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Abstract

Escherichia coli biofilm formation on a mineral surface.

occur on ZA-treated biofilms.

consequently decreasing the surface colonization.

Purpose: The main goal of the present work was to assess the effectiveness of zosteric acid (ZA) in hindering

Methods: Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) flow system was used to probe in situ
the biochemical changes induced by ZA on E. coli sessile cells growing on the zinc selenide ATR plate. Comparative
proteome analysis was conducted on the sessile cells to better understand the principal molecular changes that

Results: The ZA treatment modified the kinetics of the biofilm development. After the ZA exposure, dramatic
changes in the carbohydrates, proteins, and DNA profiles were observed over time in the ATR-FTIR spectra. These
results were translated into the physiological effects such as the reduction of both the biomass and the EPS
contents, the inhibition of the biofilm growth, and the promotion of the detachment. In £ coli sessile cells, the
comparative proteome analysis revealed that, while the stress responses were upregulated, the pathways belonging
to the DNA replication and repair were downregulated in the ZA-treated biofilms.

Conclusions: The ZA reduced the binding capability of E. coli cells onto the ZnSe crystal, hindering the firm
adhesion and the subsequent biofilm development on a mineral surface. The variation of the protein patterns
indicated that the ZA acted as a stress factor on the sessile cells that seemed to discourage biomass proliferation,
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Findings

The world is united on the view that no surface escapes
bacterial colonization, including mineral surfaces. Min-
eral surfaces are widely used in chemical, engineered,
and artistic systems, where biofilms—complex commu-
nities encased in a matrix—pose a severe threat to the
structures and to human and environmental health des-
pite the availability of control measures (Galié et al.
2018; Li et al. 2018; Chan et al. 2019; Procépio 2019).
Because of the health and environmental concerns,
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together with the increasingly restrictive regulations
aimed at limiting the use of dangerous substances, the
continuing extensive use of biocide is intensely debated,
discouraging the use of such compounds. Thus, new
alternatives to replace or to integrate the presently
dominating biocide regime are urgently required.

As the surface-bacteria interaction is one of the most
important nodes in the bacterial colonization network,
the ability to hinder the microbial adhesion and the sub-
sequent biofilm formation may offer a promising oppor-
tunity for the development of a new weapon against
unwanted biofilms. This action would not necessarily kill
the cell, but rather prevent or attenuate the surface
colonization by denying access to the substratum
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through maintenance of the planktonic phenotype.
Interfering with the surface sensing process without
affecting bacteria viability may also sidestep drug resist-
ance extending the effectiveness of the current arsenal of
antimicrobial agents. In this context, the use of bio-
inspired molecules to interfere with the formation of
deleterious biofilms in sublethal doses represents an
ideal strategy worth pursuing. The new strategy consists
of interfering with the key-steps that orchestrate biofilm
genesis; thus, the colonization cascade might be ham-
pered (Catto et al. 2018a, 2018Db).

In the light of these considerations, zosteric acid (ZA)
becomes a powerful antibiofilm agent that can signifi-
cantly reduce both bacterial and fungal adhesion to poly-
meric surfaces at sub-lethal concentrations and can
successfully counteract the effects of colonization-
promoting factors such as temperature, time, and pH
(Villa et al. 2010; Villa et al. 2011).

ZA mechanism of action against Escherichia coli
planktonic cells was elucidated. The comparative prote-
omic study on E. coli planktonic cells exposed to ZA
showed that ZA acts as an environmental cue that leads
to global stress on the bacterial cells. This induced stress
promotes the expression of various stress-response pro-
teins, the signal molecule autoinducer-2, and the synthe-
sis of flagella, to escape from adverse conditions (Villa
et al. 2012). The protein WrbA (NADH:quinone reduc-
tase) is the molecular target of ZA, suggesting the pos-
sible role of this protein in the biofilm formation process
and in the ZA antibiofilm activity (Catto et al. 2015).

Despite such promising results, the antibiofilm perfor-
mances of ZA on mineral surfaces have not been investi-
gated yet, as well as its mechanisms of action against the
sessile cells.

