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Abstract

Acidothermophilic bacteria of the genus Alicyclobacillus are frequent contaminants of fruit-based products. This study is
the first attempt to characterize the physico-chemical surface properties of two Alicyclobacillus sp. and quantify their adhe-
sion disposition to model materials [diethylaminoethyl (DEAE), carboxyl- and octyl-modified magnetic beads] represent-
ing materials with different surface properties used in the food industry. An insight into the mechanism of adhesion was
gained through comparison of experimental adhesion intensities with predictions of a colloidal interaction model (XDLVO).
Experimental data (contact angles, zeta potentials, size) on interacting surfaces (cells and materials) were used as inputs into
the XDLVO model. The results revealed that the most significant adhesion occurred at pH 3. Adhesion of both vegetative
cells and spores of two Alicyclobacillus sp. to all materials studied was the most pronounced under acidic conditions, and
adhesion was influenced mostly by electrostatic attractions. The most intensive adhesion of vegetative cells and spores at
pH 3 was observed for DEAE followed by hydrophobic octyl and hydrophilic carboxyl surfaces. Overall, the lowest rate of
adhesion between cells and model materials was observed at an alkaline pH. Consequently, prevention of adhesion should

be based on the use of alkaline sanitizers and/or alkaline rinse water.
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Introduction

Alicyclobacillus species are regarded as a serious cause of
spoilage in the worldwide fruit juice industry (Steyn et al.
2011; Tianli et al. 2014; Azeredo et al. 2016). Members of
Alicyclobacillus are rod-shaped, thermoacidophilic, aero-
bic, nonpathogenic endospore-forming bacteria that contain
unique w-alicyclic fatty acids as principal membrane lipid
components and can grow over wide temperature (20-70 °C)
and pH ranges (2.0-6.0) (Steyn et al. 2011; Tianli et al.
2014; Huang et al. 2015a). Undesirable spoilage caused by
Alicyclobacillus is characterized by a specific off-flavour
described as smoky, phenolic, or medicinal, with or without
visible cloudiness (Chang and Kang, 2004; Smit et al. 2011;
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Steyn et al. 2011). The lack of typical gas production that
can swell a container makes early detection of contamination
difficult (Pettipher et al. 1997). The predominant metabo-
lites associated with Alicyclobacillus spoilage are guaiacol,
2,6-dibromophenol and 2,6-bichlorophenol (Huang et al.
2015a).

The major source of contamination is usually garden soil
from which bacteria and their spores are spread to the fruit
or cleaning water used during processing (Chen et al. 2006;
Huang et al. 2015a). Acidophilic properties of these micro-
organisms allows them to thrive in the highly acidic environ-
ment of fruit beverages or concentrates (Chang and Kang,
2004; McKnight et al. 2010; Spinelli et al. 2010). Moreo-
ver, thermophilic properties, in combination with sporula-
tion and biofilm production, enables them to survive harsh
processing conditions such as washing, sanitizers or the hot-
fill and hold pasteurization process (88-96 °C, 2 min) (dos
Anjos et al. 2013; Tianli et al. 2014).

Microbial biofilm formation is a dynamic multistage pro-
cess gradually leading to irreversible adhesion of microor-
ganisms to a surface, depending on contact surface proper-
ties, environmental conditions, and extracellular polymers
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secreted by bacteria (e.g. polysaccharides, proteins, lipids,
DNA) (Sauer 2003; Srey et al. 2013). During biofilm devel-
opment, diversification of cell function occurs (Olszewska
2013) and the ideal environment for sporulation is created
(spores are located in the upper layers) (Abee et al. 2011).
Cells in the biofilm exhibit coordinated group behaviour that
increases their resistance towards external factors, cleaning
and antimicrobial agents. The biofilm thus represents an
elevated risk of spreading contamination across production
facilities (Frank 2000; Peng et al. 2002). Although studies on
Alicyclobacillus adhesion and biofilm production on abiotic
surfaces are still limited, it has been already shown that this
bacterial taxon has the ability to build biofilms on stain-
less steel, nylon and PVC (dos Anjos et al. 2013; do Prado
et al. 2018), and to a lesser extent on glass slides (Tyfa et al.
2015).

