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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 viti-
cola and Peronospora belbahrii, comparable to that 
of viable L. capsici AZ78 cells, as well as a copper-
based fungicide and a plant resistance inducer. Micro-
scopic analyses showed that both heat-inactivated 
and viable L. capsici AZ78 cells were toxic to P. 

viticola sporangia. Moreover, microscopic analyses 
also revealed their ability to induce callose deposition 
and reactive oxygen species accumulation in basil and 
grapevine leaves, indicating the stimulation of plant 
resistance mechanisms. Chemical analyses identified 
dihydromaltophilin and maltophilin, two heat-stable 
polycyclic tetramate macrolactams, in the membranes 
of L. capsici AZ78 cells. Isolated dihydromaltophilin 
and maltophilin, individually or in combination, were 
highly effective against P. viticola and triggered cal-
lose deposition in grapevine leaf discs. These find-
ings 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 second-
ary metabolites offers a promising, environmentally 
friendly alternative to copper-based products for the 
sustainable management of downy mildews.
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Introduction

In the field, crop plants have to face diverse biotic and 
abiotic stresses continuously. Among these, plant dis-
eases caused by (micro)organisms represent a major 
factor contributing to global yield losses and pose 
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a serious threat to agricultural production (Savary 
et al., 2019). To sustain and improve crop plant pro-
ductivity, it is therefore crucial to develop strategies 
that effectively manage plant pathogenic (micro)
organisms. Given the environmental and regulatory 
concerns associated with chemical inputs in agricul-
ture, there is increasing interest in environmentally 
friendly and sustainable approaches for detecting and 
controlling plant pathogenic (micro)organisms (Hel-
epciuc & Todor, 2022; Song et al., 2025).

One promising strategy involves the use of micro-
bial biopesticides, plant protection products that 
employ microbial BioControl Agents (mBCAs) as 
active ingredients. These are effective in control-
ling plant pathogenic (micro)organisms, promote 
plant growth, and improve nutrient uptake (Puopolo, 
2022; Ray et  al., 2020). Interest in microbial biope-
sticides has grown rapidly, with 13 bacterial mBCAs 
already authorised for commercial use in the Euro-
pean Union (https://​food.​ec.​europa.​eu/​plants/​pesti​
cides/​eu-​pesti​cides-​datab​ase_​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 com-
pounds (VOCs), polyketides, and non-ribosomal pep-
tides (Sarrocco, 2023). For example, Bacillus subtilis 
can suppress the growth of several plant-pathogenic 
(micro)organisms by producing secondary metabo-
lites (Kiesewalter et al., 2021). Similarly, certain sec-
ondary metabolites produced by Pseudomonas spp. 
exhibit antagonistic activity against bacteria, fungi, 
and oomycetes (Raio & Puopolo, 2021). Furthermore, 
secondary metabolites extracted from Trichoderma 
spp. are often more effective as plant protection prod-
ucts than the organisms themselves (Vinale et  al., 
2009). Plants have also evolved mechanisms to recog-
nise mBCAs and their bioactive compounds, thereby 
enhancing their capacity to resist pathogen attacks by 
triggering plant resistance mechanisms (Hönig et al., 
2023). In particular, cyclic lipopeptides such as orfa-
mide and surfactins, produced respectively by plant-
beneficial Pseudomonas spp. and Bacillus spp., can 
be perceived by plants and stimulate defence mech-
anisms 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 reser-
voir 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 microorganisms, particularly plant 
pathogenic (micro)organisms (Meers et  al., 2018; 
Puopolo 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 member of the PTM family is dihydromaltophi-
lin (DMP), also known as the heat-stable antifungal 
factor (HSAF) due to its stability at high tempera-
tures. Chemically, DMP is classified as a polycyclic 
macrolactam, a structural motif common in natu-
ral bioactive products that contain a tetramic acid, a 
class of compounds known for their antibiotic and 
anticancer properties (Schobert & Schlenk, 2008). 
DMP has a distinctive mode of action compared with 
previously known antifungal secondary metabolites. 
Indeed, it acts on multiple molecular pathways and 
interferes with a broad range of essential fungal cel-
lular structures (Chen et  al., 2024; Li et  al., 2006, 
2021).

DMP was first isolated from Streptomyces sp. 
(Graupner et  al., 1997) and later identified in L. 
enzymogenes C3, where it demonstrated antagonis-
tic activity against plant-pathogenic fungi (Li et  al., 
2006). It exerts its antifungal activity by targeting 
specific sphingolipids that are essential for polarised 
filament growth in fungal cells. Studies have demon-
strated the negative impact of this molecule on vari-
ous 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 sustainable control of plant-patho-
genic fungi. Specifically, DMP from L. enzymogenes 
C3 (previously identified as Stenotrophomonas malt-
ophilia C3) inhibited the growth of plant-pathogenic 
fungi such as Bipolaris sorokiniana and Uromyces 
appendiculatus (Yuen et  al., 2001; Zhang & Yuen, 
1999), as well as oomycetes like Pythium ultimum 
(Kobayashi et al., 2005). In another study, DMP iso-
lated from L. enzymogenes OH11 protected pear fruit 
against fungal decay caused by Colletotrichum fruti-
cola. The protection was attributed to hyphal defor-
mation and depolarisation, as well as inhibition of 
conidial germination (Li et al., 2021). Similarly, Liu 
et al. (2022) reported that DMP from L. enzymogenes 
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OH11 inhibited the growth of Neurospora crassa by 
activating fungal genes involved in cell wall forma-
tion. Additionally, crude DMP extracts from L. enzy-
mogenes OH11 showed efficacy in managing Fusar-
ium head blight (Zhao et  al., 2019) and suppressing 
Pythium graminicola in maize (Ren et  al., 2020). In 
the case of Fusarium graminearum, the causal agent 
of Fusarium head blight, DMP was recently shown 
to impact cell membrane and ergosterol biosynthe-
sis by interacting with the oxysterol-binding protein 
FgORP1 (Chen et al., 2024).

