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A B S T R A C T   

Apple scab, caused by the hemibiotrophic fungus Venturia inaequalis, is currently the most common and 
damaging disease in apple orchards. Two strains of V. inaequalis (S755 and Rs552) with different sensitivities to 
azole fungicides and the bacterial metabolite fengycin were compared to determine the mechanisms responsible 
for these differences. Antifungal activity tests showed that Rs552 had reduced sensitivity to tebuconazole and 
tetraconazole, as well as to fengycin alone or in a binary mixture with other lipopeptides (iturin A, pumilacidin, 
lichenysin). S755 was highly sensitive to fengycin, whose activity was close to that of tebuconazole. Unlike 
fengycin, lipopeptides from the iturin family (mycosubtilin, iturin A) had similar activity on both strains, while 
those from the surfactin family (lichenysin, pumilacidin) were not active, except in binary mixtures with fen-
gycin. The activity of lipopeptides varies according to their family and structure. Analyses to determine the 
difference in sensitivity to azoles (which target the CYP51 enzyme involved in the ergosterol biosynthesis 
pathway) showed that the reduced sensitivity in Rs552 is linked to (i) a constitutive increased expression of the 
Cyp51A gene caused by insertions in the upstream region and (ii) greater efflux by membrane pumps with the 
involvement of ABC transporters. Microscopic observations revealed that fengycin, known to interact with 
plasma membranes, induced morphological and cytological changes in cells from both strains. Sterol and 
phospholipid analyses showed a higher level of ergosta-7,22-dien-3-ol and a lower level of PI(C16:0/C18:1) in 
Rs552 compared with S755. These differences could therefore influence the composition of the plasma mem-
brane and explain the differential sensitivity of the strains to fengycin. However, the similar antifungal activities 
of mycosubtilin and iturin A in the two strains indirectly indicate that sterols are probably not involved in the 
fengycin resistance mechanism. This leads to the conclusion that different mechanisms are responsible for the 
difference in susceptibility to azoles or fengycin in the strains studied.   

1. Introduction 

Apple scab, caused by the phytopathogenic fungus Venturia inae-
qualis, is the disease that causes the most agro-economic losses for apple 

growers. Scab affects the plant mainly during its growth, in particular 
the fruit and leaves. Symptoms on the fruit are visible in the form of 
black spots, making the fruit unmarketable (Bowen et al., 2011). One of 
the fungicide families most commonly used against apple scab is the 

* Corresponding author. 
E-mail address: jerome.muchembled@junia.com (J. Muchembled).  

Contents lists available at ScienceDirect 

Microbiological Research 

journal homepage: www.elsevier.com/locate/micres 

https://doi.org/10.1016/j.micres.2024.127816 
Received 23 April 2024; Received in revised form 6 June 2024; Accepted 20 June 2024   

mailto:jerome.muchembled@junia.com
www.sciencedirect.com/science/journal/09445013
https://www.elsevier.com/locate/micres
https://doi.org/10.1016/j.micres.2024.127816
https://doi.org/10.1016/j.micres.2024.127816
https://doi.org/10.1016/j.micres.2024.127816
http://creativecommons.org/licenses/by/4.0/


Microbiological Research 286 (2024) 127816

2

azoles (Cordero-Limon et al., 2020).This family belongs to the group of 
demethylation inhibitors (DMIs) that target the biosynthesis of fungal 
sterols. Azoles target the C14-demethylase enzyme (CYP51) encoded by 
the Cyp51A gene, which is essential for the biosynthesis of sterols such as 
ergosterol (Price et al., 2015; Villani et al., 2016). Ergosterol is a 
component required for the regulation of cell membrane stability in 
eukaryotes and is considered a fingerprint of fungi (Ermakova and Zuev, 
2017; Stephenson, 2010). Due to the frequent use of DMIs to control 
apple scab, few cases of fungicide resistance have been observed in or-
chards. Resistance to fenbuconazole (Xu et al., 2010), to myclobutanil 
and difenoconazole (Villani et al., 2015) and to tebuconazole (Corder-
o-Limon et al., 2020) has been reported in V. inaequalis. Azole resistance 
is also well known in other fungi, such as Penicillium digitatum (Hama-
moto et al., 2000; Sun et al., 2013), Zymoseptoria tritici (Cools and 
Fraaije, 2013) and Puccinia tritici (Stammler et al., 2009) for example. As 
azoles inhibit the C14-demethylase enzyme by binding to it, several 
studies on the Cyp51A gene and its relationship with azole resistance 
have been carried out in several plant pathogenic fungi. Overall, three 
mechanisms could explain resistance to azoles (Price et al., 2015): (i) the 
appearance of point mutations in the Cyp51A gene (Yaegashi et al., 
2020), (ii) increased expression of the Cyp51A gene (Villani et al., 2016) 
and/or (iii) increased expression of genes coding for ABC efflux pumps 
(ATP-Binding Cassette) and MFS (Major Facilitator Superfamily) types 
efflux pumps (Hulvey et al., 2012). Mutations in Cyp51A are the most 
frequently reported mechanism of resistance. Mutations involving 
amino-acid substitutions can alter the affinity between the fungicide and 
the targeted enzyme. Increased expression of the Cyp51A gene leads to 
an increase in the quantity of the C14-demethylase enzyme, thereby 
increasing sterol production. Finally, ABC transporters and MFS pumps 
give fungal cells the ability to reject undesirable molecules such as 
azoles. The efflux pump mechanism is responsible for multidrug resis-
tance (MDR) conferring cross-resistance to fungicides from different 
chemical families (Price et al., 2015). The level of resistance can vary 
depending on the fungicide family used. For strobilurins that inhibit 
fungal respiration, resistance (caused by the G143A substitution in the 
mitochondrial cytochrome b enzyme) is disruptive because fungal ge-
notypes can be fully sensitive (wild type) or fully resistant within fungal 
populations (Cheval et al., 2017). In contrast, in the case of azoles, 
resistance is ’progressive’ as a gradient of resistance occurs within 
populations. Such resistance behaviour is often referred to as ’reduced 
sensitivity’ rather than ’resistance’, as only a decrease in fungicide 
sensitivity is observed and no complete resistance occurs in fungal 
populations in the field (Villani et al., 2015). Despite the agroeconomic 
importance of apple scab, the molecular basis of azole resistance 
mechanisms in V. inaequalis is poorly studied and the efflux-pump-based 
mechanism has never been investigated. 

In the current context of agroecology and sustainable agriculture, the 
search for alternatives to fungicides, such as the use of biochemical 
compounds, is widely encouraged (Falardeau et al., 2013). Lipopeptides 
produced by Bacillus spp, beneficial soil bacteria, are promising bio-
molecules for controlling apple scab (Leconte et al., 2022) and their use 
could potentially reduce or replace the use of synthetic chemical fun-
gicides in orchards. Lipopeptides are biodegradable and have been 
shown to have antifungal activity (Desmyttere et al., 2019; Moyne et al., 
2001) and properties that stimulate plant defence (Cawoy et al., 2014; 
Chowdhury et al., 2015; Rahman et al., 2015). They have been shown to 
interact with membrane lipids and/or sterols (Aranda et al., 2005; Deleu 
et al., 2005, 2008; Maget-Dana and Peypoux, 1994). There are more 
than 1500 different lipopeptide structures divided into three main 
families: fengycins, iturins and surfactins (Jacques, 2011). Fengycins are 
composed of ten amino acids, eight of which form the peptide ring, and a 
β-hydroxy fatty acid chain. Iturins are composed of seven amino acids 
forming a lactam peptide ring with a β-amino fatty acid chain. Both 
fengycins and iturins can alter membranes by permeabilising them, 
forming ionic pores (Aranda et al., 2005, 2023; Zakharova et al., 2019). 
Finally, surfactins are heptapeptides, forming a lactone ring with a 

β-hydroxylated fatty acid chain. Highly amphiphilic, surfactins can 
interact with the membrane by inserting themselves into lipid bilayers 
but without forming pores (Ongena and Jacques, 2008). 

In a previous work, two strains of V. inaequalis were examined for 
their sensitivity to tebuconazole and fengycin (Desmyttere et al., 2019). 
Interestingly, strain Rs552 showed significantly reduced sensitivity to 
both molecules compared to strain S755. As azole fungicides and lip-
opeptides do not have the same mode of action, the objectives of the 
present study were to characterise the mechanisms of reduced sensi-
tivity to azoles and fengycin in Rs552 and to verify whether there are 
common mechanisms involved in this reduction in sensitivity. In total, 
the antifungal activities of five lipopeptides and three binary mixtures, 
as well as two azoles, were tested against the two V. inaequalis strains 
Rs552 and S755. The effects of the fengycin lipopeptide on the 
morphology and structure of the mycelium were observed using light 
and transmission electron microscopy. In addition, the two strains were 
characterised for three mechanisms involved in reduced sensitivity to 
azoles, including mutations in the Cyp51A gene, increased expression of 
the Cyp51A gene and overactivity of the efflux pump, using biochemical, 
molecular and bioinformatics tools to elucidate the mechanisms of the 
reduced sensitivity of Rs552. Finally, a lipidomic analysis was carried 
out to determine whether resistance to azoles and fengycin is linked to 
fungal lipid composition. 

2. Materials and methods 

2.1. Fungal strains and culture conditions 

Two strains of V. inaequalis were provided by the IRHS laboratory, 
INRA Angers, France, including S755, sensitive to tebuconazole, and 
Rs552, with reduced sensitivity to tebuconazole, as described by 
Muchembled et al. (2018). Solid culture of V. inaequalis was performed 
on Petri dishes supplemented with sterile malt agar medium containing 
33.6 g/L malt agar extract and 2 g/L agar, while liquid culture of the 
fungus was performed in Erlenmeyer flasks supplemented with sterile 
glucose-peptone medium at pH 6.5, containing 14.3 g/L glucose and 
7.1 g/L bactopeptone. The two fungal strains were grown on solid malt 
agar medium in the dark at 20◦C for 14 days, followed by six days under 
UV light (Wood light) at 20◦C in order to induce fungal sporulation. 
These incubation conditions were applied for all experiments except the 
DNA extraction assay, for which incubation was undertaken for 20 days 
in the dark at 20◦C. Spores suspensions at 105 spores/mL were used for 
other experiments. These were obtained by scraping Petri dishes with 
glucose-peptone medium, then collecting the supernatant by filtration. 
For the antifungal activity and microscopy tests, the spore suspension 
was used directly in the microplates. For the RNA and lipidomics ex-
periments, the suspension was first inoculated into 250 mL Erlenmeyer 
flasks (90 mL medium and 10 mL spore suspension). The Erlenmeyer 
flasks were then incubated in the dark at 20◦C and 140 rpm for 20 days 
(for RNA extraction) or 26 days (for lipidomic analysis). The pellets were 
rinsed three times with sterile water and then collected by filtration on 
Büchner with Whatman® filter paper. The pellets were then recovered 
and immersed in liquid nitrogen. For RNA extraction, the fungal biomass 
was shredded and stored at − 20◦C, while for lipid extraction, the 
biomass was freeze-dried. 

Genome of both strains were sequenced with 39x mean coverage. 
Draft genomes are composed of 4132 contigs for V. inaequalis S755 
strain and 10001 contigs for V. inaequalis Rs552 strains with total 
sequence size of 64036957 pb and 57073897 pb respectively and GC 
content of 43.46 % and 44.14 % respectively. Assemblage statistics L50 
and N50 are 509 and 37094 respectively for S755 strain and 1870 and 
8804 respectively for Rs552 strain. Sequences of draft genomes were 
submitted to NCBI database with accession number JBBYAA000000000 
(S755) and JBBXZZ000000000 (Rs552). Genomes size and GC content 
are highly similar to V. inaequalis strains genome parameters. Alignment 
of the draft genomes was carried out using Jspecies software (Richter 
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et al., 2016) and revealed that these two strains share 98 % average 
nucleotide identity, with a bit score distribution of 1668 (Fig. S1). 

