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The following treatments were evaluated: (1) untreated control; 2) DMSO 0.1%; 3) DMSO
0.05%; 4) Coprantol Hi Bio (2 g/L); and 5-8) DMP and MP mixtures at concentrations of 50
mg/L, 5 mg/L, 2.5 mg/L, and 0.5 mg/L. For each treatment, 100 sporangia were randomly
counted per slide. Bars display the mean proportion of germinated and non-germinated
sporangia, with dark grey indicating viable sporangia and light grey indicating devitalized
sporangia. Error bars represent the standard error of the mean + standard error (n = 3). Different
letters above the bars denote statistically significant differences between treatments (p < 0.05),

as determined by Tukey’s HSD test. 105
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Figure 15. Callose deposition in grapevine leaf discs treated with a dihydromaltophilin and
maltophilin mixture. The treatments included: leaf discs treated with distilled water (untreated
control) (A); leaf discs treated with DMSO 0.1% (B); and leaf discs treated with the
dihydromaltophilin-maltophilin mixture at 50 mg/L (C), 25 mg/L (D), 2.5 mg/mL (E), and 0.5
mg/L (F). Arrows indicate callose deposition around stomatal openings, visible as blue
fluorescence. Scale bars: 100 um. 107

Figure 16. Growth curve of Lysobacter capsici AZ78 grown in PYKM medium under controlled
conditions. Bacterial growth was monitored by measuring optical density at 600 nm (ODsoonm) at
0, 24, 48, 96, 120, and 144 h after inoculation. Data are presented as mean =+ standard error. 130

Figure 17. Preventive control of Plasmopara viticola infection on grapevine plants following
application of full-strength unheated (L) and heat-treated (D) self-digestive solutions (SDS)
derived from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water (untreated
control); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM medium control; and
SDS collected at different incubation times: (4) 24L-SDS; (5) 24D-SDS; (6) 48L-SDS; (7) 48D-
SDS; (8) 72L-SDS; (9) 72D-SDS; (10) 96L-SDS; (11) 96D-SDS; (12) 120L-SDS; (13) 120D-
SDS; (14) 144L-SDS; and (15) 144D-SDS. Treatments were applied 24 h prior to P. viticola
inoculation. Disease severity is expressed as the mean percentage of symptomatic grapevine leaf
disc area = standard error (n = 5). Columns bearing the same letters are not significantly different
according to Tukey’s HSD test (a = 0.05). 132

Figure 18. Preventive control of Plasmopara viticola infection on grapevine plants following
application of diluted (1/10) unheated (L) and heat-treated (D) self-digestive solutions (SDS)
derived from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water (untreated
control); (2) copper-based fungicide Coprantol Hi Bio (2 g L™"); (3) PYKM 1/10 medium control;

and SDS collected at different incubation times: (4) 24L-SDS 1/10; (5) 24D-SDS 1/10; (6) 48L-
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SDS 1/10; (7) 48D-SDS 1/10; (8) 72L-SDS 1/10; (9) 72D-SDS 1/10; (10) 96L-SDS 1/10; (11)
96D-SDS 1/10; (12) 120L-SDS 1/10; (13) 120D-SDS 1/10; (14) 144L-SDS 1/10; (15) 144D-
SDS 1/10.. Treatments were applied 24 h prior to P. viticola inoculation. Disease severity is
expressed as the mean percentage of symptomatic grapevine leaf disc area + standard error (n =
5). Columns bearing the same letters are not significantly different according to Tukey’s HSD
test (o = 0.05). 133
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water (untreated control); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM
medium; (4) PYKM diluted 1/10 (medium controls); and SDS collected after 96 h incubation:
(5) 96L-SDS; (6) 96L-SDS 1/10; (7) 96D-SDS; and (8) 96D-SDS 1/10. Relative expression
levels of CalS7, HSR, ACO, AOC, LOXY, ERF1, JAZI, PR2, PR3, PAL, and STS were evaluated
at TO (before Plasmopara viticola inoculation) and T1 (24 h after inoculation). Gene expression
levels were quantified by qRT-PCR and expressed as relative expression values [fold change
(2 22Y]. Error bars represent mean + standard error (n = 3). One-way analysis of variance
(ANOVA) was conducted separately for each time point (TO and T1), followed by Tukey’s
honestly significant difference (HSD) test (o = 0.05). Columns sharing the same letter are not
significantly different among treatments within the same time point. 137
Figure 20. Phytoalexin production in grapevine leaves after treatment with self-digestive solutions
(SDS) derived from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water
(untreated control); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM medium;
and (4) PYKM diluted 1:10 as medium controls; and SDS collected at 96 h incubation: (5) 96L-
SDS; (6) 96L-SDS diluted 1:10; (7) 96D-SDS; and (8) 96D-SDS diluted 1:10. Phytoalexins
piceid, resveratrol, and trans-e-viniferin were quantified at TO (before Plasmopara viticola

inoculation), T24 (24 h after inoculation), and T72 (72 h after inoculation), and are expressed as
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ng/g fresh weight (FW). Error bars are shown as mean + standard error, (n = 5). Columns sharing
the same letter are not significantly different according to Tukey’s honestly significant difference
(HSD) test (o = 0.05). 140
Figure 21. Effect of Lysobacter capsici AZ78 on the germination rate (%) of tomato seedlings infected
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AZ78 (SB); 3) soil + P. ultimum (S+P); and 4) soil + + L. capsici AZ78 + P. ultimum (SB+P).
Data represent mean =+ standard error (n = 5). Differences among treatments were analysed by
one-way ANOVA followed by Tukey’s HSD test (a = 0.05). Columns sharing the same letter
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Figure 24. Effect of exposure to Lysobacter capsici AZ78 volatiles and organic amendments on
tomato seedling germination (%) after 21 days in soil infected with Pythium ultimum. Treatment
groups were: 1) soil exposed to nutrient agar (NA) volatiles (SV), 2) soil exposed to NA with
fish meal (SFiV), 3) soil exposed to NA with feather meal (SFeV), and 4) soil exposed to NA
with hoof meal (SHV). Each soil treatment was either left untreated, exposed to volatiles from
L. capsici AZ78, infected with P. ultimum, or both exposed to L. capsici AZ78 volatiles and
infected with P. ultimum. Data represent mean + standard error (n = 5). Differences among
treatments were analysed by one-way ANOVA followed by Tukey’s HSD test (a = 0.05).
Columns sharing the same letter are not significantly different. 179

Figure 25. Changes in soil pH over time in soils inoculated with Lysobacter capsici AZ7T8 cells at 1,
7, 14, and 21 days. Treatments included soil (S) and soil + L. capsici AZ78 (SB). Data represent
mean =+ standard error (n = 5). Differences between treatments were assessed using Student’s t-
test (p < 0.05). 180
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Figure 28. Changes in soil pH measured at day 1 and day 21 in soils exposed to volatiles produced by

Lysobacter capsici AZ78. Treatments included soils exposed to nutrient agar (NA) volatiles

23



(SV), soil exposed to NA with fish meal (SFiV), soil exposed to NA with feather meal (SFeV),
and soil exposed to NA with hoof meal (SHV), and the treatments exposed to L. capsici AZ78
volatiles (SBV, SFiBV, SFeBV, and SHBV). Data represent mean + standard error (n = 5).
Differences between treatments were assessed using Student’s t-test (p < 0.05). 184
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inoculated with Lysobacter capsici AZ78 cells. Treatments included soil (S), soil + fish meal
(SFi), soil + feather meal (SFe), and soil + hoof meal (SH), each either inoculated with L. capsici
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soil exposed to NA with feather meal + L. capsici AZ78 (SFeBV), and soil exposed to NA with
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Figure 31. Heatmap of logio transformed average peak areas of volatile organic compounds detected
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were logio transformed, mean-centred, and hierarchically clustered using Euclidean distance and
Ward’s minimum variance method. VOC abundance is indicated by a colour scale from blue
(low) to red (high). The heatmap includes only VOCs showing significant differences among
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Figure 32. Principal component analysis (PCA) score plot and PERMANOVA test of volatile organic
compound profiles in nutrient agar without amendment (NA) or with hoof meal (NAH), in the
absence or presence of Lysobacter capsici AZ78 inoculation (NA 78 and NAH 78,
respectively). Points represent replicates and ellipses indicate 95% confidence intervals. The first
two principal components explained 91.6% of the total variance (PC1: 64.5%; PC2: 27.1%).
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capsici AZ78 cells and (C and D) soil exposed to volatiles produced by L. capsici AZ78 at 1, 7,
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Figure 35. Taxonomic composition and relative abundance of microbial communities determined by
shotgun metagenomic sequencing at the (A) domain, (B) phylum, and (C) genus levels.
Treatments included soil (S), soil + Lysobacter capsici AZ78 (SB), soil + hoof meal (SH), and

soil + hoof meal + L. capsici AZ78 (SHB), soils exposed to nutrient agar (NA) volatiles (SV),
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ABSTRACT

Plants are susceptible to numerous biotic and abiotic factors that negatively affect their performance
in the field and ultimately reduce crop yield. Among the biotic factors, oomycetes are responsible for
several devastating plant diseases that lead to substantial agricultural losses worldwide. Oomycetes
are a group of eukaryotic microorganisms known for causing economically important plant diseases
across diverse cropping systems. These diseases contribute significantly to global agricultural losses,
resulting in reduced productivity and potential food shortages. Among the well-known oomycete
genera, Plasmopara, Peronospora, and Pythium are prominent plant pathogens responsible for foliar
and soil-borne diseases in a wide range of host plants. Plasmopara viticola and Peronospora belbahrii
are the causal agents of downy mildew diseases in different hosts. In this study, we focused on
grapevine and basil downy mildews caused by P. viticola and P. belbahrii, respectively. In addition
to these foliar pathogens, Pythium ultimum, a soil-borne oomycete pathogen, poses a serious threat to

various crops by causing pre-emergence and post-emergence damping-off diseases.

Current control strategies for oomycete plant pathogens largely rely on the application of
fungicides to plants or soil. However, complete eradication of these pathogens from infected fields is
nearly impossible. Although breeding programs aimed at developing resistant plant varieties are
ongoing, this process is laborious and often challenged by the rapid evolution of pathogen resistance
to both host resistance traits and chemical fungicides. Furthermore, extensive use of chemical control
measures has raised concerns due to their negative impacts on human health and the environment.
Consequently, farmers, scientists, and consumers are increasingly shifting toward sustainable pest
management strategies. Modern disease management therefore emphasizes integrated approaches
combining physical, chemical, and biological methods rather than relying on a single control strategy.

Within this framework, biological control agents (BCAs) have gained considerable attention because
32



of their ability to suppress a broad range of pathogens through direct mechanisms such as antagonism,
nutrient and space competition, and mycoparasitism, as well as indirect mechanisms including

activation of plant defense responses that enhance plant resistance against pathogens.

The bacterial genus Lysobacter has emerged as a promising BCA and has been extensively
studied for its antimicrobial activity against plant pathogenic fungi, oomycetes, nematodes, and both
Gram-positive and Gram-negative bacteria. Several species, including Lysobacter enzymogenes, L.
antibioticus, L. gummosus, and L. capsici, have demonstrated strong antimicrobial properties. These
bacteria exert their effects through the secretion of lytic enzymes and a diverse array of secondary
metabolites. Among them, L. capsici AZ78, isolated from the tobacco rhizosphere, has been widely
investigated for its antimicrobial potential. Previous studies have demonstrated strong antagonistic
activity of this strain against the foliar oomycete P. viticola, with efficacy comparable to commercially
used copper-based fungicides in vineyards. Regarding soil-borne pathogens, volatile organic
compounds (VOCs) emitted by L. capsici AZ78 have shown inhibitory effects on P. ultimum in in
vitro split Petri dish assays. Despite multiple studies confirming the effectiveness of L. capsici AZ78
against both foliar and soil-borne oomycete plant pathogens, important knowledge gaps remain. In
particular, the effects of L. capsici AZ78 and its antimicrobial secondary metabolites on host plants
and the precise mechanisms of action against oomycete plant pathogens have not been fully
elucidated. Moreover, studies involving soil-borne pathogens have largely been limited to laboratory

conditions, with limited evaluation under realistic soil environments.

To address these knowledge gaps, this study investigated the effects of L. capsici AZ78 cells
and their metabolites against two major foliar oomycete pathogens, P. viticola and P. belbahrii. We
examined the direct effects of bacterial cells and their secondary metabolites, particularly

thermostable polycyclic tetramate macrolactams (PTMs), on pathogen development while also
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evaluating how plant protection responses were mediated in the host. Callose deposition and reactive
oxygen species (ROS) accumulation were analysed in host plants treated with both bacterial cells and
thermostable PTMs. To further understand grapevine responses to L. capsici AZ78 applications, gene
expression analyses were performed on plants treated with a self-digestive solution (SDS) derived
from the autolysis of L. capsici AZ78 cells grown in liquid culture for extended periods, allowing the
accumulation of bioactive secondary metabolites in the growth medium. These analyses provided
insights into the expression patterns of grapevine genes associated with defense-related functions
against P. viticola. Simultaneously, phytoalexin accumulation was evaluated to determine whether L.
capsici AZ78 and its metabolites could induce the production of antimicrobial compounds toxic to P.

viticola.

The second part of the study focused on the soil-borne oomycete plant pathogen P. ultimum.
Experiments evaluated the effects of L. capsici AZ78 cells and their VOCs on damping-off disease
development in tomato plants. To gain deeper insight into the interactions among host plants,
pathogens, and the BCA, metagenomic analyses were conducted to assess how L. capsici AZ78 and
the VOCs influenced soil microbial communities and contributed to the establishment of disease-
suppressive soil conditions that limit P. u/timum growth. The effects of these interactions were further
enhanced through the addition of organic amendments, which served as nutrient-rich substrates
supporting bacterial growth and promoting the emission of antimicrobial volatiles. The combined
application of organic amendments and L. capsici AZ78 improved both plant growth promotion and

disease protection under soil conditions.

Collectively, this study provides a comprehensive understanding of the mechanisms
underlying the anti-oomycete activity of L. capsici AZ78. The results demonstrate that this bacterium

employs multiple direct and indirect mechanisms to protect plants against pathogens. These include
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direct antagonism, production of secondary metabolites such as thermostable PTMs, emission of
antimicrobial VOCs, activation of plant immune responses, induction of phytoalexin accumulation
toxic to pathogens, and modification of the soil microbiome to establish disease-suppressive
environments. By integrating multiple experimental approaches, this work advances our

understanding of this BCA and supports its application under practical agricultural conditions.

Furthermore, this study represents the first evaluation of the plant protection efficacy of L.
capsici AZ78 against P. belbahrii. Currently, only a limited number of BCAs are available for
controlling this pathogen, and they are typically applied in combination with chemical fungicides. Our
results demonstrate that L. capsici AZ78 alone can provide more than 90% disease protection under
semi-realistic greenhouse conditions. Additionally, this work expands upon previous in vitro studies
on P. ultimum by validating the efficacy of L. capsici AZ78 under realistic soil conditions, thereby

strengthening its potential for practical agricultural application.
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CHAPTER 1.

INTRODUCTION

1.1 Oomycete plant pathogens: biology, epidemiological impact, and disease management

Oomycetes are eukaryotic microorganisms with a cosmopolitan distribution, capable of thriving
both as saprobes or pathogens across diverse ecological niches (Burki ef al., 2020). Historically, these
organisms were classified as fungi due to similarities in filamentous morphology, heterotrophic
lifestyle, and life cycle characteristics. Both fungi and oomycetes occupy similar habitats, including
soil, plant surfaces, and aquatic environments, and they frequently exhibit filamentous growth with
extensive hyphal networks. These superficial similarities contributed to long-standing taxonomic
confusion (Wang et al., 2025). However, several fundamental biological differences distinguish
oomycetes from true fungi. Oomycetes possess coenocytic hyphae, generally lack pigmentation, and
produce biflagellate motile zoospores. Most notably, their cell walls are primarily composed of
cellulose and B-glucans, whereas fungal cell walls predominantly contain chitin (Latijnhouwers et al.,

2003).

Many oomycetes are highly destructive plant pathogens and are often referred to as “plant killers”
due to their capacity to cause severe agricultural losses worldwide. Beyond plants, some species also
infect algae, fish, and mammals (Wang et al., 2025). Historical records illustrate the profound socio-
economic impact of oomycete diseases. A prominent example is potato late blight, caused by
Phytophthora infestans, which triggered the nineteenth-century Great Irish Famine, resulting in
approximately one million deaths (Bourke, 1964). Grapevine downy mildew, caused by Plasmopara

viticola, similarly devastated European vineyards in the late nineteenth century (Koledenkova et al.,
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2022). Under favourable environmental conditions, this disease can infect 40-90% of plants in
affected fields (Toffolatti ef al., 2018a) and cause yield losses of up to 75% in grapevine production
(Stummer et al., 2005; Jermini et al., 2010; Gessler et al., 2011). Historical outbreaks resulted in
substantial economic damage, including vineyard losses of up to 33% in Germany between 1907 and
1916 and repeated production failures in Italy during multiple epidemic years. In France, vineyard
production declined by approximately 70% in 1915, with wine losses reaching 20 million litres in
1930 (Koledenkova et al., 2022). Another economically significant foliar oomycete pathogen is
Peronospora belbahrii, the causal agent of basil downy mildew, which severely affects sweet basil
(Ocimum basilicum). This disease has rapidly spread across Europe, the Americas, the Middle East,
Asia, and Africa (Gilardi et al., 2020). Growers frequently report near-complete crop failure in
susceptible cultivars, resulting in losses amounting to tens of millions of dollars annually (Wyenandt
et al., 2015). In addition to foliar pathogens, soil-borne oomycetes belonging to the genus Pythium
represent major threats to agricultural production. These pathogens commonly inhabit agricultural
soils and infect germinating seeds, seedlings, and young roots, causing pre- and post-emergence
damping-off (Schroeder et al., 2013). Pythium species possess broad host ranges and variable
aggressiveness, contributing to estimated annual losses of approximately US$25 million in the United
States alone (Bickel and Koehler, 2021). Disease incidence can exceed 60% seedling mortality in
nurseries and fields, with annual yield losses ranging from 25-75% (Manoranjitham et a/., 2001). In
tomato nurseries, damping-off incidence has been reported between 41.3% and 85% under favourable

epidemiological conditions (Kumar and Meenu, 2018).
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Figure 1. The phylogenetic tree highlights representative oomycete pathogens of plants (green),
aquatic organisms (blue) and vertebrates (orange). Reference: Wang Yan, Govers Frabcine and Wang
Yuanchao., 2025. Oomycete plant pathogens: biology, pathogenesis and emerging control
strategies. Nature Reviews Microbiology.

Oomycete infection processes are closely linked to environmental moisture and specialized
reproductive structures. Members of the order Peronosporales, including Phytophthora, Pythium, and
numerous downy mildew genera, produce asexual sporangia dispersed by wind or water (Tyler, 2002).
These sporangia germinate either directly via hyphal growth or indirectly through the release of motile
zoospores. In P. viticola, biflagellate zoospores released under moist conditions swim toward stomata,
encyst, and form germ tubes that penetrate leaf tissues. As an obligate biotroph, the pathogen derives
nutrients from living host cells. Following approximately five days of incubation at optimal
temperatures (~25 °C), sporangiophores emerge through stomata and release new sporangia,

facilitating secondary infection cycles (Gessler et al., 2011). Similarly, P. belbahrii sporulates at

temperatures between 10-25 °C and relative humidity above 85%, producing spores that germinate
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within two hours and initiate infection within four hours under favourable conditions (Wyenandt et
al., 2015). In contrast, Pythium species are primarily soil-borne pathogens whose survival and
infection are favoured by high soil moisture (>70%), low light, and nutrient-poor conditions (Van der
Plaats-Niterink, 1981). Infection typically begins with oospore germination, followed by invasion of
root hairs and root tips. The production of pectinolytic enzymes facilitates tissue degradation and
pathogen spread within host tissues. Motile zoospores released from sporangia further infect nearby
seedlings, ultimately leading to root rot, stem lesions, damping-off, and seedling collapse (Goodwin,

1997).

Symptoms caused by oomycete pathogens vary depending on host and pathogen biology.
Grapevine downy mildew manifests as yellow or reddish-brown oil-like lesions on the upper leaf
surface accompanied by white sporulation on the lower surface. Lesions may become angular along
veins and later develop into mosaic patterns, while older leaves exhibit reduced susceptibility (Musetti
et al., 2005). Basil downy mildew symptoms often resemble nitrogen deficiency, with chlorotic leaves
and dark purplish-brown sporulation on the abaxial surface under favourable conditions (Wyenandt
et al.,2015). Pythium infections cause both pre- and post-emergence damping-off in tomato and other
crops, characterized by seed decay, water-soaked stem lesions, tissue maceration, wilting, and
eventual seedling collapse. Severe infections may result in extensive root decay, fruit rot, and stunted

plant growth (Weindling and Fawcett, 1936; Cram, 2003; Olson ef al., 2016).
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Figure 2. (A and B) A Foliar grapevine downy mildew signs and symptoms. Reference: Kanaley
Kathleen, Combs David B, Paul Angela, Jiang Yu, Bates Terry, and Gold Kaitlin M., 2024. Assessing
the Capacity of High-resolution commercial satellite imagery for grapevine downy mildew Detection
and Surveillance in New York State. Phytopathology. (C) Peronospora belbahrii sporulating on the
abaxial side of an infected sweet basil leaf (Ocimum basilicum). Reference: Wyenandt Christian A,
Simon James E, Pyne Robert M, Homa Kathryn, McGratch Margaret T, Zhang Shouan, Raid Ruchard
N, Ma Li-Jun, Wick Robert, Guo LI, and Madeiras Angela., 2015. Basil Downy Mildew (Peronospora
belbahrii): Discoveries and Challenges Relative to Its Control. Disease control and pest management.
(D) Lower stem collapse of Zinnia seedlings due to damping-off. Hudelson Brian. Damping-Off. UW
plant diseases facts.
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Management of oomycete diseases aims to maintain pathogen populations below
economically damaging thresholds, as complete eradication is rarely feasible (Babadoost, 2017).
Historically, disease control has relied heavily on chemical treatments. The first targeted control
measure was the Bordeaux mixture, a combination of copper sulphate and lime developed in the late
nineteenth century to manage grapevine downy mildew and later also applied against potato late blight
(Lamichhane ef al., 2018). Copper-based formulations remain widely used against oomycetes, fungi,
bacteria, algae, and invertebrates (Capinera and Dickens, 2016; Schuder et al., 2004). However,
prolonged copper use has raised concerns regarding phytotoxicity, soil accumulation, environmental
contamination, and the emergence of resistant pathogen populations (Lamichhane et al., 2018),

prompting the development of more sustainable disease management approaches.

Current grapevine downy mildew management integrates cultural practices, chemical
fungicides, and biological alternatives. Strategies such as canopy management, sanitation, resistant
cultivars, and site selection reduce disease pressure and enhance spray effectiveness (Bem et al., 2016;
Yaxiong et al., 2017). Fungicides remain essential, contributing to approximately 95% of yield
protection under favourable disease conditions, although systemic fungicides carry a high risk of
resistance development due to single-site modes of action (Gianessi and Reigner, 2006; Klopping and
Delp, 1980; Koledenkova et al., 2022). Resistance in P. viticola to several fungicide classes has
already been documented (Kuhn et al., 1991; Baudoin et al., 2008; Blum et al., 2010). Increasingly
Microbial BioControl Agents (mBCAs) and natural compounds are incorporated into integrated
disease management programs to reduce chemical inputs and delay resistance evolution (Compant et
al., 2013; Puopolo at al., 2014a, b; Clippinger et al., 2024). Management of basil downy mildew
similarly relies on integrated approaches combining fungicides, cultural practices, and host resistance.

Registered fungicides such as cyazofamid and mandipropamid, along with phosphorous acid-based
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products, are widely used preventively (Homa et al., 2014; Wyenandt et al., 2010). Organic fungicides
and biopesticides generally provide limited control, making organic basil production particularly
vulnerable under conducive environmental conditions (Wyenandt et al., 2010). Effective management
therefore requires preventive applications, fungicide rotation, humidity control, sanitation, and
protected cultivation systems. Although resistant commercial cultivars are currently limited,
resistance sources identified in non-sweet basil species and advances in transcriptomic studies are

supporting future breeding efforts (Gilardi et al., 2013).

Control of Pythium diseases remains challenging due to the pathogen’s wide host range and
long-term survival via oospores and sporangia. Cultural practices such as crop rotation, resistant
cultivars, and disease-free seeds provide partial control. Soil solarization has proven effective in
reducing pathogen populations through hydrothermal treatment, particularly when combined with
organic amendments that enhance microbial antagonism. mBCAs act primarily through competition
and antagonism but are most effective as preventive measures. Chemical fungicides, including
mancozeb, carbendazim, and ridomil, remain widely used despite environmental concerns, limited
post-infection efficacy, and resistance risks, reinforcing the importance of integrated disease
management strategies (Baudoin et al., 2008; Gamliel et al., 2000; Hadar and Mandelbaum, 1986;

Katan, 2000; Lazarovits et al., 1991; Lumsden and Locke, 1989; Praveen and Shrma, 2015).

The extensive reliance on chemical fungicides and associated environmental risks, together with
the emergence of resistant pathogen populations, underscore the need for sustainable alternatives. In
this context, biological control has gained attention, utilizing BCAs to suppress oomycete plant
pathogens. Integration of biological control into disease management programs offers a promising

pathway toward sustainable and environmentally friendly control of oomycete diseases.

1.2 Soilborne plant pathogens cause significant yield losses in various crops.
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Agricultural sustainability is a crucial goal in the 2030 agenda for sustainable development,
driven by the increasing global population, dietary transformations, and global climate changes (Di
Marco et al., 2020). The world’s population is expected to grow to nearly 9.1 billion by 2050, up from
7.7 billion today, necessitating at least a 70% increase in agricultural production to meet food demand
(FAO, 2017). Simultaneously, many emerging economies are transitioning from plant-based to
animal-based diets, leading to resource-intensive practices. This adds additional strain on agriculture
and the planet (Wood et al., 2019). Along with these challenges, the intensive and indiscriminate use
of agrochemicals has severely affected the health of soils and the broader agricultural ecosystem.
Prolonged use of chemical fertilizers and pesticides has reduced soil biodiversity, disrupted natural
nutrient cycles, and weakened soil structure. These practices have led to declining soil fertility,
contamination of the water bodies through runoff, and an increase in disease incidence (Meena et al.,

2020).

Soil is a heterogeneous habitat that harbours both biotic and abiotic components. It has many
(micro)organisms, including bacteria, fungi, archaea, insects, protists, and plants (Nannipieri et al.,
2017). Alongside this, soil also harbours a variety (micro)organism causing plant diseases. The
damages include the death of germinating seeds and seedlings, root rot, xylem blockage, soft rot, stem
base deformation, and necrotic lesions. Additionally, in many circumstances, even though the plant
pathogen does not directly affect the underground parts of the plant, it can still reside in the soil. In
such cases, the soil can be considered to be the reservoir of the plant disease-causing (micro)organisms
(Garcia et al., 2020). For example, soilborne plant pathogens can survive many years without a host
plant by forming resistant structures such as microsclerotia, sclerotia, chlamydospores, or oospores
(Mihajlovic et al., 2017). Fungi are the most destructive of all the studied organisms, causing plant

diseases such as wilts, root rots, club rot, and blight.
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Soil also plays an important role in determining the survival of plant pathogens and their
movement to the potential host plant. Furthermore, it can create humid conditions, promote plant
diseases and ensure the survival of prolonged plant pathogen structures. These features make soilborne

plant pathogens particularly difficult to predict, detect, diagnose, and control (Mihajlovic et al., 2017).

Fumigants have been essential tools for soil disinfestation for a long time. However, their use has
been increasingly restricted due to large harmful side effects, including health hazards, environmental
pollution, and potential ozone depletion. For 30 years, methyl bromide has been widely used to control
soilborne plant pathogens and pests in fruit and vegetable production with 100% efficiency. However,
in 1992, it was listed as an ozone-depleting substance under the Montreal Protocol, and its production
and use were gradually reduced (Katan, 1999). The phase-out of methyl bromide highlighted the risks

of relying on a single method for controlling soilborne plant pathogens and pest management.

The use of chemical inputs not only modifies the soil's biochemical and physiological properties
but also reduces microbial populations (Duke, 2018), impacting plant health. The extent of these
effects depends on the type of chemicals used and the composition of the soil's microbiome. For
instance, chemicals like clidon, benzene hexachloride, hexaconazole, and bavistin are toxic to many
beneficial soil organisms (Uddin, 2022). Fluazifop-P-butyl, commonly applied to control weeds, can
reduce plant-promoting bacteria while increasing harmful plant pathogens in the soil (Darine et al.,
2015). Similarly, the use of glyphosate has been linked to an increase in Fusarium spp., a soilborne

plant pathogenic fungi responsible for diseases like root rot and plant wilting (Fernandez et al., 2009).

1.3 Exploring microbial biocontrol agents for sustainable management of soilborne plant

diseases.
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In response to these growing challenges, biological control developed as a sustainable and
promising strategy to manage plant diseases and reduce the dependency on chemical inputs.
Biological control utilizes naturally occurring microbes to safeguard plant health, offering an
environmentally friendly alternative to traditional chemical pesticides. mBCAs are agriculturally
important microbes that can manage various plant health threats, including emerging and re-emerging
plant diseases, insect vectors of plant pathogens, phanerogamic plant parasites, and invasive weeds.
These plant beneficial microbes work through various mechanisms, including direct antagonism of
plant pathogens, production of antibiotics, lytic enzymes, and toxins, and eliciting plant-mediated

resistance responses that strengthen plant immunity (Tripathi ez al., 2020).

Fungi of the genus Trichoderma, and bacteria like Bacillus spp. or Pseudomonas spp. are among
the most promising mBCAs able to effectively control soilborne plant pathogens. For example,
the density of the plant parasitic nematode Meloidogyne hapla significantly decreased in the coffee
fields where the soil treated with 7. asperellum was seen to improve soil health and further enriched
microbial diversity (Saikai et al., 2023). In the tomato F. oxysporum f. sp. lycopersici phyto-
pathosystem, it was noticed that Bacillus spp., and Trichoderma spp. along with compost, negatively
impacted the plant pathogen, causing a reduction in the wilt disease by 70% (Cucu et al., 2020b).
Cucu et al. (2020a) found that treatments with mBCAs (Bacillus spp. and Trichoderma spp.) and two
different composts significantly reduced the abundance of P. capsici in naturally and artificially
infested soils. The pathogen suppression was achieved through direct interactions. The application of
the mBCAs also boosted the population of beneficial microorganisms, which were also seen to
contribute to disease suppression in zucchini. B. subtilis, B. amyloliquefaciens and P. stutzeri
previously showed colonisation of cucumber roots and disease prevention towards P. capsici (Islam

etal.,2016). Jain et al. (2012) proved that a consortium of P. aeruginosa, T. harzianum, and B. subtilis
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effectively suppresses Sclerotinia sclerotiorum on pea plants (Pisum sativum L. cv. Arkel). The
mBCA B. amyloliquefaciens GB03 has also been proven to play a significant role in plant disease
control by modulating the rhizosphere microbiota of plants. When tomato plants were treated with
this bacterial strain, it triggered the release of Volatile Organic Compounds (VOCs) from the plant
leaves. B-caryophyllene, one of the VOCs induced the secretion of salicylic acid (SA) in the root
exudates of neighbouring plants. The increased secretion of SA helps enhance the defence against
plant pathogens. This demonstrated how B. amyloliquefaciens GBO03 can indirectly promote plant

health and disease resistance through plant signalling pathways (Kong et al., 2021).

One of the most significant advantages of using mBCAs is their reduced environmental impact
compared to synthetic agrochemicals. mBCAs are often selected for their specificity in targeting
particular plant pathogens, ensuring that they do not affect non-target (micro)organisms, thus
preserving soil biodiversity (Villaverde et al., 2014). Furthermore, because mBCAs are typically
effective in small quantities and decompose rapidly, they minimize the environmental footprint and
avoid long-term contamination of soils and waterways (Shukla ef al., 2019). Unlike chemical
pesticides, which often harm beneficial organisms, mBCAs are highly selective in suppressing
harmful plant pathogens. This selectivity ensures that the broader ecological balance is not disrupted,

making them a more sustainable option for disease management ( Ul Hagq et al., 2024).

Despite their clear advantages, mBCAs face barriers to widespread adoption in agriculture, as
they can be susceptible to environmental factors, such as extreme temperatures, UV radiation, or
moisture levels, which can reduce their effectiveness in the field (Quesada-Moraga et al., 2024).
Additionally, competition with native soil microorganisms and difficulty in developing stable

formulations that retain viability and efficacy during storage further hinder their commercial success
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(Bejarano and Puopolo, 2022). Addressing these formulation challenges is critical to enhancing the

practicality and consistency of mBCAs in large-scale agriculture.

Nevertheless, sustainable agriculture's future must include strategies promoting soil and plant
microbial health. Applying mBCAs can play a vital role in mitigating the damage caused by
conventional agricultural practices. By restoring microbial diversity, they reduce the prevalence of
harmful plant pathogens, enhance soil resilience, and promote healthier root systems. In particular,
they can stimulate beneficial microbial communities in the soil, suppressing disease-causing
organisms through competitive exclusion, secretion of antimicrobial compounds, and nutrient cycling.

This allows crops to thrive with reduced reliance on synthetic inputs.

1.4 The genus Lysobacter: classification, morphological characteristics and ecological

distribution

Environmental concerns have been pushing people and researchers around the world to find
alternatives to chemical pesticides for controlling soilborne plant pathogens and plant parasitic
nematodes. Possible alternatives could be found in members of the bacterial genus Lysobacter,

including bacterial species commonly found in agricultural soils (Reichenbach, 1992).

Lysobacter spp. are characterised by the ability to prey upon other soil dwelling microbes. This
predatory life style led to an early taxonomic confusion, where Lysobacter species were mistakenly

classified alongside myxobacteria due to their shared characteristics (Reichenbach, 1992).

However, despite their behavioural resemblance, Lysobacter and myxobacteria differ
significantly at the genetic level. One of the key distinctions lies in the DNA composition. Lysobacter

spp. have a notably high guanine-cytosine (G+C) content in their DNA, exceeding 60%, while
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myxobacteria generally exhibit a much lower G+C content (Christensen and Cook, 1978;

Reichenbach, 1992)

This genetic difference was crucial for reassigning misidentified bacterial strains to a new
bacterial genus. In 1978, Lysobacter was formally established as a distinct genus by Christensen and
Cook (Christensen and Cook, 1978). Lysobacter belongs to the family Lysobacteraceae, which was
later proposed by Naushad and colleagues (Naushad et al., 2015). The formation of the new family
Lysobacteraceae was based on comprehensive phylogenetic and molecular analyses a significant
evolutionary divergence from the family Xanthomonadaceae. The study utilized concatenated protein
sequences and 16S rRNA gene sequences to construct phylogenetic trees, revealing distinct branching
patterns that indicate Lysobacteraceae and Xanthomonadaceae represent separate evolutionary
lineages. Additionally, the identification of unique conserved signature indels specific to members of
Lysobacteraceae further supports this distinction. These molecular signatures serve as markers that
differentiate Lysobacteraceae from Xanthomonadaceae, highlighting their unique evolutionary

adaptations and histories (Naushad et al., 2015).

Since its establishment in the 1970s, there has been a gradual increase in the number of species

belonging to the genus Lysobacter. In 1978, it comprised four species: L. antibioticus, L. brunescens,

L. enzymogenes, and L. gummosus. By 2016, there were almost 40 species (http://www.bacterio.net)
including newly discovered species such as L. hankyongensis and L. sediminicola (Siddiqi and Im,
2016). The number of species increased by almost 75% to 70 with valid data and accurate names

registered on LPSN (https://Ipsn.dsmz.de/genus/Lysobacter; Feb 2023). Currently, this bacterial

genus includes 73 species.
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Figure 3. Phylogenetic tree resulting from analysis of the 16S rRNA gene sequences of Lysobacter
species. GenBank was used to collect gene encoding 16S rRNA from Lysobacter species enlisted on
the website https://Ipsn.vsmz.de/genus/lysobacter at the time of writing. Once aligned by ClustalW,
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the alignment profile was used to construct the optimal phylogenetic tree using the Neighbout-Joining
method (Saitou and Nei, 1987) and the evolutionary distances were computed using the Kimura’s two
parameter model (Kimura, 1980). Bootstrap values (1000 replicates) higher than 70 are shown next
to the branches (Felsenstein, 2009). All the phylogenetic analysis were carried out using MEGA11
(Tamura, Stecher and Kumar, 2021).

Lysobacter consists of non-motile, Gram-negative, rod-shaped bacteria widely distributed in
nature. It derives its name, which translates to "the lysing rod," from its ability to lyse various
organisms. In the past, Lysobacter was often mistaken for genera like Stenotrophomonas and
Xanthomonas. A study by (Sullivan et al., 2003) demonstrated this confusion, showing that bacterial
strains N4-7 and C3, previously thought to belong to St. maltophilia, were members of L. enzymogenes
(Folman et al., 2003). Similarly, Xanthomonas sp. AK was also seen to be more related to Lysobacter

than to Xanthomonas in a phylogenetic analysis by Folman ef al. (2003).

Lysobacter cells are rod-shaped and aerobic, typically measuring around 0.4-0.6 x 2-5 um,
and they possess a high G+C content in their DNA. Additionally, they utilize ubiquinone Q-8 as their
primary respiratory quinone. Most species are non-motile due to the absence of flagella (Puopolo et
al., 2018). However, some species, such as L. spongiicola, L. arseniciresistens, L. lycopersici, L.
rhizophilus, and L. mobilis, are exceptions and have been reported to possess single polar flagella (Lin
et al., 2015; Luo et al., 2012; Romanenko et al., 2008; Yan et al., 2016; Yang et al., 2015a).
Additionally, strains like L. helvus and L. xanthus exhibit motility via monotrichous flagella (Kim et
al., 2019). Recently discovered species, including L. stagni, L. selenitireducens, L. auxotrophiocus,
have also demonstrated motility (Mao et al., 2022; Saito et al., 2023; Jung et al., 2024). Cells of L.
luteus were observed to be actively motile, with some displaying flagella, as confirmed by scanning

electron microscopy (Lucena ef al., 2022).

While most species lack flagella, they exhibit other forms of motility, such as twitching or gliding.
For example, L. enzymogenes exhibited twitching motility in the peripheral cells of the colony (Zhou
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etal., 2015). Tomada et al. (2016) revealed that different Lysobacter spp., display various degrees of
motility depending on the growth media and assay conditions, with L. capsici strains exhibiting
significant swimming, swarming, and twitching motility, especially on pea agar medium, forming
large dendritic colonies. Additionally, Brescia et al. (2020) found that the motility of L. capsici AZ78
cells was influenced by nutrient composition. L. capsici AZ78 cells grown on a growth medium
mimicking the tomato rhizosphere nutrient conditions, rhizosphere mimicking agar (RMA)
showed higher motility than those grown on Luria Bertani agar. This motility was assumed to be
related to the formation of cell surface appendages and the lower abundance of nutrients in RMA

(Brescia et al. 2020).

