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INTRODUCTION

Listeria monocytogenes is a foodborne pathogen asso-
ciated with the consumption of contaminated ready-to-
eat foods of animal and plant origin, frequently leading
to food recalls and outbreaks in the European Union
(EFSA, 2023). While the incidence of Listeria infec-
tion (listeriosis) is moderate, mortality among infected
individuals is very high (20%—-30%) (EFSA, 2023;
Radoshevich & Cossart, 2017). And although regula-
tory controls have been in place for many years, cases
of L. monocytogenes are not decreasing (Spanu &
Jordan, 2020). This bacterium is extremely tolerant to
elevated acidity and osmolarity, which are the basis
for traditional food preservation methods, and grows
in a temperature range between -0.4 and 45°C. Its
persistence in the food production environment is at-
tributed to its ability to attach firmly to various types
of surfaces and develop a biofilm that provides further
protection against environmental stressors (Mazaheri
et al., 2021). Due to the pathogenicity and persistence
of L. monocytogenes in the environment, testing antimi-
crobial strategies is challenging, especially on a large
scale (Mohan et al., 2019). Because Listeria innocua is
genetically related to L. monocytogenes and both nat-
urally inhabit similar environments, continuous efforts
are being made to find suitable surrogate strains within
this species (Glaser et al., 2001). To date, there have
been conflicting results on this approach, but the suit-
ability of a surrogate strain may depend on the antimi-
crobial strategy and the similarity of targets between
species (Janez et al., 2021).

Bacterial surface properties are the key determi-
nant for the initial contact with abiotic surface (Zheng
et al., 2021). The structures found on the surface of
Gram-positive bacteria are peptidoglycan, lipoteichoic
acids (LTA), cell wall teichoic acids (WTA) and cell
wall proteins, which play a key role in bacterial sur-
vival and interaction with the environment (Rajagopal
& Walker, 2017). The distribution or abundance of the
surface structures determines the local surface proper-
ties that are important for bacterial attachment and bio-
film development on abiotic surfaces (Bos et al., 1999;
Park et al., 2022; Renier et al., 2014). These structures
are also potential targets for preventing or interfering
with surface colonization.

Fungi are a rich source of proteins, including lec-
tins and protease inhibitors with unique specificity
and ability to withstand extremes of temperature and
pH and digestion by proteases, offering great poten-
tial for biotechnological applications (Kinzler, 2018;
Saboti¢ et al., 2016). Fungal lectins and protease in-
hibitors serve as natural defence systems of fungi: fun-
gal lectins act on invaders by binding glycoepitopes in
their intestinal system but do not recognize their own
glycans, and protease inhibitors regulate the activity
of proteolytic enzymes (proteases) that are important

for metabolic and regulatory processes (Kiinzler, 2018;
Sabotic¢ et al., 2016).

Many fungal lectins and protease inhibitors have
nematotoxic and/or entomotoxic activity, and con-
tinue to be investigated as an alternative pest control
strategy (Bleuler-Martinez et al., 2011, 2022; Saboti¢
et al., 2012; Schubert et al., 2012; Smid et al., 2013;
Wohlschlager et al., 2011, 2020; Zurga et al., 2014).
Since much less is known about their antimicrobial po-
tential, a set of fungal lectins and protease inhibitors
with different folds and known binding motifs (Tables 1
and 2) were selected in this study for analysis of their
antibacterial and antibiofilm activity against L. innocua
and L. monocytogenes. Their effects on the growth pa-
rameters and viability of biofilm bacteria on polystyrene
were determined, followed by room temperature ap-
plication time tests to further decipher their activity. In
addition to polystyrene, the biological model surfaces
mucin and fibronectin were also used to evaluate the
effects of the fungal proteins on biofilm development.

EXPERIMENTAL PROCEDURES
Strains and cultivation

Model strains L. innocua ZM39 (Culture Collection of
the Laboratory for Food Microbiology, Biotechnical
Faculty, University of Ljubljana) and L. monocytogenes
ATCC 19115 were grown in Luria broth (Miller modifi-
cation: 10g/L tryptone, 5g/L yeast extract, 10g/L NaCl
pH7.5) at 37°C either on agar plates or in broth.

Heterologous expression of lectins and
protease inhibitors

Escherichia coli expression system was used for produc-
tion of recombinant fungal lectins and protease inhibi-
tors tested in this study (Tables 1 and 2). Recombinant
protease inhibitors clitocypin (Clt, UniProt ID: Q9P4A2),
cospin (PIC, Uniprot ID: DOEWJO0) and macrocypins
Macrocypin 1 (Mcp1, Uniprot ID: B9V973), Macrocypin
3 (Mcp3, Uniprot ID: B9V979), Macrocypin 4 (Mcp4,
Uniprot ID: B9V982), were expressed using pET vec-
tors as described previously (Saboti¢ et al., 2007,
Saboti¢ et al.,, 2009, Saboti¢ et al., 2012). Similarly,
recombinant lectins Clitocybe nebularis lectin (CNL,
UniProt ID: B2ZRS9) and Macrolepiota procera lec-
tin (MpL, Uniprot ID: F6BKMV5) were prepared as de-
scribed using pET expression system in Escherichia
coli (Pohleven et al., 2012; Zurga et al., 2014). Coding
sequences of lectins AAL (Aleuria aurantia lectin,
UniProt ID: P18891), CCL2 (Coprinopsis cinerea lectin
2, UniProt ID: B3GAQ2), CGL2 (Coprinopsis galectin
2, UniProt ID: Q9P4R8), CGL3 (Coprinopsis galectin
3, UniProt ID: Q206Z5CML1) and MOA (Marasmius

