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ARTICLE INFO ABSTRACT

Keywords: Botrytis cinerea and Phytophthora infestans are two of the most widespread phytopathogens worldwide and are

ChOli'H(_? carboxylates mainly controlled by the frequent application of synthetic chemical fungicides. Sustainable alternatives are

E“"gmdfd required to reduce the possible negative effects on human health and the environment. This study aimed to
rey mo.

characterize the mechanism of action of the sustainable fungicide choline pelargonate (CP) against B. cinerea and
P. infestans in vitro. CP inhibited mycelial growth and spore germination of B. cinerea and P. infestans, causing the
leakage of electrolytes and nucleic acids with dose-dependent effects. Ultrastructural alterations of the plasma
membrane and cytoplasm were found in B. cinerea and P. infestans cells, with negative impacts on membrane
functionality. Moreover, CP altered the content of free fatty acid, phosphatidic acid, phosphatidylcholine,
phosphatidylethanolamine, and triglyceride lipid classes in B. cinerea and P. infestans mycelia, as a possible
perturbation of lipid metabolism and stimulation of lipid hydrolysis. Pelargonic acid was partially incorporated
into triglyceride lipids, suggesting attempted detoxification mechanisms in both phytopathogens. In conclusion,
CP is a choline carboxylate with promising inhibitory activity against phytopathogens.

Late blight
Membrane disruption

1. Introduction in nature (Cheung et al., 2020). Botrytis cinerea is most destructive on

mature and senescent tissues of dicotyledonous hosts, but it usually in-

Botrytis cinerea and Phytophthora infestans are two of the most
widespread phytopathogens worldwide (Judelson, 2014; Williamson
et al., 2007). Botrytis cinerea is a necrotrophic phytopathogen that causes
grey mold disease on different plant organs (e.g., flowers, fruits, leaves,
shoots, and soil storage organs) of more than 500 plant species, such as
vegetable crops (e.g., cucumber, tomato, and zucchini) and fruit-bearing
plants (e.g., grape, raspberry, and strawberry) with high economic
relevance (Cheung et al., 2020). The ascomycete B. cinerea primarily
propagates through asexual conidia, and its alternative sources of
infection are mycelia from sclerotia and infected tissues (Cheung et al.,
2020). Moreover, B. cinerea undertakes a sexual cycle to form apothecia
that release ascospores, although infections by ascospores rarely occur

fects plant tissues at early stages and remains quiescent before rotting
the infected tissues, when the host physiology changes and environ-
mental conditions are conducive for pathogen development (Williamson
et al., 2007). In particular, B. cinerea causes soft rots, accompanied by
collapse and water-soaking of parenchyma tissues, with a rapid
appearance of grey masses of conidia (Williamson et al., 2007). Phy-
tophthora infestans is a hemibiotrophic oomycete responsible for tomato
and potato late blight that predominantly follows asexual reproduction
through sporangia formation during the growing season (Judelson,
2014). Asexual sporangia may directly extend hyphae through the
sporangial wall (direct germination) or release mononucleate zoospores
(indirect germination) (Judelson and Blanco, 2005), while oospores can
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originate from sexual reproduction (Judelson, 2014). The main symp-
toms of tomato late blight include the formation of black/brown lesions
on leaves, fruits, and stems that progress to water-soaked chlorotic spots,
which can lead to necrosis of the entire plant (Mazumdar et al., 2021).
Moreover, symptoms of potato late blight include blight or brown rot on
tubers and water-soaked lesions on leaves, often surrounded by white
areas of sporulation (Yuen, 2021).

Botrytis cinerea and P. infestans infections cause severe crop losses
worldwide (Abbey et al.,, 2019; Nowicki et al., 2012), and disease
management strategies are commonly applied against these two path-
ogens, such as the use of chemical fungicides, resistant cultivars, and
agronomic practices (Abbey et al., 2019; Mazumdar et al., 2021).
Chemical fungicides are the most important approach for B. cinerea
control (Abbey et al., 2019), and they can be differentiated according to
their modes of action, such as multi-site fungicides (e.g., captan,
chlorothalonil, dichlofluanid, folpet, mancozeb, and tolylfluanid), un-
couplers of oxidative phosphorylation (e.g., fluazinam), inhibitors of
mitochondrial respiration (e.g., azoxystrobin and other strobilurins,
boscalid and other carboxamides), and perturbators of osmoregulation
(e.g., dicloran, fenpiclonil, fludioxonil, and quintozene) (Leroux, 2007).
Likewise, fungicides used against P. infestans include site-specific prod-
ucts (e.g., azoxystrobin, cyazofamid, fluazinam, mandipropamid, met-
alaxyl, and oxathiapiprolin) or multi-site products (e.g., copper and
sulfur) (Ivanov et al., 2021). It was estimated that a large fraction of the
global fungicide market is used to control B. cinerea (Abbey et al., 2019)
and that chemical control of P. infestans contributes to 10-20 % of the
total production costs of potato in Europe and the U.S.A. (Haverkort
et al., 2009). However, the overuse of chemical fungicides raised con-
cerns about possible residues on fruits and vegetables with consequent
negative effects on human health and the environment (Abbey et al.,
2019). Because of these concerns, regulations have been implemented in
several countries to reduce the use of chemical fungicides (Skevas et al.,
2013). For example, maneb and mancozeb, previously used against
B. cinerea (Leroux, 2007) and P. infestans (Ivanov et al., 2021), are no
longer allowed in Europe (https://food.ec.europa.eu/plants/pesticides
/eu-pesticides-database_en). Numerous active substances are under
scrutiny for substitution in Europe, including those used against
B. cinerea and/or P. infestans, such as boscalid, copper, and metalaxyl
(Commission, E, 2015). Likewise, copper use is limited in Europe up to a
maximum of 28 kg/ha over a period of seven years (Commission, E,
2018) and further limitations are expected in the future (Tamm et al.,
2022). Thus, the development of novel sustainable fungicides is of great
importance to reduce the health risks and environmental impacts
(Tleuova et al., 2020).