2.2. Production, purification, structural confirmation and quantification 
of lipopeptides 

A total of five lipopeptides were used in this study, including fen-
gycin (plipastatin), mycosubtilin, iturin A, lichenysin and pumilacidin. 
These lipopeptides were solubilised in 100 % dimethyl sulfoxide (DMSO, 
Sigma-Aldrich, Saint-Quentin-Fallavier, France) at 60 mg/mL. The two 
genetically modified single-producer Bacillus subtilis strains Bs2504 and 
LBS1 were used to produce fengycin and mycosubtilin, respectively. The 
strain Bs2504 is derived from the strain 168 which is well known to 
possess a plipastatin production cluster. The production, purification 
and quantification of fengycin was carried out as described recently by 
Vassaux et al. (2021). Mycosubtilin was produced, purified, and kindly 
provided by Lipofabrik (Lesquin, France). The bacteria B. velezensis GA1, 
B. licheniformis BBG146–2, and B. pumilus QST 2808 were used to pro-
duce the lipopeptides iturin A, lichenysin and pumilacidin, respectively. 
These three bacteria were grown in lysogenic broth (LB) medium 
(10 g/L NaCl, 5 g/L yeast extract and 10 g/L tryptone) at 37◦C and 
160 rpm overnight. In addition, the Landy medium was inoculated with 
these bacteria at an optical density of 0.1 at 600 nm in a flask filled to 
10 %. The Landy medium used for lichenysin production was modified 
by replacing glucose with 10 g/L xylose and 5 g/L sucrose. The inocu-
lated flasks were then incubated at 37◦C at 160 rpm for 48 h for 
B. velezensis GA1, and at 30◦C at 160 rpm for 72 h for B. licheniformis BBG 
146–2 and B. pumilus QST 2808. 

Purification of lichenysin, pumilacidin and iturin A began with the 
harvesting of bacterial cells by centrifugation at 25,000 g for 30 minutes 
at 4◦C. The resulting supernatant was acidified to pH 2 with H2SO4 and 
incubated overnight at 4◦C. The acidified supernatant was then centri-
fuged. The pellet was resuspended in H2O and brought to pH 8 with 
NaOH. Liquid-liquid extraction was carried out using the same volume 
of a 7:3 ethyl acetate/butanol solvent mixture. The solvent phase was 
dried with a SpeedDry RVC 2–25 CD Plus (Martin Christ, Germany) to a 
volume of 5 mL. Lipopeptide purification was carried out using Puri-
Flash PF4250–250 preparative HPLC (Interchim, France). The gradients 
used for purification were acetonitrile (ACN) in water acidified with 
0.1 % (V/V) trifluoroacetic acid (TFA). For iturin A, the gradient used 
was: 15 min at 20 % acetonitrile (ACN), 15–35 min at 30 % ACN, 
35–55 min at 50 % ACN, 55–95 min at 80 % ACN, 95–105 min at 100 % 
ACN and 105–125 min at 80 % ACN. For lichenysin, the gradient used 
was: 10 min at 70 % ACN, 10–70 min at 90 % ACN, 70–80 min at 100 % 
ACN and 80–90 min at 90 % ACN. For pumilacidin, the gradient used 
was: 15 min at 60 % ACN, 15–65 min at 85 % ACN, 65–85 min at 100 % 
ACN and 85–95 min at 85 % ACN. Fractions containing only pure iturin 
A, lichenysin or pumilacidin were pooled and concentrated using a 
SpeedDry RVC 2–25 CD Plus before freeze-drying with Alpha 3–4 
LSCbasic (Martin Christ, Germany). 

Fengycin (plipastatin) and mycosubtilin were characterised by 
reverse phase-high pressure liquid chromatography (RP-HPLC) using an 
Acquity H-Class (Waters, Massachussetts, USA) coupled with a photo-
diode array (PDA) and an Acquity QDa mass spectrometer (Waters), as 
reported in Dussert et al. (2022), while Iturin A, lichenysin, and pum-
ilacidin were analysed as described below. Ultra-performance liquid 
chromatography-mass spectrometry (UPLC-MS) was used to detect lip-
opeptides and confirm their mass, using an Acquity UPLC H-Class 
sample manager with a quaternary solvent manager and SQ detector 
(Waters, USA). Ten µL of sample was injected onto a Waters Acquity BEH 
C18 1.7 µm column (2.1×50 mm) with a C18 1.7 µm precolumn. The 
flow rate and temperature were set at 0.6 mL/min and 40◦C. The 
gradient of ACN in water acidified with 0.1 % (V/V) TFA was as follows: 
from 30 % ACN to 95 % ACN in 2.43 min, maintained at 95 % ACN until 
5.10 min, from 95 % ACN to 30 % ACN in 0.1 min and maintained at 
30 % ACN until the end of the run (7 min). Detection was carried out by 

electrospray in positive ion mode, using the following parameters: 
source temperature 130◦C, desolvation temperature 400◦C, nitrogen 
flow rate 1000 L/h and cone voltage 120 V. Data acquisition and pro-
cessing were carried out using MassLynx, version 4.1. 

For quantification, a Nexera ultra-high performance liquid chroma-
tography with diode array detection UPLC-DAD (Shimadzu, Japan) was 
used with the same column, mobile phase and run parameters as the 
UPLC-MS used. The analysis spectrum used by the DAD was between 
190 and 800 nm. A calibration curve for an external surfactin standard 
(Kaneka, Japan) and a fengycin or mycosubtilin standard (Lipofabrik, 
France) was used to compare the surface area of the surfactin, fengycin 
and iturin A molecules obtained. The purity of the molecules obtained 
was 98 % for fengycin, 75 % for mycosubtilin, 97 % for iturin A, 98.5 % 
for lichenysin and 77 % for pumilacidin. 

2.3. Biological tests on antifungal activity and efflux pump modulators 

Tebuconazole, tetraconazole (triazole), tolnaftate (thiocarbamate) 
and three efflux pump modulators (EPMs) (amitriptyline hydrochloride, 
chlorpromazine hydrochloride and verapamil hydrochloride), pur-
chased from Sigma-Aldrich (Sigma-Aldrich, France), were used in the 
present study. These molecules were solubilised in 100 % DMSO at 
40 mg/mL for the fungicides and 50 mg/mL for the EPMs. 

The antifungal activity of five lipopeptides (fengycin, mycosubtilin, 
iturin A, lichenysin and pumilacidin) and three binary mixtures (50/50, 
w/w) (fengycin/iturin A, fengycin/lichenysin and fengycin/pum-
ilacidin), two azoles (tebuconazole and tetraconazole) and tolnaftate 
were evaluated against the two strains of V. inaequalis S755 and Rs552 
using 96-well microplates in glucose-peptone liquid medium, as 
described in Desmyttere et al. (2019). A total of 15 concentrations were 
used for the lipopeptides evaluated (0.0026, 0.0051, 0.010, 0.021, 
0.041, 0.082, 0.164, 0.328, 0.656, 1.31, 2.63, 5.25, 10.5, 21 and 
42 mg/L) and fungicides (0.0017, 0.0034, 0.0068, 0.014, 0.027, 0.055, 
0.109, 0.219, 0.438, 0.875, 1.75, 3.5, 7, 14 and 28 mg/L), as well as 
controls with no compound. The experiment was repeated three times 
independently, with four biological replicates in each experiment. 

For the efflux pump bioassays, two concentrations of EPMs without 
significant antifungal activity were used (4.5 and 7 mg/L). Tebucona-
zole, fengycin and tolnaftate were tested in combination with EPMs. Due 
to the different sensitivities of the two strains to tebuconazole (and other 
fungicides), six concentrations per fungicide were tested, including 
three concentrations close to the IC50 of each strain, on both strains. The 
EPMs bioassays were carried out in liquid glucose-peptone medium in 
96-well microplates. The EPMs were first mixed with the glucose- 
peptone medium, then each fungicide was added at specific concentra-
tions. After six days of incubation, optical density values were recorded. 
The experiment was repeated three times independently, with six bio-
logical replicates in each experiment. 

Interactions between EPMs and fungicides were analysed according 
to Colby (1967) by calculating the expected growth of the mixtures (Exp 
= XF.XM /100), where XF and XM represent the percentage growth of the 
control for the fungicide and the EPM, respectively. Observed growth 
(Obs) is the percentage growth of the control for the mixtures. Interac-
tion was determined by the ratio IR=Exp/Obs. The interaction between 
fungicides and EPMs was considered additive when 0.5<IR<1.5, syn-
ergistic when IR≥1.5, or antagonistic when IR≤0.5 (Leroux and Walker, 
2013). 

2.4. Microscopic observations 

The effect of fengycin on the mycelial morphology of both 
V. inaequalis strains S755 and Rs552 was assessed using light microscopy 
and transmission electron microscopy (TEM). Observations were made 
on samples of fungal mycelium taken from 96-well microplates sup-
plemented with liquid glucose peptone medium and incubated for six 
days, prepared as described above. Three concentrations of fengycin 
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were observed by light microscopy, namely 0.021 mg/L, 0.66 mg/L and 
42 mg/L (corresponding respectively to the concentration around S755 
IC50; an average concentration and the highest concentration tested). 
The last two concentrations were also used for TEM observations. In 
total, three samples were taken per concentration for each strain and 
compared with untreated controls. For light microscopy, microscope 
slides were prepared by depositing five µL of lactophenol blue with five 
µL of each fungal culture containing the mycelium, before being 
observed under a Nikon Eclipse 80i microscope supplemented by a 
Nikon Ddxm1200c digital camera. TEM observations were performed by 
fixing the contents of the microplate wells for 2 h, rinsing in 0.2 M 
cacodylate buffer, and postfixing for 1 h in 1 % osmium tetroxide (OsO4) 
in 0.1 M cacodylate buffer, followed by rinsing in MilliQ water. The 
bottom of the plate wells was then scraped with a metal spatula to 
suspend the contents. The contents were collected using a glass pipette 
and transferred to Eppendorf tubes. The samples were dehydrated in a 
series of ethanol, then acetone, before being embedded in AGAR 100 
epoxy resin. The samples were centrifuged to decant between bath 
changes. The resin blocks at the bottom of the Eppendorf tubes were 
removed from the moulds and sawed into two parts, then reintegrated 
into the resin in flat silicone moulds. The resin capsules were then cut 
using a diamond knife mounted on a Sorvall Porter-blum MT2 B ultra-
microtome. Ultrathin sections were cut at 80–100 nm and contrasted 
with Uranyless (Deltamicrocopies, Mauressac, France) for TEM obser-
vation (STEM Tecnai G2 twin operating at an accelerating voltage of 
160 kV). 

2.5. DNA extraction, PCR amplification and Sanger sequencing of the 
Cyp51A gene 

DNA from both V. inaequalis strains S755 and Rs552 was extracted 
for whole genome sequencing and Cyp51A gene analyses. DNA was 
extracted from fungal strains grown on solid malt agar medium. The 
mycelium was scraped, frozen in liquid nitrogen and ground using a 
mortar and pestle. Eighty mg of fungal powder was resuspended in 
300 µL of PPI water and sonicated for 20 minutes. DNA was extracted 
using a phenol/chloroform extraction method described previously 
(Siah et al., 2010) with volumes doubled in order to obtain sufficient 
quantities of DNA for all analyses. 