Recent studies have further provided insight into 
the delivery mechanisms of DMP. DMP and other 
secondary metabolites are transported via outer-mem-
brane 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 environ-
ment, where it is entrapped in OMVs until it estab-
lishes physical contact with plant-pathogenic fungi, 
thereby inhibiting their growth (Meers et al., 2018).

Among Lysobacter biocontrol agents, L. capsici 
AZ78 (AZ78) exhibits strong antagonistic activity 
against several economically important plant patho-
gens, including Phytophthora infestans and Plas-
mopara viticola, the causal agents of potato late 
blight and grapevine downy mildew, respectively 
(Puopolo et  al., 2014a, 2014b). The biocontrol effi-
cacy 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, 
2020b). Metabolomic analyses confirmed the pres-
ence of PTMs, notably DMP and its precursor malt-
ophilin (MP), both of which exhibit potent activity 
against plant pathogens (Brescia et  al., 2021). How-
ever, although these secondary metabolites have been 
identified in AZ78, their specific role in controlling 
plant-pathogenic oomycetes and the mechanisms by 
which they inhibit infection of crop plants remain 
largely unknown, prompting their reanalysis in this 
study.

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 belbahrii, 
the causal agent of basil downy mildew. Based on the 
results, we examined the mechanisms underlying the 
control of oomycetes using heat-inactivated AZ78 
cells and assessed the role of PTMs in these pro-
cesses. Overall, this study provides new insights into 
the multifaceted mechanisms of AZ78-mediated plant 
protection and highlights the potential of heat-inacti-
vated AZ78 cells and their PTMs as promising com-
ponents of next-generation microbial biopesticides.

Material and methods

Maintenance of bacterial strains

AZ78 and Escherichia coli DH5α (DH5α) 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 gen-
tly scraped from the surface using sterile L-shaped 
spatulas. The resulting cell suspensions were homog-
enised in sterile distilled water. The absorbance 
at 600  nm was adjusted to 0.1, corresponding to 
approximately 1 × 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.

Preparation of heat‑inactivated bacterial cells

AZ78 and DH5α 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 viabil-
ity was assessed by spot-inoculating 100 µL 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.
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Plants and respective plant pathogenic oomycetes

Sweet basil (Ocimum basilicum L.) plants were cul-
tivated from seeds (cv. Italiano classico, Franchi 
Sementi, Italy) in a 1:1 (v/v) mix of peat and ver-
miculite 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 they reached 
the 8–10-leaf stage. P. belbahrii, originally iso-
lated from diseased basil plants in a local garden, 
was maintained by manually spraying the sporan-
gial 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 at 25 ± 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 & 
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 sus-
pension was filtered through cheesecloth to remove 
plant debris, and the sporangial concentration was 
adjusted to 1 × 105 sporangia/mL using a haemo-
cytometer 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 5BB 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. P. viticola, originally 
isolated from an untreated vineyard in San Michele 
all’Adige (Italy) in 2024, was maintained on healthy 
grapevine plants through weekly inoculations accord-
ing to Puopolo et al. (2014b) under controlled condi-
tions (20 ± 0.5  °C, 70 ± 10% RH). Briefly, grapevine 
plants showing oil-spot symptoms were kept over-
night 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 × 105 sporangia/mL by counting under a light 
microscope using a haemocytometer. This sporangial 

concentration was used in all experiments unless oth-
erwise specified.

Assessment of the efficacy of heat‑inactivated and 
viable L. capsici AZ78 cells in controlling P. 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 dis-
tilled water (untreated control); 2) copper-based fun-
gicide Coprantol Hi Bio (copper hydroxide 20%, Syn-
genta; 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 DH5α cells; 
and 7) heat-inactivated DH5α cells. All treatments 
were applied manually using a nebuliser until com-
plete 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 incu-
bated for six days in a greenhouse at 25 ± 1  °C and 
70–80% RH (Brescia et  al., 2021). Disease severity 
(percentage of abaxial leaf area covered by sporulat-
ing lesions) was evaluated at seven dpi according to 
the EPPO standard scale (EPPO, 2004) and expressed 
as a percentage. Each treatment consisted of five Petri 
dishes containing five leaf discs, and the experiment 
was repeated.

Evaluation of the efficacy of heat‑inactivated and 
viable L. capsici AZ78 cells in controlling P. 
belbahrii and P. 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-inac-
tivated AZ78 cells. Once treated, grapevine plants 
were maintained at 25 ± 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 eval-
uated 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 fungi-
cide Cuprotax S.D.I. (copper sulfite 15.20%, Sip-
cam; 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 × 10⁹ 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. bel-
bahrii 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 & 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 et al., 2016). Each treat-
ment was applied to five plants (replicates), and the 
experiment was repeated three times.

