clear after 24 hours of incubation, we initially thought the mutant either did not grow
or died in such a medium. However, our hypothesis was rejected since a pellet was visible at the
bottom of the tube after it had been centrifuged. We also spot-inoculated a small volume of the
bacterial culture in PSBMT on NA plates, and the mutant grew, meaning the bacterial cells were still
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alive. Moreover, when we spotted the A24 suspension on PSBMT, the spot was visible, even though
the appearance was transparent and not as yellow as the other mutants. Given that numerous studies
have shown bacteria enter the VBNC state due to nutrient starvation (Oliver, 2005; Vattakaven et al.
2006; Cook and Bolster, 2007; Oliver, 2010), we hypothesise that A24 may undergo a similar process
when grown in PSBMT medium, resulting in reduced metabolic activity while remaining viable.
However, unlike typical VBNC bacteria, A24 can still be cultivated in the laboratory, suggesting that
its reduced growth is not entirely due to a transition into the VBNC state. Furthermore, A24
‘recovered’ when subsequently cultured in a leucine-supplemented medium, as observed on NA. The
lack of leucine in PSBMT might therefore affect the metabolism and growth of A24, potentially
reducing its biocontrol activity. Nonetheless, this hypothesis does not fully explain our observations
on immature pear slices, where the treatment with A24 did not completely suppress the virulence of
Ea21. This is unexpected, considering pear fruits contain leucine (Rondanelli et al. 2021; USDA);
therefore, the acquisition of leucine from the environment should compensate for the mutation,
allowing A24 to have the same impact on Ea21 observed in the wild type. It might be that amino acids
may not be available in an assimilable form in immature fruits, but this should be confirmed by further

research.

The characterization of P. agglomerans AFF2001 and its knockout mutants provides a general
overview of the mechanisms that may underlie the biocontrol activity of this bacterial strain. P.
agglomerans AFF2001 might inhibit E. amylovora Ea21 flower colonization by acidifying the
environment, which becomes unfavourable for Ea21 growth and motility. Additionally, competition
for sugars, amino acids, and iron could be another factor limiting Ea21 growth on stigmas. Swimming

motility may enable P. agglomerans AFF2001 to spread across a larger area of the stigmas and
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nectary, enhancing its protective effect. The functionality of T6SS and the production of D-
alanylgriseoluteic acid (AGA) have yet to be experimentally confirmed, but they may potentially
contribute to the interaction with E. amylovora. It also remains unclear whether the limited amount of
leucine in the flowers may negatively impact the growth of P. agglomerans AFF2001, thus indirectly
affecting its biocontrol activity, or whether it might play a different role entirely. Given that several
mechanisms might be at play, the mutation of a single gene alone cannot fully account for the loss of
biocontrol activity. Therefore, additional studies are required to identify all the genes involved in

regulating this activity.

Even though it did not completely inhibit disease development in apple flowers, this study
highlights that Pantoea agglomerans AFF2001 may represent a promising candidate as a biocontrol
agent against fire blight. However, biosafety concerns must be carefully considered. The species P.
agglomerans 1is classified as a biosafety level 2 organism under European Union legislation (EU
Directive 2000/54/EC). Therefore, before proceeding with further research aimed at developing a
formulation for field application, a fluorescent amplified fragment length polymorphism (fAFLP)
analysis of the AFF2001 genome should be performed to verify the presence of a specific 474-bp
band, which has been shown to differentiate biocontrol P. agglomerans strains from clinical isolates
that pose a risk to human health (Rezzonico et al. 2009). Although this genomic marker has not yet
been formally adopted for biosafety classification, it may still represent a valuable tool for preliminary
risk assessment of the strain. Additionally, complementary analyses, such as cytotoxicity testing and
antibiotic resistance profiling, may be required by EU Directive 2000/54/EC. Some P. agglomerans
strains have also been reported as causative agents of disease in various plant species, including shot-

hole disease in plum and peaches (Tong et al. 2020), leaf blight on wheat and onion (Sepulveda et al.
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2023; Gutierrez-Castillo et al. 2024), and necrotic disease in Ziziphus jujuba (She et al. 2019). For
this reason, it is also necessary to conduct an in-depth genomic characterisation of P. agglomerans
AFF2001 and compare it with known phytopathogenic strains. The infiltration of tobacco leaves with
P. agglomerans AFF2001 cells did not elicit a hypersensitive response (HR), a standard assay used to
assess the pathogenicity of bacterial strains (Klement et al. 1964). However, further studies will be
necessary to evaluate the pathogenic potential of P. agglomerans AFF2001 across a diverse range of

plant species.

Nevertheless, this study underscores the potential of investigating the apple flower microbiota
and microbiome as a promising strategy for discovering new solutions to control E. amylovora. Along
with the other potential biocontrol agents isolated in this study, P. agglomerans AFF2001 might be
used in the designing of a synthetic microbial community (SynCom) (Grosskopf and Soyer 2014) for
the fire blight management. SynComs have recently emerged as a promising approach to enhance
plant resilience against pathogens, as they can improve biocontrol efficacy through microbial synergy
(Liu et al. 2018; Santhanam et al. 2019; Zhang et al. 2019; Zhou et al. 2022; Qiao et al. 2024). Thus,
further research conducted on the bacterial strains isolated in this study may facilitate the development

of an effective SynCom.

4.2. Drosophila suzukii: a potential vector of Erwinia amylovora, the causal agent of apple fire

blight?

It is well known that plants infected with Erwinia amylovora can develop ooze droplets when
the disease reaches an advanced stage (Schouten 1989a, b; Slack et al. 2017). As the ooze consists of

sugars and E. amylovora cells, it may attract insects, which could then disperse the bacterial pathogen
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to healthy plants, contributing to the spread of the disease (Boucher et al. 2021a). In the spring of
2020, a fire blight outbreak occurred in the Valsugana Valley, located in the Trentino region where
infection rates exceeded 90% in some areas (Fondazione Edmund Mach & Provincia Autonoma di
Trento, 2020). Valsugana is known for the presence of another pest, namely Drosophila suzukii
(Matsumura) (Tait et al. 2018). Even though D. suzukii does not directly affect apple orchards, many
orchards in the valley are situated close to fruits commonly targeted by this pest. Interestingly, 29.46%
of'the fruits collected and monitored in that area during 2020 were infested by D. suzukii (Unita Piccoli
frutti, FEM). Given these observations and considering dipterans such as D. melanogaster might act
as potential vectors of E. amylovora (Boucher et al. 2019), in this study, we aimed to investigate

whether D. suzukii might be attracted by bacterial ooze and acquire E. amylovora.

To assess this attraction, two tests were conducted: the pitfall choice test and the olfactometer
test. In the first test, D. suzukii flies were tested individually and exposed to two vials, one containing
the bacterial medium with Ea21 ooze and the other containing a non-inoculated medium. Observations
were made to determine whether the flies would choose between the two vials. The results of the
pitfall choice test showed that more than half of D. suzukii individuals actively made a choice and
selected the vial containing the bacterial ooze produced by E. amylovora Ea21. Food-deprived flies
might be attracted by the bacterial ooze since it might be perceived as a food source due to its sugary
composition (Dethier et al. 1976; Boucher et al. 2019). However, other factors might have influenced
the observed behaviour. Although the overall tendency to be attracted was statistically significant, this
attraction was significant only for females, as shown when the results were analysed by sex. The
difference between sexes might be explained by several factors. First, the number of male individuals

tested may have been insufficient to display a statistical significance. Second, a lower attraction of
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males for bacterial ooze might be due to biological reasons that differentiate females from males.
Once inseminated, females generate and hold the eggs in their bodies. For this reproduction process,
females may need more energy and thus sugars that can be found in the bacterial ooze. The choice
might also be affected by the reproductive status of female D. suzukii, such as the number of mature
eggs, as reported by Wong and colleagues (2018). Females with low numbers of mature eggs seem to
have a higher preference for fermented sugars, such as levan and amylovoran, which are components
found in E. amylovora ooze. On the contrary, females having a higher number of mature eggs would
be attracted by fructose and glucose present in ripe fruits, the most suitable place this species chooses
for oviposition (Wong et al. 2018; Cavey et al. 2023). The individuals used for the experiments were
taken from cages where both sexes were present, thus suggesting that the females tested were mated
but that the mature egg loading might have been low. Further studies are required to better understand
whether males and females respond differently to E. amylovora ooze. In the olfactometer test, the
conditions are similar to those of the pitfall test, with the main differences being the longer exposure
time of the flies to the medium, which either contains or does not contain Ea2l ooze, and the
application of an airflow. This type of test specifically allows for the analysis of the effect of volatile
organic compounds (VOCs) produced by E. amylovora on Drosophila suzukii. The olfactometer is,
in fact, a tool commonly used to investigate insects’ behaviour in response to chemical stimuli
(Barrows, 1907; Wood et al. 1966; Weeks et al. 2011). Interestingly, D. suzukii flies exhibited
different responses when tested individually compared to in groups of ten. We initially tested single
individuals, but the percentage of flies making a choice was too low (35%) to make any reliable
assumption. This might suggest that testing single individuals may not provide the best conditions to
stimulate a sufficient reaction. Given that the flies were tested in a starved state and likely attracted to
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food sources, we first hypothesised that D. suzukii might exhibit a behaviour similar to the 'search—
aggregation' behaviour observed in D. melanogaster (Tinette et al. 2004), where some flies search for
food sources and others follow them. However, in the pitfall experiment, single individuals were
tested, but the activation rate was higher than 60%. This might highlight that aggregation itself may
not be the only significant factor, but environmental conditions or social interactions already described
for D. melanogaster (Higgins et al. 2005; Kent at al. 2008; Schneider et al. 2014; Rooke et al. 2020),
such as social environment and light-dark cycle, may have a crucial role in eliciting the decision-
making and response strength to environmental stimuli. To further explore this, we conducted
experiments testing groups of ten individuals, either female or male. In this case, the activation rate
was higher than that one observed in the pitfall choice test (68.75%), with a slight difference between
the sexes and a strong preference for both for E. amylovora Ea21 ooze. This experimental setup led
to hypothesise that when individuals are exposed to a social context, their behaviour may be
influenced by increased competition, social facilitation, or aggregation tendencies as seen for D.
melanogaster (Rooke et al. 2020). The stronger preference for the inoculated treatment in both sexes
during the group trials might reflect heightened sensitivity to signals in a competitive setting or even
a learned behaviour where individuals follow others' choices. However, more tests with single
individuals need to be performed to develop a better understanding of the dynamics involved since
the number of replicates was limited. What is missing in this study is the chemical analysis of the
volatile organic compounds (VOCs) likely produced by E. amylovora ooze. Identifying the specific
volatiles responsible for the observed behaviour would provide a better understanding of D. suzukii
response to chemical stimuli. Additionally, in this study we used an artificial bacterial growth medium
(SNA) that mimics the ooze observed in natural conditions. To gain a more comprehensive
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understanding of the interactions between the host plant, E. amylovora, and D. suzukii, it would be
valuable to test and analyse the VOCs emitted by infected fruits and flowers, similarly to the approach

taken by Cellini and colleagues (2019) for honeybees.

Even though our results indicate a tendency for D. suzukii to be attracted to E. amylovora ooze,
this attraction alone is not enough to classify D. suzukii as a potential vector, as the insect must also
be capable of acquiring and transporting the bacterial pathogen. Thus, based on the acquisition
protocol reported by Ordax et al. (2015) for Ceratitis capitata, we developed a new protocol to assess
the acquisition of E. amylovora cells by D. suzukii from ooze. We replicated natural conditions by
inoculating mature and immature fruits to obtain bacterial ooze. Immature pears (Pyrus communis cv.
Williams) were the only biological substrate tested where ooze was visible after inoculation, thus
suggesting the sugar composition of mature fruits may be unfavourable to the ooze development.
However, in the future, it might also be interesting to test the acquisition from mature fruits displaying
typical symptoms of fire blight. To immediately visualize whether acquisition had occurred, we used
E. amylovora Ea21GFP, allowing us to observe fluorescence on the insects' bodies by exposing them
to a transilluminator. This fluorescence indicates the acquisition of the plant pathogenic bacterium.
Similar to what was reported for Ceratitis capitata (Ordax et al., 2015), D. suzukii was able to acquire
the bacterial pathogen on its body surface and potentially also ingest it. However, this last point
remains speculative, as we did not dissect the insects and analyse them under the microscope. The
qPCR analysis carried out allowed to confirm the acquisition of E. amylovora from a molecular point
of view. By analysing pools of insects, we also demonstrated this method can be applied to detect E.
amylovora in pools of up to 100 individuals, making detection easier, especially considering that

environmental monitoring may capture multiple insects at once. However, such analysis does not
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provide any information about the amount and viability of bacterial cells acquired. This is an important
aspect to consider since it is known that fire blight infection requires more than 10* bacterial cells per
flower to be successful (Philion 2014). So far, we have recovered E. amylovora cells from D. suzukii
individuals previously exposed to Ea21GFP ooze by plating a suspension containing homogenized
insects on solid medium, which subsequently showed Ea21GFP cell growth. This suggests that E.
amylovora cells survive once acquired by the flies; however, no data on the precise bacterial cell titre
were collected. Moreover, it is known that E. amylovora immediately enters the viable but not
culturable state (VBNC) when attached to the body surface of honeybees (Choi et al. 2022), a state in
which cells are alive but have low metabolic activity. This may limit the quantification of bacterial
cell viability, as VBNC cells are unable to grow on artificial media unless they reacquire cultivability.
While gPCR can detect the presence of these bacterial cells, it does not guarantee that they will regain
the necessary vitality to cause an infection. Transmission of acquired E. amylovora cells to plant and

fruit surfaces should also be tested. These are all questions future studies will need to address.