The Cyp51A gene and its putative promoter (upstream region) were 
amplified using the primers described in Table S1. PCR reactions were 
performed using the following mixture: 0.2 µL (20 µM) of each primer, 
4 µL of dNTP (2.5 mM), 5 µL of 10 X reaction buffer, 8 µL (25 mM) of 
MgCl2, 0.25 U of Taq polymerase (Fisher BioReagents™) and 5 µL (1 ng/ 
µL) of genomic DNA, all adjusted to a volume of 50 µL with PPI water. 
PCR amplifications were performed in the Bio-Rad C1000 Touch ther-
mal cycler (Bio-Rad Laboratories Inc.) with the following thermal 
cycling conditions: 2 min at 95◦C; 30 cycles of 30 s at 94◦C, 30 s at 
57.5◦C (Cyp51A gene) or 55.2◦C (upstream region) and 1 min at 72◦C; 
followed by a final elongation of 10 min at 72◦C. 

The amplicons obtained were sequenced by Genoscreen (Lille, 
France) using the Sanger method. A 1674 bp fragment of the Cyp51A 
coding sequence was concatenated by superimposing the amplified 
fragments using the BLASTn alignment search tool (blast.ncbi.nlm.nih. 
gov/Blast.cgi). Sequences from the upstream region of Cyp51A from 
both strains were also aligned using BLASTn. Nucleotide and amino acid 
sequences were aligned using Clustal Omega (ebi.ac.uk/Tools/msa/ 
clustalo). The resulting sequences were compared using Clustal Omega 
to the sequences of the myclobutanil (azole)-resistant strain Ent54 
(ACC#AF262756) and the myclobutanil-sensitive strain Ent27 
(ACC#AF227920), both reported by Schnabel and Jones (2001). These 
sequences were aligned using Clustal Omega with the sequences of the 
Ent54 and Ent27 strains. In addition, the final sequences obtained from 
the upstream region were aligned with the sequence of the sensitive 
strain 3a-27–10 (ACC#KT694303) reported by Villani et al. (2016).The 
GenBank accession numbers for nucleotide sequences are 

BankIt2770571 755_CYP51 OR909969 for S755 strain and 
BankIt2770571 552_CYP51 OR909970 for Rs552 strain. 

2.6. Docking and dynamics of the CYP51A protein 

In silico dynamic and docking analyses were performed to assess the 
effect of the S183C substitution detected (in the CYP51A protein of the 
sensitive V. inaequalis strain S755) on affinity with the fungicide tebu-
conazole. We chose to build a putative structure by homology, in the 
absence of an experimental 3D structure of CYP51A from V. inaequalis. A 
BLAST on the RCSB Protein DataBank (PDB) retrieved a number of 
structures, from which we retained the four with the highest sequence 
identity for further evaluation, all of which were within a reasonable 
47.5 %. A thorough inspection of the alignment was carried out to 
validate the choice of reference by closely monitoring the heme-binding 
residues. Mutants were obtained by mutating the corresponding residue 
in the V. inaequalis model. After assessing their potential effect on 
structure, a series of inhibitors were docked to GOLD (Jones et al., 1995) 
and the binding site was defined as an 8 Å sphere around the tebuco-
nazole position extracted from 5eac. Thirty poses were generated and 
their superposition in well-defined groups allowed us to determine the 
pose to be retained as the final solution. Another criterion was the score 
of the pose most representative of the clusters. To better understand the 
effect of strain S755 substitution, a 100 ns molecular dynamics run was 
performed in quadruplicate with the AMBER package (Case et al., 2019) 
and the difference in interactions between strains S755 and Rs552 was 
assessed using Structural Interaction Network Analysis Protocols 
(SINAPs) (Bedart et al., 2022). 

2.7. Illumina whole genome sequencing and bioinformatics mapping of 
Cyp51A transcription factors and efflux pump genes 

Whole DNA from both V. inaequalis strains was sequenced at 
MicrobesNG (microbesng.com) using Illumina MiSeq and HiSeq 2500 
technology platforms, with paired-end reads ranging from 2 to 250 bp. 
The closest existing reference genome was determined using Kraken 
(Wood and Salzberg, 2014) and reads were mapped using the 
burrows-wheeler aligner (BWA) MEM algorithm (bio-bwa.sourceforge. 
net) to assess data quality. Reads were assembled de novo using SPAdes 
(cab.spbu.ru/software/spades). 

Based on the Sanger sequences, transcription factor binding motifs in 
the upstream region of Cyp51A from the two V. inaequalis strains were 
identified using Multiple Em for Motif Elicitation Suite version 5.3.3 
(MEME Suite) (Bailey and Elkan, 1994). The first analysis revealed 
motifs in the promoter sequences, using MEME and the motif alignment 
and search tool (MAST) with the following parameters: motif width of 
6–15 bp, zoop pattern and classical mode. In addition, all motifs found 
were analysed using the Gene Ontology for Motifs (GOMo) (Buske et al., 
2010) in order to determine or suggest a biological role. In addition to 
the bioinformatics analyses performed to detect transcription factor 
binding motifs, a review of the scientific literature was used to find 
previously identified motifs (Fig. 4E). By using MAST to align motifs, it 
was possible to identify motifs with a known biological role. On the basis 
of the whole genome sequences obtained, the ABC and MFS efflux pump 
gene sequences were mapped on the draft genome of each strain using a 
local blast. Sequence variations in the target genes were identified by 
alignment using Clustal Omega. 

The GenBank accession numbers for nucleotide sequences are 
BankIt2770571 755_MFS1 OR909971, BankIt2770571 552_MFS1 
OR909972, BankIt2770571 755_ABC1 OR909973, BankIt2770571 
552_ABC1 OR909974, BankIt2770571 755_ABC2 OR909975, 
BankIt2770571 552_ABC2 OR909976, BankIt2770571 755_ABC3 
OR909977, BankIt2770571 552_ABC3 OR909978, BankIt2770571 
755_ABC4 OR909979, BankIt2770571 552_ABC4 OR909980. 
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2.8. RNA extraction and analysis of relative Cyp51A gene expression by 
RT-qPCR 

Cyp51A gene expression in both strains was assessed after 20 days of 
fungal incubation in liquid medium, in the absence and presence of 
tebuconazole or fengycin at the same concentrations for each inhibitor 
(Rs552, 0.4 mg/L; S755, 0.005 mg/L). RNA was extracted from the 
ground (mortar and pestle) and stored biomass of the two V. inaequalis 
strains. For each extraction, 80 mg of pellet powder was used. Extraction 
was performed using the RNeasy Mini kit (Qiagen, Hilden, Germany) 
with DNase treatment (ThermoFisher Scientific, Waltham, Massachu-
setts, USA). RNA concentration was measured using a nanodrop. RNA 
quality was assessed using a 1.5 % agarose gel in 1 X TAE to check RNA 
integrity. 

To determine the relative expression of Cyp51A, cDNA synthesis was 
performed using the iScriptTM Reverse Transcription Supermix for RT- 
qPCR (Biorad Laboratories, Hercules, California, USA). Reverse tran-
scription was performed in a mixture containing 4 µL RT, 10 µL 100 ng/ 
µl RNA and 6 µL ultrapure water, under the following conditions: 5 min 
at 25◦C, 20 min at 46◦C and 1 min at 95◦C. Freshly synthesised cDNAs 
were diluted by half and stored at − 20◦C. 

Quantitative polymerase chain reaction (qPCR) was performed with 
a pair of primers targeting Cyp51A and also with two pairs of primers 
targeting the GAPDH and actin housekeeping genes (Table S1). Re-
actions were carried out in a final volume of 10 µL: 5 µL of SYBR Green 
(iTaq Universal SYBR Green supermi; Biorad Laboratories, Hercules, 
California, USA), 1 µL of 5 µM primers, 2 µL of ultrapure water and 2 µL 
of cDNA. Amplifications were monitored using the Bio-Rad CFX96 real- 
time PCR detection system (Bio-Rad Laboratories Inc.) with the 
following thermal profile: 3 min at 95◦C, (15 sec at 95◦C, 30 sec at 60◦C) 
x 39 cycle, 30 sec at 65◦C, and 30 sec at 95◦C for amplicon dissociation 
curves. 

A primer validation experiment was carried out beforehand. To 
determine the relative expression of Cyp51A, the comparative threshold 
cycle (Ct) method (Schmittgen and Livak, 2008) was used using formula 
2-ΔΔCt. The control sample was the sensitive strain S755 in the absence of 
fungicide to determine expression. Three biological replicates with three 
technical replicates per biological replicate were performed for each 
modality. 

2.9. Lipid extraction and analysis 

Sterols were identified and quantified from 50 mg of freeze-dried 
mycelium. Direct saponification was carried out with the addition of 
an internal standard (cholesterol) and 3 mL of methanolic potash. The 
whole was placed on a heating block for 2 hours at 70◦C. The sterols 
were then extracted by adding 5 mL of hexane and 1 mL of water, then 
homogenised using a vortex. The upper phase was recovered and placed 
in another tube. The addition of hexane, homogenisation and recovery 
of the upper phase were repeated twice. The upper phase was concen-
trated under vacuum in a centrifugal evaporator, the sterols were 
extracted into 2 mL of hexane and placed in a flask, then concentrated in 
a centrifugal evaporator. The sterols were recovered in 200 µL of hexane. 
The sterols were analysed using a Shimadzu QP-2010 Ultra gas 
chromatograph-mass spectrometer (GC-MS) (Shimadzu, Japan) equip-
ped with a single quadrupole mass detector and simultaneously coupled 
to a flame ionisation detector (FID). Samples were analysed in frac-
tionated mode (80:1 ratio) on a ZB-5MS fast capillary column (10 m 
length x 0.1 mm internal diameter x 0.1 µm phase thickness, 5 % phenyl- 
arylene / 95 % dimethylpolysiloxane, Zebron, Phenomenex, Torrance 
Calif, U.S.A.) using helium as the carrier gas at a constant linear velocity 
(50 cm/sec). The injector temperature was 280◦C and the detector 
temperature was 380◦C and 280◦C for the FID and ion source, respec-
tively. The temperature programme started with an initial temperature 
of 130◦C and increased by 50◦C every minute to reach a final temper-
ature of 330◦C, which was maintained for 2 minutes. The ionisation 

mode was electron impact at 70 eV and the mass range between 50.0 and 
600.0 u was scanned. SIM (single impact monitoring) mode was used 
simultaneously. Sterol quantification was performed using cholesterol 
(Sigma-Aldrich) as an internal standard. Sterols were identified by 
comparing their relative retention times with those of commercial sterol 
standards (Sigma-Aldrich) and by comparing them with spectra ob-
tained from commercial standards and/or published in the literature 
(NIST standard reference database). Three biological replicates with five 
technical replicates per biological replicate were carried out for each 
modality. 

Phospholipids were extracted and analysed by Lipometrix (Leuven, 
Belgium) (Talebi et al., 2023). These analyses were carried out using 
approximately 10 mg of freeze-dried mycelium from two different 
strains of V. inaequalis. Briefly, the V. inaequalis pellets were homoge-
nised in water, then the lipids and internal standard were extracted with 
1 N HCl:CH3OH 1:8 (v/v), CHCl3 and 200 µg/mL antioxidants. The 
organic phase was recovered and evaporated. The pellet was solubilised 
in ethanol and analysed by liquid chromatography tandem mass spec-
trometry with electrospray ionisation. The negative ionisation mode 
using fatty acid fragment ions was used to measure phospholipids. Peaks 
were integrated using MultiQuant software™. Isotopic contributions 
were used to correct lipid species signals. Finally, quantification was 
carried out in accordance with Lipidomics Standard Initiative (LSI) 
guidelines. Three biological replicates were performed for each 
modality. 