Determination of the ability of heat‑inactivated and 
viable L. capsici AZ78  cells to stimulate the 
deposition of callose and accumulation of reactive 
oxygen species in basil and grapevine leaves

For visualising callose deposition and reactive oxy-
gen species (ROS) production, basil and grapevine 
leaf discs were used. Grapevine leaf discs were pre-
pared as described above. The experimental treat-
ments included: 1) distilled water (untreated control); 
2) BION 50 WG (50 mg/L) as a positive control for 
callose deposition; 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 immedi-
ately before staining to minimise potential wounding 
effects, thereby ensuring accurate and reliable subse-
quent analyses. In both cases, leaf discs were stained 
and observed at two dpi.

To assess callose deposition in the guard cells of 
basil and grapevine leaf discs, a fluorescence micros-
copy method was used, staining plant tissues with 
0.05% aniline blue in 0.06 M K₂HPO₄ (pH 8) (Palm-
ieri et  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 sealed along 
the edges for long-term preservation. All slides were 
wrapped in aluminium foil until observation. Cal-
lose deposition was visualised as blue fluorescence 
in guard cells. For basil leaf discs, aniline blue stain-
ing 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 grape-
vine leaf discs were incubated for five hours in 1 mg/
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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 & 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 deposition and ROS 
accumulation 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 deposi-
tion, 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.

Quantification of callose deposition and ROS 
accumulation in basil and grapevine leaves

To determine callose deposition, the proportion of 
stomata exhibiting detectable aniline blue fluores-
cence was calculated. To do that, stained basil and 
grapevine leaf discs were examined under a Leica 
LMD7000 microscope (Germany), using the same 
magnification and exposure settings as reported 
above. For each treatment, five biological replicates 
(slides) were prepared, and the experiments were 
repeated three times. From each biological repli-
cate, five randomly selected, non-overlapping fields 
of view were analysed. In each field, all clearly vis-
ible stomata were counted. 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 counted per 
biological replicate. The callose deposition was cal-
culated as:

Callose − positive stomata (%) = (Number of stomata with callose∕Total number of stomata observed) × 100

For the ROS production, the digital images of the 
leaf discs obtained under a bright field microscope, 
as reported above, were quantified using ImageJ soft-
ware (version 1.53, NIH, USA) according to Sekul-
ska-Nalewajko et al. (2016) with some modifications. 
For each basil and grapevine leaf disc, the total leaf 

disc area was selected and measured using the selec-
tion tool. DAB-stained regions (dark reddish-brown 
spots) were then identified using image threshold-
ing and quantified. The percentage of leaf disc area 
stained with DAB was then calculated using the 
formula:

ROS − positive leaf disc area (%) = (DAB − stained leaf disc area∕Total leaf disc area) × 100

Five biological replicates (leaf discs) were ana-
lysed per treatment, and the experiment was repeated 
three times.

Determination of the toxicity ofheat‑inactivated and 
viable L. capsici AZ78 cells against P. viticola 
sporangia

The toxicity of heat-inactivated and viable AZ78 cells 
towards P. viticola sporangia was evaluated accord-
ing to Puopolo et  al. (2014a), with slight modifica-
tions. Briefly, 50 µL of freshly prepared P. viticola 
sporangial suspension (2.5 × 105 sporangia/mL) was 
transferred into sterile 1.5  mL centrifuge tubes and 
kept on ice to prevent sporangial mortality. Subse-
quently, 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 sus-
pension (1 × 10⁹ CFU/mL); and 4) AZ78 heat-inacti-
vated cell suspension (1 × 10⁹ CFU/mL). After treat-
ment, 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 pro-
pidium iodide (Sigma-Aldrich, 0.01%). The former 
dye conferred green fluorescence to viable sporan-
gia, while the latter imparted red fluorescence to dead 
sporangia.

After staining, the mixtures were carefully spread 
onto glass slides and covered with coverslips. 
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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; suppres-
sion filter: BP 600–680  nm) and the H3 filter to 
count viable sporangia (BP 420–490  nm excita-
tion; 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 dead 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 experi-
ment was repeated three times.

Chemical analytical tools

Analytical and preparative thin-layer chromatog-
raphy (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% H₂SO₄ 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 sys-
tem (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 Infin-
ity 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  µm, 
125 × 4.0 mm; Merck, Darmstadt, Germany). Elec-
trospray ionisation mass spectrometry (ESIMS) was 
performed using an LC/MS TOF AGILENT 6230B 
system (Agilent Technologies, Milan, Italy).

Clog P values were calculated using ChemOf-
fice v20.1 (PerkinElmer, Waltham, MA, USA) with 

the corresponding tool in ChemDraw Professional 
(Vraka et al., 2017; Zorrilla et al., 2024).

Extraction and purification of bioactive metabolites 
from L. capsici AZ78 cells

A volume of 50 µL 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 the dishes were 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 extraction was not performed on heat-
inactivated AZ78 cells, as thermal shock can cause 
artefactual leakage of intracellular contents (Russell, 
2003), which could affect the extraction of bioactive 
metabolites associated with cell membranes.

