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ABSTRACT

This study aimed to identify an approach that can simultaneously prevent biofilm-associated damage from Staphylococcus aureus, the
most prevalent agent of mastitis in cattle in Algeria and dairy product spoiler, and improve the properties of dairy starters and probiotics.
Selected strains Streptococcus thermophilus CNRZ 447 and methicillin-resistant S. aureus ATCC 43300 were cultured independently in
broth containing increasing concentrations of gallic acid. S. aureus ATCC 43300 was shown to be an exopolysaccharide-independent
biofilm producer. Gallic acid exhibited a dose- and strain-dependent antimicrobial, antibiofilm, and probiofilm effects. The molecule of
gallic acid improved the exopolysaccharide production ability of S. thermophilus and altered adhesion determinants (e.i., auto-aggregation
and surface hydrophobicity) of both strains. This study indicated that biofilm-associated phenotypic characteristics, such as the
composition of the extracellular structure, should be determinant in the action of gallic acid on microorganisms. The intriguing stimulation
of S. aureus ATCC 43300 biofilm by gallic acid could not allow us to conclude on its use as a biofilm preventing compound. Nonetheless,
gallic acid was demonstrated to be a potent antimicrobial compound against S. aureus and an enhancer of biofilm phenotypic
characteristics (including adhesion properties and exopolysaccharide production) of S. thermophilus. These observations suggest that
gallic acid or related phenolic compounds can be used to improve the properties of probiotics and the performance of microbial cell
factories. Subsequently, gallic-acid adapted S. thermophilus cultures could be explored to disperse S. aureus in dairy products and

industrial materials.
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INTRODUCTION

Biofilm is the universal and predominant lifestyle of bacteria, in which bacteria
adapt their metabolism and physiology to the hostile conditions of their natural
habitats and to resist external aggressions (i.e., antimicrobials and immune
defenses). Biofilm is associated with the ability of bacteria to communicate
through a sophisticated signal system (named quorum sensing) and to organize
themselves in a highly structured sessile community (Berlanga and Guerrero,
2016; Chamignon et al., 2020). Cells composing this community can be attached
to a substratum or interface and embedded in a matrix of extracellular polymeric
substances that they have produced (Berlanga and Guerrero, 2016; Chamignon
et al., 2020). The biofilm production ability of microorganisms has several
implications. In cases of infections, industrial contaminations, and environmental
pollutions, removing biofilm is difficult and thus constitutes serious ecological,
economic, and public health issues (Berlanga and Guerrero, 2016). On the other
hand, biofilms can be exploited for different applications. For example, biofilms
are used in bioremediation treatment filters, and biofilm production ability is a
desired attribute for starter’s cultures or microbial cell factories (Couvigny et al.,
2015; Berlanga and Guerrero, 2016, Chamignon et al., 2020).

Staphylococcus aureus (S. aureus) is one of the leading causes of biofilm-
associated and antibiotic-resistant infections for humans and animals (Lister and
Horswill, 2014; Aryee and Edgeworth, 2017). Its capacity to produce biofilm
constitutes the main characteristic of its virulence and pathogenesis (Lister and
Horswill, 2014; Aryee and Edgeworth, 2016). The species is ubiquitous and is
skin and mucosa commensal, making of it of about 80% of nosocomial infections
(Lister and Horswill, 2014). It is associated with chronic abscesses, post-surgical
infections, and implants replacements. The germ also poses serious problems in
the dairy and food industry, i.e., persisting contaminating of food processing
environments, outbreaks of foodborne diseases, sickly livestock, drop in milk

productivity, contamination of dairy products, and huge economic losses (Saidi et
al., 2013; Berlanga and Guerrero, 2016). In Algeria, S. aureus is identified as the
most prevalent and persisting causal pathogen of mastitis in cattle (Saidi et al.,
2013). Therefore, the research of controlling strategies against S. aureus biofilms
has become a critical concern.