85U8017 SUOWILLIOD SAIERID 3|eoljdde auy) Aq peusenob ake 9l VO ‘8sn J0 S9|NI o) AR1q1T8UI|UQ AB]1M UO (SUOTIPUOD-PUE-SWLBIALIOY" A8 | 1M ARe.q1Bul|uo//SANLY) SUONIPUOD pue SIS | 81 89S *[6Z02/T0/ET] Uo Akeiqiauliuo A8|IM ‘SImiisu| Uelis 19zor Aq 0v00/ 'ST6L-TSLT/TTTT OT/I0p/L00"A8| M Akeiq | puljuo'S [EUINO [-0J0 1WA 1A/ /Sy WoJ) pepeo|umod ‘2T ‘v202 'ST6LTSLT



FUNGAL PROTEINS INTERFERE WITH ADHESION OF LISTERIA

TABLE 1 Effect of the fungal lectins tested in this study on the viability of Listeria innocua and Listeria monocytogenes within the
biofilm, their sensitivity to proteinase K digestion and their known binding motifs.

Antibiofilm activity

Proteinase K  Listeria Listeria
Protein name Known binding motif sensitivity innocua monocytogenes
Bl1-4
Aleuria aurantia lectin :
(AAL) o1 +++ + +
(Wimmerova et al., 2003) O ,,I
Agaricus bisporus lectin o2
(ABL) o +4++ + +
(Carrizo et al., 2005) O u
Coprinopsis cinerea lectin 2 by gt
(CCL2) b1 - - -
(Bleuler-Martinez et al., 2017) o
B1-3 B1-4
Coprinopsis galectin 2 O ] O i
(CGL2) o @ I + * -
(Walser et al., 2004) 5
Coprinopsis galectin 3 2
(CGL3) . B14 - 14 . 14 . i+ - -
(Walti et al., 2008)
Bi-3
Coprinopsis cinerea mucin-binding ¥
lectin 1 i _ N _

(CML1)
(Bleuler-Martinez et al., 2022) oL :‘"ﬁm o
D B1-4 .

Clitocybe nebularis lectin
(CNL) al-3 1 + +
(Pohleven et al., 2012)

al-2

concanavalin A . ! N _ _
(COHA) .3Me .

Laccaria bicolor tectonin 2 é“"e

(LbTec2) ND ND ND
(Wohlschlager et al., 2014) ’3“’

Macrolepiota procera lectin o——=a

(MpL) o | -1 - -
(Zurga et al., 2014) o @

Marasmius oreades agglutinin o—=1

(MOA) y +4+ - -
(Grahn et al., 2009) o—=0

Sordaria macrospora transcript

associated with perithecial

development o—==_{ +++ + +

(TAP1)
(Nowrousian & Cebula, 2005)

Note: The symbolic nomenclature for glycans (SNFG) is used.

Abbreviations and Symbols: Glucose (Glc, blue circle), N-acetylglucosamine (GIcNAc, blue squares), fucose (Fuc, red triangles), galactose (Gal, yellow
circles), N-acetylgalactosamine (GalNAc, yellow squares). Sensitivity to proteinase digestion was classified as follows: — no degradation, + partially degraded,
+++ fully degraded protein. Antibiofilm activity is labelled + if the fungal protein statistically significantly (p <0.05) reduced the viability of biofilm bacteria, and -
if no effect was observed.

1Previously published by Zurga et al. (2015).
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TABLE 2 Effect of the fungal protease inhibitors tested in this study on the viability of Listeria innocua and Listeria monocytogenes
within the biofilm, their sensitivity to proteinase K digestion and their known in vitro specificity.

Antibiofilm activity

Proteinase K Listeria Listeria
Protein name Known binding motif sensitivity innocua monocytogenes
Clitocypin C1 and C13 cysteine peptidase - ND ND
(Clt) family inhibitor
(Saboti¢ et al., 2007;
Renko et al., 2009)
Macrocypin 1 C1 and C13 cysteine peptidase T i

(Mcp1)
(Renko et al., 2009;
Saboti¢ et al., 2009)

Macrocypin 3
(Mcp3)

(Renko et al., 2009;
Saboti¢ et al., 2009)

Macrocypin 4
(Mcp4)

(Renko et al., 2009;
Sabotic¢ et al., 2009)

Cospin
(PIC)
(Sabotic et al., 2012)

family inhibitor

C1 and C13 cysteine peptidase
family inhibitor

C1 cysteine peptidase family and
trypsin inhibitor

Trypsin inhibitor

Note: Sensitivity to proteinase digestion was classified as follows: — no degradation, + partially degraded, +++ fully degraded protein. Antibiofilm activity is
labelled + if the fungal protein statistically significantly (p<0.05) reduced the viability of biofilm bacteria, and - if no effect was observed.