The goal of this work was to characterize the surface
properties of Alicyclobacillus acidoterrestris CCM 4660
and Alicyclobacillus sacchari DSM 17974 vegetative cells
and spores. Furthermore, their interactions were studied with
solid model materials mimicking the main types of materials
occurring in the food industry. Experimental adhesion data
were compared with model predictions of XDLVO theory
to identify the main driving forces for cell adhesion and to
describe conditions that favour adhesion.

Materials and methods
Microorganisms and magnetic beads

The Alicyclobacillus strains used in this study were A. aci-
doterrestris CCM 4660 and A. sacchari DSM 17974. Three
types of magnetic beads (SiMAG-ionex, 0.5 um diameter,
Chemicell, Germany) carrying defined functional groups,
i.e. DEAE (diethylaminoethyl), carboxyl and octyl, were
used as model materials to contact Alicyclobacillus cells.

Cultivation

Cultivation medium (CM) of the following composition was
used (in g 1h: yeast extract (6.0, Alfa Aeasar, USA), glu-
cose (5.0, Penta, Czech Republic), CaCl,-2H,0 0.25 g 1=
MgS0O,-7H,0 0.5 g 17!, (NH,),S0, 0.2 g I}, KH,PO,
3.0 g 17! (all salts from Penta, Czech Republic) and the pH
was adjusted to 4. Cultivation of vegetative cells was car-
ried out in 500 mL Erlenmeyer flasks (250 mL medium;
150 rpm; 48 h; 45 °C). After cultivation, a cell suspension
was obtained by washing twice with distilled water and
centrifuging (6000 rpm; 5 min). For cultivation of spores,
agar 30.0 g 17! (Sigma-Aldrich) and MnSO,-H,00.01 g 17!
(Lach-Ner s.r.0., Czech Republic) were added into the CM.
A suspension of vegetative cells was spread on agar plates
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and allowed to grow for 72 h at 45 °C to reach > 90% of
spores in the cell count, as observed microscopically after
the Wirtz-Conklin method of staining (Hamouda et al.
2002). From the agar plates, spores were removed with an
inoculating loop, resuspended, washed twice with distilled
water, centrifuged (3000 rpm; 3 min) and immediately used
for subsequent tests (image analysis, contact angle, and zeta
potential measurements, adhesion tests).

Image analysis

Pictures of vegetative cells and spores of Alicyclobacillus
strains were taken using an Olympus BX51 microscope
with Olympus C5050 digital camera. For cell size determi-
nation, ImageJ (NIH, USA) software was used. Vegetative
cells were evaluated after growth in CM for 48 h at 45 °C,
while spore size was evaluated after 72 h growth on agar
plates at 45 °C.

Contact angles’ measurement

Contact angle measurements were carried out by the sessile
drop technique on a CAM 200 goniometer (KSV Instru-
ments, Finland). Drops (volume = 3 pl) of water, forma-
mide and 1-bromonaphthalene (all from Sigma-Aldrich)
were measured 1 s after placement, ten times for each sam-
ple, at 25 °C. For the contact angle measurement, a smooth
layer of cells was deposited on a membrane filter (47 mm
diameter, 0.45 um pore size, Whatman, USA) under nega-
tive pressure using 0.26 mg of dry biomass per cm? of filter
area. The cell lawns were then deposited on agar plates to
stabilize their moisture content, fixed on a microscope glass
slide, and allowed to dry for 40 min at 25 °C (Sharma and
Hanumantha Rao 2002). The surface properties of magnetic
beads (MB) were characterized by contact angles (CA) in
the form of compressed pellets. Pellets were prepared from
0.05 g of dry MB by pressing (7 MPa, evacuable pellet press
13 mm, Pike Technologies).

