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Phytophthora cinnamomi and P. xcambivora are serious phytopathogens, namely causing root rot/ink in chestnut
trees, which severely threatens this historical crop. Oomycetes produce mycelium but are hard to control with
traditional fungicides or BCAs. Recent research revealed Wickerhamomyces anomalus, a yeast endophyte, as a
strong antagonist of key pre- and post-harvest fungal pathogens in laboratory settings. This study shows it also
inhibits Phytophthora growth. Microscopy revealed that W. anomalus cells adhere to and are found inside Phy-
tophthora hyphae, accumulating within collapsed areas, possibly nourishing on hyphal contents. These in-
teractions occur without the intervention of volatile compounds, siderophores, or hydrolytic enzymes, leaving
hyphal walls intact. SEM and TEM of hyphae from P. cinnamomi when co-cultured with W. anomalus showed
numerous intrahyphal structures formed in response to the yeast-imposed stress. Otherwise, the yeast shows
polarised cells, nuclei fusion, irregularly numbered spores and intercellular bridges, indicating a disrupted
reproductive cycle. This is consistent with P. cinnamomi and W. anomalus recognising each other’s pheromones,
triggering a mating-like response leading to the yeast’s attachment and internalisation without damaging the
hyphal cell wall. This W. anomalus specific mode-of-action, different from the ones previously reported, suggests

potential as a BCA for the pre-harvest management of Phytophthora.

1. Introduction

Phytophthora spp. are dangerous phytopathogens that have threat-
ened agriculture and forestry for centuries and still lack economically
and environmentally sustainable management tools. Phytophthora cin-
namomi Rands (1928) and P. cambivora (Petri) Buisman (1927) pose
serious threats to the world economy, infecting nearly 5000 different
plant species (Hardham and Blackman, 2018; Bose et al., 2023; Mullett
et al., 2023), and causing severe damage to forests in Europe, the USA
and Australia (Tyler, 2001). Chestnut tree root rot/ink disease is pri-
marily caused by P. cinnamomi and P. xcambivora (Jung et al., 2016,
2017a; Mullett et al., 2023). The symptoms induced by either species on

chestnut are identical, although P. cinnamomi is recognisably more
aggressive. Their co-infection leads to the trees’ rapid decline and high
mortality rate (Jung et al., 2017a).

Phytophthora spp. are oomycetes, a class of fungus-like protists from
the Stramenopiles clade of Eukaryota. This group includes saprobes from
aquatic communities and parasites that infect a diverse and extensive
range of animals and plants. In terrestrial habitats, oomycetes can cause
plant diseases, ranging from simple lesions to severe cankers, rots,
blights, and wilts, which can eventually kill the host. The life cycle of
Phytophthora species includes the development of a mycelium, which is
diploid, unlike that of fungi. As part of their asexual reproductive cycle,
under favourable conditions, the mycelium produces sporangia that
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generate large quantities of motile zoospores (Hemmes & Wong, 1975;
Hardham, 1987; Hyde et al., 1991), which migrate in the aqueous mi-
croenvironments of humid soils and attach to plant root walls, forming
cysts. These cysts eventually develop a germination tube that penetrates
the root, producing new mycelium that invades and feeds on the plant
tissues and cells (Judelson and Blanco, 2005). Along with the growth of
the mycelium, the roots progressively die, impairing the trees’ basic
physiological and biochemical life-supporting processes, such as water
and nutrient transport. The initial infection by P. cinnamomi may also
rely on behaviour reminiscent of biofilm formation, with multiple spores
aggregating and attaching to the root wall, aided by the abundant
secretion of a polysaccharidic extracellular matrix (Galiana et al., 2008;
Theodorakopoulos et al., 2011; Hardham and Blackman, 2018),
contributing to more efficient and massive zoospore encystment and
germination. According to classical morphological classification,
P. cinnamomi and P. cambivora belong to oomycetes Group VI
(Waterhouse, 1963; Drenth et al., 2001), characterised by non-papillate
sporangia. Based on molecular phylogeny, both species belong to Clade
7, with P. Cinnamomi in subgroup 7c, while P. cambivora belongs to
subgroup 7a (Jung et al., 2017b; Abad et al., 2023). P. cambivora is
currently considered an allopolyploid hybrid of yet unidentified parental
origins (Jung et al., 2017b; Mullett et al., 2023) and is therefore redes-
ignated as P. xcambivora. Regarding cultures’ morphology, P. cinnamomi
hyphae are coralloid, while P. xcambivora hyphae are smooth.
P. cinnamomi displays thin walled, lightly pigmented hyphal swellings
and chlamydospores aggregated into botryose and smooth oogonia.
Conversely, oogonia from P. xcambivora are verrucous, and this species
is not known to produce chlamydospores. Both P. cinnamomi chla-
mydospores and P. xcambivora oospores are resting structures that can
survive dormant in the soil for long periods (Crone et al., 2013; Jung
et al., 2017a; Boevink et al., 2020).

Castanea is a member of the Fagaceae family found in mid to low-
altitude temperate ecosystems (Freitas et al., 2021). Castanea species
have been for millennia an important asset for human nutrition and
timber in most countries from the Northern Hemisphere while charac-
terising mountain landscapes, supplying vital ecosystem services and
biological functions, namely contributing to the preservation of
autochthonous biodiversity (Pezzi et al., 2017; Roces-Diaz et al., 2018;
Pérez-Giron et al., 2020). After decades of decline, mainly due to the
abandonment and neglect of the traditional orchards and the general
lack of investment in Castanea spp. agroforestry (Bellat et al., 2022), this
crop appears to have lately regained interest (Pezzi et al., 2017; Freitas
et al., 2021). Chestnut market englobes seven species, dominated by
Castanea sativa Mill (1768) in Europe and Turkey, Castanea dentata
(Marshall) Borkh (1800) in North America, and Castanea mollissima
Blume (1851) in China. In 2019, approximately 596 x 10° ha of Cas-
tanea spp. orchards were registered worldwide (Freitas et al., 2021), and
the chestnut global market is predicted to reach almost 5 billion USD by
2030 (Bellat et al., 2022; https://www.industryarc.com/Report
/17804/chestnut-market.html). Demand is expected to increase signif-
icantly due to the increasing introduction of chestnut flour in gluten-free
dietary products. Moreover, these numbers do not represent the whole
economic scenario since they do not include chestnut-derived timber
and derivatives production. Apart from the root rot/ink disease, Casta-
nea is also severely endangered by the fungus Cryphonectria parasitica
that causes chestnut blight/canker (Rigling and Prospero, 2018) and by
the infestation with the Asian chestnut gall wasp, Dryocosmus kuriphilus,
whose larvae develop inside galls that form on young leaves, petioles,
and buds, causing severe losses in fruit production, and debilitating the
trees that eventually die (https://planthealthportal.defra.gov.uk/pests-
and-diseases/high-profile-pests-and-diseases/oriental-chestnut-gall-
wasp/). Additionally, the climate change imposes further problems
(Pérez-Giron et al., 2020; Bellat et al., 2022).