1Previously published by Zurga et al. (2015).

oreades agglutinin, UniProt ID: Q8X123) were cloned
into pMCSG7 and/or pMCSG9 expression vectors
using LIC protocols (Bleuler-Martinez et al., 2022;
Boulianne et al., 2000; Kruger et al., 2002; Olausson
et al., 2008; Schubert et al., 2012; Stols et al., 2002;
Walti et al.,, 2008). In reference to pMCSG7 vector,
pMCSG9 contains an additional maltose-binding protein
(MBP) solubility tag. Coding sequences for lectins ABL
(Agaricus bisporus lectin, UniProt ID: Q00022), CML1
(Coprinopsis cinerea mucin-binding lectin 1, UniProt ID:
B3VS76), TAP1 (Sordaria macrospora transcript associ-
ated with perithecial development, UniProt ID: F7VWP8),
and LbTec2 (Laccaria bicolor tectonin 2, Uniprot ID:
BOCZL6) were designed and codon-optimized based
on an amino acid sequence from UniProt database and
their synthetic genes obtained as gblocks (Integrated
DNA Technologies) for cloning into expression vector
pMCSG?7 using LIC protocols. Heterologous expression
conditions were optimized, and lectins were produced
using different E. coli host strains, either BL21(DE3) or
BL21-CODONPLUS (DE3)-RIL (Agilent Technologies),
in ZYM-5052 autoinduction medium for 4h at 37°C and
20h at 18°C (Bleuler-Martinez et al., 2022; Nowrousian &
Cebula, 2005; Studier, 2005; Wohlschlager et al., 2014).
Bacteria were harvested with centrifugation and soni-
cated in buffer A (30mM Tris pH7.5, 400mM NaCl)
with 1mg/mL lysozyme and cOMpLete™ EDTA-free
Protease Inhibitor Cocktail (Roche). Lectins were puri-
fied using a two-step purification protocol with His-tag af-
finity chromatography (HisTrap FF 5mL column (Cytiva)

in buffer A with 10 mM imidazole for binding and 300 mM
imidazole for elution) and size-exclusion chromatogra-
phy (HiPrep 26/60 Sephacryl S-200 HR or HiPrep 26/60
Sephacryl S-100 HR column (Cytiva) in buffer A). To re-
move the MBP tag additional steps were performed with
proteins produced using pMCSG9 vector as described
below. Recombinant His6-tobacco etch virus protease
(TEV protease) (1:50 [w/w]) was used to remove the His
and MBP tag over the course of a 24 h incubation at 4°C
with 10mM p-mercaptoethanol. In a secondary NiNTA
step using HisTrap FF 5mL column the flow-through
fraction containing the protein of interest was collected,
concentrated and dialyzed against PBS pH7.4. The re-
combinant proteins were stored in a PBS buffer (10mM
Na,HPO,, 1.8mM KH,PO,, 137mM NaCl and 2.7mM
KCI) in aliquots at —20°C until use. Lectin Concanavalin
A (ConA) (L-1000) was purchased from Vector Labs.
The purity and molecular masses of the fungal
proteins (Figure S7) were determined by sodium do-
decyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) using a homogeneous 15% (w/v) acryl-
amide gel with a thickness of 0.75mm on a mPAGE
Mini Gel System (Millipore). For SDS-PAGE, samples
were dissolved in a sample buffer containing 300mM
Tris, 3% SDS, 38mM EDTA, 0.6M DTT, 60% glyc-
erol and 4.5mM bromophenol blue and incubated at
95°C for 10min. The gels were stained with 0.1% (w/v)
Coomassie Brilliant Blue R-350. Molecular mass was
estimated using standard low molecular weight pro-
teins of 14.4—97 kDa (Amersham GE Healthcare).
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Growth curve measurement

Growth curves were determined as described before
(Sternisa et al., 2022). Briefly, the inoculum (~10° CFU/
mL) and fungal protein stocks were aliquoted in wells
of 96-well microtiter plates (Nunc, Thermo Fisher
Scientific) to a final volume of 200 uL and protein con-
centration 250 ug/mL. The microtiter plates were then
incubated in a microtiter plate reader (Varioskan Lux,
Thermo Fisher Scientific) at 37°C, with measurements
of absorbance at 600nm (ODg,,) taken every 20min
for 20h.

Agglutination assay

Overnight cultures of model strains were harvested by
centrifugation and the pellet was resuspended in phos-
phate buffer (PBS). The ODg,, of the bacterial suspen-
sion was adjusted to 0.2. Fifty microliters of the bacterial
suspension were mixed with 50 uL of fungal protein at a
concentration of 500 ug/mL in 96-well U-bottom micro-
titer plates (Nunc, Thermo Fisher Scientific). The mix-
ture was mixed by pipetting and incubated for 15 min at
room temperature to observe the formation of pellets.
As agglutination did not reveal any visible aggregates,
the experiments were repeated using p.CLEAR micro-
titer plates (Greiner BioOne) so that the aggregates
could be detected by bright-field microscopy at 100x
magnification with oil immersion on the Olympus micro-
scope CKX53. The experiments were repeated three
times separately. The fungal protein was considered
agglutinating if aggregates were observed in all three
replicates.

