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ARTICLE INFO ABSTRACT

Keywords: Pythium oligandrum, a soil-born oomycete, is an effective biological control agent exhibiting
Pythium species antagonistic and parasitic activity against pathogenic fungi. This study is the first attempt to
Adhesion

characterize its surface properties and to apply models of physicochemical interactions (ther-
modynamic, DLVO and XDLVO) to quantify its adhesion properties to a model material, repre-
sented by magnetic beads (MB). The predictions of interaction models were based on
experimental data (contact angles, zeta potentials, size). Adhesion intensities (AI) were deter-
mined experimentally taking advantage of MB with different surface properties. The role of weak
physicochemical interactions was estimated by comparing experimental AI with model pre-
dictions. The results revealed that the surface properties of the three Pythium spp. studied were
very similar and fell within the range for hydrophilic microorganisms (AGror > 0) with a pre-
dominantly negative surface charge. The most reliable description of Al was obtained using the
DLVO model, including Lifshitz-van der Waals and electrostatic interactions. The highest Al be-
tween Pythium spp. and all three MB was observed at pH 3, which was supported by the DLVO
prediction. The greater agreement between the sphere-sphere geometric version of the DLVO
model and experiment suggests that the surface protrusions of the oospores increase the efficiency
of adhesion. The surface properties of the pathogenic fungi, characterized in this work, fell within
the range defined by MB and therefore it can be expected that their physicochemical interactions
with Pythium spp. will also be favourable.

Model materials
Surface interaction
(X)DLVO model
Thermodynamic model

1. Introduction

The transition to a chemical fungicide-free environment is in line with the strategy for food security and sustainable food systems
[1]1, and is minimizing the impact of pesticides [2]. In response to environmental and health concerns about the use of biocidal
chemical compounds, there is considerable interest in finding alternative biological control agents (BCA) for use in integrated man-
agement strategies against fungal contamination of surfaces. Pythium oligandrum is a soil-born oomycete and it is a promising BCA
exhibiting antagonistic and parasitic activity against many pathogenic fungi [3,4]. It has attracted attention due to being
non-pathogenic but capable of acting against pathogens to directly and indirectly protect solid surfaces against fungi [5]. The
antagonistic action of P. oligandrum is due to it secreting enzymes for nutrient acquisition from the host mycelium, the production of
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antimicrobial volatile compounds, coiling around the host hyphae, or a combination of these processes [6-8]. P. oligandrum has also
been observed to act indirectly on fungal pathogens by triggering plant defence mechanisms mediated by microbe-associated mo-
lecular patterns and to stimulate growth through production of auxin precursors [5,8].

The usual method of application of P. oligandrum as a BCA is in the form of oospores, but also as mycelial fragments and zoospore
cysts onto various solid surfaces, potentially colonized by the fungi. P. oligandrum, strain M1 has been approved as a biofungicide for
plant leaves, seeds and roots [9]. Based on European Parliament and Council Regulations [10,11] the same strain was registered as a
cosmetic preparation for human (skin, oral cavity), for veterinary hygiene and for preservation of construction materials.

To carry out its role as a BCA, P. oligandrum can interact with both hyphae of the host fungi and plant roots, completely enwrapping
and colonising them [8]. Active growth of P. oligandrum towards Phytophthora host cells and their subsequent close contact was also
observed [12]. Attachment is assisted by the release of peptides produced by P. oligandrum [6]. Although adhesion plays an apparent
crucial role in the initial phase of these interactions with host surfaces, there is no information about surface properties and adhesive
interactions of P. oligandrum. Only the zoospores of another oomycete, Phytophthora parasitica, have been shown to form highly
organized and adherent biofilm communities on the surface of their hosts [13]. The motivation of this work was to fill the knowledge
gap in surface properties/interactions of P. oligandrum.

The physicochemical aspects of microbial adhesion to surfaces can be evaluated using three theoretical approaches. A thermo-
dynamic approach is based on the balance of interfacial free energies allowing to estimate the degree of probability with which the
physicochemical surface properties of cells and solids would lead to adhesion [14]. The so called Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory includes electrostatic interactions and permits quantification of adhesion of cells to other particles (sphere-sphere
interaction) or surfaces (sphere-flat plate interaction) [15]. Since neither the thermodynamic nor the DLVO theory can explain all the
experimental observations of microbial adhesion, an extension of the DLVO (XDLVO) theory is used to interlink the two previous
approaches to better grasp the phenomenon of microbial surface interactions [16].