Streptococcus thermophilus (S. thermophilus) has become the most prevalent used
thermophilic starter in the dairy industry (i.e., in yogurt and cheese production)
(Couvigny et al., 2015). The aptitude of S. thermophilus strains to produce biofilm
has been demonstrated as a key attribute in their selection as starter cultures
(Couvigny et al., 2015). However, most of the strains of S. thermophilus have lost
over time their ability to produce biofilm (Couvigny et al., 2015). Yet recently,
different strategies have been explored to enhance the biofilm production ability
of beneficial bacteria. These include microbial genetic engineering, the use of
natural products (i.e., phenolics), and bioprocess engineering (i.e., sonication,
reactor design) (Berlanga and Guerrero, 2016; Boubakeur et al., 2018;
Khadem et al.,, 2020). Natural products, such as phenolics, are currently
intensively explored as antimicrobial, prebiotics, and biofilm controlling
compounds (Borges et al., 2012; Akbas, 2015; Boubakeur et al., 2018; Bourab-
Chibane et al., 2019). The use of phenolic compounds to control biofilms stands
more promising as a cost-effective strategy.

Gallic acid is one of the most predominant and abundant phenolic compounds in
nature and food products. It has been widely used as an antioxidant, antimicrobial,
anticancer, prebiotic, and bio-preservative agent (Khalil, 2010; Borges et al.,
2012; Kahkeshani et al., 2019). It is also shown to be a potent biofilm controlling
molecule (Borges et al., 2012; Akbas, 2015). The molecule of gallic acid is able
to adsorb at the surface of bacteria, diffuse passively through the cytoplasm, and
bind to soluble cytoplasmic proteins (Borges et al., 2013). It subsequently
interferes with bacterial metabolism and quorum sensing signaling, modifies
bacterial surface properties and adhesion, and thus stimulate or inhibit, strain-
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dependently, the establishment of biofilms (Khalil, 2010; Borges et al., 2012;
Akbas, 2015). This dual property of gallic acid (as a pro- and anti-biofilm
compound) could allow designing a strategy to eliminate pathogens and enhance
the biofilm production capacity of beneficial bacteria, simultaneously. Then, this
study aimed to evaluate the effect of gallic acid on the biofilm production ability
of a selected dairy starter S. thermophilus CNRZ 447 and the methicillin-resistant
S. aureus ATCC 43300.

MATERIAL AND METHODS
Bacterial strains

Aliquots of bacterial strains S. thermophilus CNRZ 447 and S. aureus ATCC
43300 were kindly provided by the research Laboratory for Improvement and
Valorization of Local Animal Production, Veterinary Sciences Institute, Ibn
Khaldoun University of Tiaret (Algeria). S. thermophilus CNRZ 447 was chosen
as a model dairy starter and probiotics, and S. aureus ATCC 43300 was selected as
a methicillin-resistant S. aureus strain and a model pathogenic biofilm producer.
Sub-cultures were grown on agar M17 and agar Chapman (Pronadisa, Spain). The
species were identified based on the aspects of the cultures and Gram staining.
Overnight cultures were always prepared for each test.

Gallic acid treatment

Colonies of S. thermophilus and S. aureus were respectively transferred in M17
and Muller Hinton broths and incubated for 18 h. Then, cell densities were fixed
at optical densities (OD) (BIOCHROM Libra S6, UK, 565nm) 0.10 (578 nm) for
S. thermophilus and 0.08 for S. aureus (providing 10’-108 CFU/ mL) (Andrews
and Howe, 2011). The cell concentrations were further checked using agar plating.
A stock solution of 15 mg/ mL of gallic acid (Merck, Spain) in water and
appropriate serial dilutions were prepared. Afterward, 3.5 ml of gallic acid solution
was mixed with 1.5 ml of culture broth to achieve treatments of 0.1, 0.25, 0.5, 1,
1.5, 5, and 10 mg gallic acid/ mL culture broth. Two controls were prepared using
distilled water or glucose (CRAPC, Algeria) solution (5 mg/ mL), respectively,
instead of gallic acid, to identify the culture media effect. Microbial cell blank
tubes were also realized using non-inoculated culture broth. The treatments were
all run in duplicates in borosilicate glass tubes (15 mL) and incubated at 37°C for
24 h.