Choline pelargonate (CP; also known as trimethyl-ethanolamine
nonanoate or choline nonanoate) is a new formulation of pelargonic
acid as choline salt for the use as a sustainable fungicide against fungal
and oomycete phytopathogens (De Saegher et al., 2019). For example,
CP treatment successfully controlled late blight on potato leaves and
powdery mildew (caused by Podosphaera xanthii) on zucchini plants (De
Saegher et al., 2019). Pelargonic acid (also known as nonanoic acid) is a
saturated free fatty acid (FFA) with nine carbon atoms (A9:0), naturally
present at low concentrations in fruits, vegetables, milk, and beef
(Ciriminna et al., 2019). Pelargonic acid is used as bio-based herbicide in
concentrated formulations (Ciriminna et al., 2019) and showed anti-
microbial activities against human pathogens, such as Salmonella
enterica subsp. enterica (Dev Kumar et al., 2020) and Microsporum gyp-
seum (Chadeganipour and Haims, 2001). Choline, the other component
of CP, is considered safe by the Food and Drug Administration (U.S.A.)
and the European Food Safety Agency (Li et al., 2022), and it is a
micronutrient involved in many physiological pathways of human cells
(Penry and Manore, 2008). CP belongs to the subclass of ionic liquids
named choline carboxylates, which include biocompatible substances
that interact with bilayer membranes of liposomes when the chain
length contains more than eight carbon atoms (Rengstl et al., 2014).
Chemical characteristics and possible applications of choline
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carboxylates were partially evaluated as solvents in the cosmetic, food,
and pharmaceutical industries (Elhi et al., 2020; Rengstl et al., 2014),
but no information is available on the possible effect of CP against
phytopathogens. This study aimed to understand the mechanism of ac-
tion of CP against B. cinerea and P. infestans in vitro by investigating
possible perturbations of membrane structure and lipid content.

2. Materials and methods
2.1. Biological material, growth conditions, and treatments

Botrytis cinerea B05.10 (Amselem et al., 2011) and P. infestans VB3
(Chahed et al., 2020) were grown in Petri dishes on potato dextrose agar
(PDA; 4 g/L potato extract, 20 g/L dextrose, 15 g/L agar; Oxoid,
Basingstoke, Hampshire, UK) and pea agar medium (PAM, 125 g/L
frozen peas and 12 g/L agar in distilled water) (Puopolo et al., 2014) at
18 + 2 °C in the dark, respectively.

The stock solution of CP [41 % (w/v); CAS number 10246-69-2] was
provided by Bi-PA nv. (Londerzeel, Belgium).

2.2. Assessment of choline pelargonate impact on B. cinerea and
P. infestans mycelial growth

The inhibitory activity of CP on B. cinerea and P. infestans mycelial
growth was assessed as previously described (Chahed et al., 2020).
Briefly, B. cinerea and P. infestans plugs (5 mm diameter) were cut from
the edge of seven-day-old colonies and a plug was placed at the center of
a dish (90 mm diameter) on PDA and PAM supplemented with the
appropriate CP concentration (0, 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0
mM), respectively. The mycelial growth of B. cinerea and P. infestans was
assessed after four and eleven days of incubation at 18 + 2 °C in the
dark, respectively, and it was calculated as the average of the two
perpendicular diameters of the colony, minus the plug diameter. The
percentage of mycelial growth inhibition was calculated according to
the following equation: (colony diameter in control dishes - colony
diameter in CP-treated dishes) / colony diameter in control dishes x 100
(Yahyazadeh et al., 2008). The concentration that inhibited 50 % of
mycelial growth (IC50) was calculated according to the regression curve
of mycelial growth against the Log;o-transformed CP concentration.
When no mycelial growth was observed, CP-treated B. cinerea and
P. infestans plugs were transferred to new PDA and PAM dishes,
respectively, and radial growth was monitored for three days of incu-
bation at 18 + 2 °C in the dark to assess mycelial vitality. The minimum
CP concentration that completely inhibited (100 % growth inhibition)
the mycelial growth and allowed mycelial growth (vital mycelium)
when transferred to a new PDA (for B. cinerea) or PAM (for P. infestans)
dish was defined as minimum inhibitory concentration (MIC) (Zhang
et al., 2019). The minimum CP concentration that completely inhibited
(100 % growth inhibition) the mycelial growth and avoided mycelial
growth (death mycelium) when transferred to a new PDA (for B. cinerea)
or PAM (for P. infestans) dish was defined as minimum fungicidal con-
centration (MFC) (Zhang et al., 2019). Six replicates (dishes) were
analyzed for each CP concentration and phytopathogen, and the
experiment was carried out twice.

2.3. Assessment of choline pelargonate impact on the germination of
B. cinerea conidia and P. infestans sporangia

The inhibitory activity of CP on the germination of B. cinerea conidia
and P. infestans sporangia was assessed according to Song et al. (2016).
Briefly, two-week-old B. cinerea and three-week-old P. infestans dishes
were filled with 4 mL of sterile distilled water and gently scraped with a
sterile L-shaped loop to collect conidia and sporangia, respectively. The
resulting spore suspension was filtered using a sterile Pasteur pipette
containing a fine muslin cloth, the concentration was determined by
using a hemocytometer under a light microscope (Eclipse 80i, Nikon,
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Tokyo, Japan), and spore suspension was subsequently diluted with
sterile distilled water to obtain a concentration of 1 x 10° spores/mL. An
aliquot (50 pL) of B. cinerea conidial and P. infestans sporangial sus-
pension was spread on water agar (WA; 15 g/L agar) and PAM dishes
supplemented or not (control) with CP at the concentrations corre-
sponding to IC50, MIC, and MFC, respectively. Botrytis cinerea and
P. infestans germination was assessed by counting 100 conidia and
sporangia for each dish under the light microscope after 24 h and 48 h of
incubation at 18 + 2 °C in the dark, respectively. Conidia and sporangia
were considered germinated when the germ tube length was at least half
the spore diameter (Song et al., 2016). The percentage of germination
inhibition was calculated according to the following equation: (germi-
nated spores in control dishes - germinated spores in treated dishes) /
germinated spores in control dishes x 100. Six replicates (dishes) were
analyzed for each CP concentration and phytopathogen, and the
experiment was carried out twice.