It was hypothesized that the physicochemical properties of Pythium spp. are suitable for providing adhesion of this species to a wide
range of surfaces. The aim of the work is to describe the surface properties of Pythium oligandrum strains M1 and CBS109982, and
Pythium sp. strain X42, and to study their surface interactions using model materials (magnetic beads) with a broad spectrum of surface
properties, which at the same time allow reproducible adhesion tests to be performed. By comparing experimental interaction in-
tensities between oospore-enriched biomass and model materials, with predictions of colloidal interaction models, the driving force of
the cell-surface interactions can be identified. Then the most suitable colloidal model can be used to predict the interaction of Pythium
spp. with selected surfaces (pathogenic fungi, plants, skin etc.).

2. Materials and methods
2.1. Pythium oligandrum strains and cultivation

Pythium oligandrum strains M1 (corresponds to strain ATCC38472), CBS109982 (Pythium oligandrum Drechsler 1930) and Pythium
sp. X42, were obtained from Biopreparaty, s.r.o. (Uherce, Czech Republic) culture collection and preserved on sterile malt extract agar
(MEA, 50 g/L, pH 7). The strains were re-inoculated on MEA agar (Panreac AppliChem, Darmstadt, Germany) as 5 mm cubes every 14
days and kept in an incubator at 28 °C in the absence of light. Pythium spp. were grown in sugarcane molasses (SM, Rayner, UK) liquid
medium (30 g/L, pH 7). Inoculation was with a 5 mm MEA agar cube from a 3 days old culture transferred to a flask containing 50 mL
SM medium, which was kept at 28 °C for 10 days, under static conditions and in the absence of light. The growth was monitored with
the OxiTop (Xylem, USA) control system for the automatic evaluation of biochemical oxygen demand (BOD). The quantification of
oospores during cultivation was carried out using a haemocytometer (Assistent, Germany), while total biomass concentration was
determined by a gravimetric method. Total biomass (TB) was separated from a 10-day old culture in 50 mL SM medium by centri-
fugation (2000xg, 10 min), washed twice with distilled water followed each time by centrifugation. TB was kept for 24 h at —80 °C and
lyophilized (Heto Power Dry LL3000, Thermo Fisher, USA). Lyophilized TB was used for contact angle measurements.

2.2. Separation of Pythium oospores

The Pythium total biomass (TB) pellet separated from SM medium after 10 days of cultivation was suspended in 10 mL of distilled
water, and sonicated for 1 min at high intensity (75W, Labsonic L, B.Braun, Melsugen, Germany) in order to release the oospores from
hyphae. The resulting suspension of oospores and mycelial fragments was then filtered through a 100 pm stainless steel fabric (Euro
Sitex s.r.0., Pribram, Czech Republic) and washed with distilled water. This procedure of sonication and filtration through a sieve was
repeated. Quantification of oospores was carried out using a Biirker chamber (Glaswarenfabrik Karl Hecht GmbH, Germany). The
resulting biomass had in comparison to TB higher oospore concentration and therefore it will be termed as oospore-enriched biomass
(OB). OB was used for adhesion tests and zeta potential measurements. A fraction of OB was kept for 24 h at —80 °C and lyophilized
(Heto Power Dry LL3000, Thermo Fisher, USA); this was then used for contact angle measurements and adhesion tests.

2.3. Fungal strains, cultivation and biomass separation
The filamentous microscopic fungal strains Alternaria alternata DBM 4004, Aspergillus niger DBM 4054 and Fusarium graminearum

DBM 4344 were provided by the Collection of Yeasts and Industrial Microorganisms (DBM, UCT Prague) and preserved on sterile
potato dextrose agar at 4 °C (PDA, 42 g/L, VWR chemicals, Leuven, Belgium). The surface of the PDA agar in a Petri dish with the
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grown fungal culture was flooded with saline (0.9 % NaCl (w/v)) to release the spores. Subsequently, 2 mL of spore suspension was
transferred to a 500 mL Erlenmeyer flask with 150 mL of sterile potato dextrose broth (PDB, 48 g/L, pH 5.2, VWR chemicals, Leuven,
Belgium) and cultivated on a rotary shaker (150 rpm) at 30 °C for 7 days.

After cultivation, the biomass was separated by centrifugation (7 min, 9000xg), washed twice with saline, followed each time by
centrifugation (7 min, 9000xg). The biomass so obtained was kept for 24 h at —80 °C and lyophilized (Heto Power Dry LL3000,
Thermo Fisher, USA). The lyophilized fungal biomass was used for contact angle measurement. Prior to zeta potential measurement,
the lyophilized fungal biomass (0.3 g in dry state) was triturated in a mortar and then suspended in 50 mL of 40 mM KCl. The sus-
pension of biomass particles was filtered through a nylon mesh (Micron Nylon Filter Mesh, Macrokun Mesh Co., Hebei, China) with a
mesh size of 10 pm.