The colonies of Lysobacter spp. are typically mucoid and pale, with colours ranging from cream
to pink, yellow-brownish, or brown (Christensen and Cook, 1978). A more recent study highlighted
the diversity in colony morphology across different growth media, noting that L. enzymogenes OH11
had cream-yellow jagged colonies, L. antibioticus OH13 displayed shifts in colour from yellow to
pink and brown, while L. gummosus OH17 and L. bruneascens OH23 exhibited creamy yellow and

deep yellow colonies, respectively (Zhao et al., 2021a).

Lysobacter spp. are distributed in various environments with diverse ecosystems, such as soil,
rhizosphere, aquatic habitats (freshwater), and even extreme environments. With technological
advancements, such as 16S rRNA gene sequencing, new Lysobacter species have been identified from
various habitats. Several studies have documented Lysobacter spp. in agricultural soils and
rhizospheres of diverse plants. For instance, strains have been isolated from ginseng fields in South
Korea (Choi et al, 2014; Lee et al, 2006). Lysobacter spp. have also been identified in the rhizospheres
of maize (Garcia-Salamanca et al., 2013), potato (Turnbull et al., 2012; Van Overbeek and Van Elsas,
2008), soybean (Kim et al., 2023; Liang et al., 2014), switchgrass (Rodrigues et al., 2018), rice,

51



(Aslam et al., 2009), green pepper (Qian et al., 2009; Liu et al., 2019), pepper (Park et al., 2008),
tobacco (Cheema and Qureshi, 2024; Puopolo et al., 2010; Xiao et al., 2019), common bean (Pérez-
Jaramillo et al., 2019), Pteris vittata (Wang et al., 2022b), tomato (Kim et al., 2017), Aglaia odorata
(Ngo et al., 2015), marigold (Kim et al., 2022), and strawberry (Singh ef al., 2015; Niu et al., 2023).
Recently, Lysobacter was also isolated form rhizospheric soil in Korea (Lee and Whang, 2021). L.
rhizophilus was isolated from the rhizosphere of mugunghwa, the national flower of South Korea
(Yan et al., 2016). In addition to plant-associated environments, Lysobacter spp. have been found in
human-associated habitats, such as L. oculi from human meibomian gland secretions (Bai et al., 2020).
Beyond common environments, Lysobacter spp., also thrive in extreme habitats, such as thermal vents
and mudflows of Mt. Pinatubo (Sullivan et al., 2003), L. antarcticus in a coastal sediment from the
Chinese Great Wall Station, Antarctica (Z. Liu et al., 2022), L. luteus isolated from activated sludge
obtained from the sea water-based wastewater treatment plants (Lucena et al., 2022). Analysis of 16s
rRNA sequences from tar pits, also showed the presence of Lysobacter spp. (Kim and Crowley, 2007).
Other environments from where Lysobacter spp. were isolated included Kentucky Bluegrass foliage
(Giesler and Yuen, 1998), root tips of cucumber plants grown hydroponically (Folman et al., 2003),
anaerobic sludge reactors (Bae et al., 2005), lake water in the Republic of Korea (Im et al., 2020; Jung
et al., 2024), long sediment core collected in Republic of Korea (Jin et al., 2020), river sediment (Mao
et al., 2022), chitin-treated upland soils (Saito ef al., 2023), and in deep-sea sponge in Philippine

(Romanenko et al., 2008).

1.5 Mechanisms of action in plant pathogen suppression by Lysobacter spp.

1.5.1 Antimicrobial arsenal of Lysobacter: antibiotics, enzymes, and volatile compounds

In recent years, the genus Lysobacter, apart from other mBCAs, has garnered significant interest

due to its potential to produce lytic enzymes and novel antimicrobial compounds. These compounds
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could be valuable in combating plant pathogenic (micro)organisms (Panthee ef al., 2016; Puopolo et
al., 2018). Lysobacter spp., are known to employ diverse strategies to target other microorganisms. A
range of antimicrobial strategies, including the producing long-range, intermediate-range, and short-
range weapons are used against plant pathogens. Short-range actions, such as the T6SS, enable
Lysobacter spp. to inject toxic effectors directly into the cells of target plant pathogens, inducing cell
death in a contact-dependent manner (Lin et al., 2021). Also, L. enzymogenes OH11 uses Type IV
Secretion System (T4SS) for direct antagonism in the inter-bacterial killing system (Shen et al., 2021).
Intermediate-range mechanisms include lytic enzymes that inhibit plant pathogen growth. Long-range
weapons involve diffusible antimicrobial compounds capable of disrupting fungal cell walls and

membranes. These diverse modes of action make Lysobacter spp. versatile and effective mBCAs.

Among the antimicrobial compounds produced by Lysobacter spp., the Heat Stable Antifungal
Factor (HSAF), also known as dihydromalthophilin, stands out as a promising broad-spectrum
antifungal agent belonging to the family of polycyclic tetramate macrolactams (Graupner et al., 1997;
Yu et al., 2007). Lysobacter spp. synthesize HSAF to protect themselves from oxidative damage and
to preserve DNA from degradation in high concentrations of iron (Fe), H20z, or under UV radiation
(Yu et al., 2021). L. enzymogenes C3 mutants lacking HSAF production genes barely survived
oxidative stress and exhibited significantly increased production of reactive oxygen species (ROS),
highlighting the compound's vital role in microbial defence. HSAF isolated from L. enzymogenes
C3 has been proven effective in controlling plant pathogens (Yu et al., 2007). HSAF is an antifungal
compound that deteriorates the growth of the fungal cells by inducing cell wall thickening caused by
disruption of sphingolipid biosynthesis (Li et al., 2009). HSAF treatment has been shown to inhibit
the conidial germination and conidiation of F. graminearum, the causal agent of Fusarium head blight

(FHB), achieving 100% inhibition when applied at concentrations as low as 1 to 6 pg/ml. Moreover,
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ultrastructural changes such as cell wall thickening and plasmolysis were observed in F. graminearum
cells, and HSAF field applications of HSAF was effective in controlling FHB (Zhao et al., 2019).
Additionally, HSAF's effectiveness extends to fungicide-resistant F. graminearum strains, making it
a promising candidate for addressing the growing issue of fungicide resistance (de Chaves et al.,
2022). HSAF was also found to reduce virulence and toxin production and successfully inhibit both
wild-type and fungicide-resistant strains of F. graminearum. A recent study identified FgORP1, an
oxysterol-binding protein involved in mycelial growth, virulence, and ergosterol biosynthesis, as a
direct target of HSAF in F. graminearum (Chen et al., 2024). L. enzymogenes OH11 was shown to
deliver HSAF to the cell walls of plant pathogenic fungi by the production of outer membrane vesicles,
which ensures its efficient delivery (Yue et al., 2021). Recently, L. capsici AZ78 also showcased the
presence of HSAF in its metabolomic profile when grown on RMA. In particular, HSAF was
accumulated in central core and the outer ring of L. capsici AZ78 macrocolonies (Brescia et al., 2020).
Other examples of antibiotics belonging to the family of polycyclic tetramate macrolactams are
lysobacteramides, alteramides (Li et al., 2018; Lou et al., 2011; Xu et al., 2015), dihydromaltophilin
(Brescia et al., 2021), xanthobaccins (Islam et al., 2005; Nakayama et al., 1999). In addition to HSAF,
Lysobacter spp. produce other antimicrobial compounds. The antibiotic profile of L. capsici AZ78
was recently characterized, revealing its ability to synthesize cyclic lipodepsipeptides, including
WAP-8294A2, which is specifically toxic to Gram-positive bacteria (Brescia et al., 2021). WAP-
8294 A2 disrupts bacterial membranes by targeting menaquinone, a component crucial for membrane
integrity in Gram-positive bacteria, ultimately causing cell lysis (Itoh ef al., 2018). This compound
has shown remarkable activity against Bacillus spp., and Staphylococcus spp., including drug-resistant
S. aureus isolates, and is currently under development as a pharmaceutical drug for systemic
methicillin-resistant S. aureus infections (Chen et al., 2020). Another cyclic lipodepsipeptide, WBP-

29479A1 was found in L. antibioticus (Sang et al., 2019). Similarly, cyclopeptides lysocin E
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(Hamamoto et al., 2015), I and J (Santiago et al., 2018) are other antimicrobial compounds produced
by Lysobacter sp. RH2180-5, was shown to target vitamin K> (menaquinone, MK), a membrane
cofactor in the electron transport chain specific to various bacteria. Lysocin E has been shown to be
highly effective against both drug-susceptible and drug-resistant Mycobacterium tuberculosis var.
tuberculosis, as well as dormant mycobacteria, making it a promising lead compound for
antituberculosis drugs (Geberetsadik et al., 2022). Additionally, Lysobacter spp. also produce
phenazine-based antibiotics. For instance, L. antibioticus OH13 has a gene responsible for
synthesizing myxin, a potent antibiotic derived from phenazine 1,6-dicarboxylic acid. It inhibits DNA

synthesis and is highly toxic to both prokaryotic and eukaryotic cells (Zhao et al., 2016).

Lysobacter spp. produce low-molecular weight antimicrobial compounds also, as the case of 4-
hydroxyphenylacetic acid, isolated from L. antibioticus HS124, exhibits activity against the plant
pathogen P. capsici and root-knot nematodes in tomatoes, offering another effective biological control
method (Lee et al., 2013). Additionally, diketopiperazines such as cyclo(L-Pro-L-Tyr), cyclo(L-Pro-
L-Val), and cyclo(L-Pro-L-Leu), have been identified as toxic secondary metabolites produced by L.
capsici AZ78, with toxic activity against a variety of plant pathogens, including P. infestans, P.
viticola and Rhodococcus fascians (Cimmino et al., 2021; Puopolo et al., 2014a, b). Cyclo (L-Pro-L-
Tyr) showed effective inhibition of F. oxysporum and R. solani, which are both critical soilborne

pathogens (Rahman et al., 2019).

Moving beyond antibiotics, Lysobacter spp. also secrete a wide range of extracellular lytic
enzymes, which play key roles in degrading complex macromolecules in the soil and attacking the
cell walls of plant pathogenic fungi and oomycetes (de Bruijn et al., 2015). Chitinases, for instance,
target the chitin in fungal cell walls, insect exoskeletons, and nematode eggs, offering broad-spectrum

defence against these organisms. In particular, the GH 19-type chitinase (Chil9MK) from Lysobacter
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sp. MKO-1, when expressed in the transformed Escherichia coli, inhibited fungal growth, further
supporting the antifungal potential of chitinases in Lysobacter spp. (Yano et al., 2021). Proteases such
as trypsin, secreted by L. enzymogenes B25, show nematicidal effects by destroying the hatched eggs
of Me. incognita (Martinez-Servat et al., 2023). Chitinases and proteases secreted by L. antibioticus
HS124 showed efficient biocontrol of the lepidopteran pest Hyphantria cunea, both under in-vitro and
filed conditions when applied to roots or leaves of poplar trees (Moon et al., 2021). This highlights
the potential role of Lysobacter members also as entomopathogenic microorganisms. Chitinases and
proteases are not the only extracellular enzymes secreted by Lysobacter spp., involved in the
biocontrol activity of plant parasitic nematodes. For instance, gelatinases produced by L. capsici
YS1215 degraded the cuticle of root-knot nematodes, inducing mortality in nematodes during in vivo
trials (Lee et al., 2015). Zhao et al. (2021a) demonstrated that the enzymes including, proteases,
chitinases, cellulases, and glucanases are responsible for the antagonistic activity of L. enzymogenes
OHI11 and L. gummosus OH17 against a wide range of plant pathogens. This included Colletotrichum
fruticola, Botrytis cinerea, Botryosphaeria dothidea, R. solani, F. graminearum, S sclerotiorum, and

P. capsici.

Several Lysobacter spp. are also known to emit VOCs that exhibit antimicrobial activity against
soilborne plant pathogens. Due to their physiochemical characteristics, these VOCs have been
proposed as substitutes for chemical fumigants (De Boer et al., 2019). For example, L. enzymogenes
ISE13 releases 2,4-di-tert-butylphenol, which inhibits the growth of C. acutatum and P. capsici (Sang
et al., 2011). When grown in a protein-rich growth medium, L. antibioticus, L. capsici, L.
enzymogenes, and L. gummosus type strains release VOCs such as 2,5-dimethyl pyrazine, decanal,
and pyrrole, which inhibit the in vitro growth of P. Infestans (Lazazzara et al., 2017). In split Petri

dish assays, VOCs produced by L. capsici AZ78 inhibit the growth of Pythium (Py) ultimum, R. solani,
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and Sc. minor. GC-MS analysis revealed that L. capsici AZ78 produced 22 VOCs, the majority of
which were identified as pyrazines such as 2,5-dimethylpyrazine, 2-ethyl-3-methoxypyrazine, and 2-
isopropyl-3-methoxypyrazine (Vlassi et al., 2020a). Lysobacter capsici AZ78 emits also ammonia
and subsequent bioassays showed that the inhibition of R. solani by L. capsici AZ78 volatiles is the

result of the combination of ammonia, pyrazines and increase of pH in the growth medium (Vlassi et

al., 2020b).

1.5.2 Colonization, biofilm formation, and motility in Lysobacter's biocontrol strategy

The ability of Lysobacter spp. to colonize plant tissues enables them to establish within the plant
environment, where they can exert their antagonistic activities against plant pathogens. By colonizing
the roots, shoots, or other plant surfaces, Lysobacter spp. form a protective barrier against invading
(micro)organisms, preventing plant pathogens from establishing a foothold. The formation of biofilm
plays an essential role in this. A biofilm is an assemblage of surface-associated microbial cells
enclosed in polymeric matrix such as exopolysaccharides (Barcel6 et al., 2016). The formation of
biofilms not only increases the bacterium's resilience to environmental stresses such as desiccation,
nutrient limitation, or pH changes but also helps in the accumulation of antimicrobial compounds and
lytic enzymes at the site of colonisation (Velmourougane et al., 2017). For example, biofilm formation
in L. enzymogenes OHI11 helps it to form a dense microbial community for accumulating lytic
enzymes and antimicrobial compounds (Xia ef al., 2018). Additionally, the suppression of the
damping-off disease by Lysobacter sp. SB-K88 was found to be interlinked with its ability to densely
colonize the roots of sugar beet and spinach plants by perpendicular attachment (Islam et al., 2005).
L. capsici AZ78 produce biofilm in a growth media mimicking the nutrient content found in tomato
rhizosphere. The cells that originated on RMA were equipped with surface external cell appendages

known to help in colonisation processes (Brescia et al., 2020).
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Another essential factor in antagonistic behaviour is cell motility. Despite lacking flagella,
Lysobacter spp. exhibit swarming motility, allowing it to move across the areas. In addition to
swarming, Lysobacter spp. utilize twitching motility, driven by Type IV Pili (T4P; Tomada et al.,
2016). T4P mediates the extension and retraction of the pili, enabling the bacterium to "crawl" across
surfaces (Chen et al., 2018). Twitching motility has been widely reported in L. enzymogenes,
contributing to the colonisation of plant surfaces and the delivery of antimicrobial compounds (Chen
et al., 2018; Zhou et al., 2015). Interestingly, L. enzymogenes B25 cell motility increases in the
presence of plant pathogens like the plant pathogenic nematode Me. incognita (Martinez-Servat et al.,
2023). Similar behaviour was seen when L. enzymogenes OH11 was co-cultured with the plant
pathogenic oomycete P. aphanidermatum, demonstrating the role of motility in its predatory
behaviour (Zhao et al., 2017b). These results are consistent with the “wolf pack predation” attributed

to the Lysobacter genus (Seccareccia et al., 2015) (Table 1).

Table 1: Types of interaction and different modes of action of biocontrol Lysobacter spp.
strains.

Microbial Modes of
Type of bi trol ¢ " References
interaction iocontrol agents action
L. antibioticus DSM
2044, L. capsici
DSM  19286", L.
Emission of VOCs* such as decanal, |Lazazzara et al.,
Long-range enzymogenes DSM

pyrrole, and pyrazines 2017
2043,  and L.

gUmMmMosus DSM

6980"
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L. enzymogenes | Emission of VOCs such as 2,5-
Long-range Sang et al., 2011
ISE13 dimethylpyrazine
Emission of VOCs such as pyrazines |Vlassi et al,
Long-range L. capsici AZ78
and ammonia 2020a,b
Intermediate- Production of  HSAF; cyclic |Brescia et al.,
L. capsici AZT8
range lipodepsipeptides 2021
Intermediate- Production of extracellular lytic [Martinez-Servat
L. enzymogenes B25
range enzymes (e.g., chitinases, proteases) |et al., 2023
Intermediate- Production of HSAF; production of
L. enzymogenes C3 Lietal., 2009
range cyclic lipodepsipeptides
Intermediate-
L. capsici YS1215 Production of gelatinases Lee et al., 2015
range
Intermediate- L. enzymogenes
Production of cyclic lipodepsipeptides |Chen et al., 2020
range LE16
Puopolo et al.,
Intermediate- Production of diketopiperazines such
L. capsici AZT8 2014a; Cimmino
range as cyclo(L-Pro-L-Tyr)
etal., 2021
L. enzymogenes | Production of extracellular lytic
Intermediate- Zhao et al,
OHI11 and enzymes (e.g., proteases, cellulases,
range 2021a
L. gummosus OH17 | and glucanases)
Intermediate- L. enzymogenes
Production of HSAF Yue et al., 2021
range OH11
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Santiago et al.,

Intermediate- L. enzymogenes
Production of Lysocin E
range M497-1 2018
Production of extracellular lytic
Intermediate- L. antibioticus | enzymes (e.g., chitinase, [-1,3-
Ko et al., 2009
range HS124 glucanase, lipase, protease) and 4-
hydroxyphenylacetic acid
Intermediate-
L. antibioticus OH13 | Production of myxin Zhao et al., 2016
range
Chen et al,
Direct L. enzymogenes | Twitching motility via T4P; wolf pack |2018; Zhao et
antagonism OHI11 predation al., 2017b; Zhou
etal., 2015
Twitching motility via T4P; repression
Direct Tomada et al.,
L. capsici AZT8 of biofilm formation; induction of cell
antagonism 2017

death mechanisms

*HSAF: Heat Stable Antifungal Factor; T4P: Type IV Pili; VOCs: Volatile Organic

Compounds

1.6 Lysobacter spp. as new plant defense stimulators

Plants defend themselves against plant pathogens through two primary mechanisms: Systemic

Acquired Resistance (SAR) and Induced Systemic Resistance (ISR). SAR is activated in response to

virulent plant pathogens and relies on the SA pathway, accumulating pathogenesis-related proteins,

thus providing long-lasting immunity. In contrast, ISR is triggered by beneficial microorganisms, such

as rhizobacteria, and depends on the jasmonic acid (JA) and ethylene (ET) signalling pathways, which
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prime defence-related genes of the plant (Reimer-Michalski and Conrath, 2016). The cross-talk among
SA, JA, and ET pathways allows the plant to modulate its defences optimally, depending on the nature
of the threat (Durrant and Dong, 2004; koorneef and Pieterse, 2008; Pieterse et al., 2012). Studies
have demonstrated that Lysobacter spp., contributes significantly to plant health by inducing

resistance mechanisms and promoting plant growth (Expdsito et al., 2015).

Lysobacter enzymogenes C3 is known for its ability to induce localized and systemic resistance
responses in various crops. For instance, foliar application of heat-killed C3 cells in tall fescue and
wheat plants induced resistance against Rhizoctonia solani and Bipolaris sorokiniana, respectively,
without directly inhibiting the plant pathogens. Instead, L. enzymogenes C3 stimulated peroxidase
activity in the plants, signalling a primed defence response that enhanced pathogen resistance (Kilic-
Ekici and Yuen, 2003). In greenhouse experiments, L. enzymogenes C3 also effectively controlled
FHB, caused by F. graminearum, in hard red spring wheat (Jochum et al., 2006). Moreover, L.
enzymogenes C3 has been shown to activate all three major defence hormone pathways SA, JA, and
ET in soybean plants. Foliar treatments with C3 upregulated key marker genes, such as Allene Oxide
Synthase and Aminocyclopropane-1-carboxylate Synthase, involved in the JA and ET pathways,

respectively (Walnut, 2019).

In a recent study, L. enzymogenes OH11 demonstrated its ability to induce expression of defence-
related genes involved in both SA and JA signalling pathways in Nicotiana benthamiana plants
infected with the oomycetes P. capsici and P. sojae. The findings suggested that T4P on L.
enzymogenes OHI11 is essential in eliciting immune responses upon initial contact with the plant
surface, similar to how flagellin functions in flagellated bacteria. This indicates that Lysobacter spp.,
not only primes the plant’s defences but also helps coordinate a multifaceted immune response against
pathogen attacks (Lin et al., 2023 b).
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1.7 Lysobacter spp. as critical agents in soil suppressiveness: case studies and antagonism to

soilborne plant pathogenic (micro)organisms

1.7.1 Effectiveness against soilborne plant pathogenic fungi and oomycetes

Several studies have showcased the antagonistic abilities of Lysobacter spp. strains against a range
of soilborne plant pathogenic fungi and oomycetes. For example, L. enzymogenes C3 exhibits potent
biocontrol activity against P. ultimum, as evidenced by clear antimicrobial zones on 10% tryptic soy
agar (Kobayashi et al., 2005). Additionally, L. enzymogenes C3 produced B-1,3-glucanases, critical
enzymes for breaking down plant pathogen cell walls. Mutant strains lacking these enzymes displayed
reduced antagonistic activity against B. sorokiniana and P. ultimum (Kobayashi et al., 2005). In
tomato seedlings experiments, L. enzymogenes C3 effectively improved seedling emergence in soil
infested with P. ultimum. Conversely, the clp-disrupted mutant strains did not show any significant
difference in seedling emergence compared to the control, highlighting the importance of the clp gene
in the biocontrol efficacy of L. enzymogenes C3 (Kobayashi et al., 2005). In other in vitro tests, L.
enzymogenes 3.1T8 produced surface-active compounds and low-molecular-weight metabolites that
immobilized zoospores and inhibited cyst germination of P. aphanidermatum, which causes root and
crown rot in cucumber (Folman et al., 2004). Lysobacter firmicutimachus 5-7 showed relevant
antagonistic activity against P. arrhenomanes, a root rot pathogen in rice seedlings. Culture filtrates
from L. firmicutimachus 5-7 significantly reduced hyphal growth, sporangium formation, and
zoospore germination of P. arrhenomanes (Tu et al.,2023). Furthermore, L. enzymogenes OH11
exhibited enhanced twitching motility and increased HSAF production in response to the presence of
P. aphanidermatum (Zhao et al., 2017b). L. enzymogenes OH11 also exhibited vigorous antifungal
activity against several soilborne fungi, including F. oxysporum, F. solani, P. capsici, P.

aphanidermatum, R. solani, Rhizopus stolonifer, and S sclerotiorum, (Qian et al., 2009).
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The in vitro antifungal activity of L. capsici AZ78 was tested using the classic dual-culture method
and split Petri-dishes. In both assays, L. capsici AZ78 was able to significantly inhibit the mycelial
growth of the highly important soilborne plant pathogens P. ultimum, R. solani, and S. minor (Puopolo

etal.,2016; Vlassi et al., 2020 a,b).

In another in vitro study, L. capsici SB-K88 effectively suppresses Aphanomyces cochlioides, the
causal agent of damping-off disease in sugar beet and spinach. The bacterium's supernatant and
metabolite xanthobaccin A effectively immobilized zoospores with a minimum inhibitory
concentration of 0.01 pg/ml. Seeds pre-treated with xanthobaccins A exhibited significant disease
suppression, reducing preemergence damping-off in sugar beet seedlings. (Nakayama et al., 1999;

Islam et al., 2005).

Greenhouse experiments have further validated Lysobacter’s biocontrol capabilities. For instance,
L. antibioticus HS124 demonstrated significant efficacy against P. capsici, a major pathogen of pepper
plants. This bacterial strain controlled significantly P. capsici and enhanced pepper plant growth in
greenhouse (Ko ef al., 2009). Similarly, L. capsici PG4, isolated from the rhizosphere of tobacco
plants, effectively reduced the disease incidence of tomato crown rot caused by F. oxysporum f. sp.

radicis-lycopersici in both in-vitro and greenhouse settings (Puopolo et al., 2010).

Multiple studies have shown that the abundance of Lysobacter spp. in soil reduced disease caused
by different fungal plant pathogens. Examples include a study in organic farms of the Netherlands by
Postma et al. (2008), where soil suppressiveness against three soilborne pathogens (R. solani in sugar
beet, Streptomyces scabies in radish, and Verticillium longisporum in oilseed rape) was evaluated
alongside microbial, chemical, and physical soil properties. The results indicated that suppression of
R. solani was notably linked to the presence of antagonistic Lysobacter spp., particularly L.

antibioticus and L. gummosus. Grass-clover fields were especially effective in promoting R. solani
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suppression by enhancing the abundance of Lysobacter spp. in clay soils. These findings highlight
that Lysobacter spp. plays a significant role in soil disease suppressiveness, particularly in organic
systems. Another study investigated four Lysobacter strains from clay soils in the Netherlands, which
were closely related to L. antibioticus, L. gummosus, and L. capsici. DNA-DNA hybridization
confirmed these strains as L. capsici, though phenotypic and DNA fingerprinting analyses indicated
considerable diversity and niche specialization within this species. Notably, the new L. capsici strains
showed strong suppression of R. solani AG2 and were found in soils naturally suppressive to

Rhizoctonia, where L. antibioticus and L. gummosus were also present (Postma et al., 2010a).

Additionally, Postma et al (2010b) investigated two soils: one with a 40-year cauliflower history
naturally suppressive to R. solani, and another soil with no recent cauliflower history conducive.
Interestingly, over five successive cauliflower cropping cycles, disease suppressiveness developed in
the initially conducive soil, especially when inoculated repeatedly with R. solani. This
suppressiveness was biological, as it disappeared after soil sterilization. The suppressive soil was
found to have a high proportion of bacteria that inhibited R. solani in vitro, including Lysobacter
(56%) spp., Streptomyces (23%) spp., and Pseudomonas (21%) spp. Lysobacter spp. were particularly
associated with suppressiveness, as shown by quantitative PCR, which indicated a larger Lysobacter
population in the suppressive cauliflower soil compared to the conducive soil. The results suggest that
successive planting of cauliflower and R. solani inoculation enhances disease suppressiveness, with
Lysobacter spp. likely playing a key role in the biological control of R. solani through antagonistic

activity (Postma et al., 2010b).

Zhang et al. (2020) showed that Lysobacter spp. introduced as probiotic consortia with other

compatible microbes (Bacillus spp. and Pseudomonas spp.) improved the nutrient composition in the
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rhizosphere of Panax notoginseng with a notable and remarkable suppression of the plant pathogen

F. oxysporum.

Eighteen Lysobacter strains, including eleven isolated from Rhizoctonia-suppressive soils, were
evaluated for their antifungal and plant growth-promoting activities. Based on 16S rRNA gene
sequencing, these strains were classified into four species: L. antibioticus, L. capsici, L. enzymogenes,
and L. gummosus. Among the selected strains most of them demonstrated significant in vitro
antagonistic activity against R. solani, P. ultimum, and F. oxysporum. However, they showed less
suppression towards R. solani in sugar beet and cauliflower when introduced into soil. This limited
efficacy may be attributed to poor rhizosphere colonisation under field conditions. (Exposito et al.,

2015).

Field trials are still relatively limited for Lysobacter strains, but promising results have been
observed. A study on soils treated with bio-organic fertilizers found that the abundance of Lysobacter
spp. was six times higher than that of soils treated with chemical fertilizers. These soils exhibited

enhanced suppressiveness against Fusarium wilt in vanilla plants (Xiong et al., 2017).

Fu et al. (2017) studied the different composition of microbiome in biofertilizer and compost
treated banana fields, showing the symptoms of Fusarium wilt. As a result, it was discovered that the
abundance of Lysobacter spp. was negatively correlated to the abundance of the pathogen F.

oxysporum.

Recently, Dai ef al. (2023) investigated the effects of maize plants grown from seeds treated with
L. antibioticus 13-6 on soil properties, plant growth, and rhizosphere microbiome composition. /n vivo
experiments demonstrated a positive effect on plant growth parameters and successful colonisation of

the mBCA in the rhizosphere of treated plants. The treatment also altered the rhizosphere microbiome,
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recruiting beneficial organisms and reducing negative microbial interactions. These findings highlight
the potential of Lysobacter spp. as a sustainable strategy for controlling soil-borne plant pathogenic

fungi and promoting plant health.

This indicates that Lysobacter spp. likely contributes to disease suppression in soil, potentially by

interacting with other beneficial microbes, such as Bacillus spp. and Trichoderma spp., to enhance

overall biocontrol efficacy (Table 2).

Table 2. Biocontrol activity of Lysobacter spp. against different plant pathogenic
(micro)organisms in greenhouse and field conditions.

Microbial Plant
Plant Modes of
biocontrol pathogenic References
diseases action
agent (micro)organism
Heterodera Sugar beet cyst
Yuen et al., 2018
Lysobacter schachtii nematode Production of
enzymogenes C3 | Heterodera Soybean cyst HSAF*
glycines nematode
Production of
Lysobacter Root-knot extracellular lytic Martinez-Servat
Meloidogyne spp.
enzymogenes B25 nematode enzymes and et al., 2023
twitching motility
Pratylenchus
Root-lesion and
neglectus, Rhizosphere Castillo et al.,
Lysobacter spp. root-knot
Meloidogyne colonisation 2017
nematodes
chitwoodi
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Meloidogyne

Enhancement of

Jjavanica, Root-knot soil microbial do Régo Barros
Lysobacter spp.
Pratylenchus nematode diversity and etal., 2022
brachyurus richness
Lysobacter Root-knot Rhizosphere
Meloidogyne spp. Zhou et al., 2016
antibioticus 13-6 nematode colonisation
Lysobacter spp. Production of
strain YFY 02, extracellular lytic Zhou et al., 2014
Clubroot in
13-1, and HY Plasmodiophora enzymes
cruciferous
brassicae Production of toxic
Lysobacter plants
secondary Fuetal., 2018
capsici ZST1-2
metabolites
Streptomyces Common Rhizosphere Rosenzweig et
Lysobacter spp.
spp.- potato scab colonisation al., 2012
Ralstonia Bacterial wilt Rhizosphere
Lysobacter spp. Lietal., 2023
solanacearum of tobacco colonisation
Lysobacter Tomato Production of - Kobayashi et al.,
Pythium ultimum
enzymogenes C3 damping-off 1,3-glucanases 2005

Lysobacter

capsici PG4

Fusarium
oxysporum f. sp.
radicis-

lycopersici

Tomato crown

rot

Production of lytic
enzymes and
rhizosphere

colonisation

Puopolo et al.,

2010
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Rhizoctonia Sugar beet Rhizosphere Postma et al.,
Lysobacter spp.
solani damping-off colonisation 2008
Rhizoctonia Cauliflower Rhizosphere Postma et al.,
Lysobacter spp.
solani root rot colonisation 2010b
Influence on
Panax rhizosphere nutrient | Zhang et al.,
Fusarium
Lysobacter spp. notoginseng composition and 2020
oxysporum
Fusarium wilt | rhizosphere
colonisation
Fusarium Vanilla Rhizosphere Xiong et al.,
Lysobacter spp.
OXysporum Fusarium wilt | colonisation 2017
Rhizosphere
Lysobacter Fusarium Fusarium wilt | colonisation and Dai et al., 2023
antibioticus 13-6 | oxysporum in maize recruitment of plant
beneficial microbes

*HSAF: Heat Stable Antifungal Factor.

1.8 Understanding Lysobacter's acclimatization process in different soil types

1.8.1 Influence of soil composition

Soil pH is pivotal in shaping microbial communities, including Lysobacter spp. In fact, Lysobacter
species, particularly L. antibioticus and L. gummous, were predominantly found in clay soils with a
higher pH, contributing to the suppression of R. solani AG2-2I1IB in sugar beet crops (Postma et al.,
2008). These findings are supported by research showing that Lysobacter populations are more

abundant in soils with higher pH, clay content, and a lower carbon-to-nitrogen (C/N) ratio. (Postma,
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Schilder and van Hoof, 2011). In contrast, Lysobacter was rarely detected in sandy soils with lower
pH levels, indicating that acidic conditions may hinder its proliferation. This is further reinforced by
data from Craibstone Experimental Farm in Scotland, where Lysobacter sequences were identified
exclusively in medium- and high-pH clusters but absent in low-pH soils (Bartram et al., 2014). The
analysis of 206 agricultural sites in northeastern China consistently indicated soil pH as the primary
factor influencing microbial diversity, including the distribution of Lysobacter spp. (Wang et al.,

2019).

Soil nutrient availability has a notable effect on Lysobacter spp. populations. In tobacco fields
where pea, rapeseed, and wheat were used as cover crops, a positive correlation was observed between

Lysobacter populations, organic matter, and nitrate nitrogen levels (Qi et al., 2020).

Root exudates are another critical factor in shaping the soil microbiome and influencing
Lysobacter spp. populations. These exudates, which include compounds like glucose, glycine, and
citric acid, serve as substrates for microbial growth and play a key role in microbial assembly around
the root zone (Hu et al., 2018). For example, in soils cultivated with grass-clover crops, Lysobacter
spp. isolates were more abundant, indicating that root exudates from specific plants can enhance the
presence of Lysobacter spp. (Postma et al., 2008). Moreover, the use of millet as a cover crop was
found to strengthen Lysobacter populations, even in soils with high organic carbon and nitrogen

content, suggesting a special relationship between certain crops and Lysobacter spp. (Xu et al., 2019).

Intercropping faba bean and maize significantly increased total crop yields and nitrogen fixation
compared to monoculture. Using '3C-DNA-SIP, it was observed that maize root exudates activated
nine key bacterial genera in the faba bean rhizosphere, including Lysobacter spp., which directly fix
nitrogen. This bacterium along with others promoted the expression of key genes in faba bean roots,

facilitating nitrogen fixation and productivity (Hu et al., 2021).
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Furthermore, it was seen that foliar application of nitrogen-doped carbon dots on maize
significantly enhanced seedling biomass and photosynthesis. This treatment increased organic acid
production, which were then secreted into the rhizosphere. Over time, these organic acids helped
attract beneficial rhizobacteria, including Lysobacter spp., which showed a marked increase in relative
abundance after one week of exposure. The enriched Lysobacter spp. and other beneficial microbes
supported nitrogen and phosphorus cycling in the soil, thereby boosting nutrient uptake and

contributing to maize growth (Yue et al., 2023).

1.9 Integration with soil amendments

Soil amendments play a critical role in enhancing Lysobacter spp. populations and their disease-
suppressive capabilities. Organic amendments, such as animal and green manure, compost, and peats,
influence soil properties like structure, nutrient availability, and microbial ecology, promoting the
growth of beneficial microbes (Bonanomi et al., 2010). For instance, Postma and Schilder (2015)
demonstrated that organic amendments such as chitin, yeast, fungal tissue, and protein-rich animal
waste stimulated Lysobacter spp. populations, significantly improving the soil's suppressiveness
against R. solani in sugar beet. Interestingly, other studies found that amendments, like spent
mushroom substrate, led to an increase in populations of Lysobacter spp., Pseudomonas spp., and
Bacillus spp., and were correlated with reduced incidence of Fusarium wilt in cucumber (Wang et al.,

2020b).

In an experiment, it was seen that applying vermicompost, biochar, and their combination
following soil sterilization effectively controlled Fusarium root rot in replanted American ginseng.
The combined treatment significantly boosted the abundance of beneficial bacteria in the soil,
particularly Pseudomonas spp., Lysobacter spp., Variibacter spp., and Chryseolinea spp.

Vermicompost was found to enhance the presence of beneficial bacteria in the rhizosphere, while
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biochar inhibited the degradation of phenolic acids. The increased abundance of these beneficial

bacteria was negatively correlated with the disease index of the pathogen. (Tian et al., 2021).

Wang et al. (2024) demonstrated that applying modified biochar significantly reduces root rot
incidence and enhances rhizospheric soil quality. The biochar application improved soil aeration and
positively impacted bacterial abundance, leading to notable improvements in the soil’s
physicochemical properties. Beneficial bacteria, including Lysobacter spp., became more abundant,
contributing to suppression of harmful microbial groups such as Bacteroidetes, Ascomycota, and
Fusarium. This study underscores the role of modified biochar in fostering a healthier soil microbiome

that supports plant health and resilience.

Additionally, Lysobacter spp. plays a unique role in the decomposition of organic matter. In a
study by Fu et al., (2022) when straw was used as an amendment in maize fields, Lysobacter spp.
contributed to straw breakdown and increased its predatory behaviour on plant pathogens, enhancing
plant health. This highlights Lysobacter spp. ability to function in organic matter degradation and

plant pathogen suppression, making it a versatile agent in agricultural soils.

Moreover, dissolved organic matter extracted from fresh chicken manure and mature compost has
been demonstrated to increase Lysobacter spp. when applied to the soil (Yang et al., 2024).
Furthermore, in a recent study, co-compost of swine manure, human excrement, and rice straw
fertilization increased soil quality and the relative abundance of Lysobacter spp. in soil previously
treated with nitrogen fertilizers (Gao et al., 2024). These studies implore the possible replacement of

current fertilizers with beneficial mBCAs in the plant rhizospheric soil.
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CHAPTER 2.AIM OF THE THESIS

Building on the knowledge described above, the overall aim of this PhD research was to gain deeper
insight into the anti-oomycete activity of Lysobacter capsici AZ78 and to elucidate its role in
biological control and integrated pest management strategies. Therefore, the study was structured

around three main objectives:

Objective 1: To evaluate the biocontrol activity and mode of action of viable and heat-treated
Lysobacter capsici AZ78 cells, as well as their derived polycyclic tetramate macrolactams,

against the foliar oomycete pathogens Plasmopara viticola and Peronospora belbahrii (chapter

3).

Objective 2: To assess the biocontrol efficacy of unheated and heat-treated self-digestive solutions
derived from Lysobacter capsici AZ78 against Plasmopara viticola in grapevine plants, and to
investigate pathogen-induced responses in grapevine through gene expression analysis and

phytoalexin accumulation (chapter 4).

Objective 3: To evaluate the biocontrol potential of Lysobacter capsici AZ78 against the soil-borne
pathogen Pythium ultimum under soil conditions, and to characterize changes in the soil

microbiome associated with bacterial application using omics-based approaches (chapter 5).
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Abstract

The bacterial strain Lysobacter capsici AZ78 is an effective biocontrol agent against several plant-
pathogenic oomycetes. This study demonstrates that heat-inactivated L. capsici AZ78 cells retain
strong protective activity against Plasmopara viticola and Peronospora belbahrii, comparable to that
of viable L. capsici AZ78 cells, as well as a copper-based fungicide and a plant resistance inducer.
Microscopic analyses showed that both heat-inactivated and viable L. capsici AZ78 cells were toxic
to P. viticola sporangia. Moreover, microscopic analyses revealed also their ability to induce callose
deposition and reactive oxygen species production in basil and grapevine leaves, indicating the
stimulation of plant resistance mechanisms. Chemical analyses led to the identification of
dihydromaltophilin and maltophilin, two heat-stable polycyclic tetramate macrolactams, within the
membranes of L. capsici AZ78 cells. Isolated dihydromaltophilin and maltophilin, individually or in
combination, were highly effective against P. viticola and triggered callose accumulation in grapevine
leaf discs. These findings demonstrate that L. capsici AZ78 and its heat-stable polycyclic tetramate
macrolactams act through a dual mechanism, direct antimicrobial activity and induction of plant
defence responses. The use of heat-inactivated L. capsici AZ78 cells and their secondary metabolites
offers a promising, environmentally friendly alternative to copper-based products for the sustainable
management of downy mildews.