Zeta potential measurement

Zetasizer Nano-ZS (Malvern, UK) and calculations accord-
ing to the Smoluchowski equation were used for zeta poten-
tial measurements. Measurements were carried out in a
model environment (10 mM KCI, pH 3-12) and each sam-
ple was measured nine times. Sample concentrations (in dry
weight) were adjusted to 27 mg 17! for cells and to 20 mg 17!
for MB.

Model calculations

Two physico-chemical approaches were used for predic-
tion of interaction intensities between cells and magnetic
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particles. Total free energies of interaction were calculated
from CA values (Table 1) according to the thermodynamic
approach (van Oss 1995). For colloidal interactions, the
extended DLVO theory was used (van Oss 2003). Predic-
tions according to XDLVO theory were calculated for model
environments (10 mM KCI, pH 3-12), the Hamaker constant
was estimated from the AG™W values (Table 2), the charac-
teristic decay length for acid—base (AB) interactions was
0.6 nm (van Oss 2006), and the intensity of AB interactions
was expressed using AG*P values (Table 2).

Adhesion tests

Adhesion between cells and MB was tested in defined
model environments similar to a previously described pro-
cedure (Prochazkova et al. 2013). Cell suspensions (2 ml)
of a defined concentration (0.3 + 0.03 g 17!) in electro-
lyte (10 mM KCI, pH 3-12) were mixed (5 rpm, orbital
mode, Hulamixer, Invitrogen, USA) with specific amounts
of MB for 10 min in plastic test tubes. Subsequently, MB
were exposed to an NdFeB magnet (25 X 10 mm, Neomag,

Czech Republic) for 10 min followed by measurement of
supernatant absorbance (600 nm). Adhesion intensity (Al
%) was calculated according to the equation: AI=[(4,
— A)/A;1x 100, where A, is the absorbance of the cell sus-
pension and A, is the absorbance of the supernatant after
accelerated magnetic sedimentation. Due to the small size of
Alicyclobacillus, self-sedimentation of cells was negligible.
All experiments were performed in triplicate and results are
presented as mean values.

Results

Physico-chemical surface properties of cells
and magnetic beads

The average ZP values of bacteria, as a function of pH in a
symmetrical model electrolyte (10 mM KCl) indicate that
both the vegetative cells and spores were electronegative
over the whole pH range (Fig. 1). Under pH neutral and
acidic conditions, the spores of both strains had the most

Table 1 Average.contacTthTngles, Surfaces Contact angle (°) Surface tension® AG™T (SWS)°

total surface tensions (y" )

and their apolar (") and polar w B Yiw 7AB YTOT

(}/AB) components and total -

free energies of interaction Vegetative cells

(AG™OT) for the system surface— CCM 4660 23.4+28 31.3+3.1 389+25 351 12.9 48.0 37.6

water—surface (SWS) of A. DSM 17974  20.5+23  39.5+24 416223 339 69 408 549

acidoterrestris CCM 4660, S i

A. sacchari DSM 17974 and pores

magnetic beads CCM 4660 444+1.1 429+2.38 62.7+1.0  23.6 20.7 443 15.5
DSM 17974 53.0+4.3 84.1+£2.7 48.5+44 307 46.6 77.3 375

Magnetic beads

DEAE 652+1.3 277713 158+1.1 427 83 51.0 —40.8
Carboxyl 319+1.2 20.6+£0.5 11.5+0.1 435 10.7 54.2 15.3
Octyl 80.2+1.9 33.0+1.6 152402 429 2.0 449 —64.8

W water, F formamide, B 1-bromonaphthalene

aUnits in mJ/m?

Table 2 Total free energies of interaction (AG'™T) and their apolar
(AG™Y) and polar (AG*P) components as calculated according to the
thermodynamic balance of interaction energies for the system cell-

water—surface (CWS) consisting of either A. acidoterrestris CCM
4660 or A. sacchari DSM 17974 cells and one type of the magnetic
bead (DEAE, carboxyl or octyl)

Interaction system

Free energy of interaction (mJ/m?)