2.4. Assessment of choline pelargonate effects against B. cinerea on
tomato plants under greenhouse conditions

The efficacy of CP against Botrytis cinerea was assessed as previously
described by Baccelli et al. (2022) with slight modifications. Briefly,
tomato seedlings (Solanum lycopersicum L. cultivar Moneymaker) were
grown for four weeks in pots (70 mL) containing a mixture of brown and
blonde peat (Semina 80, Tercomposti, Calvisano, Italy) under green-
house conditions with a photoperiod of 16h light and 8h dark at 25 +
1°Cand 70 +10 % relative humidity (RH). All leaves of each plant were
treated with water (control), 2.0 mM, 8.0 mM, or 16.0 mM CP using a
hand sprayer (5-10 mL for each plant). One day after treatment, plants
were inoculated with the B. cinerea conidial suspension (1 x 10° spores/
mL) using a hand sprayer (5-10 mL for each plant) and incubated for 48
h under greenhouse conditions at 98 +2 %RH. The disease severity of
each plant was visually assessed as the percentage of leaf area covered
by necrosis (Baccelli et al., 2022). Eight replicates (plants) were used for
each treatment, and the experiment was carried out twice.

2.5. Assessment of choline pelargonate impact on B. cinerea and
P. infestans membrane permeability

Botrytis cinerea and P. infestans mycelia were grown for seven days
and 14 days on PDA and PAM dishes covered with sterile cellophane
layers, respectively. The separate mycelial cultures were then trans-
ferred to a 50 mL-tube and incubated in 40 mL of sterile distilled water
supplemented or not (control) with CP at the concentrations corre-
sponding to IC50, MIC, and MFC at 18 + 2 °C in the dark under orbital
shaking at 120 rpm. To assess the leakage of electrolytes, the electrical
conductivity of each solution was analyzed after O h, 8 h, 24 h, and 48 h
of incubation using a conductivity meter (VWR pH CO 1030, VWR,
Radnor, Pennsylvania, U.S.A.) as previously described (Li et al., 2016).
Samples were autoclaved, and electrical conductivity was assessed after
equilibration at room temperature. Electrolyte leakage (%) of each
sample was calculated for each time point according to the following
equation: (electrical conductivity at time point t / electrical conductivity
after autoclave treatment) x 100.

To assess the leakage of nucleic acids, an aliquot (1 mL) of each so-
lution was collected after 0 h, 8 h, 24 h, and 48 h of incubation or after
autoclave treatment, and the optical density at 260 nm (ODggp) was
assessed using a spectrophotometer (Ultrospec 3100 Pro, Amersham
Biosciences, Amersham, UK) (Chen et al., 2020). The leakage of nucleic
acids (%) of each sample was calculated for each time point according to
the following equation: (OD2g at time point t / final ODyg after auto-
clave treatment) x 100.

Six replicates (tubes) were analyzed for each CP concentration,
phytopathogen, and time point, and the experiment was carried out
twice.
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2.6. Sample collection for ultrastructural and lipid analyses

Seven-day-old B. cinerea and 14-day-old P. infestans dishes were filled
with 4 mL of potato dextrose broth (PDB; 4 g/L potato extract, 20 g/L
dextrose; Oxoid) and pea broth (PB; 125 g/L frozen peas in distilled
water), respectively, and gently scraped with a sterile L-shaped loop to
collect mycelial fragments. Each B. cinerea and P. infestans suspension
(500 pL) was inoculated in 25 mL PDB and PB in a 50 mL-tube,
respectively, and mycelial cultures were incubated for 5 days at 18 +
2 °C in the dark under orbital shaking at 120 rpm.

For ultrastructure analyses, water (control) or CP was added at the
concentrations corresponding to IC50 and MFC, and mycelial cultures
were collected after 8 h and 48 h of incubation at 18 + 2 °C in the dark
under orbital shaking at 120 rpm.

For lipid analyses, mycelial cultures were washed three times with
sterile distilled water by centrifugation at 4000 xg for 10 min at room
temperature and resuspended in 40 mL of sterile distilled water sup-
plemented or not (control) with CP at the concentrations corresponding
to IC50 and MFC. After 48 h of incubation at 18 + 2 °C in the dark under
orbital shaking at 120 rpm, mycelial samples (2 g) from each replicate
(tube) were collected and immediately frozen in liquid nitrogen.
Mycelial samples were ground using a mixer-mill disruptor (MM 400,
Retsch, Haan, Germany) with refrigerated stainless jars at 25 Hz for 30 s,
and the resulting mycelium powder was stored at —80 °C.

CP concentrations and time points were selected according to the
results of electrolyte and nucleic acid leakage, and three replicates
(tubes) were analyzed for each CP concentration, phytopathogen, and
time point.

2.7. Sample fixation and ultrastructural analysis by transmission electron
microscopy (TEM)

Ultrastructural analysis of B. cinerea and P. infestans was carried out
as previously described (Chahed et al., 2020). Briefly, each mycelial
sample (0.5 cm?) was incubated in 4 mL of fixing solution (3 % glutar-
aldehyde in 0.1 M cacodylate buffer, pH 7.4) for 1 h at room tempera-
ture under rotary shaking at 15 rpm and then overnight at 4 °C (Zuppini
et al., 2010). Samples were washed three times in 500 mL of cacodylate
buffer (0.1 M, pH 7.4), post-fixed for 2 h with 1 % (w/v) osmium te-
troxide in 0.1 M cacodylate buffer (pH 7.4), and dehydrated in graded
ethanol series of 25 %, 50 %, 75 %, and 100 % (v/v) with an incubation
of 15 min at room temperature for each ethanol concentration. Samples
were infiltrated in 1:3 (v/v) araldite resin/propylene oxide (Sigma-
Aldrich, Merck, Rahway, NJ, U.S.A.) by incubation at 40 °C for 1 h,
followed by incubation in 1:1 (v/v) araldite resin/propylene oxide at
40 °C for 1 h, and 3:1 (v/v) araldite resin/propylene oxide overnight at
40 °C. Samples were subsequently embedded in 100 % araldite resin by
incubation at 40 °C for 24 h and at 60 °C for 72 h. Ultra-thin sections (70
nm) were obtained on a Reichert-Jung ultramicrotome (Leica Bio-
systems, Wetzlar, Germany) and mounted on uncoated copper grids.
Sections were then stained with 1 % (v/v) uranyl acetate in 50 % (v/v)
ethanol for 15 min and 1 % (v/v) lead citrate for 7 min. Observations
were carried out with a Tecnai G2 transmission electron microscope
(Field Electron and Ion Company, Hillsboro, OR, U.S.A.) operating at
100 kV and equipped with an Osis Veleta camera (Olympus, Tokyo,
Japan).