The management of Castanea spp. ink disease is complex and very
ineffective. One reason for this ineffectiveness is the long duration that
can elapse between the onset of infection and the appearance of
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symptoms, which typically emerge only in the late stages of the disease
(Hardham and Blackman, 2018; Brown and Brasier, 2007; Boevink
et al., 2020; Fernandes et al., 2022; Marzocchi et al., 2024). Trees may
either die quickly or harbour latent infections for many years. The
extraordinarily high number and variety of plants that Phytophthora spp.
can infect (Hardham and Blackman, 2018), combined with the wide-
spread use of contaminated soil substrates/conditioners and infected
germplasm, contribute to a significant disease inoculum (Jung et al.,
2016). Furthermore, the frequent low poor genetic diversity of the more
recent Castanea orchards (Fernandes et al., 2022; Marzocchi et al., 2024)
significantly aggravates the problem, exacerbates the issue, along with
anthropogenic factors related to landscaping that impact soil compac-
tion and tillage (Fonseca et al., 2004; Vannini et al., 2021) and inap-
propriate agroforest soil occupation and management strategies,
including over-intense soil occupation, aggravated by the current
rapidly changing climate conditions and lack of predictability
(Pérez-Girodn et al., 2020; Freitas et al., 2021; Dorado et al., 2023). These
conditions promote the dispersal and proliferation of the Phytophthora
species. Strategies to prevent excessive water or moisture accumulation
in the soil (Freitas et al., 2021; Marzocchi et al., 2024) could help reduce
the dispersal of Phytophthora spp. reproductive structures, therefore
lessening the disease burden. However, eradicating Phytophthora spp.
from the soil necessitates the ongoing use of systemic fungicides (Brown
et al., 2019a, 2019b; Neupane et al., 2022; Brandano et al., 2023),
although these are notoriously ineffective, likely due to the phylogenetic
distance between oomycetes and fungi (Hardham and Blackman, 2018).
Despite their potential efficacy, these agrochemicals face increasing
restrictions or prohibitions in most European countries under the EU
Forest Strategy for 2030, part of the European Green Deal, as well as
Directive 2009/128/EC and Regulation CE/1107, which aim for a more
judicious and sustainable use of pesticides. One possible exception may
be phosphonate compounds (acids or salts), which target the develop-
ment of Phytophthora spp. while promoting the formation of fine roots
and minimally impacting tree-associated microbiota (Barret and Rath-
bone, 2018; Brandano et al., 2023). The long-term efficacy and safety of
repeated treatments with these compounds for ecosystems and human
health still require further evaluation.

As substitutes for agrochemicals, more products are being commer-
cialised that contain active ingredients derived from microbes or mi-
crobial sources operating as plant defence immunity inducers or as
antagonists of phytopathogens. These include microbial species origi-
nating from the plants’ biome or living as endophytes (Joubert and Doty,
2018; Ling et al., 2020; Khunnamwong et al., 2020), as well as microbes
from distant ecosystems (e.g., Volynchikova and Kim, 2022). The
biocontrol of P. cinnamomi (Ruiz-Gomez and Miguel-Rojas, 2021;
Lourenco et al., 2022; Garcia-Latorre et al., 2022), as well as that of P.
xcambivora (Bourbos and Metzidakis, 2000; Frascella et al., 2022), has
been proposed using products derived from Trichoderma fungi (Bourbos
and Metzidakis, 2000; Lourenco et al., 2022; Frascella et al., 2022; Woo
et al., 2023; Guzman-Guzman et al., 2023). These fungi are endophytes
or root colonisers that establish complex relationships with the host
plant, yielding numerous multifaceted benefits (Harman et al., 2004).
They serve as active ingredients in biopesticides and biofertilisers and
may enhance natural resistance (Woo et al., 2023). Other less-explored
endophytes, that seem effective against P. cinnamomi, include the fungi
Drechslera biseptata and Epicoccum nigrum (Garcia-Latorre et al., 2022),
Piriformospora indica and Aspergillus flavipes (Lourenco et al., 2022),
along with the bacterium Bacillus amyloliquefaciens (Brown et al.,
2019b). There are no records of any attempts or studies regarding the
potential use of yeasts as biocontrol agents (BCAs) for Phytophthora spp.,
although the biocontrol of Phytophthora infestans by yeasts has been
suggested, namely using Aureobasidium pullulans (di Francesco et al.,
2017; Volynchikova and Kim, 2022), Metschnikowia pulcherrima, and
Curvibasidium pallidicorallinum (Hadwiger et al., 2015; Volynchikova
and Kim, 2022). The recent reversal of policies and investment in Cas-
tanea spp. at the EU level (Pezzi et al., 2017; Freitas et al., 2021; Bellat
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et al., 2022), may contribute to the survival and expansion of this
multipurpose species that will benefit agroforest ecosystems. However,
to support this challenge, efficient BCAs and/or derived products need to
be urgently developed and licensed.

Yeasts have been successfully used for decades to prevent post-
harvest fungal decay in fruits and vegetables (Lucas and Cassio, 2022;
Sellitto et al., 2021; Sipiczki, 2023; Oztekin et al., 2023). They easily
adhere to the outer skin of fruits, sometimes developing a thin biofilm
that benefits the fruit in several ways (Punja and Utkhede, 2003; Luna,
2017), mainly by making contact and colonisation by phytopathogens
more difficult (Davies et al., 2021; Sellitto et al., 2021). Moreover, yeasts
actively antagonise phytopathogens through various processes,
including the secretion of VOCs, lytic enzymes, or other antifungal
compounds and mycoparasitism (Lucas and Cassio, 2022). A more in-
direct action employed by yeasts is eliciting the plant’s immune system
(Freimoser et al., 2019; Rovetto et al., 2024). The efficacy of any of these
actions varies considerably with the plant host-pathogen-yeast trian-
gulation (Luna, 2017). Yeasts are naturally abundant in plant storage
tissues, such as fruits, tubers, or seeds, found both in intercellular spaces
and inside plant cells (Isaeva et al., 2010; Joubert and Doty, 2018; Ling
etal., 2020). However, their biology as endophytes and their ecology are
still poorly understood (Joubert and Doty, 2018; Ling et al., 2020). They
exhibit several plant growth-promotion traits, which include the pro-
duction of phytohormones like auxins and gibberellins, indole-3-acetic
acid (IAA), or 1-aminocyclopropane-1-carboxylate (ACC) (Joubert and
Doty, 2018). They also help alleviate stress, enhance nutrient intake,
and protect against phytopathogens, primarily through siderophore
production (Joubert and Doty, 2018).

