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ABSTRACT
The ecology of a biofilm is a complex function of different factors, including the presence of
microbial metabolites excreted by the inhabitants of the biofilm. This study aimed to assess the
effect of patulin, and N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) on inter-king-
dom biofilm formation between a filamentous fungus and bacteria isolated from drinking water.
The filamentous fungus Penicillium expansum and the bacteria Acinetobacter calcoaceticus and
Methylobacterium oryzae were used as model species. M. oryzae biofilm formation and develop-
ment was more susceptible to the presence of the quenching molecules than A. calcoaceticus
biofilms. Patulin reduced M. oryzae biofilm growth while 3-oxo-C12-HSL caused an increase after
48 h. The presence of P. expansum had a detrimental effect on M. oryzae cell numbers, while an
advantageous effect was observed with A. calcoaceticus. The overall results reveal that quorum
sensing and quenching molecules have a significant effect on inter-kingdom biofilm formation,
especially on bacterial numbers.
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Introduction

Drinking water distribution systems (DWDS) repre-
sent a system of reservoirs, pipes, and treatment
facilities employed to transport water to the public
and are known to harbour biofilms which in turn
represent > 95% of the biomass in these systems
(Flemming et al. 2002; Siqueira et al. 2013). Biofilms
are responsible for influencing different factors affect-
ing the quality of drinking water (DW). They can be
a reservoir of pathogens and lead to an increase in
cell numbers in the bulk phase, cause changes in the
organoleptic properties of the water, and increase the
corrosion rate of pipes and be responsible for the pro-
duction of toxins (Paterson and Lima 2005; Feazel
et al. 2009; Li et al. 2015; Wang et al. 2017; Zhou
et al. 2017). Biofilm studies on DWDS have had bac-
teria as their main focus. However, an increasing
number of studies have also been performed regard-
ing total microbial ecology and, in particular, the
presence and biofilm formation ability of filamentous
fungi (Sim~oes et al. 2015; Douterelo et al. 2016;
Afonso et al. 2019; Fernandes et al. 2019). Due to
their absorptive mode of nutrition, secretion of extra-
cellular enzymes to digest complex molecules and
their apical hyphal growth, these fungi have a high

aptitude to grow on surfaces (Jones 1994). They can
be introduced into DWDS from the water reservoirs
as natural contaminants or other different locations,
such as leaking joints and adapters, cracks in pipe-
lines, physical openings in storage facilities and/or
during maintenance. Fungi have also been associated
with the production of mycotoxins in water (Paterson
et al. 1997; 2007; Siqueira et al. 2013).

Under natural conditions, biofilms are considered
complex communities with a high diversity of com-
plex relationships involving inter- and intraspecies
interactions (Douterelo et al. 2016; 2018). In many
microbiomes bacteria can coexist with different eukar-
yotes, including fungi (Frey-Klett et al. 2011). These
interactions can occur in biofilms. The ecology of a
biofilm is dependent on a complex mix of prevailing
growth conditions, hydrodynamic forces and the pres-
ence of microbial metabolites and molecules, includ-
ing cell-cell signalling communication molecules
excreted by the microbial inhabitants of the biofilm
(Bryers and Ratner 2004). Quorum sensing (QS) is a
mechanism employed by microbial species to coord-
inate community behaviour. It allows perception of
population density by the production, release and
detection of small signalling communication
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molecules which in turn modify bacterial gene expres-
sion (Rasmussen et al. 2005a). In Gram-negative bac-
teria, the primary signalling molecules involved in QS
mechanism are N-acyl homoserine lactones (AHLs).
These molecules differ in the length of their side
chains (C4 to C19) (Churchill and Chen 2011; Saurav
et al. 2020). The N-(3-oxododecanoyl)-L-homoserine
lactone (3-oxo-C12-HSL) is considered a representa-
tive autoinducer-1, involved in the LasI/LasR system,
the most common quorum sensing system in Gram-
negative bacteria (Papenfort and Bassler 2016). QS
controls and regulates different bacterial population
density-dependent processes, including, biofilm for-
mation, stress resistance, production of toxins and
secondary metabolites and pathogenicity (Antunes
et al. 2010; Shrout et al. 2011). In contrast, eukaryotes
have the ability to interfere with bacterial communi-
cation by producing molecular signals that interact
with bacterial QS. These compounds are called quo-
rum sensing inhibitors (QSI) and they can mimic
autoinducer structure or function, act as antagonists
to the QS molecules, interfere with the stability and
function of the regulator protein or the autoinducer
synthase and hydrolysate signalling molecules
(Gonz�alez and Keshavan 2006). Filamentous fungi, in
particular the genus Penicillium, have been studied
regarding their QSI potential (Rasmussen et al.
2005b). As they coexist with bacteria and do not have
active immune systems, they must rely instead on
chemical defence mechanisms. Patulin, a well-known
polyketide fungal secondary metabolite (mycotoxin)
with a low molecular weight (154.12 g mol�1) and a
high polarity, is one of these biologically active QSI
compounds (Rasmussen et al. 2005b).