Measurement of planktonic growth and quantification of sessile biofilm

After incubation, 2.5 mL aliquot of culture broth was taken in a plastic cuvette, and
the planktonic growth was measured at 578 nm for S. thermophilus and 565 nm for
S. aureus (BIOCHROM Libra S6, UK). Then, the sessile biofilm production ability
of both strains was assayed as described in O'Toole and Kolter (1998). Briefly,
the culture broth suspension was discarded, and 10 mL of 1% cristal violet (CV)
was added. The tubes were incubated for 30 minutes at room temperature and
thoroughly rinsed using distilled water. The cristal violet-stained and adhered cells
were resuspended in 10 mL of 95 % ethanol, and the OD was measured at 540 nm
(BIOCHROM Libra S6, UK). Biofilm quantified as follows: Biofilm (OD) = OD
(CV-stained test tube) — OD (CV-stained microbial blank test tube).

Tests for adhesion determinants: Auto-aggregation and cell surface
hydrophobicity

The auto-aggregation ability and the surface hydrophobicity of bacterial cells were
analyzed according to Balakrishna (2013). After gallic acid treatments and
incubation, cells were collected at 5000 g for 15 minutes (Centrifuge NF 200) then
washed twice using PBS. Cell pellets were resuspended in PBS, and ODs were
fixed between 0.4-0.6 (cell concentration > 10° cfu/ mL) at 578 nm for S.
thermophilus and 565 nm for S. aureus (BIOCHROM Libra S6, UK). Auto-
aggregation Kkinetics were performed as follows. Cell suspensions were
vigorously mixed at a vortex and incubated at room temperature. Aliquots of 0.1
mL of the upper layers of the suspensions were taken att=0, 1, 2, 3, 4, and 5 h,
mixed with 2.4 mL read at the appropriate wavelength of each species. Auto-
aggregation percentage (A%) was calculated : A% (t) = (1 - OD ¢ / OD (g) x 100.
Afterward, Surface hydrophobicity was tested as follows. Two mL of cell
suspension in PBS was mixed with 120 pL of xylene (Merck, Spain), vigorously
mixed, and left at room temperature for 30 minutes for phase separation. The
optical density of the PBS phase was determined at the appropriate wavelength of
each species, and the hydrophobicity percentage (H%) was calculated: %H= (1-
ODhereafier/ ODbefore) X 100 (Where, ODpefore, ODinereatier designate optical density of
the suspension before mixing xylene and after phase separation, respectively).

Exopolysaccharides extraction and quantification

After gallic acid treatments and incubation, exopolysaccharides were extracted as
described in Ko et al. (2000). Briefly, two volumes of methanol and chloroform
(V/V) was added and vigorously mixed. Then, the methanol layer was collected
and mixed with an equal volume of ethanol. Exopolysaccharide precipitate was

collected by centrifugation (10 000 g, 4°C, 20 minutes) (Refrigerated Centrifuge
5427R), and total carbohydrate content was determined following improved
Dubois' phenol-sulfuric method (Gerchakov and Hatcher, 1972).

Data analysis

All the analyses were performed in duplicate, and data were subjected to one-way
ANOVA and Bonferonni post-hoc test (0.05 significance level). The Aggregation
kinetics were fitted to the general logistic equation A% (t) =A /(B + C x ¢ ")
according to Motulsky and Christopoulos (2003). Constants B and C were
arbitrary fixed at 1 and 69000, respectively, considering the time to set the
experiment will lead to aggregation A% (0) = 0.001%. The aggregation capacity
and rate A and p, respectively, designated the asymptote of the curve and the rate
of change in the exponential phase of the curve. The suitability of the models was
assessed using the coefficient of determinations (R?) and the plotting of confidence
contours (via model comparison) of the equation coefficients A and p. All the
analyses were performed using Excel 2013, and the comprehensive guide is
described in Motulsky and Christopoulos (2003).