2.4. Magnetic beads

Magnetic beads (MB, SiMAG-ionex, 1 pm diameter, Chemicell, Germany) carrying defined carboxyl and octyl functional groups
were used as model surfaces. The third type of MB (1 pm diameter) with silanol functional groups (SiMAG-Silanol, Chemicell, Ger-
many) were modified with diethylaminoethyl (DEAE) functional groups. The modification was carried out with 2-chloro-N,N-diethyl-
amine hydrochloride as described by Branyik et al. (2001) [17]. Silanol MB (5 mL, 50 mg/mL) were immersed in a solution containing
2.14 g of NaySO4 and 0.3 g of NaOH in 7.14 mL water and heated to 37 °C followed by gradual addition of 1.07 g of 50 % (w/v)
2-chloro-N,N-diethylamine hydrochloride (Sigma Aldrich, USA) over 2 h with continuous stirring. The reaction mixture was then
heated to 60 °C for 30 min and washed with distilled water. MB were collected with a magnet, washed 4 times in distilled water, and
stored at 4 °C.

2.5. Physicochemical surface characterization

Zeta potentials (ZP) of OB, MB and fungal biomass were measured in model environments (40 mM KCl, pH 3, 5 and 7) at 25 °C using
the Zetasizer Nano-ZS (Malvern, United Kingdom) and calculated according to the Smoluchowski equation. Each sample was measured
at least three times, and the results are presented as mean values + standard deviation.

The surface properties of OB, MB and fungal biomass in the form of compressed pellets were characterized by contact angles (CA)
on a CAM 200 goniometer (KSV Instruments, Finalnd) at 25 °C. Drops of water, formamide and 1-bromonaphthalene (volume = 3 pL)
were measured by capturing on camera the CA between the droplet and the surface at 10 ms, with a frame rate of 18 frames per second.
Pellets were prepared from 0.05 g of OB, MB or fungal biomass by pressing (7 MPa, evacuable pellet press 13 mm, Pike Technologies,
Fitchburg, Wisconsin, USA). The results are presented as mean values + standard deviations obtained from at least 10 measurements
with each test liquid. Both ZP and CA data were treated with post hoc Scheffe’s test to support the statements on the significance (p-
value <0.05) between results. Statistical parameters were obtained using MS Excel software. Pictures of oospores were taken using an
Olympus BX51 microscope with Olympus C5050 digital camera. For cell size determination, ImageJ (NIH, USA) software was used.

2.6. Prediction models

Interactions of OB with MB were expressed through three physicochemical interaction models: thermodynamic, DLVO and XDLVO.
For interactions of OB with fungi, only the thermodynamic model was used. The thermodynamic approach was used to calculate the
total free energies of interaction from values of CA. The classical DLVO model included electrostatic double layer forces, while the
XDLVO model combined the previous two approaches. The equations used to calculate the thermodynamic, DLVO, and XDLVO models
are given in Refs. [14,15], and [16], respectively. The surface tension components of test liquids used in thermodynamic approach
were adopted from Ref. [15]. For DLVO, the Hamaker constant was estimated from the literature for biological systems (0.8 kT), while
for XDLVO, it was calculated from the AGMY values. The characteristic decay length for acid-base (AB) interactions was 0.6 nm [18].
The models for interactions were made considering oospores as flat plates, as they were interacting with significantly smaller MB
(sphere-plate geometry). However, it was observed that the protruding spines of oospores may be the points of adhesion and additional
predictions in sphere-sphere geometry were carried out. (X)DLVO models were carried out for environmental conditions of pH 3, 5 and
7, and ionic strength 40 mM corresponding to SM medium.

2.7. Adhesion tests

Adhesion between OB and MB was tested in defined model environments similar to a previously described procedure [18]. OB
suspensions (2 mL) of a defined concentration (1.6 x 10° oospores/mL) in electrolyte (40 mM KCl, pH 3, 5 and 7) were mixed (15 rpm,
orbital mode, Hulamixer, Invitrogen, USA) with specific amounts of MB for 10 min in plastic test tubes in order to create different
MB-to-oospores ratios. Subsequently, the bottoms of the tubes were exposed to an NdFeB magnet (25x 10 mm, Neomag, Czech Re-
public) for 1 min followed by removal of the supernatant into empty test tubes. The NdFeB magnet was then reapplied from the side of
the second tube for an additional 1 min for effective separation of MB. This was followed by measurement of supernatant absorbance
(570 nm). Adhesion intensity (A, %) was calculated according to the equation: Al = [(A¢-A1)/Ag] x 100, where A is the absorbance of
the initial OB suspension and A; is the absorbance of the supernatant after two magnetic separations of MB. Self-sedimentation of OB
was evaluated but due to the speed of magnetic separation (1 min) was considered negligible. All experiments were performed in
triplicate and results are presented as mean values + standard deviations. A post hoc Scheffe’s test was used to support the statements
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on significance (p-value <0.05) between results. Statistical parameters were obtained using MS Excel software.
3. Results
3.1. Growth and oospore formation by Pythium oligandrum