The flasks were stirred for one hour at room tem-
perature, and the extracts were then transferred into 
sterile 15 mL centrifuge tubes. Cell-free extracts were 
obtained by centrifugation at 35,000 × 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 × g for 20  min at − 4  °C. 
The supernatant was filtered through a Millex-GV 
PVDF syringe filter (0.22  µm, Merck, Darmstadt, 
Germany) and transferred to 2 mL HPLC vials, which 
were stored at − 80  °C until analysis (Brescia et  al., 
2021).

The AZ78 cell-free extract (800 mL) correspond-
ing to 240 Petri dishes (3.6 L of LBA 1:10) was con-
centrated under vacuum to 400 mL, and ammonium 
sulphate ((NH₄)₂SO₄) was added to a final concentra-
tion 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 metha-
nol, then 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 col-
umn. The SPE column was preconditioned with 6 mL 
of ACN and equilibrated with 12  mL of distilled 
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water. The purification yielded five fractions (F1–F5), 
obtained by stepwise elution with H₂O (6 mL), ACN/
H₂O (3:7, v/v; 12 mL), ACN/H₂O (1:1, v/v; 12 mL), 
ACN/H₂O (7:3, v/v; 12  mL), and ACN (12  mL), 
respectively.

Subsequently, the organic solvents were removed 
under reduced pressure, and the remaining aque-
ous phases were lyophilised. The residue of F3 
(8.1  mg), which exhibited high anti-oomycete activ-
ity against Pythium ultimum, was analysed by 1H 
NMR and further purified by TLC using the mixture 
CH₂Cl₂:MeOH:conc. NH₄OH (60:36:4, v/v/v) as the 
eluent. The main fractions obtained, F3.1C (1.7 mg, 
Rf 0.4) and F3.2E (1.0 mg, Rf 0.6), were purified by 
HPLC using multiple injections on a reverse-phase 
column to obtain dihydromaltophilin and maltophilin.

The mobile phase used to elute the samples was 
a mixture of H₂O (0.1% formic acid) and ACN (0.1% 
formic acid) at a flow rate of 0.5 mL/min. The analy-
sis 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 condi-
tions for 10 min. Detection was performed at 220 nm, 
and samples were injected using a 20 µL loop and moni-
tored for 35 min.

Evaluation of the application of dihydromaltophilin 
and maltophilin for the control of P. 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 con-
trol); 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 µL each onto each grapevine leaf disc. After 
application, the Petri dishes were wrapped in alumin-
ium 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 trans-
ferred to the greenhouse at 25 °C (60–80% RH) with 
a 16/8 h day/night light regime. 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.

Assessment of the plant protection efficacy, 
toxicity against P. 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); 5–8) DMP and MP mixture prepared at a 
1:1 (v/v) ratio tested at total concentrations of 50, 5, 2.5, 
and 0.5  mg/L, corresponding to equal concentrations 
of DMP and MP in each mixture. The DMSO concen-
trations 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. Each 
treatment consisted of five Petri dishes containing three 
leaf discs, resulting in 15 replicates (15 spots), and the 
experiment was repeated.

The same DMP and MP mixtures, along with their 
respective controls, were also evaluated for their tox-
icity against P. viticola sporangia, following the pro-
cedure 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 
deposition using the procedures previously described. 
The treatments were: 1) distilled water (untreated con-
trol); 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.

Statistical analysis

Because the experimental factor was not significant, 
data from the independent experiments were pooled, 
treated as biological replicates, and analysed using 
one-way analysis of variance (ANOVA) in R v4.3.0 
with RStudio v2024.12.1–563. Data were analysed 
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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 
‘agricolae’ (v 1.3–7) and ‘emmeans’ (v1.10.0) package, 
with adjustments for multiple comparisons and a sig-
nificance level of α = 0.05.

Results

Application of heat‑inactivated and viable L. capsici 
AZ78 cells effectively controlled P. viticola on 
grapevine leaf discs

No colony formation occurred on NA dishes spot-
inoculated with AZ78 and DH5α cells after thermal 

shock, indicating that all treated bacterial cells 
died. The plant protection efficacy of heat-inacti-
vated and viable AZ78 and DH5α cells was evalu-
ated against P. viticola. Grapevine leaf discs treated 
with distilled water exhibited a disease severity of 
90.00 ± 2.33%. In contrast, the copper-based fungi-
cide provided the highest level of protection, result-
ing in a disease severity of 0.24 ± 0.16% (Fig.  1). 
Similarly, the application of BION 50 WG sig-
nificantly reduced disease severity (2.56 ± 0.62%) 
(Fig. 1). Application of heat-inactivated and viable 
DH5α cells resulted in only a slight but signifi-
cant 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 

Fig. 1   Control of Plasmopara viticola on grapevine leaf discs 
through the preventive application of heat-inactivated and via-
ble 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 (benzothi-
adiazole-7-carbothioic acid S-methyl ester 50%, Syngenta; 
50  mg/L)]; 4) viable L. capsici AZ78 cells (1 × 108  CFU/

mL); 5) heat-inactivated L. capsici AZ78 cells (1 × 108  CFU/
mL); 6) viable Escherichia coli DH5α cells (1 × 108 CFU/mL); 
and 7) heat-inactivated E. coli DH5α cells (1 × 108 CFU/mL), 
applied 24  h before P. viticola. Disease severity is expressed 
as the mean percentage of symptomatic grapevine leaf disc 
area ± standard error of two replicated bioassays (n = 2). Col-
umns bearing the same letters are not significantly different 
according to Tukey’s HSD test (α = 0.05)
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than BION 50 WG and equivalent to the copper-
based fungicide (Fig. 1).