As there is a gap in the study of the effects of the
fungal secondary metabolite patulin and AHLs on
inter-kingdom biofilm formation between filamentous
fungi and bacteria, the purpose of this work was to
assess, under laboratory conditions, the effect of patu-
lin and 3-oxo-C12-HSL on single and inter-kingdom
biofilm formation by a filamentous fungus and bac-
teria isolated from a DWDS.

Materials and methods

Microorganisms and culture conditions

Penicillium expansum MUM 00.02, supplied by
Micoteca da Universidade do Minho fungal culture
collection (MUM, Braga, Portugal), was used in this
work and chosen based on its occurrence in the tap
water in the north of Portugal and because it is able
to form single and inter-kingdom biofilms (Gonçalves

et al. 2006; Sim~oes et al. 2015; Afonso et al. 2019). P.
expansum was maintained on malt extract agar
(MEA: malt extract 20 g, peptone 5 g, agar 20 g, dis-
tilled water 1 l).

Acinetobacter calcoaceticus and Methylobacterium
oryzae were previously isolated from a model labora-
tory DWDS by Sim~oes et al. (2007b). These were
chosen for being representative of drinking water bac-
teria and due to their ability to form complex single
species biofilms as well as inter-kingdom biofilms
with this fungus (Sim~oes et al. 2010, Afonso et al.
2019). A. calcoaceticus was grown overnight while M.
oryzae was grown for 72 h before the start of the
assay. The bacteria were grown in batch cultures
using 100ml of R2A broth (yeast extract 0.5 g, pro-
teose peptone 0.5 g, casein hydrolysate 0.5 g, glucose
0.5 g, soluble starch 0.5 g, dipotassium phosphate
0.3 g, magnesium sulphate 0.024 g, sodium pyruvate
0.3 g, distilled water 1 l) at room temperature
(25 ± 2 �C) and under agitation (150 rpm). Afterwards,
the bacteria were harvested by centrifugation (10min
at 13,000 g, room temperature), washed twice in 0.1M
saline phosphate buffer, and resuspended in a volume
of R2A broth to obtain a cellular density of 108 cells
ml�1. This was the bacterial concentration used for
biofilm formation assays.

Stock solution of fungal spores

A stock solution of fungal spores was prepared
according to Sim~oes et al. (2015). Briefly, spores of P.
expansum were harvested from seven-day old pure
cultures in MEA at 25 �C by flooding the surface of
the agar plates with 2ml of TWS solution (0.85%
NaCl plus 0.05% Tween 80) and rocking gently. The
suspension was then homogenized by vortexing and
used for large scale production of spores. The final
spore suspension was homogenized by vortexing
before quantification using a Neubauer count cham-
ber. Aliquots of spore suspension with 10% of gly-
cerol were cryopreserved at �80 �C in order to allow
the use of the same spore suspension in all the bio-
film assays. Stock spore suspensions were resuspended
in the volume of R2A broth necessary to achieve a
density of 105 spores ml�1. This was the spore con-
centration used for biofilm formation assays. Assays
were performed with germinated fungal spores.
Spores were pre-germinated in order to stimulate
their metabolic state. Germinated fungal spores were
prepared by inoculating 105 fresh spores ml�1 in R2A
broth for � 14 h (sufficient time to have > 95% spore
germination).
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Preparation of quorum sensing and
quenching molecules

Patulin and 3-oxo-C12-HSL were purchased from
Cayman Chemical (Ann Arbor, MI, USA) and Sigma-
Aldrich (St Louis, MO, USA) respectively. Stock solu-
tions of 32.5mM were prepared for each individual
molecule in dimethyl sulfoxide (DMSO) (Merck
KGaA, Darmstadt, Germany) and stored at �20 �C
until use. From the original stock solutions, dose
working solutions of 50 and 500 mM were prepared
using R2A broth.