In light of the above considerations, the main goal of
the present work was to investigate the effectiveness of
ZA in hindering E. coli biofilm formation on mineral
surfaces. To this end, attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) flow system was
used to probe in situ the biochemical changes induced
by the antibiofilm compound on E. coli sessile cells
growing on the zinc selenide (ZnSe) crystal of the ATR
cell. A better understanding of ZA antibiofilm action is
possible only by delving into its molecular mechanisms
of action against sessile bacteria inside the biofilms.
Thus, the analyses were extended to the proteomic level
to better understand the principal molecular changes
that occur on the treated biofilms.

The best characterized E. coli strain K-12 (American
Type Culture Collection ATCC 25404, wild-type) was
used throughout the study. E. coli is a well-studied bio-
film model system, as it is able to colonize a variety of
surfaces including stainless steel, PTFE (Teflon), glass,
polystyrene, polypropylene, PVC, and biotic surfaces
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(Beloin et al. 2008; Galié et al. 2018). The microorgan-
ism was maintained at — 80 °C in a suspension contain-
ing 40% glycerol and 4% peptone, and it was routinely
grown overnight in Luria-Bertani broth (LB, Sigma
Aldrich) at 30 °C. For all the experiments, the cultures
were diluted to an optical density of 0.4 at 600 nm.

The ATR-FTIR flow system that was used for moni-
toring the E. coli adhesion and evolution over time with
and without ZA was previously reported by Delille et al.
(2007). Herein, we used a ZA concentration of 1830 uM
that proved to have the best ZA’s anti-biofilm activity
(Villa et al. 2010).

The ATR-FTIR monitors in situ and in real time the
biochemical changes induced by the ZA during cell ad-
hesion and biofilm development processes. The ATR-
FTIR experiments were conducted using Jasco 610
equipped with a DTGS detector. The internal reflection
element of the ATR-FTIR flow cell was a ZnSe ATR
plate (50 mm x 10 mm x 6 mm), with an aperture angle
of 45°, yielding 17 internal reflections. The ATR cell was
sealed with a rubber O-rings. ATR-FTIR spectra acquisi-
tion was carried out between 4000 and 400 cm™ as the
average of 32 scans at 4 cm™ resolution. The final spec-
tra were obtained subtracting that of the corresponding
cell-free broth medium from the spectra of the cell sus-
pension. Peak fitting for the quantitative comparison
was performed using PeakFit software (version 4.11,
Systat). Cell adhesion on the ATR plate was monitored
at the ATR-FTIR spectra at different times: 10, 20, 30,
40, 60, 90, 120, 150,180, 210, 240, and 270 min after in-
oculum. After the adhesion phase in a static condition, a
dynamic condition with a flow rate of 0.8 mL/min was
applied to remove the unbound cells from the crystal
surface and promote biofilm formation. The spectra
were collected at 30 min and 16 h after the initiation of
the flow rate. Time-dependent changes in the spectral
data were assessed by comparing the changes in the
peak areas corresponding to protein and polysaccharide
infrared signal between the control and the ZA-treated
samples.

The cell adhesion and the biofilm development on the
ATR crystal were analyzed by monitoring the variation
of the characteristic absorbance profiles of the bacterial
functional groups in the 1800-900 cm™ spectral range.
The ATR infrared spectra of E coli biofilm formation
(Fig. 1) showed features similar to those of previously
published by several authors (Quiles et al. 2016; Pousti
et al. 2018; Soler-Arango et al. 2019; Stenclova et al.
2019). The most prevalent signals in these spectra origi-
nated from chemical functionalities as carboxylate,
amide, phosphate, and hydroxyl groups of polysaccha-
rides. In fact, the spectra displayed the absorption bands
amides I (1635cm™) and amide II (1546 cm™) due to
C=0 stretching and N-H bending of the amide bond of
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Fig. 1 Time-evolution ATR-FTIR of £. coli biofilms under dynamic conditions. Assignment of the IR bands are presented in Table 1

—— Control, 16 h, dynamic
-=- ZA-Treated,16 h, dynamic

proteins, respectively. Instead, the signal in the spectral
region from 1500 to 1200 cm™ is due to both phospho-
lipids and nucleic acids and that in the range 1200—-900
cm™* can be assigned to carbohydrates.