Wicherhamomyces anomalus (Hansen) Kurjan and Herskowitz (1982)
is a yeast species known to inhabit rice, corn, and sugarcane as an
endophyte. Several strains of this species are notable for their effective
antifungal activity against harmful phytopathogens. It strongly antag-
onises and eliminates the agents of rice dirty panicle and sheath blight
diseases, respectively Curvulata lunata and Rhizoctonia solani, as well as
the rice Bakanae, corn stalk rot and sugarcane stem red rot agent
Fusarium moniliforme (formerly. F. verticillioides) (Khunnamwong et al.,
2020), cacao Witches’ Broom disease agent Moniliophthora perniciosa
(Ferraz et al., 2021), and olive tree anthracnose Colletotrichum nym-
phaeae, C. godetiae and Colletotrichum gloeosporioides (Amorim-Rodrigues
et al.,, 2024). W. anomalus did not antagonise other phytopathogenic
fungal species infecting rice, corn or sugar cane (Khunnamwong et al.,
2020), which suggests target specificity, making this species more
suitable for future field use. Numerous modes of action have been re-
ported for this yeast, which has been successfully used in post-harvest
biocontrol for decades (Passoth et al., 2006; Haissam, 2011; Kuchen
et al., 2023; Godana et al., 2024). These include the secretion of killer
toxins (Farkas et al., 2012), ethyl acetate, CO2 or other VOCs
(Khunnamwong et al., 2020) or hydrolytic enzymes (Hong et al., 2017;
Khunnamwong et al., 2020), as well as inducing in the host a reduction
in the production of stress-associated chemical species and metabolites
(Zhu et al., 2023) and related enzymes (Zhao et al., 2021). Importantly,
W. anomalus has been reported as potentially acting as a predator of
Colletotrichum fungi, feeding on hyphal contents (Amorim-Rodrigues
et al., 2024).

In the present work, W. anomalus is shown to be a potent antagonist
of oomycetes. It adheres to and fuses with the cell walls of the vegetative
hyphae of P. cinnamomi and P. xcambivora, accumulating inside the
hyphae and likely consuming the cellular contents of the oomycetes.
This occurs independently of the secretion of hydrolytic enzymes, VOCs,
or siderophores. This mode of action supports previous claims that
W. anomalus may act as a microbial predator against specific microor-
ganisms. The evidence presented in this work gives rise to a model that
provides a conceptual framework to explain this behaviour and
specificity.
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2. Materials and methods
2.1. Microorganisms culture conditions

W. anomalus LBCM1105 is an industrial yeast strain from the Cellular
and Molecular Biology Laboratory of the Federal University of Ouro
Preto, MG, Brazil (https://sites.ufop.br/lbcm) (da Conceicao et al.,
2015; da Cunha et al., 2019, 2020). P. cinnamomi CBS 145330 and P.
xcambivora CBS 248.60 were purchased from WI-KNAW Collections, The
Netherlands (https://wi.knaw.nl/Collection). Both yeast and oomycetes
were stored at —80 °C in 30 % glycerol and at 4 °C on YPDA (10 g/1 yeast
extract (Panreac AppliChem), 10 g/l bacto peptone (BD Difco), 20 g/1
D-glucose (LabChem), with 20 g/1 agar (Cultimed)), and propagated
prior to the assays at 25 °C in ME (malt extract, Sigma-Aldrich, 20 g/1),
pH 5.5, with 200 rpm orbital shaking and a liquid/air ratio of 1:2.5.
Assays were conducted under the same conditions for 8-14 days as
mentioned.

2.2. Yeast-fungi antagonism assays

Dual agar diffusion antagonism assays were conducted in non-
septate @ 6 cm Petri dishes using MEA (malt extract (Sigma-Aldrich,
20 g/1), with 2 % agar (Cultimed)), with or without 0.03 % (v/v)
methylene blue (MB) (Merck). Liquid media co-cultures for evaluating
antagonism were carried out in 20 ml ME 2 %, in glass tubes (@ 3 cm x
13 cm height) with a cotton plug, incubated at 25 °C with 200 rpm
orbital shaking, as previously described (Ferraz et al., 2021; Amor-
im-Rodrigues et al., 2024). At the end of the incubation period, samples
from solid or liquid cultures were stained with MB as mentioned (Ferraz
et al., 2021; Amorim-Rodrigues et al., 2024). Observations were made
using an Olympus BX63F2 light microscope equipped with an Olympus
DP74 camera, utilising bright field and Differential Interference
Contrast (DIC).

The activity of hydrolytic enzymes on cell-free supernatants from
yeast-fungi co-cultures was tested as previously described
(Amorim-Rodrigues et al., 2024). This was achieved by decanting,
centrifuging (9500 rpm), and filtering (0.2 pm) the liquid growth me-
dium of 8-day co-cultures. The activity of chitinase was assayed with
colloidal chitin (10 mg/ml, Alfa Aesar), cellulase activity was evaluated
with carboxymethil cellulose (CMC) (0.55 %, Acros Organics), and the
activity of p-glucanase was tested using laminarin (4 mg/ml, Sigma-
—Aldrich). The resulting reducing sugars were quantified using a color-
imetric assay with DNS (3,5-dinitrosalicylic acid, Alfa Aesar) (Miller,
1959). The potential secretion by yeasts of an agar-diffusible molecule
or a volatile compound (VOC) affecting fungal development was
assessed by repeating the dual culture assays in septate Petri dishes (& 9
cm, MEA 2 %), which were inoculated equidistantly with a mycelium
plug (+@ 6 mm) and a yeast streak, ensuring that the cultures shared
only the atmosphere inside the dishes. The plates were incubated for up
to 2 weeks at 25 °C. A blue agar CAS (chrome azurol S) assay for side-
rophore detection was performed by combining the procedures from
Schwyn and Neilands (1987) and Nally et al. (2015), as protocolized by
Louden et al. (2011), as described in Amorim-Rodrigues et al. (2024). In
brief, the base medium was prepared with 20 g/1 glucose (LabChem), 20
g/l agar (Cultimed), and 32.24 g/1 PIPES buffer (Sigma-Aldrich) with
the pH adjusted to 6.8 using 2 M NaOH. The Chrome Azurol S dye (TCI
Chemicals) solution was made by carefully mixing three components
under gentle manual stirring: (i) FeCl3-6H20 (Fisher, 1 mM in 10 mM
HCI), (ii) CAS (TCI Chemicals, 60.5 mg/1), and (iii) HDTMA (Sigma-
—Aldrich, 72.9 mg/1), in a ratio of 1:5:4. Both the base medium and the
dye solution were autoclaved and cooled to approximately 50 °C before
combining with YNB (Yeast Nitrogen Base) with amino acids (BD Difco,
6.7 g/1), which was sterilised by filtration through a 0.2 pm pore-size
membrane (Sartorius). The final mixture was aseptically poured into @
6 cm Petri dishes. After solidification, the medium was inoculated and
cultured as described above for dual agar diffusion antagonism assays.
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Siderophore production was indicated by the appearance of yellow to
orange halos around the streaks, caused by iron being removed from the
blue CAS-Fe** complex.