Determining the effect of quorum sensing and
quenching molecules on biofilm formation

Biofilms were developed according to the modified
microtiter plate test used by Stepanovi�c et al. (2000)
for bacteria and Sim~oes et al. (2015) for fungi. Briefly,
for the single-species biofilms, wells of sterile poly-
styrene 96-well flat bottom culture plates (SARSTEDT
AG & Co. KG, N€umbrecht, Germany) were filled
under aseptic conditions with 190 ml of spore suspen-
sion (105 spores ml�1 in R2A broth) or 190ml of a
cell suspension (108 cells ml�1 in R2A broth) supple-
mented with 10 ml of each molecule dose working
solution of 50 and 500 mM to yield a final concentra-
tion of 2.5 and 25 mM, respectively. For inter-king-
dom biofilm formation, 95 ml of germinated fungal
spore suspension and 95 ml of the bacterial cell sus-
pension were added to each well supplemented with
10 ml of each molecule dose working solution. Positive
controls were done by adding 10 ml of the same
amount of plain DMSO in R2A broth to each well.
The reduction to half-cell density in the inter-king-
dom assays was performed to avoid limitation of
nutritional factors. P. expansum grew alongside each
bacterium. To promote biofilm formation, all plates
were incubated aerobically at room temperature
(25 ± 2 �C) and under agitation (150 rpm) for 24, 48
and 72 h. Biofilms at 48 and 72 h were considered as
matured, well developed biofilms. Every 24 h, depleted
medium was removed and renewed with fresh, clean
medium, supplemented with the respective concentra-
tion of each molecule. At each sampling time, the
content of each well was removed and washed two
times with 200 ml of sterile distilled water to remove
non-adherent and weakly adherent cells. The plates
were air dried for 30min to remove excess water by
evaporation. The remaining attached cells were ana-
lysed in terms of biomass adhered on the inner walls
of the wells, in terms of metabolic activity and colony
forming units (CFU) for bacteria. The rinsing and

drying procedures were as previously used with bac-
terial and fungal biofilms (Sim~oes et al. 2007a; 2010;
2015; Afonso et al. 2019). Negative controls were
obtained by incubating the wells with only R2A broth
without adding any fungal spores or bacterial cells.
Biofilm assays were performed three times with five
replicates per experiment.

Biofilm monitoring by
spectrophotometric methods

Biofilm mass quantification by crystal violet
The biomass adhered on the inner walls of the wells
was quantified by the crystal violet (CV) method
according to the procedure described by Stepanovi�c
et al. (2000). The biofilms in the 96-well plates were
fixed with 200 ml well�1 of 98% methanol (VWR,
Carnaxide, Portugal), for 15min. Afterwards, the
methanol was discarded, the plates left to dry and
then the fixed biofilm was stained with 200ll well�1

of CV (Merck KGaA) for 5min. Excess stain was
rinsed out by placing the plate under slow running
tap water. After this, the plates were air dried and the
dye bound to the adherent cells was resolubilized by
adding 200 ll well�1 of 33% (v v�1) glacial acetic acid
(Panreac, Cascais, Portugal). The optical density of
the solution obtained was measured at 570 nm using
a microtiter plate reader (BioTek, Winooski, VT,
USA) and the biofilm mass was presented as
OD570 nm values.

Biofilm metabolic activity assessment by resazurin
Resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide)
(Sigma-Aldrich) is a viability dye used to assess the
metabolic activity of biofilms (Borges et al. 2012). For
each biofilm growth period, fresh R2A broth (190 ll)
was added to the plates. A volume of 10 ll of resa-
zurin (400 lM) indicator solution was added to each
well, in order to obtain a final resazurin concentration
of 20lM. Plates were incubated in the dark for 3 h at
25 �C. Fluorescence was measured after excitation at
530 nm and emission at 590 nm using a microtiter
plate reader (BioTek). The biofilm specific metabolic
activity was determined as metabolic activity per bio-
film mass and expressed as Fluorescence/OD570 nm.