Keywords: Lysobacter, Downy mildew, Biocontrol, Polycyclic Tetramate Macrolactams,

Dihydromaltophilin.
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3.1 Introduction

In the field, crop plants have to face diverse biotic and abiotic stresses continuously. Among
these, plant diseases caused by (micro)organisms represent a major factor contributing to global yield
losses and pose a serious threat to agricultural production (Savary et al., 2019). To sustain and improve
crop plant productivity, it is therefore crucial to develop strategies that effectively manage plant
pathogenic (micro)organisms. Given the environmental and regulatory concerns associated with the

chemical input in agriculture, there is an increasing interest in environmentally friendly and
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sustainable approaches for detecting and controlling plant pathogenic (micro)organisms (Helepciuc
and Todor, 2022; Song and Liu, 2025).

One promising strategy involves the use of microbial biopesticides, plant protection products
that employ microbial BioControl Agents (mBCAs) as active ingredients. These are effective in
controlling plant pathogenic (micro)organisms, promote plant growth, and improve nutrient uptake
(Ray et al., 2020). Interest in microbial biopesticides has grown rapidly, with 13 bacterial mBCAs

already authorised for commercial use in the European Union

(https://food.ec.europa.eu/plants/pesticides/eu-pesticides-database_en). The efficacy of mBCAs
largely depends on their ability to produce a wide array of secondary metabolites, including lytic
enzymes, siderophores, toxins, volatile organic compounds (VOCs), polyketides, and non-ribosomal
peptides (Sarrocco, 2023). For example, Bacillus subtilis can suppress the growth of several plant-
pathogenic (micro)organisms through the production of secondary metabolites (Kiesewalter et al.,
2021). Similarly, certain secondary metabolites produced by Pseudomonas spp. exhibit antagonistic
activity against bacteria, fungi, and oomycetes (Raio and Puopolo, 2021). Furthermore, secondary
metabolites extracted from Trichoderma spp. are often more effective as plant protection products
than the organisms themselves (Vinale et al., 2009). Plants have also evolved mechanisms to recognise
mBCAs and their bioactive compounds, thereby enhancing their capacity to resist pathogen attacks
by triggering plant resistance mechanisms (Honig et al., 2023). In particular, cyclic lipopeptides such
as orfamide and surfactins, produced respectively by plant-beneficial Pseudomonas spp. and Bacillus
spp., can be perceived by plants and stimulate defence mechanisms against plant-pathogenic
(micro)organisms (Nimbeshaho et al., 2024; Omoboye et al., 2019).

Within this context, the genus Lysobacter (family Lysobacteraceae) has emerged as an
important reservoir of mBCAs and secondary metabolites. They are well recognised for their ability

to produce a broad spectrum of antimicrobial compounds, enabling them to prey on other
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microorganisms, particularly plant pathogenic (micro)organisms (Puopolo et al., 2018; Meers et al.,
2018; Vlassi et al., 2020a). Among the most significant secondary metabolites are polycyclic
tetramate macrolactams (PTMs), produced by many Lysobacter species (Li et al., 2021; Liu et al.,
2022). One such PTM is dihydromaltophilin (DMP), also known as the heat-stable antifungal factor
(HSAF) due to its stability at high temperatures, which exhibits a unique mode of action. Chemically,
DMP is classified as a polycyclic macrolactam a structural motif common among natural bioactive
products containing a tetramic acid, a class of compounds known for their antibiotic and anticancer
properties (Schobert and Schlenk, 2008).

DMP was first isolated from Streptomyces sp. (Graupner et al., 1997) and later identified in L.
enzymogenes C3, where it demonstrated antagonistic activity against plant-pathogenic fungi (Li et al.,
2000). It exerts its antifungal activity by targeting specific sphingolipids that are essential for polarized
filament growth in fungal cells. Studies have demonstrated the negative impact of this molecule on
various fungi, including Alternaria alternata, Aspergillus nidulans, and Candida albicans (Ding et
al., 2016; He et al., 2018; Li et al., 2006). Notably, DMP was found to disrupt fungal growth via a
reactive oxygen species (ROS)-dependent pathway in C. albicans, and its unique and selective mode
of action makes it highly suitable for the sustainable control of plant-pathogenic fungi. Specifically,
DMP from L. enzymogenes C3 (previously identified as Stenotrophomonas maltophilia C3) inhibited
the growth of plant-pathogenic fungi such as Bipolaris sorokiniana and Uromyces appendiculatus
(Yuen et al., 2001; Zhang and Yuen, 1999), as well as oomycetes like Pythium ultimum (Kobayashi
et al., 2005). In another study, DMP isolated from L. enzymogenes OH11 protected pear fruit against
fungal decay caused by Colletotrichum fruticola. The protection was attributed to hyphal deformation
and depolarisation, along with inhibition of conidial germination (Li ef a/., 2021). Similarly, Liu et al.
(2022) reported that DMP from L. enzymogenes OH11 inhibited the growth of Neurospora crassa by

activating fungal genes involved in cell wall formation. Additionally, crude DMP extracts from L.
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enzymogenes OHI11 showed efficacy in managing Fusarium head blight (Zhao et al., 2019) and
suppressing Pythium graminicola in maize (Ren et al., 2020).

Recent studies have further provided insight into the delivery mechanisms of these bioactive
PTMs. DMP and other secondary metabolites are transported via outer-membrane vesicles (OMVs),
which facilitate long-distance delivery to target plant pathogenic fungi (Yue et al., 2021). This vesicle-
mediated mechanism has also been reported in L. enzymogenes C3, highlighting its relevance as a
general strategy in Lysobacter—plant pathogen interactions. Specifically, DMP comes into contact
with the outer membranes of L. enzymogenes C3 cells, from which it is released into the environment,
entrapped in OMVs, until it establishes physical contact with plant-pathogenic fungi, thereby
inhibiting their growth (Meers et al., 2018).

Among Lysobacter biocontrol agents, L. capsici AZT78 (AZ78) exhibits strong antagonistic
activity against several economically important plant pathogens, including Phytophthora infestans
and Plasmopara viticola, the causal agents of potato late blight and grapevine downy mildew,
respectively (Puopolo et al.,, 2014a, b). The biocontrol efficacy of AZ78 is associated with its
production of multiple antagonistic factors, such as ammonia, antibiotics, lytic enzymes, and VOCs
(Brescia et al., 2021; Puopolo et al., 2014a; Vlassi et al., 2020a, b). Metabolomic analyses confirmed
the presence of PTMs, notably DMP and its precursor maltophilin (MP), both of which exhibit potent
activity against plant pathogens (Brescia et al., 2021). However, although these secondary metabolites
have been identified in AZ78, their role in the control of plant pathogenic oomycetes and their

underlying mode of action remain poorly understood.

3.2 Aim of the work

To address this knowledge gap, we investigated whether the application of heat-inactivated AZ78

cells and the PTMs: DMP and MP could be effective in controlling P. viticola and Peronospora
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belbahrii, the causal agent of grapevine and basil downy mildews, respectively. Based on the results,
we examined the mechanisms involved in the control of both oomycetes through the application of
heat-inactivated AZ78 cells and assessed the role of PTMs in these processes. Overall, this study
provides new insights into the multifaceted mechanisms of AZ78-mediated plant protection and
highlights the potential of heat-inactivated AZ78 cells and their PTMs as promising components of

next-generation microbial biopesticides.
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3.3 Material and methods

3.3.1 Maintenance of bacterial strains

AZ78 and Escherichia coli DH5a (DH5a) were stored as 40% (v/v) glycerol stocks at —80 °C.
For routine culture, both bacterial strains were grown on Nutrient Agar (NA) in 90 mm Petri dishes
and incubated for 48 h at 27 °C. To prepare bacterial cell suspensions, the Petri dishes were flooded
with 5 mL of sterile distilled water, and the cells were gently scraped from the surface using sterile L-
shaped spatulas. The resulting cell suspensions were homogenised in sterile distilled water. The
absorbance at 600 nm was adjusted to 0.1, corresponding to approximately 1 x 108 colony-forming
units (CFU)/mL, using a spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan) (Puopolo et al.,

2014b). This bacterial cell concentration was used in all experiments unless otherwise specified.

3.3.2 Preparation of heat-inactivated bacterial cells

AZ78 and DH5a cell suspensions were transferred into sterile 15 mL centrifuge tubes and
exposed to a thermal shock at 90 °C for 20 min using a thermo-mixer (T-shaker EMS100 Euro Clone,
IT), followed by incubation at -20 °C for five minutes (Brescia et al., 2021). After the thermal shock,
cell viability was assessed by spot-inoculating 100 pL of each bacterial cell suspension onto NA. Once
inoculated, Petri dishes were incubated at 27 °C. After 72 h of incubation, the occurrence of colonies

was visually assessed. Five Petri dishes were prepared for each treatment.

3.3.3 Plants and respective plant pathogenic oomycetes

Sweet basil (Ocimum basilicum L.) plants were cultivated from seeds (cv. Italiano classico,
Franchi Sementi, Italy) in a 1:1 (v/v) mix of peat and vermiculite in 0.5 L pots under controlled

conditions (25 £ 1 °C, 70 £+ 10% relative humidity (RH), and a 16/8 h day/night photoperiod) until
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they reached the 8—10 leaf stage. Peronospora belbahrii, originally isolated from diseased basil plants
in a local garden, was maintained by manually spraying the sporangial suspension onto both leaf
surfaces until runoff occurred. Following inoculation, the plants were placed in a humid chamber
(100% RH, 20 °C) to promote infection. After 20 h, basil plants were transferred to a growth chamber
at25+1°C, 70 = 10% RH, and a 16/8-h day/night light regime to facilitate P. belbahrii colonisation.
Six days post-inoculation (dpi), the plants were placed in the humid chamber at 20 + 1 °C and 100%
RH in darkness for 20 h to induce sporulation (Cohen and Rubin, 2015). To prepare P. belbahrii
inoculum, diseased, chlorotic basil leaves bearing sporangia on the abaxial surface were harvested and
rinsed with distilled water. The resulting sporangial suspension was filtered through cheesecloth to
remove plant debris, and the sporangial concentration was adjusted to 1 x 10° sporangia/mL using a
haemocytometer under a light microscope (Gilardi et al., 2013). This sporangial concentration was
used in all experiments unless otherwise specified.

Vitis vinifera cv. Pinot Noir grapevine plants, grafted onto Kober SBB rootstock, were grown
in 2.5 L pots containing a 3:1 (v/v) mixture of peat and pumice in a greenhouse (20 + 0.5 °C, 70 +
10% RH) for 60 days, until the plants produced two shoots with at least nine leaves each. Plasmopara
viticola, originally isolated from an untreated vineyard in San Michele all’ Adige (Italy) in 2024, was
maintained on healthy grapevine plants through weekly inoculations according to Puopolo et al.
(2014b) under controlled conditions (20 + 0.5 °C, 70 = 10% RH). Briefly, grapevine plants showing
oil-spot symptoms were kept overnight in the dark at 20 + 0.5 °C and 100% RH. The inoculum was
then prepared by rinsing sporulating lesions on the abaxial leaf surface with cold (4-5 °C) distilled
water and adjusting the concentration to 2.5 x 10° sporangia/mL by counting under a light microscope
using a haemocytometer. This sporangial concentration was used in all experiments unless otherwise

specified.
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3.3.4 Assessment of the efficacy of heat-treated and viable Lysobacter capsici AZ78 cells in

controlling Plasmopara viticola on grapevine leaf discs

To prepare grapevine leaf discs, the third and fourth leaves from the top of healthy grapevine
plants were collected and used to cut 12 mm discs using a cork borer. These discs were placed with
the abaxial side facing upwards in 90 mm Petri dishes containing three layers of absorbent paper
soaked in 8 mL of sterile distilled water to prevent the discs from drying out.

Once prepared, the grapevine leaf discs were sprayed with the following treatments: 1) sterile distilled
water (untreated control); 2) copper-based fungicide Coprantol Hi Bio (copper hydroxide 20%,
Syngenta; 2 g/L solution); 3) resistance inducer BION 50 WG (benzothiadiazole-7-carbothioic acid
S-methyl ester 50%, Syngenta; 50 mg/L); 4) viable AZ78 cells; 5) heat-inactivated AZ78 cells; 6)
viable DH5a cells; and 7) heat-inactivated DH5a cells. All treatments were applied manually using a
nebuliser until complete runoff, followed by a five-minute drying period under a chemical fume hood.
Petri dishes were then transferred to the greenhouse at 20 + 0.5 °C.

After 24 h, the leaf discs were sprayed with P. viticola sporangial suspension (2 mL per Petri dish)
and kept in darkness at 20 + 0.5 °C and 80-99% RH overnight. Subsequently, the leaf discs were
incubated for six days in a greenhouse at 25 + 1 °C and 70-80% RH (Brescia ef al., 2021). Disease
severity (percentage of abaxial leaf area covered by sporulating lesions) was evaluated at seven dpi
according to the EPPO standard scale (2004) and expressed as a percentage. Each treatment consisted

of five Petri dishes containing five leaf discs, and the experiment was repeated.

3.3.5 Evaluation of the efficacy of heat-inactivated and viable Lysobacter capsici AZ78 cells in

controlling Peronospora belbahrii and Plasmopara viticola in planta

Regarding efficacy against P. viticola, viable and heat-inactivated AZ78 cells were applied to

both leaf surfaces of grapevine plants grown in the greenhouse using a hand sprayer. The treatments
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applied were: 1) sterile distilled water (untreated control); 2) copper-based fungicide (Coprantol Hi
Bio, 2 g/L); 3) viable AZ78 cells; and 4) heat-inactivated AZ78 cells. Once treated, grapevine plants
were maintained at 25 [1} 0.5 °C and 60—-80% RH with a 16/8 h day/night light regime. After 24 h, P.
viticola sporangial suspension was uniformly sprayed onto the abaxial surfaces of fully expanded
grapevine leaves using a hand sprayer. Subsequently, the plants were incubated in the dark at 20 = 0.5
°C and 80-99% RH for 24 h, followed by maintenance at 25 °C (60-80% RH) under a 16/8 h day/night
regime. After six days, the plants underwent an overnight dark incubation at 20 + 0.5 °C and 80-99%
RH to induce sporulation (Puopolo et al., 2014b). Disease severity was evaluated at seven dpi using
the EPPO standard scale (EPPO, 2004). Each treatment was applied to five plants (replicates), and the
experiment was repeated three times. For efficacy against P. belbahrii, viable and heat-inactivated
AZ78 suspensions were applied to basil plants. The treatments were: 1) sterile distilled water
(untreated control); 2) copper-based fungicide Cuprotax S.D.I. (copper sulfite 15.20%, Sipcam; 0.594
mL/L) (Gilardi et al., 2020); 3) viable AZ78 cells; and 4) heat-inactivated AZ78 cells. Treatments 3
and 4 were used at an absorbance of 0.4 at 600 nm, corresponding to 1 x 10° CFU/mL. The treatments
were applied using a hand sprayer (5 mL per plant), and the plants were maintained under controlled
greenhouse conditions at 25 + 1 °C (60-80% RH) with a 16/8 h day/night light regime. After 24 h,
each plant was sprayed with P. belbahrii sporangial suspension (5 mL per plant) and transferred to a
humid chamber set at 100% RH and 20 + 0.5 °C for 20 h. Subsequently, the plants were moved to a
greenhouse chamber at 25 + 1 °C (60—-80% RH) with a 16/8 h day/night regime. Six dpi, the plants
were again placed overnight in a humid chamber at 100% RH (Cohen and Rubin, 2015). After seven
days, disease severity was assessed on eight leaves per plant using a 0—100 scale, where 0 represented
no symptoms and 100 indicated complete coverage of the leaf surface by sporulating lesions. Lower
leaves were excluded from the evaluation (Elad ef al., 2016). Each treatment was applied to five plants

(replicates), and the experiment was repeated three times.
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3.3.6 Determination of the ability of heat-inactivated and viable Lysobacter capsici AZ78 cells to
stimulate the deposition of callose and accumulation of reactive oxygen species in basil and

grapevine leaves

For the visualization of callose accumulation and ROS production, basil and grapevine leaf discs
were used. Grapevine leaf discs were prepared as described above. The experimental treatments
included: 1) distilled water (untreated control); 2) BION 50 WG (50 mg/L) as a positive control for
callose accumulation; 3) laminarin at a concentration of 2 mL/L as a positive control for ROS
production; 4) viable AZ78 cells; and 5) heat-inactivated AZ78 cells. All treatments were applied to
grapevine leaf discs 24 h before inoculation with P. viticola.

In the case of basil, treatments 1-5 were applied to the plants one day before inoculation with
the P. belbahrii sporangial suspension. Twenty-four hours after P. belbahrii inoculation, 12 mm leaf
discs were carefully excised from each treated plant using a sterile cork borer. These leaf discs were
cut immediately before staining to minimise potential wounding effects, thereby ensuring accuracy
and reliability in subsequent analyses. In both cases, leaf discs were stained and observed at two dpi.

To assess callose accumulation in the guard cells of basil and grapevine leaf discs, a
fluorescence microscopy method was used, staining plant tissues with 0.05% aniline blue in 0.06 M
K:HPOs4 (pH 8) (Palmieri ef al., 2012). For staining grapevine leaf discs, samples were placed in 50
mL sterile centrifuge tubes containing 1 M KOH and immersed in a thermal bath at 95 °C for 15 min.
After decantation, the discs were rinsed three times for 15 s each with sterile distilled water to remove
KOH residues. Subsequently, the leaf discs were submerged in 0.05% aniline blue solution for 15 min
before being mounted on glass slides. The slides were covered with coverslips, and the edges were
sealed for long-term preservation. All slides were wrapped in aluminium foil until observation.

Callose accumulation was visualised as blue fluorescence in guard cells. For basil leaf discs, aniline
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blue staining followed the same steps, except that the boiling period in KOH was shortened to 11 min
at 95 °C due to the delicate nature of the leaves.

To assess ROS production, 3,3'-diaminobenzidine (DAB) staining was used. Briefly, basil and
grapevine leaf discs were incubated for five hours in 1 mg/mL DAB staining solution in HCl-acidified
water at pH 3.8, as described by Thordal-Christensen et al. (1997). Afterwards, basil and grapevine
leaf discs were incubated for 15 min at 90 °C in a destaining solution containing ethanol, acetic acid,
and glycerol (3:1:1) to remove chlorophyll, carotenoids, and other plant pigments (Daudi and O’Brien,
2012). Due to their tenderness, the basil leaf discs were incubated in the destaining solution for only
11 min.

Subsequently, microscopic observations were conducted to assess callose accumulation and
ROS production using a Leica LMD7000 microscope (Germany). ROS were visualised under bright
field as dark reddish-brown spots resulting from DAB absorption and polymerisation. For callose
accumulation, an A4 filter (BP 320-400 nm excitation, 400 nm dichroic mirror, BP 470 nm emission)
was used for blue-fluorescence imaging. Five slides per treatment were prepared in both cases, and
the experiments were repeated three times.

Callose accumulation surrounding stomata was quantified by counting the proportion of stomata
exhibiting detectable aniline blue fluorescence. For each treatment, stained leaf discs were examined
under a fluorescence microscope at the same magnification and exposure settings. From each
biological replicate (n = 3), five randomly selected, non-overlapping fields of view were analysed. In
each field, all clearly visible stomata were counted, and stomata were scored as callose-positive when
a distinct blue, fluorescent ring or localised deposition was observed surrounding the guard cells. At
least 100 stomata were evaluated per replicate. The percentage of stomata with callose accumulation
was calculated as: Percentage of stomata with callose accumulation (%) = number of stomata with

callose/ total number of stomata observed x 100.
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For the ROS production, the digital images of the leaf discs obtained under bright field
microscope were quantified using ImageJ software (version 1.53, NIH, USA) according to Sekulska-
nalewajko et al. (2016) with some modifications. For each leaf disc, total leaf disc area was measured
using the selection tool, followed by measuring the DAB deposits in each leaf disc. Five leaf discs
were analysed per treatment. The percentage of leaf disc area stained with DAB was then calculated

using the formula: Stained area (%) = (Stained leaf disc area/ total leaf disc area) x 100.

3.3.7 Determination of the toxicity of viable and heat-inactivated cells Lysobacter capsici AZ78

against Plasmopara viticola sporangia

The toxicity of heat-inactivated and viable AZ78 cells towards P. viticola sporangia was
evaluated according to Puopolo et al. (2014a), with slight modifications. Briefly, 50 puL of freshly
prepared P. viticola sporangial suspension (2.5 % 10° sporangia/mL) was transferred into sterile 1.5
mL centrifuge tubes and kept on ice to prevent sporangial mortality. Subsequently, an equal volume
of each treatment was added to the tube. The treatments consisted of 1) distilled water (untreated
control); 2) copper-based fungicide (Coprantol Hi Bio, 2 g/L); 3) AZ78 viable cell suspension (1 X
10° CFU/mL); and 4) AZ78 heat-inactivated cell suspension (1 x 10° CFU/mL). After treatment, the
tubes were transferred to an incubator at 17 °C for one hour.

After incubation, the mixtures were stained with 5,6-carboxyfluorescein diacetate (Sigma-
Aldrich, 0.05%) in DMSO (Sigma-Aldrich, 0.01%) and propidium iodide (Sigma-Aldrich, 0.01%).
The former dye conferred green fluorescence to viable sporangia, while the latter imparted red
fluorescence to devitalised sporangia.

After staining, the mixtures were carefully spread onto glass slides and covered with coverslips.
The prepared slides were examined under a Leica LMD7000 microscope (Germany) using the B/G/R

filter to count dead sporangia (excitation filter: BP 550—590 nm; dichroic mirror: 590 nm; suppression
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filter: BP 600-680 nm) and the H3 filter to count viable sporangia (BP 420-490 nm excitation; dichroic
mirror: 510 nm; LP 515 nm emission) (Trouvelot et al., 2008). Low-intensity fluorescence was used
to minimise dye degradation. The ratio of live to devitalised sporangia was then calculated for each
treatment. Three slides per treatment were prepared, and 100 sporangia were randomly counted on

each slide, with five replicates per treatment. The experiment was repeated three times.

3.3.8 Chemical analytical tools

Analytical and preparative thin-layer chromatography (TLC) was performed on silica gel plates
(Kieselgel 60, F254, 0.25 and 0.5 mm, respectively) or reverse-phase plates (Kieselgel 60 RP-18 F254,
0.20 mm), and the compounds were visualised by exposure to UV light and/or iodine vapours and/or
by sequential spraying first with 10% H>SO. in MeOH and then with 5% phosphomolybdic acid in
EtOH, followed by heating at 110 °C for 10 min. Column chromatography (CC) was performed using
silica gel (Merck, Kieselgel 60, 0.063—0.200 mm). Solid-phase extraction (SPE) was carried out using
SUPELCO Supelclean LC-18 SPE 2 g/12 mL cartridges (Merck, Darmstadt, Germany) on a
SUPELCO Visiprep™ SPE Vacuum Manifold system (Merck, Darmstadt, Germany). Unless
specified otherwise, all reagents were purchased from Sigma-Merck (Milan, Italy).

High-performance liquid chromatography (HPLC) was performed using a Hitachi 1260 Infinity
system equipped with a 5160 pump and a 5410 spectrophotometric detector (Merck, Darmstadt,
Germany). The HPLC separations were conducted with a Purospher STAR RP-18 column (5 um, 125
x 4.0 mm; Merck, Darmstadt, Germany). Electrospray ionisation mass spectrometry (ESIMS) was
performed using an LC/MS TOF AGILENT 6230B system (Agilent Technologies, Milan, Italy).
Clog P values were calculated using ChemOffice v20.1 (PerkinElmer, Waltham, MA, USA) with the

corresponding tool in ChemDraw Professional (Vraka et al., 2017; Zorrilla et al., 2024).
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3.3.9 Extraction and purification of bioactive metabolites from Lysobacter capsici AZ78 cells

A volume of 50 pL of AZ78 cell suspension was evenly distributed on the surface of 90 mm
Petri dishes containing 15 mL of solid Luria-Bertani agar (LBA) 1:10 medium using sterile L-shaped
spatulas and incubated at 27 °C. After 72 h, bacterial cells were scraped from the surface of the growth
medium using sterile spatulas and placed into sterile flasks containing 30 mL of an extraction solution
consisting of methanol (MeOH), acetonitrile (ACN), and water (1.5:1.5:1, v/v/v) plus 0.1% formic
acid (v/v). The flasks were stirred for one hour at room temperature, and the extracts were then
transferred into sterile 15 mL centrifuge tubes. Cell-free extracts were obtained by centrifugation at
35,000 x g for 30 min. The samples were frozen at -80 °C and lyophilised using a freeze dryer
(FreeZone 6 Plus, Labconco, Kansas City, MO, USA) for 94 h. The dried samples were reconstituted
in 3 mL of extraction solution. Five hundred microlitres of the concentrated extracts were centrifuged
at 30,000 x g for 20 min at -4 °C. The supernatant was filtered through a Millex-GV PVDF syringe
filter (0.22 um, Merck, Darmstadt, Germany) and transferred to 2 mL HPLC vials, which were stored
at —80 °C until analysis (Brescia ef al., 2021).

The AZ78 cell-free extract (800 mL) corresponding to 240 Petri dishes (3.6 L of LBA 1:10) was
concentrated under vacuum to 400 mL, and ammonium sulphate ((NH4)2SO4) was added to a final
concentration of 0.5 mg/mL. The solution was stirred for one hour, left overnight at 4 °C, and then
centrifuged at 3,600 rpm for 50 min. The supernatant was discarded, and the pellet was washed twice
with 3 mL of methanol and left for one hour at room temperature. The sample was centrifuged at
10,000 rpm for 30 min, and the supernatant was applied to a C18 SPE column. The SPE column was
preconditioned with 6 mL of ACN and equilibrated with 12 mL of distilled water. The purification
yielded five fractions (F1-F5), obtained by stepwise elution with H-O (6 mL), ACN/H20 (3:7, v/v; 12

mL), ACN/H20 (1:1, v/v; 12 mL), ACN/H20 (7:3, v/v; 12 mL), and ACN (12 mL), respectively.
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Subsequently, the organic solvents were removed under reduced pressure, and the remaining aqueous
phases were lyophilised. The residue of F3 (8.1 mg), which exhibited high anti-oomycete activity
against Pythium ultimum, was analysed by 'H NMR and further purified by TLC using the mixture
CHzCl2:MeOH:conc. NH4OH (60:36:4, v/v/v) as the eluent. The main fractions obtained, F3.1C (1.7
mg, Rf0.4) and F3.2E (1.0 mg, Rf 0.6), were purified by HPLC using multiple injections on a reverse-
phase column.

The mobile phase used to elute the samples was a mixture of H20 (0.1% formic acid) and ACN
(0.1% formic acid) at a flow rate of 0.5 mL/min. The analysis was performed using a gradient starting
from 60% ACN (0.1% formic acid), increased linearly to 80% over 20 min, and finally re-equilibrated
to the initial conditions for 10 min. Detection was performed at 220 nm, and samples were injected

using a 20 uL loop and monitored for 35 min.

3.3.10 Evaluation of the application of dihydromaltophilin and maltophilin for the control of

Plasmopara viticola on grapevine leaf discs

To evaluate the potential of the isolated metabolites, namely dihydromaltophilin (DMP) and
maltophilin (MP), they were individually tested on grapevine leaf discs against P. viticola at various
concentrations. The treatments included: 1) distilled water (untreated control); 2) copper-based
fungicide (Coprantol Hi Bio, 2 g/L); 3) DMP at 5 mg/L; 4) DMP at 2.5 mg/L; 5) DMP at 0.5 mg/L;
6) MP at 5 mg/L; 7) MP at 2.5 mg/L; and 8) MP at 0.5 mg/L. All treatments were mixed with equal
volumes of P. viticola inoculum to reach the final concentrations and stored under cold conditions.

The treatments were applied by spotting five drops of 20 uL each onto each grapevine leaf disc.
After application, the Petri dishes were wrapped in aluminium foil and incubated at 25 °C for 16 h.
This was followed by a drying period of the Petri dishes under a chemical fume hood, after which
they were transferred to the greenhouse at 25 °C (60-80% RH) with a 16/8 h day/night light regime.
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Disease severity was measured on the seventh day post-inoculation. Each treatment consisted of five
Petri dishes containing three leaf discs, resulting in 15 replicates (15 spots), and the experiment was

repeated.

3.3.11 Assessment of the plant protection efficacy, toxicity against Plasmopara viticola sporangia and

induction of plant resistance mechanisms of a mixture of dihydromaltophilin and maltophilin

To evaluate the plant protection efficacy of a mixture of DMP and MP against P. viticola on
grapevine leaf discs, the following treatments were tested: 1) distilled water (untreated control); 2)
DMSO 0.1% (v/v); 3) DMSO 0.05% (v/v); 4) copper-based fungicide (Coprantol Hi Bio, 2 g/L); 5)
DMP and MP mixture at 50 mg/L; 6) DMP and MP mixture at 5 mg/L; 7) DMP and MP mixture at
2.5 mg/L; and 8) DMP and MP mixture at 0.5 mg/L. The DMSO concentrations corresponded to those
present in the DMP and MP mixtures at 50 mg/L and 2.5 mg/L, respectively. The treatments were
applied as described above.

The same DMP and MP mixtures, along with their respective controls, were also evaluated for
their toxicity against P. viticola sporangia, following the procedure described above. Three slides per
treatment were prepared, and 100 sporangia were randomly counted per slide (five replicates). The
experiment was repeated three times.

DMP and MP mixtures at varying concentrations were also evaluated for their ability to
stimulate callose accumulation and ROS production using the procedures previously described. The
treatments were: 1) distilled water (untreated control); 2) DMSO 0.1%; and 3-6) leaf discs treated
with DMP and MP mixture at 50 mg/L, 25 mg/L, 2.5 mg/L, and 0.5 mg/L, respectively. Each treatment
consisted of five biological and three technical replicates, and all experiments were repeated three

times.

3.3.12 Statistical analysis
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Disease severity data obtained from all experiments were subjected to one-way analysis of
variance (ANOVA) using R v4.3.0 in RStudio v2024.12.1-563. Data were analysed for normality
using the Shapiro-Wilk test (p > 0.05) and for homogeneity of variances using Levene’s test. Tukey’s
HSD post hoc test was performed using the ‘emmeans’ (v1.10.0) and ‘agricolae’ (v 1.3-7) package,
with adjustments for multiple comparisons and a significance level of o = 0.05. The percentage of
stomata exhibiting callose accumulation and the leaf-stained area (%) for ROS production in the
analysed leaf discs were also subjected to one-way ANOVA to evaluate differences among treatments.

Different letters within the same column indicate statistically significant differences at (p < 0.05).

3.4 Results

3.4.1 Application of viable and heat-inactivated Lysobacter capsici AZ78 cells effectively controlled

Plasmopara viticola on grapevine leaf discs

No colony formation occurred on NA dishes spot inoculated with AZ78 and DH5a cells after
thermal shock, indicating that all treated bacterial cells died. The plant protection efficacy of heat-
inactivated and viable AZ78 and DH5a cells was evaluated against P. viticola. Grapevine leaf discs
treated with distilled water exhibited a disease severity of 90.00 + 2.33%. In contrast, the copper-
based fungicide provided the highest level of protection, resulting in a disease severity of 0.24 +0.16%
(Figure 4). Similarly, the application of BION 50 WG significantly reduced disease severity (2.56 +
0.62%). Application of heat-inactivated and viable DH5a cells resulted in only a slight but significant
reduction in disease severity compared with the untreated control. Notably, the application of heat-
inactivated and viable AZ78 cells significantly reduced P. viticola infections, performing better than

BION 50 WG and equivalent to the copper-based fungicide (Figure 4).
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Figure 4. Control of Plasmopara viticola infections on grapevine leaf discs through the preventive
application of viable and heat-treated Lysobacter capsici AZ78.cells The treatments included: 1)
distilled water (untreated control); 2) copper-based fungicide [Coprantol Hi Bio (Copper hydroxide
20%, Syngenta; solution 2 g/L]; 3) plant resistance inducer [BION 50 WG (acibenzolar-S-methyl
50%, Syngenta; 50 mg/L)]; 4) viable L. capsici AZ78 cells (1 x 10® CFU/mL); 5) heat-treated L.
capsici AZ78 cells (1 x 108 CFU/mL); 6) viable Escherichia coli DH5a. cells (1 x 102 CFU/mL); and
7) heat-treated E. coli DH5a cells (1 x 108 CFU/mL), applied 24 h prior to P. viticola. Disease severity
1s expressed as the mean percentage of symptomatic grapevine leaf disc area + standard error (n = 5).

Columns bearing the same letters are not significantly different according to Tukey’s HSD test (a =
0.05).

3.4.2 Heat-inactivated and viable Lysobacter capsici AZ78 cells effectively suppressed downy mildew

in grapevine and basil plants

In the next step, heat-inactivated and viable AZ78 cells were tested on whole grapevine and
basil plants to evaluate their plant-protection efficacy under more complex conditions. For grapevine
plants, the untreated control showed the highest disease severity (82.24 + 2.18%), whereas the copper-

based fungicide achieved the lowest (0.12 + 0.12%; Figure SFigure 5). The application of heat-
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inactivated and viable AZ78 cells showed excellent efficacy, resulting in disease severities of 0.97 +
0.23% and 0.34 + 0.75%, respectively.

For basil plants, the untreated control exhibited a notably high disease severity (94.58 + 0.75%)).
In contrast, the copper-based fungicide significantly reduced disease severity (1.46 + 0.55%). Both
viable and heat-inactivated AZ78 cells demonstrated strong plant-protection efficacy. Specifically,
treatment with viable AZ78 cells (0.63 + 0.36%) produced results comparable to those obtained with
the copper-based fungicide. Heat-inactivated AZ78 cells reduced disease severity to 8.13 £+ 2.01%,
which was slightly higher than that achieved by the copper-based fungicide and viable AZ78 cells,

but still significantly lower than the untreated control (Figure 5).
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Figure 5. Preventive application of viable and heat-treated Lysobacter capsici AZ78 cells effectively
protects basil and grapevine plants against plant pathogenic oomycetes. Viable and heat-treated L.
capsici AZ78 cell suspension (1 x 103 CFU/mL) were applied to grapevine plants and treated with
Plasmopara viticola after 24 h (A). Similarly, viable and heat-treated L. capsici AZ78 cells suspension
(1 x 10° CFU/mL) were applied to basil plants and inoculated with Peronospora belbahrii after 24h
(B). In both cases, treatments included: 1) distilled water (untreated control); 2) a copper-based
product, in particular Coprantol Hi Bio (copper hydroxide 20%, 2 g/L) for grapevine plants and
Cuprotax S.D.I. (copper sulfite 15.20%, 0.594 mL/L) for basil plants; 3) viable L. capsici AZ78 cells;
and 4) heat-treated L. capsici AZ78 cells. Disease severity is expressed as the mean percentage of
symptomatic grapevine leaf disc area + standard error (n = 5). Columns bearing the same letters are
not significantly different according to Tukey’s HSD test (a = 0.05).

3.4.3 Application of heat-inactivated and viable Lysobacter capsici AZ78 cells stimulated callose

accumulation and reactive oxygen species production in basil and grapevine leaf discs

Grapevine leaf discs treated with distilled water and inoculated with P. viticola showcased the
presence of zoospores without callose formation at two days post-inoculation (dpi; Figure 6). BION
50 WG induced callose accumulation, consistent with its plant resistance-inducing activity. Notably,

the application of heat-inactivated and viable AZ78 cells to grapevine leaf discs prevented the
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presence of P. viticola zoospores or mycelium, and, similar to BION 50 WG, the grapevine leaf discs
were characterised by pronounced callose accumulation around stomata (Figure 6).

In basil plants, untreated leaf discs exhibited minimal callose accumulation in response to
infection, and the mycelial mat completely covered the leaf surface at two dpi (Fig. 6). The results for
BION 50 WG-treated basil leaf discs were similar to those obtained with grapevine. Additionally, in
basil plants treated with heat-inactivated and viable AZ78 cells, significant callose accumulation and
a marked increase in stomatal cells containing callose plugs were observed (Figure 6).

For ROS production in grapevine, leaf discs treated with distilled water and inoculated with P.
viticola displayed only minimal ROS production. However, the laminarin-treated grapevine leaf discs
demonstrated a moderate increase in ROS production, as observed microscopically. Notably, leaf
discs treated with heat-inactivated and viable AZ78 cells exhibited a significantly higher level of ROS
production than the untreated control at two dpi (Figure 7).

Basil plants inoculated solely with P. belbahrii exhibited negligible ROS production at two dpi
(Fig. 7), indicating a minimal oxidative response. The laminarin-treated plants showed a moderate
reaction to DAB staining, characterised by low levels of ROS accumulation. In contrast, basil leaves
treated with AZ78 cells demonstrated a substantial increase in ROS production, with both heat-

inactivated and viable AZ78 cells inducing higher ROS levels than the other treatments (Figure 7).

Callose accumulation around stomata was significantly enhanced by viable and heat-treated L.
capsici AZ78 cells compared with the untreated controls in both grapevine and basil treated (p < 0.05;
Table 3) leaf discs. In grapevine, BION 50 WG (54.91 + 3.03%), viable L. capsici AZ78 cells (53.66
+ 7.41%), and heat-treated AZ78 cells (48.41 + 5.81%) markedly increased the proportion of stomata
with callose compared with the untreated control (2.66 = 0.93%). A similar trend was observed in

basil leaf discs, where treated samples (40.67 + 2.32% and 39.69 + 4.00% for viable and heat-treated
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L. capsici AZ78 cells, respectively) showed significantly higher callose accumulation than the

untreated control (3.59 + 1.28%).

ROS production, quantified as the percentage of DAB-stained leaf area, was significantly
increased by all treatments compared with the untreated controls in both grapevine and basil (Table
4). In grapevine, viable L. capsici AZ78 cells (44.76 £ 0.95%) and heat-treated AZ78 cells (41.65 +
4.70%) induced the highest ROS production, followed by the positive control laminarin (30.51 +
2.98%), whereas the control exhibited minimal staining (3.93 + 1.24%). A similar pattern was
observed in basil, where viable (58.23 + 1.57%) and heat-treated L. capsici AZ78 cells (53.77 +
3.41%) triggered significantly greater ROS production than laminarin (34.31 + 0.18%) and the

untreated control (9.86 + 2.08%).

Grapevine

Basil

Figure 6. Application of viable and heat-treated Lysobacter capsici AZ78 cells promoted
callose accumulation in grapevine and basil leaf discs. Viable and heat-treated L. capsici
AZ78 cell suspension (1 x 103 CFU/mL) were applied to grapevine leaf discs. In contrast,
basil plants were treated with viable and heat-treated L. capsici AZ78 cell suspension at 1
x 10° CFU/mL. Grapevine leaf discs (A-D) and basil plants (E-F) were inoculated with
Plasmopara viticola (2.5 x 10° sporangia/mL) and Peronospora belbahrii (1 x 103
sporangia/mL) 24 h after the application of different treatments, respectively. After 48 h,
callose deposition was assessed in basil and grapevine leaf discs using aniline blue
staining. Representative micrographs illustrate callose accumulation in different
treatments. The treatments included leaf discs treated with distilled water (untreated
control) (A, E); leaf discs treated with BION 50 WG (acibenzolar-S-methyl, 50 mg/L) (B,
F); leaf discs treated with viable L. capsici AZ78 cells (C, G) and heat-treated L. capsici
AZ78 cells (D, H). Arrows indicate callose deposition around stomatal openings, visible
as blue fluorescence. Scale bars: 100 pm.