2.8. Lipid extraction

Lipids were extracted according to the Folch method using a mixture
of 2:1 (v/v) chloroform/methanol (Folch et al., 1957). Each ground
mycelial sample (2 g of fresh weight) was resuspended in distilled water,
and 2:1 (v/v) chloroform/methanol (7 mL) was then added. Each sus-
pension was vortexed thoroughly and centrifuged at 6000 xg for 10 min
at room temperature to separate the two phases. The supernatant
(organic phase) was collected, while the inter-layer sediment and the
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aqueous phase were subjected to a second extraction with 7 mL of 2:1
(v/v) chloroform/methanol. After centrifugation at 6000 xg for 10 min
at room temperature, the organic phase was collected. For each sample,
the organic phases obtained from the extraction were mixed and dried
by Nj flux to avoid oxidation. Dried lipid extracts of mycelial samples
were weighted and stored at —80 °C until nuclear magnetic resonance
(NMR) and high-performance liquid chromatography mass spectrom-
etry (HPLC-MS) analyses.

2.9. Nuclear magnetic resonance (NMR) analysis of lipids

Each dried lipid extract was resuspended in 600 pL of a mixture of
9:1 (v/v) deuterated methanol (methanol-d4)/deuterated chloroform,
and NMR analysis was carried out as previously described (Novak et al.,
2020). Briefly, 'H NMR (400 MHz) and 3'P NMR (162 MHz) spectra
were recorded at 26.85 °C on an NMR spectrometer (400 MHz, Bruker-
Avance, Bremen, Germany), with a 5 mm double resonance broadband
observe probe with pulsed-gradient field utility. The 'H-90° proton
pulse length was 9.3 pis, with a transmission power of 0 db. The 31P-90°
proton pulse length was 17 ps, with a transmission power of —3 db. The
probe temperature was maintained at 26.85 °C using a variable tem-
perature unit (B-VT 1000; Bruker). Calibration of the chemical shift
scale (5) was performed on the residual proton signal of methanol-d4 at
8y 3.310 ppm. The phosphatidylcholine (PC) signal at 8p — 0.550 ppm
was used to calibrate the *'P NMR § scale. The following measurements
were performed: 'H NMR as proton chemical shifts and scalar couplings,
31p NMR composite pulse decoupling to remove any proton coupling in
31p NMR spectra, where 4000 free induction decays were acquired and
processed using exponential line broadening of 0.3 Hz before Fourier
transformation. The resulting one-dimensional NMR spectra were
analyzed using TopSpin 3.6.1 (Bruker, Bremen, Germany). The lipid
classes from the NMR data were identified through comparisons with
previous NMR measurements carried out with commercially available
lipid standards. The molar fraction (percentage) of phosphatidic acid
(PA), phosphatidylcholine (PC), and phosphatidylethanolamine (PE)
lipid classes was assessed according to peak integration.

2.10. High-performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis of lipids

Each lipid extract was subjected to HPLC-MS analysis with a Model
1100 series instrument (Hewlett-Packard, Palo Alto, California, U.S.A.)
using a quadrupole ion-trap mass spectrometer (Esquire LCTM; Bruker,
Bremen, Germany) equipped with an electrospray ionization source in
positive and negative ion modes, as previously described (Novak et al.,
2020). Each dried lipid extract was resuspended in 1 mL of 9:1 (v/v)
methanol/chloroform, and an aliquot (10 pL) was injected. Chromato-
graphic separation was carried out at 29.85 °C with a thermostated C18
column (Kinetex 2.6 pm; 100 mm length, 2.6 pm particle size, 2.1 mm
internal diameter, and 100 A pore size; Phenomenex, Torrance, CA, U.S.
A.) using 7:3 (v/v) methanol/H»0 containing 10 mM ammonium acetate
(eluent A) and 1:9 (v/v) isopropanol/methanol containing 10 mM
ammonium acetate (eluent B). Chromatographic separation of lipids was
obtained with a linear elution gradient from 65 % eluent B to 100 % B in
40 min, and 20 min isocratic 100 % B at 1 mL/min. The column was re-
equilibrated to 65 % B for 10 min. The MS scan range was 13,000 U/s
from 50 to 1500 m/z, with a mass accuracy of 100 ppm. The nebulizer
gas was high-purity nitrogen at a pressure of 20 to 30 psi, with a flow
rate of 6 L/min at 300 °C. The electrospray ionization was operated in
positive and negative ion modes for the qualitative and quantitative
analyses of lipids. For the structural assignments of the lipid classes,
extracted ion chromatograms from the positive and negative ion full
scan data were integrated using the DataAnalysis 3.0 software (Bruker
Daltonik, Bremen, Germany). Each FFA, PA, PE, PC, and triglyceride
(TAG) lipid was named according to the number of carbon atoms and
unsaturated bonds, and its content was expressed as peak area per ng of
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dried lipid extract (peak area/ng).
2.11. Statistical analysis

All experiments were carried out twice, and data were analyzed with
R version 4.3.1. Normal distribution (Shapiro-Wilk test, P > 0.05) and
variance homogeneity of the data (Levene tests, P > 0.05) were checked.
Each experiment was analyzed individually, and the Kruskal-Wallis test
was used to demonstrate non-significant (P > 0.05) experiment inter-
action (comparable results among experimental repetitions). Data from
the two experiments were pooled, and normal distribution (Shapiro test,
P > 0.05) and variance homogeneity (Levene test, P > 0.05) of the data
were checked. Significant differences among treatments were assessed
with the Kruskal-Wallis test (P < 0.05) followed by the Conovan-Iman
test (P < 0.05).