Heat‑inactivated and viable L. 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 sever-
ity (82.24 ± 2.18%), whereas the copper-based fungi-
cide achieved the lowest (0.12 ± 0.12%; Fig. 2A). The 
application of heat-inactivated and viable AZ78 cells 
showed excellent efficacy, resulting in disease severi-
ties of 0.97 ± 0.23% and 0.34 ± 0.75%, respectively 
(Fig. 2A).

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 dis-
ease severity to 8.13 ± 2.01%, which was slightly 
higher than that achieved by the copper-based fun-
gicide and viable AZ78 cells, but still significantly 
lower than the untreated control (Fig. 2B).

Application of heat‑inactivated and viable L. capsici 
AZ78 cells stimulated callose deposition and reactive 
oxygen species accumulation in basil and grapevine 
leaf discs

In basil and grapevine leaf discs treated with dis-
tilled water, no callose deposition was observed 
before the inoculation of P. belbahrii and P. viti-
cola, respectively (Fig. S1A, D), whereas the pres-
ence of zoospores was observed at one and two 
days post-inoculation (dpi; Fig. S1B, 2E,  3A, 3E). 
Finally, P. belbahrii and P. viticola sporulation with 
the formation of sporangiophores and sporangia 
was observed at seven dpi (Fig. S1C, F).

Fig. 2   Preventive application of heat-inactivated  and via-
ble Lysobacter capsici AZ78 cells effectively protects basil 
and grapevine plants against plant pathogenic oomycetes. 
Heat-inactivated and viable  L. capsici AZ78 cell suspen-
sions (1 × 108 CFU/mL) were applied to grapevine plants and 
treated with Plasmopara viticola after 24 h (A). Similarly,heat-
inactivated  and viable L. capsici AZ78 cell suspensions 
(1 × 109 CFU/mL) were applied to basil plants and inoculated 
with Peronospora belbahrii after 24  h (B). In both cases, 
treatments included: 1) distilled water (untreated control); 2) 

copper-based product, in particular Coprantol Hi Bio (cop-
per 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-inactivated L. capsici 
AZ78 cells. Disease severity is expressed as the mean percent-
age of symptomatic grapevine leaf disc area ± standard error of 
three replicated bioassays (n = 3). Columns bearing the same 
letters are not significantly different according to Tukey’s HSD 
test (α= 0.05)
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In contrast, the application of the resistance 
inducer BION 50 WG resulted in pronounced callose 
deposition around stomata in both basil and grape-
vine leaf discs (Fig. 3B, F), consistent with its known 
resistance-inducing activity. Notably, the application 
of both heat-inactivated and viable AZ78 cells pre-
vented the presence of P. belbahrii and P. viticola 
zoospores or mycelium, and, similar to BION 50 WG, 
promoted a marked callose deposition around stomata 
in basil and grapevine leaf discs (Fig. 3C, D, G, H).

Quantitative analysis confirmed these observations 
(Table S1). The application of distilled water did not 
increase the percentage of callose-positive stomata 
in basil and grapevine leaf discs. In contrast, the 
application of the resistance inducer BION 50 WG 
significantly increased in both basil (48.19 ± 3.10%) 
and grapevine (54.91 ± 3.03%) leaf discs (Table S1). 
Interestingly, the callose deposition around sto-
mata was significantly enhanced by the application 
of heat-inactivated and viable AZ78 cells compared 
with the untreated controls in both grapevine and 

basil leaf discs. In particular, the effect of the appli-
cation of heat-inactivated (48.41 ± 5.81%) and viable 
(53.66 ± 7.41%) AZ78 cells was not significantly dif-
ferent from the application of BION 50 WG in the 
case of grapevine leaf discs (Table  S1). However, a 
significantly lower percentage of callose-positive 
stomata following the application of heat-inactivated 
(39.69 ± 4.00%) and viable (40.67 ± 2.32%) AZ78 
cells compared to BION 50 was observed in the case 
of basil leaves.

Regarding ROS production, basil and grapevine 
leaf discs treated with distilled water showed minimal 
ROS accumulation (Fig. 4A, E). A moderate increase 
in ROS accumulation in basil and grapevine leaf discs 
was observed in the case of the application of lami-
narin, in agreement with its already known capacity 
to induce ROS accumulation in plant tissues (Fig. 4B, 
F). In contrast, treatment with both viable and heat-
inactivated AZ78 cells resulted in a marked increase 
in ROS accumulation in basil and grapevine leaf discs 
at two dpi (Fig. 4C–H).