Protease digestion sensitivity assay

Lectins and protease inhibitors were diluted in buffer
(20mM Tris—HCI, 0.3M NaCl, 5mM CaCl, pH5) to a
concentration of 0.4mg/mL and were mixed with pro-
teinase K (0.01 mg/mL). After the digestion for 2h at
40°C, proteins were resolved on SDS-PAGE gel and
the bands were visualized by silver staining.

Antibiofilm activity evaluated by
viability assay

Experiments were performed as previously described
(Klanénik et al., 2020). In summary, 96-well polysty-
rene microtiter plates (Nunc, Thermo Fisher Scientific)
were inoculated with bacterial inoculum (~10°CFU/
mL) mixed with fungal proteins to achieve final con-
centration of 250pg/mL in a 1:1 ratio to final volume
200pL and incubated at 37°C for 24 h. Quantification

MICROBIAL BIOTECHNOLOGY

of biofilm cells was performed as described previously
(Siki¢ Pogadar et al., 2016). Briefly, after incubation,
the biofilms were rinsed three times and the remaining
cells were detached by sonication at room temperature
for 5min at frequency 28kHz and power 300W (Iskra
Pio). The number of bacteria was determined by plating
(CFU/mL). Experiments were performed in three bio-
logical repetitions.

Antibiofilm activity evaluated by
fluorescence microscopy (application
time test)

Two different treatments were used to study the an-
tibiofilm activity by fluorescence microscopy: (i) ad-
dition of fungal proteins at the time of inoculation of
the biofilm (during adhesion) or (ii) addition of lectins
to the 24-h-old biofilm to test its ability to disperse
the biofilm. Overnight cultures of model strains were
harvested by centrifugation and the ODg,, of the
bacterial suspension was adjusted to 0.2. Fifty mi-
croliters of the bacterial suspension were mixed with
50 pL of fungal protein at a concentration of 500 pg/
mL on pCLEAR microtiter plates (Greiner BioOne)
to test the effect on adhesion. The bacteria were al-
lowed to adhere for 1 h at room temperature. Non-
adherent bacteria were then removed and fresh broth
was added, followed by overnight incubation at room
temperature. Phosphate buffer was used to prepare
the untreated control. To test dispersion, the biofilm
was grown overnight in a similar way to the untreated
control. Then fresh broth containing fungal protein at
a concentration of 250 ung/mL was added and incu-
bation was continued for 18 to 24 h. For titration ex-
periments, the fungal proteins were diluted twofold
(from 500 to 62.5ug/mL) and treated as described
above. After incubation, the wells were washed three
times with PBS and the bacteria were labelled with
the DNA probe SYTO9 (Thermo Fisher Scientific)
at a final concentration of 3uM. The unbound probe
was removed after 30 min, and the remaining biofilm
was immediately examined by fluorescence micros-
copy using Zeiss Observer.Z1 microscope with a 10x
objective. For each experiment, the optimal settings
for image acquisition were determined based on the
untreated controls, and then the images were ac-
quired. The raw images were compared visually, and
the number of biofilm bacteria was analysed using
CellProfiler3 (McQuin et al., 2018). To calculate the
percentage of remaining biofilm bacteria, the quanti-
tatively analysed images of the treated biofilms were
compared with the untreated controls of the experi-
ment. A reduction in biofilm bacteria of more than
50% was considered antibiofilm effective. The experi-
ments were repeated three times independently.
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The brightness of the images shown in Figure 2 was
adjusted using Fiji to highlight the features of the biofilm
for better visual assessment (Schindelin et al., 2012).

Antibiofilm activity evaluated on collagen,
mucin and fibronectin

Microtiter plates were coated with 50 uL of mucin type
II (50 pg/mL), fibronectin (10pug/mL), or collagen type
I (10, 25, 50pg/mL) and incubated overnight at 4°C.
Then, the excess solution was removed, and the wells
were washed once with PBS. Biofilms were formed and
analysed as described above for viability assay and flu-
orescence microscopy.

Cell viability assay

The viability of the human colorectal adenocarci-
noma cell line (CaCo-2, ATCC; HTB-37) was exam-
ined after addition of selected fungal proteins having
antibiofilm on biological model surfaces using the
MTS assay CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega) according to the man-
ufacturer's instructions. Cells were maintained in the
ATCC recommended culture medium containing heat
inactivated fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Gibco). Cells were maintained at 37°C
in a humidified atmosphere containing 95% air and
5% CO,. For the MTS cell viability assay, 3 x 10* cells/
well were seeded 12h before the addition of the fun-
gal proteins at a concentration of 125ug/mL, and cell
viability was determined after 48 h. Absorbance was
measured at 490 nm using the Infinite M1000 micro-
plate reader (Tecan). The experiments were repeated
twice separately.