Monitoring of washed bacterial cells
For each biofilm growth period, after removing the
content of each well from the microtiter plates, 200 ml
of sterile distilled water were added to remove non-
adherent and weakly adherent bacterial cells. Of the
200 ml of distilled water, half was then placed in a
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new microtiter plate. The optical density of the solu-
tion obtained was measured at 600 nm using a micro-
titer plate reader (BioTek) and the results presented
as CFU. Standard curves correlating the OD600 nm

with CFU were done and the equations y¼ 1� 109x
� 5� 106 (R2 ¼ 0.9949) and y¼ 6� 108 x � 3� 106

(R2 ¼ 0.9931) were obtained for A. calcoaceticus and
M. oryzae respectively.

Number of bacteria in single and inter-
kingdom biofilms

The number of bacterial cells present in either A. cal-
coaceticus or M. oryzae single species biofilms and in
inter-kingdom biofilms was determined in terms of
CFU using a plate count assay upon biofilm release.
Briefly, bacterial single-species biofilms and inter-
kingdom biofilms were grown in a 96-well plate as
described above. After each incubation period, the
supernatant was removed, and the plate was washed
three times with sterile water. A volume of 200ll of
sterile phosphate buffer saline (pH 7.4) was added to
each well. Afterwards, biofilms were scrapped with a
pipette tip and, in addition, the 96-well plate was cov-
ered with the lid and placed into an ultrasonic bath
(Bandelin electronic GmbH & Co. KG, Berlin,
Germany). To release bacterial cells from the biofilm,
the plate was sonicated for 1min (5 s sonication, 10 s
interval) at 35 kHz. Three replicates were used for
each condition and bacterial cells were plated onto
R2A agar plates for CFU determination.

Statistical analysis

Data were analysed applying the two-way analysis of
variance (2way ANOVA) and the comparisons
between and within experimental groups were carried
out using Tukey’s multiple comparisons test. The soft-
ware used for statistical analysis was GraphPad Prism
(GraphPad Software, La Jolla, California, USA) ver-
sion 8.3.0. A p-value < 0.05 was regarded as statistic-
ally significant.

Results

Biofilm mass quantification and specific metabolic
activity of biofilms

The results for P. expansum and M. oryzae biofilm
mass quantification and specific metabolic activity are
presented in Figure 1a and b respectively, whilst results
for P. expansum and A. calcoaceticus are presented in
Figure 2a and b. In inter-kingdom biofilms, the data

feature the global biomass and metabolic activities of
both the fungus and the bacteria, not only one specific
microorganism. Statistical analysis of the data is shown
in Tablse S1 and S2 (Supplemental material).

Regarding single-species biofilms of P. expansum,
neither patulin nor 3-oxo-C12-HSL influenced their
biofilm mass or specific metabolic activity. The single-
species biofilm mass of M. oryzae was reduced at all
times in the presence of 25lM of patulin (p< 0.05).
In contrast, both concentrations of 3-oxo-C12-HSL had
a beneficial effect, increasing the biofilm mass of this
bacterium (Figure 1a). Despite the effect of both mole-
cules on biofilm mass, the specific metabolic activity of
single-species biofilms was not affected (Figure 1b). In
inter-kingdom biofilms an increase in biofilm mass
was also observed in the presence of 3-oxo-C12-HSL,
probably due to the increase in the mass of M. oryzae.
This increase correlated with a decrease in specific
metabolic activity. At 72 h, both concentrations of
patulin showed an increased metabolic activity of
inter-kingdom biofilms in comparison with P. expan-
sum biofilms. The results show a slight inhibition of
M. oryzae towards the fungus for the first 24 h.

Results for A. calcoaceticus single-species biofilms
show that neither molecule caused a significant effect
on biofilm mass (Figure 2a). However, both concentra-
tions of patulin significantly decreased its specific
metabolic activity at 24h, while 25lM of 3-oxo-C12-
HSL caused an increase at 48 and 72h (Figure 2b). In
general, the specific metabolic activity of A. calcoaceti-
cus biofilms substantially decreased with time for all
conditions. This general decrease is to be expected.
Bacteria are more active in the initial growth stages
(24 h) to either adhere to the substratum or to multi-
ply, resembling the log phase of a growth curve. This
will eventually culminate in a stationary or death
phase, in which metabolic activity is reduced. The
presence of A. calcoaceticus resulted in a higher inhib-
ition of fungal biofilm formation and development
than M. oryzae, in particular at 24 and 48h. However,
in the presence of 25lM patulin, this effect was less
pronounced, as P. expansum was able to form a denser
biofilm. In inter-kingdom biofilms, the presence of
patulin decreased the specific metabolic activity, while
3-oxo-C12-HSL had no effect at any time point.