To estimate the difference in the biofilm growth kinet-
ics with and without ZA, the integrated intensities of the
main bands marked in Fig. 2 were calculated as a func-
tion of time. In this study, the peak area of the amide II
band (1546 cm™) was used as a marker of biomass to
monitor E. coli attachment and biofilm growth onto the
ZnSe surface (Yunda et al. 2020).

Overall, during the bacterial attachment in the static
phase, the intensity of the whole bacterial ATR-FTIR
fingerprint with and without ZA increased over time,
which reflects the bacterial colonization of the crystal
(Fig. 2). During the dynamic condition, the region of the

Table 1 Assignment of the IR bands

asymmetric and symmetric stretching vibrations of the
phosphate groups increased, which indicates the synthe-
sis of the nucleic acid associated with the cell division.
Interestingly, during the dynamic condition, the polysac-
charide band increased at a higher rate than that of the
amide II, indicating the synthesis of the EPS in addition
to the cell division.

The ATR-FTIR analysis confirmed that cells and the
EPS macromolecules were impacted by ZA exposure, es-
pecially during the biofilm formation phase (dynamic
condition). ZA exposure also modified the kinetics of
biofilm development. As shown in Fig. 2a, b, E. coli
adhesion (static condition) was strongly reduced by the
1830 uM ZA, as both the amide II and polysaccharide
band areas were significantly lower than those in the
control samples. Both the amide II and polysaccharides

Functional group and spectral Wavenumber (cm™)

Vibrational modes

range
Proteins 1635 (Amide |, Aml) >C=0 stretching and C-N bending in amide group of proteins and peptides.
1780-1480 1546 (Amide II, Amll) N-H bending, C-N stretching of proteins and peptides.
Mixed region 1452 C-H bend in CH, and CH5
1500-1200 1400 >C=0 symmetric stretchning of deprotonated COO™ group and C-O bending from
COO

1234 (nucleic acid, NA)  P=0 asymmetric stretching of PO," in phosphodiesters of DNA/RNA
Carbohydrates 1169 C-OH stretchning, C-O-C and C-O ring vibrations in polysaccharides and C-P-O
1200-900 1121 stretching

1080 (polysaccharides,

PS)

1057
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Fig. 2 £ coli biofilm formation being monitored through the changes in a the amide Il and b polysaccharide band area, without and with ZA.
Dashed vertical line indicates the initiation of the dynamic condition with a flow rate of 0.8 mL/min. ¢, d) The ratios of the integrated intensities
of bands corresponding to the proteins (Amll, 1546 cm™), the nucleic acids, (NA, 1234 cm™), and the polysaccharides (PS, 1080 cm ™

min

band areas became even lower under dynamic condition.
The amide II (A) and the polysaccharide (PS) band areas
in the untreated samples increased at higher rates than
those of the treated ones (Acontro: 0.384 *+ 0.042 band
area/h; Ageateq: 0.195 + 0.004 band area/h; PS.ontrol
1.515 + 0.166 band area/h; PSieateq: 0.474 + 0.008 band
area/h). Furthermore, ZA delayed the formation of
polysaccharides on the surface of the ATR plate. This
finding was well described in Fig. 2¢, d, in which the
polysaccharide-to-amide II ratio decreased over time in
the treated samples until 120 min, a trend opposite to
that observed in the untreated samples. The decrease in
the spectral intensity in both the proteins and polysac-
charides bands of the treated samples suggested that the
presence of ZA not only hindered the colonization of
the ATR plate, but also weakened the cell adhesion. This
finding was confirmed by the decrease of the amide II
and polysaccharide band areas after the initiation of the
flow in the ZA-treated samples. The nucleic acid-to-
amide II ratio notably decreased over time in the treated
cells, reflecting the decreasing synthesis of the nucleic

acids associated with the cell division, as shown in Fig.
2d. No detectable changes in the wavenumber and the
shape of the amide I and amide II bands were observed,
suggesting that the ZA treatment did not induce changes
in the protein’s secondary structure.