Grapevine

Basil

Figure 7. Promotion of reactive oxygen species (ROS) deposition in grapevine and basil leaf discs
following the application of viable and heat-treated Lysobacter capsici AZ78 cells. Viable and heat-
treated L. capsici AZ78 cell suspension (1 x 108 CFU/mL) were applied to grapevine leaf discs. In
contrast, basil plants were treated with viable and heat-treated L. capsici AZ78 cell suspension a 1 %
10° CFU/mL. Grapevine leaf discs from grapevine (A-D) and basil (E-H) were inoculated with
Plasmopara viticola (2.5 x 10° sporangia/mL) and Peronospora belbahrii (1 x 10° sporangia/mL),
respectively, and assessed for ROS accumulation at 48 dpi using 3,3'-diaminobenzidine (DAB)
staining solution. DAB-stained leaves revealed localized H-O2 accumulation. The treatments were as
follows: leaf discs treated with distilled water (untreated controls) (A, E); leaf discs treated with
laminarin (2 mL/L) (B, F); leaf discs treated with viable L. capsici AZ78 cells (C, G) and L. capsici
AZ78 heat-treated cells (D, H). Arrows indicate ROS accumulation, visible as brown precipitated
spots. Scale bars: 100 um.

Table 3. Callose accumulation quantification in grapevine and basil leaf discs treated with viable
and heat-treated Lysobacter capsici AZ78 cells.

Percentage of stomata with callose accumulation
Treatments (%)
Grapevine Basil
Untreated control 2.66+093P 3.59+1.28¢
BION 50 WG 5491+3.032 48.19+3.10%
Viable L. capsici AZ78 cells 53.66+741°2 40.67+2.32P
Heat-treated L. capsici AZ78 4841 +£581+% 39.69+4.00"
cells
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Values are expressed as mean =+ standard error (n = 3). Different letters within the same column
indicate significant

Table 4. Reactive oxygen species production quantification in grapevine and basil leaf discs
treated with viable and heat-treated Lysobacter capsici AZ78 cells.

Quantification of ROS production areas in leaf discs
Treatments (stained area%)
Grapevine Basil
Untreated control 393+£1.24¢ 9.86 £2.08 ¢
Laminarin 30.51+£2.98P 3431+0.18"
Viable L. capsici AZ78 cells 4476 £ 0.952 58.23+1.572
Heat-treated L. capsici AZ78 41.65+4.70* 53.77+3.412
cells

Values represent mean + standard error (n = 5). Different letters within the same column
indicate significant differences according to Tukey’s HSD test (P < 0.05).

3.4.4 Effect of heat-treated and viable Lysobacter capsici AZ78 on the viability of Plasmopara

viticola sporangia

Plasmopara viticola sporangia treated with distilled water demonstrated 51.02 + 5.19%
devitalised sporangia. In contrast, treatments with heat-inactivated and viable AZ78 cells significantly
reduced sporangial viability, with 81.05 = 1.50% and 80.08 + 9.48% devitalised sporangia,
respectively (Figure 8). Notably, the efficacy of viable AZ78 cells was higher than that of the copper-
based fungicide, which caused 65.00 = 2.00% sporangial devitalisation. Similarly, heat-inactivated
AZ78 cells outperformed the untreated control, confirming their potential to reduce P. viticola

sporangial viability and to suppress P. viticola infection (Figure 8).
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Figure 8. Toxicity of Lysobacter capsici AZ78 cells on the sporangia of Plasmopara viticola. The
following treatments were evaluated: (1) untreated control; (2) Coprantol Hi Bio (Copper hydroxide
20%, Syngenta; 2 g/L solution); (3) viable L. capsici AZ78 cells (10° CFU/mL); and (4) heat-
inactivated L. capsici AZ78 cells (10° CFU/mL). For each treatment, 100 sporangia were randomly
counted per slide. Bars display the mean proportion of germinated and non-germinated sporangia,
with dark grey indicating viable sporangia and light grey indicating devitalized sporangia. Error bars
represent the standard error of the mean + SE (n = 3). Different letters above the bars denote
statistically significant differences between treatments (p < 0.05), as determined by Tukey’s HSD test.
3.4.5 Identification of dihydromaltophilin and maltophilin in extracts from Lysobacter capsici AZ78

cells

As described above, the AZ78 cell-free extract was purified by precipitation with ammonium
sulphate. The methanol-soluble compounds obtained were separated by C18 solid-phase extraction
(SPE), yielding a fraction (F3) whose 'H NMR spectrum (Figure 9) displayed signals corresponding
to olefinic, methine, and methylene protons, similar to those reported for tetramic acid-containing

metabolites (Graupner et al., 1997). This fraction was further purified through two successive steps of
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TLC and HPLC, resulting in two pure compounds eluted at retention times (t,) of 5.73 and 7.79 min
(Figure 10and Figure 11, respectively). These were pooled, concentrated under reduced pressure,
and lyophilised. Subsequently, the two compounds were identified as DMP, also known as HSAF
(0.53 mg, t, 5.73), and MP (MP; 0.83 mg, t, 7.79 min) (Graupner et al., 1997). Their ESI-MS spectra
showed the dimer protonated adduct [2M+H]+ and the protonated adduct [M+H]+ ions at m/z 1025

and 513 for DMP and at m/z 1021 and 511 for MP.
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Figure 9. 1H NMR spectrum of F3 recorded in CD30OD at 400 Mhz
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Figure 10. Chromatogram of dihydromaltophilin analysed at 1 mg/mL.
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Figure 11. Chromatogram of maltophilin analysed at 1 mg/mL.
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3.4.6 Impact of dihydromaltophilin and maltophilin application on Plasmopara viticola infection in

grapevine leaf discs

The results demonstrated a strong protective effect of the two metabolites, DMP and MP, at
varying concentrations on disease severity. In the control group, grapevine leaf discs exhibited a high
disease severity (90.74 £ 6.23%; Figure 12. Effective control of Plasmopara viticola infections on
grapevine leaf discs through the preventive application of dihydromaltophilin and maltophilin,
individually at different concentrations. Grapevine leaf discs were subjected to various treatments,
including: 1) distilled water (untreated control); 2) copper-based fungicide (Coprantol Hi Bio, copper
hydroxide 20%, 2 g/L); 3) DMP at 0.025 mg/L 4) DMP at 0.005 mg/L; 5) DMP at 0.0025 mg/L; 6)
MP at 0.025 mg/L 7) MP at 0.005 mg/L; 8) MP at 0.0025 mg/L. Disease severity is expressed as the
mean percentage of symptomatic grapevine leaf disc area + standard error (n = 5).). Treatments with
DMP at 5 mg/L and 2.5 mg/L, as well as MP at 5 mg/L, completely suppressed disease development,
resulting in the absence of symptoms, comparable to those observed with the copper-based fungicide.
However, when applied at the lowest concentration (0.5 mg/L), both DMP and MP were less effective,
with disease severity remaining high (77.41 + 7.71% and 81.48 + 3.76%, respectively; Figure 12).
Additionally, MP applied at 2.5 mg/L exhibited a moderate reduction in disease severity (64.52 +

3.96%).
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Figure 12. Effective control of Plasmopara viticola infections on grapevine leaf discs through the
preventive application of dihydromaltophilin and maltophilin, individually at different concentrations.
Grapevine leaf discs were subjected to various treatments, including: 1) distilled water (untreated
control); 2) copper-based fungicide (Coprantol Hi Bio, copper hydroxide 20%, 2 g/L); 3) DMP at
0.025 mg/L 4) DMP at 0.005 mg/L; 5) DMP at 0.0025 mg/L; 6) MP at 0.025 mg/L 7) MP at 0.005
mg/L; 8) MP at 0.0025 mg/L. Disease severity is expressed as the mean percentage of symptomatic
grapevine leaf disc area + standard error (n = 5).

3.4.7 Impact of a mixture of dihydromaltophilin and maltophilin on Plasmopara viticola infection in

grapevine leaf discs

Grapevine leaf discs treated with distilled water were covered entirely with sporulating P.
viticola mycelium, showing 100% disease severity. Treatments with DMSO at lower concentrations
(0.1% and 0.05%) and with the DMP and MP mixture at 0.5 mg/L exhibited high levels of disease

severity, not significantly different from the untreated control (Figure 13). In contrast, the DMP and
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MP mixture resulted in complete disease suppression (0% severity), matching the efficacy of the
copper-based fungicide when applied at concentrations of 50 mg/L, 5 mg/L, and 2.5 mg/L (Figure

13).
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Figure 13. Control of Plasmopara viticola infections on grapevine leaf discs through the preventive
application of a mixture of dihydromaltophilin and maltophilin. Grapevine leaf discs were subjected
to various treatments, including: 1) distilled water (untreated control); 2) DMSO 0.1% (v/v); 3) DMSO
0.05% (v/v); 4) copper-based fungicide (Coprantol Hi Bio, copper hydroxide 20%, 2 g/L). The
dihydromaltophilin and maltophilin mixture was applied at the following concentrations: 5) 50 mg/L,
6) 5 mg/L, 7) 2.5 mg/L, and 8) 0.5 mg/L. Disease severity is expressed as the mean percentage of
symptomatic grapevine leaf disc area + standard error (n =5).

3.4.8 Effect of dihydromaltophilin and maltophilin mixture on Plasmopara viticola sporangia

Fluorescence microscopy revealed 26.00 + 1.00% devitalised sporangia in the untreated control

(Fig. 14). Varying concentrations of DMSO did not show any significant effect on sporangial viability,
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with DMSO at 0.1% and 0.05% yielding 38.50 + 1.50% and 45.00 £+ 3.00% devitalised sporangia,
respectively (Figure 14).

Conversely, the application of the DMP and MP mixture was highly toxic to P. viticola
sporangia at concentrations as low as 2.5 mg/L. Notably, the DMP and MP mixture at 50 mg/L
resulted in a higher percentage of devitalised sporangia than the copper-based fungicide (Coprantol
Hi Bio). However, the DMP and MP mixture at 0.5 mg/L produced levels of sporangial devitalization

comparable to those of the untreated control (Figure 14).
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Figure 14. Toxicity of metabolite mixture on the sporangial germination ratio of Plasmopara viticola.
The following treatments were evaluated: (1) untreated control; 2) DMSO 0.1%; 3) DMSO 0.05%; 4)
Coprantol Hi Bio (2 g/L); and 5-8) DMP and MP mixtures at concentrations of 50 mg/L, 5 mg/L, 2.5
mg/L, and 0.5 mg/L. For each treatment, 100 sporangia were randomly counted per slide. Bars display
the mean proportion of germinated and non-germinated sporangia, with dark grey indicating viable
sporangia and light grey indicating devitalized sporangia. Error bars represent the standard error of
the mean + standard error (n = 3). Different letters above the bars denote statistically significant
differences between treatments (p < 0.05), as determined by Tukey’s HSD test.
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3.4.9 Application of dihydromaltophilin and maltophilin mixture stimulates callose accumulation in

grapevine leaf discs

Microscopic observations revealed that grapevine leaf discs treated with distilled water and
0.1% DMSO exhibited extensive P. viticola mycelial growth and no callose accumulation. Notably,
callose deposition was clearly observed in grapevine leaf discs treated with the DMP and MP mixture
at concentrations of 50 mg/L, 5 mg/L, and 2.5 mg/L, whereas the lowest concentration tested (0.5

mg/L) did not induce callose accumulation (Figure 15).

As reported above, treatment with distilled water did not increase the percentage of callose-
positive stomata in grapevine leaf discs (0.94 £+ 0.54%). However, this value was significantly higher
than that observed in leaf discs treated with DMSO (0.1%), in which no callose-positive stomata were
detected (Table 5). The DMP and MP mixture at various concentrations significantly induced callose
deposition in grapevine leaf discs in a dose-dependent manner (Table 5Table 5). The highest response
was observed at 50 mg/L (46.53 +2.35%), followed by 25 mg/L (18.19 £3.17%) and 2.5 mg/L (11.52
+ 0.81%). In contrast, the application of the DMP and MP mixture at 0.5 mg/L reached a percentage
of callose-positive stomata (0.93 + 0.53%) that was not significantly different from that observed on

grapevine leaf discs treated with distilled water (untreated control).
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Figure 15. Callose deposition in grapevine leaf discs treated with a dihydromaltophilin and
maltophilin mixture. The treatments included: leaf discs treated with distilled water (untreated control)
(A); leaf discs treated with DMSO 0.1% (B); and leaf discs treated with the dihydromaltophilin-
maltophilin mixture at 50 mg/L (C), 25 mg/L (D), 2.5 mg/mL (E), and 0.5 mg/L (F). Arrows indicate
callose deposition around stomatal openings, visible as blue fluorescence. Scale bars: 100 um.

Table 5. Callose accumulation quantification in grapevine leaf discs treated with
dihydromaltophilin and maltophilin mixture at various concentrations

Treatments Percentage of stomata with callose accumulation (%)
Untreated control 0.94 +0.54
DMSO (0.1%) 0.00 +0.00
*DMP+MP mixture (50 mg/L) 46.53 £2.35
DMP+MP mixture (25 mg/L) 18.19 £3.17
DMP+MP mixture (2.5 mg/L) 11.52 £ 0.81
DMP+MP mixture (0.5 mg/L) 0.93+£0.53

* DMP: dihydromaltophilin; MP: maltophilin.
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Values are expressed as mean + standard error (n = 3).

3.5 Discussion

Biocontrol Lysobacter spp. strains are emerging as promising candidates for the development
of new, eco-friendly products suitable for the management of plant-pathogenic (micro)organisms
(Puopolo et al., 2018). In particular, Lysobacter spp. strains have shown remarkable efficacy in
controlling plant diseases caused by pathogenic oomycetes (Lin ef al., 2021), with AZ78 being one of
the few examples of a biocontrol agent capable of controlling P. viticola in vineyards (Markellou et
al.,2022). In this study, we further characterised the mechanisms employed by AZ78 to control plant-
pathogenic oomycetes, focusing on P. viticola and P. belbahrii on grapevine and basil plants,
respectively. Recently, we showed that AZ78 can produce heat-stable PTMs, and since these
secondary metabolites come into contact with the outer membranes of Lysobacter spp. cells (Yue et
al.,2021), we hypothesised that applying heat-inactivated AZ78 cells could achieve the same efficacy

as applying viable AZ78 cells.

To verify this hypothesis, we conducted efficacy trials on grapevine leaf discs, and the results
clearly showed that heat-inactivated AZ78 cells provided significant plant protection efficacy,
comparable to that of a copper-based fungicide and viable AZ78 cells. Similarly, heat-inactivated
AZ7T8 cells drastically reduced infections caused by P. viticola on grapevine and P. belbahrii on basil
under greenhouse conditions. Beyond the efficacy of heat-inactivated AZ78 cells, it is noteworthy that
AZ78 is among the few bacterial biocontrol agents capable of efficiently controlling basil downy
mildew, performing comparably to a copper-based fungicide. Until now, the development of resistant
basil cultivars, the use of chemical active substances, physical control measures, and agronomic
strategies have represented the main approaches for managing basil downy mildew (Ben-Naim et al.,
2018; La Placa et al., 2025; Lopez-Lopez et al., 2014; Patel ef al., 2021). Although several alternative
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products have been tested for controlling basil downy mildew in the USA, most have failed to control
P. belbahrii effectively (Patel et al., 2021; Wyenandt et al., 2015). Thus, AZ78 could represent a
valuable new resource for the development of a commercial microbial biopesticide targeting basil

downy mildew, providing an environmentally sustainable alternative to chemical fungicides.

Given the efficacy of both heat-inactivated and viable AZ78 cells, we proceeded to characterise
their mode of action. Firstly, we assessed the toxicity of AZ78 cells on P. viticola sporangia and found
that sporangia treated with AZ78 displayed a significantly higher proportion of dead cells. Notably,
viable AZ78 cells resulted in a greater proportion of dead sporangia than the copper-based fungicide.
Previously, we showed that AZ78 can kill P. viticola sporangia through the production of the 2,5-
diketopiperazine cyclo(L-Pro-L-Tyr); thus, it is plausible that AZ78 also produces this metabolite
when applied to grapevine leaf discs (Puopolo ef al., 2014a). However, as heat-inactivated AZ78 cells
also showed strong efficacy, the toxicity could additionally be associated with the presence of heat-

stable secondary metabolites.

In greenhouse experiments, the application of heat-inactivated AZ78 cells efficiently controlled
P. viticola on grapevine and P. belbahrii on basil, similarly to the copper-based fungicide and viable
AZ78 cells. Since heat-inactivated AZ78 cells were non-viable, we postulated that their plant-
protection efficacy could be related to the stimulation of host resistance mechanisms, similar to other
bacterial biocontrol agents such as Bacillus spp. and Pseudomonas spp. (Meziane et al., 2005; Ali et

al., 2025).

Among resistance mechanisms, we focused our attention on callose deposition and ROS
production, as they are two processes commonly associated with induced resistance triggered by plant-
beneficial (micro)organisms and chemical resistance inducers (Mersha et al., 2012; Palmieri et al.,

2012; Trouvelot et al., 2008; Van der Ent et al., 2008). ROS are typically produced in response to
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stress and play a pivotal role in activating plant-defence signalling pathways. The localised
accumulation of ROS at plant pathogen entry sites leads to oxidative bursts that are toxic to invading
(micro)organisms (Averyanov, 2009). For instance, ROS production is associated with the
hypersensitive response in resistant grapevine plants following P. viticola infection (Kortekamp and
Zyprian, 2003). Additionally, callose, a B-(1,3)-D-glucan, reinforces plant cell walls and restricts plant
pathogen spread (Wang et al., 2021). Its deposition around stomata is crucial for preventing P. viticola

infection in resistant grapevine plants (Gindro et al., 2003).

In our study, substantial callose deposition was observed near stomata in both basil and
grapevine leaf discs treated with heat-inactivated or viable AZ78 cells, comparable to the response
induced by the resistance activator BION. The ability of AZ78 cells, whether heat-inactivated or
viable, to stimulate callose deposition near the stomata in basil and grapevine leaves is essential for
limiting infection by P. viticola and P. belbahrii, as both plant pathogens use stomata as their primary
penetration sites (Frobel and Zyprian, 2019; Koroch ef al., 2013). Similarly, a marked accumulation
of ROS was detected in grapevine and basil leaf discs treated with both viable and heat-inactivated
AZT8 cells, and this oxidative burst likely forms the basis of the host response to P. viticola and P.
belbahrii infection. Alongside callose deposition, ROS production may play a significant role in
protecting basil and grapevine plants by triggering a hypersensitive response against these plant
pathogenic oomycetes (Delledonne et al., 2001). Based on these results, it is conceivable that AZ78
contributes to plant protection not only through the release of secondary metabolites toxic to sporangia

but also by activating host-defence mechanisms.

Plant-beneficial and pathogenic bacteria possess cell components and secreted proteins that can
be recognised by plants, and this recognition forms the basis of pathogen- or microbe-associated
molecular pattern (PAMP/MAMP)-triggered immunity (Meziane ef al., 2005; Willmann et al., 2011;
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Yu et al., 2017). To exclude the possibility that heat shock could cause bacterial cells to release
components and/or other compounds recognisable by plants, we also assessed the plant-protection
efficacy of heat-inactivated E. coli DH5a, which has never been associated with resistance induction
in plants. However, it is worth noting that another E. coli strain has been reported to promote resistance
mechanisms in Arabidopsis thaliana (Seo and Matthews, 2012); thus, some E. coli strains may indeed

possess elicitors that plants can recognise.

Neither heat-inactivated nor viable DH5a cells were effective in controlling P. viticola,
confirming the inability of this strain to stimulate plant-resistance mechanisms. Based on these
findings, it is plausible that AZ78 cells, unlike DH5a, contain metabolites and/or cell components
capable of eliciting defence responses in grapevine, similarly to BION, which was used as a reference

resistance inducer (Perazzolli et al., 2011).

Among Lysobacter spp. biocontrol agents, similar results were obtained with the application of
heat-inactivated L. enzymogenes C3 cells, which were able to control Bipolaris sorokiniana in tall
fescue and Fusarium graminearum on wheat (Jochum et al., 2006; Kilic-Ekici and Yuen, 2003). Thus,
AZ78 and L. enzymogenes C3 may share heat-resistant elicitors that can stimulate defence
mechanisms in plants. Notably, both AZ78 and L. enzymogenes C3 release PTMs such as DMP and
MP, which remain stable even after exposure to high temperatures (Brescia et al., 2021; Yu et al.,

2007).

The involvement of DMP (also known as Heat-Stable Antifungal Factor) in the biocontrol
efficacy of L. enzymogenes C3 has been thoroughly investigated. This PTM displays potent toxicity
against a wide range of fungi (e.g. Fusarium graminearum), nematodes (e.g. Heterodera schachtii),
and oomycetes (e.g. Pythium ultimum) (Jochum et al., 2006; Kobayashi et al., 2005; Yuen et al.,

2018). Regarding its mode of action, DMP produced by L. enzymogenes C3 was shown to severely
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impair the polarised growth of Aspergillus nidulans hyphae by influencing microfilament assembly
at hyphal tips through interactions with the ceramide biosynthetic pathway (Li et al., 2006).
Additionally, Ding et al. (2016) demonstrated that DMP application to Candida albicans induces
apoptosis in yeast cells by stimulating ROS production. Interestingly, Tomada et al. (2017) reported
that genes involved in PTM biosynthesis were upregulated in AZ78 during its interaction with
Phytophthora infestans. The plant pathogen itself responded by upregulating genes associated with

apoptotic processes (Tomada et al., 2017).

Alongside the characterisation of the DMP mode of action, Meers et al. (2018) demonstrated
that L. enzymogenes C3 releases DMP and related analogues into the environment via outer membrane
vesicles (OMVs). Thus, it is conceivable that PTMs come into direct contact with the cell membranes
of Lysobacter spp. producing strains. Based on this assumption, we isolated and characterised
secondary metabolites associated with AZ78 cell membranes. Purification of the extracts through
chromatographic techniques (SPE C18, TLC, and HPLC) led to the identification of two key

metabolites;: DMP and MP.

Once isolated, we tested DMP, MP, and their mixture at varying concentrations against P.
viticola only, due to the limited amount of metabolites obtained. When applied individually at 2.5
mg/L, only DMP achieved complete control of P. viticola on grapevine leaf discs. The same level of
efficacy was achieved with the mixture of DMP and MP at 2.5 mg/L. Overall, these results are
consistent with those obtained by applying heat-inactivated and viable AZ78 cells to grapevine leaf
discs and plants. Moreover, these findings align with those of Graupner et al. (1997), who isolated
and tested DMP and MP from a Streptomyces sp. strain in Indiana (USA) against P. viticola on

grapevine plants, demonstrating high efficacy for both PTMs.
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To further characterise how these PTMs could control P. viticola, we applied a mixture of DMP
and MP, as both metabolites were extracted from AZ78 cells. Similar to heat-inactivated and viable
AZ78 cells, the DMP and MP mixture significantly reduced the viability of P. viticola sporangia. A
clear dose-dependent effect was observed, with higher concentrations of the DMP and MP mixture
exhibiting greater efficacy in devitalising P. viticola sporangia. Notably, at 50 mg/L, the DMP and
MP mixture was as effective as the copper-based fungicide, and at 500 mg/L, its efficacy surpassed
that of the fungicide. Importantly, the DMP and MP mixture remained toxic at 2.5 mg/L, indicating
that these PTMs may serve as promising candidates for the development of new active substances for

the sustainable control of grapevine downy mildew within integrated pest management programmes.

Along with its toxic activity against P. viticola sporangia, the DMP and MP mixture also
stimulated callose deposition near stomatal guard cells in grapevine leaf discs, even at a concentration
of 2.5 mg/L. To the best of our knowledge, this is the first report demonstrating that these PTMs can
influence plant tissues by modulating callose deposition in grapevine. Recently, Lin et al. (2023)
reported that a L. enzymogenes OH11 mutant deficient in DMP production was still able to induce the
expression of defence genes involved in the salicylic acid and jasmonic acid signalling pathways in
the Phytophthora capsici-Nicotiana benthamiana pathosystem. Based on these findings, we cannot
exclude the possibility that AZ78 cells also contain other elicitors capable of stimulating resistance

mechanisms in grapevine plants.

In future studies, it will be essential to investigate the presence of additional potential elicitors
in AZ78, alongside experiments aimed at elucidating the molecular pathways activated in grapevine
following the application of the DMP and MP mixture. Furthermore, identifying the specific
grapevine receptors that recognise and bind these PTMs will be a crucial step towards understanding

the molecular basis of AZ78-induced resistance and developing novel, targeted biocontrol strategies.
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3.6 Conclusions

This study demonstrates that heat-inactivated AZ78 cells retain significant biocontrol activity
against P. viticola and P. belbahrii on grapevine and basil plants, respectively. Their efficacy is
comparable to that of a commercial copper-based fungicide and a resistance inducer. The results
showed that heat-inactivated AZ78 cells were highly toxic to P. viticola sporangia, similarly to viable
AZ78 cells. Moreover, both heat-inactivated and viable AZ78 cells induced callose accumulation and
ROS production in basil and grapevine leaves, thereby inhibiting plant pathogen entry during the early
stages of infection.

We attribute this activity to the accumulation of thermostable polycyclic tetramate macrolactams
(PTMs), specifically dihydromaltophilin (DMP) and maltophilin (MP), in AZ78 cell membranes.
Indeed, we isolated these PTMs from AZ78 cells and demonstrated their toxicity against P. viticola
sporangia, as well as their ability to stimulate callose deposition in grapevine leaf discs, mirroring the
effects of heat-inactivated and viable AZ78 cells. These complementary modes of action, combining
direct antimicrobial activity with plant resistance induction, highlight the potential of AZ78 and its

metabolites as eco-friendly biocontrol agents for the sustainable management of downy mildews.
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CHAPTER 4

ANTI-OOMYCETE ACTIVITY OF LYSOBACTER CAPSICI AZ78 AUTOLYSATES AND THEIR ROLE IN

INDUCING GRAPEVINE DEFENSE RESPONSES

Abstract

Lysobacter capsici AZ78 and the derived thermostable polycyclic tetramate macrolactams
(PTMs) are previously known to exhibit strong anti-oomycete activity against Plasmopara viticola
and Peronospora belbahrii, the causal agents of grapevine and basil downy mildew, respectively. In
the present study, we evaluated the plant protection potential of self-digestive solutions (SDS)
obtained from prolonged liquid cultivation of L. capsici AZ78 in nutrient limited growth medium.
Extended cultivation for a prolonged period induced bacterial autolysis, resulting in membrane
disruption and release of membrane-associated metabolites, including PTMs, into the culture medium.
Grapevine plants were treated with the obtained unheated and heat-treated SDS at full strength and at
1/10 dilution. Disease severity (%) assays revealed that diluted SDS collected at 96 h, corresponding
to the autolysis phase, provided the highest level of protection against P. viticola. Protection assays
were combined with gene expression analyses, showing that SDS treatments activated multiple
grapevine defense responses and promoted accumulation of stilbene phytoalexins, including piceid,
resveratrol, and trans-g-viniferin, compounds previously reported to inhibit P. viticola. Most defense-
related genes were strongly induced only after pathogen inoculation, indicating a priming effect

triggered by SDS treatments.

Collectively, these results demonstrate that autolysate-derived metabolites from L. capsici

AZ78 confer grapevine protection through a dual mode of action combining direct anti-oomycete
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activity with activation of host immunity. This study highlights bacterial autolysates rich in
antimicrobial secondary metabolites are stable and promising biocontrol tools with significant
potential for sustainable management of grapevine downy mildew.

Keywords: Lysobacter capsici AZ78, grapevine downy mildew, self-digestive solution, phytoalexins,

plant immune priming, defense gene expression.
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4.1 Introduction

The obligate biotrophic oomycete Plasmopara viticola is the causal agent of grapevine downy
mildew, one of the most destructive diseases affecting Vitis vinifera L. worldwide and causing
substantial economic losses in viticulture (OIV, 2022). The pathogen infects living host tissues,
including leaves, shoots, and berries, and under favourable environmental conditions disease severity
may result in yield losses ranging from 40%-90% (Toffolatti et al., 2018b). Originally endemic to
North America, P. viticola was accidentally introduced into Europe, where highly susceptible
Eurasian grapevine cultivars facilitated rapid disease spread (Fontaine et al, 2013). Disease
management still relies largely on repeated fungicide applications, while breeding programs aim to
develop resistant cultivars (Delame et al., 2019; Miclot et al., 2020). . However, the rapid evolutionary
potential of P. viticola has led to the emergence of fungicide-resistant populations(Chen et al., 2007),
and the limited availability of durable resistance sources continues to challenge breeding efforts
(Peressotti et al., 2010; Delmas, 2016). Consequently, integrating biological control agents (BCAs)
into existing management strategies is increasingly considered essential for sustainable crop
protection, offering environmentally safe alternatives that benefit plant health, farmers, and

ecosystems (Nunez-Palenius ef al., 2022).

Among promising BCAs, species belonging to the genus Lysobacter have attracted considerable
attention due to their ability to produce a broad antimicrobial arsenal composed of antibiotics, lytic
enzymes, volatile organic compounds, and secondary metabolites (Puopolo et al., 2014a; Fu et al.,
2018; Lin et al., 2021; Nian et al., 2021; Chen et al., 2024). These bacteria employ multiple
antagonistic strategies, including short-range secretion systems (T6SS and T4SS), intermediate-range
enzymatic degradation via lytic enzymes, and long-range inhibition mediated by diffusible

metabolites and volatiles (Shen ef al., 2021; Lin ef al., 2021). Beyond direct antimicrobial activity,
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Lysobacter spp. can also function as plant defense stimulators. For example, L. enzymogenes induces
resistance against Rhizoctonia solani and Bipolaris sorokiniana by enhancing peroxidase activity in
tall fescue and wheat (Kilic-Ekici and Yuen, 2003), activates hormone-related pathways and defense
marker genes such as allene oxide synthase (40S) and aminocyclopropane-1-carboxylate synthase
(ACC) in soybean (Walnut, 2019), and promotes defense gene activation in Nicotiana benthamiana
against Phytophthora spp. (Lin et al., 2023). These findings highlight the dual mode of action of
Lysobacter species involving both direct antimicrobial activity against pathogens and indirect
activation of plant immune responses. Recent work on L. enzymogenes LE16 further demonstrated
that self-digestive solutions (SDS) derived from bacterial cultures in liquid growth media retains
strong antimicrobial activity due to extracellular enzymes, siderophores, and secondary metabolites
released during autolysis. Notably, SDS maintained efficacy even after heat treatment or long-term
storage, indicating that thermostable extracellular metabolites can retain biological activity
independently of bacterial viability (Chen et al., 2020). These findings suggest that bacterial
autolysates may represent a practical and durable form of biological control. Together, these findings
demonstrate that Lysobacter BCAs function through integrated modes of action, combining direct
pathogen suppression mediated by microbial cells or bioactive metabolites present in enriched SDS
with indirect protection achieved through activation of plant defence pathways and induction of
defence-related genes and phytoalexin accumulation. Within this genus, Lysobacter capsici AZT8
has emerged as an effective biocontrol strain against bacterial, fungal, and oomycete pathogens
(Puopolo et al., 2014a, b, 2016; Brescia et al., 2021). Its efficacy is linked to the production of diverse
antimicrobial metabolites, including cyclic lipodepsipeptides such as WAP-8294A2,
diketopiperazines, volatile organic compounds, and polycyclic tetramate macrolactams (PTMs),
notably heat-stable antifungal factor (HSAF)/dihydromaltophilin (DMP) and maltophilin (MP). These

compounds exhibit strong antagonistic activity against pathogens such as Phytophthora infestans, P.
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viticola, R. solani, Rhodococcus fascians, and Sclerotinia minor under both in vitro and greenhouse
conditions (Puopolo et al., 2014; Brescia et al., 2020, 2021; Vlassi et al., 2020a; Cimmino et al.,
2021). In our previous work, both viable and heat-treated L. capsici AZ78 cells retained strong anti-
oomycete activity against P. viticola and Peronospora belbahrii. The plant protection offered by heat-
treated L. capsici AZ78 cells was similar to viable cells and was attributed to thermostable PTMs
produced by L. capsici AZ78 cells, as purified DMP and MP reproduced disease inhibition in
grapevine even at low concentrations. Furthermore, these PTMs in addition to bacterial cells
stimulated early plant defense responses, including stomatal callose deposition and ROS production,
demonstrating for the first time the involvement of PTMs in grapevine plant protection and revealing

their capacity act as both direct antimicrobial agents and elicitors of host immunity.

Despite these advances, the molecular mechanisms underlying host transcriptional responses
induced by L. capsici AZ78 remain largely unexplored. Although early defense events such as ROS
production and callose deposition have been described, plants activate additional multilayered defense
strategies following pathogen perception. These include reinforcement of structural barriers,
phytoalexin biosynthesis, activation of hormonal signalling pathways, and transcriptional regulation
of defense-related genes, including pathogenesis-related (PR) proteins (Kaur ef al., 2022; Al-khayri

et al., 2023; Singh and Hallan, 2024).

Beneficial microbes can stimulate plant immunity through systemic acquired resistance (SAR),
typically associated with salicylic acid (SA) signalling and PR protein accumulation, or induced
systemic resistance (ISR), primarily mediated by jasmonic acid (JA) and ethylene (ET) pathways
(Nawrocka and Matolepsza, 2013; Salas-marina et al., 2011). Many BCAs function by priming plants,
establishing a physiological state that enables faster and stronger defense activation upon pathogen

attack while minimizing metabolic costs (Pozo et al., 2004; Verhagen et al., 2010; Perazzolli et al.,
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2011). Primed plants commonly exhibit enhanced ROS production, callose deposition, hypersensitive
response activation, phytoalexin synthesis, and hormonal crosstalk involving JA, ET, SA, and abscisic
acid (ABA) pathways (Koornneef and Pieterse, 2008; S Trouvelot ef al., 2008; Verhagen et al., 2010;
Gruau et al., 2015; Aziz et al., 2016). Although SA signalling is traditionally linked to resistance
against biotrophic pathogens, increasing evidence highlights an important contribution of JA
signalling during grapevine responses to P. viticola infection (Glazebrook, 2005; Figueiredo et al.,
2015). Initial evidence for the participation of the JA pathway emerged from -elicitor-based
investigations demonstrating that treatments with B-aminobutyric acid and sulfated laminarin
activated the expression of JA-related genes, including LOX and other JA-responsive genes
(Hamiduzzaman et al., 2007). Later studies showed that P. viticola infection makes several enzymes
that are involved in JA biosynthesis and signalling work more, such as AOC, AOS, LOX, and JAZ
genes (Polesani ef al., 2010; Marchive et al., 2013; Gauthier et al., 2014). Recent research indicates
that the early up-regulation of JA biosynthesis genes (LOX2, AOC, AOS, and OPR3) and the activation
of signalling components such as JAR! and COII occur in the initial stages of infection, particularly
in resistant cultivars (Figueiredo et al., 2015). Simultaneously, SA signalling is activated during the
interaction, characterized by increased SA accumulation and the induction of SA-responsive genes
such as NPR1I and PR1 following P. viticola inoculation (Dufour et al., 2013). These results indicate
that both JA- and SA-dependent pathways play a role in grapevine immunity against P. viticola,
characterized by intricate interactions between the two hormonal signalling networks that govern the
defense response (Mur et al., 2006; Pieterse et al., 2012). In transgenic Vitis vinifera cv. Shiraz plants
possessing the MrRPVI resistance gene, a total of 1356 differentially expressed genes were identified
post-pathogen infection. Genes implicated in JA and ET signalling, such as LOX, A0S, ACO, ACS,
and ERF, exhibited significant upregulation between 18 and 36 hours post-infection, signifying the

activation of JA/ET-mediated defense responses (Qu and Dry, 2021).
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Among grapevine defense responses, stilbene phytoalexins play a central role and accumulate
in response to both biotic and abiotic stresses (Langcake and Pryce, 1976; Jeandet et al., 2014).
Stilbenes are synthesized via the phenylpropanoid pathway, where phenylalanine is converted into
trans-cinnamic acid by PAL, leading to the formation of p-coumaroyl-CoA. STS then catalyses
resveratrol production, the principal grapevine phytoalexin, which is further modified through
methylation, hydroxylation, glycosylation, and oxidative coupling to generate diverse defense-related
derivatives (Qian et al., 2019; Jeandet et al., 2021). (Qu and Dry, 2021) showed that genes implicated
in secondary metabolite biosynthesis were markedly upregulated in transgenic Vitis vinifera cv. Shiraz
plants possessing the MrRPV1 resistance gene, especially those related to stilbene production,
including stilbene synthase (S7S), phenylalanine ammonia-lyase (PAL), and resveratrol O-
methyltransferase. After P. viticola infection, members of the STS 4 and STS C gene families showed

a steady increase in activity.

Major grapevine stilbenes include resveratrol, its glycosylated form piceid, methylated
derivatives such as pterostilbene, and oligomers such as e-viniferin (Jeandet er al., 2010).
Accumulation of viniferin has been reported during P. viticola infection (Pezet et al., 2007) and
several studies demonstrate that resveratrol moderately reduces P. viticola zoospore motility, whereas
methylated stilbenes (e.g., pterostilbene) and dimeric stilbenes (e.g., e-viniferin) exhibit stronger
inhibitory effects, particularly on zoospore activity and sporulation (Langcake, 1981; Jeandet ef al.,

2014; Gabatson et al., 2017).

4.2 Aim of the work

Building on this knowledge and our previous findings, the present study investigated whether SDS
derived from prolonged cultivation of L. capsici AZ78 in liquid medium, can promote the

accumulation of enriched antimicrobial metabolites capable of conferring protection against P.
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viticola in grapevine. PTMs which are often associated with bacterial membranes in Lysobacter spp.,
(Meers et al., 2018) may be released through membrane disruption or via outer membrane vesicles
(OMVs) formation during autolysis in the liquid medium. To evaluate their contribution to plant
protection, unheated SDS (L-SDS) was subjected to heat treatment to generate heat-treated SDS (D-
SDS), enabling the assessment of the role of thermostable PTMs in plant protection activity.
Unlike L-SDS, D-SDS represents a cell-free biocontrol system that may overcome limitations related
to microbial survival, formulation stability, and field variability while allowing direct assessment of
PTM involvement in plant protection. Beyond assessing direct antagonistic activity, this study aimed
to elucidate the mechanisms underlying SDS-mediated resistance in grapevine against P. viticola by
evaluating disease protection efficacy focusing on defense gene regulation, priming responses, and
the capability of SDS treatments to stimulate the accumulation of stilbene phytoalexins, as key
markers of induced plant immunity and secondary metabolite-driven defence responses. This study
represents the first investigation into the role of L. capsici AZ78 derived SDS in modulating host
immune responses against P. viticola. By integrating disease protection assays, defense gene
expression analysis, and phytoalexin accumulation, it provides new insights into the role of bacterial

autolysates in plant immune activation and biocontrol-mediated resistance.
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4.3 Material and methods

4.3.1 Maintenance of microorganism

The L. capsici AZ78 strain was routinely preserved in 40% (v/v) glycerol stocks at -80 °C. For
experimental use, the bacterium was streaked onto Nutrient Agar (NA) plates (90 mm Petri dishes;
Sarstedt, Niimbrecht, Germany) and incubated at 27 °C for 48 h. To prepare bacterial suspensions,
each plate was flooded with 5 mL of sterile NaCl solution (0.85%; w/v), and cells were gently scraped
using sterile L-shaped spreaders. The resulting suspension was homogenized and the optical density
(ODywnm) was adjusted to 0.1 using a spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan),
corresponding to approximately 1 x 10® colony-forming units (CFU)/mL, as previously described

(Puopolo et al., 2014b).