Cell-water—surface (CWS) Vegetative cells Spores

AGYY AG*B AGTOT AGHV AG*B AGTOT
CCM 4660-W-DEAE -4.7 -34 -8.1 -0.7 -84 -9.1
DSM 17974-W-DEAE -43 -09 -52 -32 15.6 12.4
CCM 4660-W-carboxyl -438 31.8 27.0 -0.7 18.8 18.1
DSM 17974-W-carboxyl —-45 38.7 342 -33 40.0 36.7
CCM 4660-W-octyl -4.7 -222 —-26.9 -0.7 -232 -239
DSM 17974-W-octyl —-43 -21.9 —26.2 -33 3.2 -0.1
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Fig. 1 Zeta potential of A. acidoterrestris CCM 4660, A. sacchari
DSM 17974 and magnetic beads in electrolyte (10 mM KCl) as a
function of pH

negative ZP, while at pH 12 the vegetative cells of strain A.
sacchari DSM 17974 had the lowest ZP.

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 isoelectric points (pI) 6.8 and 4.6,
respectively. The same surfaces above pl had negative ZPs,
including the carboxyl MB over the whole pH range studied
(Fig. 1).

Hydrophilic surfaces are characterized by y™V ~
40 mI m~2, y* ~ 0mJ m~2, and y~>28 mJ m~2, as well as
positive AG™T, when considering surface—water—surface
(SWY) interactions in water (van Oss 1995). Calculations
of surface tensions revealed similar hydrophilic and pre-
vailing electron donor characteristics (y~=56-66 mJ m~2,
y"=0.17-0.74 mJ m~2) for vegetative cells of both Alicy-
clobacillus strains. The hydrophilic character of vegetative
cells can also be seen from positive AGTOT values (Table 1).
Spores of A. acidoterrestris CCM 4660 and A. sacchari
DSM 17974 have nonzero y* (2.8 and 6.7 mJ m~2, respec-
tively) and they are prone to provide more polar interactions
(higher y,5) than vegetative cells (Table 1). However, from
the point of view of total free energies of interaction, sporu-
lation resulted in fewer hydrophilic surfaces (lower AGTOT)
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for both strains (Table 1). The higher values obtained for
y~ as compared to y* are not surprising, since the ZP meas-
urements showed predominantly negative surface charges on
both vegetative cells and spores of Alicyclobacillus strains
(Fig. 1).

The low CA values for bromonaphthalene on lawns of
MB and their high y*V indicate a greater propensity to pro-
vide apolar interactions, as compared to bacterial cells. The
free energy of interaction values (AGT°T) between MB indi-
cate a different wettability. Octyl and DEAE MB, accord-
ing to AGTOT, were hydrophobic, whereas carboxyl MB
had a hydrophilic character. The surface hydrophobicity of
MB used increased in the order carboxyl < DEAE < octyl
(Table 1).

Prediction of cell-surface interactions

For some combinations of vegetative cells, spores and
favorable model materials (positive) an adhesion energy bal-
ance of AGT°T < 0 was obtained, whereas for other materials,
the balance was unfavourable (A G™OT> 0) (Table 2). Com-
paring the total free adhesion energies (Table 2) with real
adhesion experiments (Fig. 3), the thermodynamic approach
was not able to discriminate sufficiently the colonization of
model materials by Alicyclobacillus strains. Since the ther-
modynamic model was not able to provide a generalized
description of bacterial adhesion to model materials, the
extended DLVO (XDLVO) theory was used. This combines
the classical non-covalent Liftshitz-van der Waals (LW) and
electrostatic (EL) interactions with Lewis acid-base (AB)
interactions (van Oss 2003).