3. Results

3.1. Choline pelargonate inhibited the mycelial growth and spore
germination of B. cinerea and P. infestans, with leakage of electrolytes and
nucleic acids

CP inhibited the mycelial growth of B. cinerea and P. infestans with
dose-dependent effects (Fig. 1A), and IC50 values were 0.4 mM and 0.3
mM, respectively. MFC values corresponded to 2.0 mM for B. cinerea and
5.0 mM for P. infestans, while MIC value was 1.5 mM for both phyto-
pathogens. CP inhibited the germination of B. cinerea conidia and
P. infestans sporangia (Fig. 1B), and the inhibition percentages were 87.1
+ 3.7 % and 96.8 4+ 0.9 % for B. cinerea (mean = standard error), 98.9
+ 0.3 % and 99.8 £+ 0.2 % for P. infestans at MIC and MFC dosages,
respectively. Slight germination of B. cinerea conidia and P. infestans
sporangia at MFC dosage suggested higher tolerance of spores compared
to mycelia against CP. Moreover, CP decreased the severity of B. cinerea
on tomato plants (Table 1).

To investigate CP impacts on B. cinerea and P. infestans membrane
permeability, the leakage of electrolytes and nucleic acids was assessed.
Electrolyte leakage was higher in CP-treated (IC50, MIC, and MFC
dosages) compared to control B. cinerea and P. infestans mycelia imme-
diately after CP addition (0 h) and after 8 h, 24 h, and 48 h of incubation
(Fig. 2A and B). Moreover, electrolyte leakage was comparable among
IC50, MIC, and MFC dosages after 24 h and 48 h of incubation of each
phytopathogen. Dose-dependent effects of CP on the leakage of elec-
trolytes were observed in B. cinerea and P. infestans mycelia after 8 h of
incubation. Similarly, the leakage of nucleic acids was higher in CP-
treated (IC50, MIC, and MFC dosages) compared to control mycelia
after 24 h and 48 h of B. cinerea incubation, and after 8 h, 24 h, and 48 h
of P. infestans incubation. Dose-dependent effects of CP on the leakage of
nucleic acids were observed at 24 h and 48 h of B. cinerea and P. infestans
incubation.

3.2. Choline pelargonate caused ultrastructural changes in B. cinerea and
P. infestans cells

To investigate CP impacts on B. cinerea and P. infestans mycelia, ul-
trastructure analyses were carried out. A well-structured cell wall, intact
plasma membrane, and regular organization of the cytoplasm and
intracellular compartments (e.g., mitochondria and vacuoles) were
observed in control B. cinerea and P. infestans cells (Fig. 3A-3D).
Conversely, the structure of the cytoplasm and plasma membrane of
B. cinerea and P. infestans cells was altered by CP treatment (Fig. 3E-3L).
In B. cinerea cells, the plasma membrane was found to be detached from
the cell wall, with cytoplasmic shrinkage and the establishment of
plasmolysis after 48 h of incubation at IC50 dosage (Fig. 3E-3F). In
P. infestans cells, an intense vacuolization was visible after 8 h and 48 h
of incubation at IC50 dosage (Fig. 3G-3H). At MFC dosages, CP treat-
ment caused severe alteration of the plasma membrane and
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Fig. 1. Choline pelargonate inhibited the growth of B. cinerea and P. infestans.
Mycelial growth (A) of B. cinerea (black) and P. infestans (grey) was assessed
after four and eleven days of incubation on potato dextrose and pea agar me-
dium supplemented with different choline pelargonate concentrations (mM),
respectively. Germination percentage (B) of B. cinerea conidia (black) and
P. infestans sporangia (grey) was assessed after 24 h and 48 h of incubation on
water agar and pea agar medium supplemented or not (Control) with choline
pelargonate at the concentration that inhibited 50 % of mycelial growth (IC50;
0.4 mM for B. cinerea and 0.3 mM P. infestans), minimum inhibitory concen-
tration (MIC; 1.5 mM for B. cinerea and 1.5 mM P. infestans), and minimum
fungicidal concentration (MFC; 2.0 mM for B. cinerea and 5.0 mM P. infestans),
respectively. Comparable results were obtained between the two experiments
(Kruskal-Wallis P > 0.05, six replicates per experiment), and data were pooled.
Mean and standard error values of twelve replicates (dishes) from the two ex-
periments are presented for each treatment. Different uppercase and lowercase
letters indicate significant differences among treatments for B. cinerea and
P. infestans, according to the Kruskal-Wallis test followed by the Conovan-Iman
test (P < 0.05), respectively.

disorganization of the cytoplasm of B. cinerea and P. infestans after 8 h
and 48 h of incubation (Fig. 3I-3L). In particular, shrunken cytoplasm
and plasmolysis were observed in CP-treated B. cinerea cells already
after 8 h of incubation (Fig. 3I), and the dismantling of the cytoplasm
was found in CP-treated P. infestans cells after 48 h of incubation
(Fig. 3L), with the leakage of cytoplasmic content in both
phytopathogens.
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Table 1
Choline pelargonate decreased Botrytis cinerea severity on to-
mato plants.

Treatment” Disease severity (%)"
Control 439+45a

CP (2.0 mM) 382+34a

CP (8.0 mM) 189 +24b

CP (16.0 mM) 55+05¢

2 Tomato plants were treated with water (Control), 2.0 mM,
8 mM, or 16 mM choline pelargonate (CP).

b Botrytis cinerea severity was assessed as the percentage of
leaf area covered by leaf necrosis at 48 h post inoculation.
Comparable results were obtained between the two experi-
ments (Kruskal-Wallis P > 0.05, eight replicates per experi-
ment), and data were pooled. Mean and standard error values
of sixteen replicates (plants) from the two experiments are
reported for each treatment. Different letters indicate signifi-
cant differences among treatments, according to the Kruskal-
Wallis test followed by the Conovan-Iman test (P < 0.05).