Adhesion assay on Caco-2 cell line

The adhesion experiment was performed as previ-
ously described with slight adjustments (Reddy &
Austin, 2017). Overnight cultures of L. monocytogenes
were harvested by centrifugation, and the ODg,, of
the bacterial suspension was adjusted to 20 in DMEM
supplemented with FBS. A fungal protein and bacterial
suspension were mixed in a 1:1 ratio to reach the final
protein concentration used for the cell viability assay
and incubated for 15min at room temperature to allow
lectin to bind to the bacterial surface. Phosphate buffer
was used as a control. For the adhesion assay, two
different treatments were performed: (i) the lectin was
removed from the mixture by centrifugation or (ii) the
lectin was not removed from the mixture prior to expo-
sure to the Caco-2 cell line. Then, 30puL of the treated
or untreated bacterial suspension in 1mL DMEM was

added to the Caco-2 cell line layer to achieve a mul-
tiplicity of infection (MOI) of 10. The plates were then
briefly centrifuged and incubated for 30min at 37°C
and 5% CO,. The cells were then washed five times
with PBS. To lyse the cells and detach adherent bac-
teria, 500 pL of cold 0.1% Triton X100 was added. The
resulting lysates were serially diluted in PBS, and the
dilutions were spotted onto Tryptone-soy (TS) agar
plates. After 48 h, colonies were counted and CFU/mL
were calculated. The experiments were repeated twice
separately.

Statistical analysis

A one-way ANOVA was used to evaluate antibiofilm
effects of fungal proteins determined with the viability
test and Dunnett's test was used to determine whether
there were statistically significant differences between
fungal protein treated and untreated (control) samples.
A p-value of p<0.05 was considered statistically sig-
nificant. The bacterial growth kinetics data were fitted
using the model:

h

N = No+ Atexplred—ny F°

where N represents the dependent variable indicating
the number of bacteria, N is the initial number of bac-
teria, h denotes the difference in ODg,, between N
and the capacity (k), r is the growth rate, i represents
the time at the inflexion point, ¢ denotes the indepen-
dent variable time and ¢ is the normally distributed error
term of the model with zero expectation. The nonlinear
growth model was fitted by improving the estimations of
the four parameters (N, h, r and i) while minimizing the
residual sum of squares. Regression diagnostics were
performed in three steps: (1) calculating the explained
variance rate (R?) and testing its significance using a t
test, (2) testing the model accuracy using an F test and
(3) evaluating the significance levels of the parameter es-
timations by t tests. The models were accepted only if
all the tests were significant (p<0.05). The carrying ca-
pacity (k = Ny + h), and the maximal specific growth rate
(Umax = h=r /4) were assessed from the estimated pa-
rameters. Finally, the estimated parameter values (r and
Umax) 9ained for the control and fungal protein treatment
conditions were compared using t tests specifically de-
veloped for model parameter comparisons (Motulsky &
Christopoulos, 2004).

A three-way ANOVA was performed to evaluate
the effects of fungal proteins and application time on
the remaining live biofilm of L. innocua and L. mono-
cytogenes as determined by fluorescence microscopy.
In addition, the effect of application time for all fungal
proteins was investigated separately for each bacterial
species.
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Two-way ANOVA was used to compare biofilm bac-
teria grown on mucin or fibronectin versus polystyrene.

The normality of the residuals was deemed accept-
able based on the absolute values of their skewness
and kurtosis being below 1. The homogeneity of vari-
ances was assessed using Levene's test (p<0.05).

Statistical analysis was conducted using IBM SPSS
Statistics v29 (IBM Corp, Armonk, NY, 2022).

RESULTS

Effect of fungal proteins on growth
parameters and viability of biofilm
bacteria

Model strain of L. innocua was exposed to fungal pro-
teins for 24h and its growth was monitored to deter-
mine antibacterial activity. The observed differences
in bacterial growth parameters were marginally signifi-
cant, with the lectins AAL, CGL2, ConA, MOA and MpL
slightly increasing the specific maximal growth rate
(Mmax) Of L. innocua, while CML1 and LbTec2 slightly
decreased it (Table S1). Since fungal proteins could be
used by bacteria as a nutrient source, leading to an in-
crease in u_ .., susceptibility to digestion by proteinase
K was tested. The susceptibility to proteinase K and the
increase in u .. coincide for the lectins AAL, CGL2,
ConA and MOA, while MpL is resistant to proteinase
K digestion and ABL, CGL3 and TAP1 are susceptible
but have no effecton y ..

The model strains were then exposed to fungal pro-
teins when they were growing in the form of a biofilm to
test their antibiofilm activity. The viability of L. innocua
biofilm bacteria was significantly reduced by the ac-
tion of AAL, CGL2, ABL, CNL, TAP1 and CML1. The

MICROBIAL BIOTECHNOLOGY

lectins AAL, ABL, CNL and TAP1 (Table 1) significantly
reduced the viability of L. monocytogenes biofilm bac-
teria, while others did not.

None of the fungal protease inhibitors caused
changes in the growth parameters of L. innocua.
Antibiofilm activity against L. innocua was observed for
Mcp1 and PIC, and against L. monocytogenes for Mcp1
and Mcp4 (Table 2).