2.3. Scanning electron microscopy (SEM)

Samples containing either or both oomycete and yeast were prepared
following the protocol previously described (Ferraz et al., 2021; Amor-
im-Rodrigues et al., 2024). (i) Sampling. The oomycete mycelia
impregnated with yeast after the 8-day co-cultures were sampled by
scraping the entire surface of the approximately @ 6 mm mycelium plug.
Control cultures of oomycetes without yeast were sampled by removing
a small amount of grown mycelium with sterilised tweezers. The yeasts
remaining in suspension in the co-cultures, as well as those from control
overnight cultures (without oomycetes), were sampled by withdrawing
1 ml, which was centrifuged to remove the culture medium (9500 rpm,
10 min at room temperature). Oomycete and yeast samples were washed
similarly with ultrapure water under gentle, manual shaking. (ii) Fixa-
tion. Washed samples were immersed in 1 ml of 2.5 % (v/v) glutaral-
dehyde (Sigma-Aldrich) in PBS (phosphate-buffered saline: NaCl, 8.0
g/L, Panreac; NapHPO4-12H20, 2.9 g/L, Panreac; KH2POy4, 0.2 g/L,
Panreac; pH 7.4) for 48 h at 4 °C. Post-fixation. Samples were treated
with 0.5-1 ml of osmium tetroxide (Agar Scientific) at 1 % (v/v) and
kept at room temperature for 24 h. Subsequently, samples were dehy-
drated through sequential immersion for 20 min in ethanol-water so-
lutions of increasing concentration (20, 30, 40, 55, 70, 80, 90, 95, and
100 % (v/v) ethanol), then air-dried at room temperature on top of a @
12 mm coverslip. (iii) Observation. This was carried out at the SEMAT
Unit of the University of Minho (http://www.semat.lab.uminho.pt),
using a NanoSEM FEI Nova 200 scanning electron microscope at 5/10
kV with a through-lens detector (TLD).

2.4. Transmission electron microscopy (TEM)

Sampling was conducted in the same manner as for SEM analysis.
The subsequent procedures were adapted from Murtey and Ramasamy
(2016) and Graham and Orenstein (2007) as follows. (i) Primary fixation.
(a) Oomycetes. Mycelium samples were immersed in 1 ml of 2.5 % (v/v)
glutaraldehyde in PB (phosphate buffer; NagHPO4-12H,0, 7.16 g/L,
Panreac; NaH,PO4-H30, 2.72 g/L, Panreac; pH 7.4) for 48 h at 4 °C. This
was then aspirated and replaced with an equal volume of fresh PB, fol-
lowed by incubation at room temperature without shaking for 20 min.
The buffer was then aspirated again and replaced with fresh buffer. This
process was repeated six times. (b) Yeast. Control overnight cultures
(without oomycetes) were sampled by removing 1 ml, which was
centrifuged at 9500 rpm for 10 min at room temperature to discard the
culture medium. The pellets were fixed by suspending them in glutar-
aldehyde, as described in (a). Afterwards, samples were centrifuged
again for 2 min at 9500 rpm at room temperature, the supernatant was
decanted, and an equal volume of PB was added. This process was
repeated six times. (i) Immobilisation of yeast samples in agarose. The
yeast suspension (1 ml) was centrifuged (9500 rpm, 10 min, room
temperature), and the pellet was mixed with 2 % liquid (warm) agarose,
just enough to cover the pellet. The mixture was gently vortexed so the
yeasts integrated with the agarose and then centrifuged once more
(9500 rpm, 10 min, room temperature) to form a new pellet of yeasts
immobilised in agarose, which was left to solidify at 4 °C. Blocks of
approximately 1-2 mm? were cut. (iii) Secondary fixation. Samples were
post-fixed by incubating for 48 h at room temperature with 1 ml of 1 %
(v/v) aqueous OsO4 (Agar Scientific), which was then aspirated, and the
sample was immersed in 1 ml of PBS for 30 min. This was repeated six
times. (iv) Dehydration. Dehydration was obtained by first immersing the
samples for 30 min in 1 ml of 20 % (v/v) ethanol-water solution, fol-
lowed by successive immersions in 1 ml of ethanol-water solutions (20,
30, 40, 55, 70, 80, 90, 95 % (v/v)). Finally, the samples were immersed
twice in 1 ml of 100 % ethanol for 20 min, and in 1 ml of 100 % acetone
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for 30 min. The acetone was then decanted, and the process was
repeated three times. (v) Inclusion and trimming. Samples were
embedded in a 1:1 (v/v) mixture of acetone and Araldite resin (10 ml
Araldite CY 212, 11 ml DDSA, 550 pL. BDMA, from Agar Scientific) for 2
h, placed in the bottom of BEEM® capsules, which were three-quarters
filled with Araldite, and left to cure at 60 °C for 48 h. Ultra-thin sections
(70 nm) were cut using the PowerTome PC Ultramicrotome RMC
Boeckeler. (vi) Contrasting. Sections on copper grids (400 mesh) were
stained sequentially for 5 min with UranyLess EM Stain (#22409) and
Lead Citrate Reynolds Stain (3 %) (#22410-01) from Electron Micro-
scopy Sciences/Biolyst Scientific. (vii) Observation. Electron micro-
graphs were taken with a Jeol JEM-2100-HT transmission electron
microscope operating at 80 kV, equipped with a fast-readout.

3. Results

The antagonistic ability of the yeast W. anomalus was tested against
the oomycetes P. cinnamomi and P. xcambivora. Oomycetes are known to
spread through the dispersal of zoospores or oogonia in humid soil,
while the disease results from the proliferation of mycelium within the
tree tissues/cells (Brasier et al., 2022). Therefore, this study focused on
the effect of the yeast on the true causal agent of the disease, namely, the
mycelium of P. cinnamomi and P. xcambivora.

3.1. Antagonism assays of W. anomalus x P. cinnamomi and P.
Xxcambivora

Dual agar diffusion assays were performed in MEA-MB. Results were
recorded after an 8-day incubation at 25 °C. The yeast inhibited the
mycelial growth of both Phytophthora species, particularly that of P.
xcambivora, which was nearly completely impaired (Fig. 1A). Addi-
tionally, the oomycetes’ mycelia were deeply stained, as was the yeast
strikeout colony (not shown). In liquid yeast/oomycete co-cultures, after
incubating for 8 days at 25 °C and 200 rpm, both Phytophthora inoculum
mycelium plugs remained undeveloped (Fig. 1B right panels), confirm-
ing that W. anomalus exhibited strong antagonistic ability. Samples of
these ungrown plugs and samples of the yeasts in suspension from the
same co-cultures were stained with MB and observed under a light mi-
croscope. The yeast cells mostly did not stain, indicating that the culture
remained healthy throughout the liquid medium antagonism testing
period, similar to the control yeast cultures (not shown). On the other
hand, hyphae from oomycetes were heavily and extensively stained,
suggesting that Phytophthora mycelia died upon contact with
W. anomalus (not shown). To verify this possibility, the original myce-
lium plugs from co-cultures were washed and re-incubated in fresh MEA
for another 8 days at 25 °C. Generous growth of both Phytophthora was
achieved (Fig. 1C right panels), showing that a portion of the ungrown
and MB-stained mycelium was still viable.