These findings provide a general overview of the potential role of Drosophila suzukii as a
vector for Erwinia amylovora, the causative agent of fire blight. This research proved a significant
tendency of D. suzukii to be attracted to the bacterial ooze produced by E. amylovora, suggesting the
ooze may play a key role in pathogen transmission by attracting the insect and eventually spreading
it. Direct evidence of E. amylovora acquisition from infected fruits was also found by developing a
new protocol for testing E. amylovora uptake, laying the basis for future studies. This study lays the
groundwork for future research aimed at understanding the interaction between D. suzukii and E.

amylovora.
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The sections “Materials and Methods,” “Results,” and “Discussion,” presented under the
title “From apple flowers to control fire blight: new potential biocontrol agents of Erwinia

amylovora?” are part of a manuscript currently in preparation and intended for submission in 2025.

The sections “Materials and Methods,” “Results,” and “Discussion,” presented under the
title “Drosophila suzukii: a potential vector of Erwinia amylovora, the causal agent of apple fire
blight?” have been published in the master’s thesis entitled “Drosophila suzukii: a possible vector of

Erwinia amylovora, the causal agent of apple fire blight” by Colmagro Asia (2024).

120



CHAPTERS. CONCLUSION

This study aimed to deepen the knowledge of fire blight to find sustainable solutions for
managing this devastating disease, therefore reducing the negative impact of conventional control

strategies involving the use of antibiotics and copper-based compounds.

Several BCAs have been identified in the past years to control E. amylovora (Kunz 2004;
Sundin et al. 2009), but their application alone is still not sufficient to completely control this plant
pathogenic bacterium (Sundin et al. 2009; Johnson et al. 2013, 2022). Thus, it is essential to further
study the apple flower microbiota to select a potential BCA to integrate and implement
environmentally friendly practices. Of all bacterial strains we isolated from apple flowers, P.
agglomerans AFF2001 was the one able to effectively control E. amylovora Ea21 on apple flowers,
significantly reducing the disease development. Moreover, P. agglomerans AFF2001 showed to
hinder the virulence and pathogenicity of E. amylovora Ea21 as demonstrated by the assays conducted
on immature pear slices and tobacco leaves, respectively. We found out several mechanisms might be
involved in the biocontrol activity observed for this bacterial strain. First, Pantoea agglomerans
AFF2001 may compete with Erwinia amylovora Ea21 for nutrients and space, making key resources
such as sugars, amino acids, and iron ions unavailable to the pathogen. This resource competition
likely contributes to the inhibition of E. amylovora growth at the stigmatic surface of the flower.
Additionally, the swimming motility of P. agglomerans AFF2001 may play a crucial role in its
colonization of floral tissues, further enhancing its competitive advantage over Ea21. Second, the
establishment of Erwinia amylovora Ea2l cells in the flower may be negatively influenced by

acidification of the environment observed in vitro in the presence of Pantoea agglomerans AFF2001,
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although this effect has not yet been confirmed in the flower itself. According to our results, a lower
pH impairs both the growth and the swimming motility of E. amylovora Ea21, two factors that are
essential for successful colonization and disease development. Third, P. agglomerans AFF2001 might
kill E. amylovora Ea21 cells through contact-dependent mechanisms involving both the production of
the D-alanylgriseoluteic acid (AGA) antibiotic and the activity of the Type VI Secretion System
(T6SS). This hypothesis is based on the identification in the P. agglomerans AFF2001 draft genome
of the AGA biosynthetic gene cluster and two putative T6SS effector genes. However, these
mechanisms have not yet been experimentally validated. No contact-independent antibacterial activity
was observed. In conclusion, our findings support that Pantoea agglomerans AFF2001 may be a
promising new biocontrol agent (BCA) to be developed as a biopesticide. If no concerns regarding its
biosafety or phytopathogenicity will be identified, future perspectives may include the development
of a synthetic microbial community (SynCom) incorporating P. agglomerans AFF2001 together with

other bacterial strains isolated in this study, to evaluate whether biocontrol efficacy can be enhanced.

As shown in the fire blight disease cycle, insects may have a role in the dissemination of E.
amylovora, being attracted by the bacterial ooze produced by the plant pathogenic bacterial cells
(Boucher et al. 2021). A few studies have demonstrated that both pollinator and non-pollinator species
might acquire E. amylovora cells, maintain them outside and/or inside their body and potentially
transmit them to other plants (Pierstorff et al. 1934; Keitt et al. 1941; Ordax et al. 2015; Boucher et
al. 2019; Ribeiro et al. 2022). Based on the findings reported for Drosophila melanogaster (Boucher
et al. 2019), we investigated whether the closely related species Drosophila suzukii might be regarded
as potential vector of E. amylovora. We found that D. suzukii had a tendency to be attracted to E.

amylovora Ea21 ooze and could acquire the bacterial cells directly from it. Differences related to the
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genre of the insect were seen concerning the attractiveness, likely due to biological reasons. The
attraction might be explained as a response to the VOCs released by the bacterial ooze, but this aspect
was not analysed in this study. Once observed D. suzukii could acquire E. amylovora Ea2l, we
optimized the acquisition protocol described by Ordax and colleagues (2015). To reproduce what
happens in environmental conditions, we chose to infect immature pears with E. amylovora Ea2l,
leading to ooze development. We also set up other parameters such as the number of insects and the
DNA extraction method, as well as the molecular analysis. In conclusion, this research showed D.
suzukii showed a tendency to be attracted to the E. amylovora Ea21 ooze and can acquire the plant
pathogenic bacterium, suggesting its potentiality as vector of E. amylovora. The next step would be
to assess the ability of this species to transmit E. amylovora to healthy tissues. If its vectoring

capability is confirmed, strategies should then be developed to manage and control D. suzukii.

123



REFERENCES

Acimovi¢, S.G., Zeng, Q., McGhee, G.C., Sundin, G.W., 2015. Control of fire blight (Erwinia
amylovora) on apple trees with trunk-injected plant resistance inducers and antibiotics and assessment
of induction of pathogenesis-related protein genes. Frontiers in Plant Science 6, 16.
https://doi.org/10.3389/fpls.2015.00016.

Agrios, G.N., 2005. Plant Pathology. 5th Edition, Elsevier Academic Press, Amsterdam, 26-
27,398-401, page 176

Agrios, G.N., 2008. “Transmission of plant diseases by insects,” in Encyclopedia of
Entomology, ed. J. L. Capinera (Dordrecht: Springer), 3853—3885

Aktepe, B.P., Aysan, Y., 2022. Biological control of fire blight disease caused by Erwinia
amylovora on apple. Erwerbs-Obstbau. https://doi.org/10.1007/s10341-022-00751-1

Albanese, D., Cainelli, C., Gualandri, V., Larger, S., Pindo, M., Donati, C., 2022. Genome
sequencing provides new insights on the distribution of Erwinia amylovora lineages in northern Italy.
Environmental Microbiology Reports, 14(4). https://doi.org/10.1111/1758-2229.13074

Alexandrova, M., Bazzi, C., Porrini, C., Carpana, E., Bigliardi, M., Sabatini, A,G., 2002a.
Erwinia amylovora longevity in beehive, beehive products and honeybee. Acta Hortic 501:201-205.
https://doi.org/10.17660/ActaHortic.2002.590.29

Alexandrova, M., Cimini, B., Bazzi, C., Carpana, E., Massi, S., Sabatini, A.G., 2002b. The
role of honeybee in spreading Erwinia amylovora. Acta  Hortic = 590:55-60.
https://doi.org/10.17660/ActaHortic.2002.590.5

Alexeyev, M.F., Shokolenko, I.N., 1995. Mini-Tn10 transposon derivatives for insertion
mutagenesis and gene delivery into the chromosome of gram-negative bacteria. Gene, 160,59—-62.
https://doi.org/10.1016/0378-1119(95)00141-r

Aluja, M., Norrbom, A.L., 2000. Fruit flies (tephritidae): phylogeny and evolution of behavior.
CRC Press; Boca Raton. 944 p

Anderson, J.P., Gleason, C.A., Foley, R.C., Thrall, P.H., Burdon, J.B., Singh, K.B., 2010.
Plants versus pathogens: an evolutionary arms race. Funct Plant Biol 20:499-512.
https://doi.org/10.1071/FP09304

Andrews, S.C., Robinson, A.K., Rodriguez-Quifiones, F., 2003. Bacterial iron homeostasis.
FEMS Microbiol Rev., 27:215-237. https://doi.org/10.1016/S0168-6445(03)00055-X

124


https://doi.org/10.3389/fpls.2015.00016
https://doi.org/10.1007/s10341-022-00751-1
https://doi.org/10.17660/ActaHortic.2002.590.5
https://doi.org/10.1016/0378-1119(95)00141-r
https://doi.org/10.1071/FP09304
https://doi.org/10.1016/S0168-6445(03)00055-X

Aziz, R.K., Bartels, D., Best, A.A., DeJongh, M., Disz, T., Edwards, R.A., Formsma, K.,
Gerdes, S., Glass, E.M., Kubal, M., Meyer, F., Olsen, G.J., Olson, R., Osterman, A.L., Overbeek,
R.A., McNeil, LK., Paarmann, D., Paczian, T., Parrello, B., Pusch, G.D., Reich, C., Stevens, R.,
Vassieva, O., Vonstein, V., Wilke, A., Zagnitko, O., 2008. The RAST server: Rapid Annotations using
Subsystems Technology. BMC Genomics 9:75. http://dx.doi.org/10.1186 /1471-2164-9-75.

Bagg, A., Neilands, J.B., 1987. Molecular mechanism of regulation of siderophore-mediated
iron assimilation. Microbiol Rev., 51:509-518. https://doi.org/10.1128/mr.51.4.509-518.1987

Barbé, S., Figas-Segura, A., Benada, M., Navarro-Herrero, L., Sampaio, T.M., Biosca, E.G.,
Marco-Noales, E., 2022. Plant-associated microbiota as a source of antagonistic bacteria against the
phytopathogen Erwinia amylovora. Environ Microbiol Rep 14:559-569.
https://doi.org/10.1111/1758-2229.13064

Barrows, 1907. The reactions of the pomace fly, Drosophila ampelophila Loew, to odourous
substances. Journal of Experimental Zoology, Part A 4: 515-537.

Berk, Z., 2013. Food Process Engineering and Technology: Second Edition. In Food Process
Engineering and Technology: Second Edition. https://doi.org/10.1016/C2011-0-05296-1

Berner, 1., Konetschny-Rapp, S., Jung, G., Winkelmann, G., 1988. Characterization of
ferrioxamine E as the principal siderophore of Erwinia herbicola (Enterobacter agglomerans). Biol
Met., 1:51-6. https://doi.org/10.1007/BF01128017

Blin, K., Shaw, S., Augustijn, H.E., Reitz, Z., L., Biermann, F., Alanjary, M., Fetter, A.,
Terlouw, B.R., Metcalf, W., W., Helfrich, E.J.N., van Wezel, G.P., Medema, M.H., Weber, T., 2023.
antiSMASH 7.0: new and improved predictions for detection, regulation, chemical structures, and
visualisation. Nucleic Acids Research, https://doi.org/10.1093/nar/gkad344.

Bocsanczy, A.M., Schneider, D.J., DeClerck, G.A., Cartinhour, S., Beer, S.V., 2012. HopX1
in Erwinia amylovora functions as an avirulence arotein in apple and is regulated by HrpL. J Bacteriol
194:553-60. https://doi.org/10.1128/JB.05065-11

Bogdanove, A.J., Bauer, D.W., Beer, S.V., 1998. Erwinia amylovora secretes DspE, a
pathogenicity factor and functional AvrE homolog, through the Hrp (type III secretion) pathway. J
Bacteriol 180:2244-2247. https://doi.org/10.1128/jb.180.8.2244-2247.1998

Born, Y., Fieseler, L., Marazzi, J., Lurz, R., Duffy, B., Loessner, M.J., 2011. Novel virulent
and broad-host-range Erwinia amylovora bacteriophages reveal a high degree of mosaicism and a

relationship to  enterobacteriaceae  phages. Appl Environ Microb  77:5945-5954.
https://doi.org/10.1128/AEM.03022-10

Boschi, F., Schvartzman, C., Murchio, S., Ferreira, V., Siri, M.1., Galvan, G.A., Smoker, M.,
Stransfeld, L., Zipfel, C., Vilaro, F.L., Dalla-Rizza, M., 2017. Enhanced bacterial wilt resistance in

125


http://dx.doi.org/10.1186%20/1471-2164-9-75
https://doi.org/10.1128/mr.51.4.509-518.1987
https://doi.org/10.1111/1758-2229.13064
https://doi.org/10.1016/C2011-0-05296-1
https://doi.org/10.1007/BF01128017
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1128/JB.05065-11
https://doi.org/10.1128/jb.180.8.2244-2247.1998
https://doi.org/10.1128/AEM.03022-10

potato through expression of Arabidopsis EFR and introgression of quantitative resistance from
Solanum commersonii. Front Plant Sci 25: 1642. https://doi.org/10.3389/fpls.2017.01642

Boucher, M., Collins, R., Cox, K., Loeb, G., 2019. Effects of exposure time and biological
state on acquisition and accumulation of Erwinia amylovora by Drosophila melanogaster. Appl
Environ Microbiol 85:¢00726-19. https://doi.org/10.1128/AEM.00726-19

Boucher, M., Collins, R., Harling, K., Brind’ Amour, G., Cox, K., Loeb, G., 2020. Interactions
between Delia platura and Erwinia amylovora associated with insect-mediated transmission of shoot
blight. Phyto Frontiers 1:62—74. https://doi.org/10.1094/PHYTOFR-08-20-0013-R

Boucher, M., Collins, R., Harling, K., Brind’Amour, G., Cox, K., Loeb, G., 2021a. Field
evaluation of interactions between insects and Erwinia amylovora in a New Y ork apple orchard. Phyto
Frontiers 1:94-103. https://doi.org/10.1094/PHYTOFR-10-20-0032-R

Boucher, M., Collins, R., Hesler, S., Cox, K., Loeb, G., 2021b. The effect of Erwinia
amylovora infection in apple saplings and fruit on the behavior of Delia platura (Diptera:
Anthomyiidae). Environ Entomol 50:117-125. https://doi.org/10.1093/ee/nvaal 53