Effect of quorum sensing and quenching
molecules on bacterial cell density in single
species and inter-kingdom biofilms

The results on the number of bacterial cells, in either
single-species biofilms or inter-kingdom biofilms, are
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Figure 1. (a) Biofilm mass quantification and (b) specific metabolic activity for single-species and inter-kingdom biofilm formation
over time for P. expansum and M. oryzae. Pat¼ patulin; HSL ¼ 3-oxo-C12-HSL. The means± SDs for at least three independent
experiments are illustrated. Each single-species biofilm of P. expansum and M. oryzae were used as controls against the inter-king-
dom biofilms.
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Figure 2. (a) Biofilm mass quantification and (b) specific metabolic activity for single-species and inter-kingdom biofilm formation
over time for P. expansum and A. calcoaceticus. Pat¼ patulin; HSL ¼ 3-oxo-C12-HSL. The means± SDs for at least three independ-
ent experiments are illustrated. Each single-species biofilm of P. expansum and A. calcoaceticus were used as controls against the
inter-kingdom biofilms.
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presented in Figure 3a and b, for M. oryzae and A.
calcoaceticus respectively. Statistical analysis of the
data is shown in Tables S3 and S4
(Supplemental material).

Regarding the cell density of M. oryzae in single-
species biofilms, the results correlated with its biofilm
mass. Patulin caused a decrease in cell density, spe-
cially at 25 lM, while the presence of both concentra-
tions of 3-oxo-C12-HSL resulted in an increase
(Figure 3a). The highest concentration was respon-
sible for a higher increase in cell density. In inter-
kingdom biofilms, an overall reduction was observed
in the cell density of M. oryzae at 48 and 72 h when
compared with each condition in single-species bio-
films. Despite this reduction, the effect of both mole-
cules was similar to that observed in single-species
biofilms of M. oryzae.

The results for A. calcoaceticus cell density in sin-
gle-species biofilms reveal significant effects that were
not noticeable when analysing the biofilm mass
results. A reduction in cell density was observed in

the presence of 25 lM patulin at all time points
(Figure 3b). The presence of 3-oxo-C12-HSL also
caused a reduction in the cell density of this bacter-
ium, specially at the concentration of 25lM and at 24
and 72 h. In inter-kingdom biofilms, the cell densityof
A. calcoaceticus was always higher than in single-spe-
cies biofilms. In relation to the P. expansum þ A. cal-
coaceticus control, there was a general decrease in the
cell density of this bacterium in the presence of both
molecules. The highest decrease was observed in the
presence of 25 lM of patulin.

Washed bacterial cells in single-species and inter-
kingdom biofilms

The results on the number of washed bacterial cells,
in either single-species or inter-kingdom biofilms, are
presented in Figure 4a and b, for M. oryzae and A.
calcoaceticus respectively. Statistical analysis of the
data is shown in Tables S5 and S6
(Supplemental material).

Figure 3. Biofilm cell density for (a) M. oryzae or (b) A. calcoaceticus while forming single-species or inter-kingdom biofilms over
time. Pat¼ patulin; HSL ¼ 3-oxo-C12-HSL. The means± SDs for two independent experiments are illustrated.
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Washed bacterial cells were monitored by CFU.
This was done to determine whether the effect of the
molecules on the number of cells that were loosely
attached to the substratum after removing the plank-
tonic cells was significant. They would not be quanti-
fied by CV as part of the biofilm after the washing
steps. With the removal of depleted medium and its
renewal, the equilibrium that had been previously
maintained was altered with the removal of free-living
cells. The results obtained for M. oryzae revealed that
the presence of the molecules caused an increase in
the amount of bacterial cells that were washed out
with time. This was more significant with the highest
concentration of each molecule. In general, a signifi-
cant decrease in bacterial CFU was observed in inter-
kingdom biofilms compared with single-spe-
cies biofilms.

Regarding A. calcoaceticus, the results showed that
only 25lM of patulin at 24 h reduced the number of
washed cells in single species biofilms. In inter-king-
dom biofilms, the number of A. calcoaceticus washed

cells was inferior compared with single-spe-
cies biofilms.