4.3.2 Preparation of self-digestive solution of Lysobacter capsici AZ78

For the preparation of the self-digestive solution (SDS), PYKM medium (Peptone 10 g/L, Yeast
Extract 5 g/L, KH2PO4 1.4 g/L, MgSO4-7H20 1 g/L) was prepared as described by (Segarra et al.,
2015). Initially, viable L. capsici AZ78 cells were used to inoculate PYKM medium by adding 0.8
mL of AZ78 cell suspension (ODsoo = 0.1) to 40 mL of PYKM sterile 50 mL centrifuge tubes,
following Chen et al. (2020) with slight modifications. Cultures were incubated at 27 °C under
continuous shaking (180 rpm) in the dark for up to 144 h. At each 24 h time point (i.e., 24, 48, 72, 96,
120, and 144 h), tubes were collected and subjected to thermal shock at 90 °C for 20 min using a
thermo-mixer (T-shaker EMS100, Euro Clone, Italy), followed by incubation at -20 °C for 5 min
(Brescia et al., 2021) to obtain heat-treated SDS (D-SDS) from the unheated SDS (L-SDS). Both L-
SDS and D-SDS were subsequently diluted 1/10 (v/v) with sterile distilled water to obtain diluted SDS

(L-SDS 1/10 and D-SDS 1/10). Uninoculated PYKM medium and its corresponding 1/10 dilution
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(PYKM 1/10) were included as control treatments. For each type of treatment, five independent

replicates (centrifuge tubes) were prepared.

To verify the loss of viability, 100 uL. D-SDS was spread onto NA plates, which were incubated

at 27 °C for 72 h before visually evaluating colony formation. Five plates were prepared per treatment.

4.3.3 Growth curve measurement

Bacterial growth in L-SDS was monitored by measuring optical density at 600 nm (ODsoo) at 24, 48,
72, 96, 120, and 144 h using a spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan). At each time

point, 1 mL of culture was withdrawn and used for ODsoo measurement..

4.3.4 Maintenance of Plasmopara viticola in grapevine

Vitis vinifera cv. Pinot Noir plants grafted onto Kober 5BB rootstock were cultivated in 2.5 L
pots containing a 3:1 (v/v) peat: pumice substrate in a greenhouse at 20 = 0.5 °C and 70 + 10% relative
humidity (RH). Plants were grown for 60 days until each developed two shoots bearing at least nine
fully expanded leaves. Plasmopara viticola, originally isolated in 2024 from an untreated vineyard in
San Michele all’Adige, Italy, was maintained on healthy grapevine plants by weekly inoculations
under controlled conditions (20 + 0.5 °C, 70 = 10% RH) as previously described (Puopolo et al.,
2014b). Fresh inoculum of P. viticola was obtained from plants exhibiting oil-spot symptoms by
incubating leaves overnight in darkness at 20 £ 0.5 °C and 100% RH to induce sporulation. Sporangia
were collected by rinsing sporulating lesions on the abaxial leaf surface with cold (4-5 °C) sterile
distilled water. The suspension was adjusted to 2.5 x 10° sporangia/mL using a haemocytometer under

a light microscope and used in all subsequent experiments.

124



4.3.5 Evaluation of plant protection efficacy of self-digestive solution of Lysobacter capsici AZ78 on

Plasmopara viticola

To assess the effectiveness of SDS derived from L. capsici AZ78, treatments including L-SDS,
D-SDS, L-SDS 1/10, and D-SDS 1/10 SDS collected at the different time points, were sprayed onto
both adaxial and abaxial leaf surfaces of greenhouse-grown grapevine plants using a handheld sprayer.
Sterile distilled water-treated plants served as untreated controls, while plants treated with the copper-
based fungicide Coprantol Hi Bio (2 g/L) served as positive controls. PYKM and PYKM 1/10
treatments were included as medium controls corresponding to the SDS treatments. The treatments
for full strength SDS (L-SDS and D-SDS) were as follows: (1) sterile distilled water (untreated); (2)
copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM; (4) 24L-SDS; (5) 24D-SDS; (6) 48L-
SDS; (7) 48D-SDS; (8) 72L-SDS; (9) 72D-SDS; (10) 96L-SDS; (11) 96D-SDS; (12) 120L-SDS; (13)
120D-SDS; (14) 144L-SDS; (15) 144D-SDS. The treatments for diluted (1/10) SDS (L-SDS 1/10 and
D-SDS 1/10) were as follows: (1) sterile distilled water (untreated); (2) copper-based fungicide
Coprantol Hi Bio (2 g/L); (3) PYKM 1/10; (4) 24L-SDS 1/10; (5) 24D-SDS 1/10; (6) 48L-SDS 1/10;
(7) 48D-SDS 1/10; (8) 72L-SDS 1/10; (9) 72D-SDS 1/10; (10) 96L-SDS 1/10; (11) 96D-SDS 1/10;
(12) 120L-SDS 1/10; (13) 120D-SDS 1/10; (14) 144L-SDS 1/10; (15) 144D-SDS 1/10. Following
application, plants were maintained under greenhouse conditions at 25 + 0.5 °C, 60-80% RH, and a

16 h light / 8 h dark photoperiod.

Twenty-four hours after treatment, the prepared sporangial suspension of P. viticola was
uniformly applied to the abaxial surfaces of fully expanded leaves using a hand sprayer. Inoculated
plants were incubated in darkness at 20 + 0.5 °C and 80-99% RH for 24 h to promote infection.
Subsequently, plants were transferred to 25 °C under 60-80% RH with a 16/8 h light/dark cycle. Six

days post-inoculation, plants were again incubated in darkness at 20 = 0.5 °C and 80-99% relative
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humidity overnight to induce sporulation, as previously described (Puopolo et al., 2014b). Disease
severity was evaluated at 7 days post-inoculation (dpi) according to the EPPO standard evaluation
scale (EPPO, 2004). Each treatment included five biological replicates (five plants per replicate), and

the experiment was independently repeated.

4.3.6 RNA extraction and gRT-PCR

Leaf samples were collected prior to P. viticola infection (T0) and 24 h post-inoculation (T1).
For the gene expression analysis, the following experimental groups were sampled: (1) sterile distilled
water (untreated); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM; (4) PYKM 1/10;
(5) 96L-SDS; (6) 96L-SDS 1/10; (7) 96D-SDS; and (8) 96D-SDS 1/10. Three biological replicate sets
of leaves were collected for each treatment in both TO and T1 conditions, with each replicate
comprising four to five leaves pooled together. The experiment was independently repeated twice.

Collected leaves were flash-frozen in liquid nitrogen and stored at -80 °C until RNA extraction.

Frozen leaf samples were homogenized using a mixer mill (Retsch Technology GmbH) at 45
Hz for 60 s. Total RNA was extracted from the powdered leaf tissue using the Spectrum™ Plant Total
RNA Kit (Sigma-Aldrich) according to the manufacturer’s instructions. RNA concentration was
measured with a Qubit 4 Fluorometer (Thermo Fisher Scientific) using the Qubit™ RNA High-
Sensitivity Broad Range Assay Kit (Invitrogen, USA) and further assessed with a NanoDrop 800
spectrophotometer (Thermo Fisher Scientific). RNA integrity was verified by electrophoresis on a 1%
agarose gel. Extracted RNA was treated with DNase I (Invitrogen, Life Technologies) to remove
residual genomic DNA prior to cDNA synthesis. First-strand cDNA was synthesized from 1 ug of
total RNA using SuperScript III reverse transcriptase (Invitrogen, Life Technologies) and oligo (dT)
primers, as previously described (Lenzi et al., 2016). The resulting cDNA was diluted 1:10 with

nuclease-free water and stored at -20 °C until quantitative RT-PCR analysis was performed.
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Quantitative RT-PCR was performed on three biological replicates per treatment, with three
technical triplicates per sample. No-template controls (NTC, using nuclease-free water) and no-RT
controls (NRT, using DNase-treated RNA) were included to monitor for contamination and genomic
DNA amplification. Reactions were conducted using qPCRBIO SyGreen Blue mix (Eurobio
Scientific, Les Ulis, France) on a CFX Opus 384 real-time system (Bio-Rad, Hercules, USA). PCRs
were assembled in 384-well white plates with a final volume of 5 pL per well, containing 1X SYBR
Green mix (7aq polymerase and dNTPs), gene-specific forward and reverse primers at optimized
concentrations, and 1:10 diluted cDNA. Primers were designed using Primer-BLAST (NCBI) and

Primer3web v4.1.0 (Table 6).

Thermal cycling conditions were initial denaturation at 95 °C for 3 min, followed by 40 cycles
of 95 °C for 5 s and 60 °C for 30 s. Specificity was confirmed by melting curve analysis, with each
reaction yielding a single amplicon of the expected melting temperature. Transcript levels were
normalized to VvEFIo (elongation factor la; XM 002284888.3) and Vv60SRP (60S ribosomal
protein L18; XM 002270599.3) using Bio-Rad CFX Manager v.4.1, with expression stability
validated using the GeNorm algorithm. Cycle threshold (Ct) values were determined with Maestro
software using the second derivative maximum method, and relative expression was calculated by the
AACt method relative to the untreated control group according to (Marant et al., 2025). Fold change

was obtained using the formula: 2AACY,

4.3.7 Phytoalexin extraction and analysis

Phytoalexins were extracted from grapevine leaves following the protocol of (Gruau et al.,
2015). Leaves corresponding to the treatments described in Section 4.3.6 were collected, immediately
frozen in liquid nitrogen, and ground into a fine powder. For each sample, 200 mg of fresh tissue

powder were weighed, transferred into sterile 2 mL microcentrifuge tubes, and stored at -80 °C until
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analysis. For extraction, 1 mL of 85% methanol (per 200 mg fresh weight) was added at room
temperature. Samples were vortexed for 10 s and incubated for 2 h at 800 rpm on a rotary tube shaker
in the dark. After centrifugation at 15,000 x g for 10 min at 4 °C, the supernatant was collected into 5
mL glass tubes, covered with aluminium foil. The pellet was re-extracted with 1 mL of 100%
methanol, incubated for 1 h at room temperature in the dark, and centrifuged under the same
conditions. The resulting supernatant was pooled with the first extract and evaporated to dryness using
a SpeedVac concentrator in solvent evaporation mode at 40 °C, under dark conditions. The dried
residues were resuspended in 1 mL of 100% methanol, vortexed, filtered through 0.22 pm
polytetrafluoroethylene filters and transferred to 2 mL tinted ultra-performance liquid
chromatography (UPLC) vials. Samples were analysed immediately or stored at -20 °C in the dark

until use.

Phytoalexin analysis was performed using an Acquity Ultra Performance Liquid
Chromatography (UPLC) system (Waters Corp.) coupled to a fluorescence detector. A 2 uL aliquot
of each extract was injected onto an Acquity UPLC Cortex C18 column (1.6 pm, 2.1 x 100 mm)
maintained at 40 °C. Separation was achieved using a binary gradient of water (A) and acetonitrile
containing 0.1% phosphoric acid (B) at a flow rate of 0.5 mL/min. The gradient program was: 90% A
initially; decreased to 10% A at 7 min; 0% A at 7.5 min (held until 8 min); returned to initial condition
(90% A) at 8.5 min; and maintained until 10 min. Fluorescence detection was carried out an excitation
wavelength of 330 nm and an emission wavelength of 375 nm. Data acquisition and processing were
conducted using Empower 2 software (Waters), and quantification was performed by external
calibration with authentic standards. Each treatment consisted of five biological replicates, and the

experiment was independently repeated.

4.3.8 Statistical analysis
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Disease severity data from all experiments were analysed using one-way analysis of variance
(ANOVA) in R v4.3.0 (RStudio v2024.12.1-563 environment). Data normality was assessed using
the Shapiro—Wilk test (p > 0.05), and homogeneity of variances was verified using Levene’s test.
When assumptions were met, mean comparisons were performed using Tukey’s honestly significant
difference (HSD) post hoc test implemented via the emmeans (v1.10.0) and agricolae (v1.3-7)
packages, with adjustment for multiple comparisons at a significance level of a = 0.05. Gene
expression and phytoalexin accumulation experiments were conducted twice. Data obtained from
these experiments were also analysed using one-way ANOVA followed by Tukey’s HSD post hoc

test in R (o = 0.05) to determine statistically significant differences among treatments.

4.4 Results

4.4.1 Growth curve

The growth curve shows that L. capsici AZ78 cultivated in PYKM medium over a 144 h period
was monitored by measuring optical density at 600 nm (ODsoo). Bacterial growth was monitored
at 24 h intervals from inoculation (0 h) to 144 h. The strain exhibited a very short lag phase, rapidly
transitioning into the exponential phase by 24 h. Exponential growth continued progressively, with
ODsoo values increasing steadily up to 96 h. After 96 h, the culture entered a stationary/decline
phasecharacterized by a progressive reduction in ODsoo values, which persisted until the final time
point at 144 h (Figure 16). For each time point, five biological replicates were analysed, and data

from two independent experiments were pooled prior to statistical analysis.
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Figure 16. Growth curve of Lysobacter capsici AZ78 grown in PYKM medium under controlled
conditions. Bacterial growth was monitored by measuring optical density at 600 nm (ODsoonm) at 0,
24, 48, 96, 120, and 144 h after inoculation. Data are presented as mean + standard error.

4.4.2 Protective efficacy of Lysobacter capsici AZ78 self-digestive solution against Plasmopara

viticola on grapevine plants

The protective activity of L-SDS and D-SDS obtained at different time points was evaluated on
grapevine plants inoculated with P. viticola. Untreated plants exhibited the highest disease severity
(63.43 £2.36%), followed by the copper-based fungicide, which significantly reduced disease severity
to 14.81 £ 8.37%. The media control PYKM also resulted in comparable disease suppression (18.72

+ 3.93%), indicating a contributory effect of the medium itself.
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Among the SDS treatments, L-SDS and D-SDS collected at 24 h, 48 h, and 72 h reduced disease
severity to a range of 11-15%, which was significantly lower than the untreated control. However,
these values were only slightly lower than those observed for the copper-based fungicide and PYKM,
suggesting a moderate protective effect at earlier time points. A stronger protective effect was
observed for SDS obtained from 96 h onward. The lowest disease severity was recorded at 96 h, with
96L-SDS showing 3.15 £+ 1.47%, followed by 96D-SDS with 7.79 + 1.53%. Treatments collected at
120 h and 144 h maintained disease severity within the range of 5—11%, remaining significantly lower
than those observed for the 24-72 h treatments. Nevertheless, no statistically significant differences
were detected among the copper-based fungicide, PYKM, and SDS treatments at full concentration

(Figure 17).

When applied at 1/10 dilution, PYKM 1/10 showed reduced protective efficacy, with disease
severity increasing to 40.21 4+ 2.13%. In contrast, diluted SDS treatments maintained strong protective
activity. The lowest disease severity was observed with 96L-SDS 1/10 (8.79 + 2.09%), followed by
96D-SDS 1/10 (9.93 £ 2.04%). These values were lower than those recorded for the copper-based
fungicide, indicating a high level of efficacy even after dilution.. Overall, these results indicate that

SDS obtained at 96 h provides optimal protection against P. viticola (Figure 18).
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Figure 17. Preventive control of Plasmopara viticola infection on grapevine plants following
application of full-strength unheated (L) and heat-treated (D) self-digestive solutions (SDS) derived
from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water (untreated control); (2)
copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM medium control; and SDS collected at
different incubation times: (4) 24L-SDS; (5) 24D-SDS; (6) 48L-SDS; (7) 48D-SDS; (8) 72L-SDS; (9)
72D-SDS; (10) 96L-SDS; (11) 96D-SDS; (12) 120L-SDS; (13) 120D-SDS; (14) 144L-SDS; and (15)
144D-SDS. Treatments were applied 24 h prior to P. viticola inoculation. Disease severity is expressed
as the mean percentage of symptomatic grapevine leaf disc area + standard error (n = 5). Columns
bearing the same letters are not significantly different according to Tukey’s HSD test (o = 0.05).
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Figure 18. Preventive control of Plasmopara viticola infection on grapevine plants following
application of diluted (1/10) unheated (L) and heat-treated (D) self-digestive solutions (SDS) derived
from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water (untreated control); (2)
copper-based fungicide Coprantol Hi Bio (2 g L™); (3) PYKM 1/10 medium control; and SDS
collected at different incubation times: (4) 24L-SDS 1/10; (5) 24D-SDS 1/10; (6) 48L-SDS 1/10; (7)
48D-SDS 1/10; (8) 72L-SDS 1/10; (9) 72D-SDS 1/10; (10) 96L-SDS 1/10; (11) 96D-SDS 1/10; (12)
120L-SDS 1/10; (13) 120D-SDS 1/10; (14) 144L-SDS 1/10; (15) 144D-SDS 1/10.. Treatments were
applied 24 h prior to P. viticola inoculation. Disease severity is expressed as the mean percentage of
symptomatic grapevine leaf disc area + standard error (n = 5). Columns sharing the same letters are
not significantly different according to Tukey’s HSD test (a0 = 0.05).

4.4.3 Lysobacter capsici AZ78 derived self-digestive solution primes grapevine plants and induces

immune responses upon challenge with Plasmopara viticola

Gene expression analysis was organized into five functional categories, including structural
defense-related genes, signalling and hormone biosynthesis genes, pathogenesis-related (PR) effector
genes, defense-related transcription factors, and phytoalexin biosynthesis genes. Relative transcript

abundance was quantified using the 2 *2“* method and is therefore presented as fold change relative
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to the untreated control at TO. Overall, inoculation with P. viticola (T1) induced a general
transcriptional activation across all tested genes, whereas untreated plants showed stable expression
levels between T0 and T1, indicating that pathogen challenge was the principal driver of gene

induction in SDS treated plants.

Control treatments (untreated, copper-based fungicide, PYKM, and PYKM 1/10) consistently
exhibited low basal expression levels at both time points, suggesting limited activation of defense
pathways under these conditions (Fig. 19). Among structural defense genes, CalS7 and HSR showed
negligible upregulation at TO across all treatments; however, following inoculation, SDS-based
treatments triggered marked induction. For CalS7, full-strength treatments (96L-SDS and 96D-SDS)
showed the highest fold change, followed by their diluted (1/10) counterparts, whereas HSR
expression was most strongly induced by 96D-SDS, with comparatively lower induction in 96L-SDS
(Figure 19). Regarding signalling and hormone biosynthesis genes, ACO expression was higher in
diluted SDS treatments (96L-SDS 1/10 and 96D-SDS 1/10), whereas AOC showed stronger induction
under full-strength SDS treatments compared to diluted forms. For LOXY, the highest fold change was
observed in 96L-SDS 1/10, followed by 96D-SDS 1/10, while 96D-SDS displayed expression levels
comparable to control treatments at T1. In the case of PR effector genes, PR2 and PR3 remained at
basal levels in control treatments at both time points (TO and T1), whereas full-strength SDS
treatments significantly increased fold change, with 96D-SDS showing particularly strong induction
of PR3. For defense-related transcription factors, ERF'I exhibited higher fold change in diluted SDS
treatments compared to full-strength treatments, while J4Z1 showed the opposite trend, with stronger
induction under full-strength SDS conditions. Finally, phytoalexin-related genes PAL and ST'S showed

basal fold change at TO and in all T1 control treatments; however, PAL was most strongly induced by
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96L-SDS 1/10, whereas STS displayed moderate but consistent induction across all SDS

treatments at T1, indicating a less treatment-dependent response pattern (Figure 19).
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Figure 19. Gene expression analysis in grapevine plants following treatment with (1) sterile distilled
water (untreated control); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM medium;
(4) PYKM diluted 1/10 (medium controls); and SDS collected after 96 h incubation: (5) 96L-SDS;
(6) 96L-SDS 1/10; (7) 96D-SDS; and (8) 96D-SDS 1/10. Relative expression levels of CalS7, HSR,
ACO, AOC, LOX9, ERF1, JAZI, PR2, PR3, PAL, and STS were evaluated at TO (before Plasmopara
viticola inoculation) and T1 (24 h post inoculation). Gene expression levels were quantified by qRT-
PCR and expressed as relative expression values [fold change (2 24€9)]. Error bars represent mean +
standard error (n = 3). One-way analysis of variance (ANOVA) was conducted separately for each
time point (TO and T1), followed by Tukey’s honestly significant difference (HSD) test (a0 = 0.05).
Columns sharing the same letter are not significantly different among treatments within the same time

point.

Table 6. Primer sequences used for gene expression

Typ Genes Gene Forward Primer/Reverse Accession Amplic
e description Primer Sequence number on size
(bp)
Jv60SRP | 60S ribosomal | ATCTACCTCAAGCTCCTAGT | XM_0022705 166
protein L18 C/ 99.3
CAATCTTGTCCTCCTTCCCT
$
5
en
3
§ VvEF 1o Elongation AACCAAAATATCCGGAGTA | XM _ 0022848 150
a.g factor 1-alpha AAAGA/ 88.3/
[ GAACTGGGTGCTTGATAGG GU585871
C
VvGluc/PR Class I beta- TCAATGGCTGCAATGGTGC/ | NM_0012809 155
2 1,3-glucanase / | CGGTCGATGTTGCGAGATT 67.2
Laminarinase TA /DQ267748
3 VvChitdc/ Class IV TCCCCTGTCGAAACACCAA | NM 0012812 91
E PR3 chitinase G/ 44.1
g TCGAATGCGATGGTGGAAA
8
5
)
VvHSR Serine GGGACAGTGCTGGAGGAA | NM 0012811 181
hydrolase-like AC/ 93.1
ATCCAGTCGGTTAATGCCA
AA
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vACC/A 1- AAGGTCAGCAACTACCCTC | XM _0022733 158
co aminocyclopro C/ 943
pane-1- CGCATGGGTGGAACATCAA
carboxylate T
oxidase
v40C allene oxide | TGGGAGTAACAGCGGGGAT | NM_0012809 117
cyclase A/ 71.1
CCTGCACCGATATGTGACC
A
VVERF1 Ethylene CGGTGGTGGCGCTCAAGAG | AM443915.2 91
response factor G/
TCACCCAGAAGAATCAACG
GCTCT
WJAZI Jasmonate GAGAAGGGCACGTTTGGA | XM 0022771 102
ZIM-Domain GA/ 213
protein 1 CATCGTCGTTGTTGTCGCTG
YvCalS7 Callose AGAGGATACGGTGGGTGGA | 0Z353804.1 91
synthase 7 A/
GTTTGCACAGCTTCTCCAC
G
VvNCED- 9-cis- CTCTTGGCCATGTCGGAAG | NM 0012812 101
2 epoxycarotenoi A/ 71
d dioxygenase | CGGAGCTGCTTGTCGAAGT
2 C
VvPAL Phenylalanine | AGAAAATGCGTCCGGTTC/ | XM_0022682 101
ammonia-lyase | TTGGCAAACACTGACGTCT | 20.4/ X75967
C
VvSTS Stilbene AGGAAGCAGCATTGAAGG X76892 / 101
synthase CTC/ NM 0012811
17 /FJ851185
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TGCACCAGGCATTTCTACA
CC

VvLox9 Lipoxygenase | TTCCACCCACCTCGCCTGA | AY159556/ 101

TG/ NM 0012812
GCACCGCACCTGTTTCTTC 49.1/
G XM 0022806
15.1

4.4.4 Lysobacter capsici AZ78 derived self-digestive solution enhances phytoalexin accumulation in

grapevine plants upon challenge with Plasmopara viticola

To evaluate the role of L. capsici AZ78 in enhancing phytoalexin accumulation in grapevine
plants challenged with P. viticola, phytoalexin levels were quantified at three time points: TO (treated
plants without pathogen inoculation), T24 (24 h post-inoculation), and T72 (72 h post-inoculation).
Piceid content (ng/g fresh weight) showed no detectable accumulation at TO across all treatments.
Following pathogen inoculation, piceid levels increased at T24 in SDS-treated plants but declined at
T72, whereas control treatments maintained relatively constant, lower concentrations across all time
points (Figure 20). In contrast, resveratrol levels remained at basal concentrations in control plants
throughout the experiment, while SDS-treated plants exhibited a progressive time-dependent increase,
reaching maximum accumulation at T72. For trans-e-viniferin, SDS-treated plants displayed the
highest accumulation among all treatments, with a marked increase at T24 followed by a further
gradual increase up to T72. Although control plants also showed a slight time-dependent increase in
trans-e-viniferin, their levels were consistently lower than those observed in SDS-treated plants.
Overall, across all phytoalexins examined, control treatments exhibited basal or comparatively lower
accumulation, whereas SDS treatments significantly enhanced phytoalexin production in response to

pathogen challenge, highlighting a priming-like effect of SDS on stilbene biosynthesis (Figure 20).
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Figure 20. Phytoalexin production in grapevine leaves after treatment with self-digestive solutions
(SDS) derived from Lysobacter capsici AZ78. Treatments included: (1) sterile distilled water
(untreated control); (2) copper-based fungicide Coprantol Hi Bio (2 g/L); (3) PYKM medium; and (4)
PYKM diluted 1:10 as medium controls; and SDS collected at 96 h incubation: (5) 96L-SDS; (6) 96L-
SDS diluted 1:10; (7) 96D-SDS; and (8) 96D-SDS diluted 1:10. Phytoalexins piceid, resveratrol, and
trans-g-viniferin were quantified at TO (before Plasmopara viticola inoculation), T24 (24 h after
inoculation), and T72 (72 h after inoculation), and are expressed as pg/g fresh weight (FW). Error
bars are shown as mean + standard error, (n = 5). Columns sharing the same letter are not significantly
different according to Tukey’s honestly significant difference (HSD) test (o = 0.05).

4.5 Discussion

The present study aimed to elucidate the role of secondary metabolites enriched SDS in plant
protection as well as to clarify the mechanisms underlying grapevine protection mediated by SDS
derived from L. capsici AZ78. Members of the genus Lysobacter are well recognized for their rich
antibiotic profiles and ability to produce diverse bioactive secondary metabolites with antagonistic
activity against plant pathogens (Christensen and Cook 1978). Consistent with this, antibiotic profiling
of L. capsici AZ78 previously revealed the production of multiple metabolite classes, including 2,5-
diketopiperazines, cyclic lipodepsipeptides, and PTMs, compounds widely associated with
antimicrobial and anti-oomycete activity (Puopolo et al., 2016; Brescia et al., 2021). Among these
metabolites, PTMs represent a particularly relevant group due to their unique modes of action against
fungal and oomycete pathogens, which differ from those of conventional antifungal compounds (Li
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etal.,2006,2009,2021). PTMs such as heat-stable antifungal factor (HSAF) are commonly associated
with bacterial membranes in Lysobacter spp. and can be released into the extracellular environment
via outer membrane vesicles (OMVs), suggesting an important ecological role in microbe-plant

interactions (Kudryakova et al.,2016; Meers et al., 2018).

In our previous work, both viable and heat-inactivated L. capsici AZ78 cells provided
significant protection against P. viticola in grapevine and Peronospora belbahrii in basil, achieving
efficacy comparable to that of copper-based fungicides. Heat-treated L. capsici AZ78 cells retained
the capacity to induce plant defense responses, including callose deposition and ROS accumulation,
indicating that thermostable PTMs may be involved in plant protection activity. Subsequent extraction
and chemical characterization of metabolites from heat-treated cells led to the identification of two
thermostable PTMs, whose individual application reproduced disease protection and defense

activation, demonstrating their role independently of living bacterial cells.

Building on these findings, the current study investigated the role of L-SDS and D-SDS derived
from L. capsici AZ78 to further elucidate the molecular basis of grapevine plant protection. Earlier
studies have demonstrated that species within the genus Lysobacter actively secrete extracellular
enzymes and bioactive compounds into the surrounding environment (Christensen and Cook 1978).
Moreover, secondary metabolite biosynthesis in bacteria is frequently enhanced during the transition
from exponential to stationary growth phases, particularly under nutrient-limited conditions, while
prolonged cultivation can promote cell lysis and subsequent accumulation of extracellular bioactive

compounds in the culture medium (Tashiro ef al., 2012; Almeida et al., 2017).

In our experiments using SDS derived from L. capsici AZ78 cultures, we observed that
prolonged cultivation in liquid medium resulted in the accumulation of biologically active

extracellular compounds associated with enhanced grapevine protection. Monitoring bacterial growth
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over time showed that L. capsici AZ78 maintained exponential growth up to 96 h, after which a decline
in cell density indicated the onset of autolytic processes. This phase likely promoted the release of
membrane-associated PTMs and other bioactive metabolites into the culture supernatant. This
observation is consistent with previous reports (Chen et al., 2020), which demonstrated that SDS of
L. enzymogenes retains strong antimicrobial activity even after heat treatment and long-term storage

due to extracellular enzymes and thermostable metabolites present in the culture filtrate.

In this regard, our experiments showed that the SDS collected at 96 h exhibited the highest plant
protection efficacy against P. viticola in grapevine plants, outperforming SDS obtained at earlier or
later time points at both full-strength and 1/10 dilution. Growth monitoring confirmed exponential
growth up to 96 h, followed by declining cell density indicative of autolysis. Furthermore, D-SDS
retained strong protective activity, confirming that the active components are heat-stable and
supporting the involvement of thermostable metabolites in plant protection.. However, we observed
that in the full strength SDS treatments, the medium control (PYKM) also showed protective efficacy.
To rule out the involvement of media in plant protection, the treatments were diluted to 1/10 times
and reapplied in another set of grapevine plants. Here we observed that the PYKM 1/10 treatment
showed higher disease severity, whereas the 96 h SDS treatments retained protective ability (8.79 +
2.09% in 96L-SDS 1/10 and 9.93 £ 2.04% in 96Hd-sds 1/10 disease severity) comparable to the
commercial copper-based fungicide (14.81 + 8.37% disease severity). Based on these results,
subsequent analyses were focused on the 96 h time point.. This protection mediated by L. capsici
AZ78 SDS is in line with the results demonstrated in the study by Chen et al. (2020), which exhibited
protection potential against animal and plant-pathogenic fungal and oomycete pathogens. They
detected the presence of several enzymes (phosphatase, protease and lysozyme) in the SDS of L.

enzymogenes LE16. A study on Bacillus subtilis strain HA1 showed that the culture filtrates derived
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from this BCA exhibited significant efficacy as a biocontrol agent against Tobacco mosaic virus in
tomato under greenhouse conditions. Applying the culture filtrate to leaves before and after TMV
inoculation improved plant growth and reduced viral accumulation by up to 91%. The treatment also
improved the plant's defense responses by raising the levels of phenolics and flavonoids, boosting the
activities of antioxidant enzymes (PPO, SOD, and POX), and lowering the levels of oxidative stress
markers (H202 and MDA). Gene expression analysis demonstrated the upregulation of defense-related
genes (PR-1, PAL, CHS, and HQOT), signifying the activation of induced systemic resistance (El-gendi
et al., 2022). These results show that the BCAs can release antimicrobial compounds in their

surrounding environment, which can help combat plant pathogens (Compant et al., 2005).

Beyond direct antimicrobial effects, our results demonstrate that L. capsici AZ78-derived SDS
also modulates grapevine defense responses. Hormonal regulation plays a central role in resistance to
biotrophic pathogens and involves coordinated signalling among SA, JA, and ET pathways (S.
Trouvelot et al., 2008; Walters et al., 2011; Gao et al., 2012). While SA signalling is classically
associated with hypersensitive response (HR) and systemic acquired resistance (SAR), increasing
evidence indicates that JA and ET signalling contribute significantly to resistance against P. viticola,
particularly during early infection stages (Gauthier et al., 2014; Figueiredo et al., 2015). In this study,
SDS treatment alone did not induce detectable defense gene expression prior to pathogen inoculation
(TO), whereas strong transcriptional activation occurred following P. viticola challenge (T1). This
pattern indicates that L. capsici AZ78-derived metabolites function primarily through immune
priming rather than constitutive activation of defense responses.. Priming enables plants to
maintain a sensitized physiological state that allows faster and stronger defense activation upon

pathogen attack (Thomma et al., 2001; Mian et al., 2023; Verhagen et al., 2010). The absence of basal
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induction in SDS treated grapevine plants before P. viticola inoculation strongly supports this

mechanism.

The transcriptional responses observed encompassed structural defense genes (CalS7, HSR),
hormone biosynthesis and signalling genes (4CO, LOXY, AOC), transcription factors (ERF1, JAZI),
pathogenesis-related proteins (PR2, PR3), and secondary metabolism markers (PAL, ST5S),
collectively indicating activation of a multilayered immune response in grapevine following treatment

and pathogen challenge.

Structural defense mechanisms represent the earliest barriers restricting pathogen establishment.
The strong induction of CalS7 in SDS treated plants after P. viticola inoculation correlates with callose
deposition, a well-established defense response that reinforces cell walls and limits pathogen
penetration at stomatal entry sites (Brown et al., 1998; Gomez-Gomez et al., 1999; Yang et al.,
2015b). This transcriptional activation is consistent with our previous observations showing callose
accumulation induced by L. capsici AZ78 viable and heat-treated cells and purified PTMs even at low
concentrations (2.5 mg/L), suggesting that these metabolites prime physical defense barriers prior to
infection. In this study, we also observed that D-SDS was able to induce the expression of CalS7,
similar to L-SDS,, underlining the role of thermostable metabolites in gene regulation in infected
plants. Similarly, increased HSR expression indicates activation of HR associated processes, including
localized programmed cell death and ROS production, both commonly linked to resistance against P.
viticola and restriction of biotrophic pathogen spread (Xing et al., 1997; Kawasaki et al., 1999). In
our experiments we observed elevated HSR expression in D-SDS-treated plants, whereas it was
lower in L-SDS-treated plants. Notably, comparable activation of HR related mechanisms has been
reported in resistant grapevine cultivars during incompatible interactions with P. viticola, where rapid

ROS accumulation and localized cell death contribute to the effective limitation of pathogen
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colonization (Gauthier et al., 2014; Figueiredo et al., 2015). This result is also in accordance with our
previous studies where we observed that L. capsici AZ78 cells (viable and heat-treated) ROS
production in response to infection by P. viticola and P. belbahrii in grapevine and basil leaf discs,

respectively.

Hormone-mediated defense pathways play a central role in grapevine responses to P. viticola,
with ET and JA pathways being particularly critical. The SDS treatments derived from L. capsici
AZ78 strongly induced key genes involved in these pathways. ACO encodes a rate-limiting enzyme
in ethylene biosynthesis, catalysing the conversion of ACC to ethylene, and its upregulation following
pathogen inoculation indicates that SDS primes plants for enhanced ET production, a hormonal signal
essential for activating defense-related transcription factors and downstream defense genes
(Glazebrook, 2005; Yang and Hoffman, 1984). Additionally, genes involved in JA biosynthesis,
including 40C and LOX9 were also strongly upregulated. 4OC mediates the formation of 12-
oxophytodienoic acid (OPDA), a critical intermediate in JA biosynthesis, while LOX9 catalyses the
oxidation of polyunsaturated fatty acids, providing substrates for JA production (Dave and Graham,
2012; Park et al., 2010). This coordinated activation of LOX9 and AOC indicates that SDS primes JA
synthesis, enabling rapid JA accumulation upon pathogen challenge. The induction of JAZI, a
transcriptional repressor of JA-responsive genes, reflects the dynamic regulation of the JA pathway,
where pathogen-triggered degradation of pre-existing JAZ proteins releases JA-responsive
transcription factors such as MYC?2, followed by de novo J4Z synthesis to fine-tune defense responses
(Tripathi et al., 2018). Notably, similar patterns of 4CO, AOC, and LOXY induction have been
observed in resistant grapevine cultivars during P. viticola infection, supporting the role of
coordinated JA and ET signalling in effective disease resistance (Gauthier et al., 2014; Figueiredo et

al.,2015; Polesani et al., 2010). The upregulation of these genes in SDS-treated plants after pathogen
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inoculation demonstrates that L. capsici AZ78 metabolites prime grapevine for enhanced JA- and ET-

mediated defense, contributing to a robust, multi-layered immune response.

Simultaneously, the ERFI gene encodes an ethylene response factor that integrates multiple
hormonal signals, particularly ET, JA, SA to orchestrate defense responses. In our study, SDS-treated
grapevine plants exhibited strong ERF/ induction in 1/10 diluted SDS treatments. ERFI acts as a
central regulatory node that activates downstream defense genes, including PR proteins, and
modulates JA/ET-responsive pathways, thereby coordinating transcriptional reprogramming during
pathogen attack (Miiller and Munné-bosch, 2015; Dong et al., 2015; C. Xing et al., 2023; Xing et al.,

2017).

Downstream of hormone signalling and transcriptional regulation, PR2 (B-1,3-glucanase) and
PR3 (chitinase) proteins constitute critical components of grapevine defense against P. viticola. In
SDS-treated plants, PR2 expression was strongly induced in both L-SDS- and D-SDS-treated plants,
whereas PR3 was strongly induced only in D-SDS treated plants after pathogen inoculation, consistent
with the concept of priming. These enzymes degrade pathogen cell walls, with PR2 targeting -1,3-
glucans and PR3 hydrolysing chitin, thereby limiting pathogen colonization and spread (Adams, 2004;
Singh and Singh, 2018). Their activation also contributes to SAR, which is largely SA-dependent, and
reflects hormonal crosstalk. Importantly, the induction pattern observed in SDS-treated plants
parallels that reported in resistant grapevine cultivars challenged with P. viticola, further supporting
the role of PR2 and PR3 in effective biotrophic pathogen restriction (Giannakis et al., 1998; Polesani
et al., 2010). The basal expression of these genes in untreated or copper-treated plants, including
media controls, confirms that their upregulation in SDS-treated plants is specifically associated with

pathogen-activated priming by L. capsici AZ78 SDS. Furthermore, the upregulation of all these genes
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in D-SDS as well as D-SDS 1/10 treatments suggests the involvement of thermostable metabolites

released by L. capsici AZ78 into the SDS.