The growth of P. oligandrum. was quantified through measurement of biochemical oxygen demand (BOD). The maximum achieved
BOD after 10 days of cultivation was very similar for strains P. oligandrum CBS109982 and Pythium sp. X42, while for P. oligandrum M1,
it was 15 % lower (Fig. S1). The maximum BOD (1400 mg/L) corresponded to approximately 0.3 g/L of dry TB. The oospore con-
centration (number/g biomass) started to increase together with TB, and for strains CBS109982 and X42, it reached a maximum on the
10th day of cultivation (Fig. S1 A, C). In the case of P. oligandrum M1, the maximum oospore concentration was achieved after 7 days of
cultivation (Fig. S1 B). The highest concentration of oospores was formed by strain P. oligandrum CBS109982 (Fig. S1 A). The oospore-
enriched biomass (OB) for all three strains contained 1.7 + 0.1 times more oospores as compared to their concentration in TB after 10
days of cultivation (Fig. S1).

The average diameters of oospores of strains P. oligandrum CBS109982 and M1, and Pythium sp. X42, as measured by image
analysis, were 20.5 + 2.3, 21.2 + 1.5 and 19.6 &+ 2.1 pm, respectively. The curvature of the protruding spines of the oospores, used as
an input parameter in interaction models, was estimated based on microscopic images to be 0.5 pm in diameter, (Fig. S2).

3.2. Physicochemical surface properties of cells and magnetic beads

Hydrophobic surfaces are characterized by negative total free energies of interaction (AGtor), when considering surface-surface
(SWS) interactions in water [14]. Calculations of AGtor revealed a hydrophobic character for only two MB (octyl and DEAE) and
Aspergillus niger (Table 1). Besides positive AGror (SWS) interactions in water [14], hydrophilic surfaces were characterized by ypw ~
40 mJ/m?, y* ~ 0 mJ/m?, and y~ > 28 mJ/m?. Calculations of surface tensions revealed similar hydrophilic and prevailing electron
donor characteristics (yw = 40-43 mJ/m?, y~ = 62-76 mJ/m?, y© = 0.8-1.8 mJ/m?) for TB of all Pythium strains. The hydrophilic
character of Pythium strains can also be seen from positive AGror values (Table 1). From the point of view of AGror, enrichment of the
biomass with oospores (OB) resulted in fewer hydrophilic surfaces (lower AGror) for all strains (Table 1). The higher values obtained
for y~ as compared to y™ for all Pythium strains is in line with the ZP measurements, showing predominantly negative surface charges
on both TB and OB (Table 2).

The free energies of interaction (AGror) between fungal cells (SWS) indicate a range of wettability. While F. graminearum and
A. alternata have hydrophilic surfaces (AGror > 0), A. niger is, on the contrary, hydrophobic (AGror < 0). The surface properties of
F. graminearum and A. alternata, expressed through AGrot, were comparable to the least hydrophilic P. oligandrum strain CBS109982.
The wettability of filamentous fungi was within the range of values defined by MB model surfaces (Table 1).

Table 1

Average contact angles, total surface tensions (yror) and their apolar (ypw, LW - Lifshitz-van der Waals) and polar (yap, AB — acid-base) components
and total free energies of interaction (AGror) for the system surface-water-surface (SWS) of Pythium oligandrum strains CBS109982 and M1, and
Pythium sp. X42 (total biomass or oospores enriched biomass), magnetic beads (DEAE, carboxyl or octyl) and filamentous fungi. Means of contact
angles with at least one letter the same (x, y, z) are not significantly different (p > 0.05). Comparison of statistical significance is presented separately
for each test liquid and each type of surfaces (TB, OB, Magnetic beads and Fungi).