2.10. Statistical analysis 

A half-maximal inhibitory concentration (IC50) was calculated from 
the dose-response curve obtained for each lipopeptide or fungicide and 
for each fungal strain, using non-linear regression completed in XLSTAT 
software (Lumivero, France). The comparison of IC50 values between 
molecules and strains was carried out using a one-way ANOVA followed 
by a Tukey test with a global α risk of 5 %, using XLSTAT software. For 
the gene expression assay, statistical analyses were performed on the 2- 

ΔΔCt values using a one-way ANOVA followed by a Tukey test with a 
global α risk of 5 %, using XLSTAT software. The relative composition of 
sterols and phospholipids was analysed. All compounds representing 
less than 1 % were excluded from the statistical analysis. The conditions 
of use (normality and homoscedasticity) were checked and validated. 
Based on the relative compositions, a one-way ANOVA followed by a 
Tukey test was performed to determine whether there was a significant 
difference between the two strains. The p-values were compared with an 
adjusted α-risk (Bonferroni adjustment) by dividing the global α-risk of 
0.05 by the maximum number of molecules tested (0.05/7=0.007 for 
seven molecules, for example). 

3. Results 

3.1. Lipopeptide characterisation using RP-HPLC-MS 

The lipopeptides used in the present study were first characterised 
with RP-HPLC-MS (Fig. S2 A-E). Analysis of lichenysin revealed the 
presence of four major isoforms with a C13 to C15 fatty acid chain, the 
amino acid in position 7 being either Valine or Leucine (m/z [M+Na+] 
1030, 1029, 1044, respectively). Analysis of pumilacidin showed the 
presence of six major isoforms with a fatty acid chain from C15 to C17 
but also changes in position 7 of the peptidic chain, which can be either a 
leucine or a valine (m/z [M+Na+] 1059, 1073, 1087 and 1101, 
respectively). Analysis of iturin A reveals the occurrence of three major 
isoforms displaying a fatty acid chain from C14 to C16 (m/z [M+Na+] 
1065, 1079 and 1093, respectively). Analysis of mycosubtilin solution 
highlighted the presence of five major isoforms containing a fatty chain 
from C14 to C18 (m/z ([M+H]+ 1043, 1057, 1071 and 1099, respec-
tively). Finally, the analysis of fengycin (plipastatin) showed the pres-
ence of 9 major isoforms of plipastatin A or plipastatin B containing a 
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fatty chain from C15 to C19 (m/z ([M+H+H]+ 725, 732, 739, 746, 731, 
753, 738, 760 and 745, respectively). 

3.2. The Rs552 strain showed reduced sensitivity to azoles and fengycin, 
but not to other lipopeptides 

The antifungal activity of five lipopeptides (alone or in a binary 
mixture) and two azole active substances was evaluated against the two 
V. inaequalis strains S755 and Rs552 (Fig. 1A; Table S2). As expected, the 
two strains showed distinct levels of sensitivity to tebuconazole (IC50 
values of 0.012 and 1.153 mg/L for S755 and Rs552, respectively), 
confirming previous results (Desmyttere et al., 2019). The two strains 
also showed distinct levels of sensitivity to tetraconazole (IC50 values of 
0.009 and 0.907 mg/L for S755 and Rs552, respectively). The IC50 
values and the sensitivity patterns of both strains S755 and Rs552 to 
tebuconazole are close to those highlighted in a preliminary experiment 
on solid medium for two reference V. inaequalis field strains (NRRL 
66904, baseline sensitive isolate and NRRL 66905, a DMI resistant 
isolate) previously assessed by Lichtner et al. (2020), with a resistant 
factor (ratio IC50 of resistant versus IC50 of sensitive) of 61 for both 
couples of strains S755-Rs552 and NRRL 66904-NRRL 66905 (data not 
shown). 

With an IC50 value of 0.024 mg/L for S755, fengycin showed strong 
activity, close to that of tebuconazole. It is interesting to note that fen-
gycin showed an IC50 value greater than 42 mg/L for Rs552. Myco-
subtilin was the second most active lipopeptide, while iturin A was the 
third. These two compounds from the iturin family showed the same 
level of activity on both strains, with mycosubtilin being more active 
than iturin A. Lichenysin and pumilacidin from the surfactin family 
showed an IC50 value greater than 42 mg/L on both strains. 

For the FI binary mixture, the activity was higher for strain S755 than 
for strain Rs552. For strain S755, the activity was intermediate between 
that of fengycin alone and that of iturin alone. For strain Rs552, the 
activity was equal to that of iturin alone and identical to that of the 
azoles. For the FL and FP binary mixtures, the activities were also higher 
for strain S755 than for strain Rs552. For strain S755, the activity was 
similar to that of fengycin alone. Surprisingly, activities were calculated 
for Rs552, while fengycin, pumilacidin and lichenysin alone had no 
activity. 

Analysis of the chemical structure of lipopeptides has shown that 
they are made up of a peptide part and a fatty acid chain of variable 
nature. Fengycin is the only decapeptide tested, while the other lip-
opeptides are heptapeptides. Similarly, the length of the fatty acid 
chains varies from C12 to C17 depending on the lipopeptides tested and 
there are several possible isoforms per lipopeptide (Fig. 1B). Although 
the activities of the heptapeptides are identical in the 2 strains, they are 

very different in structure. Iturin A showed good activity but was sta-
tistically weaker than mycosubtilin. We found that iturin A differed from 
mycosubtilin only by the inversion of Ser and Asn in positions 6 and 7 of 
the peptide part and by a shorter fatty acid chain. Similarly, pumilacidin 
and lichenysin do not have the same amino acid nature and fatty acid 
chain length as iturin A and mycosubtilin. 

3.3. Fengycin induces morphological and cytological changes 

Light microscopic observations were performed to determine 
whether morphological changes in the mycelium of the two strains of 
V. inaequalis occur in the presence of fengycin. In the control condition, 
the mycelium was well developed with long and regular hyphae 
(Fig. S3A, B). Vesicle-like structures, which formed a sac that could be 
slightly swollen or cracked, were observed in both strains (Fig. S3C, D, E, 
F), hence agreeing previous results (Desmyttere et al., 2019). These 
vesicle-like structures were observed in relation to the concentration 
and with a greater presence in strain S755 compared to strain Rs552 
(data not shown). To investigate these changes further, TEM observations 
were made on the mycelium of both strains grown in the presence of 
fengycin and compared with untreated fungal mycelium. Under control 
conditions, the cell walls and plasma membrane were uniform and intact 
(Fig. 2A, B). In the presence of fengycin, the plasma membrane became 
incomplete, and the cytoplasmic content was reduced, becoming more 
transparent and less abundant, or even partially lost (Fig. 2C, D). 
Vesicle-like structures appeared to be formed by an empty space be-
tween two cell walls (Fig. 2E, F). These observations point to a mode of 
action involving modifications of the fungal cell wall, plasma membrane 
and cytoplasm compromising cellular integrity, with a lower abundance 
of vesicles in Rs552 compared to S755. 

3.4. S183C substitution in CYP51A with no effect on azole affinity 

In order to identify the mechanisms responsible for the difference in 
sensitivity to tebuconazole, the Cyp51A gene (encoding the CYP51A 
enzyme, the target of azoles) of the two V. inaequalis strains S755 
(ACC#OR909969) and Rs552 (ACC#OR909970) was sequenced in its 
entirety (1674 bp). Comparison of the sequences obtained from S755 
and Rs552 with those of the Cyp51A gene from two strains in the liter-
ature (Ent27 and Ent54, respectively sensitive and resistant to myclo-
butanil (Schnabel and Jones, 2001) revealed a non-silent mutation in 
sensitive strain S755 at position 710 bp (Fig. 3A). Strain S755 had a 
thymine, while Ent54, Ent27 and Rs552 had an adenine. This mutation 
resulted in a change in amino acid sequence, corresponding to the 
substitution of a serine for a cysteine at position 183 (S183C) in strain 
S755 (Fig. 3B). Serine and cysteine are uncharged polar amino acids, but 

Fig. 1. Lipopeptide analysis and antifungal activity against the two V. inaequalis strains S755 and Rs552. A, Antifungal activity of five lipopeptides (fengycin, 
mycosubtilin, iturin A, surfactin, lichenysin, pumilacidin), three binary mixtures of them (fengycin-iturin A, fengycin-lichenysin, fengycin- pumilacidin), and two 
azole fungicides (tebuconazole and tetraconazole) against S755 and Rs552. Bars with different letters indicates a significant difference according to ANOVA-Tukey 
test at α=0.05. B, Molecular structures of the assessed lipopeptides, with a description of the peptide moiety and the fatty acid chain. 
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cysteine is a sulphur amino acid that can form disulfide bridges in the 
corresponding protein. 

Given that such an amino acid substitution could affect the affinity of 
azoles with the CYP51A enzyme, docking and dynamics analyses were 
carried out in silico to test this hypothesis. The docking of a series of 
several azoles (difenoconazole, epoxiconazole, metconazole, prothio-
conazole, tebuconazole and prochloraz) and the molecular dynamics of 
CYP51A of the two strains Rs552 and S755 and that of strain Ent54 
taken from the literature (Schnabel and Jones, 2001) were carried out. 
The four structures found in the PDB database with the best sequence 
identity were 4lxj (S. cerevisiae CYP51 bound to lanosterol), 5eac 
(S. cerevisiae CYP51 bound to R-tebuconazole), 5eah (S. cerevisiae CYP51 
bound to difenoconazole), and 4 wmz (S. cerevisiae CYP51 bound to 
fluconazole). All these models had a resolution of between 2.54 and 
1.96 Å. As we were interested in the binding mode of tebuconazole, we 
selected 5eac as the crystallographic reference to construct a 3D model 
of CYP51A from V. inaequalis (Fig. 3C). Sequence identity is 47.5 %, 

which is high enough to produce a plausible model. In addition, align-
ment showed that the residues involved in heme group binding are 
conserved. There is no peptide torsion outside a 15◦ window around the 
anti-planarity and no inverted chirality. The Ramachandran plot showed 
that four residues (0.9 %) were in the unauthorised region. 

The CYP51A sequences of S755 and Rs552 were constructed by 
mutating the residue corresponding to position 183 (Fig. 3D). As ex-
pected from the position of S/C183, no clear differences were found 
between Rs552 and S755 when docking difenoconazole, epoxiconazole, 
metconazole, prothioconazole, tebuconazole and prochloraz. All of 
them were placed close to the heme. Prothioconazole was the least 
effective. Its dihydrothiazole-3-thion pointed away from the heme in 
just under 2/3 and 1/3 of the exposures for Rs552 and S755, respec-
tively. Difenoconazole and tebuconazole obtained the best results, with 
almost all of the 30 poses being superimposable on the crystallographic 
structure of tebuconazole. 