Activation of secondary metabolism represents a crucial downstream component of grapevine
defense against P. viticola, particularly through the phenylpropanoid and stilbene biosynthetic
pathways. In the present study, SDS treatments derived from L. capsici AZ78 significantly induced
the expression of PAL and STS following pathogen inoculation, indicating activation of phytoalexin-
associated defense responses. PAL catalyses the first committed step of the phenylpropanoid pathway,
linking primary metabolism to the biosynthesis of diverse defense-related compounds, including
phenolics, lignin precursors, and salicylic acid, all of which contribute to reinforcement of plant
immunity (Saigne-Soulard ef al., 2015). Downstream of PAL activity, STS catalyses the formation of
resveratrol (trans-3,5,4'-trihydroxystilbene), a key grapevine phytoalexin synthesized in response to
biotic and abiotic stresses (Favaron et al., 2009). Increased expression of PAL and STS in SDS-treated
plants corresponded with enhanced accumulation of stilbenes, including piceid and trans-e-viniferin,
compounds widely recognized for their antimicrobial activity against oomycete pathogens (Hain et
al., 1993; Khattab et al., 2021; Marti et al., 2014; Latruffe and Vervandier-Fasseur, 2018). Stilbene
accumulation is a hallmark of resistant grapevine cultivars, which typically produce higher
concentrations of resveratrol derivatives and viniferins compared with susceptible genotypes (Alonso-
villaverde ef al., 2011). Similar activation of PAL and STS pathways has been reported in resistant
grapevine interactions with pathogens such as Botrytis cinerea and following application of
resistance-inducing compounds, further supporting the association between stilbene accumulation and
disease resistance (Tziros et al., 2022). In our experiments, we observed that SDS treatments enhanced
gene upregulation and led to significant accumulation of phytoalexins following P. viticola

inoculation. Analysis of phytoalexins by UPHLC revealed elevated levels of piceid, resveratrol and
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its dimer, trans-g-viniferin, in SDS-treated plants. The accumulation pattern was particularly notable
over time, with resveratrol and trans-g-viniferin levels increasing progressively after pathogen
challenge, demonstrating that SDS primes the grapevine for an amplified secondary metabolite
response upon infection, which progresses overtime. Importantly, this effect was observed with both
full-strength and diluted SDS treatments, although full-strength SDS generally induced higher
phytoalexin accumulation. These findings align with previous reports in resistant grapevine cultivars,
which similarly produce elevated levels of resveratrol derivatives and viniferins in response to biotic
stress, reinforcing their role as biochemical barriers to pathogen establishment (Mijailovic et al.,

2022).

Taken together, these results demonstrate that SDS derived from L. capsici AZ78 provides
grapevine protection through a combination of direct antimicrobial activity and indirect priming of
host defense and phytoalexin accumulation. The SDS contains antimicrobial and thermostable
bioactive metabolites capable of both restricting P. viticola growth and enhancing grapevine immune
responses upon pathogen challenge, thereby exhibiting dual mode of action against the pathogen.
Importantly, the enhanced phytoalexin accumulation observed over time reflects a sustained and
pathogen-responsive chemical barrier, complementing the transcriptional activation of defense genes.
These defense responses were observed only after pathogen inoculation, confirming the priming effect
of SDS. Overall, the findings underscore the relevance of SDS as a biologically active formulation,
even in its heat-treated and diluted state capable of integrating pathogen suppression, phytoalexin-

mediated chemical defense, and host immune activation.

4.6 Conclusions

This study provides the first comprehensive evidence that SDS derived from L. capsici AZ78

(L-SDS and D-SDS) functions as an effective biocontrol strategy against P. viticola by combining
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direct antimicrobial effects with induced systemic resistance in grapevine. The SDS was found to be
active in its heat-inactivated sate as well as in its diluted form against P. viticola. Our findings
demonstrate that thermostable metabolites released during bacterial autolysis not only suppress
pathogen growth but also prime multiple layers of host immunity, including structural defense,
hormone signalling, PR protein activation, and the accumulation of phytoalexins such as piceid,
resveratrol and trans-e-vaneferin. Notably, these results are consistent with our previous work
showing that both viable and heat-inactivated L. capsici AZ78 cells, as well as purified PTMs, could
trigger callose deposition, ROS accumulation, and disease protection, supporting the role of
membrane-associated thermostable PTMs in plant defense. The ability of SDS to enhance phytoalexin
production upon pathogen challenge highlights its role in reinforcing chemical barriers critical for
disease resistance. By elucidating the molecular, biochemical, and metabolite-based mechanisms
underlying SDS-mediated protection, this work emphasizes the potential of L. capsici AZ78 derived
SDS as a sustainable and multifunctional alternative to chemical fungicides and provides new insights

into the mode of action underlying its role as a biocontrol agent.
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CHAPTER 5

SOIL SUPPRESSION OF PYTHIUM ULTIMUM BY LYSOBACTER CAPSICI AZ78: CONTRIBUTIONS OF
ORGANIC AMENDMENTS, BACTERIAL CELLS, VOLATILE-MEDIATED ACTIVITY, AND SOIL

MICROBIOME MODULATION

Abstract

Soil-borne oomycete plant pathogens represent a major constraint to agricultural productivity due to
their persistence in soil and the severe crop losses they cause. Among them, Pythium ultimum, the
causal agent of damping-off disease in a wide range of hosts, is particularly difficult to manage
because of its high infectivity and ability to survive under diverse soil conditions. In this study, we
evaluated the biocontrol potential of Lysobacter capsici AZ78 against P. ultimum under soil
conditions using tomato as a host plant. Specifically, we investigated the relative contributions of
bacterial cells and bacterial volatiles to pathogen suppression through the modulation of soil
properties. Both L. capsici AZ78 cells and their volatiles significantly altered soil pH and ammonia
concentration, generating conditions unfavourable for pathogen development. Volatilome analysis
revealed the production of multiple antimicrobial volatile organic compounds, such as mono-alkyl
and di-alkyl methylpyrazines which have been previously reported to inhibit P. ultimum and other
soil-borne pathogens. Greenhouse experiments demonstrated that both L. capsici AZ78 cells and
volatiles effectively suppressed disease and increased tomato seed germination, indicating plant
growth-promoting effects in addition to biocontrol activity. The application of nutrient-rich organic
amendments further enhanced these beneficial effects. Shotgun metagenomic analysis revealed that
L. capsici AZT8 treatments differentially reshaped soil microbial communities, particularly when

combined with hoof meal amendment, which resulted in the highest seed germination and disease
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suppression. Microbiome shifts were associated with enrichment of taxa linked to disease suppression
and nitrogen cycling. Functional metagenomics further showed that L. capsici AZ78 treatments
restructured soil nitrogen metabolism by promoting microbial nitrogen assimilation via the glutamine
synthase-glutamate synthase (GS-GOGAT) pathway and enhancing dissimilatory nitrate reduction,
leading to increased ammonium availability and elevated soil pH, while nitrification remained a minor
pathway. Collectively, these findings demonstrate that L. capsici AZ78 suppresses P. ultimum through
an integrated mechanism involving bacterial cells, volatile-mediated soil modification, microbiome
restructuring, and nitrogen-cycle-driven changes in soil properties. This study provides new
mechanistic insight into how L. capsici AZ78 and organic amendments interact to create disease-
suppressive soils, highlighting it as a promising strategy for sustainable management of soil-borne

oomycete plant pathogens.

Keywords: Lysobacter capsici AZ78, Pythium ultimum, organic amendments, volatile organic

compounds, soil microbiome, nitrogen cycling.
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5.1 Introduction

Soil-borne fungal and oomycete plant pathogens represent some of the most destructive threats
to global crop production and food security (Kamoun et al., 2015). Their persistence in soil
ecosystems and their ability to produce long-lived survival structures, such as spores and sclerotia,
enable recurrent infections and make their management particularly challenging (Ruano-Rosa and
Mercado-Blanco, 2015). Among these pathogens, species belonging to the genus Pythium affect a
wide range of crop, pasture, and orchard plants due to their broad host range. Pythium ultimum is
especially notorious for causing damping-off diseases, leading to severe yield losses by killing
seedlings before or shortly after emergence (Hendrix and Campbell., 1973). Conventional
management strategies rely largely on chemical fungicides, crop rotation, and resistant cultivars;
however, these approaches often provide only partial or temporary control and raise serious concerns
related to environmental sustainability, human health, and the emergence of pathogen resistance

(Parry et al., 1995; Nguyen et al., 2016).

Given the challenges, increasing attention has been given to understanding the functional roles
of beneficial microbes in soil microbial interactions and the suppression of soil-borne pathogens.
Among the known beneficial microbes, biological control agents (BCAs) and plant growth-promoting
rhizobacteria (PGPR) represent a diverse group of microorganisms capable of inhibiting or
suppressing soil-borne pathogens and protecting host plants (Morra et al., 2010; Hakim et al., 2021;
Callaghan 2016). Many beneficial microbes exhibit overlapping functions, acting simultaneously as
BCAs and PGPRs, often working synergistically by deploying a complex array of mechanisms to
counter pathogen invasion (Sheoran et al., 2025). They can compete with plant pathogens in the soil

for resources and space as well as inhibit their growth through direct antagonism (Algahtani, 2025).
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In addition, they can produce a variety of antimicrobial substances, including lipopeptides,
biosurfactants, enzymes, and volatile organic compounds (VOCs), as well as induce resistance
mechanisms in host plants which contributes to pathogen suppression (Caulier et al., 2019; Gao et al.,

2021; Compant et al., 2005).

Among the antimicrobial compounds, VOCs have garnered significant attention due to their low
molecular weight (<300 Da), which allows them to diffuse over longer distances in soil
microenvironments (Chuankun et al., 2004). Numerous studies have demonstrated that bacterial
VOC:s can inhibit the growth of soil-borne pathogens, while simultaneously promoting plant defense
and growth (Syed-ab-rahman et al., 2019; Costa Almeida et al., 2023; Avila-Oviedo e al., 2024).
VOCs produced by microbes belong to diverse chemical classes, including alcohols (1-butanol, 3-
methyl-1-butanol), ketones (2-nonanone, 2-heptanone), pyrazines (2,5-dimethylpyrazine, 2-
methylpyrazine), and sulphur-containing compounds (dimethyl disulfide), which have been reported
to inhibit soil-borne pathogens under in vitro and in vivo conditions (Giorgio et al., 2015; Hassan et
al., 2019; Munjal et al., 2016; Song et al., 2022; Stocki et al., 2025; Wang et al., 2022a; Guevara-

avendafo et al., 2019; Montejano-ram et al., 2024; Yin et al., 2021).

Within this context, members of the genus Lysobacter have emerged as particularly promising
BCAs because of their multifaceted antagonistic strategies. These bacteria are frequently associated
with disease-suppressive soils, and their abundance is negatively correlated with the incidence of
several soil-borne pathogens, including fungi, oomycetes, nematodes, and bacteria (Exposito et al.,
2015; Castillo et al., 2017; do Régo Barros et al., 2022; Postma et al., 2010a; Rosenzweig et al.,
2012). Lysobacter spp. exhibit a broad arsenal of antagonistic traits, including competition for

nutrients and space, microbial predation, induction of plant defense responses, and the production of
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bioactive secondary metabolites, lytic enzymes, and VOCs (Brescia et al., 2021; Nakayama et al.,

1999; Palumbo et al., 2003; Puopolo et al., 2014a, b; Zhang and Yuen 2000; Puopolo et al., 2010).

Although the production of non-volatile antimicrobial metabolites by Lysobacter spp. has been
extensively investigated, the ecological relevance and biocontrol function of VOCs emitted by this
genus remain largely unexplored. A comprehensive study addressed this gap by characterizing the
VOCs profile of four Lysobacter type strains (L. antibioticus, L. capsici, L. enzymogenes and L.
gummosus) grown on media differing in nutrient composition. This work demonstrated that VOCs
production is strongly influenced by substrate availability, with protein-rich media stimulating the
emission of antimicrobial compounds, particularly pyrazines, pyridine derivatives, pyrrole, alcohols,
and aldehydes. These VOC blends showed marked inhibitory activity against Phytophthora infestans
(Lazazzara et al., 2017). Building on these observations, Lysobacter capsici AZ78 (AZ78), a strain
with established rhizosphere competence and production of antimicrobial metabolites (Puopolo et al.,
2016), has been studied for VOC-mediated pathogen suppression. Subsequent studies demonstrated
that in vitro split-Petri dish assays of AZ78 VOCs completely inhibited the growth of Pythium ultimum
and Sclerotinia minor and strongly reduced the growth of Rhizoctonia solani. Chemical analysis
identified pyrazines as the dominant class of VOCs, together with alcohols such as 3-methyl-butanol
and 2-ethyl-1-hexanol, which are known for their antifungal and anti-oomycete properties. Among
the VOCs produced by AZ78, 2,5-dimethylpyrazine, 2-ethyl-3-methoxypyrazine, and 2-isopropyl-3-
methoxypyrazine accumulated on the growth medium and were confirmed to inhibit the growth of P.
ultimum when tested as synthetic compounds. These results provided the first direct evidence that
AZ78 can suppress P. ultimum via volatile-mediated mechanisms under controlled in vitro conditions

(Vlassi et al., 2020a)
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Recent studies have also demonstrated that AZ78 produces ammonia, an inorganic volatile
that can exert antimicrobial effects either directly or indirectly by altering the environmental pH
(Vlassi et al., 2020b). Ammonia-induced alkalisation has been shown to inhibit the growth of several
soil-borne pathogens, as many fungi and oomycetes prefer mildly acidic conditions (Eno et al., 1955;
Omar and Ismail 1999). Ammonia contributes to soil fungistasis, a phenomenon in which the
germination and growth of fungal and oomycete propagules is strongly inhibited in soil (Howell et
al., 1988). Importantly, ammonia production by AZ78 is influenced by nutrient availability,
suggesting that environmental conditions and substrate composition may strongly affect its biocontrol
efficacy. Similar ammonia-based suppression mechanisms have been reported for other soil-borne
pathogens. For instacne, Zhao et al. (2017a) showed that Fusarium can be suppressed in the soil by
the application of ammonia gas, reducing the disease and abundance of fungal communities in the
soil. In another study they found that the application of ammonium carbonate, which releases

ammonia was able to control Fusarium pathogen causing the wilt diseases (Sun et al., 2015).

In parallel, organic amendments (OAs) have long been recognised as key drivers of soil health
and disease suppressiveness. OAs have been used in agriculture for more than 2000 years and are
known to play multiple roles, including improving overall soil health, suppressing soil-borne
pathogens, enhancing plant disease resistance, and promoting plant growth (Janvier et al., 2007,
Lazarovits 2010; Goss et al., 2013). The suppressive effects of OAs arise from a combination of
chemical, physical, and biological changes induced in the soil environment (Naghman et al., 2023).
The suppression of soil-borne plant pathogens by OAs is largely attributed to the release of ammonia
during microbial degradation of these materials (Lazarovits and Lazarovits, 2010). During
decomposition, soil microorganisms mineralize organic nitrogen; nitrogen present in excess of

microbial demand is released as ammonium (NH4"), which leads to an increase in soil pH, making the
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soil environment less suitable for fungal and oomycete soil-borne plant pathogens (Angelova et al.,
2013; Naghman et al., 2023; Diacono et al., 2020). Beyond ammonia-mediated effects, OAs suppress
pathogens by stimulating antagonistic microbial populations and altering the ecological niches (Tamm
etal.,2010; Jaiswal et al., 2017). A study by Siegel-hertz et al. (2018) demonstrated that the resident
soil microbiota can be deliberately manipulated through OA application to convert the soil into
disease-suppressive systems. Therefore, OAs act by altering soil physical, chemical, and biological

properties, making them more effective for sustainable crop management (Zhao et al., 2009). .

Importantly, several studies have shown that OAs selectively promote the proliferation of
Lysobacter spp., thereby enhancing soil suppressiveness against soil-borne pathogens. A study by
Postma and Schilder (2015) showed that the application of OAs increased Lysobacter populations,
resulting in enhanced suppression of R. solani. Similarly, Wang et al. (2020) reported that the
application of spent mushroom substrate reduced Fusarium incidence, coinciding with an increased
abundance of Lysobacter spp. alongside other beneficial microorganisms. Further evidence suggests
that amendment-driven enrichment of Lysobacter spp. is closely linked to nitrogen cycling and
biocontrol stimulation. Ma et al. (2025) demonstrated that OAs promoted the recruitment of nitrogen-
mineralizing bacteria, including Lysobacter spp., leading to elevated ammonium levels and enhanced
pathogen suppression. Likewise, Lin et al. (2023) showed that the incorporation of OAs significantly
increased Lysobacter abundance in the rhizosphere, resulting in reduced populations of Ralstonia
solanacearum, an effect attributed to the production of bioactive compounds by Lysobacter spp. These
findings indicate that OAs not only modify soil physicochemical properties but also reshape the soil

microbiome in ways that favour the recruitment of antagonistic bacteria

5.2 Aim of the work
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Despite substantial evidence demonstrating the antagonistic potential of Lysobacter spp., studies
performed with AZ78 to date have primarily been conducted under in vitro conditions. In particular,
although AZ78 has been shown to produce a wide array of VOCs with activity against soilborne
pathogens, its biocontrol efficacy and underlying mechanisms of action in soil environments remain
poorly understood. There is a noticeable gap in the literature between the in vitro studies and soil
conditions. Therefore, the objective of this study was to bridge this gap by linking in vitro observations
with in vivo soil-based biocontrol activity. We investigated both the effects of AZ78 cells and volatiles
against Pythium ultimum in soil under greenhouse conditions, focusing on pathogen suppression
mediated by bacterial cells, volatile emissions, soil pH modulation, and the reshaping of the soil
microbial community. In addition, protein-rich OAs were evaluated for their capacity to enhance
AZ78-mediated disease suppression. By integrating physiological, chemical and omics technologies,
this study provides a comprehensive assessment of the mechanisms through which AZ78 contributes
to soilborne disease suppression and advances its potential application under realistic agricultural

conditions.

5.3 Material and methods

5.3.1 Maintenance of microorganism

AZ78 was routinely preserved in 40% glycerol stocks at -80 °C. For experimental use, the strain
was cultured on Nutrient Agar (NA) in 90 mm Petri dishes (Sarstedt, Niimbrecht, Germany, or VWR
International, Leuven, Belgium) and incubated for 48 hours at 27 °C. To prepare bacterial suspensions,
each Petri dish was flooded with 5 mL of sterile distilled water, and the bacterial cells were gently
scraped off using sterile L-shaped spatulas. The resulting cell suspension was homogenized in sterile
distilled water. The optical density (OD) at 600 nm was adjusted to 0.1 using a spectrophotometer

(UV-2450, Shimadzu, Kyoto, Japan), corresponding to approximately 1 x 10® Colony Forming Unit
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(CFU)/mL using a spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan) (Puopolo et al., 2014b).
A portion of the obtained solution was further diluted to achieve a final concentration of 1 x 10¢
CFU/mL. The concentration of AZ78 cells used in each experiment is specified in the corresponding

subsection.

5.3.2 Preparation of Pythium ultimum inoculum

P. ultimum from the in-house culture collection of Fondazione Edmund Mach was routinely
grown on potato dextrose agar (PDA, Oxoid) in 90 mm Petri dishes at 25 °C in the dark for 48 h.
Pathogen inoculum was prepared according to the procedure of Pane et al. (2011) with some
modifications. Briefly, common millet seeds were placed in a 50 mL conical flask, containing 20 mL
of potato dextrose broth (PDB; 1/10 w/w) and 24 g of millet seeds. The contents were autoclaved
twice at 121°C for 20 min. The autoclaved millets were infested with a plug of 48 h old P. ultimum
mycelium grown on PDA and incubated under dark conditions at 20 °C for 21 days. The resulting
pathogen-millet inoculum was air dried for 3 days and then ground into a fine powder using a clean
mortar and pestle. The freshly prepared pathogen inoculum was always used at a concentration of

0.3% w/w 1n soil.

5.3.3 Evaluation of the antagonistic effect of Lysobacter capsici 4278 against Pythium ultimum in

soil

5.3.3.1 Experiment I: assessing the effect of Lysobacter capsici AZ78 cells application against

Pythium ultimum

To investigate the long-term effects of AZ78 cell application in soil and its role in suppressing
P. ultimum, a prolonged soil incubation experiment was conducted. Briefly, 40 g of soil were

transferred into sterile 50 mL centrifuge tubes and inoculated with an AZ78 cell suspension adjusted
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to 1 X 10° CFU/mL at a rate of 1 mL per 15 g of soil and mixed thoroughly. Uninoculated soil samples
served as controls. The tubes were then sealed with parafilm, perforated to allow aeration, and

incubated at 27 °C for 21 days. Each treatment consisted of five replicates.

After 21 days, freshly prepared P. ultimum inoculum was incorporated into the treated soil
samples and mixed thoroughly. Soil samples that did not receive the pathogen inoculum were included
as corresponding controls. The following treatments were established: (1) soil (S); (2) soil + AZ78

(SB); (3) soil + P. ultimum (S+P); and (4) soil + AZ78 + P. ultimum (SB+P).

Following this, the soil from each treatment was transferred into pots (7 x 7 x 8 cm) with
perforated bases to allow excess water drainage. Each pot was sown with five surface-sterilized tomato
seeds (Solanum lycopersicum cv. Moneymaker), sterilized using 2% (v/v) sodium hypochlorite for
one minute and rinsed three times with sterile distilled water. Each treatment consisted of five
biological replicates. For each biological replicate, three technical replicates were included. The

experiment was repeated.

The experimental units were arranged in a randomized block design and incubated in a
controlled greenhouse under the following conditions: 25+ 1 °C, 70 = 10% RH, and a 16/8 h light/dark
photoperiod. Seed germination was assessed 21 days after sowing and expressed as a percentage using

the following formula:

Number of germinated seedlings

Germination (%) = ( ) x 100

Total number of seeds sown

5.3.3.2 Experiment II: assessing the effect of exposure to Lysobacter capsici AZ78 volatiles against

Pythium ultimum
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The indirect effects of volatile compounds emitted by AZ78 were evaluated using an in vitro
soil exposure system prior to greenhouse experimentation. Soil samples were exposed to AZ78

volatiles emitted from NA cultures without direct physical contact between the bacteria and the soil.

AZ78 cultures were prepared by inoculating 100 pL of a bacterial suspension (1 x 108 CFU/mL) onto
sterile NA Petri dishes. The inoculum was spread evenly using sterile loops and allowed to air-dry
under a laminar flow hood. Once dried, the Petri dishes were sealed with parafilm and perforated to

allow aeration. Uninoculated NA Petri dishes were used as controls.

For soil preparation, 40 g of soil were weighed and transferred into an arable cloth pouch,
which was later sealed. An exposure unit was designed for each treatment which consisted of a sterile
1.5 L airtight container in which two NA Petri dishes were stacked horizontally above each other and
separated by a sterilized metallic mesh to prevent direct contact. A second metallic mesh was placed
above the upper Petri dish, and the soil pouch was positioned on top of this mesh, ensuring that no
direct contact occurred between the soil and the Petri dishes. The container was then sealed tightly to

prevent volatile loss.

The containers were incubated at 27 °C for 21 days. To maintain bacterial viability and ensure
continuous volatile emission, the NA Petri dishes were replaced every seven days with freshly
inoculated Petri dishes throughout the incubation period. Two treatments were applied during the
volatile exposure phase, which included NA only and NA inoculated with AZ78. Each treatment

consisted of five replicates.

After 21 days of exposure, the soil exposed to each type of treatment was collected and divided
into two portions. One portion was amended with P. ultimum inoculum, while the other portion

remained pathogen free. The soils were mixed thoroughly, and the soil from each treatment was
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transferred into sterile pots (7 % 7 x 8 cm) with perforated bases. Five tomato seeds were sown in each
pot, and the experimental units were arranged under controlled greenhouse conditions as described in

Section 5.3.3.1. Seed germination was assessed and expressed as a percentage as described above.

The resulting treatments were: (1) soil exposed to NA (SV); (2) soil exposed to NA inoculated with
AZ78 (SBV); (3) soil exposed to NA + P. ultimum (SV+P); and (4) soil exposed to NA inoculated
with AZ78 + P. ultimum (SBV+P). Each treatment included five biological and three technical

replicates, and the experiment was repeated.

5.3.4 Assessing the effects of organic amendments on enhancing the antagonistic effect of Lysobacter

capsici AZ78 against Pythium ultimum in soil

5.3.4.1 Organic amendments

The OAs we used in our experiments were as follows: fish meal, feather meal and hoof meal
(Plagron, Netherlands). The soil was amended with these OAs at a concentration of 0.3% (w/w) unless
stated otherwise. The same concentration was used in NA Petri dishes for the preparation of AZ78

cultures used for volatile emission assays.

5.3.4.2 Experiment III: Experimental setup for assessing the effect of Lysobacter capsici AZ78 cells

against Pythium ultimum in soil with organic amendments

This experiment (experiment III) was conducted following the same soil incubation, P.
ultimum inoculation, and plant germination assays following the procedures described in Section

5.3.3.1, with the inclusion of OAs as additional experimental treatments.

Briefly, soil samples were initially amended with fish meal, feather meal, or hoof meal and

inoculated with AZ78 cells (1 x 10° CFU/mL). Unamended and uninoculated soils served as
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respective controls for each type of treatment. After a 21 days incubation period at 27 °C under aerobic

conditions, P. ultimum was added to the soil samples, where applicable. Soil samples without

pathogen addition were included as corresponding controls (Table 7).

Subsequent soil handling, tomato seed sowing and germination assay were identical to those

described for Experiment I in the section 5.3.3.1. The treatments were as follows. Each treatment had

five biological and three technical replicates, respectively and the experiment was repeated.

Table 7. Treatments used in Experiment I11

Organic AZ78 | P. ultimum | Treatment name

amendment in soil

Treatment code

— - Soil S
+ — Soil + AZ78* SB
None - + Soil + P. ultimum SP
+ + Soil + AZ78 + P. ultimum SBP
— — Soil + fish meal SFi
+ — Soil + fish meal + AZ78 SFiB
Fish meal - + Soil + fish meal + P. ultimum | SFiP
+ + Soil + fish meal + AZ78 + P. | SFiBP
ultimum
— - Soil + feather meal SFe
+ - Soil + feather meal + AZ78 SFeB
Feather meal - + Soil + feather meal + P | SFeP
ultimum
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+ + Soil + feather meal + AZ78 + | SFeBP
P ultimum
- — Soil + hoof meal SH
+ — Soil + hoof meal + AZ78 SHB
Hoof meal — + Soil + hoof meal + P. ultimum | SHP
+ + Soil + hoof meal + AZ78 + P. | SHBP
ultimum

AZ78: Lysobacter capsici AZ78

5.3.4.3 Experiment IV: Experimental setup for assessing the effect of Lysobacter capsici AZ78

volatiles against Pythium ultimum in soil with organic amendments

In this experiment IV, the effects of volatile compounds produced by AZ78 in the presence of
OAs were assessed using the same in vitro soil exposure system described in Section 5.3.3.2, with the
inclusion of organic nitrogen amendments in the growth medium on which AZ78 was grown as

additional experimental treatments.

Briefly, NA Petri dishes were prepared either without amendment or amended with fish meal,
feather meal, or hoof meal. All media components were autoclaved prior to plating. Petri dishes were
either inoculated with AZ78 (100 uL, 1 x 108 CFU/mL) or left uninoculated as controls. The soil
exposure setup and assembly were identical to those described in Section 5.3.3.2. Experimental units
were incubated at 27 °C for 21 days, however, the NA Petri dishes corresponding to each treatment
were replaced every seven days with freshly inoculated Petri dishes. Treatments during the volatile
exposure phase included NA alone or NA amended with OAs, each with or without AZ78 inoculation

(Table 8).
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After 21 days of volatile exposure, soils were collected and divided into two portions. One
portion was inoculated with P. ultimum, while the other remained pathogen-free. Subsequent soil
handling, tomato seed sowing, greenhouse conditions, and germination assessment were conducted
as described in Section 5.3.3.2. Each treatment had five biological and three technical replicates and
the experiment was repeated.

Table 8. Treatments used in Experiment IV

Organic AZ78 | P ultimum Treatment name Treatment
amendment code
in NA
— — Soil exposed to NA* SV
+ — Soil exposed to NA + AZ78* SBV
None — + Soil exposed to NA + P. ultimum | SV+P
+ + Soil exposed to NA + AZ78 + P. | SBV+P
ultimum

— — Soil exposed to NA + fish meal | SFiV

+ — Soil exposed to NA + fish meal | SFiBV
+AZ78
Fish meal —~ + Soil exposed to NA + fish meal | SFiV+P

+ P ultimum

+ + Soil exposed to NA + fish meal | SFiBV+P

+AZ78 + P ultimum

— — Soil exposed to NA + feather | SFeV

meal
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+ — Soil exposed to NA + feather | SFeBV

Feather meal meal + AZ78

— + Soil exposed to NA + feather | SFeV+P

meal + P, ultimum

+ + Soil exposed to NA + feather | SFeBV+P

meal + AZ78 + P ultimum

— — Soil exposed to NA + hoof meal | SHV

+ — Soil exposed to NA + hoof meal | SHBV
+AZ78
Hoof meal —~ + Soil exposed to NA + hoof meal | SHV+P

+ P ultimum

+ + Soil exposed to NA + hoof meal | SHBV+P

+AZ78 + P ultimum

NA: nutrient agar; AZ78: Lysobacter capsici AZ78

5.3.5 Soil physiochemical analysis

5.3.5.1 Measurement of soil pH

Soil pH was measured using a calibrated pH meter by gently stirring the soil slurry for
approximately 10 s, and values were recorded to the nearest 0.01 pH unit. The pH electrode was rinsed
with deionized water between measurements to prevent cross-contamination (Robertson and

VanderWulp., 2023).
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Soil pH was measured in soil samples collected from Experiments I-IV described above. In
Experiments I and II, soil samples were collected prior to pathogen inoculation at four time points:
day 1, day 7, day 14, and day 21. At each sampling time point, 5 g of soil was transferred into sterile
15 mL centrifuge tubes, and sterile deionized water was added at a soil-to-water ratio of 1:2 (w/v).
The suspensions were briefly vortexed to ensure homogenization and allowed to equilibrate at room
temperature for 30 min with the tube caps closed. In Experiment I, soil pH was measured for the

following treatments: (1) S and (2) SB. In Experiment II, the treatments included: (1) SV and (2) SBV.

Soil pH in samples obtained from Experiments III and IV was determined using the same
procedures described above. In both experiments, soil samples were collected on day 1 and day 21
prior to pathogen inoculation, and analyses were performed following identical extraction protocols,
equilibration conditions, and measurement procedures. Each treatment consisted of five biological
replicates, and the experiments were independently repeated. The treatments analysed in Experiment
III included: (1) S; (2) SFi; (3) SFe; (4) SH; (5) SB; (6) SFiB; (7) SFeB; and (8) SHB. In Experiment
IV, the treatments included: (1) SV; (2) SFiV; (3) SFeV; (4) SHV; (5) SBV; (6) SFiBV; (7) SFeBV;

and (8) SHBV.

5.3.5.2 Ammonia quantification

Soil ammonia was measured in the soil samples obtained from experiment III and experiment
IV. In both experiments, soil samples were collected on day one and day 21 before pathogen
inoculation. The following reagents were prepared for ammonia nitrogen analysis according to the

procedure of Liu et al. (2022):
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a) Ammonia nitrogen standard solution: An ammonia nitrogen stock solution (100 mg/L) was
prepared using anhydrous ammonium sulfate dissolved in sterile distilled water. A working standard

solution with a concentration of 2 mg/L was obtained by appropriate dilution of the stock solution.

b) Phenol solution: Prepared by dissolving phenol (10 g) and sodium nitroprusside (100 mg) in 1 L
of sterile distilled water. The solution was stored in a brown bottle wrapped with aluminium foil at 4

°C.

c) Alkaline sodium hypochlorite solution: Prepared by dissolving sodium hydroxide (10 g),
disodium hydrogen phosphate (7.06 g), and sodium phosphate (31.8 g) in sterile distilled water,
followed by the addition of sodium hypochlorite solution (10 mL, 52.5 g/L), and dilution to a final

volume of 1 L. This solution was freshly prepared and stored in a brown bottle at 4 °C.

d) Masking agent: Prepared by mixing potassium sodium tartrate (400 g/L) and disodium EDTA
(100 g/L) solutions in equal volumes. Sodium hydroxide (10 mol/L) was added at a rate of 0.5 mL per

100 mL of the mixed solution.

Ammonia nitrogen in soil samples was determined following the method described by Liu et
al. (2022), with minor modifications. Briefly, five g of soil from each treatment was extracted with 25
mL of 2 mol/L KClI solution in an Erlenmeyer flask. Each treatment was analysed in triplicate. The
flasks were sealed with sterile corks and incubated at 25 °C with shaking at 230 rpm for 1 h. After
incubation, the suspensions were filtered through Whatman filter paper into sterile 50 mL centrifuge
tubes. The filtrate was designated as the soil extract. An aliquot (5 mL) of this solution was transferred
to a 50 mL volumetric flask, followed by the addition of 10 mL of 2 mol/L KCI, 5 mL of phenol
solution, and 5 mL of alkaline sodium hypochlorite solution. The mixture was homogenized and

incubated at room temperature for 1 h in the dark to allow colour development. Subsequently, 1 mL

167



of masking agent was added to dissolve any precipitate formed, and the volume was adjusted to 50
mL with double-distilled water. Aliquots of the final solution were transferred to a 96-well microplate,

and absorbance was measured at 650 nm using a microplate reader.

For calibrating the standard curve, aliquots of 0, 2, 4, 6, 8, and 10 mL of the ammonia nitrogen
working standard solution were transferred into separate 50 mL volumetric flasks. Each flask received
10 mL of 2 mol/L KCl, 5 mL of phenol solution, and 5 mL of alkaline sodium hypochlorite solution.
The mixtures were gently shaken and incubated at room temperature for 1 h in the dark. Aliquots were
then transferred to a 96-well microplate, and absorbance was measured at 650 nm using the same
microplate reader. The resulting absorbance values were used to construct a standard calibration curve
for ammonia nitrogen quantification (Liu et al., 2022). Each treatment consisted of five biological

replicates and the experiment was repeated.

5.3.6 Dynamic headspace Gas chromatography-mass spectrometry analysis (DHS—-GC-MS) of

Lysobacter capsici AZ78 VOCs

Sterile 20 mL headspace vials (Gerstel GmbH & Co. KG, Miilheim an der Ruhr, Germany) were
filled with 5 mL of NA or NA supplemented with 0.3% (w/v) hoof meal (NAH). The vials were
positioned at an angle under laminar airflow overnight to maximize the available surface area for
inoculation and to prevent condensation. Subsequently, each vial received 50 pL of AZ78 cell
suspension adjusted to 1 x 108 CFU/mL, while uninoculated vials served as controls. The bacterial
suspension was evenly spread across the medium surface using sterile loops and allowed to air-dry
for 2h under laminar airflow. After drying, vials were sealed with sterile metal caps fitted with 1.3
mm silicone/PTFE septa (Gerstel) and incubated at 27 °C for 7 days (168h). GC-MS analyses were

performed at 7 days post-inoculation (dpi). The experimental treatments were: (i) NA alone; (i) NA
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inoculated with AZ78; (iii) NAH alone; and (iv) NAH inoculated with AZ78. Five replicates (HS

vials) were analysed for each treatment in a randomized block design (Vlassi., ef al., 2020a).

All analyses were performed using a gas-chromatograph 8890 GC System (Agilent
Technologies, CA, United States) coupled with a quadrupole mass selective detector (MSD) 5977C
(Agilent). The GC-MS was additionally equipped with a multi-purpose autosampler (MPS 2XL,
Gerstel) with a dynamic headspace system (DHS, Gerstel), a thermal desorption unit 2.0 (TDU,
Gerstel) and a cooled injection system 4 (CIS, Gerstel) unit. Samples were pre-incubated at 30 °C for
15 min and simultaneously agitated at 1000 rpm every 10 sec. VOCs were then collected dynamically
(N2 purge flow 20 mL/min to a final volume of 100 mL) onto a 2 cm TENAX® TA trap (Gerstel) at
30°C. Subsequently, the loaded trap was dried at 30 °C in a N; gas stream (50 mL/min to a final
volume of 200 mL) and transferred to the TDU. Primary desorption was conducted at 300 °C for 3
min with a desorption flow of 30 mL/min, during which analytes were transferred to a cryofocusing
trap containing 15 mg of TENAX® TA maintained at 0 °C, applying a septum purge flow of 3 mL/min.
Following primary desorption, the cold trap was rapidly heated to 300 °C and held for 4.10 min to
inject analytes into the GC system. Chromatographic separation was performed using a DB-WAX
Ultra Inert capillary column (60 m, 250 um diameter, 0.5 um film thickness, Agilent) Helium was
used as the carrier gas at a constant flow rate of 1 mL/min. The oven temperature program consisted
of an initial hold at 35 °C for 2 min, followed by a ramp of 5 °C/min to 200 °C and a second ramp of
20 °C/min to a final hold at 240 °C for 5 min. Analytes were ionized at 70 eV in the ion source at 230
°C and detected in full scan (14-330 amu). Raw data were acquired and processed using the Agilent
software packages MassHunter Workstation Unknowns Analysis (v. 12) and MassHunter Workstation
Quantitative Analysis (v. 12). The following parameter settings were used: deconvolution peak

detection, ion peak signal to noise ratio (SNR) threshold 10, absolute area > 1000 counts. Detected
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compounds were annotated using Agilent Unknowns Analysis software by comparing their mass
spectra with entries in the NIST 20 mass spectral library (National Institute of Standards and
Technology, United States; http://www.nist.gov). Only matches with a similarity score above 70 were
considered for compound annotation. The data were initially curated by manual inspection and

subsequently imported into MetaboAnalyst 6.0 (https://www.metaboanalyst.ca). Prior to data

analysis, integrity checks were performed, including verification of class labels and the detection of
non-numeric values, missing values, and features with constant values. To reduce bias resulting from
truncated data omissions, missing values were imputed using one-fifth of the minimum positive value
of the corresponding variable. Variables exhibiting a relative standard deviation (RSD) greater than
25% across all samples were excluded. Data were then mean-centered to adjust for systematic
differences among samples. Significant metabolites were obtained using one-way ANOVA with a p-
value threshold of 0.05. Subsequently, sparse partial least squares-discriminant analysis and random
forest analysis were performed. For the random forest analysis, the number of trees was set to 500,

and the number of variables randomly sampled at each split was set to seven.

5.3.7Analysis of soil microbial community shifts induced by Lysobacter capsici AZ78

5.3.7.1 In vitro monitoring of soil microbial community changes

The effect of AZ78 cells and volatiles on the microbial population density was monitored
periodically at day 1 and day 21 in all the treatments mentioned in experiment III and experiment [V
prior to pathogen inoculation. Serial dilution plating was used for this purpose. The protocol was as
follows: we started by taking one gram of soil from each sample for every treatment, and it was mixed
with 9 mL of sterile NaCl solution (0.95% w/v) in 15 mL sterile centrifuge tubes. The contents were
vortexed and allowed to stand and equilibrate at room temperature for 30 min. The samples were

diluted at different concentrations depending on the targeted microbial population to be analysed. For
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monitoring bacterial population density, we diluted the samples ranging from 10~ to 10", and 100 pL
of each dilution was plated on Reasoner's 2A agar (R2A) Petri dishes amended with cycloheximide
(100 mg/L). Three technical replicates (three Petri dishes) per treatment were used. The Petri dishes
were incubated at 27 °C, and bacterial cells were counted after 72 h of incubation under dark
conditions. For fungal samples, the dilutions were prepared ranging from 102 to 10 and the
procedure outlined above was used to plate the dilutions on PDA media acidified with lactic acid (10
mL/L). The incubation conditions for fungi were for one week at 25°C (Mokni-tlili, Markowicz and

Hamdi, 2024).

5.3.7.2 Metagenomic analysis of soil microbial community structure of different soil treatments

Soil samples from the experiments described in Sections 5.3.4.2 and 5.3.4.3 were collected
before P. ultimum inoculation. The collected samples corresponded to the treatments labeled “none”

and “hoof meal” in Table 7 and 8. All soil samples were stored at -20 °C until further processing.