All these findings—the dramatic changes in carbohy-
drates, proteins, and DNA profiles over time in the ZA-
treated samples—are consistent with the previous results
that showed the ability of ZA in hindering cell attach-
ment and in slowing down the biofilm formation on
polymeric surfaces (Dell'Orto et al. 2017; Catto et al
2018a, 2018b). This finding is a critical aspect in thwart-
ing the biofilm genesis, because once the early biofilm is
inhibited, the mature biofilm may in turn be prevented
or at least be controlled.

The effects of the antibiofilm compound on sessile
cells were investigated by observing the response of E.
coli to ZA at the protein level, using a comparative two-
dimensional gel electrophoresis approach. The biofilm
developed on the ATR crystal was harvested, and total
soluble cell proteins extracted as described by Suryaletha
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et al. (2019). Two-hundred microgram of proteins was
loaded through sample-cup loading at the cathodic end
of a rehydrated strip (ImmobilineTM DryStrip gels 13
cm pH4-7, Amersham Biosciences) and run on an
Ettan ET IPGphor isoelectric focusing unit (Amersham
Biosciences) for 32000 Vh. The second dimension was
obtained in a vertical SDS-polyacrylamide gel using 12%
(W/V) polyacrylamide resolving gel and 4% stacking gel.
The separation was performed in an Ettan DALT system
(Amersham Biosciences) using the following parameters:
30 min at 2 mA, 30 min at 4 mA, 30 min at 8 mA, 30 min
at 16 mA, and then 3 h at 25 mA per gel. Coomassie blu-
stained gels were scanned using Expression 1680 Pro
scanner (Epson), and gel imaged were analyzed with
Image Master ™-2D (Amersham Pharmacia Biotech, lit-
tle Chalfort, UK). Spots were considered to represent
differentially expressed proteins if they were up or
downregulated > 5-fold. Protein spots to be analyzed
were cut from the gels and subjected to digestion with
trypsin according to standard techniques (Di Pasqua
et al. 2010). The digested samples were analyzed through
MALDI-TOF-MS analysis (Bruker Daltonics, Germany).
Proteins showing a mascot score higher than 40 and a
coverage higher than 20% were automatically validated.
Identified proteins were selected among the top-scored
proteins.

The whole cell proteome of E. coli was analyzed to
study the differential protein pattern expressed by the
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biofilm with and without ZA. Among the 5 identified
proteins, there were 2 upregulated proteins and 3
downregulated proteins in the ZA-treated samples
(Fig. 3).

Overall, most of the changes in the proteomic profiles
of E. coli biofilms occurred at the level of protein in-
volved in stress response, DNA replication, and repair. A
remarkable difference was found between the treated
and the non-treated sessile cells in response to stress:
the treated cells expressed higher levels of superoxide
dismutase SOD than the untreated ones. In contrast, the
co-chaperone GroES and the DNA repair protein RecA
were downregulated in the presence of ZA.

The SODs are responsible for detoxification of toxic
superoxide radicals playing an essential role in biofilm
formation, resistance to oxidative stresses and bacteri-
cidal serum (Wang et al. 2018). Previous investigations
suggested that ZA rendered E. coli planktonic cells more
prone to accumulate reactive oxygen species, a stress
condition to which the bacterium responded by activat-
ing defensive mechanisms against oxidative damage
(Villa et al. 2011). An increase in cellular reactive oxygen
species production within the biofilm might decrease the
extracellular matrix and biofilm formation, as has been
demonstrated for Staphylococcus aureus (Arce Miranda
et al. 2011).