RESULTS
Antimicrobial, antibiofilm and probiofilm effects of gallic acid

Inhibition of planktonic growth and adhering cell were translated as
antimicrobial and antibiofilm

Figure 1 presents the effects of gallic acid treatments on the growth and biofilm
production ability of S. thermophilus CNRZ 447 and S. aureus 43300. Compared
to the control and glucose, S. thermophilus showed a slight decrease in planktonic
growth overall range of gallic acid concentrations and dose-dependent increase in
biofilm production ability between 0.5 and 10 mg/mL of gallic acid treatments. In
contrast, S. aureus revealed higher susceptibility to gallic acid treatments - which
is translated by a high dose-dependent decrease in planktonic growth and an
increase in biofilm biomass but low dose-dependent (0.1-0.25 mg/mL) decrease in
biofilm production ability.
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Figure 1 Antimicrobial and probiofilm effects of gallic acid on S. thermophilus
CNRZ 447 and S. aureus ATCC 43300

Legend: The values (planktonic or biofilm growth) with different letter superscripts are
significantly different (p < 0.05).
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Effect of gallic acid treatment on the adhesion determinants
Auto-aggregation capacity

Figure 2 describes the effect of selected gallic acid concentrations on the
aggregation capacity of S. thermophilus CNRZ 447 and S. aureus ATCC 43300.
The addition of glucose in the media, as a positive control, resulted in a decrease
in S. thermophilus aggregation capacity but not the rate. Conversely, compared to
Control Glucose

Experimentaldata o A

the negative control, the treatment with gallic acid improved the aggregation rate
but did not significantly improve the aggregation capacity. For S. aureus, compared
to the negative control, both positive control (glucose) and gallic acid improved
the aggregation capacity but not the aggregation rate. There was no significant
difference between the aggregation capacities of S. thermophilus and S. aureus.
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Figure 2 Effect of gallic acid treatment on aggregation capacity of S. thermophilus and S. aureus

Legend: a) and b) display the kinetics of the aggregations. ¢) and d) display the confidence contours of the modeled aggregation capacity A and the aggregation rate p. It was not achieved
enough cell density at gallic acid concentrations higher than 1.5 mg/mL to perform the aggregation test for S. aureus. R? and CL (%) refer to the coefficient of determinations and the confidence
levels of the different models, respectively. The strains are not compared due to the difference in the culture media, which could influence the aggregation properties.

Surface hydrophobicity

Figure 3 shows the effect of selected gallic acid concentrations on the surface
hydrophobicity of S. thermophilus CNRZ 447 and S. aureus ATCC 43300. The
treatment with gallic acid, modestly, improved the hydrophobicity of S.
thermophilus. There was no significant difference between the different
concentrations of gallic acid. In the case of S. aureus, both positive control
(glucose) and gallic acids (1 g/mL) significantly improved its hydrophobicity. It
was not possible to collect enough concentration of S. aureus cells to perform the
hydrophobicity test at high gallic acid concentrations (1.5 and 10 mg/mL).
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Figure 3 Effect of gallic acid treatment on surface hydrophobicity of S.

thermophilus and S. aureus
Legend: ND refers to the fact that it was not achieved enough cell density at gallic acid
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concentrations higher than 1.5 mg/mL to perform the hydrophobicity test for S. aureus. The
values with different letter superscripts are significantly different (p < 0.05). The strains are
not compared due to the difference in the culture media, which could influence the surface
properties.

Effect of gallic acid treatment on exopolysaccharide production ability

The exopolysaccharide production ability of the strains and gallic acid effects are
summarized in Table 1. Both S. thermophilus CNRZ 447 and S. aureus ATCC
43300 showed very poor exopolysaccharides production ability. S. aureus ATCC
43300 exhibited characteristic of exopolysaccharide-independent producing
biofilm strain. Gallic acid significantly enhanced only the exopolysaccharide
production ability of S. thermophilus, while glucose improved the production of
exopolysaccharide by both strains.

Table 1 Effect of gallic acid on the exopolysaccharide production ability of S.
thermophilus and S. aureus

Exopolysaccharide concentration (ug equivalent of

Treatment glucose / mL)

Bacterial species S. thermophilus S. aureus
Control 122+13a ND
Gallic acid (1 mg/mL) 292.8+18.2b ND
Glucose 131.6+£16.2¢ 1284+6.4
p-value 0.0097 ND

Legend: ND = not determined/ below limit of detection. The values with different letter
superscripts are significantly different (p < 0.05).