Total soil DNA was extracted using the PureLink™ Microbiome DNA Purification Kit
(Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. DNA concentration
was determined using a Qubit 4 Fluorometer (Thermo Fisher Scientific) with the Qubit™ dsDNA
High-Sensitivity Assay Kit (Invitrogen, USA). DNA quality was assessed by agarose gel
electrophoresis on a 1% (w/v) agarose gel. The extracted DNA was subsequently stored at -20 °C for

downstream metagenomic analysis.

For library preparation, the VAHTS Universal Plus DNA Library Prep Kit V4 (NDS8OI,
Vazyme, Nanjing, China) was used, following the manufacturer’s recommendations Library quality
control was performed using the QSep-400 (BiOptic, Taipei, China) and Qubit 3.0 (Thermo Fisher

Scientific, Wilmington, USA). The qualified library was sequenced on the Illumina Novaseq X
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platform (Illumina, San Diego, USA) with paired-end 150 bp (PE150) mode. Library construction and

sequencing were performed at Biomarker Technologies (BMKGENE) GmbH.

5.3.8 Statistical analysis

All statistical analyses were performed in R v4.3.0 using RStudio v2024.12.1-563. Data are
presented as mean + standard error. Normality and homogeneity of variance were assessed using the
Shapiro-Wilk and Levene’s tests, respectively. When assumptions were met, differences among
treatments were analysed using one-way analysis of variance (ANOVA) followed by Tukey’s HSD
test for multiple comparisons (o = 0.05). Pairwise comparisons were performed using Student’s 7-test.
These analyses were conducted using the emmeans (v1.10.0) and agricolae (v1.3-7) packages. VOCs
data were analysed using one-way ANOVA to identify significantly different compounds (p < 0.05),
and relative abundances were visualized using logio-transformed normalized heatmaps generated in
MetaboAnalyst 6.0. Multivariate analysis of VOC profiles was performed using principal component
analysis (PCA) and treatment differences were assessed using PERMANOVA. Microbial community
analyses were conducted using the BMK-Cloud platform (BMKGene). Alpha diversity (Chaol and
Shannon indices) was analysed using the Kruskal-Wallis test followed by Dunn’s multiple
comparison test (p < 0.05). Beta diversity was evaluated using Bray—Curtis dissimilarity and
visualized by principal coordinates analysis (PCoA). Relationships between environmental variables
and microbial taxa were explored using redundancy analysis (RDA). Differences in nitrogen cycling
functional gene abundances were assessed using one-way ANOVA followed by Tukey’s HSD test,
and results were visualized using row Z-score normalized heatmaps. Treatments sharing the same

letter were considered not significantly different (p < 0.05).
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5.4 Results

5.4.1 Lysobacter capsici AZ78 shows antagonistic effect against Pythium ultimum in soil and

improves seed germination

In Experiment I, tomato seed germination was evaluated in soils inoculated with AZ78 cells and
subsequently challenged with P. ultimum. The symptoms of the damping-off disease were evaluated
after 21 days. Application of AZ78 cells to soil in the absence of P. ultimum (SB) significantly
increased tomato seed germination from 52 + 4.9% in untreated soil (S) to 64 + 4.0%. This
enhancement suggests a plant growth-promoting effect of AZ78 cells in the soil in the absence of P.
ultimum. In contrast, inoculation of soil with P. ultimum in the absence of AZ78 (S+P) markedly
reduced seed germination to 32 + 4.9%, a value lower than that observed in the control treatment S.
However, soil treated with AZ78 cells and challenged with P. ultimum (SB+P) exhibited a higher
germination percentage (40 + 6.3%) than the pathogen-only treatment. Although germination in the
SB+P treatment remained lower than in soil treated with AZ78 cells alone (SB), the observed increase
indicates that AZ78 cells mitigated the negative effects of P. ultimum to a certain extent, providing

measurable protection against this soil-borne pathogen (Figure 21).
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Figure 21. Effect of Lysobacter capsici AZ78 on the germination rate (%) of tomato seedlings infected
with Pythium ultimum after 21 days. Different treatments included: 1) soil (S); 2) soil + L. capsici
AZ78 (SB); 3) soil + P. ultimum (S+P); and 4) soil + + L. capsici AZ78 + P. ultimum (SB+P). Data
represent mean + standard error (n = 5). Differences among treatments were analysed by one-way

ANOVA followed by Tukey’s HSD test (o = 0.05). Columns sharing the same letter are not
significantly different.

In Experiment II, the effects of the soil exposed for 21 days to volatile compounds produced by
AZ78 were evaluated against P. ultimum. Soil exposed to the control treatment i.e., NA Petri dishes
(SV) exhibited a germination rate of 36 + 4.0%, whereas the treatment in which soil was exposed to
NA Petri dishes inoculated with AZ78 cells able to produce volatiles (SBV) increased seed
germination to 48 + 4.9% (Figure 22). This confirms the role of AZ78 emitted volatiles in plant
growth promotion. When these treatments were challenged with P. ultimum, a general reduction in
germination percentage was observed. However, soil exposed to AZ78 derived volatiles and
subsequently challenged with P. ultimum (SBV+P) showed a higher germination rate (24 + 7.5%)

compared with soil exposed to NA alone and challenged with the P. ultimum (SV+P), which exhibited
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only 12 + 4.9% germination (Figure 22). Notably, germination in the SV+P treatment was

approximately threefold lower than that observed in the untreated control (SV).
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Figure 22. Effect of Lysobacter capsici AZ78 on the germination rate (%) of tomato seedlings
infected with Pythium ultimum after 21 days. Different treatments included: 1) soil exposed to nutrient
agar (NA), (SV); 2) soil exposed to NA with L. capsici AZ78 (SBV); 3) soil exposed to NA + P.
ultimum (SV+P); and 4) soil exposed to NA with L. capsici AZ78 + P. ultimum (SBV+P). Data
represent mean + standard error (n = 5). Differences among treatments were analysed by one-way
ANOVA followed by Tukey’s HSD test (o = 0.05). Columns sharing the same letter are not
significantly different.

5.4.2 Addition of organic amendments improves the antagonistic effect of Lysobacter capsici AZ78

against Pythium ultimum in soil and improves seed germination

In experiment 111, distinct treatment-dependent effects were observed (Figure 23). Statistically
significant differences were detected among treatments receiving OAs, when compared to the
treatments without the OAs. Across all the treatments, the application of AZ78 cells increased tomato
seed germination, confirming its plant growth-promoting potential. This effect was further enhanced

when AZ78 was applied in combination with OAs, resulting in higher germination rates than those
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observed with AZ78 treatment alone. Among the amendments tested, hoof meal produced the most
pronounced synergistic effect, boosting seed germination to nearly twice that of the unamended
control (increased from 33.33% in S-untreated to 66.66 = 1.54% in SH-untreated). Notably, OAs also
increased germination in the absence of AZ78 cells. In contrast, inoculation with P. ultimum in the
absence of AZ78 cells had a strong negative impact on seed germination, with germination rates
remaining below 30% across all amendment treatments. OAs alone were insufficient to counteract
pathogen-induced suppression of germination, indicating that they did not directly inhibit P. ultimum
(Figure 23). Notably, when P. ultimum was introduced into soils previously inoculated with AZ78
cells, germination rates increased markedly, demonstrating the biocontrol and protective role of AZ78.
Compared with pathogen-only treatments, germination increased approximately twofold in AZ78-
treated soils, reaching 40.00 £ 6.66% in unamended soil (S- Lysobacter capsici AZ78 + Pythium
ultimum) and further increasing to 53.33 £ 8.16%, 66.66 = 10.54%, and 80.00 + 8.16% in soils
amended with fish meal (SFi- Lysobacter capsici AZ78 + Pythium ultimum), feather meal (SFe-
Lysobacter capsici AZ78+Pythium ultimum), and hoof meal (SH- Lysobacter capsici AZ78+Pythium
ultimum), respectively. The highest germination rate (80.00 = 8.16%) observed with hoof meal in the
presence of both AZ78 and P. ultimum (SH- Lysobacter capsici AZT8+Pythium ultimum) was
comparable to that observed in AZ78-treated soil without P. ultimum, indicating near-complete

mitigation of pathogen effects.
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Figure 23. Effect of Lysobacter capsici AZ78 inoculation and organic amendments on tomato
seedling germination (%) after 21 days in soil infected with Pythium ultimum. Treatment groups were:
1) soil (S), 2) soil + fish meal (SFi), 3) soil + feather meal (SFe), and 4) soil + hoof meal (SH). Each
group was either: untreated, inoculated with L. capsici AZ78, infected with P. ultimum, or both
inoculated with L. capsici AZ78 and infected with P. ultimum. Data represent mean =+ standard error
(n=15). Differences among treatments were analysed by one-way ANOVA followed by Tukey’s HSD
test (o = 0.05). Columns sharing the same letter are not significantly different.

In the experiment IV, the soil treatment SV belonging to the group untreated exhibited a
germination rate of 40.00 + 6.66%. In contrast, soil exposed to NA amended with OAs (SFi- untreated,
SFe- untreated, and SHV- untreated) markedly enhanced seed germination, with feather meal and
hoof meal increasing germination to 86.66 + 8.16% and 80.00 + 8.16%, respectively (Figure 24). A
similar trend was observed in soils exposed to AZ78-derived volatiles. In the absence of OAs,
exposure to AZ78 volatiles slightly increased germination in the unamended soil treatment (46.66 +
8.16%; SV- Lysobacter capsici AZ78). Among amended soils, feather meal and hoof meal resulted
in higher germination rates than fish meal, reaching 86.66 + 8.16% and 80.00 + 13.33%, respectively
(SFeV- Lysobacter capsici AZ78 and SHV- Lysobacter capsici AZ78). Notably, these values were
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comparable to those observed in amended soils not exposed to AZ78 volatiles, suggesting that OAs
were the primary drivers of enhanced germination under non-pathogen conditions. When treatments
were challenged with P. ultimum, pathogen inoculation in the absence of AZ78 volatiles markedly
reduced tomato seed germination across all amendment types (Figure 24). In contrast, exposure to
AZ78 volatiles mitigated the negative effects of the pathogen, resulting in improved germination
across all treatments. The highest germination rate was observed in soil amended with hoof meal and
exposed to AZ78 volatiles (73.33 + 12.47%; SHV- Lysobacter capsici AZ78+Pythium ultimum),
followed by feather meal (60.00 + 12.47%; SFeV- Lysobacter capsici AZT8+Pythium ultimum) and
fish meal (53.33 + 8.16%; SFiV- Lysobacter capsici AZT8+Pythium ultimum). The unamended soil
exposed to AZ78 volatiles and challenged with the pathogen (SV- Lysobacter capsici AZ7718+Pythium
ultimum) showed a germination rate of 33.33 £+ 0.00%, indicating partial but limited protection in the

absence of OAs.
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Figure 24. Effect of exposure to Lysobacter capsici AZ78 volatiles and organic amendments on
tomato seedling germination (%) after 21 days in soil infected with Pythium ultimum. Treatment
groups were: 1) soil exposed to nutrient agar (NA) volatiles (SV), 2) soil exposed to NA with fish
meal (SFi1V), 3) soil exposed to NA with feather meal (SFeV), and 4) soil exposed to NA with hoof
meal (SHV). Each soil treatment was either left untreated, exposed to volatiles from L. capsici AZ78,
infected with P. ultimum, or both exposed to L. capsici AZ78 volatiles and infected with P. ultimum.
Data represent mean + standard error (n = 5). Differences among treatments were analysed by one-
way ANOVA followed by Tukey’s HSD test (a = 0.05). Columns sharing the same letter are not
significantly different.

5.4.3 Change in soil pH

Soil pH was measured at two time points: day 1 (one day after inoculation with AZ78 cells and/or
exposure of soil to AZ78 volatiles) up to day 21, with an interval of every 7 days to evaluate the
change in soil physiochemical characteristics via AZ78 cells or AZ78 volatiles. The experiment was
performed before P. ultimum inoculation in soil to understand the changes leading to plant protection

ability of AZ78.
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5.4.3.1 Change in soil pH in soil inoculated with Lysobacter capsici AZ78 cells

In Experiment I, untreated soil (S) exhibited a pH of 7.77 + 0.01 on day 1, which decreased slightly
to 7.65 + 0.03 by day 21. However, there was no or negligible change in pH on day 7 and day 12. In
contrast, the SB treatment showed a slight increase in pH, from 7.81 + 0.01 at day 1 to 7.86 = 0.01 at
day 21. Similar to the untreated soil samples (S), there was no significant change in the pH on day 7

and day 14 (Figure 25).
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Figure 25. Changes in soil pH over time in soils inoculated with Lysobacter capsici AZ78 cells at 1,
7,14, and 21 days. Treatments included soil (S) and soil + L. capsici AZ78 (SB). Data represent mean
+ standard error (n = 5). Differences between treatments were assessed using Student’s t-test (p <
0.05).

5.4.3.2 Change in soil pH in soil exposed to Lysobacter capsici AZ78 volatiles

In Experiment II, untreated samples (SV) showed a pH of 7.56 + 0.01 at day 1, which increased

marginally to 7.59 + 0.03 by day 21. In contrast, soil exposed to AZ78-derived volatiles for 21 days
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(SBV) exhibited a pronounced increase in pH, from 7.58 £ 0.01 at day 1 to 8.37 = 0.11 at day 21 There
was a gradual increase in pH from day 1 to day 7 (7.84 = 0.02) and day 14 (8.08 + 0.05), reaching its
highest value on day 21.Overall, these results suggest that volatiles emitted by AZ78 cells have a

stronger alkalinizing effect on soil pH than the direct application of AZ78 cells (Figure 26).
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Figure 26. Changes in soil pH over time in soils exposed to volatiles produced by Lysobacter capsici
AZ78 at 1,7, 14, and 21 days. Treatments included soil exposed to nutrient agar (NA) volatiles (SV)
and soil exposed to NA with L. capsici AZ78 (SBV). Data represent mean + standard error (n = 5).
Differences between treatments were assessed using Student’s t-test (p < 0.05).

5.4.3.3 Addition of organic amendments can change the soil pH in soil inoculated with Lysobacter

capsici AZT8 cells

In soil samples collected from Experiment III, soil pH was measured on day 1 and day 21 to
evaluate the effects of AZ78 cells and OAs on the pH. In untreated soil (S), pH remained stable

throughout the experimental period, showing only a negligible change from 7.36 £+ 0.02 on day 1 to
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7.35+£0.05 on day 21 (Figure 27). Similarly, soils amended with organic materials alone showed no
marked pH variation. Treatments SFi, SFe, and SH recorded initial pH values of 7.36 + 0.01, 7.40 +
0.02, and 7.44 £ 0.02, respectively, with only very slight increases by day 21 (7.41 + 0.01, 7.50 +
0.01, and 7.45 £+ 0.00). None of these changes were statistically significant. The application of AZ78
cells to soil also resulted in minimal pH variation, with values changing slightly from 7.48 + 0.03 on
day 1 to 7.45 £ 0.04 on day 21 (Figure 27). When AZ78 cells were applied in combination with OAs,
a minor decrease in pH was observed over time. Specifically, pH values in SB, SFiB, SFeB, and SHB
treatments decreased from 7.48 + 0.03, 7.63 £ 0.03, 7.44 £ 0.02, and 7.45 = 0.05 on day 1 to 7.45 +
0.04, 7.37 £ 0.04, 7.33 £ 0.00, and 7.29 + 0.04 on day 21, respectively. Although a decreasing trend
was observed in treatments inoculated with AZ78 cells, these pH changes were small and not

statistically significant (Figure 27).
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Figure 27. Changes in soil pH measured at day 1 and day 21 in soils inoculated with Lysobacter
capsici AZ78 cells. Treatments included unamended soil (S), soils + fish meal (SFi), soil + feather
meal (SFe), and soil + hoof meal (SH), each either inoculated with L. capsici AZ78 (SB, SFiB, SFeB,
and SHB) or left uninoculated. Data represent mean + standard error (n = 5). Differences between
treatments were assessed using Student’s t-test (p < 0.05).

5.4.3.4 Addition of organic amendments can change the soil pH in soil exposed to Lysobacter

capsici AZ78 volatiles

Exposure of soil to AZ78-derived volatile compounds resulted in pronounced changes in soil
pH. Soils exposed to NA plates without AZ78 inoculation, both with and without OAs, showed only
minor increases in pH over time. Untreated soil (SV) exhibited a slight increase in pH from 7.03 +
0.02 onday 1 to 7.12 + 0.04 on day 21. A similar trend was observed in soils amended with fish meal
(SFiV), feather meal (SFeV), and hoof meal (SHV), with initial pH values of 7.05 £ 0.07, 7.06 +
0.03, and 6.99 + 0.03, respectively, increasing slightly to 7.15 + 0.02, 7.14 + 0.06, and 7.04 £+ 0.00
by day 21 (Figure 28). These changes were not statistically significant. By contrast, soils exposed to
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volatiles emitted by AZ78-inoculated (SBV) showed a significant increase in pH over the
experimental period, rising from 7.04 £ 0.06 on day 1 to 7.97 £ 0.09 on day 21, even in the absence
of OAs. The presence of OAs further enhanced this effect. The amended soil SFiBV, SFeBV, and
SHBYV exhibited initial pH values of 7.03 + 0.06, 6.98 + 0.10, and 7.05 £ 0.01, respectively, which
increased markedly to 8.10 £ 0.12, 8.20 + 0.10, and 8.20 £+ 0.05 by day 21. All the soil treatments
exposed to AZ78-derived volatiles showed statistically significant pH increases, with the largest

effects observed in soils amended with feather meal and hoof meal (Figure 28).
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Figure 28. Changes in soil pH measured at day 1 and day 21 in soils exposed to volatiles produced
by Lysobacter capsici AZ78. Treatments included soils exposed to nutrient agar (NA) volatiles (SV),
soil exposed to NA with fish meal (SFiV), soil exposed to NA with feather meal (SFeV), and soil
exposed to NA with hoof meal (SHV), and the treatments exposed to L. capsici AZ78 volatiles (SBV,
SFiBV, SFeBYV, and SHBV). Data represent mean + standard error (n = 5). Differences between
treatments were assessed using Student’s t-test (p < 0.05).

5.4.4 Ammonia quantification in soil
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5.4.4.1 Ammonia quantification in soil inoculated with Lysobacter capsici AZ78 cells

Soil ammonia nitrogen was quantified according to the procedure described in Section 5.3.5.2.
After addition of the required reagents and thorough mixing, absorbance was measured at 650 nm
using a microplate reader on day 1 and day 21 in Experiments III and IV. Absorbance values for all
treatments were recorded, and ammonia nitrogen concentrations were calculated and expressed as

parts per million (ppm).

In Experiment III, untreated soil (S) exhibited the lowest ammonia nitrogen concentration,
measuring 1.01 = 0.00 ppm on day one and showing only a slight, statistically insignificant increase
to 1.02 + 0.01 ppm by day 21. Soils amended with organic materials but without AZ78 cells (SFi,
SFe, and SH) displayed higher ammonia nitrogen concentrations at day 1 (1.07 + 0.01, 1.06 £ 0.00,
and 1.06 £ 0.00 ppm, respectively) compared to the treatment S, but no significant changes were
observed by day 21 (1.09 + 0.00, 1.05 £ 1.01, and 1.07 £ 0.01 ppm, respectively) (Figure 29). These
results indicate that OAs alone increased initial ammonia nitrogen levels but did not result in
significant variation. In contrast, soils inoculated with AZ78 cells showed a different trend. In soil
amended with AZ78 cells (SB), ammonia nitrogen concentration increased from 1.02 + 0.01 ppm on
day one to 1.06 + 0.04 ppm on day 21. When AZ78 cells were combined with OAs, this effect was
more pronounced. In treatments SFiB, SFeB, and SHB, ammonia nitrogen concentrations increased
significantly from 1.02 + 0.06, 1.02 = 0.07, and 1.03 £ 0.00 ppm on day 1 to 3.12 + 0.03, 3.11 + 0.05,
and 4.11 £ 0.02 ppm on day 21, respectively (Figure 29). These increases were statistically
significant, demonstrating that AZ78 activity in combination with organic substrates enhanced

ammonia nitrogen accumulation in soil.
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Figure 29. Changes in soil ammonia concentration (ppm) measured at day 1 and day 21 in soils
inoculated with Lysobacter capsici AZ78 cells. Treatments included soil (S), soil + fish meal (SF1),
soil + feather meal (SFe), and soil + hoof meal (SH), each either inoculated with L. capsici AZ78 (SB,
SFiB, SFeB, and SHB) or left uninoculated. Data represent mean + standard error (n = 5). Differences
between treatments were assessed using Student’s t-test (p < 0.05).

5.4.4.2 Ammonia quantification in soil exposed to Lysobacter capsici AZ78 volatiles

In experiment IV, untreated soil (SV) showed only a slight insignificant increase in ammonia
nitrogen concentration from 1.09 £+ 0.02 ppm on day one to 1.11 £ 0.02 ppm on day 21. A similar
trend was observed in soils exposed to NA plates with OAs, where concentrations increased modestly
from 1.08 £0.02, 1.08 £ 0.02, and 1.08 + 0.01 ppm to 1.11 £0.02, 1.13 £ 0.03, and 1.11 + 0.02 ppm
in SF1V, SFeV, and SHV treatments, respectively (Figure 30). By contrast, soils exposed to volatiles
emitted by AZ78-inoculated NA plates without OAs (SBV) exhibited a significant increase in
ammonia nitrogen concentration, rising from 1.06 = 0.01 ppm on day one to 5.12 + 0.03 ppm on day
21. Notably, the treatments SFiBV, SFeBV, and SHBV displayed significant increases in ammonia
nitrogen concentration. They exhibited increases from 1.03 + 0.01, 1.07 + 0.02, and 1.04 + 0.01 ppm

on day one to 6.18 = 0.04, 6.18 = 0.04, and 6.21 £ 0.05 ppm on day 21, respectively (Figure 30).
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These results demonstrate that volatile compounds produced by AZ78, particularly when organic

substrates are present, have a strong and significant effect on soil ammonia nitrogen dynamics.
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Figure 30. Changes in soil ammonia concentration (ppm) measured at day 1 and day 21 in soils
exposed to volatiles produced by Lysobacter capsici AZ78. Treatments included soils exposed to
nutrient agar (NA) volatiles (SV), soil exposed to NA with fish meal (SFiV), soil exposed to NA with
feather meal (SFeV), and soil exposed to NA with hoof meal (SHV), soil exposed to L. capsici AZ78
volatiles (SBV), soil exposed to NA with fish meal + L. capsici AZ78 (SFiBV), soil exposed to NA
with feather meal + L. capsici AZ78 (SFeBV), and soil exposed to NA with hoof meal + L. capsici
AZ78 (SHBV). Data represent mean + standard error (n = 5). Differences between treatments were
assessed using Student’s t-test (p < 0.05).

5.4.5 Volatile organic compounds emitted by Lysobacter capsici AZ78 in different growth conditions

In this study, VOCs produced by AZ78 were analysed under two growth conditions, NA 78
and NAH_78, with the corresponding uninoculated media (NA and NAH) serving as controls. VOCs
collected in HS vials were analysed on day seven using GC-MS, leading to the identification of 77
compounds across all treatments. These VOCs belonged to diverse chemical classes, including
alcohols, ketones, aldehydes, furans and their derivatives, pyrazines, phenols, and sulphur- and

nitrogen-containing compounds. One-way ANOVA identified 25 compounds as statistically
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significant (p < 0.05), and their relative abundances were visualized in a normalized heatmap (logio-

transformed average peak area).

Overall, VOC abundance was highest in NAH 78, followed by NA 78, whereas the
uninoculated controls (NA and NAH) showed markedly fewer and lower-abundance VOCs. Among
all treatments, NAH 78 exhibited the most pronounced metabolic divergence, indicating a strong

effect of hoof meal on AZ78 volatile production (Figure 317).

Consistent with the heatmap analysis, principal component analysis (PCA) revealed a clear
separation of treatments based on their VOC profiles. Samples clustered primarily along principal
component 1 (PC1), with AZ78-inoculated treatments (NA 78 and NAH_78) clearly separated from
the uninoculated controls (NA and NAH), indicating that AZ78 inoculation was the dominant factor
shaping VOC emissions. Within the AZ78-treated samples, NAH 78 formed a distinct cluster
separated from NA 78, reflecting the strong influence of hoof meal on AZ78-mediated VOC
production. This separation was consistent with the enhanced emission of pyrazines observed in
NAH_78 (Figure 32). In contrast, control treatments clustered together on the negative side of PC1,
indicating comparatively low and less diverse VOC emissions. A moderate separation between NA
and NAH along PC2 suggested that hoof meal alone also contributed to shifts in VOC composition,
although to a lesser extent than AZ78 inoculation. These treatment-specific differences were

statistically supported by PERMANOVA.

The most prominent feature of the AZ78 volatilome was the dominance of pyrazines,
particularly methoxypyrazine derivatives. While pyrazines were detected only at baseline levels in the
control treatments, inoculation with AZ78 resulted in a clear accumulation of this compound class in
both NA 78 and NAH_78, with a substantially stronger enrichment in NAH_78 (Figure 37). Several

monoalkyl-methoxypyrazines, including 2-methoxy-3-(1-methylpropyl)-pyrazine, 2-methoxy-3-sec-
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butyl-5-methylpyrazine, 2-methoxy-3-(1-methylethyl)-pyrazine, 2-methoxy-3-methylpyrazine, and
2-methoxy-5-methyl-3-propan-2-yl-pyrazine, were detected at high abundance. In addition, dialkyl-
methoxypyrazines such as 3-methoxy-2,5-dimethylpyrazine and 2-methoxy-3,5-dimethylpyrazine
were particularly abundant in NAH 78 treatments. Notably, 2,5-dimethylpyrazine, previously
reported to exhibit toxicity against P. ultimum (Vlassi., et al., 2020a), was present at higher levels in
NAH_78 thanin NA 78. All monoalkyl- and dialkyl-methoxypyrazines were detected at substantially

lower abundance in the uninoculated controls (Figure 317).

Beyond pyrazines, several additional VOCs were enriched in AZ78-inoculated treatments.
These included the alcohol 3-methyl-1-butanol, the furan derivative 3,4-dimethoxyfuran, and the
nitrogen-containing compound pyrrole. 3-methyl-1-butanol and 3,4-dimethoxyfuran were more
abundant in NAH 78 than in NA_ 78, whereas pyrrole showed comparable abundance across both
AZ78-inoculated treatments. All three compounds were detected at lower levels in the uninoculated
controls. A distinct group of VOCs was specifically associated with hoof meal amended media (NAH
and NAH_78). These included thiazole, 2-methoxymethyl-furan, and the ketones 2-octanone and 2-
nonanone. These compounds were present at baseline or low abundance in treatments lacking hoof
meal, regardless of AZ78 inoculation. In contrast, aldehydes such as benzaldehyde and nonanal were
detected at higher abundance exclusively in the uninoculated control treatments (NA and NAH).
Another aldehyde, 3-furaldehyde, was most abundant in AZ78-inoculated NA vials (NA_78) but
occurred at low levels in hoof meal amended treatments. Two compounds, 2-(1-phenylethyl)-phenol
and 2,3-heptadien-1-ol, were detected at elevated levels only in NA 78 vials and were present at low

abundance in all other treatments (Figure 317).
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Figure 31. Heatmap of logio transformed average peak areas of volatile organic compounds detected
at 144 h in nutrient agar (NA) without amendment (NA) or with hoof meal (NAH), in the absence or
presence of Lysobacter capsici AZ78 inoculation (NA 78 and NAH 78, respectively). Data were
logio transformed, mean-centred, and hierarchically clustered using Euclidean distance and Ward’s
minimum variance method. VOC abundance is indicated by a colour scale from blue (low) to red
(high). The heatmap includes only VOCs showing significant differences among treatments (one-way
ANOVA, p <0.05).
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[PERMANOVA] F-value: 17.148; R-squared: 0.78608; p-value (based on 999 permutations): 0.001
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Figure 32. Principal component analysis (PCA) score plot and PERMANOVA test of volatile organic
compound profiles in nutrient agar without amendment (NA) or with hoof meal (NAH), in the absence
or presence of Lysobacter capsici AZ78 inoculation (NA_78 and NAH 78, respectively). Points
represent replicates and ellipses indicate 95% confidence intervals. The first two principal components
explained 91.6% of the total variance (PC1: 64.5%; PC2: 27.1%).

5.4.6 Impact of pH change on the bacterial and fungal populations in the soil

5.4.6.1 Impact of pH change on the bacterial and fungal populations in the soil treatments without

organic amendments
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In Experiment I, where the soil was directly inoculated with AZ78 cells, a slight reduction in
bacterial cell density was observed at day 21 in SB treatment compared to the untreated control (S).
No significant differences were detected at the earlier sampling points (Figure 33). A comparable
trend was observed in Experiment II, in which soils were exposed to volatiles emitted by AZ78 grown
on NA. At day 21, bacterial cell density was slightly lower in the treatment SBV than in its respective
control (SV), whereas no differences were detected at days 1 and 7 (Figure 33). Overall, AZ78 cells
and their volatiles had only minor and late effects on bacterial abundance. In contrast, fungal
populations were markedly affected. In Experiment I, fungal counts in SB declined by day 14 and
were completely inhibited by day 21, while remaining relatively stable in the untreated control (S)
(Figure 33). In Experiment I, exposure to AZ78 volatiles led to an even earlier suppression of fungal
growth, with inhibition evident by day 7 and complete suppression by days 14 and 21. These findings
suggest that AZ78 volatiles exert a stronger and more rapid antifungal effect than the inoculation of

AZ78 cells themselves.
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Figure 33. Change in the bacterial and fungal cell density in (A and B) soil inoculated with Lysobacter
capsici AZ78 cells and (C and D) soil exposed to volatiles produced by L. capsici AZ78 at 1, 7, 14,
and 21 days. The treatments in A and B included soil (S) and soil + L. capsici AZ78 (SB). The
treatments in C and D included soil exposed to nutrient agar (NA) volatiles (SV) and soil exposed to
NA with L. capsici AZ78 (SBV). Data represent mean + standard error (n = 5). Differences between
treatments were assessed using Student’s t-test (p < 0.05).
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5.4.6.2 Impact of pH change on the bacterial and fungal populations in the soil treatments with

organic amendments

Experiments III and IV evaluated the impact of hoof meal amendment on bacterial and fungal
populations in both AZ78-inoculated soils and soils exposed to AZ78 volatiles, alongside their
respective controls. In Experiment III, neither hoof meal amendment nor AZ78 cell inoculation
significantly influenced bacterial density at day 1 or day 21. Bacterial populations remained relatively
stable in both uninoculated controls (S, SH) and AZ78-inoculated treatments (SB, SHB). However,

soils exposed to AZ78 volatiles (SBV and SHBV) showed slight changes in bacterial density by day
193



21 compared to day 1, whereas their corresponding controls (SV and SHV) did not exhibit such
variation. Regarding fungal populations in Experiments III and IV, a pronounced decline was
observed by day 21 in all AZ78-related treatments (SB, SHB, SBV, and SHBV) (Figure 34).
Complete inhibition of fungal growth was recorded at this time point, irrespective of hoof meal

amendment.
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Figure 34. Change in the bacterial and fungal cell density in (A and B) soil inoculated with Lysobacter
capsici AZ78 cells and (C and D) soil exposed to volatiles produced by L. capsici AZ78 at day 1 and
day 21. Treatments in A and B included soil (S), soil + L. capsici AZ78 (SB), soil + hoof meal (SH),
and soil + hoof meal + L. capsici AZ78 (SHB). Treatments in C and D included soil exposed to nutrient
agar (NA) volatiles (SV), soil exposed to L. capsici AZ78 volatiles (SBV), soil + NA with hoof meal
(SHV), Soil exposed to NA with hoof meal + L. capsici AZ78 volatiles (SHBV). Data represent mean
+ standard error (n = 5). Differences between treatments were assessed using Student’s t-test (p <
0.05).

5.4.7 Taxonomic diversity
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5.4.7.1 Taxonomic composition and treatment-driven shifts in soil microbial communities

The soil microbial community exhibited a hierarchical response to the experimental
treatments. Bacteria dominated all the samples, comprising an average of 98.85% relative abundance,
while Archaea were consistently present at low levels, representing a minor component across most

of the treatments (Figure 35).

Phylum-level taxonomic profiling revealed treatment-dependent shifts in community
composition. Actinobacteria and Proteobacteria were the most abundant phyla across all treatments,
though their relative proportions varied considerably. Actinobacteria were significantly enriched in
volatile-exposed soils, particularly in the absence of hoof meal (SV, 55.12%; SBV, 55.42%), followed
by treatments containing hoof meal (SHV, 43.37%; SHBV, 51.40%). Proteobacteria reached the
highest relative abundance in SHB (40.24%), whereas in all other treatments they ranged between 20-
30%. Additional phyla contributing to the core soil microbiome included Chloroflexi, Acidobacteria,
and Gemmatimonadetes. Chloroflexi and Acidobacteria maintained relatively stable abundances in S,
SB, and SH soils but showed slight reductions in volatile-exposed treatments, with the lowest levels

observed in SHB (Figure 35).

At the genus level, treatment-specific effects were more pronounced and provided insight into
the drivers of phylum-level shifts. The enrichment of Actinobacteria was largely attributable to the
genera Nocardioides and Streptomyces, which dominated volatile-exposed soils. A stable core of
genera, including Gaiella, Solirubrobacter, and Sphingomonas, persisted across most treatments,
although Gaiella and Solirubrobacter declined sharply in SHB, coinciding with an increase in
Sphingomonas. Mesorhizobium, a Gram-negative nitrogen-fixing bacterium, was enriched in SHB but
depleted in volatile-exposed soils (Figure 35). Nitrospira exhibited its lowest abundance in SHB,

whereas it was moderately represented across other treatments. Nitrosococcus was restricted to
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volatile-exposed soils, the highest abundance observed in SBV. Additional genera selectively
enriched in SHB included Lysobacter, Microvirga, and Arthrobacter. A proportion of unassigned

genera (others) was consistently observed across all treatments.
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Figure 35. Taxonomic composition and relative abundance of microbial communities determined by
shotgun metagenomic sequencing at the (A) domain, (B) phylum, and (C) genus levels. Treatments
included soil (S), soil + Lysobacter capsici AZ78 (SB), soil + hoof meal (SH), and soil + hoof meal +
L. capsici AZ78 (SHB), soils exposed to nutrient agar (NA) volatiles (SV), soil exposed to NA with
L. capsici AZ78 (SBV), soil exposed to NA with hoof meal (SHV), Soil exposed to NA with hoof
meal + L. capsici AZ78 (SHBV). The top 30 most abundant taxa are shown at the phylum and genus
levels. “Unassigned” represents sequences that could not be taxonomically annotated. Relative
abundances are expressed as percentages of total classified reads

5.4.7.2 Alpha diversity analysis reveals treatment-dependent changes

Alpha diversity was assessed using the Chaol richness estimator and the Shannon diversity

index to evaluate treatment-induced changes in microbial richness and diversity. Chaol analysis
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revealed clear treatment-specific differences in estimated richness. The SHB treatment exhibited the
highest richness (Chaol = 12,481.59), markedly exceeding all other treatments (Figure 36). In
contrast, other treatments like S, SB, and SH maintained comparable baseline richness levels. Among
soils exposed to volatile treatments, SHV displayed elevated richness, followed by SHB. The presence
of hoof meal in the media generally increased richness relative to soil exposed to NA alone (SV and
SBV). However, richness in SHBV was lower than in SHV, indicating that exposure to AZ78 volatiles
may slightly reduce species richness compared to hoof meal alone. Overall, richness followed the
trend: SHB > SHV > SHBV, whereas all remaining treatments, including controls (S and SV),

remained at baseline levels.

Shannon diversity analysis showed a similar pattern. SHB exhibited the highest diversity
(Shannon index = 6.50), indicating both high richness and evenness (Figure 36). In general, volatile-
exposed soils demonstrated higher Shannon diversity compared to treatments inoculated with AZ78
cells. Within the volatile group, hoof meal amendment further increased diversity, with SHV showing
the highest Shannon value (6.43), followed by SHBV (6.36). Among AZ78 cell treatments, only SHB
displayed a marked increase in diversity, whereas other treatments remained comparable to their
respective controls. Collectively, these results indicate that the combined application of AZ78 cells

and hoof meal (SHB) had the strongest positive effect on both richness and diversity (Figure 36).
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Figure 36. Alpha diversity of microbial communities across soil treatments measured by richness
(Chaol index; p = 0.0001) and diversity (Shannon index; p = 7.6e-11). Treatments included soil (S),
soil + Lysobacter capsici AZ78 (SB), soil + hoof meal (SH), and soil + hoof meal + L. capsici AZ78
(SHB), soils exposed to nutrient agar (NA) volatiles (SV), soil exposed to NA with L. capsici AZ78
(SBV), soil exposed to NA with hoof meal (SHV), Soil exposed to NA with hoof meal + L. capsici
AZ78 (SHBV). Boxplots show median values (line within the box), with boxes representing the
interquartile range and whiskers indicating the data range (n = 3). Differences among treatments were
assessed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons. Treatments sharing
the same letter do not differ significantly (p < 0.05).

5.4.7.3 Beta diversity and community structure

Consistent with the alpha diversity patterns, beta diversity analysis was performed to
determine whether treatment-induced differences in microbial richness and diversity were
accompanied by shifts in overall community composition. Beta diversity was calculated using Bray—
Curtis dissimilarity and visualized using Principal Coordinates Analysis (PCoA). The PCoA revealed
a clear separation among treatments (Figure 37), with the first axis having 64.33% of the total
variation and the second axis 29.18%. This indicates strong treatment driven structuring of microbial

communities. These patterns were consistent with alpha diversity trends, as the SHB treatment
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previously shown to have high richness and diversity formed a distinct cluster along PCoAl, leading
to a pronounced shift in community composition compared to all other treatments. The other AZ78
cell treatments (S, SB, and SH) clustered together on the left side of PCoAl, separated from SHB,
and exhibited minimal internal variation, as confirmed by Bray—Curtis distance matrix boxplots
(Figure 37). A distinct clustering pattern separated the AZ78 volatile-exposed soil treatments from
AZ78 inoculated soil treatments, highlighting the unique effects of volatile-mediated exposure.
Within this group, SV and SBV formed tight clusters, whereas the samples SHBV and SHV clustered
slightly further apart, suggesting subtle differences in community responses. Control treatments (S
and SV) exhibited tight clustering, reflecting a stable baseline community structure. PERMANOVA
confirmed that the treatments significantly influenced microbial community composition (R? = 0.940,
p = 0.001), underscoring that the observed variation in relative abundance and alpha diversity was

treatment-dependent.
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Figure 37. Beta diversity analysis of microbial communities across soil treatments based on Bray—
Curtis dissimilarity. (A) Principal coordinates analysis (PCoA) showing differences in microbial
community composition among treatments. The percentage of variance explained by each axis is
indicated. (B) Boxplot of Bray—Curtis dissimilarity values illustrating beta diversity between
treatment groups. “Between” represents distances among samples from different treatments.
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Treatments included soil (S), soil + Lysobacter capsici AZ78 (SB), soil + hoof meal (SH), and soil +
hoof meal + L. capsici AZ78 (SHB), soils exposed to nutrient agar (NA) volatiles (SV), soil exposed
to NA with L. capsici AZ78 (SBV), soil exposed to NA with hoof meal (SHV), Soil exposed to NA
with hoof meal + L. capsici AZ78 (SHBV).