Surfaces Contact angle (°) Surface tension” AGror”
w? F* B Tiw YAB YTOoT

TB®

CBS109982 28.6" £3.4 49.3* £3.7 14.3* £0.5 43.0 15.5 58.5 48.1

M1 31.0° +£ 1.0 55.9" + 1.3 19.5" + 2.4 41.9 23.3 65.2 48.3

X42 38.7Y £1.1 54,7V £ 1.5 24.6" £1.2 40.5 14.8 55.3 41.1

OB

CBS109982 58.3* £1.0 67.2F £2.9 18.9" £1.2 42.0 21.9 63.9 15.2

M1 48.5" + 1.5 54.3" £ 1.3 25.6" 4+ 0.9 40.1 8.3 48.4 24.5

X42 42.27 £2.3 49.9” £0.9 29.4* £1.7 38.8 4.5 43.4 34.1

Magnetic beads

DEAE 58.3" £1.1 25.9* £0.9 14.5 £0.5 43.0 9.9 52.9 —29.2

Carboxyl® 31.9" £1.2 20.6" £+ 0.5 11.5" £ 0.1 43.5 10.7 54.2 15.3

Octyl® 80.2” £1.9 33.0" £1.6 15.2" £0.2 42.9 2.0 44.9 —64.8

Fungi

A. dlternata 41.3* £0.7 31.6* £1.9 20.2° £2.3 39.5 10.3 49.8 9.9

A. niger 53.4° £ 2.8 33.2" £3.4 5.1 £0.1 44.2 7.0 51.2 —15.5

F. graminearum 41.8° +2.7 32.1% £1.9 21.3 £1.0 41.4 7.6 49.1 10.5

2 W - water, F - formamide, B - 1-bromonaphthalene.
b units in mJ/m.2.

¢ TB - total biomass.

4 OB - oospores enriched biomass.

¢ Data from Strejc et al., 2019.



K. Majtan et al.

Table 2

Heliyon 10 (2024) e31800

Zeta potential for oospore enriched biomass (OB) of Pythium spp. strains CBS109982, M1 and X42, magnetic beads (DEAE, Carboxyl or Octyl) and
filamentous fungi in 40 mM KCl at different pHs. Means of zeta potentials with at least one letter the same (a, b, ¢) are not significantly different (p >
0.05). Comparison of statistical significance is presented separately for each pH and each type of surfaces (OB, Magnetic beads and Fungi).

Surfaces Zeta potential (mV)
pH3 pHS5 pH7

OB M1 1.6°+ 0.8 -10.1* + 1.9 -11°+ 1.3
CBS109982 21+ 0.7 ~12.4%°+1.2 -15.1°+ 1.7
X42 42°+03 -18.6°+ 1.8 —22.3°+ 3.4

Magnetic beads Carboxyl -11.6* £ 1.6 -27.4*+£1.8 -324*+£15
Octyl 8.8° + 0.8 —9.8°+ 0.7 ~17.4° £ 0.2
DEAE 14.2° £ 1.6 —~14.6° + 2.3 ~11.5°+2

Fungi A. alternata 4.7 £ 0.5 -13.1* £ 1.6 -17.6* £ 1.2
A. niger -1.1°+ 0.3 -3.0°+0.8 —2.8°+ 0.5
F. graminearum —5.9°+ 0.6 —18.4°+ 2.1 -17.4*+1.7

Octyl and DEAE MB, according to AGrot, were hydrophobic, whereas carboxyl MB had a hydrophilic character. The surface hy-

drophobicity of MB increased in the order carboxyl < DEAE < octyl (Table 1).

The average ZP values of Pythium spp., as a function of pH in a symmetrical model electrolyte (40 mM KCl), indicate that OB was
electropositive at pH 3 and electronegative at pH 5 and 7 (Table 2). The isoelectric points (pI) of Pythium spp. OB was around pH 3.5.

100.0 4

--9-- pHS

= pH 3

A: Octyl - CBS109982

0 0.2 0.4 0.6 0.8 1
MB:0B

1 B: Carboxyl- CBS109982

T T T \
0 0.2 0.4 0.6 0.8 1
MB:0B

100.0 4
90.0
80.0 4

70.0 4

Al (%)

60.0

50.0 1

C: DEAE - CBS109982
40.0 T T T T 1

0 0.2 0.4 .6 0.8 1

0.
MB:08

Fig. 1. Adhesion intensity (AI) of oospore-enriched biomass (OB) of Pythium oligandrum strain CBS109982 to octyl (A), carboxyl (B) and DEAE (C)

magnetic beads (MB) in electrolyte (40 mM KCl) at a different pH and different MB-to-OB ratios (g/g).
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The ZP of MB functionalized with DEAE and octyl groups showed an ionex character dependent on the pH of the environment. At pH 3
the DEAE and octyl MB carried a positive charge up until their isoelectric points (pI) in the range of 3.8-4.0. The same surfaces above pI
had negative ZPs, including the carboxyl MB over the whole pH range studied (Table 2). The surface charge of A. niger and
F. graminearum was electronegative and did not show pIin the pH range studied, while the ZP of A. alternata was positive at pH 3 with a
pl at approximately 3.4 (Table 2). The surface charge of fungal strains was within the range of ZP values obtained for MB (Table 2).