For XDLVO calculations, the diameter of the MB
(0.5 pm) was used as given by the manufacturer. Image
analysis was performed for determining the size of vegeta-
tive cells and spores of Alicyclobacillus strains. Vegetative
cells of A. acidoterrestris CCM 4660 and A. sacchari DSM
17974 had the following mean lengths, 4 + 1.7 and 3.4 +
0.6 pm, and mean diameters, 0.95 + 0.15 and 0.8 + 0.2
pm, respectively. In the case of vegetative cells, the mean
diameter of rods was chosen as the characteristic size, based
on an approximation of the geometry of crossed cylinders
(Israelachvili, 2011). The spores of A. acidoterrestris CCM
4660 and A. sacchari DSM 17974 had the shapes of oblate
spheroids, of mean lengths 1.42 + 0.12 and 1.57 + 0.16 pm,
mean widths 0.7 + 0.06 and 0.65 + 0.07 pm and circulari-
ties 0.69 + 0.04 and 0.69 + 0.1, respectively. In the case of
spores, the applied interaction geometry for XDLVO calcu-
lations was sphere—sphere.

The simulation of total interaction energies (Gxpyvo)
between vegetative cells/spores and MB, as a function of
the separation distance at different pH values, predicted
either the absence or presence of potential energy barriers
at close contact (collision) of interacting entities (Fig. 2).
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Fig.2 Total interaction energy (Gxp;vo) as a function of the separa-
tion distance between A. acidoterrestris CCM 4660 (a—c), A. sacchari
DSM 17974 (d-f) vegetative cells (VC) or spores (S) and DEAE

The absence of an energy barrier preventing the collision
of cells with MB was predicted for the interaction of veg-
etative cells of both strains with DEAE MB (pH 3 and
7, Fig. 2a, d) and octyl MB (pH 3, Fig. 2c, f). For the
interaction of spores, the absence of energy barriers was
predicted for both strains vs. octyl MB (pH 3, Fig. 2c, f),
while for DEAE MB this applied only for strain A. acido-
terrestris CCM 4660 (pH 3, Fig. 2a).

Although direct contact is unlikely when there is an
energy barrier, the interaction of vegetative cells/spores with
MB can take place in a so called secondary potential mini-
mum (Redman et al. 2004). The existence of these favorable
energy minima was predicted by the XDLVO model (Fig. 2).
The deepest secondary minimum (SM) was predicted for
interactions of spores of A. sacchari DSM 17974 with
DEAE MB at pH 3 and was — 139 kT. Under these condi-
tions, the contribution of the ELL and LW interaction forces
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(a, d), carboxyl (b, e) or octyl (¢, f) magnetic beads in electrolyte
(10 mM KCl) at different pHs according to the XDLVO theory

to overall interactions were attractive, while the AB interac-
tions were repulsive.

Shallow SMs (— 1 to — 13 kT) were predicted for the
interaction of vegetative cells and spores of both strains with
carboxyl MB at pH 3 (Fig. 2b, ). During this interaction the
XDLVO model predicted repulsive AB and EL and attractive
LW forces at close contact of surfaces. At pH 12, significant
energy barriers were predicted for the interaction of vegeta-
tive cells with all MB (Fig. 2) due to strong electrostatic
repulsion between interacting entities.

Adhesion tests and their comparison with XDLVO
predictions

Adhesion of vegetative cells/spores to MB was dependent

on the ratio of interacting entities and the pH of the envi-
ronment. In all situations tested, adhesion increased with
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Fig.3 Adhesion intensity of A. acidoterrestris CCM 4660 (a—c), A. sacchari DSM 17974 (d—f) vegetative cells (VC) or spores (S) to DEAE (a,
d), carboxyl (b, e) or octyl (¢, f) magnetic beads in electrolyte (10 mM KCl) at different pHs and different MB-to-biomass ratios

increasing MB-to-biomass ratio, often reaching a plateau
(Fig. 3). In general, significant adhesion of vegetative cells/
spores to MB was observed at an acidic pH. Conversely, the
interaction between MB and vegetative cells at pH 12 was
the weakest, with the exception of carboxyl MB at pH 7
(Fig. 3b, e). In some cases, adhesion intensity reached high
levels (94-98%), such as for interaction of DEAE MB with
vegetative cells and spores of both Alicyclobacillus strains
at pH 3 (Fig. 3a, d).