Boulg¢, J., Sholberg, P.L., Lehman, S.M., O’gorman, D.T., Svircev, A.M., 2011. Isolation and
characterization of eight bacteriophages infecting Erwinia amylovora and their potential as biological
control agents in British Columbia, Canada. Can. J Plant Pathol 33:308-317.
https://doi.org/10.1080/07060661.2011.588250

Broggini, G.A.L., Wohner, T., Fahrentrapp, J., Kost, T.D., Flachowsky, H., Peil, A., Hanke,
M-V., Richter, K., Patocchi, A., Gessler, C., 2014. Engineering fire blight resistance into the apple
cultivar ‘Gala’ using the FB. MR5 CC-NBS-LRR resistance gene of Malus 3 robusta 5. Plant
Biotechnol J 12:728-733. https://doi.org/10.1111/pbi.12177

Biittner, D., Sheng Yang He, S.Y., 2009. Type III protein secretion in plant pathogenic
bacteria. Plant Physiol 150:1656—1664. https://doi.org/10.1104/pp.109.139089

Campa, M., Piazza, S., Righetti, L., Oh, C.S., Conterno, L., Borejsza-Wysocka, E.,
Nagamangala, K.C., Beer, S.V., Aldwinckle, H.S., Malnoy, M., 2019. HIPM is a susceptibility gene
of Malus spp.: reduced expression reduces susceptibility to Erwinia amylovora. Mol Plant Microbe
In 32:167-175. https://doi.org/10.1094/MPMI-05-18-0120-R

Canada AeA, 2006. Lutte intégrée contre le feu bactéerien de la pomme et de la poire au
Canada. Agriculture et Agroalimentaire Canada

Castiblanco, L.F., Sundin, G.W., 2018. Cellulose production, activated by cyclic di-GMP
through BcesA and BesZ, is a virulence factor and an essential determinant of the three-dimensional
architectures of biofilms formed by Erwinia amylovora Eal189. Mol Plant Pathol 19:90-103.
https://doi.org/10.1111/mpp.12501

126


https://doi.org/10.3389/fpls.2017.01642
https://doi.org/10.1128/AEM.00726-19
https://doi.org/10.1094/PHYTOFR-08-20-0013-R
https://doi.org/10.1094/PHYTOFR-10-20-0032-R
https://doi.org/10.1093/ee/nvaa153
https://doi.org/10.1080/07060661.2011.588250
https://doi.org/10.1111/pbi.12177
https://doi.org/10.1104/pp.109.139089
https://doi.org/10.1094/MPMI-05-18-0120-R
https://doi.org/10.1111/mpp.12501

Cavey, M., Charroux, B., Travaillard, S., Maniére, G., Berthelot-Grosjean, M., Quitard, S.,
Minervino, C., Detailleur, B., Grosjean, Y., Prudhomme, B., 2023. Increased sugar valuation
contributes to the evolutionary shift in egg-laying behavior of the fruit pest Drosophila suzukii. PLoS
Biol., 21:€3002432. https://doi.org/10.1371/journal.pbio.3002432

Cellini, A., Buriani, G., Rocchi, L., Rondelli, E., Savioli, S., Rodriguez Estrada, M.T.,
Cristescu, S.M., Costa, G., Spinelli, F., 2018. Biological relevance of volatile organic compounds

emitted during the pathogenic interactions between apple plants and Erwinia amylovora. Mol Plant
Pathol 19:158-168. https://doi.org/10.1111/mpp.12509

Cellini, A., Giacomuzzi, V., Donati, 1., Farneti, B., Rodriguez-Estrada, M. T., Savioli, S.,
Angeli, S., Spinelli, F., 2019. Pathogen-induced changes in floral scent may increase honeybee-
mediated dispersal of Erwinia amylovora. ISME Journal, 13(4). https://doi.org/10.1038/s41396-018-
0319-2 59

Cellini, A., Donati, 1., Fiorentini, L., Vandelle, E., Polverari, A., Venturi, V., Buriani, G.,
Vanneste, J.L., Spinelli, F., 2020. N-Acyl homoserine lactones and lux solos regulate social behaviour

and virulence of Pseudomonas syringae pv. actinidiae. Microb Ecol 79:383-396.
https://doi.org/10.1007/s00248-019-01416-5

Chisholm, S.T., Coaker, G., Day, B., Staskawicz, B.J., 200.) Host-microbe interactions:
shaping the evolution of the plant immune response. Cell 124:803-814.
https://doi.org/10.1016/1.cell.2006.02.008

Choi, H.J., Kim, Y.J., Hwan Park, D.H., 2022. Extended longevity of Erwinia amylovora
vectored by honeybees under in vitro conditions and its capacity for dissemination. Plant Pathol
71:762—771. https://doi.org/10.1111/ppa.13489

Cianfanelli, F.R., Monlezun, L., Coulthurst, S.J., 2016. Aim, Load, Fire: The Type VI
Secretion System, a Bacterial Nanoweapon. Trends Microbiol 4:51-62.
https://doi.org/10.1016/5.tim.2015.10.005

Cook, K.L., Bolster, C.H., 2007. Survival of Campylobacter jejuni and Escherichia coli in
groundwater during prolonged starvation at low temperatures. J. Appl. Microbiol. 103:573-583.
https://doi.org/10.1111/5.1365-2672.2006.03285.x

Cornelis, P., Wei, Q., Andrews, S.C., Vinckx, T., 2011. Iron homeostasis and management of
oxidative stress response in bacteria. Metallomics 3:540—-549. https://doi.org/10.1039/c1mt00022¢

Cotter, P., Stibitz, S., 2007. c-di-GMP-mediated regulation of virulence and biofilm formation.
Curr. Opin. Microbiol., 10:17-23. https://doi.org/10.1016/].mib.2006.12.006

Coulthurst, S., 2019. The Type VI secretion system: a versatile bacterial weapon.
Microbiology (Reading) 165:503—-515. https://doi.org/10.1099/mic.0.000789

127


https://doi.org/10.1371/journal.pbio.3002432
https://doi.org/10.1111/mpp.12509
https://doi.org/10.1038/s41396-018-%200319-2%2059
https://doi.org/10.1038/s41396-018-%200319-2%2059
https://doi.org/10.1007/s00248-019-01416-5
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.1111/ppa.13489
https://doi.org/10.1111/j.1365-2672.2006.03285.x
https://doi.org/10.1039/c1mt00022e
https://doi.org/10.1016/j.mib.2006.12.006
https://doi.org/10.1099/mic.0.000789

Cui, Z., Huntley, R.B., Schultes, N.P., Kakar, K.U., Yang, C.H., Zeng, Q., 2021a. Expression
of the type III secretion system genes in epiphytic Erwinia amylovora cells on apple stigmas benefits
endophytic infection at the hypanthium. Mol Plant Microbe Interact 34:1119-1127.
https://doi.org/10.1094/MPMI-06-21-0152-R

Cui, Z., Huntley, R.B., Zeng, Q., Steven, B., 2021b. Inoculation of stigma-colonizing microbes
to apple stigmas alters microbiome structure and reduces the occurrence of fire blight disease.
Phytobiomes J 5:156—165. https://doi.org/10.1094/PBIOMES-04-20-0035-R

Cui, Z., Huntley, R.B., Zeng, Q., Steven, B., 2021c. Temporal and spatial dynamics in the
apple flower microbiome in the presence of the phytopathogen Erwinia amylovora. ISME J (2021)
15:318-329. https://doi.org/10.1038/s41396-020-00784-y

Dagher, F., Olishevska, S., Philion, V., Zheng, J., Déziel, E., 2020. Development of a novel
biological control agent targeting the phytopathogen Erwinia amylovora. Heliyon 6.
https://doi.org/10.1016/].heliyon.2020.e05222

Dale, C., Young, S.A., Haydon, D.T., Welburn, S.C., 2001. The insect endosymbiont Sodalis
glossinidius utilizes a type III secretion system for cell invasion. Proc. Natl. Acad. Sci. U.S.A.
98:1883-1888. https://doi.org/10.1073/pnas.98.4.1883

Dalton, D.T., Walton, V.M., Shearer, P.W., Walsh, D.B., Caprile, J., Isaacs, R., 2011.
Laboratory survival of Drosophila suzukii under simulated winter conditions of the Pacific Northwest
and seasonal field trapping in five primary regions of small and stone fruit production in the United
States. Pest Manag Sci, 67:1368-74. https://doi.org/10.1002/ps.2280

Danese, P.N., Pratt, L.A., Kolter, R., 2000. Exopolysaccharide production is required for
development of FEscherichia coli K-12 biofilm architecture. J. Bacteriol., 182:3593-96.
https://doi.org/10.1128/JB.182.12.3593-3596.2000

Davies, D.G., Marques, C.N., 2009. A fatty acid messenger is responsible for inducing
dispersion in microbial biofilms. J. Bacteriol. 191, 1393—1403. https://doi.org/10.1128/JB.01214-08

De Maayer, P., Venter, S.N., Kamber, T., Duffy, B., Coutinho, T.A., Smits, T.H., 2011.
Comparative genomics of the Type VI secretion systems of Pantoea and Erwinia species reveals the

presence of putative effector islands that may be translocated by the VgrG and Hcp proteins. BMC
Genomics 12:576. https://doi.org/10.1186/1471-2164-12-576

De Ros, G., 2024. The Economic Analyses of the Drosophila suzukii’s Invasions: A Mini-
review. In Neotropical Entomology (Vol. 53, Issue 2). https://doi.org/10.1007/s13744-024-01127-8

Delaplane, K.S, Mayer, D.F., 2000. Crop pollination by bees. CABI Publishing, New York,
USA

128


https://doi.org/10.1094/MPMI-06-21-0152-R
https://doi.org/10.1094/PBIOMES-04-20-0035-R
https://doi.org/10.1038/s41396-020-00784-y
https://doi.org/10.1016/j.heliyon.2020.e05222
https://doi.org/10.1002/ps.2280
https://doi.org/10.1128/JB.182.12.3593-3596.2000
https://doi.org/10.1128/JB.01214-08
https://doi.org/10.1007/s13744-024-01127-8

Dellagi, A., Brisset, M. N., Paulin, J.P., Expert, D., 1998. Dual role of desferrioxamine in
Erwinia  amylovora  pathogenicity. = Mol  Plant  Microbe  Interact., 11:734-742.
https://doi.org/10.1094/MPMI1.1998.11.8.734

Dethier, V.G., 1976. The hungry fly: a physiological study of the behavior associated with
feeding. Harvard University Press, Cambridge, MA.

Dong, Z., Xing, S., Liu, J., Tang, X., Ruan, L., Sun, M., Tong, Y., Peng, D., 2018. Isolation
and characterization of a novel phage Xoo-sp2 that infects Xanthomonas oryzae pv. oryzae. J Gen
Virol 99:1453—-1462. https://doi.org/10.1099/1gv.0.001133

Doolotkeldieva, T., Bobushova, S., 2016. Fire blight disease caused by Erwinia amylovora on
Rosaceae plants in Kyrgyzstan and biological agents to control this disease. Advances in

Microbiology 6. https://doi.org/10.4236/aim.2016.611080

Doolotkeldieva, T., Bobushova, S., Carnal, S., Rezzonico, F., 2021. Genetic characterization
of Erwinia amylovora isolates detected in the wild walnut-fruit forest of South Kyrgyzstan. Journal
of Plant Pathology, 103. https://doi.org/10.1007/s42161-021-00752-1 60

Dubinkina, V., Fridman, Y., Pandey, P.P., Maslov, S., 2019. Multistability and regime shifts
in microbial communities explained by competition for essential nutrients. eLife 8:¢49720.
https://doi.org/10.7554/eLife.49720

Dulla, G.F., Lindow, S.E., 2009. Acyl-homoserine lactone-mediated cross talk among
epiphytic bacteria modulates behavior of Pseudomonas syringae on leaves. ISME J 3:825-34.
https://doi.org/10.1038/ismej.2009.30

Durel, C.E., Denance, C., Brisset, M.N., 2009. Two distinct major QTL for resistance to fire
blight co-localize on linkage group 12 in apple genotypes ‘Evereste’ and Malus floribunda clone 821.
Genome 52:139-147. https://doi.org/10.1139/G08-11

Edmunds, A.C., Castiblanco, L.F., Sundin, G.W., Waters, C.M., 2013. Cyclic Di-GMP
modulates the disease progression of Erwinia amylovora. J Bacteriol., 195:2155-65.
https://doi.org/10.1128/J1B.02068-12.

Emeriewen, O.F, Richter, K., Piazza, S., Micheletti, D., Broggini, G.A.L., Berner, T.,
Keilwagen, J., Hanke, M.V., Malnoy, M., Peil, A., 2018. Towards map-based cloning of FB_Mful0:
identification of a receptor-like kinase candidate gene underlying the Malus fusca fire blight resistance
locus on linkage group 10. Mol Breed 38:106. https://doi.org/10.1007/s11032-018-0863-5

Emeriewen, O.F., Richter, K., Flachowsky, H., Malnoy, M., Peil, A., 2021. Genetic analysis
and fine mapping of the fire blight resistance locus of Malus xarnoldiana on linkage group 12 reveal
first candidate genes. Front Plant Sci 12:667133. https://doi.org/10.3389/fpls.2021.667133

129


https://doi.org/10.1094/MPMI.1998.11.8.734
https://doi.org/10.1099/jgv.0.001133
https://doi.org/10.4236/aim.2016.611080
https://doi.org/10.1007/s42161-021-00752-1%2060
https://doi.org/10.7554/eLife.49720
https://doi.org/10.1038/ismej.2009.30
https://doi.org/10.1139/G08-11
https://doi.org/10.1128/JB.02068-12
https://doi.org/10.1007/s11032-018-0863-5
https://doi.org/10.3389/fpls.2021.667133

Directive 2000/54/EC of the European Parliament and of the Council of 18 September 2000
on the protection of workers from risks related to exposure to biological agents at work. Official
Journal of the European Communities, L 262, 17 October 2000, pp. 21-45. https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32000L0054

European and Mediterranean Plant Protection Organization (2022) Eppo Al and A2 lists of
pests recommended for regulation as quarantine pests. https://www.eppo.int/media/
uploaded images/RESOURCES/eppo_standards/pm1/pm1-002-31-en A1A2 2022.pdf 21
Boulevard Richard Lenoir, 75011 Paris, France September 2022.Expert, D., Dellagi, A.,
Kachadourian, R., 2000. In Fire Blight: The Disease and its Causative Agent, Erwinia amylovora (ed.
Vanneste, J. L.) 179-195 (Blackwell Science Ltd, Wallingford, UK, 2000).