Variability of the surface properties (AGror and ZP) of the Pythium strains tested was not very large, therefore, the OB of
P. oligandrum CBS109982 was chosen as a representative material for adhesion tests with MB and for a prediction of surface in-
teractions with filamentous fungi.

3.3. Adbhesion tests between magnetic beads and oospore-enriched biomass

Adhesion intensity (AI) to MB was dependent on the ratio of interacting entities and the pH of the environment. In all situations
tested, adhesion increased with increasing MB-to-OB ratio, reaching a plateau (Fig. 1). When comparing AI at an MB-to-OB ratio of 0.2
g/g, a significantly higher Al (p-value < 0.05) was observed at the most acidic pH 3 for octyl and carboxyl MB (Fig. 1 A, B). Conversely,
the interaction between MB and OB was the weakest at pH 7 (Fig. 1). The difference between AI at pH 5 and 7 was statistically
insignificant (p-value > 0.05). In some cases, Al reached high levels (94-96 %), such as for interaction of DEAE MB with OB
(P. oligandrum CBS109982) at pH 3 and an MB-to-OB ratio of 0.8 g/g (Fig. 1 C).

3.4. Comparison of adhesion tests with the thermodynamic model

For some combinations of TB/OB with MB a favourable adhesion energy balance of AGror < 0 was obtained, whereas for other
combinations, the balance was unfavourable (AGror > 0) (Table 3). Comparing the AGror of OB (P. oligandrum CBS109982) to octyl,
carboxyl and DEAE MB (Table 3) with real adhesion experiments (Fig. 1), the thermodynamic approach was not able to identify
sufficiently real adhesion. The thermodynamic model predicted the probability of favourable adhesion only between OB and octyl and
DEAE MB, while in reality the adhesion of OB was observed to all MB. The thermodynamic model predicted an unfavourable balance of
interaction energies (AGror > 0) for adhesion between OB of Pythium spp. and three filamentous fungi (Table 3). Since the ther-
modynamic model was not able to provide a generalized description of adhesion to model materials, the DLVO and extended DLVO
(XDLVO) theories were also tested.

3.5. Comparison of adhesion tests with DLVO model

A clear relationship was seen between the highest Al at pH 3 (Fig. 1) and the absence of energy barriers, as predicted by the DLVO
model (Fig. 2 A, B, C). Under conditions allowing stronger interactions (absence of an energy barrier), the MB-to-OB ratio resulting in

Table 3

Total free energies of interaction (AGror) and their apolar (AGyw, LW - Lifshitz-van der Waals) and polar (AGag, AB - acid-base) components, as
calculated according to the thermodynamic balance of interaction energies for the system, surfacel-water-surface2, consisting of Pythium spp. strains
CBS109982 and M1, and Pythium sp. X42 (total biomass or oospores enriched biomass) either with one type of magnetic bead (DEAE, Carboxyl or
Octyl) or filamentous fungi.

Interaction system surfacel-water-surface2 Free energy of interaction (mJ/m?)

TB* 0B"

AGrw AGpp AGror AGrw AGap AGror
CBS109982-W-DEAE -7.1 12.0 4.9 -6.9 1.4 -5.5
M1-W-DEAE —6.8 15.8 9.0 -6.3 -1.0 -7.3
X42-W-DEAE —6.4 8.5 2.1 -5.9 0.8 -5.1
CBS109982-W-Carboxyl -7.3 39.3 32.0 -7.0 22.6 15.6
M1-W-Carboxyl —6.9 41.1 34.2 —6.4 26.2 19.8
X42-W-Carboxyl —6.5 35.1 28.6 —6.0 30.1 241
CBS109982-W-Octyl -7.1 -19.9 —23.0 —6.8 —20.6 —27.4
M1-W-Octyl —6.8 -9.8 -16.6 —6.2 —29.2 —35.4
X42-W-Octyl —6.3 —18.8 —25.1 -5.9 -29.5 —35.4
CBS109982-W-A. alternata - - - -5.9 19.5 13.7
M1-W-A. dlternata - - - —5.4 22.2 16.8
X42-W-A. alternata - - - -5.1 25.8 20.7
CBS109982-W-A. niger - - - -7.2 10.7 3.5
M1-W- A. niger - - - —6.6 10.6 4.0
X42-W- A. niger - - - —6.2 13.5 7.3
CBS109982-W-F. graminearum - - - —6.4 20.5 14.1
M1-W- F. graminearum - - - -5.9 23.4 17.5
X42-W- F. graminearum - - - —-5.5 27.1 21.6