The hyphal cell walls of P. cinnamomi and P. xcambivora are primarily
composed of variable amounts of cellulose and (1 — 3)-p-D/(1 — 6)-p-D-
glucan, with virtually no chitin. For the present work, the nonspecific
activity of f-glucanase, chitinase and cellulase was measured using cell-
free extracts from liquid medium co-cultures. Results (Fig. 2A) showed
statistically invariant, very weak, or no activity from these hydrolytic
enzymes. These findings are similar to those previously obtained with
the same yeast strain facing Colletotrichum spp. (Amorim-Rodrigues
etal., 2024), suggesting that the role of these enzymes in the antagonism
mode of action, if any, may be residual and indirect.

W. anomalus did not produce VOCs (Fig. 2B) or siderophores
(Fig. 2C) that could be detrimental to Phytophthora survival. The absence
of inhibition observed in septate Petri dishes (Fig. 2B), compared with
the inhibition noted in dual agar diffusion assays (Fig. 1A), suggests that
in solid medium, antagonism may arise from the action of an agar-
diffusible molecule. Alternatively, in liquid medium, either this phe-
nomenon is occurring, or direct contact between the yeast and hyphal
cells is necessary to impede the proliferation of Phytophthora spp.
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Fig. 1. Antagonism assays of W. anomalus against P. cinnamomi and P. xcambivora. Co-culture antagonism assays were conducted on MEA supplemented with 0.015
% Methylene Blue (A) and on ME (B), incubating for 8 days at 25 °C with 200 rpm orbital shaking. Samples of residual inoculum from ME co-cultures were washed
and transferred to fresh MEA, as shown in (A), to assess remaining cell viability. Results were recorded after an additional 8 days of incubation under identical
conditions (C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Previous results indicated that W. anomalus acts as a necrotrophic
mycoparasite/predator towards phytopathogenic filamentous fungi
(Ferraz et al., 2021; Amorim-Rodrigues et al., 2024). To determine if
W. anomalus interacts with Phytophthora in the same manner, samples of
co-cultures were analysed in detail using several microscopy methods.

3.2. Light microscopy and SEM analysis of the W. anomalus antagonism
of P. cinnamomi and P. xcambivora

Light microscopy observations of samples from liquid medium co-
cultures stained with MB were extremely revealing. As mentioned
above, abundant heavily stained hyphae and empty hyphae from both
oomycetes were observed (Fig. 3A). Many yeasts were found adhering to
the hyphae cell walls of both oomycetes. Additionally, large amounts of
yeast cells were packed inside P. cinnamomi empty hyphae (Fig. 3B e-h).
Yeasts were not stained with MB, which indicates they are thriving.
Empty hyphae were also not stained, as they were devoid of cellular
remains. Accordingly, yeasts were observed in contact with
P. cinnamomi intracellular debris from partially emptied hyphae, sug-
gesting they could be feeding on the oomycetes’ hyphal content (Fig. 3B
i, ).

SEM observations also revealed numerous yeast cells adhering to or
appearing to penetrate Phytophthora hyphae (Fig. 4B c, d, f). SEM mi-
crographs also showed what seemed to be yeast cells within the hyphae
of P. cinnamomi (Fig. 4B e). To confirm whether these structures corre-
sponded to yeast cells, measurements of yeast cells from SEM micro-
graphs of yeasts cultivated alone were compared with those presumably
residing inside the hyphae. Cell volume was estimated under the
assumption that yeast cells are oblate structures (Amorim-Rodrigues
et al., 2024). The results were, respectively, 15.63 + 9.87 pm3 (n=12)
and 21.23 + 19.88 pm3 (n = 10), indicating no statistical difference
between the two groups (p-value >0.05). It was also noted that although
hyphae could be emptied, their cell walls remained intact (Fig. 5),
aligning with the absence of significant activity of yeast hydrolytic en-
zymes (Fig. 2A).

3.3. TEM analysis of the W. anomalus antagonism of P. cinnamomi

The detailed observation of P. cinnamomi hyphae ultrastructure was
performed using TEM, which revealed, as expected, a highly pleomor-
phic phenotype, exhibiting a wide variety of hyphal shapes and sizes
along with several distinctive features. Hyphae were highly vacuolated,
presenting numerous small, irregularly shaped and sized vacuoles (V)
(Fig. 6A) or a large central vacuole (cV) (Fig. 6B). Occasionally, they also
displayed many small vesicles (ve) partially filled with electron-dense
material (Fig. 6B). Furthermore, numerous lipid droplets (Ld) of vari-
able size, along with some sparse glycogen rosettes (Faoro et al., 2022),
were visible (Fig. 6). The cell walls of the hyphae varied in thickness
(Fig. 6C) and typically appeared double-layered, with some irregular
interspaces between the layers (Fig. 6D). Additionally, adjacent hyphae
could appear side by side (Fig. 6E) or may locally fuse (Fig. 6F). Some of
these characteristics were previously described for other Phytophthora
species (Ehrlich & Ehrlich, 1966; Hohl & Hamamoto, 1967; Hemmes &
Wong, 1975; Hardham, 1987; Hyde et al., 1991). When P. cinnamomi
was cultured alongside W. anomalus, these characteristics persisted.
However, a notable new feature emerged: the presence of numerous
distinctive intrahyphal hyphae (IhH) or endohyphae (Fig. 7A) (Miller &
Anderson, 1961; Lowry & Sussman, 1966; Chan & Stephen, 1967; Farley
et al., 1975; Lim et al., 1983; Kim & Hyun, 2007). The light microscope
micrographs had previously revealed this feature (Fig. 3B), albeit less
conspicuously. The inner hyphal cells were identical to those described
above, while the outer hyphae displayed only residual or no cytoplasm.

Similar to the results obtained with light microscopy and SEM,
samples from W. anomalus/P. cinnamomi co-cultures displayed yeasts
residing within hyphae (Fig. 7B). Yeast cells exhibited a healthy
cytology, with numerous organelles and intracellular structures. The
outer hyphae showed only residual or no cytoplasm, but the cell wall
appeared intact and of regular thickness (121 + 32 nm (n = 84)). No
fusion was observed between the yeast and the hyphal walls. Another
important feature extensively observed in samples from W. anomalus/P.
cinnamomi co-cultures was the shedding of W. anomalus cell walls,
whose outer layers were seen to peel off, while the yeast cultured alone
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Fig. 2. Assays to detect the activity of hydrolytic enzymes, VOC secretion, and siderophore production. (A) Hydrolytic enzyme activity tested on cell-free extracts of
W. anomalus cultivated alone or with P. cinnamomi or P. xcambivora, over 8 days at 25 °C in liquid ME with 200 rpm orbital shaking. Assays were performed three
times, each in triplicate: p-value >0.05. (B) MEA agar diffusion assays in septate petri dishes to identify VOC secretion. (C) CAS (Chrome Azurol S) assay for detecting

secreted siderophores, with appropriate controls.

showed only very occasional shedding (Fig. 8A-F). This was also occa-
sionally noted in TEM micrographs (not shown). In the present work,
W. anomalus was shown to extensively display these inter-cell connec-
tions when cultured alone, apparently less frequently when cultured
with P. cinnamomi (Fig. 8B-G). Additionally, many polarized cells
(Fig. 8C-H) and numerous fusing nuclei were observed (Fig. 8D-I) that
would align with a conjugation process during meiotic sporulation.
Nevertheless, only two hat-shaped spores were occasionally observed
per cell in either culture (Fig. 8E-J).