Effect of fungal proteins on adhesion and
biofilm dispersion on polystyrene at room
temperature

The effect of fungal proteins on biofilm development
was tested by exposing bacteria to the fungal proteins
during adhesion (1h) or 24 h after biofilm maturation
to investigate the ability to disperse the biofilm. We
detected significant overall fungal protein type effect
(lectin versus protease inhibitor) and application time
effect (adhesion versus dispersion) together with their
interaction effect (lectin: F(19,160)=5.60; application
time: F(1,160)=46.14; interaction: F(19,160)=4.29, all
with p<0.001). The fungal proteins with effect on L.
innocua and L. monocytogenes thus interfere with
biofilm development during the adhesion and the
effect of the lectins on the tested species was sig-
nificantly greater than that of the protease inhibitors
(lectin: 0.40; application time: 0.22). The lectins CGL3,
LbTec2, MOA affected biofilm development during ad-
hesion of L. innocua and CGL2, ConA, LbTec2, MOA
and the protease inhibitor Mcp4 affected L. monocy-
togenes (F(1,4)>8.5, p<0.05) (Figure 1). Titration of
fungal proteins did not abolish the effect of CGL3 in L.
innocua (Figure S1) and CGL2, LbTec2 and MOA in L.
monocytogenes (Figure S1).

PIC PIC |—
Mcp4 s — « Mcp4
MCP3  |———— Mcp3
Mcp! —— McpT  ——
Clt i—— Clt  i——
TAP1 @ TAP!  |——
MpL  j——— MpL  ——
MOA S MOA  |—

h—{
LbTec2 @i «
ConA jm—

LbTec2
ConA  |l—

FIGURE 1 Effect of the tested fungal CNL CNL |
proteins at a concentration of 250 pg/mL CMLY [ —— CMLT  —

on the biofilm development of Listeria CGL3 |m* CGL3

innocua and Listeria monocytogenes CGL2 jm—+ COL2 |miniei—

on polystyrene at room temperature,

CCL2 |t

COL? |m—

distinguishing between the effect on ABL ABL  j———"

adhesion (A) and the dispersing effect AAL  fa—— AL | —

on the mature biofilm (B). Statistically 0 50 100 150 200 250 300 0 50 100 150 200 250 300
significant differences between the remaining biofilm bacteria (%) remaining biofilm bacteria (%)
application times (adhesion or dispersion) oL. i ul. ytog oL i al. ytog

at p<0.05 are marked with an asterisk. (R) (B)
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Fungal lectins with a significant effect on the biofilm
caused L. innocua to attach only loosely to the polysty-
rene, while the bacteria in the control group attached
firmly and were immobile (Figure S4). Similar results
were observed for the attachment of L. monocyto-
genes, with the exception of MOA and CGL2, where
no changes were observed compared to the control
(Figure S5). The fungal proteins ConA, Mcp4, CGL2
and TAP1, whose effect on the biofilm of L. innocua was
pronounced but not significant (Figure 1), also caused
loose attachment of the bacteria to the polystyrene. The
lectin CML1, which had no effect on the biofilm, had no
effect on attachment (Figure S4). Similar results were
observed for L. monocytogenes (Figure S5).

There was no significant difference between the
effect of the tested fungal proteins on the bacterial
species (F(1,160)=0.63, p=0.43). A slightly significant
three-way interaction effect was found (F(19,160)=1.61,
p=0.06), which could mask a single significant fungal
protein effect of the lectin CGL2, which also dispersed
the biofilm of L. innocua, while all other fungal proteins
only affected adhesion (Figures 1 and 2).

The fungal proteins tested did not lead to agglutina-
tion of the model bacteria at room temperature to the
extent that visible pellets were formed (Figures S2,
S3). Most of the fungal proteins tested do not cause
aggregate formation, as only individual aggregates can
be observed, but not in a repeatable manner, so their
agglutinating activity was not considered conclusive
(Table 3). The lectins ConA, LbTec2 and TAP1 tend to
be less stable under storage conditions (Figure S7), as
analysis on the gel also produced non-targeted bands
and these lectins also gave inconclusive results; on the
other hand, MOA and Mcp4 are stable but also give
inconclusive agglutination results.

L. innocua

CGL2 Control

adhesion

dispersion

Effect of fungal proteins on L. innocua
and L. monocytogenes biofilm on
collagen, mucin and fibronectin-coated
polystyrene

The model species strains did not form a biofilm on
collagen, and no statistical significance was found in
the number of biofilm bacteria within the untreated
control biofilms on mucin and fibronectin compared
to polystyrene independently whether L. innocua or
L. monocytogenes was considered (bacterial species:
F(1,8)=0.02, p=0.89; surface: F(2,8)=0.06, p=0.94).
Lectins CGL2, CML1, TAP1 abolished L. innocua bio-
film development on mucin and fibronectin. Additionally,
CNL and MpL showed antibiofilm activity on mucin
and Mcp4 and MOA on fibronectin (Table S2). The
application time test based on microscopy confirmed
the observations for TAP1 and CGL2 and for CNL
on mucin. The biofilm of L. monocytogenes on mucin
was prevented by CGL2, CGL3, MpL and TAP1, and
by ConA on fibronectin (Table S2). Only the effect of
ConA was confirmed by microscopy. Despite the de-
scriptive congruence there was no statistically relevant
correlation between the results of the methods used
(viability assay, microscopy) due to the large variability
(Pearson's p>0.05).