Felsenstein, J., 1985. CONFIDENCE LIMITS ON PHYLOGENIES: AN APPROACH
USING THE BOOTSTRAP. Evolution 39, 783-791. https://doi.org/10.1111/j.1558-
5646.1985.tb00420.x

Figurski, D.H., Helinski, D.R., 1979. Replication of an origin-containing derivative of plasmid
RK2 dependent on a plasmid function provided in trans. Proc Natl Acad Sci U S A. 76:1648-52.
https://doi.org/10.1073/pnas.76.4.1648

Fondazione Edmund Mach, & Provincia Autonoma di Trento. (2020, June 9). Colpo di fuoco
batterico, il punto della situazione. Https://Www.Ufficiostampa.Provincia.Tn.It/Comunicati/Colpo-
Di-Fuoco- Batterico-Il-Punto-Della-Situazione.-Pronto-Un-Opuscolo-Sulla-Gestione- Delle-Piante-
Ornamentali-Suscettibili-al-Batterio.

FoodData Central, USDA, https://fdc.nal.usda.gov/fdc-app.html#/food-
details/169118/nutrients

Francez-Charlot, A., Laugel, B., Von Gemert, A., Dubarry, N., Wiorowski, F., Castanie-
Cornet, M., Gutierrez, C., Cam, K., 2003. RcsCDB His-Asp phosphorelay system negatively regulates
the fThDC operon in Escherichia coli. Mol Microbiol., 49:823—-832. https://doi.org/10.1046/].1365-
2958.2003.03601 .x.

Frangipani, E., Visaggio, D., Heeb, S., Kaever, V., Camara, M., Visca, P., Imperi, F., 2014.
The Gac/Rsm and cyclic-di-GMP signalling networks coordinately regulate iron uptake in
Pseudomonas aeruginosa. Environ Microbiol., 16:676-88. https://doi.org/10.1111/1462-2920.12164

Frantzeskakis, L., Di Pietro, A., Rep, M., Schirawski, J., Wu, C-H., Panstruga, R., 2020. Rapid
evolution in plant-microbe interactions — a molecular genomics perspective. New Phytol 225:1134—
1142. https://doi.org/10.1111/nph.15966

Fujiwara, A., Fujisawa, M., Hamasaki, R., Kawasaki, T., Fujie, M., Yamada, T., 2011.
Biocontrol of Ralstonia solanacearum by treatment with lytic bacteriophages. Appl Environ
Microbiol 77:4155-4162. https://doi.org/10.1128/AEM.02847-10

130


https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://fdc.nal.usda.gov/fdc-app.html#/food-details/169118/nutrients
https://fdc.nal.usda.gov/fdc-app.html#/food-details/169118/nutrients
https://doi.org/10.1046/j.1365-2958.2003.03601.x
https://doi.org/10.1046/j.1365-2958.2003.03601.x
https://doi.org/10.1111/1462-2920.12164
https://doi.org/10.1111/nph.15966
https://doi.org/10.1128/AEM.02847-10

Gaganidze, D.L., Aznarashvili, M.A., Sadunishvili, T.A., Abashidze, E.O., Gureilidze, M.A.,
Gyvritishvili, E.S., 2018. Fire blight in Georgia. Ann Agrar Sci 16:12-6.
https://doi.org/10.1016/j.aasci.2018.02.001

Gaganidze, D., Sadunishvili., T., Aznarashvili, M., Abashidze, E., Gurielidze, M., Carnal, S.,
Rezzonico, F., Zubadalashvili, M., 2021. Fire blight distribution in Georgia and characterization of
selected Erwinia amylovora isolates. J Plant Pathol 103:121-30. https://doi.org/10.1007/s42161-020-
00700-5

Gayder, S., Parcey, M., Nesbitt, D., Castle, A.J., Svircev, A.M., 2020. Population dynamics
between Erwinia amylovora, Pantoea agglomerans and bacteriophages: exploiting synergy and

competition to improve phage cocktail efficacy. Microorganisms 8:1449.
https://doi.org/10.3390/microorganisms8091449

Geider, K., 2000. Exopolysaccharides of Erwinia amylovora. In: Vanneste, J. L. (Ed.), Fire
blight: the disease and its causative agent, Erwinia amylovora. CABI Publishing, Wallingford, UK,
pp. 117-140

Geider, K., Du, Z., Hildebrand, M., Kim, W.S., Jakovljevic, V., Jock, S., 2006.
Exopolysaccharides of Erwinia amylovora and related pathogens. Acta Hortic. 704, 403-406.
https://doi.org/10.17660/ActaHortic.2006.704.63

Geider, K., 2009, Current innovations and future trends, structure, biosynthesis and regulation
of capsular exopolysaccharide of Erwinia amylovora and other Erwinia species and role in
pathogenicity. In: Ullrich, M. (Ed.), Bacterial Polysaccharides. Caister Academic Press, Norfolk, UK,
pp. 223-238

Geier, G., Geider, K., 1993. Characterization and influence on virulence of the levansucrase
gene form the fireblight pathogen Erwinia amylovora. Physiol Mol Plant Pathol 42: 387404

Giddens, S.R., Feng, Y., Mahanty, H.K., 2002. Characterization of a novel phenazine
antibiotic gene cluster in Erwinia herbicola Eh1087. Mol Microbiol 45:769-83.
https://doi.org/10.1046/j.1365-2958.2002.03048.x

Gottsberger, R.A., 2010. Development and evaluation of a real-time PCR assay targeting
chromosomal DNA of Erwinia amylovora. Letters in Applied Microbiology, 51(3).
https://doi.org/10.1111/].1472-765X.2010.02892.x

Grassi, A., Pallaoro, M., 2012. Drosophila suzukii: a revolution for soft fruits in Trentino,
North of Italy.

Grassi, A., Anfora, G., Maistri, S., Maddalena, G., De Gristofaro, A., Savini, G., loriatti, C.,
2015. Development and efficacy of Droskidrink, a food bait for trapping Drosophila suzukii. IOBC
VIII Workshop on Integrated Soft Fruit Production, 109.

131


https://doi.org/10.1016/j.aasci.2018.02.001
https://doi.org/10.1007/s42161-020-00700-5
https://doi.org/10.1007/s42161-020-00700-5
https://doi.org/10.3390/microorganisms8091449
https://doi.org/10.1111/j.1472-765X.2010.02892.x

Grey, B.E., Steck, T.R., 2001. The viable but nonculturable state of Ralstonia solanacearum
may be involved in long-term survival and plant infection. Appl Environ Microbiol 67:3866—3872.
https://doi.org/10.1128/AEM.67.9.3866-3872.2001

Grosskopf, T., Soyer, O.S., 2014. Synthetic microbial communities. Curr Opin Microbiol 18
72-77. https://doi.org/10.1016/j.mib.2014.02.002

Gupta, M., Topgyal, T., Zahoor, A., Gupta, S., 202.) Chapter 15 - Rhizobium: Eco-friendly
microbes for global food security, Editor(s): Ajay Kumar, Samir Droby, Microbial Management of
Plant Stresses, Woodhead Publishing, pp 221-233. https://doi.org/10.1016/B978-0-323-85193-
0.00013-9Jo

Gutierrez-Castillo, D.E., Barrett, E., Yasuhara-Bell, J., Roberts, R., 2024. First report of
two Pantoea species causing bacterial leaf blight on wheat in the United States. Plant Dis 17.
https://doi.org/10.1094/PDIS-05-24-1103-PDN

Hengge, R., 2009. Principles of c-di-GMP signalling in bacteria. Nat. Rev. Microbiol., 7:263—
273. https://doi.org/10.1038/nrmicro2109

Higgins, L.A., Jones, K.M., Wayne, M.L., 2005. Quantitative genetics of natural variation of
behavior in Drosophila melanogaster: the possible role of the social environment on creating
persistent patterns of group activity. Evolution., 59:1529-39.

Jenal, U., Malone, J., 2006. Mechanisms of cyclic-di-GMP signaling in bacteria. Annu. Rev.
Genet., 40:385— 407. https://doi.org/10.1146/annurev.genet.40.110405.090423

Jo, S.J., Kim, S.G., Lee, Y.M., Giri, S.S., Kang, JJW., Lee, S.B., Jung, W.J., Hwang, M.H.,
Park, J., Cheng, C., Roh, E., Park, S.C., 2023. Evaluation of the antimicrobial potential and
characterization = of  novel  T7-like  Erwinia  bacteriophages. Biology 12:180.
https://doi.org/10.3390/biology 12020180

Jock, S., Langlotz, C., Geider, K., 2005. Survival and possible spread of Erwinia amylovora
and related plant-pathogenic bacteria exposed to environmental stress conditions. J Phytopathol
153:87-93. https://doi.org/10.1111/].1439-0434.2004.00934.x

Jock, S., Wensing, A., Pulawska, J., Drenova, N., Dreo, T., Geider, K., 2013. Molecular
analyses of Erwinia amylovora strains isolated in Russia, Poland, Slovenia and Austria describing
further = spread of  fire  blight in  Europe. Microbiol ~ Res 168:447-54.
https://doi.org/10.1016/j.micres.2013.01.008

Johnson, K.B., 2000. Fire blight of apple and pear. The Plant Health Instructor.
https://doi.org/10.1094/PHI-1-2000-0726-01

Johnson, K.B., Temple, T.N., 2013. Evaluation of strategies for fire blight control in organic
pome fruit without antibiotics. Plant Dis 97:402—409. https://doi.org/10.1094/PDIS-07-12-0638-RE

132



https://doi.org/10.1128/AEM.67.9.3866-3872.2001
https://doi.org/10.1016/B978-0-323-85193-0.00013-9Jo
https://doi.org/10.1016/B978-0-323-85193-0.00013-9Jo
https://doi.org/10.1038/nrmicro2109
https://doi.org/10.1146/annurev.genet.40.110405.090423
https://doi.org/10.3390/biology12020180
https://doi.org/10.1111/j.1439-0434.2004.00934.x
https://doi.org/10.1016/j.micres.2013.01.008
https://doi.org/10.1094/PHI-I-2000-0726-01
https://doi.org/10.1094/PDIS-07-12-0638-RE

Johnson, K.B., Temple, T.N., Kc, A., Elkins, R.B., 2022. Refinement of nonantibiotic spray
programs for fire blight control in organic pome fruit. Plant Dis 106:623-633.
https://doi.org/10.1094/PDIS-07-21-1405-RE

Jones, J., Dangl, J., 2006. The plant immune system. Nature 444:323-329.
https://doi.org/10.1038/naturc05286

Kamber, T., Pothier, J.F., Pelludat, C., Rezzonico, F., Dufty, B., Smits, T.H.M., 2017. Role of
the type VI secretion systems during disease interactions of Erwinia amylovora with its plant host.
BMC Genom 18:628. https://doi.org/10.1186/s12864-017-4010-1

Kearns, L.P., Mahanty, H.K., 1998. Antibiotic production by Erwinia herbicola Eh1087: its
role in inhibition of Erwinia amylovora and partial characterization of antibiotic biosynthesis genes.
Appl Environ Microbiol 64:1837-44. https://doi.org/10.1128/AEM.64.5.1837-1844.1998

Keitt, G.W., Ivanoff, S.S., 1941. Transmission of fire blight by bees and its relation to nectar
concentration of apple and pear blossoms. J Agric Res 62:745-753

Kelman, A., Sequeira, L.,1972. Resistance in plants to bacteria. Proc. R. Soc. Lond. B. 181,
247-266. https://doi.org/10.1098/rspb.1972.0049.

Kent, C., Azanchi, R., Smith, B., Formosa, A., Levine, J.D., 2008. Social context influences

chemical communication in D. melanogaster males. Current Biology, 18:1384-1389.
https://doi.org/10.1016/j.cub.2008.07.088

Kharadi, R.R., Sundin, G.W., 2021. Dissecting the process of xylem colonization through
biofilm formation in Erwinia amylovora. J Plant Pathol 103:41-49. https://doi.org/10.1007/s42161-
020-00635-x

Kharadi, R.R., Selbmann, K., Sundin, G.W., 2022. A complete twelve-gene deletion null
mutant reveals that cyclic di-GMP is a global regulator of phase-transition and host colonization in
Erwinia amylovora. PLoS Pathog 18:¢1010737. https://doi.org/10.1371/journal.ppat.1010737

Kim, J.F., Beer, S.V., 1998. HrpW of Erwinia amylovora, a new harpin that contains a domain
homologous to pectate lyases of a distinct class. J Bacteriol 180:5203-5210.
https://doi.org/10.1128/JB.180.19.5203-5210.1998

Kimura, M., 1980. A simple method for estimating evolutionary rate of base substitutions
through comparative studies of nucleotide sequences. Journal of Molecular Evolution 16, 111-120.