3.3. Choline pelargonate caused changes in B. cinerea and P. infestans
lipid content

To verify CP impacts on B. cinerea and P. infestans lipid content, NMR
and HPLC-MS analyses were performed. CP treatment altered phos-
pholipid content of B. cinerea mycelia and *'P NMR analysis showed a
strong decrease of PA, PC, and PE lipid classes when applied at MFC
dosage (Fig. 4A). Thus, the content of PA, PC, and PE lipids assessed by
HPLC-MS analysis was lower in CP-treated (IC50 and MFC dosages)
compared to control B. cinerea mycelia (Supplementary Fig. S1). In
P. infestans mycelia, CP treatment decreased PA molar fraction,
increased PC molar fraction, and slightly affected PE molar fraction
(Fig. 4B), as a possible consequence of the perturbation of cellular
membranes in both phytopathogens. In particular, the content of the
most abundant PA [> 50 peak area/ng; PA (38:8; number of carbon
atoms: number of unsaturated bonds), PA (38:9), and PA (40:9)]
assessed by HPLC-MS analysis was comparable in CP-treated (IC50 and
MFC dosages) and control P. infestans mycelia, while the content of PA
(38:5) and PA (38:6) was higher in CP-treated (IC50 and MFC dosages)
compared to control samples (Supplementary Fig. S2A). Moreover, PC
(34:1), PC (34:2), PC (36:2), PC (36:3), and PC (38:6) were more
abundant in CP-treated (IC50 and MFC dosages) compared to control
samples, while PC (36:5), PC (38:5), PC (38:7), and PC (40:10) were not
affected by CP treatment (Supplementary Fig. S2B). The content of PE
(34:2) and PE (36:3) was not affected by CP treatment (IC50 and MFC
dosages), while the content of PE (34,1) and PE (40,10) was higher and
lower in CP-treated (MFC dosage) compared to control P. infestans
mycelia, respectively (Supplementary Fig. S2C).

The content of TAG (52:3), TAG (52:4), and TAG (54:5) was lower in
CP-treated (MFC dosage) compared to control B. cinerea mycelia
(Fig. 5A). Moreover, TAG containing a lipophilic chain with nine carbon
atoms were found in CP-treated (IC50 and MFC dosages) B. cinerea
mycelia and they were not present in control samples, most likely due to
the incorporation of pelargonic acid of CP in B. cinerea lipids. The con-
tent of FFA (16:0), FFA (18:0), FFA (18:1), FFA (18:2), FFA (18:3), was
lower in CP-treated (IC50 and/or MFC dosages) compared to control
samples as a possible perturbation of lipid metabolism and stimulation
of lipid hydrolysis in B. cinerea mycelia (Fig. 5B). As expected, FFA (9:0)
(corresponding to pelargonic acid) was found in CP-treated, but not in
control, B. cinerea mycelia (Fig. 5B).

In P. infestans, the content of most abundant TAG (> 80 peak area/
ng) was comparable in CP-treated (IC50 and MFC dosages) and control
samples, such as TAG (54:3) TAG (58:3), and TAG (62:4) (Fig. 6A). TAG
containing a lipophilic chain with nine carbon atoms were found in CP-
treated (IC50 and MFC dosages) P. infestans mycelia and they were not
present in control samples, as a possible incorporation of pelargonic acid
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Fig. 2. Choline pelargonate increased membrane permeability of B. cinerea and P. infestans . The leakage of electrolytes (A, B) and nucleic acids (B, C) of B. cinerea
and P. infestans mycelia was assessed at different time points (h) after incubation in distilled water supplemented or not (Control, black) with choline pelargonate at
the concentration that inhibited 50 % of mycelial growth (IC50; green), minimum inhibitory concentration (MIC, red), and minimum fungicidal concentration (MFC,
blue). Comparable results were obtained between the two experiments (Kruskal-Wallis P > 0.05, six replicates per experiment), and data were pooled. Mean and
standard error values of twelve replicates (tubes) from the two experiments are presented for each treatment. For each time point, different letters indicate significant
differences among treatments, according to the Kruskal-Wallis test followed by the Conovan-Iman test (P < 0.05). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

in P. infestans TAG (Fig. 6A). Moreover, FFA (9:0) (pelargonic acid) was
found in CP-treated P. infestans mycelia and the content of FFA (16:0),
FFA (18:0), FFA (18:1), and FFA (20:1) was higher in CP-treated (MFC
dosage) compared to control samples, as possible impacts of CP on lipid
metabolism (Fig. 6B).

4. Discussion

CP is an organic salt of pelargonic acid belonging to the choline
carboxylate class, which includes molecules with a hydrophilic choline
head and a lipophilic acyl chain of variable length (Rengstl et al., 2014).
Here, we found that CP can inhibit mycelial growth and spore germi-
nation of B. cinerea and P. infestans with dose-dependent effects in vitro.
In particular, the IC50 and MFC of CP were 0.4 mM and 2.0 mM for
B. cinerea mycelia, 0.3 mM and 5.0 mM for P. infestans mycelia,
respectively. Slight germination of B. cinerea conidia and P. infestans
sporangia was found at MFC dosage, suggesting a partial tolerance of

spores compared to mycelia against CP. Choline carboxylates (e.g.,
choline derivatives of ethanoate, propanoate, butanoate, 2-methylpro-
panoate, pentanoate, 2,2-dimethylpropanoate, hexanoate, octanoate,
and decanoate) are known to inhibit mycelial growth and spore
germination of filamentous fungi, such as Penicillium brevicompactum,
P. corylophilum, P. diversum, and P. glandicola, (Petkovic et al., 2010).
Likewise, choline amino acids (e.g., choline derivatives of glycine,
alanine, serine, threonine, isoleucine, methionine, phenylalanine, pro-
line, and lysine) can inhibit bacterial growth of human pathogens, such
as Escherichia coli, Listeria monocytogenes, Salmonella enterica, and
Staphylococcus aureus (Hou et al., 2013). Moreover, pelargonic acid
showed inhibitory activities against S. enterica subsp. enterica (Dev
Kumar et al., 2020), Microsporum gypseum (Chadeganipour and Haims,
2001), and two cocoa pathogens, such as Moniliophthora perniciosa
(formerly Crinipellis perniciosa) and Moniliophthora roreri (Aneja et al.,
2005). Other carboxylic acids (e.g., butyric acid, caproic acid, caprylic
acid, capric acid, lauric acid, and palmitic acid) can inhibit mycelial
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Botrytis cinerea