4. Discussion

W. anomalus has long been reported as a strong antagonist of several
filamentous fungi that cause severe deterioration of fruits during the
post-harvest transport, storage and commercialisation phases. These
include Botryodiplodia theobromae (Hashem and Alamri, 2009), Botrytis
cinerea (Parafati et al., 2015; Pretscher et al., 2018; Lanhuang et al.,
2022), Magnaporte oryzae, Roesleria subterranea (Pretscher et al., 2018)
and Monilinia fructicola (Czarnecka et al., 2019). Yet, these spoilage
fungi are presently counteracted with commercially available products
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Fig. 3. Representative optical microscope images of W. anomalus cells and P. cinnamomi hyphae cultured separately or together. Samples were retrieved from 8-day
cultures in ME at 25 °C with 200 rpm orbital shaking, stained with MB. (A) Bright field micrographs of control samples. (a, b) Different magnifications of
P. cinnamomi cultured alone. (¢) W. anomalus cultured alone. (d) W. anomalus from a supernatant of an 8-day co-culture with P. cinnamomi. (B) Bright field and
Differential Interference Contrast (DIC) micrographs of W. anomalus/P. cinnamomi co-cultures. Black arrows indicate empty hyphae. The green arrow points to a
regular, healthy hypha. Yellow arrows indicate intrahyphal hyphae. Red arrows point to yeast cells packing inside hyphae (e-h), seemingly feeding on the heavily
MB-stained hyphal intrahyphal remains (i) or attaching and pushing the hyphal cell, while the hyphal intracellular remains are heavily MB stained and appear to be
being drawn into the yeast (j). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Representative SEM micrographs of hyphae of oomycetes from single cultures or co-cultures with W. anomalus. (A) P. cinnamomi (a) and P. xcambivora (b)
grown alone or (B) co-cultured with W. anomalus, all in liquid ME at 25 °C with orbital shaking at 200 rpm for 8 days. Magnifications are 2000 x (a and b), 5000 x (d),
and 25,000 x (c, e, f). Yeast cells are shown fused with hyphae (c, d, f), inside the hyphae of P. cinnamomi (e), and appearing to enter the hyphae of P. xcambivora (f).

which are based on BCAs other than W. anomalus, including bacteria (e.
g Bio-Save® from Lallemand Plant Care, or Serenade®, Rhapsody® and
Cease® from Bayer), or other yeasts (reviewed by Lucas and Cassio,
2022). Plant phytopathogens of the pre-harvest phase were also iden-
tified as targets of W. anomalus BCA activity, including species from
several genera, like Monilinia (Czarnecka et al., 2019), Aspergillus,

Cladospaorium, Talaromyces, Penicillium (Solairaj et al., 2020; Zhao et al.,
2021), Curvularia, Fusarium and Rhizoctonia (Khunnamwong et al.,
2020), Moniliophthora (Ferraz et al., 2021), Alternaria (Zhu et al., 2023)
and Colletotrichum (Amorim-Rodrigues et al., 2024). W. anomalus action
as a BCA has been reported frequently in association with the secretion
of hydrolytic enzymes. This species was reported to secrete amylase,
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cellulase, glucosidase, chitinase and protease (Pretscher et al., 2018).
The secretion of these enzymes was shown to vary significantly with the
strain (Pretscher et al., 2018), and to depend on nutrients’ availability
(Sandhya et al., 2005; Passoth et al., 2006; Parafati et al., 2017).
Importantly, the expression of exoglucanase-encoding WaEXG1 and
WaEXG2 was found to be stimulated by the presence of cell wall extracts
from target phytopathogens. However, this was not replicated when
these were confronted with the yeast in co-cultures (Parafati et al.,
2017). Further attempts to demonstrate the antifungal activity of
W. anomalus hydrolytic enzymes-containing culture filtrates were un-
fruitful, despite the several methods used to increase the enzyme con-
centration (Pretscher et al., 2018). The authors provided several
justifications, including the low stability of the enzymes, and their
possible inactivation by the target phytopathogen. Nevertheless, in
yeasts, (1 — 3) and (1 — 6)-B-glucanases are supposedly constitutively
expressed and secreted to participate in constant wall remodelling
processes (Wessels and Sietsma, 1981), which, in agreement with the
present results, excludes a BCA-related purpose for their secretion. On
the other hand, chitinases from yeasts (2-4 according to Hartl et al.,
2012) are under the control of the cell cycle, which in turn responds to
nutrient availability (e.g. Zhang et al., 2023), while in filamentous fungi
there are 10-20 chitinase-encoding genes generally repressed by
glucose, inducible by chitin and upregulated during starvation (Hartl
et al., 2012). The number of chitinases might relate to the amounts of
chitin of the respective cell walls, which are 0.5-5 % and +20 % in
yeasts and filamentous fungi, respectively. However, it could also relate
to each species’ ecological niche since insect mycoparasitic fungi were
described to have more than 30 chitinases (Hartl et al., 2012). This
evolutionary relation concurs with the absence of activity of this enzyme
in W. anomalus, not only because, in general, yeasts have limited chitin
in their cell walls, but also because oomycetes most often have none.
Instead, oomycetes present cellulose in different percentages, and (1 —
3)-p-D/(1 — 6)-p-D-glucan, both compounds extremely alkali-insoluble
and putatively forming strong covalent networks (Sietsma et al., 1969;
Wessels & Sietsma, 1981). Accordingly, P. infestans contains +30 %
cellulose and no chitin (Mélida et al., 2013). Other oomycetes may still
present up to 1 % chitin. Cellulolytic activity, on the other hand, is more
frequent in microbes thriving in plant decay environmental niches,
which is not the case of W. anomalus, justifying, through the same
rationale, the absence of the correspondent activity now found despite
the Phytophthora cell walls’ composition (Sohail et al., 2022).

Important results from the present work pertain to the absence of the
secretion of VOCs or siderophores. This, along with the secretion of
hydrolytic enzymes, has often been shown to vary with the strain and
the growth conditions and is routinely associated with the BCA function
of yeasts, including W. anomalus (Parafati et al., 2015, 2017; Hong et al.,
2017; Khunnamwong et al., 2020; Zhu et al., 2023). However, this
assumption originates from the detection of these secreted compounds,
which does not necessarily account for their actual contribution to the
antagonistic processes. Moreover, in liquid medium, the evidence from
the present work confirms that W. anomalus acts as a necrotrophic
parasitic agent of oomycetes, similar to what was previously shown with
phytopathogenic filamentous fungi (Hashem and Alamri, 2009; Ferraz
et al.,, 2021; Amorim-Rodrigues et al., 2024). Considering the large
number of microorganisms documented in the literature that are
antagonized by W. anomalus, along with the frequent mentions of this
yeast’s ability to secrete enzymes, VOCs, or siderophores, as well as
other types of proteins/peptides that are commonly classified as killer
toxins (Giovati et al., 2021), a necrotrophic parasite mode of action
cannot be generalized to all cases of antagonism, suggesting specificity
in action depending on the organism being antagonized.