& TB - total biomass.
> OB - oospores enriched biomass.
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high AI was lower. For example, to remove almost 85 % of OB (P. oligandrum CBS109982) at pH 3 by adhesion to carboxyl MB, it was
necessary to achieve a MB-to-OB ratio of 0.2 g/g (Fig. 1 B). In this situation, the DLVO theory predicts the absence of an energy barrier
(Fig. 2 A). Similarly, carboxyl MB-to-OB ratio of 0.2 g/g resulted in only 65 % Al at pH 7 (Fig. 1 B). Accordingly, under these conditions,
the DLVO theory predicted a potential energy barrier preventing the carboxyl MB interaction with OB of P. oligandrum CBS109982
(Fig. 2 G). The height of the energy barrier depended on the chosen geometry of the model. The sphere-sphere geometry predicted less
pronounced energy barriers (Fig. 2 D, G, H) or their absence (Fig. 2 E, F, I), which was mirrored in relatively high AI under all
conditions studied. For instance, the sphere-sphere geometry of the DLVO model (considering the interaction of oospores through the
protruding spines) predicted the absence of energy barriers for DEAE MB vs. OB interaction at all three pH values (Fig. 2 C, F, I); and
indeed, the differences between AI (Fig. 1 C) were statistically not significant. The predictions according to sphere-plate geometry were
significantly different (Fig. 2 C, F, I) and were not reflected in similar differences during adhesion tests (Fig. 1 C).

3.6. Comparison of adhesion tests with the extended DLVO model

The relationship between predictions of the extended DLVO (XDLVO) model and AI between MB and OB of P. oligandrum
CBS109982 were not clearly interpretable. Energy barriers were missing in the predictions for octyl MB for all pH values (Fig. S3 B, E,
H), while the AI at pH 3 was significantly higher (p-value < 0.05) than at pH 5 and 7 (Fig. 1 A). Another discrepancy between the
XDLVO prediction and experimentation appeared in the case of OB adhesion to carboxyl MB (Fig. 1 B). In this case, the XDLVO model
predicted a similar secondary minimum (—26 to —47 kT at 5-7 nm) for pH 3, 5 and 7, followed by an energy barrier at a shorter
separation distance (Fig. S3 A, D, G). Simultaneously, the Al of real adhesion tests was significantly higher at pH 3 compared to higher
pH values (Fig. 1 B).

4. Discussion

P. oligandrum can serve as a BCA, directly protecting plants against fungal parasites and also triggering plant defense mechanisms
against other pathogens, as well as improving plant growth and fitness [8]. It has been shown to have efficacy against different fungal
species in both natural [19-21] and industrial environments [22,23]. Although the mechanism of action involves the surface inter-
action of P. oligandrum with the host fungi and/or plant, no information is available either on the surface properties of P. oligandrum or
the physicochemical character (driving force) of this interaction.

The concept of this work is based on confronting the theoretical prediction of interaction with experimental adhesion of three
mycoparasitic Pythium strains to model solid materials. The model materials, represented by different MB, were selected to cover a
wide range of surface properties [18], as P. oligandrum must be able to interact with very different surfaces (different species of
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Fig. 2. Total interaction energy (Gpryo) as a function of the separation distance between oospore-enriched biomass of Pythium spp. CBS109982 and
carboxyl (A, D, G), octyl (B, E, H) and DEAE (C, F, I) magnetic beads in electrolyte (40 mM KCl) at different pHs according to the DLVO theory in
sphere-sphere (S-S) and sphere-plate (S-P) geometry.
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filamentous fungi, plant roots, leaves, human and animal skin). Carboxyl MB were selected to represent hydrophilic surfaces with
negative ZP, such as some plant fibres [24]. DEAE MB were selected to imitate moderately hydrophobic surfaces with a positive ZP in
an acidic environment. The modification of MB with octyl groups was selected in order to include an even more hydrophobic model
surface representing plant cuticles [25] or waxy surfaces of grains [26]. The remaining experimental conditions for this study (ionic
strength 40 mM, pH 5) simulated the growth conditions of Pythium strains, while pH 3 was chosen to mimic acidic conditions used in
the food industry. A neutral pH 7 was chosen to mimic the rinsing of surfaces with water.