DISCUSSION

In agreement with the present study, Khalil (2010) reported that S. thermophilus
tolerates low concentrations of gallic acid. He even demonstrated that gallic acid
concentrations in the range of 1 to 8 mg/ mL could stimulate the growth of S.
thermophilus CHCC 3534, and 10 mg/mL inhibits only 15% growth. Also, in line
with the present study, Boubakeur et al. (2018) and Khalil (2010) showed that
gallic acid could improve several properties of S. thermophilus, including surface
properties and exopolysaccharide production, which can enhance biofilm
production ability. S. thermophilus CNRZ 447 was shown to be a highly
hydrophilic strain (hydrophobicity % < 30%), for which gallic acid only improved
the hydrophobicity slightly. In contrast, Khalil (2010) reported that gallic acid-
conditioning could significantly modify surface properties of S. thermophilus
CHCC 3534 from highly hydrophilic (4%) to moderately hydrophobic (65%).
The stimulation of biofilm production of S. aureus by gallic acid was conflicting
with literature (Borges et al., 2013; Akbas, 2015; Oliveira et al., 2019). Gallic
acid has been demonstrated as an antimicrobial and antibiofilm compound. Borges
et al. (2013), in agreement, reported that a similar range of gallic acid
concentrations inhibits S. aureus planktonic growth, but, conversely to the present
study, they noted that 1 mg of gallic acid/mL could inhibit 70% of biofilm
production ability of S. aureus. Yet, Olievera et al. (2019) reported that it is
needed very high concentration (18 mg/mL) of gallic acid to eradicate S. aureus
biofilm. Biofilm is a protective mechanism of microorganisms and is produced in
response to environmental stress or external aggression (Simoses et al., 2010). It
is suggested that the applied gallic acid treatment against the studied strain of S.
aureus might have provided sub-optimal stress that powered the biofilm
production. Bacteria have different adaptation mechanisms to different levels of
stress (Hill et al., 2002; Cebrian et al., 2010). For instance, Nostro et al. (2017)
showed that sub-optimal inhibitory concentration of a related phenol (carvacrol)
increases the biofilm production ability of S. aureus.

The phenotypic characteristics associated with biofilm production are assessed to
understand the responses of the studied strains of S. aureus to gallic acid treatment.
S. aureus ATCC 43300 was demonstrated to be an exopolysaccharide-independent
biofilm producer. Interestingly, in agreement, Nostro et al. (2017) showed that the
extracellular matrix of S. aureus ATCC 43300 biofilm is prevalently proteins.
Borges et al. (2013), based on surface tension parameters, similarly showed that
gallic acid could significantly improve the hydrophobicity of a hydrophilic S.
aureus strain. However, conversely to the present study, Cho et al. (2010), using
scanning electron microscopy, showed that Camellia sinensis phenolic-rich extract
could disperse S. aureus aggregates. The different observations indicate that,
possibly, proteins of S. aureus ATCC 43300 cell wall limited cell-to-cell adhesion
(so-called aggregation) and improved the adhesion to the borosilicate glass by
altering the surface hydrophobicity. Furthermore, despite the volume of biofilm
biomass at higher concentrations (> 1.5 mg/mL), it was not possible to harvest
enough cells to analyze the aggregation and surface hydrophobicity. This suggests
that gallic acid inhibited the growth of the cells and stimulated a high production
of extracellular matrix for protection. Several clinical isolates of S. aureus have
been found exopolysaccharide-independent biofilm producers, and they resist the
common biofilm dissolution strategy with polysaccharide-degrading enzymes
(Boles et al., 2010). To the best of our knowledge, there is no previous study that
investigated the effect of gallic acid on the biofilm production ability of S. aureus
ATCC 43300 or from the perspective of exopolysaccharide-independent biofilm

producers. The molecular systems in “planktonic-to-biofilm transition™ in response
to "antimicrobial-induced stress" are still poorly understood and need further
research (Lee et al., 2013).