A clear relationship was seen between Al (Fig. 3) and
the absence of deep SM, as predicted by the XDLVO
model (Fig. 2). Under conditions allowing stronger inter-
actions (absence of an energy barrier or deep SM), the
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MB-to-biomass ratio resulting in high Al was lower. For
example, to remove almost 100% of A. acidoterrestris
CCM 4660 vegetative cells at pH 3 by adhesion to DEAE
MB, it was necessary to achieve a MB-to-biomass ratio of
2 g ¢7! (Fig. 3a). In this situation, the XDLVO theory pre-
dicts the absence of an energy barrier (Fig. 2a). Similarly,
DEAE MB-to-biomass ratio of 5 g g~! resulted in only 25%
adhesion of vegetative cells of A. sacchari DSM 17974 at
pH 12 (Fig. 3d). Accordingly, under these conditions, the
XDLVO theory predicted a potential energy barrier pre-
venting the DEAE MB interaction with A. sacchari DSM
17974 (Fig. 3a). The less pronounced SM predicted for cell
and spore interactions with carboxyl MB (Fig. 2b, e) was
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mirrored in either lower Al (max. 78%) or higher MB-to-
biomass ratio required to achieve high AI (Fig. 3b, e). The
energy barriers predicted (80-140 kT) for cell and spore
interactions with octyl MB at pH 7 (Fig. 2c, f) were also
reflected in adhesion tests with a higher MB-to-biomass ratio
required to achieve high AI (Fig. 3c, f).

A more significant discrepancy between prediction and
experimentation appeared only in the case of A. sacchari
DSM 17974 spore adhesion to DEAE MB at pH 7. In this
case, the XDLVO model predicted a shallow SM (— 1.5 kT
at 13 nm) followed by an energy barrier at a shorter separa-
tion distance (Fig. 2d). Simultaneously the Al was compa-
rable with vegetative cells (pH 7, Fig. 3d), for which the
prediction was without energy barrier (Fig. 2d).

Discussion

Alicyclobacillus is an important member of the group of
spoilage bacteria in the fruit juice industry (Azeredo et al.
2016). Members of this genus enter food processing plants
on the surface of fruits. Their subsequent expansion onto
the surface of processing hall floors, drainage and water
systems and onto machinery in the form of biofilms was
hypothesized (dos Anjos et al. 2013). A prerequisite for con-
tamination by Alicyclobacillus bacteria is their presence in
multispecies biofilms as a consequence of their adhesion to
solid surfaces. Two spoilage routes from biofilm to target
sites can be assumed (1) spreading of cells through an aque-
ous environment, and (2) transfer of cells in aerosols.

This work describes the adhesion of two Alicyclobacil-
lus strains to model solid materials. The surface properties
of model materials, represented by MB coated with differ-
ent functional groups, were designed to cover the widest
possible range of surface properties. Carboxyl MB were
selected to represent hydrophilic surfaces, such as ceramics
and glass possessing negative ZP. DEAE MB were designed
to imitate stainless steel used as construction material in the
food/beverage industry, having a positive ZP in an acidic
environment and hydrophobic surface properties (Gispert
et al. 2008; Huang et al. 2015b). Finally the modification of
MB with octyl groups was selected to prepare a hydropho-
bic model surface representing synthetic polymers, rubbers,
lubricants etc. (Bittner et al. 2017). The experimental condi-
tions for this study simulated different scenarios, where pH 3
and 10 were chosen to mimic acidic and alkaline conditions
used during sanitation and cleaning procedures in the food
industry, respectively. Neutral pH 7 was chosen to mimic the
rinsing of machinery and floors with water.

As for adhesion tests, particulate materials were used
instead of flat plates (coupons), as model solid materials
in this work. Although construction materials used in the
food industry are not of a particulate character, the XDLVO

model took into account the geometry of the interacting
entities. Hence the conclusions made from comparisons of
experiments with model predictions (two spheres) are quali-
tatively valid for any other interaction geometry (plate vs.
sphere). The advantage of using model particulate materials
with magnetic properties is the ease and reproducible char-
acter of quantitative adhesion tests.