Klee, S.M., Sinn, J.P., Finley, M., Allman, E,L,, Smith, P.B., Aimufua, O., Sitther, V.,
Lehman, B.L., Krawczyk, T., Peter, K.A., McNellis, T.W., 2019. Erwinia amylovora auxotrophic
mutant exometabolomics and virulence on apples. Appl Environ Microbiol 85:¢00935-19.
https://doi.org/10.1128/AEM.00935-19

133


https://doi.org/10.1094/PDIS-07-21-1405-RE
https://doi.org/10.1038/nature05286
https://doi.org/10.1186/s12864-017-4010-1
https://doi.org/10.1098/rspb.1972.0049
https://doi.org/10.1016/j.cub.2008.07.088
https://doi.org/10.1007/s42161-020-00635-x
https://doi.org/10.1007/s42161-020-00635-x
https://doi.org/10.1371/journal.ppat.1010737
https://doi.org/10.1128/JB.180.19.5203-5210.1998
https://doi.org/10.1128/AEM.00935-19

Klein, A-M., Vaissi¢re, B.E., Cane, J.H., Steffan-Dewenter, 1., Cunningham, S.A., Kremen,
C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world crops. Proc R
Soc B 274:303-313

Klement, Z., Farkas, G.L., Lovrekovich, L., 1964. Hypersensitive reaction induced by
phytopathogenic bacteria in the tobacco leaf. Phytopathology 54: 474-477.

Koczan, J.M., McGrath, M.J., Zhao, Y., Sundin, G.W., 2009. Contribution of Erwinia
amylovora exopolysaccharides amylovoran and levan to biofilm formation: implications in
pathogenicity. Phytopathol 99:1237—1244. https://doi.org/10.1094/PHYTO-99-11-1237

Koczan, J.M., Lenneman, B.R., McGrath, M.J., Sundin, G.W., 2011. Cell surface attachment
structures contribute to biofilm formation and xylem colonization by Erwinia amylovora. Appl
Environ Microbiol 77:7031-9. https://doi.org/10.1128/AEM.05138-11

Kohl, J., Kolnaar, R., Ravensberg, W. J., 2019. Mode of Action of Microbial Biological
Control Agents Against Plant Diseases: Relevance Beyond Efficacy. Front. Plant Sci. 10:845.
https://doi.org/10.3389/1pls.2019.00845

Kolmogorov, M., Yuan J., Lin, Y., Pevzner, P., 2019. Assembly of Long Error-Prone Reads
Using Repeat Graphs. Nature Biotechnology https://doi.org/10.1038/s41587-019-0072-8.

Kong, H.G., Bae, J.Y., Lee, H.J., Joo, H.J., Jung, E.J., Chung, E., Lee, S.W., 2014. Induction
of the viable but nonculturable state of Ralstonia solanacearum by low temperature in the soil

microcosm and its resuscitation by catalase. PLoS One 9:¢109792.
https://doi.org/10.1371/journal.pone.0109792

Krewulak, K.D., Vogel, H.J., 2008. Structural biology of bacterial iron uptake. Biochim
Biophys Acta (BBA) — Biomembr 1778:1781-1804. https://doi.org/10.1016/j.bbamem.2007.07.026

Kuchma, S.L., Delalez, N.J., Filkins, L.M., Snavely, E.A., Armitage, J.P., O'Toole, G.A.,
2015. Cyclic di-GMP-mediated repression of swarming motility by Pseudomonas aeruginosa PA14
requires the MotAB stator. J Bacteriol., 197:420-30. https://doi.org/10.1128/JB.02130-14

Kumar, S., Steche, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular
Evolutionary Genetics Analysis across Computing Platforms. Mol Biol Evol. 35, 1547-1549.
https://doi.org/10.1093/molbev/msy096

Kumar, S., Mondal, K., Thakur, N., Das, S., 2024. 1 Polyphenol oxidases: an enzyme of
bacteria and fungi. Polyphenol Oxidases: Function, Wastewater Remediation, and Biosensors, edited
by Pradeep Verma, Komal Agrawal and Maulin P. Shah, Berlin, Boston: De Gruyter, 1-
24, https://doi.org/10.1515/9783111033525-001

Kunz, S., 2004. Development of “Blossom-Protect” - a yeast preparation for the reduction of
blossom infections by fire blight. pp 108—114 in: Ecofruit - 11th International Conference on

134


https://doi.org/10.1094/PHYTO-99-11-1237
https://doi.org/10.1128/AEM.05138-11
https://doi.org/10.3389/fpls.2019.00845
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1371/journal.pone.0109792
https://doi.org/10.1016/j.bbamem.2007.07.026
https://doi.org/10.1128/JB.02130-14
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1515/9783111033525-001

Cultivation Technique and Phytopathological Problems in Organic Fruit Growing. M. Boos (ed.).
Fordergemeinschaft 6kologischer Obstbau e.V., Weinsberg, Germany

Lane, D.J., 1991. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M. Nucleic acid
techniques in bacterial systematics. New York, N.Y.: John Wiley & Sons, Inc. pp. 115-176.

Lankford, C.E., 1973. Bacterial assimilation of iron. Crit Rev Microbiol 2:273-331.
https://doi.org/10.3109/10408417309108388

Le, K.D.,, Kim, J.,, Nguyen, H.T., Yu, N.H., Park, AR., Lee, C.W., Kim, J-C.,
2021. Streptomyces sp. JCK-6131 Protects Plants Against Bacterial and Fungal Diseases via Two
Mechanisms. Front. Plant Sci., 12:726-266. https://doi.org/10.3389/1pls.2021.726266

Lee, S.I., Tran, T.D., Huynh, S., Parker, C.T., Hnasko, R., McGarvey, J.A., 2021. Complete
Genome Sequence of Pantoea agglomerans ASBO05 Using Illumina and PacBio Sequencing.
Microbiol Resour Announc. 10:¢0050121. https://doi.org/10.1128/MRA.00501-21

Lehman, S.M., 2007. Development of a bacteriophage-based biopesticide for fire blight. Ph.D.
Thesis. Biological Sciences, Brock University; St. Catharines, ON, Canada

Lindgren, P.B., Peet, R.C., Panopoulos, N.J., 1986. Gene cluster of Pseudomonas syringae pv.
phaseolicola controls pathogenicity of bean plants and hypersensitivity on nonhost plants. J Bacteriol
168:512-522

Liu, K., Mclnroy, J.A., Hu, C.H., Kloepper, J.W., 2018. Mixtures of Plant-Growth-Promoting
Rhizobacteria Enhance Biological Control of Multiple Plant Diseases and Plant-Growth Promotion in
the Presence of Pathogens. Plant Dis 102:67-72. https://doi.org/10.1094/PDIS-04-17-0478-RE

Loper, J.E., Henkels, M.D., Roberts, R.G., Grove, G.G., Willet, M.J., Smith, T.J., 1991.
Evaluation of streptomycin and oxytetracycline and copper resistance of Erwinia amylovora isolated
from pear orchards in Washington State. Plant Dis 75:287-290

Ma, L.S., Hachani, A., Lin, J.S., Filloux, A., Lai, E.M., 2014. Agrobacterium tumefaciens
deploys a superfamily of type VI secretion DNase effectors as weapons for interbacterial competition
in planta. Cell Host Microbe 16:94—104. https://doi.org/10.1016/j.chom.2014.06.002

MAAARO (2011) Lutte intégrée contre les ennemis du pommier. Extrait du Publication 310F,
Ministere de 1'Agriculture, de I'Alimentation et des Affaires Rurales, Ontario.

Majdalani, N., Gottesman, S., 2005. The Rcs phosphorelay: a complex signal transduction
system. Annu Rev Microbiol., 59:379-405. https://doi.org/10.1146/annurev.micro.59.050405.101230

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S.V., Machado, M.A., Toth, 1., Salmond, G., Foster, G.D., 2012. Top 10 plant

135


https://doi.org/10.3389/fpls.2021.726266
https://doi.org/10.1016/j.chom.2014.06.002
https://doi.org/10.1146/annurev.micro.59.050405.101230

pathogenic bacteria in molecular plant pathology. Mol Plant Pathol 13:614-629.
https://doi.org/10.1111/7.1364-3703.2012.00804.x

Mayer, A.M., 2006. Polyphenol oxidases in plants and fungi: Going places? A review.
Phytochemistry, 67, 2318-2331. https://doi.org/10.1016/j.phytochem.2006.08.006

McArt, S.H., Koch, H., Irwin, R.E., Adler, L.S., 2014. Arranging the bouquet of disease: floral
traits and the transmission of plant and animal pathogens. Ecol Lett 17:624-36.
https://doi.org/10.1111/ele.12257

McMahon, A.M., Doyle, E.M., Brooks, S., and O’Connor, K.E. 2007. Biochemical
characterisation ofthe coexisting tyrosinase and laccase in the soil bacterium Pseudomonas putida F6.
Enzyme and Microbial Technology, 40, 1435—-1441. https://doi.org/10.1016/j.enzmictec.2006.10.020

Medaka: Sequence correction provided by ONT
Research,https://github.com/nanoporetech/medaka

Mendes, R.J., Luz, J.P., Santos, C., Tavares, F., 2021. CRISPR genotyping as complementary
tool for epidemiological surveillance of Erwinia amylovora outbreaks. PLoS One 16, €0250280.
https://doi.org/10.1371/journal.pone.0250280

MeteoTrentino. (2024, June 5).  Analisi  stagionale  primavera  2024.
Https://Www.Meteotrentino.It/Index. Html#!/Content?MenultemDesktop=1 69.

Mikicinski, A., Sobiczewski, P., Putawska, J., Maciorowski, R., 2016. Control of fire blight
(Erwinia amylovora) by a novel strain 49M of Pseudomonas graminis from the phyllosphere of apple
(Malus spp.). Eur J Plant Pathol 145:265-276. https://doi.org/10.1007/s10658-015-0837-y

Mohammadi, M., Geider, K., 2007. Autoinducer-2 of the fire blight pathogen Erwinia
amylovora and other plant-associated bacteria. FEMS Microbiol Lett 266:34-41.
https://doi.org/10.1111/].1574-6968.2006.00510.x

Morris, C.E., Barny, M.A., Berge, O., Kinkel, L.L., Lacroix, C., 2017. Frontiers for research
on the ecology of plant-pathogenic bacteria: fundamentals for sustainability. Mol Plant Pathol 18:308—
319. https://doi.org/10.1111/mpp.12508

Miiller, 1., Lurz, R., Kube, M., Quedenau, C., Jelkmann, W., Geider, K., 2011. Molecular and
physiological properties of bacteriophages from North America and Germany affecting the fire blight
pathogen Erwinia amylovora. Microb Biotechnol 4:735-45. https://doi.org/10.1111/3.1751-
7915.2011.00272.x

Miiller, L., Miiller, D.C., Kammerecker, S., Fluri, M., Neutsch, L., Emsermann, M.R.,
Pelludatf, C., 2022. Priority effects in the apple flower determine if the siderophore desferrioxamine

i1s a virulence factor for Erwinia amylovora CFBP1430. Appl Environ Microbiol 88:0243321.
https://doi.org/10.1128/aem.02433-21

136


https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.1016/j.phytochem.2006.08.006
https://doi.org/10.1111/ele.12257
http://dx.doi.org/10.1016/j.enzmictec.2006.10.020
https://github.com/nanoporetech/medaka
https://doi.org/10.1371/journal.pone.0250280
https://doi.org/10.1007/s10658-015-0837-y
https://doi.org/10.1111/j.1574-6968.2006.00510.x
https://doi.org/10.1111/mpp.12508
https://doi.org/10.1111/j.1751-7915.2011.00272.x
https://doi.org/10.1111/j.1751-7915.2011.00272.x
https://doi.org/10.1128/aem.02433-21

Muyzer, G., de Waal, E.C., Uitterlinden, A.G., 1993. Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59, 695-700.
https://doi.org/10.1128/aem.59.3.695-700.1993.

Nagorska, K., Hinc, K., Strauch, M. A., Obuchowski, M., 2008. Influence of the sigmaB stress
factor and yxaB, the gene for a putative exopolysaccharide synthase under sigmaB Control, on biofilm
formation. J Bacteriol., 190, 3546-56. https://doi.org/10.1128/JB.01665-07

Neaman, A., Schoffer, J., Navarro-Villarroel, C., Pelosi, C., Pefialoza, P., Dovletyarova, E.,
Schneider, J., 2024. Copper contamination in agricultural soils: A review of the effects of climate, soil
properties, and prolonged copper pesticide application in vineyards and orchards. Plant Soil Environ
70:407-417. https://doi.org/10.17221/501/2023-PSE

Nguyen, L.T.T., Park, A.R., Van Le, V., Hwang, 1., Kim, J-C., 2024. Exploration of a
multifunctional biocontrol agent Streptomyces sp. JCK-8055 for the management of apple fire blight.
Appl Microbiol Biotechnol, 108:49. https://doi.org/10.1007/s00253-023-12874-w

Nissinen, R.M., Ytterberg, A.J., Bogdanove, A.J., Van Wijk, K.J., Beer, S.V., 2007. Analyses
of the secretomes of Erwinia amylovora and selected Arp mutants reveal novel type III secreted
proteins and an effect of HrpJ on extracellular harpin levels. Mol Plant Pathol 8:55-67.
https://doi.org/10.1111/7.1364-3703.2006.00370.x

Norelli, J.L., Farrell, R.E. Jr, Bassett, C.L., Baldo, A.M., Lalli, D.A., Aldwinckle, H.S.,
Wisniewski, M.E., 2009. Rapid transcriptional response of apple to fire blight disease revealed by
cDNA suppression subtractive hybridization analysis. Tree Genet Genomes 5:27—40.

Ochman, H., Gerber, A.S., Hartl, D.L., 1988. Genetic applications of an inverse polymerase
chain reaction. Genetics 120, 621-623. Okrent, R.A., Trippe, K.M., Manning, V.A., Walsh, C.