In line with the literature, biofilm production ability and phenotypic characteristics,
including both S. thermophilus and S. aureus species, are strain-dependent and may
switch with the change in the surrounding environment or culture media (Tuncer
and Tuncer, 2014; Oliveira et al., 2019; Bouarab-Chibane et al., 2019).
However, there is no clear indication from the literature on how to standardize
culture media to study and compared, without bias, different biofilm producer
strains or multispecies biofilm. In the present study, the effect of the culture media
was, however, assessed using glucose supplementation (as positive control).
Glucose was selected in that it is a risk factor of biofilm-associated nosocomial
infection for hyperglycaemic or diabetic patients (Waldrop et al., 2014) and
pollution in the food industry (Jahid et al., 2013). In agreement with the literature,
glucose improved the planktonic growth of both studied strains and the phenotypic
characteristics associated with S. aureus biofilm, including exopolysaccharide
production ability and surface hydrophobicity. Conversely, the glucose did not
improve the biofilm production ability of any of the studied strains and even
showed to decrease the aggregation capacity of S. thermophilus. Instead of
borosilicate glass, both Jahid et al. (2013) and Waldrop et al. (2014) used
polystyrene for the adhesion of the biofilms. The difference in the results in biofilm
production could be explained by the difference in the adhesion materials (Bos et
al., 1999; Busscher et al., 2008).

The present study provided further insight into the effects of gallic acid and glucose
as potential biofilm controlling compounds. The observed dual effects of gallic
acid (as antibiofilm and probiofilm compound) can allow designing systems to
improve attributes of beneficial microorganisms and prevent biofilm-associated
damages. Both glucose and gallic acid are molecules that can affect cell physiology
and metabolism as substrates for microorganisms or interfering signal molecules
in cell communication (such as quorum sensing in biofilm) (Khalil, 2010; Jahid
et al., 2013; Borges et al., 2013; Waldrop et al., 2014). The molecules can modify
the adhesion properties of bacteria, either stimulate or inhibit biofilms and enhance
the synthesis of extracellular macromolecules. The influences of glucose and gallic
acid on biofilm production may be practical for clinical questions and food
industrials (Jahid et al., 2013; Waldrop et al., 2014). Unfortunately, the present
study could not support the use of solely gallic acid or gallic acid-rich extract as an
antibiofilm agent for clinical application. Further research is needed to understand
the dose-effect of gallic acid and maybe investigate the combination of gallic acid
with other antimicrobial or antibiofilm compounds. Khalil (2010) and Boubakeur
et al. (2018) showed that phenolic compounds or gallic acid could enhance
probiotic properties of S. thermophilus, including an enhanced tolerance to the
gastric environment, the production of bioactive compound (such antimicrobial
peptides and oligosaccharides), and the antagonization of pathogenic
microorganisms. This insight is interesting in that gallic acid is an abundant
molecule in nature and our foods. Furthermore, one can easily imagine using gallic
acid to enhance the performance of culture starters in the dairy industry and
preserve products from S. aureus spoiling (Zhao and Shah, 2014; Amirdivani
and Baba, 2015).

CONCLUSION

This study showed that antimicrobial, antibiofilm, and probiofilm effects of gallic
acid on the dairy starter S. thermophilus CNRZ 447 and the methicillin-resistant S.
aureus ATCC 43300 are all dose- and strain-dependent. Also, the findings
provided further insight into gallic acid interaction with microorganisms. It was
shown that biofilm-associated phenotypic characteristics, such as the composition
of the extracellular structure, are determinant in the action of gallic acid on
microorganisms. Using gallic acid as a biofilm controlling agent is to "kill two
birds with one stone" approach. It was concluded that gallic acid could be used as
an antimicrobial agent and probiofilm molecules to enhance the properties of
probiotics and boost the performance of microbial cell factories. Further research
is needed to understand the molecular systems in "planktonic-to-biofilm transition™
in response to the gallic acid exposition and to explore the possibility of using
gallic-acid adapted S. thermophilus cultures to antagonize S. aureus biofilm in
dairy products and industrial equipment.
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