In the thermodynamic approach to microbial adhesion,
the stability of the surface interaction is expressed as the
values of the total free energy of adhesion between cells
and solid surfaces in water (AGT°T). Adhesion is considered
energetically favorable when AG™T <0, and unfavourable
when AGT°T > 0. However, the thermodynamic approach
does not include the role of long-range electrostatic inter-
actions and therefore it is valid only at close contact (Bos
et al. 1999). The free energies of aggregation (AGT°T > 0)
of the vegetative cells and spores of two Alicyclobacillus
strains clearly characterize these microorganisms as hydro-
philic, while they both show electron donor characteristics
(y"=38-81 mI m~2vs. y*=0.2-6.7 mJ m~? and a predomi-
nantly negative ZP (Fig. 1). Another study ranked vegata-
tive cells of six Alicyclobacillus strains, by affinity method
toward hydrocarbons, in a broad range from very hydropho-
bic to hydrophilic (do Prado et al. 2018).

The comparison of model predictions with adhesion
experiments showed a qualitatively reliable capability of the
XDLVO model to predict cell (spore) adhesion to model
materials represented by MB. Significant experimental Al
was supported by either the absence of an energy barrier or
the presence of deep SM in model predictions.

When simulating acidic cleaning (pH 3) or rinsing of
solid surfaces with water (pH 7), DEAE-modified surfaces
were significantly more prone to interact with cells or spores
of the two Alicyclobacillus strains. Similar observations
were made for anaerobic beer spoiling bacteria (Bittner et al.
2016). The high AI of the Alicyclobacillus strains under
acidic conditions is particularly disadvantageous, given the
facts that the fruit juices have acidic pH and the bacteria
are able to survive highly acidic environments (Steyn et al.
2011). In addition, an external pH below 3.6 triggers biofilm
formation by A. acidoterrestris (Shemesh et al. 2014). There
was no significant difference in observed Al between spores
and vegetative cells.

Under acidic conditions the main driving force of adhe-
sion was the electrostatic interaction. Neglecting these inter-
actions in a previous study led to ambiguous correlations
between hydrophobicity and cell adherence to glass surfaces
(Tyfa et al. 2015) and stainless steel (do Prado et al. 2018).
At pH 12, both strains showed low ability to interact with
all model materials studied, mainly due to the repulsive
character of electrostatic interactions. These observations
confirmed the XDLVO model, which predicted the crucial
importance of EL attractions/repulsions.
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After the DEAE surface imitating steel, the second largest
Al was predicted and experimentally confirmed to be octyl
MB, playing the role of hydrophobic materials. This obser-
vation confirmed the results obtained with stainless steel and
nylon/polyvinyl chloride (hydrophobic surfaces) as mate-
rial colonized more extensively (dos Anjos et al. 2013) than
glass (hydrophilic surface) (Tyfa et al. 2015). In the case
of octyl-modified surfaces (hydrophobic), the main driving
forces of adhesion were EL interactions, but at shorter sepa-
ration distances (< 1 nm), AB interactions prevailed.

Microbial adhesion to solid surfaces and biofilm forma-
tion occurs in food processing plants within hours of a clean-
ing procedure (Storgards et al. 2006). Alicyclobacillus was
found in fruit processing environments and in water that was
used for cleaning and sanitizing purposes (Steyn et al. 2011).
A previous study suggested that effective cleaning can be
carried out only in a knowledge-based manner taking into
consideration the choice of sanitizer (dos Anjos et al. 2013;
Bevilacqua et al. 2008). This study defined the appropriate
cleaning conditions (pH) and identified the critical materi-
als having greater attractiveness for colonization by Alicy-
clobacillus sp. Since the lowest rate of adhesion between
cells/spores of Alicyclobacillus sp. and model materials was
observed at pH 12, the use of alkaline sanitizers and/or alka-
line rinse water can be recommended.
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