Oh, C.S., Beer, S.V., 2007. AtHIPM, an ortholog of the apple HrpN-interacting protein, is a
negative regulator of plant growth and mediates the growth-enhancing effect of HrpN in Arabidopsis.
Plant Physiol 145:426-436. https://doi.org/10.1104/pp.107.103432

Oliver, J.D., 2005. The viable but nonculturable state in bacteria. J Microbiol 43.
https://doi.org/10.1111/].1574-6976.2009.00200.x

Oliver, J.D., 2010. Recent findings on the viable but nonculturable state in pathogenic bacteria.
FEMS Microbiol Rev. 2010 34:415-425. https://doi.org/10.1111/].1574-6976.2009.00200.x

Ordax, M., Marco-Noales, E., Lopez, M.M., Biosca, E.G., 2006. Survival strategy of Erwinia
amylovora against copper: induction of the viable-but-nonculturable state. Appl Environ Microbiol
72:3482-3488. https://doi.org/10.1128/AEM.72.5.3482-3488.2006

137


https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.1128/JB.01665-07
https://doi.org/10.1007/s00253-023-12874-w
https://doi.org/10.1111/j.1364-3703.2006.00370.x
https://doi.org/10.1104/pp.107.103432
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://doi.org/10.1128/AEM.72.5.3482-3488.2006

Ordax, M., Biosca, E.G., Wimalajeewa, S.C., Lopez, M.M., Marco-Noales, E., 2009. Survival
of Erwinia amylovora in mature apple fruit calyces through the viable but nonculturable (VBNC)
state. Journal Appl Microbiol 107:106—116. https://doi.org/10.1111/].1365-2672.2009.04187.x

Ordax, M., Marco-Noales, E., Lopez, M.M., Biosca, E.G., 2010. Exopolysaccharides favor the
survival of Erwinia amylovora under copper stress through different strategies. Res Microbiol
161:549-555. https://doi.org/10.1016/j.resmic.2010.05.003

Ordax, M., Piquer-Salcedo, J.E., Santander, R.D., Sabater-Mufioz, B., Biosca, E.G., Lopez,
M.M., Marco-Noales, E., 2015. Medfly Ceratitis capitata as potential vector for fire blight pathogen

Erwinia  amylovora: Survival ~ and  transmission. PLoS ONE 10:e0127560.
https://doi.org/10.1371/journal.pone.0127560

Pal, K.K., and Gardener, B.M., 2006. Biological Control of Plant Pathogens. The Plant Health
Instructor, 2, 1117-1142. https://doi.org/10.1094/PHI-A-2006-1117-02.

Pallucchini, M., Franchini, M., El-Ballat, E.M., Narraidoo, N., Pointer-Gleadhill, B.,
Palframan, M.J., Hayes, C.J., Dent, D., Cocking, E.C., Perazzolli, M., Fray, R.G., Hill,
P.J. Gluconacetobacter diazotrophicus AZ0019 requires functional nifD gene for optimal plant
growth promotion in tomato plants. Plant Sci. 2024 15:1469676.
https://doi.org/10.3389/fp1s.2024.1469676

Papenfort, K., Bassler, B.L., 2016. Quorum sensing signal-response systems in Gram-negative
bacteria. Nat Rev Microbiol 14:576—88. https://doi.org/10.1038/nrmicro.2016.89

Pardo, A., Borges, P.A.V., 2020. Worldwide importance of insect pollination in apple
orchards: a review. Agric Ecosyst Environ 293, 106839

Park, D.H., Lee, Y-G., Kim, J-S., Cha, J-S., Oh, C-S.,2017. Current status of fire blight caused
by Erwinia amylovora and action for its management in Korea. J Plant Pathol 99:59-63.
https://doi.org/10.4454/jpp.v99i10.3918

Park, J., Kim, B., Song, S., Lee, Y.W., Roh, E., 2022. Isolation of nine bacteriophages shown
effective  against  Erwinia  amylovora in  Korea. Plant Pathol J  38:248-253.
https://doi.org/10.5423/PPJ.NT.11.2021.0172

Parker, K.G., 1936. Fire blight: Overwintering, dissemination, and control of the pathogen.
New York Agric. Exp. Stn. Mem. 193.

Paternoster, T., Défago, G., Duffy, B., Gessler, C., Pertot. 1., 2010. Selection of a biocontrol
agent based on a potential mechanism of action: degradation of nicotinic acid, a growth factor essential
for Erwinia amylovora. Int Microbiol., 13, 195-206. https://doi.org/10.2436/20.1501.01.126

138


https://doi.org/10.1111/j.1365-2672.2009.04187.x
https://doi.org/10.1016/j.resmic.2010.05.003
https://doi.org/10.1371/journal.pone.0127560
https://doi.org/10.1094/PHI-A-2006-1117-02
https://doi.org/10.3389/fpls.2024.1469676
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.4454/jpp.v99i0.3918
https://doi.org/10.5423/PPJ.NT.11.2021.0172
https://doi.org/10.2436/20.1501.01.126

Peil, A., Garcia-Libreros, T., Richter, K., Trognitz, F.C., Trognitz, B., Hanke, M.V.,
Flachowsky, H., 2007. Strong evidence for a fire blight resistance gene of Malus robusta located on
linkage group 3. Plant Breed 126:270—475. https://doi.org/10.1111/j.1439-0523.2007.01408.x

Peng, J., Schachterle, J.K., Sundin, G.W., 2021. Orchestration of virulence factor expression
and modulation of biofilm dispersal in Erwinia amylovora through activation of the Hfq-dependent
small RNA RprA. Mol Plant Pathol 22:255-270. https://doi.org/10.1111/mpp.13024

Pereira, C.S., Thompson, J.A., Xavier, K.B., 2013. Al-2-mediated signalling in bacteria.
FEMS Microbiol Rev 37:156-81. https://doi.org/10.1111/j.1574-6976.2012.00345.x

Pester, D., Milcevicova, R., Schaffer, J., Wilhelm, E., Blimel, S., 2012. Erwinia amylovora
expresses fast and simultaneously hrp/dsp virulence genes during flower infection on apple trees.
PLoS ONE 7:e32583. https://doi.org/10.1371/journal.pone.0032583

Philion, V., 2014. Le feu bactérien: biologie. Fiche 104, Institut de recherche et de
développement en agroenvironnement

Piazza, S., Campa, M., Pompili, V., Zipfel, C., Malnoy, M., 2021. The Arabidopsis pattern
recognition receptor EFR enhances fire blight resistance in apple. Hortic Res 8:204.
https://doi.org/10.1038/s41438-021-00639-3

Pierstorff, A.L., Lamb, H., 1934. The honeybee in relation to the overwintering and primary
spread of the fire blight organism. Phytopathol 24:1347-1357

Piqué, N., Mifiana-Galbis, D., Merino, S., Tomas, J. M., 2015. Virulence Factors of Erwinia
amylovora: A Review. Int J Mol Sci., 16:12836-54. https://doi.org/10.3390/ijms160612836

PM  7/20 (3) Erwinia amylovora. (2022). EPPO Bulletin, 52(2), 198-224.
https://doi.org/10.1111/epp.12826

Postnikova, O.A., Shao, J., Mock, N.M., Baker, C.J., Nemchinov, L.G., 2015. Gene expression
profiling in viable but nonculturable (VBNC) cells of Pseudomonas syringae pv. syringae. Front
Microbiol 6:1419. https://doi.org/10.3389/fmicb.2015.01419

Pourjafari, M., Saberi Riseh, R., Khodaygan, P., Hosseinipour, A., Moradi, M., 2022. Efficacy
of some probiotic bacteria on Erwinia amylovora the causal agent of fire blight. J Agr Sci Tech
24:227-244.

Pukatzki, S., Ma, A.T., Revel, A.T., Sturtevant, D., Mekalanos, J.J., 2007. Type VI secretion
system translocates a phage tail spike-like protein into target cells where it cross-links actin. Proc Natl
Acad Sci U S A 104:15508-13. https://doi.org/10.1073/pnas.0706532104

139


https://doi.org/10.1111/j.1439-0523.2007.01408.x
https://doi.org/10.1111/mpp.13024
https://doi.org/10.1111/j.1574-6976.2012.00345.x
https://doi.org/10.1371/journal.pone.0032583
https://doi.org/10.1038/s41438-021-00639-3
https://doi.org/10.3390/ijms160612836
https://doi.org/10.3389/fmicb.2015.01419

Putawska, J., Kaluzna, M., Warabieda, W., Mikicinski, A., 2017. Comparative transcriptome
analysis of a lowly virulent strain of Erwinia amylovora in shoots of two apple cultivars — susceptible
and resistant to fire blight. BMC Genom 18:868. https://doi.org/10.1186/s12864-017-4251-z

Puopolo, G., Tomada, S., Sonego, P., Moretto, M., Engelen, K., Perazzolli, M., Pertot, 1., 2016.
The Lysobacter capsici AZT78 Genome Has a Gene Pool Enabling it to Interact Successfully with

Phytopathogenic  Microorganisms and Environmental Factors. Front Microbiol 7:96.
https://doi.org/10.3389/fmicb.2016.00096

Pusey, P.L., 1997. Crab apple blossoms as a model for research on biological control of fire
blight. Phytopathology 87, 1096—102. https://doi.org/10.1094/PHYTO.1997.87.11.1096

Pusey, P.L., 2000. The role of water in epiphytic colonization and infection of pomaceous
flowers by Erwinia amylovora. Phytopathol 90:1352-1357.
https://doi.org/10.1094/PHYTO.2000.90.12.1352

Pusey, P.L., Rudell, D.R., Curry, E.A., Mattheis, J.P., 2008a. Characterization of stigma oozes
in aqueous extracts from apple and pear flowers. HortScience 43:1471-1478.
https://doi.org/10.21273/HORTSCI.43.5.1471

Pusey, P.L., Smith, T.J., 2008b. Relation of apple flower age to infection of hypanthium by
Erwinia amylovora. Plant Dis 92:137-142. https://doi.org/10.1094/PDIS-92-1-0137

Pusey, P.L., Stockwell., V.O., Rudell, D.R., 2008c. Antibiosis and acidification by Pantoea
agglomerans strain E325 may contribute to suppression of Erwinia amylovora. Phytopathology
98,1136-43. https://doi.org/10.1094/PHYTO-98-10-1136.

Pusey, P.L., Stockwell, V.O., Mazzola, M., 2009. Epiphytic bacteria and yeasts on apple
blossoms and their potential as antagonists of Erwinia amylovora. Phytopathol 99:571-81.
https://doi.org/10.1094/PHYTO-99-5-0571

Pusey, P.L., Stockwell, V.O., Reardon, C.L., Smits, T.H., Duffy, B., 2011. Antibiosis activity
of Pantoea agglomerans biocontrol strain E325 against Erwinia amylovora on apple flower stigmas.
Phytopathol 101:1234-41. https://doi.org/10.1094/PHYTO-09-10-0253. PMID: 21679036

Qiao, Y., Wang, Z., Sun, H., Guo, H., Song, Y., Zhang, H., Ruan, Y., Xu, Q., Huang, Q., Shen,
Q., Ling, N., 2024. Synthetic community derived from grafted watermelon rhizosphere provides
protection for ungrafted watermelon against Fusarium oxysporum via microbial synergistic effects.
Microbiome 12, 101. https://doi.org/10.1186/s40168-024-01814-z

Ramos, L.S., Lehman, B.L., Peter, K.A., McNellis, T.W., 2014. Mutation of the Erwinia
amylovora argD gene causes arginine auxotrophy, nonpathogenicity in apples, and reduced virulence
in pears. Appl Environ Microbiol 80:6739—6749. https://doi.org/10.1128/AEM.02404-14

140


https://doi.org/10.1186/s12864-017-4251-z
https://doi.org/10.3389/fmicb.2016.00096
https://doi.org/10.1094/PHYTO.1997.87.11.1096
https://doi.org/10.1094/PHYTO.2000.90.12.1352
https://doi.org/10.21273/HORTSCI.43.5.1471
https://doi.org/10.1094/PDIS-92-1-0137
https://doi.org/10.1094/PHYTO-98-10-1136
https://doi.org/10.1094/PHYTO-99-5-0571
https://doi.org/10.1128/AEM.02404-14

Raymundo, A K., Ries, S.M., 1980. Chemotaxis of Erwinia amylovora. Phytopathol 70:1066-
1069.

Rego, C., Aguiar, A.F., Cravo, D., Boieiro, M., 2017. Invasive fruit flies (Diptera:
Drosophilidae) meet in a biodiversity hotspot. Journal of the Entomological Research Society, 19(1).

Rezzonico, F., Dufty, B., 2007. The role of [uxS in the fire blight pathogen Erwinia amylovora
is limited to metabolism and does not involve quorum sensing. Mol. Plant Microbe Interact. 20, 1284—
97. https://doi.org/10.1094/MPMI-20-10-1284.

Rezzonico, F., Smits, T.H., Montesinos, E., Frey, J.E., Dufty, B., 2009. Genotypic comparison
of Pantoea agglomerans plant and clinical strains. BMC Microbiol 22. https://doi.org/10.1186/1471-
2180-9-204. PMID: 19772624

Rezzonico, F., Emeriewen, O., Zeng, Q., Peil, A., Smits, T.H.M., Sundin, G.W., 2024. Burning
questions for fire blight research: I. Genomics and evolution of Erwinia amylovora and analyses of
host-pathogen interactions. J Plant Pathol 106:797-810. https://doi.org/10.1007/s42161-023-01581-0

Rezzonico, F., Emeriewen, O., Zeng, Q., Peil, A., Smits, T.H.M., Sundin, G.W., 2024. Burning
questions for fire blight research: I. Genomics and evolution of Erwinia amylovora and analyses of
host-pathogen interactions. J Plant Pathol 106, 797-810. https://doi.org/10.1007/s42161-023-01581-
0

Ribeiro, M.F., Carvalho, V.R., Favoreto, A.L., Rossitto de Marchi, B., Bello, V.H., Jordan, C.,
Soliman, E.P., Zanuncio, J.C., Sabattini, J.A., Wilcken, C.F., 2022. Symbiotic bacteria in the
relationship between Anaphes nitens (Hymenoptera: Mymaridae) and Gonipterus platensis
(Coleoptera: Curculionidae). Austral Ecology 00:1— 15. https://doi.org/10.1111/aec.13259

Ritchie, D.F., Klos, E.J., 1979. Some properties of Erwinia amylovora bacteriophages.
Phytopathol 69:1078—-1083.

Romling, U., Gomelsky, M., Galperin, M.Y., 2005. C-di-GMP: the dawning of a novel
bacterial signalling system. Mol. Microbiol.,, 57:629-639. https://doi.org/10.1111/5.1365-
2958.2005.04697 .x.