Despite the increase in oxidative stress response mech-
anisms, the protein folding (GroES) and DNA repair
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Fig. 3 Proteome expression profiles of £. coli biofilm-dwelling cells without (untreated biofilm) and with ZA (treated biofilm). Red arrows
represent upregulated proteins; blue arrows represent downregulated proteins. Numbers in the 2D map indicate the identified proteins: (1) DNA
polymerase | (polA), (2) elongation factor Tu 2 (tufB), (3) recombinase A (recA), (4) superoxide dismutase [Fe] (sodB), and (5) Chaperonin

GroesS (groS)
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(RecA) systems were downregulated by the ZA. The
protein RecA also serves as the coprotease for the SOS
response repressor LexA, leading to the autocatalytic
cleavage of LexA that derepresses the SOS regulon and
activates the DNA repair (Podlesek and Zgur Bertok
2020). Interestingly, the SOS response is strictly con-
nected to the biofilm development. ARec A Streptococ-
cus mutans mutants, in which the SOS response was
precluded, and showed less biofilm development than
the wild-type strain (Inagaki et al. 2009). In Pseudo-
monas aeruginosa experiments, the biofilm biomass was
stimulated by the DNA replication inhibitor hydroxyurea
at sub-inhibitory concentrations, and biofilm formation
drastically diminished in recA knock-out mutants where
the SOS was precluded (Boles et al. 2004). Since the
biofilm biomass decreased when the SOS was in the off-
mode, all these findings supported the inference that the
SOS response contributed to the biofilm formation. This
inference receives further support from a study by Costa
and colleagues (Costa et al. 2014) that reported the
adherence of E. coli K-12 strains to abiotic surfaces. The
researchers concluded that the surface attachment was
induced by the SOS response, since the lexA Ind(-) mu-
tant did not form biofilms. Furthermore, recent findings
suggested the involvement of the SOS response in the
formation of E. coli persister cells, increasing the biofilm
tolerance to the traditional antimicrobial agents (Wind-
els et al. 2019).

The proteomic investigations revealed that the level of
DNA polymerase I and the elongation factor EF-Tu
protein decreased in the presence of ZA. This result was
in line with the ATR-FTIR findings that indicated a
decrease in the synthesis of nucleic acids associated with
the cell division in the treated samples.

The EF-Tu protein is one of the most abundant cyto-
solic proteins that play a crucial role in protein biosyn-
thesis (Harvey et al. 2019). The elongation factors EF-Tu
has the critical function to shuttle aminoacylated tRNAs
to the ribosome during the protein translation. Thus, the
reduced synthesis of EF-Tu suggested that the protein
synthesis capacity of E. coli cells was much reduced in
the presence of the antibiofilm compound. The EF-Tu
protein has evolved the capacity to execute the diverse
functions on the extracellular surface of prokaryote cells.
EF-Tu can traffic to, and is retained on, cell surfaces
where it can interact with the membrane receptors and
with the extracellular matrix on the surface of the plant
and the animal cells (Widjaja et al. 2017; Harvey et al.
2019).

The present research showed that ZA reduced the
binding capability of E. coli cells to ZnSe crystal, hindered
firm adhesion and subsequent biofilm development on a
mineral surface. The antifouling compound strongly
delayed the biofilm formation and promoted the biofilm
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detachment. The results from this study brought forth
shreds of evidence that the biofilm exposure to ZA gener-
ated significant chenges in the carbohydrates, proteins,
and DNA profiles over time. This situation was translated
into the reduction of the biomass and EPS contents—
these effects were evident even at a brief period of ZA
exposure.

In the E. coli sessile cells, the comparative proteome
analysis revealed that while stress response was upregu-
lated, the pathways belonging to the DNA replication
and repair were downregulated in the treated biofilms.
The variation of the protein patterns indicated that the
presence of ZA acted as a stress factor on the sessile
cells, which seems to discourage the biomass prolifera-
tion, reducing the colonization of the surface.

Overall, the results of this study provided an insight
that advances current understanding of the effects of
non-lethal concentration of antibiofilm compounds on
bacterial biofilms growing on mineral surfaces, revealing
the major pathways associated with the biofilm

phenotype.
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