Phytophthora infestans

Fig. 3. Choline pelargonate altered B. cinerea and P. infestans ultrastructure. Transmission electron microscopy observations of B. cinerea and P. infestans mycelia
were carried out after 8 h and 48 h of incubation in potato dextrose broth and pea broth supplemented or not (Control; A-D) with choline pelargonate at the
concentration that inhibited 50 % of mycelial growth (IC50; E-H) and minimum fungicidal concentration (MFC; I-L). Three replicates were analyzed for each
treatment. A representative picture is reported for each treatment and time point. Abbreviations: cw, cell wall; pm, plasma membrane; n, nucleus; m, mitochondria; v,
vacuole. Black arrows indicate the plasma membrane detachment from the cell wall (shrunken cytoplasm and plasmolysis), and white arrows indicate intense

vacuolization.

growth and spore germination of fungal phytopathogens, such as
Alternaria solani, Colletotrichum lagenarium, Fusarium oxysporum f. sp.
cucumerinum, and F. oxysporum f. sp. lycopersici (Liu et al., 2008), sug-
gesting the key contribution of the lipophilic chain to the antimicrobial
activity of choline carboxylates. In particular, choline carboxylates with
a chain length of more than eight carbon atoms (e.g., choline pelargo-
nate and choline decanoate) can interact with the bilayer membrane of
liposomes, and their cytotoxicity on human cell lines increases with
increased carbon chain length, although these cytotoxicity levels are
very low and considered harmless for humans (Rengstl et al., 2014). A
correlation between the lipophilicity and toxicity of choline carboxyl-
ates and choline amino acids was observed against fungi (Petkovic et al.,
2010) and bacteria (Hou et al., 2013), suggesting a mechanism of action
based on the interaction with cell membranes. In our analyses, CP
treatment caused the leakage of electrolytes and nucleic acids from
B. cinerea and P. infestans mycelia, indicating the disruption of cell
membrane functionality. Ultrastructure analyses revealed severe plasma
membrane perturbation, cytoplasmic shrinkage, plasmolysis, cytoplasm
disorganization, and intense vacuolization in CP-treated B. cinerea and
P. infestans cells, corroborating the negative impacts of CP on cell
membrane structure. Shrunken and disorganized cytoplasm was

previously associated with plasma membrane perturbation in C. albicans
cells treated with FFA (e.g., capric acid and lauric acid) (Bergsson et al.,
2001). Similar ultrastructure alterations (cytoplasm disorganization,
cytoplasmic shrinkage, membrane disruption, and vacuolization) were
also previously found in B. cinerea cells treated with sulfonamide fun-
gicides, such as 1S,2R-((3-bromophenethyl)amino)-N-(4-chloro-2-tri-
fluoromethylphenyl)cyclohexane-1-sulfonamide (Peng et al., 2020) and
N-(2-trifluoromethyl-4-chlorphenyl)-2-oxocyclohexyl-sulfonamide (Yan
et al.,, 2022), and in P. infestans cells treated with a pyrimidinamine
fungicide (SYP-34773) (Wang et al., 2021) or cyclic lipopeptide (iturin
A) (Wang et al., 2020). Cytoplasm disorganization, plasmolysis, and
vacuolization were also observed in B. cinerea treated with essential oils
of tea tree (Shao et al., 2013), Cymbopogon citratus, Thymus vulgraris, and
Origanum heracleoticum (Yan et al., 2021). Similarly, Phytophthora spp.
cells treated with essential oils showed severe alterations of the plasma
membrane and cytoplasmic content, such as P. capsici treated with
zedoary turmeric oil (Wang et al., 2019) and P. cactorum treated with
methyleugenol (Dan et al., 2010). The inhibitory activity of essential oils
against B. cinerea and Phytophthora spp. was associated with their lipo-
philic character (Dan et al., 2010; Shao et al., 2013; Wang et al., 2019;
Yan et al., 2021), supporting that partially lipophilic molecules, such as
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Fig. 4. Choline pelargonate changed the phospholipid content of B. cinerea and
P. infestans. Nuclear magnetic resonance (NMR) spectra of B. cinerea (A) and
P. infestans (B) lipids were obtained after 48 h of incubation in distilled water
supplemented or not (Control) with choline pelargonate at the concentration
that inhibited 50 % of mycelial growth (IC50) and minimum fungicidal con-
centration (MFC). Lipid classes of phosphatidic acid (PA), phosphatidylcholine
(PC), and phosphatidylethanolamine (PE) were identified through comparisons
with previous NMR measurements carried out with commercially available
lipid standards. The molar fraction (percentage) of each lipid class was assessed
according to peak integration.