According to results from co-cultures of W. anomalus with
P. cinnamomi, the yeast adheres to the hyphal cell wall, as previously
observed with M. perniciosa (Ferraz et al., 2021) and C. godetiae
(Amorim-Rodrigues et al., 2024). However, no evidence was found of
the secretion of a viscous extracellular matrix, which would contribute
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Fig. 6. Representative TEM micrographs of the cellular structures of P. cinnamomi hyphae. Samples were taken from 8-day cultures in liquid ME at 25 °C with 200
rpm orbital shaking. (a, b) Hyphae show extensive vacuolisation. Vacuoles (V) and the central vacuole (cV) are irregular in shape. Hyphae often contained two nuclei
(N), as well as significant amounts of lipid droplets (Ld) and a few glycogen rosettes (*). (¢, d) The hyphal cell wall was thin (i) or thick (ii), and it was frequently
made up of two layers: inner (IL) and outer (OL), with a small space between (S). Two adjacent hyphae laid side by side, their walls only touching (e). Yeast cell walls
fused (f). Magnification: 6000 x (a, b, d, e), 3000 x (c), and 4000 x (f).
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Fig. 7. Representative TEM micrographs of P. cinnamomi showing intrahyphal hyphae or yeasts inside hyphae. Samples were collected from a co-culture with
W. anomalus for 8 days in liquid ME at 25 °C and shaken at 200 rpm. (A) P. cinnamomi hyphae displaying intrahyphal hyphae (IhH). (a) The intracellular contents of
the outer hypha are disassembled, with two small ThH present. (b, ¢) Outer hyphae contain disaggregated remnant cytoplasm (rC), while the inner hypha features
numerous vacuoles (V) and lipid droplets (Ld), typical of hyphae. (B) Increasing magnifications of P. cinnamomi hyphae showing yeast cells inside. Yeast cells exhibit
a nucleus (N) with a well-defined nuclear envelope (Ne), rough ER (rER), plasma membrane (PM), cell wall (CW), mitochondria (M), vacuoles (V), and vesicles (ve).
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Fig. 8. Representative TEM micrographs of W. anomalus cellular features when
cultured alone or with P. cinnamomi. Samples were collected from single (A)
and co-cultures with P. cinnamomi (B) after 8-day incubation in liquid ME at
25 °C and 200 rpm orbital shaking. (a, f) Extensive shedding of the outer layer
of the cell wall, resulting in a considerably reduced thickness. (b, g) Polarised
yeasts. (c, h) Fusing yeast cell nuclei. (d, i) Ligations connecting yeast cells, with
estimated sizes of 20-40 nm in width and 300-400 nm in length. (e, j) Yeast
hat-shaped spores, two per cell. Red arrows highlight abundant features. Yellow
arrows indicate features observed infrequently. Magnification: 5000 x (a, h, j),
6000 x (b), 3000 x (c), 8000 x (d), 10,000 x (e, g), 12,000 x (f, i). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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to the adhesion between the two antagonists. New evidence corrobo-
rates that W. anomalus antagonism is independent of the secretion of
VOCs, siderophores, or hydrolytic enzymes, occurring instead in a
cell-to-cell contact-dependent manner, as previously suggested for the
antagonism of two other Colletotrichum species (Amorim-Rodrigues
et al., 2024). Yeast cells were found to pack inside P. cinnamomi hyphae,
like the previous findings with C. godetiae (Amorim-Rodrigues et al.,
2024), thriving on their intracellular contents and emptying them
without destroying the intact cell walls. This behaviour could, at least in
part, correspond to an opportunistic strategy derived from extensive
hyphae breaking that can be observed in mature oomycete cultures.
However, this does not account for the large number of yeasts attached
to the lateral hyphae cell walls and their apparent hyphal penetration
efforts. Such occurrences suggest that the yeast and the hyphae cell walls
may locally and transiently fuse, as observed in SEM micrographs from
this study. Cell-cell fusion is part of the sexual cycle of yeasts and fila-
mentous fungi, whose walls are very plastic and dynamic structures.
Although TEM analysis did not reveal the yeast-to-hypha fusion, it did
show fusion between different hyphae cell walls, indicative of an active
enzyme ensemble necessary for wall remodelling essential for fusion to
occur (Gow et al., 2017).

The dual agar diffusion antagonism assays in non-septate and septate
Petri dishes, revealed that the inhibition of the growth of Phytophthora
relies on some unknown agar-diffusible non-volatile molecule or pep-
tide/protein. Some of the most segregated proteins by yeasts and fungi
are cell fusion-inducing pheromones (Clark-Cotton et al., 2022).
Depending on the mating type, the culture conditions and the growth
phase, yeasts secrete the peptides a- and a-factors, the latter of which is
prenylated (Sieber et al., 2023). Phytophthora spp. also release phero-
mones, designated as al and a2, but these are not proteic; they are
acyclic diterpenes which differ in their oxygenated state (Ojika et al.,
2011). These are highly insoluble compounds whose structure resembles
that of the highly hydrophobic a-factor prenyl residue. In Saccharomyces
cerevisiae, the substitution of the prenyl group from a-factor by the
longer chained geranylgeranyl, whose hydrocarbon chain is the same
size as the Phytophthora o2 and al, did not significantly affect the ac-
tivity or specificity of the a-factor receptor activation (Caldwell et al.,
1994), suggesting that the a-factor receptor (Ste3) has the flexibility to
accept peptides with different lapidated structures. This flexibility is also
evident in the activity of the terpene-pheromones from Phytophthora,
which can signal species other than the one producing them, thus
mediating interspecies crosstalk (Ojika et al., 2011; Tomura et al.,
2017).

Regardless of the type of molecule that the pheromones may be, the
processes triggered are basically the same in yeasts, fungi, and oomy-
cetes. Once the hormones are sensed by specific receptors in the con-
fronting cell, a chain of events is induced through the activation of
MAPK cascades, which eventually lead to cell cycle arrest, polarization
of the cells by remodelling the cytoskeleton, induction of agglutinins and
other proteins, and increased traffic of vesicles carrying cell wall hy-
drolytic or synthetic enzymes towards a polar tip, resulting in the fusion
of the cell with the other mating type. Eventually, a localized balance
between the processes of degrading and building the cell wall is ach-
ieved, allowing fusion of the cells without lysis (Huberman and Murray,
2014). Although this process appears to be more consistent with solid
media-growing cultures and the establishment of a hormone gradient in
the agar, conjugation may also occur in liquid cultures. In this case, the
shaking turbulence causes cells to randomly bump into each other,
which locally triggers the same processes that lead to cell wall fusion
(Clark-Cotton et al., 2022). Cell-cell fusion may thus occur either in
dependence on or independently of a pheromone gradient.