The filamentous fungi used in this work were chosen as representatives of the natural targets of mycoparasitic activity of Pythium
oligandrum. The wettability of fungal species characterized in this work were also in the range from hydrophilic (A. alternata and F.
graminearum) to moderately hydrophobic (A. niger). The water contact angles of F. graminearum were higher than those of F. oxy-
sporum, as taken from the literature [27]. The free energy of interaction (AGror) between A. niger spores was somewhat different
(23.72 mJ/m?) from the values obtained for the whole biomass in this study (—15.5 mJ/m?). However, the authors El Abed et al.
(2010) [28] do not provide methodological details of contact angle measurements of A. niger spores.

Physicochemical surface properties of two Pythium oligandrum (M1 and CBS 109982), and one Pythium sp. (strain X42) are
described for the first time in this work. They were selected for this study because the strain M1 is already produced and commer-
cialized (https://biopreparaty.eu/), strain CBS109982 is publicly available from a collection of microorganisms (https://catalog.mirri.
org/) and strain X42 was recently isolated and characterized, showing promising mycoparasite properties [29]. The surface properties
of TB for all three strains are rather similar and can be characterized as hydrophilic and an electron donor, while the enrichment of
biomass with oospores (OB) preserved the overall character but resulted in reduced hydrophilicity. The shift towards a less hydrophilic
character of oospores is relevant for their adhesion, as works by Liu et al. (2004) [30] found that microbes and spores with hydrophobic
surfaces generally adhere easier to both hydrophilic and hydrophobic surfaces. Although there are significant limitations in
cross-comparisons of literature data, very similar surface properties were found for Chlorella vulgaris (yiw = 35.7-38.2 mJ/m?, yap =
2.2-21.3 mJ/m?, y~ = 70.1-83.8 mJ/m?, yror = 40.4-58.4 mJ/m?), a hydrophilic microalga with strong electron donor surface
properties [31]. When comparing the contact angles, the OB of Pythium spp. showed similarity with three strains of Streptococci and
Lactobacilli [32]. In general, it can be said that the surface properties of Pythium spp. coincide with different taxa and are not found in
extremes.

The surface of OB (strain CBS109982) readily interacted with all MB evaluated. The comparison of model predictions with adhesion
experiments showed the DLVO model to be the qualitatively most reliable in predicting OB adhesion to model materials represented by
MB. This means that the van der Waals and electrostatic interactions are the most important for the adhesion of MB to the OB surface.
The electrostatic attraction/repulsion between surfaces (arising from the presence of carboxyl and hydroxyl functional groups) was
often found to govern microbial adhesion, especially at low ionic strengths [31,33]. At the same time, the inclusion of acid-base in-
teractions into the XDLVO model did not increase the agreement between model predictions and Al results. Electrostatic interactions
can be most influenced by the ionic strength (I) of the environment, in such a way that lower I expands the double layer and the
significance of electrostatic forces [34]. The attraction of electrostatic forces can also be enhanced by a suitable choice of pH, in which
the interacting surfaces either display lower repulsion or even attraction, when oppositely charged. This was well-observed with an
increased degree of adhesion at pH 3, which was consistent with the prediction of the DLVO model. An interesting finding is that the
DLVO model better described the adhesion behaviour in sphere-sphere geometry, considering the curvature of the protruding spines of
oospores. A similar phenomenon was observed for hematite particles, when their mutual interaction was found to be governed not by
the overall particle radius but by the curvature radius for surface protrusions [35].

The filamentous fungi used in this work have surface properties (CA and ZP) in the range of MB model surfaces. Although the
thermodynamic model does not predict a favourable energy balance (AGpor > 0) for the adhesion of P. oligandrum to fungi, it can be
expected that the interaction will be governed by the same forces as was the case with MB.

5. Conclusions

By extrapolating Pythium spp. surface properties and their adhesion (theory and experiment) to model materials (MB), or to the
surface of natural prey and/or host plants, it can be concluded that Pythium spp. has surface properties and structures that allow
interactions with a wide range of biotic surfaces. No significant repulsion was predicted and observed, which seems to be advantageous
for a species, the survival of which is fundamentally linked with adhesion to prey and/or host. The most favourable conditions found
for the adhesion of Pythium spp. to model surfaces can also have new applications. For example, the adhesion of Pythium spp. to man-
made target surfaces can be facilitated by choosing a lower pH and/or ionic strength, or by modifying the surfaces in order to increase
the attractive electrostatic interactions.
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