Discussion

The present study reports the effect of patulin and 3-
oxo-C12-HSL on single and inter-kingdom biofilm
formation and development by P. expansum and two
bacteria, A. calcoaceticus and M. oryzae. These micro-
organisms were chosen based on different characteris-
tics: their ability to form mature single-species
biofilms between 48 and 72 h growth, and because
they have been assessed while forming inter-kingdom
biofilms (Sim~oes et al. 2010; 2015; Afonso et al.
2019). P. expansum, in particular, was also selected
due to its well-known ability to produce patulin as a
secondary metabolite (Santos et al. 2002; Reddy et al.
2010; De Clercq et al. 2016). However, it produces
this mycotoxin in certain favourable conditions (i.e.
an appropriate medium and longer periods of incuba-
tion time). In the medium used in this study, and for

Figure 4. Washed cell density for (a) M. oryzae or (b) A. calcoaceticus while forming single-species or inter-kingdom biofilms over
time. Pat¼ patulin; HSL ¼ 3-oxo-C12-HSL. The means± SDs for two independent experiments are illustrated.
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its shorter duration, no detectable amounts of this
toxin were produced (data not shown). For this rea-
son, there was a need to add the mycotoxin in the
medium throughout the duration of the experiment.
Biofilm formation and development of this filament-
ous fungus was not affected by the exogenous pres-
ence of patulin. At the concentrations used in this
work, 3-oxo-C12-HSL did not influence P. expansum
biofilm formation. To date, the effect of this com-
pound on filamentous fungi has not been studied.

The bacteria used in this study are Gram-negative
and representative of drinking water bacteria. In add-
ition, 3-oxo-C12-HSL has been found in Acinetobacter
(Bhargava et al. 2010) and Methylobacterium species
(Pomini et al. 2009). In a previous study, both the
species used presently were screened for the presence
of AHLs. Small and long side chained AHLs were
detected in M. oryzae while no AHLs were detected
in A. calcoaceticus (Sim~oes et al. 2007a). The absence
of the production of AHLs in A. calcoaceticus in this
study could be related to the medium composition,
suggesting that the QS molecules produced could be
modulated by culture medium conditions (Gonz�alez
et al. 2001). Besides their biofilm formation ability,
these were the reasons to include both bacteria in this
study. The single-species biofilm mass of M. oryzae
showed a correlation with the CFU of this bacterium.
Patulin at the highest concentration tested in this
work caused a decrease in both biofilm mass and
CFU, while 3-oxo-C12-HSL caused an increase. The
highest concentration of 3-oxo-C12-HSL was, in gen-
eral, responsible for the highest increase in CFU. In
inter-kingdom biofilms, the effect of the molecules on
M. oryzae followed the same pattern as for single-spe-
cies biofilms. The decrease in the cell density of
planktonic M. oryzae cells as well as in biofilms in the
presence of P. expansum, reveals that the presence of
this fungus caused a slight inhibition towards this
bacterium. Despite no amounts of patulin being
detected, there might be a small quantity being pro-
duced, or other molecules and/or other quorum
quenching mechanisms that could hinder the M. ory-
zae QS mechanism.

In A. calcoaceticus single-species biofilms, it was
shown that neither patulin nor the QS molecule had a
significant effect on biofilm mass despite a slight
decrease with 25 lM patulin. However, looking at the
CFU of this bacterium, a significant reduction was
observed in the presence of the same concentration of
this molecule. Specific metabolic activity was also
reduced in the first 24 h of biofilm formation in the
presence of 25 lM patulin, indicating that this