A molecular dynamics study was carried out to investigate the effect 

Fig. 2. Observations of the mycelium of both V. inaequalis strains S755 and Rs552 using transmission electron microscopy; A, S755 control; B, Rs552 control; C, S755 
at 0.66 mg/L fengycin; D, Rs552 at 0.66 mg/L fengycin; E, S755 at 0.66 mg/L fengycin; F, Rs552 at 42 mg/L fengycin. cw, cell wall; pm, plasma membrane; 
cy, cytoplasm. 
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of the S183C substitution in strain S755. Interestingly, Arg 492 was 
spatially close to 183. Positioned at the beginning of the β3 leaflet, 
residue 183 was followed by a loop forming a channel at the entrance to 
the catalytic pocket (Fig. 3E). Therefore, any change in its interaction 
network could have affected the stiffness or position of the loop at the 
entrance, which would have had a significant impact on the enzyme 

cycle. Four independent 100 ns dynamics were run for Rs552 and S755 
CYP51A, combining the results to obtain a wider range of conforma-
tions. The interactions of residue 183 were then studied with SINAPs 
(Fig. 3F). Although there were no observable differences in conforma-
tion or loop plasticity, Ser 183 was consistently engaged in hydrogen 
bonding with Arg 492, accounting for 80 % of the simulation time, 

Fig. 3. Structural and in silico functional analysis of CYP51A in the two V. inaequalis strains S755 and Rs552. A, Alignment of the obtained Cyp51A nucleotide 
sequences. Ent27, myclobutanil sensitive strain (AAC#AF227920) (Schnabel and Jones, 2001); Ent54, myclobutanil resistant strain (ACC# AF262756) (Schnabel and 
Jones, 2001); Rs552, azole reduced sensitivity strain (ACC#OR909970); S755: azole sensitive strain (ACC#OR909969). B, Alignment of the obtained Cyp51A 
amino-acid sequences. C, Sequence alignment of 5eac (S. cerevisiae CYP51 enzyme) and Ent54 (V. inaequalis CYP51 enzyme from the strain Ent54). Residues involved 
in the heme binding are encased in red. D, Model of CYP51A in V. inaequalis, with position of the CYP51A S183C substitution (in green). The helices are depicted in 
magenta, β sheets in yellow, the heme in orange, and tebuconazole in blue. E, Position of Ser 183 and Cys 492 in CYP51A. F, Differences of interaction between the 
serine bearing Rs552 (red) and the cysteine bearing S755 (blue). The interactions shown are present 80 % or more of the simulation time. 
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whereas Cys 183 was notably devoid of such bonding. Overall, the 
substitution detected in the CYP51A S755 enzyme had no potential ef-
fect on its structure and probably on its activity. 

3.5. Rs552 constitutively displays an increased Cyp51A gene expression, 
probably due to variations in the promoter region and the sequence of the 
transcription factor 

The Rs552 strain constitutively expressed the Cyp51A gene 4.9 times 
more than the sensitive strain (Fig. 4A). Furthermore, no significant 
induction of the Cyp51A gene was observed in each strain in the pres-
ence of tebuconazole or fengycin compared with the control. These re-
sults indicate that the increased expression of Cyp51A is not induced by 
either tebuconazole or fengycin, but that the gene is constitutively more 
expressed in the Rs552 strain. In order to identify the potential causes of 
this constitutive increased expression in Rs552, additional analyses were 
carried out by characterising the putative promoter region of the 
Cyp51A gene in both strains, using PCR amplification and Sanger 
sequencing. The promoter sequences of the Cyp51A gene were compared 
between the two strains (Fig. 4B) as well as with strain 3a-27–10, which 
is sensitive to myclobutanil and difenoconazole (Villani et al., 2016). 
This comparison revealed marked variations in the region upstream of 

Cyp51A. For both strains Rs552 and S755, a 499 bp insertion was 
observed (in yellow) relative to 3a-27–10. For strain Rs552, in addition 
to the 499 bp insertion, a second 613 bp insertion (in blue) was detected 
twice. The first 613 bp insertion is located within the 499 bp insertion. 
An 18 bp deletion was also observed in Rs552 (green). In addition, two 
deletions were observed at positions 385 and 402 in both Rs552 and 
S755 compared with strain 3a-27–10 (Villani et al., 2016). The se-
quences of the 613 bp insertions (in blue) are identical. Our results are in 
agreement with previous work indicating that the V. inaequalis genome 
has a higher repetitive content than that of other fungal species, with 
repetitive regions occupying up to 47 % of their genome sequence 
(Khajuria et al., 2022). 

In addition, an analysis of putative Cyp51A transcription factor 
binding motifs was performed using Illumina whole genome sequencing 
of both strains. Using MEME and MAST software, a total of 15 motifs 
were found (Fig. 4C, D). GOMo analysis was used to identify the putative 
biological functions of these motifs. Motif 3 showed 83 % specificity for 
binding to a transcription factor (ACC#GO:0003700). Among the tran-
scription factors found, a sterol regulatory protein (UPC2) was detected. 
This protein is a transcription factor that binds sterol regulatory ele-
ments in S. cerevisae with a CGG-Nx-CCG type binding site (Marmorstein 
et al., 1992). In addition to the analysis of the MEME suite, a literature 

Fig. 4. Expression of the Cyp51A gene and sequence analysis of the Cyp51A upstream region (putative promoter) in the two V. inaequalis strains S755 and Rs552. A, 
Relative Cyp51A expression in S755 and Rs552 in presence or absence of tebuconazole or fengycin. The presence of different letters in each molecule indicates a 
significant difference among the two strains according to the ANOVA-Tukey test at α=0.05. B, Simplified scheme of the Cyp51A upstream region alignment. Grey, 
conserved sequence; yellow, 499 bp insertion cut in two segments by 613 bp insertion; blue, 613 bp insertion; green, deleted sequence; orange, single nucleotide 
polymorphism. 3a-27–10 corresponds to a sensitive reference strain from Villani et al. (2016). C, DNA-binding motif for transcription factors from MEME Suite 
(Bailey and Elkan, 1994). D, Position of DNA-binding motifs in the Cyp51A upstream region of S755 and Rs552. E, DNA-binding motifs obtained by MEME suite. F, 
DNA-binding motif positioning obtained by MEME suite in S755 and Rs552. 
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review was used to select five motifs to identify DNA-binding tran-
scription factors (Fig. 4E). Of the five motifs found, only two were found 
to correspond to both the Rs552 and S755 strains: ATCNNNNAT and 
CGG-Nx-CCG (Fig. 4F). The ATCNNNNAT motif was found twice in 
strain S755 and four times in the region upstream of the Cyp51A gene. In 
Rs552, one motif was repeated twice (ATCGGTTCAT), in the 613 bp 
insertion repeat. The other two motifs (ATCCCAAGAT and ATCCCT-
GAAT) were found in both strains. The CGG-Nx-CCG motif was found 
once in S755 and three times in Rs552. The motif common to both 
strains is CGG-N16(6)-CCG. The second motif in Rs552 was also 
repeated, as it was also found in the 613 bp CGG-N11(5)-CCG insertion. 
The motifs found may explain the increased expression of Cyp51A in 
Rs552, as this strain would have more DNA binding sites than S755. 

3.6. Rs552 has increased membrane efflux pump activity compared to 
S755 

The potential involvement of efflux pumps as a mechanism of 
reduced sensitivity to azoles and fengycin was examined phenotypically 
and genetically in both strains of V. inaequalis. Tolnaftate is an anti-
fungal agent used to treat dermatophytic fungi and is also an indicator of 
multidrug resistance (MDR) in plant pathogenic fungi overexpressing 
efflux pumps (Leroux and Walker, 2010; Omrane et al., 2015). Inter-
estingly, tolnaftate significantly inhibited the growth of the sensitive 
strain S755 at different concentrations (IC50 value of 0.66 mg/L), 
whereas no inhibitory activity was observed on the strain Rs552 (data 
not shown). These results indicate a potential involvement of efflux 
pumps in the reduced sensitivity of Rs552 to tebuconazole. 

Efflux pump modulators (EPMs) were tested with tebuconazole, 
fengycin and tolnaftate to determine whether these pumps contribute to 
the mechanisms involved in the reduced sensitivity of Rs552. Firstly, the 
interaction of EPMs with tebuconazole was evaluated. At concentrations 
close to the IC50 value of each strain, synergy was observed with 
amitriptyline and chlorpromazine, but not with verapamil (Fig. 5 Aa). 
Chlorpromazine was synergistic with tebuconazole at both concentra-
tions tested, 4.5 and 7 mg/L, whereas amitriptyline was only slightly 
synergistic at 7 mg/L. At 7 mg/L, the interaction ratios (IRs) for chlor-
promazine appeared higher than for amitriptyline, with IRs between 1.6 
and 2.9 for amitriptyline and between 2.6 and 7.7 for chlorpromazine. In 
addition, higher IRs were also calculated with chlorpromazine at 7 mg/L 
for Rs552 (2.7–7.7) compared with S755 (2.6–4.8). For the other 

concentrations, the interactions between EPMs and tebuconazole were 
only additive (Table S3a). Between 0.8 and 1.7 mg/L tebuconazole, 
S755 was completely inhibited, whereas no inhibition was observed for 
Rs552 at concentrations between 0.008 and 0.17 mg/L (data not shown). 
In contrast to the synergies obtained with tebuconazole, no synergistic 
interaction occurred between fengycin and the EPMs tested at concen-
trations close to the IC50 for S755 or higher for Rs552 (Fig. 5Ab). The 
interactions were mostly additive and even slightly antagonistic, even at 
the other concentrations tested (Table S3b). EPMs were also combined 
with tolnaftate. Synergy was mainly observed with chlorpromazine, 
particularly on Rs552, with a high IR of 10 calculated between chlor-
promazine at 7 mg/L and tolnaftate at 5 mg/L (Fig. 5 Ac). Synergy was 
also observed for S755 with amitriptyline 7 mg/L. The combination of 
verapamil and tolnaftate was not synergistic on both strains. The RI of 
tolnaftate was mainly additive at other concentrations (Table S3c). On 
the basis of these results, efflux pumps appear to be involved in the 
reduced sensitivity of Rs552 to azoles. 

From the whole genome sequences of both strains, four ABC pump 
genes and one MFS pump gene were found (Fig. 5B). For the MFS pump 
gene, a single silent mutation was found in Rs552. However, for the ABC 
pump genes, an increased number of silent and non-silent mutations 
were detected in Rs552 (Fig. 5B, Table S4). Non-silent mutations can 
influence the protein through amino acid changes such as in the ABC1 
(I1229M, V1299I), ABC2 (D752N, K846R, V929I, S971P, N1436S), 
ABC3 (A977S, S1051N) and ABC4 (A757T, S816 A) proteins. The 
I1229M substitution in the ABC1 pump can modify the structure of the 
protein, as methionine is a sulphur amino acid that can form disulfide 
bridges. 

In addition, variations in the respective putative promoter regions of 
the five efflux pump genes detected were analysed. No polymorphisms 
were observed for the MFS and ABC2 genes. However, the putative 
promoter regions of the ABC1 and ABC4 genes showed several poly-
morphisms (Table S4) which could affect gene expression. In addition, 
the CGG-Nx-CCG binding motif, found in ABC pumps, was detected in 
the ABC1 and ABC4 genes. The CGG-Nx-CCG motif was found three 
times in the promoter regions of both pumps in both strains. For ABC1, 
the CGG-N15-CCG, CGG-N18-CCG, CGG-N22(18)-CCG motif was 
located at 675 th, 641st, and 428 th 5′ bases in Rs552 and at 699 th, 665 th 

and 435 th 5′ bases in S755. For ABC4, the CGG-N19-CCG, CGG-N13-CCG 
and CGG-N18-CCG motifs were located at 486 th, 364 th and 313 th 5′ 
bases in S755, and at 489 th, 367 th and 316 th 5′ bases in Rs552. These 

Fig. 5. Biochemical and genetic analysis of efflux pumps in the two V. inaequalis strains S755 and Rs552. A, Interaction ratios (IRs) between efflux pump modulators 
(amitriptyline, chlorpromazine, verapamil) and tebuconazole (a), fengycin (b), and tolnaftate (c). The used concentrations of fungicides are close to the IC50 value 
obtained for each strain. Synergy is indicated by bold IR values. B, Number of silent and non-silent mutations found in the ABC- and MFS-encoding genes in S755 
and Rs552. 
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motifs located in the upstream regions would influence the level of 
expression of the genes encoding the targeted efflux pumps, which could 
explain the difference observed between the two strains in terms of their 
efflux pump activity. 