5.4.7.4 Linking microbial community composition and soil environmental factors using redundancy

analysis (RDA) and heatmap analyses

To evaluate how soil environmental variables shape microbial community composition, RDA
was performed using soil pH and ammonia concentration (ppm) as explanatory factors (Figure 38).
The first two RDA axes explained 11.95% of the total variation in the microbial communities, with
RDAT1 contributing 7.96% and RDA2 contributing 3.99%. Both soil pH and ammonia vectors were
oriented toward the positive side of RDAI, indicating that microbial variation along this axis is
positively associated with these soil parameters. Several genera clustered along the ammonia vector,
including Micromonospora, Streptomyces, Nocardioides, Pseudonocardia, and Solirubrobacter,
suggesting a strong positive correlation with increased ammonia availability, whereas Gaiella,
Agromyces, and Mesorhizobium displayed negative associations with pH and ammonia shifts. These
multivariate patterns were further supported by a correlation heatmap, which revealed genus-level
relationships with soil variables and highlighted enrichment trends across treatments (Figure 38).
Genera such as Micromonospora, Gracilibacillus, Methyloceanibacter, Streptomyces,
Mycobacterium, Nitrococcus, and Pseudonocardia exhibited strong positive correlations and
enrichment with higher soil pH and ammonia, while Bacillus, Lysobacter, Agromyces, Nitrospira,
Azospirillum, Rhodococcus, Nocardia, Arthrobacter, Nitrosococcus, and Actinomyces showed
moderate positive associations. In contrast, taxa such as Candidatus, Paracoccus, Sphingomonas, and
Rhizobium displayed comparatively weak correlations and basal abundance patterns. Together, the

RDA and heatmap analyses indicate that soil pH and ammonia availability are central drivers of
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microbial community structure, shaping both overall community composition and genus-level

enrichment patterns, consistent with the differentiation observed in beta diversity analyses.
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Figure 38. Redundancy analysis (RDA) showing the relationships between soil physicochemical
parameters and the relative abundance of significantly enriched microbial genera in soil samples (p <
0.05). Blue arrows represent environmental variables, including soil pH and ammonia concentration
(ppm). The direction and length of the arrows indicate the strength and magnitude of their influence
on microbial community composition.

5.4.8 Functional and taxonomic drivers of soil nitrogen cycling across treatments
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5.4.8.1 Functional gene profiling of soil nitrogen cycle

Metagenomic analysis revealed that the relative abundance of functional genes associated with
key steps of the soil nitrogen (N) cycle varied among treatments, reflecting differences in nitrogen
transformation potential. Among all nitrogen-cycle processes, nitrogen assimilation (NAS) genes
were the most abundant across treatments. The S, SB, and SH treatments exhibited higher NAS gene
abundance, whereas SHB showed slightly lower NAS levels (Figure 39). Genes involved in
denitrification (DNIT) displayed notable treatment-dependent variation, with the SHB treatment
exhibiting the highest relative abundance. Ammonium nitrogen reduction (ANR) genes were
moderately abundant, with S, SB, and SH slightly higher than other treatments and SHB showing the
lowest levels. Dissimilatory nitrate reduction (DNR) genes were also moderately represented, with
SHB and AZ78 volatile-treated soils showing the highest relative abundance. Nitrification (NIT)
genes were least abundant overall, though SBV soils exposed to AZ78 volatiles showed relatively

higher gene abundance compared to cell-treated soils (Figure 39).

At the individual gene level, NAS genes such as g/tD showed moderate abundance across
treatments, whereas g/ln4 was negligible, and g/tB was enriched in S, SB, and SH. NIT-related genes
(amoA, amoB, amoC, hao) were higher in volatile-treated soils, particularly in SBV, while among
cell-treated soils, SHB displayed higher abundance of amoA, amoC, and hao, but lower amoB (Figure
40). For ANR, nasB was enriched in SHB and volatile groups, while nasC showed opposite trends,
and nir4 was lower in SHB. DNR genes (nirB, nirD) were most abundant in SHB and volatile-treated
soils, while nrfH was higher in cell-treated soils. DNIT genes showed highest abundance in SHB,
particularly narl, napB, nirK, norB, and nosZ, whereas napA was lower in volatile-treated soils, and

narl and nirK were enriched in volatile-treated groups (Figure 40).
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Figure 39. Differences in the abundance of functional genes associated with nitrogen (N) cycling
processes under different treatments. Treatments included soil (S), soil + Lysobacter capsici AZ78
(SB), soil + hoof meal (SH), and soil + hoof meal + L. capsici AZ78 (SHB), soils exposed to nutrient
agar (NA) volatiles (SV), soil exposed to NA with L. capsici AZ78 (SBV), soil exposed to NA with
hoof meal (SHV), Soil exposed to NA with hoof meal + L. capsici AZ78 (SHBV). Nitrogen cycling
processes included nitrogen assimilation (NAS), nitrification (NIT), assimilatory nitrogen reduction
(ANR), dissimilatory nitrogen reduction (DNR), and denitrification (DNIT). Data are presented as
mean =+ standard error (n = 5). Differences among treatments were analyzed using one-way ANOVA
followed by Tukey’s HSD test (a0 = 0.05). Columns sharing the same letter are not significantly
different.
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Figure 40. Heatmap of normalized abundance values (row Z-scores) illustrating differences in the
abundance of nitrogen cycling functional genes annotated in the KEGG database across different
treatments. Treatments included soil (S), soil + Lysobacter capsici AZ78 (SB), soil + hoof meal (SH),
and soil + hoof meal + L. capsici AZ78 (SHB), soils exposed to nutrient agar (NA) volatiles (SV), soil
exposed to NA with L. capsici AZ78 (SBV), soil exposed to NA with hoof meal (SHV), Soil exposed
to NA with hoof meal + L. capsici AZ78 (SHBV).
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5.5 Discussion

The present study demonstrates that AZ78 enhances tomato seed germination and suppresses
damping-off caused by Pythium ultimum through multiple complementary mechanisms, including
direct antagonism, emission of bioactive volatile organic compounds (VOCs), modification of soil
physicochemical properties, and restructuring of the soil microbiome. Across experiments, tomato
germination consistently improved in soils inoculated with AZ78 cells or exposed to AZ78-derived
volatiles compared with untreated controls. The strongest plant growth-promoting and biocontrol
effects occurred when AZ78 treatments were combined with OAs, particularly hoof meal, indicating

that nutrient availability and substrate composition strongly influence AZ78 performance in soil.

In Experiment I, prolonged soil inoculation with AZ78 for 21 days significantly increased
germination under both pathogen-free (SB) and pathogen-inoculated (SBP) conditions, demonstrating
that AZ78 functions not only as a BCA but also as a PGPR even in the presence of the pathogen.
Comparable improvements observed in VOC-exposed soils indicate that volatile-mediated
interactions alone can influence plant protection and growth promotion. These findings support earlier
in vitro observations showing anti-oomycete activity of AZ78 VOCs against P. ultimum (Vlassi et al.,
2020a), while extending their relevance to greenhouse soil conditions and confirming AZ78

functionality under semi-realistic soil environment.

The disease suppressiveness observed in AZ78-treated soils aligns with the broader concept that
beneficial microbial communities regulate soil-borne diseases through antagonism, competition, and
ecological changes (Marin-guirao et al., 2025). Similar mechanisms have been described for several
BCAs, including Bacillus and Trichoderma species (Correa-delgado et al., 2024; Huang et al., 2024).
Within the genus Lysobacter, suppressive soils have previously been associated with high abundances

of antagonistic species such as L. antibioticus and L. gummosus (Postma et al., 2008), and increased
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L. capsici populations have been linked to suppression of Rhizoctonia solani (Postma et al., 2010a).
Our results support the hypothesis that AZ78 contributes to disease-suppressive soil conditions
through active microbial interactions. Improved germination in soils exposed only to AZ78 volatiles
further indicates that diffusible gaseous metabolites accumulated during incubation and inhibited
pathogen activity, consistent with reports showing microbial VOC-mediated suppression of Fusarium

oxysporum, R. solani, and Pythium species (Agtmaal et al., 2018).

Organic amendments amplified AZ78 activity, acting primarily as enhancers rather than direct
antimicrobial agents. OAs are known to stimulate beneficial microbial communities and increase soil
biological activity, thereby disrupting pathogen life cycles (Yadav et al., 2015). Feather meal has been
shown to enhance suppressiveness against R. solani (Postma et al., 2014), while fish meal
amendments historically improved crop performance and reduced several soil-borne diseases through
stimulation of microbial activity (Wilhelm, 1951; Akhthar and Mahmiid, 1995; Blatt and Mcrae, 1998;
Abbasi, 2011). In agreement, OAs alone improved germination under pathogen-free conditions but
failed to suppress P. ultimum independently, indicating a supportive rather than direct protective role.
Among amendments, hoof meal produced the strongest synergistic interaction with AZ78, doubling
protection relative to control treatments (S and SV) under pathogen pressure. These findings highlight
that biological control efficacy depends not only on the presence of a BCA but also on the surrounding

nutrient environment.

Disease suppression was closely associated with shifts in soil physicochemical properties. Soil
pH is a major ecological determinant of microbial activity and survival (Fernandez-calviio et al.,
2011). AZ78 cell inoculation caused minor pH changes, whereas volatile-exposed soils showed
pronounced alkalinization, particularly in amendment treatments (SFiBV, SFeBV, SHBV), where pH

exceeded 8.0. Because these soils subsequently displayed strong disease suppression, alkaline
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conditions likely contributed to reduced pathogen activity, consistent with reports that Pythium

pathogenicity declines at higher pH (Mondal and Hyakumachi, 2000).

Ammonia accumulation represented an additional suppressive factor. Soil ammonia contributes
to fungistasis (Chuankun et al., 2004), especially when elevated pH promotes formation of toxic non-
ionized NHs. OAs increasing soil pH have previously been shown to generate inhibitory nitrogen
compounds that suppress oomycete development (Tsao and Oster 1980). In our study, treatments with
low pH and low ammonia showed limited protection, whereas AZ78-inoculated and VOC-exposed
amended soils accumulated higher ammonia concentrations (~3 ppm in cell treatments, ~4 ppm in
SHB, and ~6 ppm in volatile treatments), coinciding with improved germination. These results suggest
that AZ78 activity and amendment-driven nitrogen transformations jointly created conditions

unfavourable for pathogen establishment.

Beyond ammonia, AZ78 volatile metabolites appear central to pathogen suppression. AZ78
produces diverse VOCs including alcohols, ketones, pyrazines, and pyrroles, with methoxypyrazines
dominating the volatilome (Vlassi et al., 2020a). Compounds such as 2,5-dimethylpyrazine directly
inhibit P. ultimum, indicating that volatile-mediated antagonism represents a key anti-oomycete
mechanism. Enhanced enrichment of pyrazines in NAH 78 provides a plausible explanation for
superior disease suppression in hoof meal treatments. Pyrazines and related volatiles are characteristic
of fungistatic soils and inhibit fungal germination at low concentrations (Chuankun et al., 2004).
Similarly, suppressive soils contain volatile ketones such as 2-octanone and 2-nonanone that inhibit
Pythium species (Agtmaal et al., 2015). Additional compounds detected in AZ78 treatments, including
pyrroles and thiazole derivatives, have documented anti-oomycete activity (Vlassi et al., 2020a).
These findings indicate that pathogen suppression results from combined VOC blends rather than

single compounds, which is consistent with our findings where these compounds were uniquely and
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strongly enriched in NAH_78 compared to all other treatments. The differentiation of volatilomes
among treatments therefore suggests that amendment type and microbial activity jointly shape soil

volatile composition, ultimately driving differential disease suppressiveness outcomes.

In addition to chemical changes, hoof meal and AZ78 significantly reorganized soil bacterial
communities. OAs are known to reshape microbiomes and promote long-term disease suppressiveness
(Kurm et al., 2023). Organic matter inputs increase microbial biomass and activity while reducing
root disease incidence (Bailey and Lazarovits, 2003; Yadav et al., 2015). Consistent with these
findings, alpha and beta diversity analyses revealed significant treatment effects (p < 0.05), with the
SHB treatment showing the highest Shannon diversity and Chaol richness and forming a distinct
microbial cluster (Bray—Curtis, p = 0.001). Bacterial enrichment correlated positively with soil pH
and ammonia concentrations (Lazarovits et al., 2009; Wen et al., 2020). Proteobacteria and
Actinobacteria dominated across treatments, consistent with their preference for neutral to alkaline
soils (Gai et al., 2021; Yunchen Zhao et al., 2021b). Actinobacteria enrichment in volatile-treated
soils agreed with previous reports linking this group to elevated pH and ammonia (Nie ef al., 2018),

while amendment-enhanced VOC effects have been observed previously (Yuan et al., 2017).

At the genus level, treatment-specific shifts in soil microbial communities were observed,
indicating that both AZ78 activity and OAs selectively enriched distinct functional groups. Soils
amended with hoof meal (SHB) and soils exposed to AZ78 volatiles (SV, SBV, SHV, SHBV)
exhibited the strongest enrichment of beneficial and metabolically active genera compared with other
treatments (S, SB, SV). Among antagonistic taxa, Nocardioides markedly increased in SV and SBV
treatments, followed by SHBV and SHV, and remained abundant in SHB soils, suggesting that AZ78-
derived volatiles and elevated nitrogen availability favoured Actinobacteria adapted to nutrient-rich

and alkaline environments. Similarly, Streptomyces abundance slightly increased in SV and SBV,
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consistent with its known role in antibiosis and disease suppression through production of antifungal
metabolites (Expdsito et al., 2015; Lazcano et al., 2021; Lee et al., 2023). Genera such as Gaiella,
which were relatively more abundant in S, SB, and SH treatments, declined in the other treatments,
indicating sensitivity to increased pH and ammonia concentrations. The enrichment of Lysobacter in
SHB soils further supports the role of hoof meal in promoting persistence of antagonistic populations,
whereas its low abundance in SB treatments suggesting reduced ecological establishment potential
without nutrient supplementation and carbon availability. Marmoricola also increased in soils exposed
to AZ78 volatiles, consistent with its adaptation to high alkaline soils (pH 6-9) and its ability to
produce bioactive metabolites against pathogens (Jiang ef al., 2018; Schumann et al., 2018). Another
genus enriched in volatile-exposed soils was Pseudonocardia, which is known to produce antifungal
and antibacterial compounds in high pH environments (Kiranmayi et al., 2011; Omran and Kadhem,
2016). The SHB treatment showed increased abundance of Mesorhizobium, which is involved in plant
growth promotion and nitrogen cycling (Soe ef al., 2020), and Agromyces, which serves as an indicator
of good soil health, is plant growth-promoting, and correlates with soil pH and total nitrogen content
(Wang et al., 2017; Chiodi et al., 2025).Additionally, the ammonia-oxidizing genus Nitrosococcus
was detected in AZ78-volatile exposed soils, reflecting its key role in ammonia oxidation within the
nitrogen cycle (Campbell et al., 2011). Enrichment of Microvirga in SHB soils contributes to
rhizosphere nitrogen cycling, supporting nitrogen availability and plant growth promotion (Zhou et
al., 2025). Arthrobacter, which participates in nitrification and denitrification and can produce

ammonia from nitrate or nitrite, was also enriched (Liu et al., 2023).

The taxonomic shifts observed are consistent with functional gene evidence showing enhanced
nitrogen metabolism. Nitrogen addition through OAs further reshaped nitrogen cycling functions.

Nitrogen assimilation genes dominated across treatments, reflecting microbial immobilization of
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inorganic nitrogen via the glutamine synthase/ glutamate synthase (GS-GOGAT) pathway availability
(Kumar and Shimizu, 2010; Liu ef al., 2025; Mehmood ef al., 2022; Singh et al., 2020). Lower gin4
abundance in amendment-free soils likely reflected ammonium limitation at low pH, where microbes
prioritize glutamate production over glutamine synthesis (Huang et al., 2020). As ammonium
accumulated, we saw that nitrogen flux shifted toward dissimilatory pathways. Nitrification genes
remained comparatively low, although amoA, amoC, and hao increased in treatments with higher pH
and ammonium concentrations, nitrification remained a minor nitrogen transformation pathway
overall, limited by incomplete coupling between ammonium production and oxidation capacity. This
observation aligns with studies demonstrating that nitrification is strongly controlled by soil pH, with
ammonia-oxidizing archaea dominating acidic soils and bacterial nitrifiers becoming more
competitive under neutral to alkaline conditions and elevated ammonium supply (Aoyagi et al., 2025;
Coca-salazar et al., 2021; Zhou et al., 2025). The limited abundance of NIT genes in our system
suggests that ammonia oxidation did not keep up with ammonium production, allowing NH." to
accumulate due to insufficient nitrification under high-pH conditions. In contrast, dissimilatory nitrate
reduction genes (nirB, nirD) were strongly enriched in hoof meal + AZ78 treatments. DNR is favoured
in carbon-rich environments where nitrate is reduced to ammonium rather than lost as gas (Pandey et
al., 2020; Cheng et al., 2022), explaining the observed ammonium accumulation. Denitrification
genes (narl, nirK) also increased under alkaline, nitrogen-rich conditions, consistent with previous
studies (Kandeler et al., 2006; Nogales et al., 2002; Simek and Cooper, 2002). However, it is
interesting to note that all the genes related to DNIT step were in highest abundance in the treatment
SHB, followed by AZ78-volite based treatments. Recent meta-analyses further demonstrate that
responses of nirS and nosZ to nitrogen fertilization are particularly pronounced at pH values above 8,
which is in consistent with our results (Zhou et al., 2025), matching the conditions observed in the

SHB treatment.
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These nitrogen-cycle shifts provide a mechanistic explanation for disease suppression, linking
microbial nitrogen transformations directly to pathogen suppression via chemical soil changes.
Treatments enriched in DNR and DNIT genes also exhibited higher pH, increased ammonia, and
improved plant protection. Ammonia released by rhizosphere bacteria is known to inhibit P. ultimum
even at low concentrations (Howell et al., 1988). Many pathogenic fungi actively acidify their
surrounding environment to promote virulence and host colonization (Vylkova, 2017). The shift
toward alkaline conditions observed in AZ78-amended soils may therefore counteract pathogen-
driven acidification and reduce infection success. In this framework, nitrogen transformations act not
only as nutrient cycling processes but also as regulators of soil chemical conditions that influence

disease outcomes.

Collectively, our findings demonstrate that AZ78-mediated disease suppression emerges from
interconnected biological and chemical processes, including VOC production, nitrogen
transformation, alkalinization, and microbiome restructuring. Rather than a single mechanism,
suppression of P. ultimum appears to result from coordinated ecological shifts that collectively create

a soil environment unfavourable for pathogen development.

5.6 Conclusion

In conclusion, this study demonstrates that AZ78 effectively suppresses P. ultimum damping-
off and enhances tomato seed germination through multiple mechanisms operating within the soil
environment. To our knowledge, this is the first study evaluating the capacity of AZ78 to control P.
ultimum under semi-realistic soil and greenhouse conditions, moving beyond previous in vitro
observations and providing experimental validation of its functionality in a more complex soil
environment. By integrating microbiological, chemical, and metagenomic analyses, this work aimed

to elucidate the mechanisms underlying AZ78-mediated disease suppression and revealed that AZ78
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acts against the pathogen through multiple modes of action, including direct antagonism, emission of
bioactive VOCs, modification of soil physicochemical properties, and modulation of soil microbial
communities as well as nitrogen-cycling processes. The combination of AZ78 with nitrogen-rich OAs,
particularly hoof meal, enhanced these effects by promoting alkalinization, ammonia accumulation,
and enrichment of beneficial microbial taxa, collectively creating soil conditions unfavourable for
pathogen establishment while supporting plant growth. These findings highlight that effective
biological control depends not only on the presence of a BCA but also on the surrounding soil
environment that regulates microbial activity and nutrient transformations. Overall, this study
advances our understanding of how microbial inoculants and OAs can be strategically combined to
promote soil suppressiveness and provides a foundation for developing more robust and sustainable

disease management strategies, while improving soil health and crop performance.
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CHAPTER 6

ENHANCING THE BIOCONTROL POTENTIAL OF LYSOBACTER CAPSICI AZ78 AGAINST PYTHIUM

ULTIMUM IN SOIL UTILISING ORGANIC AMENDMENTS
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ICenter of Agriculture, Food, Environment, University of Trento, San Michele all’Adige, Italy
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Soil disease suppressiveness has been linked to Lysobacter species, known for their
antagonistic activity against soilborne plant pathogens (Postma et al., 2010a). Organic and protein-
rich materials can also stimulate Lysobacter populations, enhancing soil suppressiveness (Postma and
Schilder, 2015). Recently, Lysobacter capsici AZ78 (AZ78) showed detrimental effects on soil-borne
plant pathogens, including Pythium ultimum under in vitro conditions (Vlassi., et al., 2020a). Building
on this knowledge, this study investigated the role of organic amendments, namely chitin, feather
meal, fish meal, hoof meal, and yeast, in enhancing the biocontrol efficacy of AZ78 against P. ultimum
in tomato seedlings. Sandy loam soil was incorporated with organic amendments at 0.3% (w/w),
followed by inoculation with AZ78 (1 x 10° CFU/mL). Pythium ultimum inoculum was prepared by
culturing the plant pathogen on saturated millet seeds for 21 days and introduced into the soil at 0.3%
(w/w) dry weight. Control treatments received non-inoculated millet. The experiment consisted of
four treatment groups: (1) soil only, (2) soil + AZ78, (3) soil + P. ultimum, and (4) soil + P. ultimum

+ AZ78, each group tested under both amended and unamended conditions. Tomato seeds (Five seeds
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per treatment) were sown equidistantly in the soil and incubated in a greenhouse at 25 + 1°C. The
seedling germination rate was recorded after 14 days. Results showed that soil inoculated with P.
ultimum alone exhibited the lowest germination rate. In contrast, treatment with AZ78 significantly
increased germination rates, surpassing even the untreated control, highlighting its potential as a plant
growth-promoting rhizobacterium. Organic amendments influenced the AZ78 effectiveness, with
hoof, feather, and fish meal yielding the highest germination rates. In contrast, yeast amendment
hindered germination. These findings suggest that specific organic amendments can enhance the
AZ78 protective effects. This is the first study to demonstrate the protective capability of AZ78 against
P. ultimum under semi-natural soil conditions. Furthermore, using organic amendments aligns with

sustainable agricultural practices and has promising implications for field applications.
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APPLICATION OF HEAT-TREATED LYSOBACTER CAPSICI AZ78 CELLS AND ITS POLYCYCLIC
TETRAMATE LACTAMS EFFECTIVELY CONTROLS PLASMOPARA VITICOLA BY STIMULATING

GRAPEVINE DEFENCE MECHANISMS

Amulya Jain Dinesh Kothari'2, Stefano Nadalini'2, Marco Masi?, Alessio Cimmino3, Gerardo

Puopolo'

ICenter of Agriculture, Food, Environment, University of Trento, San Michele all’Adige, Italy;
’Research and Innovation Centre, Fondazione Edmund Mach, San Michele all’Adige, Italy;

’Department of Chemical Sciences, University of Naples Federico II, Naples, Italy. E-mail:

Published on Biological and integrated control of plant pathogens, IOBC-WPRS Bulletin Vol. 177,

2023 pp. 85-86

7.1 Abstract

The genus Lysobacter controls a broad range of plant pathogens through diverse modes of
action, including the production of Polycyclic Tetramate Lactams (PTMs), secondary metabolites
resistant to high temperatures and exhibiting strong antifungal activity. As PTMs are stored in the cell
membranes, this study investigated the efficacy of applying heat-treated cells of L. capsici AZ78 in
controlling Plasmopara viticola, the causal agent of grapevine downy mildew. Moreover, it sheds
light on the ability of L. capsici AZ78 cells and PTMs to stimulate defence mechanisms in grapevine

plants.
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7.3 Introduction

The Lysobacter genus includes bacterial species that efficiently control plant pathogenic
fungi and oomycetes by releasing antifungal secondary metabolites (Puopolo et al., 2018). Polycyclic
Tetramate Lactams (PTMs) are the most studied, given their broad host range and resistance to high
temperatures (Yu et al., 2007; Li et al., 2009). Beyond inhibiting hyphal growth, PTMs also trigger
apoptotic processes in yeasts (Ding et al., 2016). Notably, Yue et al. (2021) showed that L.
enzymogenes PTMs are primarily localised within bacterial cell membranes. Recently, Brescia et al.
(2021) detected PTMs in cell-free supernatants of L. capsici AZ78 (AZ78), a biocontrol agent of
Plasmopara viticola. However, little is known about their presence in AZ78 cell membranes and if

they play a role in controlling P. viticola.

Based on this, we evaluated the biocontrol efficacy of heat-treated AZ78 cells against P.
viticola. In parallel, we assessed the capacity of these treatments to trigger plant defence responses.
To further substantiate the involvement of PTMs, we isolated them directly from the AZ78 cell

membranes and tested them against P. viticola.

7.3 Materials and methods

7.3.1 Plant protection efficacy assays

Grapevine leaf discs and two-year-old Pinot Noir plants were used in in vitro and in planta
assays, respectively. Two-year-old V. vinifera cv. Pinot Noir grapevine plants, grafted onto Kober

5BB were used for in planta assays. Heat-treated AZ78 cells were prepared by incubating AZ78 cell
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suspension (1 x 108 CFU/mL) at 90°C for 20 min, followed by incubation at =20 °C for 5 min. Viable
and heat-treated AZ78 cells (1 x 108 CFU/mL) were sprayed 24 h before P. viticola inoculation (2.5
x 10° sporangia/mL). For PTM assays, mixtures of PTMs (50 mg/L-2.5 mg/L) were mixed in equal
volumes with the P. viticola inoculum and drop-inoculated onto grapevine leaf discs. In all the cases,
samples were incubated under greenhouse conditions for six days (Brescia et al., 2021). Then, disease
severity was assessed according to the EPPO standard scale (EPPO, 2004). Untreated and copper-
treated leaf discs (Coprantol Hi Bio; 2g/L) were negative and positive controls, respectively. Five leaf
discs per Petri dish were used, and each treatment consisted of five replicates (Petri dishes) for in vitro

assays. For in planta assays, each treatment was carried out on five grapevine plants (replicates).

In planta and in vitro assays were repeated, and results were statistically analysed using R on
R studio version 4.3.0. Data related to disease severity were analysed using One-Way ANOVA, and

means were compared with Tukey’s test (o= 0.01).

7.3.2 Grapevine plant response to treatments

The ability of PTMs and AZ78 cells to stimulate grapevine defence mechanisms was
investigated by assessing callose accumulation and reactive oxygen species (ROS) production.
Callose was visualised via aniline blue staining using fluorescence microscopy, with callose appearing
as turquoise fluorescence (Palmieri et al., 2012). ROS production was detected using 3’ 3’
diaminobenzidine (DAB) staining (1 mg/mL) (Trouvelot et al., 2008). ROS was visible as a dark

brown precipitate under the bright field microscoP. The experiments were repeated.

7.4 Results and discussion

In the plant protection efficacy assays, the untreated control had the highest severity, ranging

between 80% and 100% in all cases, whereas the copper-based fungicide showed a plant protection
217



efficacy higher than 90%. Notably, our results demonstrated that heat-treated AZ78 cells retained
strong protective efficacy against P. viticola, comparable to AZ78 viable cells and the commercial
copper-based fungicide. This indicates that the associated thermostable PTMs could play a role in the

control of P. viticola.

To confirm the involvement of PTMs in P. viticola control, we isolated the PTM mixture from
AZ78 cell membranes and applied it to grapevine leaves. The PTM mixture provided significant
protection against P. viticola even at the lowest concentration (2.5 mg/L), mirroring the effects of
AZ78 cells. Furthermore, the PTMs independently induced plant defence responses, validating their

role in controlling P. viticola.

Together, these results prove that PTMs are associated with AZ78 cell membranes and are
involved in biocontrol activity. This study, the first to highlight the ability of PTMs to trigger defence
mechanisms in plants, could potentially lead to the development of non-viable AZ78 cells and/or
PTMs as novel plant protection products for the control of P. viticola on grapevines, offering hope for

more effective and sustainable wine production.
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CHAPTER 8

DISCUSSIONS

The present study provides comprehensive evidence of the anti-oomycete activity of Lysobacter
capsici AZ78 (AZ78) against both foliar and soil-borne oomycete plant pathogens through a
multifaceted and integrated approach combining microbiological, molecular, chemical, and omics-
based analyses. By adopting this multidisciplinary framework, we demonstrated the biocontrol
efficacy of AZ78 against Plasmopara viticola in grapevine, Peronospora belbahrii in basil, and

Pythium ultimum in tomato under controlled experimental conditions.

Our results demonstrate that AZ78 exhibits direct antagonistic activity against P. viticola and P.
belbahrii in grapevine and basil plants, providing more than 90% plant protection under greenhouse
conditions, a level comparable to that achieved with commercially available copper-based fungicides.
We further showed that not only viable cells but also heat-treated AZ78 cells were effective against
these pathogens. This activity was demonstrated to result from thermostable secondary metabolites
belonging to the polycyclic tetramate macrolactam (PTM) family. These metabolites are membrane-
associated and are released upon disturbance or damage to the bacterial membrane in Lysobacter spp.
In this study, two PTMs, dihydromaltophilin/heat-stable antifungal factor (DMP/HSAF) and
maltophilin (MP), were extracted from AZ78 cell extracts. These metabolites exhibited antagonistic
activity against P. viticola even at concentrations as low as 2.5 mg/ L. This finding confirms that the

retained anti-oomycete activity of heat-treated AZ78 cells is attributable to these thermostable PTMs.

In addition, we investigated the effects of AZ78 cells and PTMs on host plants. Microscopic

visualization using aniline blue staining and 3,3’-diaminobenzidine revealed that both viable and heat-
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treated AZ78 cells induced callose accumulation and reactive oxygen species (ROS) production in
grapevine and basil plants following challenge with P. viticola and P. belbahrii, respectively.
Furthermore, the PTM mixture also induced callose deposition in grapevine plants, and the number
of stomata displaying callose increased in a dose-dependent manner. Along with callose deposition
and ROS production, AZ78 cells and PTMs showed toxicity toward P. viticola sporangia,
demonstrating that AZ78 acts through multiple modes of action, including both direct and indirect

mechanisms, when applied to plants.

We also demonstrated that the self-digestive solution (SDS) of AZ78, enriched in antimicrobial
secondary metabolites including PTMs, exhibited antagonistic activity against P. viticola. The SDS
was obtained through prolonged growth of AZ78 in nutrient limited liquid medium, which resulted in
bacterial autolysis and release of cellular contents, including secondary metabolites. The retention of
plant protection activity after exposure to thermal shock at 90 °C indicates that membrane-associated
PTMs were released into the medium upon thermal treatment, explaining the observed protective
activity. In addition to its direct antagonistic action, SDS application triggered defense responses in
plants against the pathogen. However, these responses were observed only in infected plants following
P. viticola inoculation and not in uninfected plants, indicating that AZ78-derived SDS acts as a

priming agent, enabling activation of defense responses only upon pathogen challenge.

Several defense-related genes were analysed, including those involved in structural defense
(CalS7, HSR), hormonal biosynthesis and signalling (ACO, AOC, LOX9), pathogenesis-related
proteins (PR2, PR3), transcription factors (ERF1, JAZI), and genes associated with stilbene synthesis
and phytoalexin accumulation (ST, PAL). The upregulation of these genes in plants treated with SDS
obtained at the 96-h time point, corresponding to the autolysis phase, indicates that AZ78 application

primes grapevine plants and enhances gene expression upon pathogen infection. Furthermore,
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phytoalexin accumulation analyses showed increased production of compounds such as piceid,
resveratrol, and trans-g-viniferin. The increased accumulation of resveratrol and trans-g-viniferin over
time suggests sustained induction and accumulation of these phytoalexins during infection,

contributing to pathogen inhibition.

In addition to foliar oomycete pathogens, the biocontrol ability of AZ78 was also evaluated against
P. ultimum. The effects of AZ78 cells and AZ78 volatiles were tested in soil samples inoculated with
bacterial cells and in soils exposed to bacterial volatiles, respectively. AZ78 volatiles altered soil pH,
whereas both AZ78 cells and volatiles increased ammonia concentration in soil, with the strongest
increase observed in volatile-treated soils. Through modulation of soil physicochemical properties,
AZ78 reduced the growth of P. ultimum in soil. Both AZ78 cells and volatiles acted as plant growth
promoters and plant protectants. Furthermore, the addition of nutrient-rich organic amendments
enhanced the efficacy of AZ78. In particular, hoof meal resulted in germination rates exceeding 80%
in infected tomato seedlings, whereas infection with P. ultimum reduced germination to 20-30% in
treatments lacking AZ78 or organic amendments. Although AZ78 treatments alone provided

protection, the strongest effects were observed when AZ78 was combined with hoof meal.

The increase in ammonia concentration was identified as one of the factors contributing to
inhibition of P. ultimum growth in soil. Volatile analysis revealed additional antimicrobial volatile
organic compounds, including mono- and di-alkyl methylpyrazines, pyrrole, ketones such as octanone
and nonane, and thiazole, all previously reported to be toxic to P. ultimum. Volatilome analysis further
showed that the addition of hoof meal to nutrient agar enhanced volatile production compared with
AZ78 grown on nutrient agar alone. Control treatments showed negligible volatile accumulation,
confirming that emission of toxic volatiles by AZ78 contributed to inhibition of P. ultimum growth in

volatile-exposed soils.
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Shotgun metagenomic analysis further demonstrated that environmental factors, including soil pH
and ammonia concentration, influenced the antagonistic activity of soil treatments against P. ultimum.
Soils characterized by low pH and low ammonia concentrations exhibited poor pathogen suppression,
whereas soils with higher pH and ammonia levels showed enhanced protection. These findings link
soil physicochemical properties with the survival and infectivity of soil-borne oomycete plant
pathogens. Moreover, the addition of hoof meal to AZ78-inoculated soils increased microbial
richness and diversity, promoting taxa associated with plant protection and disease suppression.
Beneficial genera such as Nocardioides, Streptomyces, Mesorhizobium, Lysobacter, Pseudonocardia,
Arthrobacter, and Microvirga were enriched in treatments exhibiting strong disease suppression,
whereas sensitive genera such as Gaiella declined. Increased microbial abundance was also observed
in soils exposed to AZ78 volatiles, with or without organic amendments, indicating that bacterial

volatiles can also modulate soil microbiome composition.

We additionally analysed genes involved in nitrogen cycling to identify links between soil
properties and disease suppression. Nitrogen assimilation genes associated with the GS-GOGAT
pathway dominated across treatments. As ammonium accumulated, microbial metabolism shifted
toward dissimilatory nitrate reduction and denitrification pathways, reflected by increased abundance
of genes such as nirB, nirD, narl, and nirK. Nitrification remained comparatively low even under
higher pH conditions, suggesting preferential ammonium accumulation. These microbial functional
shifts explain the observed soil alkalinization and elevated ammonium concentrations, providing a
mechanistic link between microbiome composition, nitrogen transformations, and pathogen

suppression.

Organic amendments primarily functioned as enhancers rather than direct antimicrobial agents.

They supplied additional nitrogen and carbon sources that supported AZ78 growth and promoted
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metabolically active genera associated with disease suppression and nitrogen cycling. Among the
tested amendments, hoof meal showed the strongest synergistic effect, improving both plant growth
and pathogen suppression when combined with AZ78 cells or volatiles. Organic amendments alone
improved germination under pathogen-free conditions but were insufficient to suppress P. ultimum,
emphasizing the importance of combining AZ78 with supportive nutrient substrates to achieve

maximal biocontrol efficacy.

Collectively, our findings demonstrate that AZ78-mediated suppression results from the
interaction of multiple complementary mechanisms: (i) direct antimicrobial activity mediated by
PTMs and volatile compounds, (ii) priming of host structural and biochemical defense, (iii) soil
chemical modification leading to alkaline and ammonia-rich conditions unfavourable for pathogen
establishment, and (iv) microbiome restructuring that favours nitrogen-cycling and antagonistic
microbial taxa. This multilayered suppression strategy provides a robust approach that enables AZ78

to maintain efficacy under semi-realistic soil conditions where single-mode interventions often fail.
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CHAPTER 9

EXTENDED CONCLUSIONS

This study demonstrates that Lysobacter capsici AZ78 represents a highly versatile biocontrol
agent capable of suppressing both foliar and soil-borne oomycete pathogens through an integrated and
multi-level mode of action. By combining microbiological assays, metabolite characterization, plant
defense analyses, soil physicochemical measurements, volatilome profiling, and shotgun
metagenomics, we established a comprehensive mechanistic framework that explains how AZ78

enhances plant protection across different host—pathogen systems.

AZ78 exhibited strong antagonistic activity against Plasmopara viticola, Peronospora belbahrii,
and Pythium ultimum, achieving disease suppression levels comparable to conventional chemical
fungicides under greenhouse conditions. A key finding of this work is that bacterial viability is not
strictly required for efficacy. Heat-treated cells and autolysate preparations retained strong anti-
oomycete activity due to the presence of thermostable polycyclic tetramate macrolactams (PTMs),
including dihydromaltophilin and maltophilin. These metabolites both directly inhibited pathogen

structures and simultaneously induced plant immune responses.

AZ78 and its derived metabolites functioned not only as antimicrobial agents but also as plant
defense primers. Treated plants exhibited enhanced callose deposition, reactive oxygen species
production, activation of defense-related genes, and accumulation of phytoalexins such as resveratrol
and trans-g-viniferin following pathogen challenge. The priming effect ensured that defense responses
were activated specifically upon infection, thereby minimizing unnecessary metabolic costs to the

host plant.

224



In the soil, AZ78 cells and volatile emissions modified key soil physicochemical parameters,
particularly soil pH and ammonia concentration, creating conditions unfavourable for P. ultimum.
Volatile organic compounds produced by AZ78 contributed directly to pathogen inhibition and
indirectly shaped soil microbial communities. The integration of organic amendments, especially hoof
meal, further enhanced AZ78 performance by stimulating metabolite production and supporting

beneficial microbial populations.

Metagenomic analyses revealed that AZ78 reshaped soil microbiome composition and nitrogen
cycling functions. Enrichment of beneficial taxa and increased abundance of nitrogen assimilation,
dissimilatory nitrate reduction, and denitrification genes promoted ammonium accumulation and soil
alkalinization, both associated with disease suppression. These findings demonstrate that nitrogen
transformations act not only as nutrient cycling processes but also as ecological regulators influencing

pathogen survival.

Overall, AZ78-mediated biocontrol emerges from a wide range of complementary mechanisms:
direct pathogen antagonism, host defense priming, soil modulation, and microbiome restructuring.
This multi-layered strategy provides stability and effectiveness under complex environmental

conditions, highlighting the potential of AZ78 as a sustainable alternative to chemical pesticides.

The results presented in this study support the development of AZ78-based formulations and
emphasize the importance of combining microbial inoculants with specific organic amendments to
design next-generation suppressive soils. Future field validation and formulation optimization will be
essential steps toward translating these findings into practical agricultural applications for

environmentally friendly management of oomycete diseases.
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