compound may act on the metabolic activity of this
bacterium. In contrast to the effect on M. oryzae, the
QS molecule did not cause an increase in either the
biofilm mass or the CFU of A. calcoaceticus. As men-
tioned above, the absence of AHLs in A. calcoaceticus
and their presence in M. oryzae may explain this dif-
ference (Sim~oes et al. 2007a). In inter-kingdom bio-
films with P. expansum, the CFU for A. calcoaceticus
increased significantly for all conditions when com-
pared with single-species biofilms. In contrast, the
reduction in CFU when analysing the washed cells in
the presence of the fungus reveals a protection effect
of the fungus towards this bacterium. This biotic sup-
port and protection offered by intertwined fungal
hyphae, in addition to the ability of A. calcoaceticus
to coaggregate, confers an advantage on this bacter-
ium to proliferate (Sim~oes et al. 2008; Frey-Klett et al.
2011). Patulin, in comparison with the effect on the
CFU of this bacterium in single-species biofilms, also
caused a reduction in inter-kingdom biofilms, espe-
cially at 25 lM. However, the number of CFU of A.
calcoaceticus in inter-kingdom biofilms, was still
higher than in any condition for single-species bio-
films. These results emphasize the protection and
biotic support that the fungal hyphae confer towards
this bacterium. Analysing the effect of A. calcoaceticus
on P. expansum biofilm formation, an inhibition was
detected towards the fungus, especially at 24 and 48 h.
Similar results were observed in other studies where
bacteria inhibited fungal spore germination and
hyphal growth (Mowat et al. 2010; Afonso et al. 2019;
Kousser et al. 2019; Nogueira et al. 2019). With the
removal of planktonic cells and the renewal of the
medium, viability and fungal growth increased over
time as seen by the increase in biofilm mass.
Nogueira et al. (2019) showed that Aspergillus species
remain viable upon interaction with Klebsiella pneu-
moniae. The initial inhibitory effect may be due to
direct competition for nutrients, the production of
metabolites that might inhibit fungal development,
the higher growth rate and metabolic activity of the
bacteria or a combination of these factors (Mowat
et al. 2010; Nogueira et al. 2019). As the presence of
25 lM patulin causes a reduction in the metabolic
activity and CFU of A. calcoace, it might be the rea-
son for the increase in fungal biofilm mass in inter-
kingdom biofilms.

The effect of both molecules had, as expected,
opposite effects. Patulin has been a known QSI. Using
DNA micro-array-based transcriptomics, Rasmussen
et al. (2005b) showed that patulin down-regulates QS-
regulated genes in Pseudomonas aeruginosa by 45%,
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indicating that it shows specificity for QS-regulated
gene expression. More recently, it has also been
shown that patulin interferes with the ATP binding
cassette transporter of another QS signalling molecule,
the auntoinducer-2, in Salmonella enterica serovar
Typhi (Vijayababu et al. 2018). A high reduction in
the biofilm forming ability and QS signalling system
of Halomonas pacifica was also reported in the pres-
ence of 25 lM patulin (Liaqat et al. 2014). However,
studies conducted on biofilm formation by different
isolates from dental unit water lines have shown the
opposite effect. Concentrations up to 25 lM of this
compound promoted biofilm formation by Bacillus
cereus, P. aeruginosa and Achromobacter sp. (Liaqat
et al. 2008; 2010). These reports, in combination with
the present results, indicate that the patulin effect on
biofilm formation is species dependent.

The increase in biofilm formation in the presence
of 3-oxo-C12-HSL is in accordance with other studies.
Bhargava et al. (2012) showed that an exogenous con-
centration of 20 lM of this molecule was responsible
for a significant increase in biofilm formation by
Acinetobacter baumannii and P. aeruginosa. In a
study on the changes in Salmonella enterica pheno-
types in the presence of AHLs, it was observed that
3-oxo-C12-HSL, although at lower concentrations
(50 nM), caused an increase in biofilm formation and
promoted the expression of biofilm formation genes
(Campos-Galv~ao et al. 2016). However, 3-oxo-C12-
HSL at 50lM significantly supressed Legionella pneu-
moniae biofilm formation (Kimura et al. 2009). These
results indicate that 3-oxo-C12-HSL plays a role in
intraspecies communication and also in inter-king-
dom interactions.

In conclusion, the results show that, in general and
under laboratory conditions, P. expansum biofilm for-
mation and development was not affected by the
exogenous presence of either patulin or 3-oxo-C12-
HSL at the concentrations tested. M. oryzae biofilm
formation and development were more affected by
the presence of these molecules than A. calcoaceticus.
In inter-kingdom growth, the cell density of M. ory-
zae was generally lower than in single-species growth
which indicates a detrimental effect of the fungus
towards this bacterium. However, the increase in the
cell desnity of A. calcoaceticus in inter-kingdom
growth is an indication of the physical protection that
the fungus provide to this opportunistic bacterium.
The present study finds that inter-kingdom biofilm
formation and development is highly species-specific.
Opportunistic bacteria such as A. calcoaceticus may
benefit from the presence of the fungus whereas M.

oryzae does not. Quorum sensing and quenching mol-
ecules have a significant effect in inter-kingdom bio-
film formation and especially on bacterial numbers.
Moreover, a possible protection role that filamentous
fungi may provide to opportunistic bacteria in com-
plex biofilms is reported.
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