3.7. Rs552 and S755 vary slightly in sterol and phospholipid composition 

Sterols in the mycelium of the two strains of V. inaequalis were 
analysed and quantified by GC-MS/FID. Several sterols were identified, 
mainly ergosta-5,8-dien-3-ol, ergosta-7,22-dien-3-ol and ergosta-5,24- 
dien-3-ol in a lower percentage (Fig. 6A, Table S5). These sterols are 
derivatives of ergosterol. Squalene, a sterol precursor in the sterol 
biosynthesis pathway, was also identified. Quantification of total sterols 
revealed that there was no quantitative difference between the two 
strains (6.20 ± 1.79 and 6.27 ± 1.66 µg sterols/mg dry weight for S755 
and Rs552 respectively, data not shown), indicating that the strains 
produce the same total amount of total sterols. Qualitative analysis 
showed no significant difference between the different sterols, with the 
exception of ergosta-7,22-dien-3-ol, which was detected in a higher 
proportion in strain Rs552 (21 % ± 0.32) compared with strain S755 
(16.3 % ± 1.25) (Fig. 6A, Table S5). 

Phospholipid analysis was used to identify the different classes of 
phospholipids and their associated fatty acid chains in the two fungal 
strains. The relative composition of the phospholipid classes showed 
that both strains are composed of phosphatidylinositol (PI), phosphati-
dylethanolamine (PE), phosphatidylcholine (PC), lysophosphatidylcho-
line (LPC), phosphatidylserine (PS), lysophosphatidylethanolamine 
(LPE) and traces of phosphatidylglycerol (PG) (Fig. 6B). PI followed by 
PE and PC represented 46 % ± 4.44, 33 % ± 3.09 and 13 % ± 2.3 
respectively for strain S755, and 46.7 % ± 5.68, 33 % ± 4.5 and 12 % ±
2.28 for strain Rs552 (Table S5). There were no significant differences 
between the two strains for each phospholipid class (Fig. 6B). Quanti-
fication of total phospholipids revealed that there was no quantitative 
difference between the two strains (97.14 ± 7.84 and 102.64 ±
24.87 µg phospholipids/mg dry weight for S755 and Rs552 respectively, 
data not shown), indicating that the strains produced the same total 
amount of total phospholipids. 

Within each phospholipid class, the fatty acids were determined and 

analysed. Significant differences were obtained for the PI, LPC and LPE 
classes (Fig. 6C, D, E) while no difference was observed for the PE, PC, 
PS and PG classes (Fig. S4). The main change was in PI(C16:0/C18:1), 
which was lower in proportion in Rs552 than in S755 (Fig. 6C, Table S5). 
For LPC, the minor forms LPC(16:0) and LPC(18:0) were present in a 
higher proportion in Rs552 than in S755 (Fig. 6D). And for LPE, the 
major form LPE(18:1) was in lower proportion in Rs552 than in S755 
while the minor form LPE(16:0) was in higher proportion (Fig. 6E). 

Differences in the sterol and phospholipid compositions of the two 
strains were observed. Although these differences do not appear to be 
very significant, they could be linked to different membrane lipid 
compositions and a particular cellular function between the two strains. 

4. Discussion 

4.1. Antifungal activity against V. inaequalis varies according to 
lipopeptide family 

Antifungal activity tests revealed variable activity profiles for the 
three lipopeptide families against the two V. inaequalis strains used, 
S755 and Rs552. The bioactivity of lipopeptides has been well studied 
against a wide range of phytopathogens, such as Botrytis cinerea, Scle-
rotinia sclerotiorum (Botcazon et al., 2022) and Pyricularia grisea (Zhang 
and Sun, 2018) for fengycin; Zymoseptoria tritici (Mejri et al., 2018) for 
mycosubtilin, and Phytophthora capsici, Fusarium graminearum and 
Rhizoctonia solani for iturin A (Liu et al., 2007). However, the antifungal 
activity of lichenysin and pumilacidin is poorly documented. Interest-
ingly, we have revealed here that lichenysin and pumilacidin (belonging 
to the surfactin family) do not have antifungal activity against 
V. inaequalis as previously shown for surfactin (Desmyttere et al., 2019) 
compared to mycosubtilin and iturin A (belonging to the iturin family). 
This family lipopeptide-dependent bioactivity is probably due to varia-
tions in the structure of the peptide part, which are stronger at the inter- 
than at the intra-family level (Fig. 1B). Within the same family, varia-
tions in the fatty acid chain can also modulate biological activity, as it 
was demonstrated with the activity of mycosubtilin against Botrytis 
cinerea (the longer the fatty acid chain, the better the activity) (Bechet 
et al., 2013). This was confirmed in this work with the activity of 

Fig. 6. Comparison of the relative composition of both total sterols and total phospholipids in the two V. inaequalis strains S755 and Rs552. A, Relative composition 
comparison of total sterol derivatives. B, Relative composition comparison of different classes of phospholipids: phosphatidylglycerol (PG), phosphatidylinositol (PI), 
phosphatidylserine (PS), phosphatidylcholine (PC), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), and lysophosphatidylethanolamine (LPE); C, 
Comparison of the relative composition of PI; D, Relative composition comparison of LPC; E, Comparison of the relative composition of LPE. The presence of an 
asterisk indicates a significant difference among the two strains according to the ANOVA-Tukey test at α=0.007. 
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mycosubtilin (with 16 and 17 carbon fatty acid chains predominating) 
being significantly higher against both strains of V. inaequalis compared 
to Iturin A (which is predominantly produced with C14 and C15 fatty 
acid chains). 

Interestingly, fengycin exhibited the highest antifungal activity 
against S755 of all the lipopeptides evaluated, with a level similar to that 
conferred by the pure active substance, tebuconazole, but lower than 
that of tetraconazole. The IC50 measured is one of the lowest cited in the 
literature for fengycin. This level of activity could be due to a stronger 
interaction of this molecule with the components of the plasma mem-
brane of sensitive strain S755. For the binary mixtures, all the mixtures 
with fengycin showed similar levels of activity on S755 to those of 
fengycin alone, suggesting that there is no enhancement of its activity by 
the other lipopeptides. As highlighted previously, fengycin showed no 
antifungal activity on Rs552 when tested alone (Desmyttere et al., 
2019), whereas fengycin-lichenysin and fengycin-pumilacidin mixtures 
showed a significant effect on this strain (Fig. 1A). Such ’mixture-in-
duced’ biological activity has already been demonstrated for the 
fengycin-surfactin mixture, suggesting a similar role for different 
members of the surfactin family in this effect. This could be due to a 
chemical interaction or to the formation of mixed micelles between the 
combined lipopeptides, which could result in a modification of their 
properties. Synergistic effects between other lipopeptide combinations 
have already been reported in several fungi (Maget-Dana et al., 1992; 
Ongena et al., 2007; Romero et al., 2007; Desmyttere et al., 2019). 

4.2. Increased expression of Cyp51A and overactivity of the membrane 
efflux pump are probably the main mechanisms responsible for the reduced 
sensitivity to azoles in Rs552 

Reduced sensitivity to azoles can be explained by three different 
mechanisms, including mutations in the Cyp51A gene, increased 
expression of this gene and/or increased activity of membrane efflux 
pumps. Surprisingly, we detected a S183C substitution in the Cyp51A 
gene of strain S755, while no change was found in the reduced- 
susceptibility strain Rs552. Other substitutions are known to reduce 
azole sensitivity in resistant strains of V. inaequalis, including Y133F 
(Yaegashi et al., 2020) and M141T (Hoffmeister et al., 2021). Never-
theless, the substitution found in S755 has never been reported. How-
ever, no structural modifications or changes in the opening of the 
catalytic pocket were detected, suggesting that the S183C substitution 
found in S755 would have no impact on sensitivity to azole fungicides. 
Quantification of expression showed that, unlike 755, Rs552 constitu-
tively overexpressed the Cyp51A gene (Fig. 4A). Furthermore, Cyp51A 
expression was not induced by treatment with tebuconazole and fen-
gycin in either strain. In previous work, resistance of V. inaequalis to 
difenoconazole and/or myclobutanil was associated with an increased 
expression of the Cyp51A gene (Schnabel and Jones, 2001; Villani et al., 
2016). Therefore, it is clearly established that the observed constitutive 
increased expression of Cyp51A may contribute to the reduced sensi-
tivity to azoles in Rs552. 

To better understand the increased expression of Cyp51A in strain 
Rs552 at the molecular level, a comparison of the putative promoter 
upstream of the Cyp51A gene in different strains with different sensi-
tivities to tebuconazole was undertaken. A 499 bp insertion in both 
strains and two 613 bp insertions in strain Rs552 were identified in the 
Cyp51A promoter region. The 499 bp insertion has previously been 
observed in V. inaequalis strains susceptible and resistant to myclobu-
tanil/difenoconazole, and therefore does not always appear to correlate 
with the resistance mechanism (Schnabel and Jones, 2001; Villani et al., 
2016). However, Schnabel and Jones (2001) identified a 553 bp inser-
tion in the promoter region of several resistant strains. This sequence, 
inserted at the same position of the 613 bp insertion, could act as a 
transcriptional enhancer of Cyp51A and was correlated with myclobu-
tanil resistance in the Ent2 strain (ACC#AF227917). This 613 bp 
insertion in Rs552 could therefore contribute to the Cyp51A increased 

expression. These two reports conclude that these insertions may 
explain resistance in some strains, but not in all, suggesting the existence 
of another resistance mechanism. 

In addition to this insertion analysis, a bioinformatic analysis of 
Cyp51A transcription factor binding sites was carried out. Transcription 
factors are protein-based molecules that play a crucial role in the 
regulation of gene expression. They are formed by at least two core 
structural domains: (i) an effector domain acting as a regulating part 
able to detect signals mediated by intracellular metabolites or by signals 
originating from the extracellular environment (leading to repression or 
activation of gene expression) and (ii) a DNA binding domain (usually 
including helix-turn-helix, helix-loop-helix, zinc finger or leucine zipper 
motifs) that specifically recognizes and binds to regulatory sequences 
(transcription factors binding sites) located in promoter regions of target 
genes (He et al., 2023). Since transcription factors can control gene 
expression, an identification of the corresponding binding sites would 
provide a valuable knowledge. Two putative motifs have already been 
identified in A. fumigatus, corresponding to possible DNA-binding sites 
for the SrbA and AtrR transcription factors. The SrbA protein is a basic 
helix-loop-helix transcription factor belonging to the sterol regulatory 
element binding protein family (Linde et al., 2012; Chung et al., 2014), 
while the AtrR protein is a fungal specific Zn2-Cys6 transcription factor 
(Hagiwara et al., 2017). It has been reported that these two 
activator-like proteins play a key role in the regulation of Cyp51A gene 
expression by binding to two conserved sequences in the promoter re-
gion (Blosser and Cramer, 2012; Chung et al., 2014; Hagiwara et al., 
2017; Todd et al., 2006 Willger et al., 2008). For instance, functional 
analyses using mutagenesis revealed that AtrR plays a crucial role in 
resistance to azole fungicides in A. fumigatus, A. oryzae, and A. nidulans 
through the regulation of genes involved in ergosterol biosynthesis 
(Hagiwara et al., 2017). Likewise, a mutagenesis approach demon-
strated the importance of SrbA in the resistance of A. fumigatus to the 
azole fungicides, including fluconazole and voriconazole (Willger et al., 
2008). Furthermore, chromatin immunoprecipitation followed by 
massively parallel DNA sequencing (ChIP-seq) assays confirmed the role 
of SrbA in the resistance to azoles and the regulation of ergosterol 
biosynthesis and revealed new roles for SrbA, including nitrate assimi-
lation and heme biosynthesis (Chung et al., 2014). Interestingly, both 
transcription factors SrbA and AtrR are present in S755 and Rs552, thus 
explaining at least the low basal Cyp51A expression recorded in S755. 
Nevertheless, we detected more transcription factor binding sites in 
Rs552 (seven DNA binding sites) than in S755 (three DNA binding sites), 
which could correlate with the increased expression of Cyp51A scored in 
Rs552. Indeed, it is likely that an occurrence of increased copies of 
transcription factor biding sites would enhance the rate of gene 
expression, by probably allowing more bindings events between the 
transcription factors and the corresponding binding sites (Das et al., 
2017). However, to determine the role of these binding sites in Rs552 
and S755 and their associated transcription factors, further functional 
assays would be required. 