Fig. 3   Promotion of callose deposition in grapevine and basil 
leaf discs following the application of heat-inactivated  and 
viable Lysobacter capsici AZ78 cells. Heat-inactivated  and 
viable L. capsici AZ78 cell suspensions (1 × 108  CFU/mL) 
were applied to grapevine leaf discs. In contrast, basil plants 
were treated with heat-inactivated and viable L. capsici AZ78 
cell suspensions at 1 × 109 CFU/mL. Grapevine leaf discs (A-
D) and basil plants (E–F) were inoculated with Plasmopara 
viticola (2.5 × 105 sporangia/mL) and Peronospora belbahrii 
(1 × 105 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 depo-
sition in different treatments. The treatments included leaf 
discs treated with distilled water (untreated control) (A, E); 
leaf discs treated with BION 50 WG (benzothiadiazole-7-car-
bothioic acid S-methyl ester 50%, 50 mg/L) (B, F); leaf discs 
treated with viable L. capsici AZ78 cells (C, G) and heat-inac-
tivated L. capsici AZ78 cells (D, H). Arrows indicate callose 
deposition around stomatal openings, visible as blue fluores-
cence. Scale bars: 100 µm
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Quantitative analysis confirmed these obser-
vations (Table  S2). The application of distilled 
water had no effect on the ROS accumulation of 
basil and grapevine leaf discs. In contrast, the 
application of laminarin promoted the ROS accu-
mulation in both basil (34.31 ± 0.18%) and grape-
vine (30.51 ± 2.98%) leaf discs (Table  S2). The 
percentage of DAB-stained leaf disc area was sig-
nificantly higher than that of the untreated con-
trols when both basil and grapevine leaf discs 
were treated with heat-inactivated and viable 
AZ78 cells (Table  S2). Notably, the application 
of heat-inactivated (41.65 ± 4.70%) and viable 
(44.76 ± 0.95%) AZ78 cells resulted in a sig-
nificantly higher percentage of DAB-stained 
grapevine leaf disc area than that with lamina-
rin. Moreover, the application of heat-inactivated 
(53.77 ± 3.41%) and viable (58.23 ± 1.57%) AZ78 

cells elicited the greatest ROS accumulation 
among treatments in basil leaf discs (Table S2).

 Effect of heat‑inactivated and viable L. capsici AZ78 
on the viability of P. viticola sporangia

P. viticola sporangia treated with distilled water dem-
onstrated 51.02 ± 5.19% dead 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% dead sporangia, 
respectively (Fig. S2). 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 (Fig. S2).

Fig. 4   Promotion of reactive oxygen species (ROS) accumu-
lation in grapevine and basil leaf discs following the applica-
tion of heat-inactivated  and viable Lysobacter capsici AZ78 
cells. Heat-inactivated and viable L. capsici AZ78 cell suspen-
sions (1 × 108 CFU/mL) were applied to grapevine leaf discs. 
In contrast, basil plants were treated with heat-inactivated and 
viable L. capsici AZ78 cell suspension at 1 × 109  CFU/mL. 
Grapevine leaf discs (A–D) and basil plants (E–H) were inocu-
lated with Plasmopara viticola (2.5 × 105 sporangia/mL) and 
Peronospora belbahrii (1 × 105 sporangia/mL), respectively, 

and assessed for ROS accumulation at 48 dpi using 3,3′-diam-
inobenzidine (DAB) staining solution. DAB-stained leaves 
revealed localised H₂O₂ accumulation. The treatments were as 
follows: leaf discs treated with distilled water (untreated con-
trols) (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-inactivated cells (D, H). Arrows indicate 
ROS production, visible as brown precipitated spots. Scale 
bars: 100 µm
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Identification of dihydromaltophilin and maltophilin 
in extracts from L. 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 1H NMR spec-
trum (Fig.  S3) displayed signals corresponding to 
olefinic, methine, and methylene protons, similar to 
those reported for tetramic acid-containing metabo-
lites (Graupner et al., 1997). This fraction was fur-
ther purified through two successive steps of TLC 
and HPLC, resulting in two pure compounds eluted 
at retention times (tₙ) of 5.73 and 7.79 min (Fig. S4 
and S5).

These were pooled, concentrated under reduced 
pressure, and lyophilised. Subsequently, the two com-
pounds were identified as dihydromaltophilin (DMP), 
also known as HSAF (0.53 mg, tₙ 5.73) (Fig. S6A), 
and maltophilin (MP; 0.83  mg, tₙ 7.79  min) 
(Fig. S6B; Graupner et al., 1997).

Their ESI–MS spectra showed the dimer proto-
nated adduct [2  M + H]+ and the protonated adduct 
[M + H]+ ions at m/z 1025 and 513 for DMP (Fig. S7) 
and at m/z 1021 and 511 for MP (Fig. S8).

Impact of dihydromaltophilin and maltophilin 
application on P. 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 dis-
ease severity (90.74 ± 6.23%; Fig.  5). Treatments 
with DMP at 5 mg/L and 2.5 mg/L, as well as MP 
at 5 mg/L, completely suppressed disease develop-
ment, resulting in the absence of symptoms, com-
parable 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; 
Fig.  5). Additionally, MP applied at 2.5  mg/L 
exhibited a moderate reduction in disease severity 
(64.52 ± 3.96%).

Impact of a mixture of dihydromaltophilin and 
maltophilin on P. 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. Treat-
ments 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 con-
trol (Fig. 6). In contrast, the DMP and MP mixture 
resulted in complete disease suppression (0% sever-
ity), matching the efficacy of the copper-based fun-
gicide when applied at concentrations of 50 mg/L, 
5 mg/L, and 2.5 mg/L (Fig. 6).