CP, can interact with cell membranes and perturb their integrity and
functionality, with severe impacts on cell ultrastructure and vitality.
Ultrastructure alterations in response to antimicrobial compounds
were previously associated with changes in the lipid composition of cell
membranes in B. cinerea (Shao et al., 2013) and P. capsici (Ma et al.,
2021). Phospholipids (e.g., PA, PC, and PE) are the main components of
cell membranes in eukaryotic cells (Morita and Ikeda, 2022), and their
molar fraction was altered by CP treatment in B. cinerea and P. infestans
mycelia. In particular, the content of PA [e.g., PA (36:3), PA (36:4), PA
(36:5), PA (36:6), and PA (38:3)], PC [e.g., PC (34:1), PC (34:2), PC
(34:3), PC (34:4), PC (36:2), PC (36:3), PC (36:4), PC (36:5), and PC
(36:6)1, and PE [e.g., PE (34:2), PE (36:3), and PE (36:4)] was lower in
CP-treated compared to control B. cinerea mycelia. Likewise, the content
of PC (e.g., lecithin) and PE (e.g., cephalin) of B. cinerea mycelia was
lowered by treatments with flavonoids from Sedum aizoon (Wang et al.,
2023). The content of TAG [e.g., TAG(52:3), TAG(52:4), and TAG(54:5)]
and FFA [e.g., FFA(16:0), FFA(18:0), FFA(18:1), FFA(18:2), and FFA
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Fig. 5. Choline pelargonate changed the lipid content of B. cinerea. The content
of triglycerides (TAG, A) and free fatty acids (FFA, B) of B. cinerea mycelia was
analyzed by high-performance liquid chromatography-mass spectrometry
(HPLC-MS) after 48 h of incubation in distilled water supplemented or not
(Control, black) with choline pelargonate at the concentration that inhibited 50
% of mycelial growth (IC50; green) and minimum fungicidal concentration
(MFC; blue). Lipid content was expressed as peak area per ng of dried lipid
extract (peak area/ng). Mean and standard error values of three replicates
(tubes) are presented for each treatment. Non-detectable values were consid-
ered as zero values. For each lipid (named according to the number of carbon
atoms and unsaturated bonds reported in brackets), different letters indicate
significant differences among treatments, according to the Kruskal-Wallis test
followed by the Conovan-Iman test (P < 0.05). Most abundant TAG (> 500 peak
area/ng), TAG containing a 9:0 carbon chain, and all FFA detected in B. cinerea
are shown. Less abundant TAG showed a profile comparable to TAG (52:3),
such as TAG (52:2), TAG (54:2), and TAG (54:4). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Choline pelargonate changed the lipid content of P. infestans. The
content of triglycerides (TAG, A) and free fatty acids (FFA, B) of P. infestans
mycelia was analyzed by high-performance liquid chromatography-mass spec-
trometry (HPLC-MS) after 48 h of incubation in distilled water supplemented or
not (Control, black) with choline pelargonate at the concentration that inhibi-
ted 50 % of mycelial growth (IC50; green) and minimum fungicidal concen-
tration (MFC; blue). Lipid content was expressed as peak area per ng of dried
lipid extract (peak area/ng). Mean and standard error values of three replicates
(tubes) are presented for each treatment. Non-detectable values were consid-
ered as zero values. For each lipid (named according to the number of carbon
atoms and unsaturated bonds reported in brackets), different letters indicate
significant differences among treatments, according to the Kruskal-Wallis test
followed by the Conovan-Iman test (P < 0.05). Most abundant TAG (> 80 peak
area/ng), TAG containing a 9:0 carbon chain, most abundant FFA (> 1.8 peak
area/ng), and FFA containing a 9:0 carbon chain detected in P. infestans are
shown. The content of less abundant TAG was not affected by CP treatment,
such as TAG (52:7), TAG (56:9), and TAG (60:15). Less abundant FFA showed a
profile comparable to FFA (16:0) [e.g., FFA (18:2) and FFA (20:3)] or FFA
(22:1) [e.g., FFA (20:5) and FFA (24:1)]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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(18:3)] decreased in CP-treated B. cinerea mycelia, indicating that CP
can perturb lipid metabolism and stimulate the hydrolysis of membrane
lipids. Likewise, FFA content [e.g. palmitic acid, FFA (16:0); stearic acid,
FFA (18:0); oleic acid, FFA (18:1); linoleic acid, FFA (18:2); and lino-
lenic acid, FFA (18:3)] of B. cinerea can change in response to tea tree oil
treatment (Shao et al., 2013), and B. cinerea genes involved in the lipid
metabolism can be modulated in response to treatments with flavonoids
from S. aizoon (Wang et al., 2022), corroborating that toxicity of lipo-
philic molecules can be associated with increases in membrane perme-
ability and changes in the lipid metabolism and lipid content. In
P. infestans, the CP-dependent perturbation of cell membranes was
associated with decreased PA molar fraction, increased PC molar frac-
tion, and slight changes in PE molar fraction. In particular, the content of
PC (34:1), PC (34:2), PC (36:2), PC (36:3), PC (38:6), and PE (34:1)
increased in CP-treated compared to control P. infestans mycelia, while
the content of PE (40:10) decreased. Moreover, the content of FFA
(16:0), FFA (18:0), FFA (18:1), FFA (20:1), PA (38:5), and PA (38:6) was
higher in CP-treated compared to control P. infestans mycelia, while the
content of PA (38:8), PA (38:9), PA (40.9), TAG (54:3) TAG (58:3), and
TAG (62:4) was comparable in CP-treated and control samples, sug-
gesting a complex perturbation of lipid metabolism in P. infestans
mycelia. Likewise, changes in the content of membrane lipids were
previously found in P. sojae mycelia treated with a fungicide (oxathia-
piprolin) (Liu et al., 2023) and P. capsici treated with a chitosan-copper
complex (Ma et al., 2021), indicating that perturbation of membrane
structure and functionality in Phytophthora spp. is associated to changes
of lipid metabolism and hydrolysis of membrane lipids. Moreover, CP
treatment increased the content of pelargonic acid [FFA (9:0)] and TAG
possibly derived from pelargonic acid incorporation in B. cinerea
mycelia [e.g., TAG (9:0; 16:0; 18:1), TAG (9:0; 16:0; 18:2), TAG (9:0;
18:1; 18:1), TAG (9:0; 18:1; 18:2), and TAG (9:0; 18:2; 18:2)] and
P. infestans mycelia [e.g., TAG (9:0;14:0; 18:1), TAG (9:0; 14:0; 18:2),
TAG (9:0; 16:0; 18:2), TAG (9:0; 16:2; 20:5), TAG (9:0; 18:1; 20:5), and
TAG (9:0; 18:2; 18:2)]. The incorporation of pelargonic acid in TAG
lipids could represent an attempted detoxification mechanism activated
in response to lipophilic molecules, as previously hypothesized by the
increase of lipid content in B. cinerea cells treated with methyl cis-7-
oxodeisopropyldehydroabietate (Feio et al., 2002). The in vitro charac-
terization of the mode of action revealed high inhibitory activities and
severe impacts of CP against B. cinerea and P. infestans cells, but further
studies are required to verify the efficacy of CP against plant diseases
under controlled and field conditions and to verify possible side effects
on the community of plant-associated microorganisms.

5. Conclusions

CP inhibited mycelial growth and spore germination of B. cinerea and
P. infestans and caused the leakage of cytoplasmic content in both phy-
topathogens in vitro. Severe ultrastructural alterations were observed in
B. cinerea and P. infestans cells with the perturbation of lipid content,
suggesting negative impacts of CP on cell membrane structure and
functionality. However, CP effects on lipid content differed in B. cinerea
and P. infestans mycelia, suggesting specific responses to this choline
carboxylate in the two phytopathogens. CP is a promising sustainable
fungicide against phytopathogens, and further studies are required to
verify the efficacy of CP against plant diseases under controlled and field
conditions.
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