Effect on L. monocytogenes adhesion to
Caco-2 cell line

Fungal lectins, CGL2, CML1, TAP1 and CCL2, did not
affect the viability of the Caco-2 cell line, but MOA
decreased it (Figure S6A). Adhesion of L. monocy-
togenes to the Caco-2 cell line was slightly reduced

L. monocytogenes
CGL2

Control

FIGURE 2 Effect of the lectin CGL2 on biofilm development of Listeria innocua and Listeria monocytogenes at the time of adhesion
(1h) and its effect on the 24-h-old mature biofilm to study its ability to disperse the biofilm. CGL2 was the only lectin tested that affected the
mature biofilm. The bacteria of the remaining biofilm were labelled with the DNA probe Syto9, and images were taken at 10x magnification.
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TABLE 3 Biochemical properties of the tested fungal proteins and their agglutination activity against Listeria innocua and Listeria

monocytogenes.

Protein name

abbreviation Protein group

AAL B-propeller

ABL Actinoporin

CCL2 B-trefoil

CGL2 Galectin

CGL3 Galectin-like

CMLA1 2 antiparallel f-sheets
Sandwich

CNL p-trefoil

ConA ConA-like protein

LbTec2 p -propeller

MpL B -trefoil

TAP1 Actinoporin-like

MOA B-trefoil chimerolectin

CLT B -trefoil

Mcp1 p -trefoil

Mcp3 B -trefoil

Mcp4 B -trefoil

PIC p -trefoil

Note: Agglutination was evaluated as: — no agglutination, Inc - inconclusive.

in the presence of LbTec2 but could not be prevented
by other lectins tested, CGL2, CML1 and TAP1, which
have been shown to prevent biofilm development on
model mucin or fibronectin surfaces (Figure S6B).

DISCUSSION

Biofilms are the most widespread form of bacterial
growth in nature and provide a protective barrier
against environmental stressors including antibiot-
ics, disinfectants and other antimicrobial agents. As
a result, they are difficult to remove, leading to con-
tinuous cross-contamination. Biofilms have there-
fore attracted a lot of attention, as preventing their
formation would minimize the number of food recalls
and possibly also the number of ilinesses in the long
term. Here, we consider fungal proteins as an alter-
native approach to prevent biofilm formation of L. in-
nocua and L. monocytogenes. The fungal proteins
tested are lectins, carbohydrate-binding proteins and
protease inhibitors, which differ in their biochemical
structures and known binding motifs (Tables 1, 2).
The tested fungal lectins had only a minor effect on
bacterial growth parameters, but caused a significant
reduction in the viability of the biofilms of the tested
bacteria at 37°C (Tables 1, 2). Both assays, antibacte-
rial and antibiofilm, reflect the effect on the viability of

Agglutination activity

Number of binding sites Listeria Listeria
per monomer/protein innocua monocytogenes
5/10 - -

2/8 Inc Inc

1/2 - Inc

1/4 = =

1/4 - -

1/6 = =

12 - -

1/4 Inc -

6/24 Inc Inc

1/2 = =
Unknown Inc Inc

3/6 Inc Inc

1M - -

171 = =

17 - -

171 Inc -

7

bacteria, but differ in their execution. Antibacterial ac-
tivity was evaluated using growth curves, which does
not require sample preparation prior to measurement
and allows conclusions to be drawn based on calcula-
tions of growth parameters. This is in contrast to the
biofilm viability test, which requires extensive sample
washing before plating out the bacteria. The decrease
in bacterial viability of the biofilm could therefore be
interpreted as a result of either antibacterial activity or
increased destruction of the biofilm during washing,
as the fungal proteins interfere with biofilm formation.
An antibacterial activity can be excluded here, as the
growth parameters change only slightly and the de-
crease in viability can therefore be attributed mainly
to the activity of the fungal proteins on the biofilm for-
mation itself. Lectins that have T-antigen (p-Gal-1,3-
GalNAc) as a known target (ABL, TAP1 and CGL2)
impaired biofilm development of L. innocua as well as
L. monocytogenes, with the exception of CGL2. This
could be the result of differences in protein folding or
weaker binding to the T-antigen than in the other two
(Walser et al., 2004). In contrast to CGL2, which has
a galectin fold, ABL and TAP1 structurally resemble
the pore-forming proteins actinoporins, which may
be important for activity against L. monocytogenes.
Lectin CNL also caused a reduction in the viability of
biofilm bacteria of both species, but since it shares
the known glycoepitope (p-GalNAc-1,4-GIcNAc) with
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CGL3, which had no effect on the tested bacteria,
this suggests either novel targets of this lectin or that
slight differences in glycan-binding specificity play an
important role. The antibiofilm effect of the protease
inhibitors (Table 2) implies that inhibition of proteases
or other protein—protein interactions are involved as
important factors. Due to the 24-h exposure, the in-
hibition of surface proteases such as sortases, au-
tolysins or signal peptidases as well as intracellular
proteases could play a role. However, many of the
surface proteins could also be targeted by these fun-
gal protease inhibitors, as it has been shown that they
can also bind via protein—protein interactions, altering
their own activity and the activity of their binding part-
ner (Zurga et al., 2015).