Rondanelli, M., Nichetti, M., Peroni, G., Faliva, M. A., Naso, M., Gasparri, C., Perna, S.,
Oberto, L., Di Paolo, E., Riva, A., Petrangolini, G., Guerreschi, G., Tartara, A., 2021. Where to Find
Leucine in Food and How to Feed Elderly With Sarcopenia in Order to Counteract Loss of Muscle
Mass: Practical Advice. Front Nutr., 7:622391. https://doi.org/10.3389/fnut.2020.622391

Rossi-Stacconi, M.V., Wang, X., Stout, A., Fellin, L., Daane, K.M., Biondi, A., Stahl, J.M.,
Buffington, M.L., Anfora, G., Hoelmer, K.A., 2022. Methods for Rearing the Parasitoid Ganaspis
brasiliensis, a Promising Biological Control Agent for the Invasive Drosophila suzukii. J Vis Exp.
https://doi.org/10.3791/63898

141


https://doi.org/10.1094/MPMI-20-10-1284
https://doi.org/10.1007/s42161-023-01581-0
https://doi.org/10.1111/aec.13259
https://doi.org/10.1111/j.1365-2958.2005.04697.x
https://doi.org/10.1111/j.1365-2958.2005.04697.x
https://doi.org/10.3389/fnut.2020.622391
https://doi.org/10.3791/63898

Rutherford, S.T., Bassler, B.L., 2012. Bacterial quorum sensing: its role in virulence and
possibilities  for its control. Cold Spring Harb  Perspect Med 2:a012427.
https://doi.org/10.1101/cshperspect.a012427

Sabatini, A.G., Alexandrova, M., Carpana, E., Medrzycki, P., Bortolotti, L., Ghini, S., Girotti,
S., Porrini, C., Bazzi, C., Baroni, F., Alessandrini, A., 2006. Relationships between Apis mellifera and
Erwinia amylovora: bioindication, bacterium dispersal and quarantine procedures. Acta Hortic
704:155-162. https://doi.org/10.17660/ActaHortic.2006.704.19

Saitou, N., Nei, M., 1987. The Neighbor-Joining Method: A New Method for Reconstructing
Phylogenetic Trees. Molecular Biology and Evolution, 4, 406—425.

Santander, R.D., Catala-Senent, J.F., Marco-Noales, E., Biosca, E.G., 2012. In planta recovery
of Erwinia amylovora viable but nonculturable cells. Trees 26:75-82. https://doi.org/10.1007/s00468-
011-0653-8

Santander, R.D., Oliver, J.D., Biosca, E.G., 2014. Cellular, physiological, and molecular
adaptive responses of Erwinia amylovora to starvation. FEMS Microbiol Ecol 88:258-71.
https://doi.org/10.1111/1574-6941.12290

Santander, R.D., Biosca, E.G., 2017. Erwinia amylovora psychrotrophic adaptations: evidence
of pathogenic potential and survival at temperate and low environmental temperatures. PeerJ 5:¢3931.
https://doi.org/10.7717/peer].3931

Santhanam, R., Menezes, R.C., Grabe, V., Li, D., Baldwin, I.T., Groten, K., 2019. A suite of
complementary biocontrol traits allows a native consortium of root-associated bacteria to protect their
host plant from a  fungal sudden-wilt disease. @~ Mol  Ecol  28:1154-1169.
https://doi.org/10.1111/mec.15012

Schachterle, J.K., Onsay, D.M., Sundin, G.W., 2019a. Small RNA ArcZ regulates oxidative
stress response genes and regulons in Erwinia amylovora. Front Microbiol 10:2775.
https://doi.org/10.3389/fmicb.2019.02775

Schachterle, J.K., Zeng, Q., Sundin, G.W., 2019b. Three Hfq-dependent small RNAs regulate
flagellar motility in the fire blight pathogen Erwinia amylovora. Mol Microbiol 111:1476—-1492.
https://doi.org/10.1111/mmi.14232

Schachterle, J.K., Gdanetz, K., Pandya, 1., Sundin, G.W., 2022. Identification of novel
virulence factors in Erwinia amylovora through temporal transcriptomic analysis of infected apple
flowers under field conditions. Mol Plant Pathol 00: 1-15. https://doi.org/10.1111/mpp.13199

Schauder, S., Shokat, K., Surette, M.G., Bassler, B.L., 2001. The LuxS family of bacterial
autoinducers: biosynthesis of a novel quorum-sensing signal molecule. Mol Microbiol 41:463-76.
https://doi.org/10.1046/].1365-2958.2001.02532.x

142


https://doi.org/10.1101/cshperspect.a012427
https://doi.org/10.17660/ActaHortic.2006.704.19
https://doi.org/10.1007/s00468-011-0653-8
https://doi.org/10.1007/s00468-011-0653-8
https://doi.org/10.1111/1574-6941.12290
https://doi.org/10.7717/peerj.3931
https://doi.org/10.3389/fmicb.2019.02775
https://doi.org/10.1111/mmi.14232
https://doi.org/10.1111/mpp.13199
https://doi.org/10.1046/j.1365-2958.2001.02532.x

Schnabel, E.L., Fernando, W.G.D., Meyer, M.P., Jones, A.L., Jackson, L.E., 1999.
Bacteriophage of Erwinia amylovora and their potential for biocontrol, Acta Hortic 489:649—654
https://doi.org/10.17660/ActaHortic.1999.489.116

Schnabel, E.L., Jones, A.L., 2001. Isolation and characterization of five Erwinia amylovora
bacteriophages and assessment of phage resistance in strains of Erwinia amylovora, Appl Environ
Microb 67:59-64 https://doi.org/10.1128/AEM.67.1.59-64.200110.1128/AEM.67.1.59-64.2001

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to Imagel: 25 years of
image analysis. Nat. Methods 9, 671-675. https://doi.org/10.1038/nmeth.2089.

Schneider, J., Levine, J. D., 2014. Automated identification of social interaction criteria in
Drosophila melanogaster. Biol Lett. 10:20140749. https://doi.org/10.1098/rsbl.2014.0749

Schoonbeek, H.J., Wang, H.H., Stefanato, F.L., Craze, M., Bowden, S., Wallington, E., Zipfel,
C., Ridout, C.J., 2015. Arabidopsis EF-Tu receptor enhances bacterial disease resistance in transgenic
wheat. New Phytol 206:606-13. https://doi.org/10.1111/nph.13356.

Schouten, H.J., 1989a. Notes on the role of water potential in the pathogenesis of fire blight,
caused by Erwinia amylovora. Neth J Plant Pathol 94:213-220. https://doi.org/10.1007/BF02006547

Schouten, H.J., 1989b. A possible role in pathogenesis for the swelling of extracellular slime
of Erwinia amylovora at increasing water potential. Neth J Plant Pathol 95:169-174.
https://doi.org/10.1007/BF01974296

Schropfer, S., Bottcher, C., Wohner, T., Richter, K., Norelli, J., Rikkerink, E.H.A., Hanke,
M.V, Flachowsky, H., 2018. A single effector protein, AvrRpt2ga, from Erwinia amylovora can cause

fire blight disease symptoms and induces a salicylic acid-dependent defense response. Mol Plant
Microbe In 31:1179-1191. https://doi.org/10.1094/MPMI-12-17-0300-R

Schropfer, S., Vogt, L., Broggini, G.A.L., Dahl, A., Richter, K., Hanke, M. V., Flachowsky, H.,
Peil, A., 2021. Transcriptional profile of AvrRpt2EA-mediated resistance and susceptibility response
to Erwinia amylovora in apple. Sci Rep 11:8685. https://doi.org/10.1038/s41598-021-88032-x

Schwessinger, B., Bahar, O., Thomas, N., Holton, N., Nekrasov, V., Ruan, D., Canlas, P.E.,
Daudi, A., Petzold, C.J., Singan, V.R., Kuo, R., Chovatia, M., Daum, C., Heazlewood, J.L., Zipfel,
C., Ronald, P.C., 2015. Correction: transgenic expression of the dicotyledonous pattern recognition
receptor EFR in rice leads to ligand-dependent activation of defense responses. PLOS Pathog

11:€1004872. https://doi.org/10.1371/journal.ppat.1004872

Schwyn, B., Neilands, J.B., 1987. Universal chemical assay for the detection and
determination of siderophores. Anal. Biochem, 160, 47-56. https://doi.org/10.1016/0003-
2697(87)90612-9.

143


https://doi.org/10.17660/ActaHortic.1999.489.116
https://doi.org/10.1128/AEM.67.1.59-64.200110.1128/AEM.67.1.59-64.2001
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1098/rsbl.2014.0749
https://doi.org/10.1111/nph.13356
https://doi.org/10.1007/BF02006547
https://doi.org/10.1007/BF01974296
https://doi.org/10.1094/MPMI-12-17-0300-R
https://doi.org/10.1038/s41598-021-88032-x
https://doi.org/10.1371/journal.ppat.1004872
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1016/0003-2697(87)90612-9

Seneviratne, S.I., Zhang, X., Adnan, M., Badi, W., Dereczynski, C., Di Luca, A., Ghosh, S.,
Iskandar, I., Kossin, J., Lewis, S., Otto, F., Pinto, 1., Satoh, M., Vicente-Serrano, S.M., Wehner, M.,
Zhou, B., 2021. Weather and Climate Extreme Events in a Changing Climate. In Climate Change
2021: the physical science basis. contribution of working group i to the sixth assessment report of the
intergovernmental panel on climate change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors,
C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy,
J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1513-1766, doi:
10.1017/9781009157896.013

Sepulveda-Chavera, G., Subiabre, H., Huanca, W., Cardenas, S., Arismendi, M., Doussouline,
E., Latorre, B.A., 2023. First Report of Pantoea agglomerans Causing a Leaf Blight and Bulb Rot of
Onion in Chile. Plant Dis 1. https://doi.org/10.1094/PDIS-03-23-0533-PDN

She, X.M., Yu, L., Lan, G.B., Tang, Y.F., Deng, M.G., Li, Z.G., He, Z.F, 2019. First report of
necrotic disease caused by Pantoea agglomerans on Ziziphus Jujuba in China. Plant Dis 103.
https://doi.org/10.1094/PDIS-01-19-0025-PDN

Shrestha, R., Lee, S.H., Hur, J.H., Lim, C.K., 2005. The effects of temperature, ph, and
bactericides on the growth of Erwinia pyrifoliae and Erwinia amylovora. Plant Pathol J 21:127-131.
https://doi.org/10.5423/ppj.2005.21.2.127

Sieiro, C., Areal-Hermida, L., Pichardo-Gallardo, A., Almuifia-Gonzalez, R., de Miguel, T.,
Sanchez, S., Sanchez-Pérez, A., Villa, T.G., 2020. A hundred years of bacteriophages: can phages
replace antibiotics in agriculture and aquaculture? Antibiotics 9:493.
https://doi.org/10.3390/antibiotics9080493

Slack, S.M., Zeng, Q., Outwater, C.A., Sundin, G.W., 2017. Microbiological examination of
Erwinia amylovora exopolysaccharide ooze. Phytopathol 107:403-411.
http://dx.doi.org/10.1094/PHYTO-09-16-0352-R

Slack, S.M., Outwater, C.A., Grieshop, M.J., Sundin, G.W., 2019. Evaluation of a contact
sterilant as a niche-clearing method to enhance the colonization of apple flowers and efficacy of
Aureobasidium pullulans in the biological control of fire blight. Biol Control 139:104073.
https://doi.org/10.1016/].biocontrol.2019.104073

Slack, S.M., Schachterle, J.K., Sweeney, E.M., Kharadi, R.R., Peng, J., Botti-Marino, M.,
Bardaji, L., Pochubay, E.A., Sundin, G.W., 2022. In-orchard population dynamics of Erwinia
amylovora on apple flower stigmas. Phytopathol 112:1214-1225. https://doi.org/10.1094/PHYTO-
01-21-0018-R

Smith, D.D.N., Nickzad, A., Déziel, E., Stavrinides, J., 2016. A novel glycolipid biosurfactant
cofers grazing resistance upon Pantoea ananatis BRT175 against the social amoeba Dictyostelium
discoideum. mSphere 1, 75—15. https://doi.org/10.1128/mSphere.00075-15

144


https://doi.org/10.1094/PDIS-03-23-0533-PDN
https://doi.org/10.5423/ppj.2005.21.2.127
https://doi.org/10.3390/antibiotics9080493
http://dx.doi.org/10.1094/PHYTO-09-16-0352-R
https://doi.org/10.1016/j.biocontrol.2019.104073
https://doi.org/10.1094/PHYTO-01-21-0018-R
https://doi.org/10.1094/PHYTO-01-21-0018-R
https://doi.org/10.1128/mSphere.00075-15

Smits, T.H.M., Duffy, B., 2011. Genomics of iron acquisition in the plant pathogen Erwinia
amylovora: insights in the biosynthetic pathway of the siderophore desferrioxamine E. Arch Microbiol
193, 693-699. https://doi.org/10.1007/s00203-011-0739-0

Snelders, N.C., Petti, G.C., van den Berg, G.C.M., Seidl, M.F., Thomma, B.P.H.J., 2021. An
ancient antimicrobial protein co-opted by a fungal plant pathogen for in planta mycobiome
manipulation. PNAS 118, Issue 49. https://doi.org/10.1073/pnas.2110968118

Stackebrandt, E., Liesack. W., 1993. Nucleic acids and classification, p. 152-189. In M.
Goodfellow and A. G. O'Donnell (ed.), Handbook of new bacterial systematics. Academic Press,
London, England.

Staskawicz, B., Dahlbeck, D., Keen, N., Napoli, C., 1987. Molecular characterization of
cloned avirulence genes from race 0 and race 1 of Pseudomonas syringae pv. glycinea. ] Bacteriol.
169, 5789-5794. https://doi.org/10.1128/jb.169.12.5789-5794.1987

Steven, B., Huntley, R.B., Zeng, Q., 2018. The influence of flower anatomy and apple cultivar
on the apple flower phytobiome. Phytobiomes J 2:171-179. https://doi.org/10.1094/PBIOMES-03-
18-0015-R

Steven, B., Huntley, R. B., Zeng, Q., 2018. The influence of flower anatomy and apple cultivar
on the apple flower phytobiome. Phytobiomes J 2:171-179. https://doi.org/10.1094/PBIOMES-03-
18-0015-R.