Effect of dihydromaltophilin and maltophilin mixture 
on P. viticola sporangia

Fluorescence microscopy revealed 26.00 ± 1.00% 
dead sporangia in the untreated control (Fig.  S9). 
Varying concentrations of DMSO did not show any 
significant effect on sporangial viability, with DMSO 
at 0.1% and 0.05% yielding 38.50 ± 1.50% and 
45.00 ± 3.00% dead sporangia, respectively (Fig. S9).

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 per-
centage of dead sporangia than the copper-based 
fungicide (Coprantol Hi Bio). Conversely, the DMP 
and MP mixture at 0.5 mg/L produced levels of spo-
rangial devitalization comparable to those of the 
untreated control (Fig. S9).

Application of a ihydromaltophilin and maltophilin 
mixture stimulates callose deposition 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 deposition (Fig. 7A-B). Notably, callose dep-
osition was clearly observed in grapevine leaf discs 
treated with the DMP and MP mixture at concentra-
tions of 50 mg/L, 5 mg/L, and 2.5 mg/L (Fig. 7C-E), 
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whereas the lowest concentration tested (0.5  mg/L) 
did not induce callose deposition (Fig. 7F).

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  S3). The DMP and MP mixture 
at various concentrations significantly induced 
callose deposition in grapevine leaf discs in a 
dose-dependent manner (Table  S3). 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 per-
centage of callose-positive stomata (0.93 ± 0.53%) 
that was not significantly different from that 
observed on grapevine leaf discs treated with dis-
tilled water (untreated control).

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 et 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, focus-
ing on P. viticola and P. belbahrii on grapevine and 
basil plants, respectively. We have previously dem-
onstrated that AZ78 produces heat-stable polycyclic 
tetramate macrolactams (PTMs), including dihydro-
maltophilin (DMP), which retain antifungal activ-
ity after thermal treatment (Brescia et  al., 2021; Li 

Fig. 5   Effective control of Plasmopara viticola infections 
on grapevine leaf discs through the preventive application of 
dihydromaltophilin and maltophilin. 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); DMP at 3) 5  mg/L; 4) 

2.5 mg/L; 5) 0.5 mg/L; and MP at 6) at 5 mg/L;7) 2.5 mg/L; 8) 
0.5 mg/L. Disease severity is expressed as the mean percentage 
of symptomatic grapevine leaf disc area ± standard error of two 
replicated bioassays (n = 2). Columns bearing the same letters 
are not significantly different according to Tukey’s HSD test 
(α = 0.05)
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et al., 2008; Zhang & Yuen, 2000). Moreover, DMP 
and analogues have been shown to associate with 
the outer membrane of Lysobacter cells (Yue et  al., 
2021), suggesting that a fraction of these secondary 
metabolites may remain cell-associated rather than 
being fully released into the surrounding environ-
ment. Based on these observations, we hypothesised 
that heat-inactivated AZ78 cells could retain anti-
oomycete activity comparable to that of viable cells, 
owing to the persistence of membrane-associated, 
heat-stable PTMs.

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 AZ78 cells dras-
tically 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 com-
parably to a copper-based fungicide. Until now, the 
development of resistant basil cultivars, the use of 
chemical active substances, physical control meas-
ures, and agronomic strategies have represented the 
main approaches for managing basil downy mildew 
(Ben-Naim et al., 2018; La Placa et al., 2025; López-
López et al., 2014; Patel et al., 2021). Although sev-
eral alternative products have been tested for control-
ling 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 com-
mercial 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 toxic-
ity of AZ78 cells on P. viticola sporangia and found 
that sporangia treated with AZ78 displayed a signifi-
cantly higher proportion of dead sporangia. Notably, 

Fig. 6   Control of Plasmopara viticola infections on grape-
vine 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, cop-
per hydroxide 20%, 2 g/L). The dihydromaltophilin and malt-

ophilin 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. Mix-
tures consisted of DMP and MP at a 1:1 (v/v) ratio; concentra-
tions refer to the total mixture concentration. Disease severity 
is expressed as the mean percentage of symptomatic grape-
vine leaf disc area ± standard error of two replicated bioassays 
(n = 2)
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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-diketo-
piperazine cyclo(L-Pro-L-Tyr); thus, it is plausible 
that AZ78 also produces this metabolite when applied 
to grapevine leaf discs (Puopolo et al., 2014a). How-
ever, as heat-inactivated AZ78 cells also showed 
strong efficacy, the toxicity could additionally be 
associated with the presence of heat-stable secondary 
metabolites.

Since heat-inactivated AZ78 cells are non-viable, 
their protective effect may also be mediated by the 
elicitation of plant innate immunity. Plant-beneficial 
bacteria can stimulate plant resistance mechanisms 
through recognition of conserved microbial-associated 
molecular patterns (MAMPs), including components 
of the cell envelope (e.g. lipopolysaccharides, pepti-
doglycans) and bioactive secondary metabolites. These 

components are perceived by plant pattern-recogni-
tion receptors, triggering defence signalling pathways 
involving salicylic acid, jasmonic acid, and ethylene 
(Boller & Felix, 2009; Pieterse et al., 2014). For exam-
ple, the biocontrol bacterium P. putida WCSWCS358 
stimulates systemic resistance in bean and tomato, an 
effect associated with its lipopolysaccharides, compo-
nents of the bacterial cell envelope, and the produc-
tion of the siderophore pseudobactin (Meziane et  al., 
2005). Production of the cyclic lipopeptides is the 
main molecular mechanism responsible for the elicita-
tion by B. velezensis FZB42 of systemic resistance in 
rice plants against Rhizoctonia solani (Ali et al., 2025). 
Because members of the genus Lysobacter share 
Gram-negative cell envelope structures and produce 
a wide array of bioactive secondary metabolites, it is 
conceivable that stimulation of plant resistance mecha-
nisms may contribute to the plant protection efficacy 
observed with heat-inactivated AZ78 cells.