Given all this, a plausible model for W. anomalus mode of action is
suggested (Fig. 9). P. cinnamomi pheromones are unknown, but they
should not be too unsimilar to those secreted by other Phytophthora
species. The secretion of acyclic terpenes varies considerably with the
species/strain and the culture conditions (Tomura et al., 2017). Complex
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Fig. 9. Scheme representing an interpretative model of how W. anomalus
antagonises Phytophthora spp. The shown a and o-factors peptide sequences are
those from S. cerevisiae (https://ximbio.com/reagent/153998/a-factor-yeast;
https://www.uniprot.org/uniprotkb/P01149/entry; Kurjan and Herskowitz,
1982; Michaelis and Barrowman, 2012). The al acyclic terpene and o 2
oxygenated acyclic terpene are the pheromones produced by Phytophthora spp.
(Ojika et al., 2011; Tomura et al., 2017). Blue arrows indicate the target areas
on the cell surface where the hydrolytic and wall-building enzymes should act
together. LM, SEM, and TEM refer to the microscopy techniques that revealed
the corresponding structures. White arrows indicate the path a possible mating
cycle from W. anomalus might follow. However, most of the downstream
spores’ germination intermediate forms that should appear were either not
observed or not fully confirmed. Purple arrows indicate the proposed model
pathway. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

undefined media with low nitrogen availability, like V8, allied to low
pH, apparently should be the best combination. ME is also an undefined
N-poor medium, though richer in carbon sources than V8. It is composed
of 52 % maltose, 20 % glucose, 15 % dextrin, 6 % other carbohydrates
and 5 % protein. Moreover, the growth of the yeast population in the
co-cultures lowers the medium pH, making it more favourable for
pheromone production. The model postulates that the a2 and ol Phy-
tophthora pheromones can replace the yeast a-factor and trigger in the
yeast cells the early stages of the cell fusion process from the mating
programme, even if the cells did not undergo meiosis beforehand. At the
same time, the same growth medium triggers the sporulation of
W. anomalus, whose ascospores were observed carrying only two
hat-shaped spores. These should not be haploid because they are not
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four. Subsequent germination of these spores into mature cells is prob-
able, proceeding towards their polarization and fusion with another cell.
Plenty of polarised cells were observed, as well as their tentative ligation
to regular-shaped yeast cells. Also, the fusing nuclei of cells that theo-
retically should have emerged from the haploid cells’ conjugation were
observed. Still, other structures characteristic of the yeast conjugative
cell cycle (like shmoos, heterokaryons or budding zygotes) were not
observed.

The hypothesis that Phytophthora pheromones trigger cell fusion
processes in yeasts relies on the a-factor receptor’s ability to recognise
terpenes. In S. cerevisiae, the a-factor receptor, Ste3, is a classical G-
protein-coupled receptor that commands intracellular signal trans-
duction, promoting the synthesis of adhesins, agglutinins, and hydro-
lytic enzymes (Michaelis and Barrowman, 2012). In turn, the a-factor
induces the transcription of the STE3 gene (Hagen and Sprague, 1984).
This means that transcription, even if only at basal levels, must occur
independently of the a-factor, justifying how cells at any stage of the cell
cycle can respond to its presence and induction. The hydrophobicity of
the a-factor suggests it should easily ligate non-specifically to the plasma
membrane (Michaelis and Barrowman, 2012). However, there is no
information on whether this type of ligation could trigger any signalling
effects. The same could apply to the Phytophthora terpenes, which are
also very hydrophobic/lipophilic. The present model thus proposes that
the Phytophthora pheromones are either sensed by the yeast’s a-factor
receptor or simply bind to the plasma membrane, in either case
contributing to the induction of adhesins, agglutinins, and wall-enzymes
(Clark-Cotton et al., 2022). This would facilitate the attachment of the
yeast to the hyphae when they meet by chance, subsequently triggering
the complete process leading to cell-cell fusion. The inherent localised
degradation of the W. anomalus cell wall observed, as before (Lane et al.,
1969; Lopes-Bezerra et al., 2018), would expose the inner glucans layer
(Klis et al., 2002; Latgé, 2007), which would then be readily compatible
with the matching (1 — 3)-p-D and (1 — 6)-p-D-glucans in the oomy-
cete’s cell walls (Mélida et al., 2013), thereby strengthening the
attachment of the two cells. The transient and localised balance of hy-
phal cell wall hydrolysis and synthesis processes (Clark-Cotton et al.,
2022) would promote the recovery of wall integrity, explaining why it
was never possible to observe the complete penetration of the hyphae by
the yeast using TEM.

Considering all this, the model postulates that W. anomalus packs
inside hyphae after these are broken or physically compromised, rather
than directly penetrating through the wall and membrane. This, in turn,
introduces further complexity. Not only do the yeasts contribute to
emptying the hyphae of their contents, possibly through a vesicle-
mediated process as suggested, but more importantly, they must do so
in response to a driver that promotes their attraction. Since yeast cells
lack locomotion structures, the only means by which they may “move” is
through chemotropism, which has been shown to be induced by pher-
omones preceding cell—cell fusion (Clark-Cotton et al., 2022). Consis-
tently, the diffusion of the yeast and the oomycete pheromones through
the agar in dual agar diffusion assays would contribute to the arrest of
the cell cycle of both cultures (Clark-Cotton et al., 2022; Sieber et al.,
2023) in the vicinity of each other’s grown biomasses. Additionally,
these pheromones would also promote cell death (Huberman and Mur-
ray, 2014), justifying the MB staining of the yeast colony in dual agar
diffusion assays. This model, although derived from the experimental
evidence of the present work, will need confirmation in the future. If the
entire process could be triggered by the Phytophthora spp. pheromones
as suggested, antagonism by W. anomalus would be a highly specific
process, allowing for multiple modes of action when opposing different
species.

Climate change is reshaping the spread and severity of Phytophthora
plant infections, which are occurring at an unprecedented pace (Fry
et al., 2015; Jung et al. 2016, 2017a; Dorado et al., 2023; Seidel et al.,
2024). Their control using agrochemicals has proven inefficient (Brown
et al.,, 2019a; Neupane et al., 2022), sometimes causing undesired side
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effects on plants, and is increasingly restricted or prohibited. Further-
more, it is unsustainable in the long run due to its damaging effects on
human and animal health and the environment. The use of BCAs might
be the solution (Sellitto et al., 2021; Lourenco et al., 2022; Volynchikova
et al., 2022), particularly yeasts (Pretscher et al., 2018; Lucas and
Cassio, 2022), noting that these microorganisms are generally less
aggressive colonizers of plant ecosystems (Luna, 2017). In particular,
the actual application of W. anomalus-derived products in the field still
requires specific health and environmental security checks. On one
hand, attention has been drawn to the ability of W. anomalus to act as a
human pathogen (Ioannou et al., 2024), reflecting a global trend of
increasing fungal and yeast infections in humans (Seidel et al., 2024).
This is probably not a cause for concern given how limited the mani-
festation of the disease has been, although it must be considered that
true epidemiology is not fully understood. More importantly, the regular
introduction of W. anomalus, like any other BCA in agroecosystems,
requires knowledge of the long-term impacts it could cause. In this
context, W. anomalus is promising, not only because it is a strong
antagonist of Phytophthora and other phytopathogens, but also because
its apparent specificity decreases the likelihood of collateral effects.
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