The last hypothesis concerns efflux pumps in V. inaequalis, whose 
multiple resistance to fungicides has not been directly linked to efflux 
pumps (Chatzidimopoulos et al., 2022). Tolnaftate, a pump substrate of 
ABC transporters and MFS pumps, has previously been used for the MDR 
phenotype on other plant pathogenic fungi (Omrane et al., 2015). High 
levels of tolnaftate resistance (>25 and >100) between wild-type and 
resistant strains of B. cinerea have only been calculated for MDR strains 
with efflux pumps involved in the resistance mechanism (Kretschmer 
et al., 2009; Leroux and Walker, 2013). Thus, as tolnaftate showed no 
antifungal activity on Rs552, efflux pumps may contribute to the 
reduced sensitivity of this strain to azoles and probably to other 
fungicides. 

Several EPMs have already shown synergy with azoles, particularly 
in strains overexpressing ABC transporters (Hayashi et al., 2002a). 
Amitriptyline and chlorpromazine have been identified as modulators of 
ABC transporters, but also verapamil, which potentially blocks both ABC 
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and MFS pumps (Hayashi et al., 2003; Leroux and Walker, 2013). The 
addition of amitriptyline and chlorpromazine appears to enhance the 
activity of tebuconazole in sensitive and reduced sensitivity strains. 
These results indicate the presence of at least one efflux pump capable of 
facilitating tebuconazole efflux. IRs were higher with chlorpromazine 
than with amitriptyline, indicating that amitriptyline may have less 
binding affinity with the transporter than chlorpromazine at the con-
centrations tested. Hayashi et al. (2003) showed that the more resistant 
B. cinerea strains were to oxpoconazole, the greater their synergy with 
chlorpromazine. Thus, the higher IRs on Rs552 with chlorpromazine 
may indicate an increase in efflux for this strain. Chlorpromazine has 
previously shown synergistic activity with tebuconazole on sensitive 
and resistant strains of B. cinerea, and IR values appear to be linked to 
the level of expression of BcatrD (gene encoding an ABC transporter) 
(Leroux and Walker, 2013). Furthermore, synergy with tolnaftate was 
also observed with chlorpromazine, with a high IR on Rs552, which was 
only noticed on MDR strains of Z. tritici strains (Leroux and Walker, 
2010). In contrast to chlorpromazine, the combination of verapamil 
with tebuconazole and tolnaftate resulted in additive interactions. As 
suggested by Hayashi et al. (2003), ABC transporters may have one or 
more specific receptors for modulators and, therefore, verapamil may 
have less affinity for these receptors than chlorpromazine at these 
concentrations. 

The higher IR in the Rs552 strain suggests that efflux is more 
important in this strain. At least two transporters are involved in azole 
efflux in B. cinerea, including the ABC transporter BcatrD and the MFS 
pump, Bcmfs1 (Hayashi et al., 2002a, 2002b; Leroux and Walker, 2013). 
To this purpose, an analysis was carried out to identify the genes 
encoding the ABC transporter and the MFS pump from the two genomic 
sequences of the two V. inaequalis strains. No polymorphisms were found 
in the MFS1 gene or in the promoter region. However, several mutations 
were found in the genes encoding the ABC pump. It is not easy to say 
whether these mutations have an impact or not on the protein. Analysis 
of the promoter regions of the ABC1 and ABC4 genes revealed the 
presence of the AtrR transcription factor binding motif. For both genes, 
this motif was found three times in both strains. Consequently, this motif 
would not necessarily be involved in the greater efflux of tebuconazole 
in Rs552. However, insertions of 8 and 17 bases in the upstream region 
of ABC1 in S755 may displace AtrR binding sites, potentially limiting 
gene expression. 

4.3. Lipid composition and vesicle formation may play a role in the 
reduced sensitivity of Rs552 to fengycin 

As lipopeptides interact with membrane lipids, a comparison of lipid 
composition between the two strains of V. inaequalis was performed to 
better understand fungal variability in sensitivity to fengycin. No 
quantitative distinction was recorded between the two strains with re-
gard to total sterols and phospholipids as a whole. Nevertheless, some 
differences were observed in lipid analysis, particularly in ergosta-7,22- 
dien-3-ol, PI(16:0/18:1), LPC(C16:0), LPC(C18:0), LPE(16:0), and LPE 
(C18:1). These differences may be associated with the variability in 
sensitivity obtained between S755 and Rs552. 

The fungal plasma membrane is made up of a lipid bilayer mainly 
composed of phospholipids (Weete, 2012). Ergosterol, the second major 
component, regulates the fluidity and permeability of the membrane 
(Deacon, 2006; Pan et al., 2018; Stephenson, 2010). Although Vijaya 
Palani and Lalithakumari (1999) found no disparity in ergosterol levels 
between penconazole-sensitive and -resistant strains; Shirane et al. 
(1996) found differences in ergosterol derivatives between 
fenarimol-sensitive and -resistant strains of V. inaequalis, with the 
resistant strain containing more ergosterol than the sensitive strain. 
However, it is not clear whether ergosterol affects the mode of action of 
fengycin, with some reports suggesting a lesser antagonistic effect of 
ergosterol than cholesterol on fengycin activity. Interesting, Vanittana-
kom et al. (1986) demonstrated the formation of complexes between 

fengycin and ergosterol. Other studies have shown that the activity of 
fengycin is negatively correlated with the ergosterol content; as the 
amount of ergosterol increases (in vitro experiments or on artificial 
membrane models), the bioactivity of fengycin decreases. (Botcazon 
et al., 2022; Mantil et al., 2019b; Wise et al., 2014). These findings are 
consistent with our results showing significantly higher proportions of 
ergosta-7,22-dien-3-ol in Rs552 compared to S755. The higher level of 
this compound may contribute to the reduced sensitivity of Rs552 to 
fengycin. However, iturinic compounds are also capable of interacting 
with ergosterol in an in vitro membrane simulation system (Maget-Dana 
and Peypoux, 1994; Nasir and Besson, 2012). If the membrane pro-
portions of ergosterol are different in our biological membranes, we 
would therefore expect variations in sensitivity to iturin or mycosubtilin 
between the two strains of V. inaequalis, which is not the case. 

Phospholipids also play an essential role in membrane composition 
and interaction with fengycin. Rs552 and S755 contain mainly PI, PE 
and PC, which differs from the well-known composition of the yeast 
plasma membrane, where the majority of phospholipids are PS, followed 
by PI, PE and PC (Van Meer et al., 2008). PI and its derivatives, phos-
phoinositides, are key mediators in signal transduction (El-Bacha and 
Torres, 2016). They can also dynamically recruit soluble and membrane 
proteins by phosphorylation and dephosphorylation (Harayama and 
Riezman, 2018). Lysophospholipids are also messenger lipids. They can 
easily leave the membrane, as they only have a single fatty acid (Tan 
et al., 2020). The presence of short, unsaturated fatty acids in phos-
pholipids increases membrane fluidity, which increases membrane 
sensitivity to fengycin (Vanittanakom et al., 1986; Wise et al., 2014). In 
S755, there is more PI(C16:0/C18:1) than in Rs552 (Fig. 6C), which 
could explain the greater sensitivity of this strain to fengycin, disrupting 
the membrane and leading to cell death. Negatively charged lipids (PG, 
PI and PS), short-chain unsaturated fatty acids (phospholipids) and a 
low concentration of ergosterol (Mantil et al., 2019c; Wise et al., 2014; 
Zakharova et al., 2019), have also been shown to play a key role in 
membrane fluidity, promoting the interaction between fengycin and 
fungal plasma membranes. In the activity of fengycin, the role of 
phospholipids has nevertheless been mentioned as secondary to that of 
ergosterol (Mantil et al., 2019a). These results were mainly observed 
using a cell membrane simulation system in vitro, and it is not yet clear 
whether this can be transposed in vivo. 

Fengycin induced morphological and cytological changes with the 
formation of vesicles in the mycelium of both strains, but with a lower 
occurrence in Rs552. These vesicles resemble a swelling of the cell until 
it bursts. Morphological changes in fungal mycelium after treatment 
with fengycin have already been described in the literature. Vanittana-
kom et al. (1986) demonstrated the existence of bulging in certain fungi. 
Zhang and Sun (2018) and Xue et al.(2023) showed the formation of 
vesicles in P. grisea and F. oxysporum that were about to burst or had 
burst at the hyphal level. Vesicles were also observed in B. cinerea in the 
presence of fengycin (Botcazon et al., 2022). The same spherical vesicle 
shapes were observed in S. Sclerotiorum (Yang et al., 2020) and Alter-
naria solani (Mu et al., 2023) in contact with filtrates of 
B. amyloliquefaciens containing fengycin. The formation of such a 
structure may be due to the mode of action of fengycin targeting plasma 
membranes, ultimately leading to cell leakage and membrane rupture, 
as well as cell wall synthesis. In its interaction with the membrane, it is 
likely that fengycin directly or indirectly influences the synthesis of wall 
components. As the cell wall of V. inaequalis is composed of glucans, 
mannans and chitin (Rocafort et al., 2023), it is possible that fengycin 
disrupts membrane enzymes such as glucan synthase and chitin syn-
thase, for example, which may be involved in vesicle generation. 

5. Conclusion 

Our findings suggest that the reduced sensitivity of Rs552 to azole 
fungicides is likely mainly due to a constitutive increased expression of 
Cyp51A coupled with an increased efflux by membrane pumps. 

A. Leconte et al.                                                                                                                                                                                                                                 



Microbiological Research 286 (2024) 127816

14

Increased Cyp51A expression may or may not lead to increased ergos-
terol levels in the fungal plasma membrane. Hence, the similar sensi-
tivity of both strains highlighted to the iturin family lipopeptides iturin 
A and mycosubtilin suggests that the rates of ergosterol in the membrane 
are not altered in both strains, despite increased proportions of total 
ergosta-7,22-dien-3-ol were recorded in Rs552. By contract, the reduced 
sensitivity to fengycin in Rs552 was correlated with low vesicle forma-
tion in fungal hyphae, which could result from changes in membrane 
phospholipid composition. Although the overactivity of the membrane 
efflux pump is probably involved in the reduced sensitivity to azoles, the 
involvement of this mechanism in the reduced sensitivity to fengycin 
was not clearly demonstrated since it depends on whether the biomol-
ecule enters the fungal cells. Curiously, in the presence of EPM, fengycin 
did not exhibit any synergism, suggesting that entry of fengycin into 
fungal cells is unlikely. Hence, the reduced sensitivity to fengycin in 
Rs552 does not appear to be attributable to a mechanism of cellular 
uptake and efflux. Nevertheless, a high preponderance of efflux pumps 
in the fungal plasma membrane could affect the interaction of fengycin 
with membrane lipids via an indirect physical effect such as competition. 
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Sanssené, J., Durand, R., Reignault, P., Halama, P., 2010. Mating type idiomorphs 
from a French population of the wheat pathogen Mycosphaerella graminicola: 
widespread equal distribution and low but distinct levels of molecular 
polymorphism. Fungal Biol. 114, 980–990. https://doi.org/10.1016/j. 
funbio.2010.09.008. 