Fig. 7   Promotion of callose deposition in grapevine and basil 
leaf discs following the application of 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 (DMP)-maltophilin (MP) mixture at 
50 mg/L (C), 25 mg/L (D), 2.5 mg/mL (E), and 0.5 mg/L (F). 

Mixtures consisted of DMP and MP at a 1:1 (v/v) ratio; con-
centrations refer to the total mixture concentration. Grapevine 
leaf discs (A–F) were inoculated with P. viticola (2.5 × 105 
sporangia/mL) 24  h after the application of the treatments. 
Arrows indicate callose deposition around stomatal openings, 
visible as blue fluorescence. Scale bars: 100 µm
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Among resistance mechanisms, we focused our 
attention on callose deposition and ROS produc-
tion, as they are two processes commonly associ-
ated with induced resistance triggered by plant-ben-
eficial (micro)organisms and chemical resistance 
inducers (Mersha et al., 2012; Palmieri et al., 2013; 
Trouvelot et  al., 2008; Van der Ent et  al., 2008). 
ROS are typically produced in response to 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 accumula-
tion is associated with the hypersensitive response 
in resistant grapevine plants following P. viticola 
infection (Kortekamp & Zyprian, 2003). Addition-
ally, callose, a β-(1,3)-D-glucan, reinforces plant 
cell walls and restricts plant pathogen spread (Wang 
et  al., 2021). Its deposition around stomata is cru-
cial 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 50WG. 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 patho-
gens use stomata as their primary penetration sites 
(Fröbel & Zyprian, 2019; Koroch et al., 2013). Simi-
larly, a marked deposition of ROS was detected in 
grapevine and basil leaf discs treated with both viable 
and heat-inactivated AZ78 cells, and this oxidative 
burst likely forms the basis of the host response to 
P. viticola and P. belbahrii infection. Alongside cal-
lose deposition, ROS accumulation may play a sig-
nificant 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 (Mezi-
ane et al., 2005; Pruitt et al., 2015; Willmann et al., 
2011; 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 DH5α, 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 & Matthews, 2012); 
thus, some E. coli strains may indeed possess elicitors 
that plants can recognise.

Neither heat-inactivated nor viable DH5α 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 DH5α, contain metabolites 
and/or cell components capable of eliciting defence 
responses in grapevine, similarly to BION 50WG, 
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 & Yuen, 2003). Thus, AZ78 and 
L. enzymogenes C3 may share heat-resistant elici-
tors that can stimulate defence mechanisms in plants. 
Notably, both AZ78 and L. enzymogenes C3 release 
PTMs such as DMP and maltophilin (MP), which 
remain stable even after exposure to high tempera-
tures (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), nema-
todes (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 impair the polarised growth of 
Aspergillus nidulans hyphae by influencing micro-
filament 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 
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apoptosis in yeast cells by stimulating ROS produc-
tion. Interestingly, Tomada et al. (2017) reported that 
genes involved in PTM biosynthesis were upregu-
lated in AZ78 during its interaction with Phytoph-
thora infestans. The plant pathogen itself responded 
by upregulating genes associated with apoptotic pro-
cesses (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 Lysobac-
ter 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 mix-
ture 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. Over-
all, these results are consistent with those obtained by 
applying heat-inactivated and viable AZ78 cells to 
grapevine leaf discs and plants. Moreover, these find-
ings align with those of Graupner et al. (1997), who 
isolated and tested DMP and MP from a Streptomy-
ces sp. strain in Indiana (USA) against P. viticola on 
grapevine plants, demonstrating high efficacy for both 
PTMs.

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 con-
centrations 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 man-
agement programmes.

Along with its toxic activity against P. viticola 
sporangia, the DMP and MP mixture also stimulated 
callose deposition near stomatal guard cells in grape-
vine 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. enzymo-
genes OH11 mutant deficient in DMP production was 
still able to induce the expression of defence genes 
involved in the salicylic acid and jasmonic acid sig-
nalling pathways in the Phytophthora capsici–Nico-
tiana benthamiana pathosystem. Based on these find-
ings, we cannot exclude the possibility that AZ78 
cells also contain other elicitors capable of stimulat-
ing 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. Further-
more, 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.

Conclusion

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 deposition and ROS accumulation in basil and 
grapevine leaves, thereby inhibiting plant pathogen 
entry during the early stages of infection.

We attribute this activity to the deposition of 
thermostable polycyclic tetramate macrolactams 
(PTMs), specifically dihydromaltophilin (DMP) and 
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maltophilin (MP), in AZ78 cell membranes. Indeed, 
we isolated these PTMs from AZ78 cells and dem-
onstrated 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 complemen-
tary 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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