Stevens, R.B., 1960. In: Horsfall JG, Dimond AE, eds. Plant pathology, an advanced treatise,
Vol 3. New York, NY, USA: Academic Press, 357429

Stockwell, V.O., Johnson, K.B., Sugar, D., Loper, J.E., 2010a. Control of fire blight by
Pseudomonas fluorescens A506 and Pantoea vagans C9-1 applied as single strains and mixed inocula.
Phytopathol 100:1330-9. https://doi.org/10.1094/PHYTO-03-10-0097

Stockwell, V.O., Johnson, K.B., Sugar, D., Loper, J.E., 2010b. Mechanistically compatible
mixtures of bacterial antagonists improve biological control of fire blight of pear. Phytopathol
101:113-23. https://doi.org/10.1094/PHYTO-03-10-0098.

Sun, W., Gong, P., Zhao, Y., Ming, L., Zeng, Q., Liu, F., 2023. Current Situation of Fire Blight
in China. Phytopathol 113:2143-2151. https://doi.org/10.1094/PHYTO-05-23-0170-RVW.

Sundin, G.W., Werner, N.A., Yoder, K.S., Aldwinckle, H.S., 2009. Field evaluation of
biological control of fire blight in the Eastern United States. Plant Dis 4:386—394.
https://doi.org/10.1094/PDIS-93-4-0386

Tait, G., Grassi, A., Pfab, F., Crava, C.M., Dalton, D.T., Magarey R., Ometto, L., Vezzulli, S.,
Rossi-Stacconi, M.V., Gottardello, A., Pugliese, A., Firrao, G., Walton, V.M., Anfora, G.,

145


https://doi.org/10.1007/s00203-011-0739-0
https://doi.org/10.1073/pnas.2110968118
https://doi.org/10.1128/jb.169.12.5789-5794.1987
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1094/PHYTO-03-10-0097
https://doi.org/10.1094/PHYTO-03-10-0098
https://doi.org/10.1094/PDIS-93-4-0386

2018. Large-scale spatial dynamics of Drosophila suzukii in Trentino, Italy. J Pest Sci 91, 1213-1224
https://doi.org/10.1007/s10340-018-0985-x

Temple, T.N., Stockwell, V.O., Loper, J.E., Johnson, K.B., 2004. Bioavailability of iron to
Pseudomonas fluorescens strain A506 on flowers of pear and apple. Phytopathol 94:1286—1294.
https://doi.org/10.1094/PHYTO.2004.94.12.1286

Temple, T.N., Thompson, E.C., Uppala, S., Granatstein, D., Johnson, K.B., 2020. Floral
colonization dynamics and specificity of Aureobasidium pullulans strains used to suppress fire blight
of pome fruit. Plant Dis 104:121-128. https://doi.org/10.1094/PDIS-09-18-1512-RE

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL X windows interface: flexible strategies for multiple sequence alignment aided by quality
analysis tools. Nucleic Acids Res. 25, 4876-4882. https://doi.org/10.1093/nar/25.24.4876

Thomson, S.V., 1986. The role of the stigma in fire blight infections. Phytopathol 76:476—
482. https://doi.org/10.1094/Phyto-76-476

Tian, T., Zhao, Y., Shi, L., Cui, Z., Hu, B., Zhao, Y., 2017. Type VI secretion systems of
Erwinia amylovora contribute to bacterial competition, virulence, and exopolysaccharide production.
Phytopathol 107:654—661. http://dx.doi.org/10.1094/PHYTO-11-16-0393-R

Tinette, S., Zhang, L., Robichon, A., 2004. Cooperation between Drosophila flies in searching
behavior. Genes Brain Behav., 339-50. https://doi.org/10.1046/j.1601-183x.2003.0046.x

Tong, Y.P., Yang, B.Y., Tian, Q., Hu, F.P., Cai, X.Q., 2020. Isolation and identification of a
new pathogen causing bacterial leaf shot hole disease on peach and plum. J. Fujian Agric. For. Univ.
49:300-306.

UK, CAB International, Hayward, A. C., & Waterston, J. M. (1965). Erwinia amylovora.
[Descriptions of Fungi and Bacteria]l.  Descriptions of Fungi and  Bacteria.
https://doi.org/10.1079/dfb/20056400044

Unita Piccoli frutti, olivo e ortofloricoltura, C. T. T. F. E. M. (n.d.). Historical data on the
presence of D. suzukii in Trentino.

Valentini, M., Filloux, A., 2016. Biofilms and Cyclic di-GMP (c-di-GMP) Signaling: Lessons
from Pseudomonas aeruginosa and Other Bacteria. J Biol Chem., 291:12547-12555.
https://doi.org/10.1074/jbc.R115.711507

Van der Zwet, T., Keil, H.L., 1979. Fire blight: a bacterial disease of rosaceous plants.
Washington, D.C. (USA) U.S. Dept. of Agriculture, Science and Education Administration

Van der Zwet, T., Orolaza-Halbrendt, N., Zeller, W., 2012. Fire blight: History, biology, and
management. St Paul, MN: American Phytopathological Society Press.

146


https://doi.org/10.1094/PHYTO.2004.94.12.1286
https://doi.org/10.1094/PDIS-09-18-1512-RE
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1094/Phyto-76-476
http://dx.doi.org/10.1094/PHYTO-11-16-0393-R
https://doi.org/10.1046/j.1601-183x.2003.0046.x
https://doi.org/10.1079/dfb/20056400044
https://doi.org/10.1074/jbc.R115.711507

Van der Zwet, T., Orolaza-Halbrendt, N., Zeller, W., 2016. Fire Blight: History, Biology, and
Management. In Fire Blight: History, Biology, and Management.
https://doi.org/10.1094/9780890544839

Vanneste, J.L., 2000. Fire blight: The disease and its causative agent, Erwinia amylovora. Cabi
publishing

Vasseur-Coronado, M., Vlassi, A., Boulois, H.D.D., Schuhmacher, R., Parich, A., Pertot, I.,
Puopolo, G., 2021. Ecological Role of Volatile Organic Compounds Emitted by Pantoea

agglomerans as  Interspecies  and  Interkingdom  Signals.  Microorganisms  9:1186.
https://doi.org/10.3390/microorganisms9061186

Vattakaven, T., Bond, P., Bradley, G., Munn, C.B., 2006. Differential Effects of Temperature
and Starvation on Induction of the Viable-but-Nonculturable State in the Coral Pathogens Vibrio shiloi
and Vibrio tasmaniensis. Appl Environ Microbiol 72. https://doi.org/10.1128/AEM.00798-06

Viot, A.C., Dempsey, D.A., Klessig, D.F., 2009. Salicylic acid, a multifaceted hormone to
combat disease. Annu Rev Phytopathol 47:177-206.
https://doi.org/10.1146/annurev.phyto.050908.135202

Vogt, I., Wohner, T., Richter, K., Flachowsky, H., Sundin, G.W., Wensing, A., Savory, E.A.,
Geider, K., Day, B., Hanke, M-V., Peil, A., 2013. Gene-for-gene relationship in the host—pathogen
system  Malus %  robusta  5—Erwinia  amylovora. ~New  Phytol 197:1262-1275.
https://doi.org/10.1111/nph.12094

Weeks, E.N.I., Logan, J.G., Gezan, S.A., Woodcock, C.M., Birkett, M.A., Pickett, J.A.,
Cameron, M.M., 2011. A bioassay for studying behavioural responses of the common bed bug, Cimex

lectularius (Hemiptera: Cimicidae) to bed bug-derived volatiles. Bulletin of Entomological Research
101: 1-8.

Wei, Z.M., Laby, R.J., Zumoff, C.H., Bauer, D.W., He, S.Y., Collmer, A., Beer, S.V., 1992.
Harpin, elicitor of the hypersensitive response produced by the plant pathogen Erwinia amylovora.
Science 257:85-88. https://doi.org/10.1126/science.1621099

Wei, Z., Hu, J., Gu, Y., Yin, S., Xu, Y., Jousset, A., Shen, Q., Friman, V.P., 2018. Ralstonia
solanacearum pathogen disrupts bacterial rhizosphere microbiome during an invasion. Soil Biol
Biochem 118:8-17. https://doi.org/10.1016/].s0ilbi0.2017.11.012

Williams, A.N., Stavrinides, J., 2020. Pantoea Natural Product 3 is encoded by an eight-gene
biosynthetic gene cluster and exhibits antimicrobial activity against multi-drug resistant Acinetobacter
baumannii and Pseudomonas aeruginosa. Microbiol. Res., 234.
https://doi:10.1016/j.micres.2020.126412

Wohner, T.W., Richter, K., Sundin, G.W., Zhao, Y., Stockwell, V.O., Sellmann, J.,
Flachowsky, H., Hanke, M-V., Peil, A., 2018. Inoculation of Malus genotypes with a set of Erwinia

147


https://doi.org/10.1094/9780890544839
https://doi.org/10.1128/AEM.00798-06
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1111/nph.12094
https://doi.org/10.1126/science.1621099
https://doi.org/10.1016/j.soilbio.2017.11.012
https://doi:10.1016/j.micres.2020.126412

amylovora strains indicates a gene-for-gene relationship between the effector gene eop/ and both
Malus  floribunda 821 and  Malus ‘Evereste’. Plant Pathol 67:938-947.
https://doi.org/10.1111/ppa.12784

Wong, J.S., Wallingford, A.K., Loeb, G.M., Lee, J.C., 2018. Physiological status of
Drosophila suzukii (Diptera: Drosophilidae) affects their response to attractive odours. J Appl
Entomol 142:473— 482. https://doi.org/10.1111/jen.12497.

Wood, D.L., Browne, L.E., Silverstein, R.M., Rodin, J.O., 1966. Sex pheromones of bark
beetles. I. Mass production, bio-assay, source, and isolation of the sex pheromone of Ips confusus
(LeC.). Journal of Insect Physiology 12: 523-536.

Yang, HW., Yu, M., Lee, J.H., Chatnaparat, T., Zhao, Y., 2020. The stringent response
regulator (p) ppGpp mediates virulence gene expression and survival in Erwinia amylovora. BMC
Genomics 12:261. https://doi.org/10.1186/s12864-020-6699-5

Yaryura, P.M., Leon, M., Correa, O.S., Kerber, N.L., Pucheu, N.L., Garcia, A.F., 2008.
Assessment of the role of chemotaxis and biofilm formation as requirements for colonization of roots
and seeds of soybean plants by Bacillus amyloliquefaciens BNM339. Curr. Microbiol, 56 625-632.
https://d0i:10.1007/s00284-008-9137-5

Zeng, Q., Sundin, G.W., 2014. Genome-wide identification of Hfg-regulated small RNAs in
the fire blight pathogen Erwinia amylovora discovered small RNAs with virulence regulatory
function. BMC Genomics 15, 414. https://doi.org/10.1186/1471-2164-15-414.

Zeng, Q., Johnson, K., Mukhtar, S., Nason, S., Huntley, R., Millet, F., Yang, C.H., Hassani,
M.A., Zuverza-Mena, N., Sundin, G.W., 2023. Aureobasidium pullulans from the fire blight

biocontrol product, Blossom Protect, induces host resistance in apple flowers. Phytopathol.
https://doi.org/10.1094/PHYTO-12-22-0452-R

Zhang, J., Zhou, J-M., 2010. Plant immunity triggered by microbial molecular signatures. Mol
Plant 3:783-793

Zhang, L.N., Wang, D.C., Hu, Q., Dai, X.Q., Xie, Y.S., Li, Q., Liu, H.M., Guo, J.H., 2019.
Consortium of Plant Growth-Promoting Rhizobacteria Strains Suppresses Sweet Pepper Disease by
Altering the Rhizosphere Microbiota. Front Microbiol 23,10:1668.
https://doi.org/10.3389/fmicb.2019.01668

Zhao, Y., Blumer, S.E., Sundin, G.W., 2005. Identification of Erwinia amylovora genes
induced during infection of immature pear tissue. J Bacteriol 187:8088—8103.
https://doi.org/10.1128/jb.187.23.8088-8103.2005

Zhao, Y., He, S.Y., Sundin, G.W., 2006. The Erwinia amylovora avrRpt2EA gene contributes
to virulence on pear and AvrRpt2EA is recognized by Arabidopsis RPS2 when expressed in

148


https://doi.org/10.1111/ppa.12784
https://doi.org/10.1111/jen.12497
https://doi.org/10.1186/s12864-020-6699-5
https://doi:10.1007/s00284-008-9137-5
https://doi.org/10.1186/1471-2164-15-414
https://doi.org/10.1094/PHYTO-12-22-0452-R
https://doi.org/10.1128/jb.187.23.8088-8103.2005

Pseudomonas syringae. Mol Plant Microbe Interact 19:644—654. https://doi.org/10.1094/mpmi-19-
0644

Zhao, Y., Sundin, G.W., Wang, D., 2009. Construction and analysis of pathogenicity island
deletion mutants of Erwinia amylovora. Can J Microbiol 55:457-464. https://doi.org/10.1139/w08-
147

Zhou, X., Wang, J., Liu, F., Liang, J., Zhao, P., Tsui, C.K.M., Cai, L., 2023. Cross-kingdom
synthetic microbiota supports tomato suppression of Fusarium wilt disease. Nat Commun. 2022 Dec
22;13(1):7890. doi: 10.1038/s41467-022-35452-6. Erratum in: Nat Commun. 2023 Oct
24;14(1):6755. https://doi.org/10.1038/s41467-023-42557-z

149


https://doi.org/10.1094/mpmi-19-0644
https://doi.org/10.1094/mpmi-19-0644
https://doi.org/10.1139/w08-147
https://doi.org/10.1139/w08-147