At room temperature, lectins had a significant
effect on biofilm development when bacteria were
exposed to them during adhesion. However, these
differed from those that affected biofilm development
at 37°C (Table 1, Figure 1). The observed effect at
room temperature could be attributed to interference
of the lectin with the attachment of bacteria, but this
does not explain the activity of the lectins CGL2 and
MOA on L. monocytogenes (Figure 1, Figures S4,
S5). We can hypothesize that the effect of some of the
tested fungal proteins is broader, thus affecting the
bacterial surface in the long term or influencing their
metabolism in yet unknown ways, eventually leading
to impaired biofilm development. A possible mecha-
nism of action could be the impairment of chemotaxis
by disruption of motility, as observed in Salmonella
enterica treated with mannose-binding lectin (MBL)
(Xu et al., 2016). Motility of Listeria monocytogenes
is known to be important for invasion of epithelial
cells as well as biofilm formation during initial at-
tachment and subsequent biofilm growth (Lemon
et al., 2007; O'Neil & Marquis, 2006). This is of par-
ticular importance for the observations at room tem-
perature, as Listeria down-regulates motility at 37°C,
although there are some differences between strains
(Grindling et al., 2004). In addition, it is known that
the flagella of Listeria are glycosylated by $-O-linked
N-acetylglucosamine, which is a potential target for
lectins (Schirm et al., 2004). Lectins with antibiofilm
activity at room temperature have no known common
target, as appears to be the case for T- antigen at
37°C. Only the lectin ConA has already been shown
to have an antibiofilm effect on L. monocytogenes
(Facinelli et al., 1994). Here, we observed that ConA
impairs adhesion of a model strain that has a simi-
lar glycosylation pattern of WTA as the strain used in
Facinelli et al. (1994) and thus probably recognizes
terminal glucose.

Although no pronounced agglutination activity was
observed, the occasional formation of loosely bound ag-
gregates could result in a large proportion of the biofilm

being removed during washing, suggesting a reduced
biofilm formation. Washing is essentially a standard
practice in the preparation of biofilm samples to remove
unbound bacteria that are not part of the biofilm and to
remove background that interferes with subsequent bio-
film detection, and is therefore still used in clinical biofilm
research today. Even if sample preparation by washing
may lead to this type of discrepancy, the effect of fungal
proteins on intact biofilms is difficult to detect unless the
proteins are labelled, as they affect the interactions be-
tween bacteria and the surface or between bacteria, but
not the structure of the biofilm itself. Therefore, washing
steps in sample preparation can be helpful in revealing
these differences, as the biofilm can be broken up more
easily by washing if the fungal proteins loosen the inter-
actions within the biofilm.

Antibiofilm tests on biological model surfaces, fi-
bronectin and mucin, were chosen to mimic the extra-
cellular matrix relevant for the pathogenesis of Listeria.
Binding to biological surfaces is thought to be mediated
by specific interactions via proteins with fibronectin-
binding domains or mucin-binding domains or other
bacterial lectins, although the latter have not yet been
identified in Listeria according to the Unilectin database
(Bonnardel et al., 2020). The results of the two meth-
ods used (viability assay, microscopy) were mostly not
congruent. The reason for the observed differences
between the results of the viability assay and fluores-
cence microscopy is not clear, but since washing af-
fects the structure of the biofilm, its effect may not be
reproducible, leading to the observed discrepancies as
discussed above.

The effect of some lectins and protease inhibitors
on biofilm enhancement, which could be the disad-
vantage of their use against biofilms, could also be
due to their potential sensitivity to protease digestion,
as it has been shown that protein fragments resulting
from proteolysis can enhance the biofilm phenotype
as Listeria integrates the resulting peptides into the
biofilm (Franciosa et al., 2009). However, sensitivity to
proteolytic degradation by proteinase K is not a gen-
eral indication of biofilm enhancement potential, as the
lectins AAL, ABL, TAP1 and MOA were also digested
by proteinase K but had no enhancing effect on biofilm
development (Table 1).

CONCLUSIONS

The fungal proteins tested are thought to act on the
bacterial surface through a specific interaction with
cell wall components, either carbohydrate or protein
moieties or both, leading to a long-term impairment
of biofilm development without having an antibacte-
rial effect. They are effective when the bacteria are
exposed during adhesion, but have no effect on the
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mature biofilm. Although biofilm methodology gener-
ally needs to be improved to achieve reproducible
results and clearly demonstrate antibiofilm proper-
ties, we conclude that the observed effects of fungal
proteins on the development of Listeria biofilms on
different types of surfaces suggest that they have the
potential to modulate interactions between bacteria
and/or between bacteria and surfaces. These ef-
fects could be used to reduce the bacterial load on
various abiotic surfaces or biological systems, either
alone or in combination with established antimicrobial
compounds.
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