Stammler, G., Cordero, J., Koch, A., Semar, M., Schlehuber, S., 2009. Role of the Y134F 
mutation in cyp51 and overexpression of cyp51 in the sensitivity response of 
Puccinia triticina to epoxiconazole. Crop Prot. 28, 891–897. https://doi.org/ 
10.1016/j.cropro.2009.05.007. 

Stephenson, S.L., 2010. The Kingdom fungi: the biology of mushrooms, molds, and 
lichens. Timber Press, Portland. 

Sun, X., Xu, Q., Ruan, R., Zhang, T., Zhu, C., Li, H., 2013. PdMLE1, a specific and active 
transposon acts as a promoter and confers Penicillium digitatum with DMI 
resistance. Environ. Microbiol. Rep. 5, 135–142. https://doi.org/10.1111/1758- 
2229.12012. 

Talebi, A., de Laat, V., Spotbeen, X., Dehairs, J., Rambow, F., Rogiers, A., 
Vanderhoydonc, F., Rizotto, L., Planque, M., Doglioni, G., Motamedi, S., Nittner, D., 
Roskams, T., Agostinis, P., Bechter, O., Boecxstaens, V., Garmyn, M., O’Farrell, M., 
Wagman, A., Kemble, G., Leucci, E., Fendt, S.-M., Marine, J.-C., Swinnen, J.V., 2023. 
Pharmacological induction of membrane lipid polyunsaturation sensitizes melanoma 
to ROS inducers and overcomes acquired resistance to targeted therapy. J. Exp. Clin. 
Cancer Res. 42, 92. https://doi.org/10.1186/s13046-023-02664-7. 

Tan, S.T., Ramesh, T., Toh, X.R., Nguyen, L.N., 2020. Emerging roles of 
lysophospholipids in health and disease. Prog. Lipid Res. 80, 101068 https://doi. 
org/10.1016/j.plipres.2020.101068. 

Todd, B.L., Stewart, E.V., Burg, J.S., Hughes, A.L., Espenshade, P.J., 2006. Sterol 
regulatory element binding protein is a principal regulator of anaerobic gene 
expression in fission yeast. Mol. Cell Biol. 26, 2817–2831. https://doi.org/10.1128/ 
MCB.26.7.2817-2831.2006. 

Van Meer, G., Voelker, D.R., Feigenson, G.W., 2008. Membrane lipids: where they are 
and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124. https://doi.org/ 
10.1038/nrm2330. 

Vanittanakom, N., Loeffler, W., Koch, U., Jung, G., 1986. Fengycin-A novel antifungal 
lipopeptide antibiotic produced by Bacillus subtilis F-29-3. J. Antibiot. 39, 888–901. 
https://doi.org/10.7164/antibiotics.39.888. 

Vassaux, A., Rannou, M., Peers, S., Daboudet, T., Jacques, P., Coutte, F., 2021. Impact of 
the purification process on the spray-drying performance of three families of 
lipopeptide biosurfactants produced by Bacillus subtilis. Front. Bioeng. Biotechnol. 
9, 815337 https://doi.org/10.3389/fbioe.2021.815337. 

Vijaya Palani, P., Lalithakumari, D., 1999. Resistance of Venturia inaequalis to the sterol 
biosynthesis inhibiting fungicide, penconazole [1-(2-(2,4-dichlorophenyl) pentyl)- 
1H-1,2,4-triazole. Mycol. Res. 103, 1157–1164. https://doi.org/10.1017/ 
S0953756299008321. 

Villani, S.M., Biggs, A.R., Cooley, D.R., Raes, J.J., Cox, K.D., 2015. Prevalence of 
myclobutanil resistance and difenoconazole insensitivity in populations of Venturia 
inaequalis. Plant Dis. 99, 1526–1536. https://doi.org/10.1094/PDIS-01-15-0002- 
RE. 

Villani, S.M., Hulvey, J., Hily, J.-M., Cox, K.D., 2016. Overexpression of the CYP51A1 
gene and repeated elements are associated with differential sensitivity to DMI 
fungicides in Venturia inaequalis. Phytopathology 106, 562–571. https://doi.org/ 
10.1094/PHYTO-10-15-0254-R. 

Weete, J.D., 2012. Lipid Biochemistry of Fungi and Other Organisms. Springer New York. 
Willger, S.D., Puttikamonkul, S., Kim, K.-H., Burritt, J.B., Grahl, N., Metzler, L.J., 

Barbuch, R., Bard, M., Lawrence, C.B., Jr, R.A.C., 2008. A Sterol-Regulatory Element 
Binding Protein Is Required for Cell Polarity, Hypoxia Adaptation, Azole Drug 
Resistance, and Virulence in Aspergillus fumigatus. PLoS Pathog. 4, e1000200 
https://doi.org/10.1371/journal.ppat.1000200. 

Wise, C., Falardeau, J., Hagberg, I., Avis, T.J., 2014. Cellular Lipid Composition Affects 
Sensitivity of Plant Pathogens to Fengycin, an Antifungal Compound Produced by 
Bacillus subtilis Strain CU12. Phytopathology 104, 1036–1041. https://doi.org/ 
10.1094/PHYTO-12-13-0336-R. 

Wood, D.E., Salzberg, S.L., 2014. Kraken: ultrafast metagenomic sequence classification 
using exact alignments. Genome Biol. 15, R46 https://doi.org/10.1186/gb-2014-15- 
3-r46. 

Xu, X.-M., Gao, L.-Q., Yang, J.-R., 2010. Are insensitivities of Venturia inaequalis to 
myclobutanil and fenbuconazole correlated. Crop Prot. 29, 183–189. https://doi. 
org/10.1016/j.cropro.2009.07.002. 

Xue, J., Sun, L., Xu, H., Gu, Y., Lei, P., 2023. Bacillus atrophaeus NX-12 utilizes 
exosmotic glycerol from Fusarium oxysporum f. sp. cucumerinum for fengycin 
production. J. Agric. Food Chem. 71, 10565–10574. https://doi.org/10.1021/acs. 
jafc.3c01276. 

Yaegashi, H., Hirayama, K., Akahira, T., Ito, T., 2020. Point mutation in CYP51A1 of 
Venturia inaequalis is associated with low sensitivity to sterol demethylation 
inhibitors. J. Gen. Plant Pathol. 86, 245–249. https://doi.org/10.1007/s10327-020- 
00924-4. 

Yang, X., Zhang, L., Xiang, Y., Du, L., Huang, X., Liu, Y., 2020. Comparative 
transcriptome analysis of Sclerotinia sclerotiorum revealed its response mechanisms 
to the biological control agent, Bacillus amyloliquefaciens. Sci. Rep. 10, 12576 
https://doi.org/10.1038/s41598-020-69434-9. 

Zakharova, A.A., Efimova, S.S., Malev, V.V., Ostroumova, O.S., 2019. Fengycin induces 
ion channels in lipid bilayers mimicking target fungal cell membranes. Sci. Rep. 9, 
16034 https://doi.org/10.1038/s41598-019-52551-5. 

Zhang, L., Sun, C., 2018. Fengycins, cyclic lipopeptides from marine strains of Bacillus 
subtilis, kill the plant pathogenic fungus Magnaporthe grisea by inducing reactive 
oxygen species production and chromatin condensation. Appl. Environ. Microbiol. 
84 (18), e00445 https://doi.org/10.1128/AEM.00445-18. 

A. Leconte et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/0031-9422(95)00787-3
https://doi.org/10.1016/j.funbio.2010.09.008
https://doi.org/10.1016/j.funbio.2010.09.008
https://doi.org/10.1016/j.cropro.2009.05.007
https://doi.org/10.1016/j.cropro.2009.05.007
https://doi.org/10.1111/1758-2229.12012
https://doi.org/10.1111/1758-2229.12012
https://doi.org/10.1186/s13046-023-02664-7
https://doi.org/10.1016/j.plipres.2020.101068
https://doi.org/10.1016/j.plipres.2020.101068
https://doi.org/10.1128/MCB.26.7.2817-2831.2006
https://doi.org/10.1128/MCB.26.7.2817-2831.2006
https://doi.org/10.1038/nrm2330
https://doi.org/10.1038/nrm2330
https://doi.org/10.7164/antibiotics.39.888
https://doi.org/10.3389/fbioe.2021.815337
https://doi.org/10.1017/S0953756299008321
https://doi.org/10.1017/S0953756299008321
https://doi.org/10.1094/PDIS-01-15-0002-RE
https://doi.org/10.1094/PDIS-01-15-0002-RE
https://doi.org/10.1094/PHYTO-10-15-0254-R
https://doi.org/10.1094/PHYTO-10-15-0254-R
https://doi.org/10.1371/journal.ppat.1000200
https://doi.org/10.1094/PHYTO-12-13-0336-R
https://doi.org/10.1094/PHYTO-12-13-0336-R
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1016/j.cropro.2009.07.002
https://doi.org/10.1016/j.cropro.2009.07.002
https://doi.org/10.1021/acs.jafc.3c01276
https://doi.org/10.1021/acs.jafc.3c01276
https://doi.org/10.1007/s10327-020-00924-4
https://doi.org/10.1007/s10327-020-00924-4
https://doi.org/10.1038/s41598-020-69434-9
https://doi.org/10.1038/s41598-019-52551-5
https://doi.org/10.1128/AEM.00445-18

	Deciphering the mechanisms involved in reduced sensitivity to azoles and fengycin lipopeptide in Venturia inaequalis
	1 Introduction
	2 Materials and methods
	2.1 Fungal strains and culture conditions
	2.2 Production, purification, structural confirmation and quantification of lipopeptides
	2.3 Biological tests on antifungal activity and efflux pump modulators
	2.4 Microscopic observations
	2.5 DNA extraction, PCR amplification and Sanger sequencing of the Cyp51A gene
	2.6 Docking and dynamics of the CYP51A protein
	2.7 Illumina whole genome sequencing and bioinformatics mapping of Cyp51A transcription factors and efflux pump genes
	2.8 RNA extraction and analysis of relative Cyp51A gene expression by RT-qPCR
	2.9 Lipid extraction and analysis
	2.10 Statistical analysis

	3 Results
	3.1 Lipopeptide characterisation using RP-HPLC-MS
	3.2 The Rs552 strain showed reduced sensitivity to azoles and fengycin, but not to other lipopeptides
	3.3 Fengycin induces morphological and cytological changes
	3.4 S183C substitution in CYP51A with no effect on azole affinity
	3.5 Rs552 constitutively displays an increased Cyp51A gene expression, probably due to variations in the promoter region an ...
	3.6 Rs552 has increased membrane efflux pump activity compared to S755
	3.7 Rs552 and S755 vary slightly in sterol and phospholipid composition

	4 Discussion
	4.1 Antifungal activity against V. inaequalis varies according to lipopeptide family
	4.2 Increased expression of Cyp51A and overactivity of the membrane efflux pump are probably the main mechanisms responsibl ...
	4.3 Lipid composition and vesicle formation may play a role in the reduced sensitivity of Rs552 to fengycin

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Completing Interest
	Data availability
	Appendix A Supporting information
	References


