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Abstract

One of the main reasons for the bacterial resistance to antibiotics is caused by biofilm formation of microbial pathogens during
bacterial infections. Salmonella enterica and Vibrio harveyi are known to form biofilms and represent a major health concern
worldwide, causing human infections responsible for morbidity and mortality. The current study aims to investigate the effect of
purified sulfated polysaccharides (SPs) from Chlamydomonas reinhardtii (Cr) on planktonic and biofilm growth of these
bacteria. The effect of Cr-SPs on bacterial planktonic growth was assessed by using the agar well diffusion method, which
showed clear zones ranging from 13 to 26 mm in diameter from 0.5 to 8 mg/mL of Cr-SPs against both the bacteria. Time-kill
activity and reduction in clonogenic propagation further help to understand the anti-microbial potential of Cr-SPs. The minimum
inhibitory concentration of Cr-SPs against S. enterica and V. harveyi was as low as 440 pg/mL and 490 pg/mL respectively. Cr-
SPs inhibited bacterial cell attachment up to 34.65-100% at 0.5-8 mg/mL in S. enterica and V. harveyi respectively. Cr-SPs also
showed 2-fold decrease in the cell surface hydrophobicity, indicating their potential to prevent bacterial adherence. Interestingly,
Cr-SPs efficiently eradicated the preformed biofilms. Increased reduction in total extracellular polysaccharide (EPS) and extra-
cellular DNA (eDNA) content in a dose-dependent manner demonstrates Cr-SPs ability to interact and destroy the bacterial EPS
layer. SEM analysis showed that Cr-SPs effectively distorted preformed biofilms and also induced morphological changes.
Furthermore, Cr-SPs also showed anti-quorum-sensing potential by reducing bacterial urease and protease activities. These
results indicate the potential of Cr-SPs as an anti-biofilm agent and will help to develop them as alternative therapeutics against
biofilm-forming bacterial infections.

Key points

* Cr-SPs not only inhibited biofilm formation but also eradicated preformed biofilms.

» Cr-SPs altered bacterial cell surface hydrophobicity preventing biofilm formation.

* Cr-SPs efficiently degraded eDNA of the EPS layer disrupting mature biofilms.

* Cr-SPs reduced activity of quorum-sensing-mediated enzymes like protease and urease.

Keywords Algal sulfated polysaccharides - Bacterial infections - Anti-biofilm activity - Antibacterial activity -
Anti-quorum-sensing activity
Introduction

Food can get infected by pathogenic microorganisms such as
bacteria, parasites, and viruses or through toxicants that can
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food-related illness, causing over 550 million people to fall
sick every year and 0.23 million death every year (World
Health Organization 2019; Bhaskar 2017; IFT 2004). About
60% of food diseases are caused by bacteria. Food provides
nutrients that support the growth of pathogenic microorgan-
isms and serve as a good vehicle for transport of these
foodborne pathogens. Foodborne diseases caused by bacteria
can be categorized as infection, toxicoinfections, and intoxi-
cation. Few examples of bacteria causing infections are
Staphylococcus aureus, Clostridium botulinum, Vibrio spp.
Salmonella spp., and Listeria (Giannella 1996).

The current study focuses on foodborne infections caused
especially by Vibrio harveyi and Salmonella enterica. S.
enterica is one of the most common causes of salmonellosis
foodborne infections. It is a flagellated, Gram-negative facul-
tative anaerobe that can enter the host through vehicles like
animal harbor (i.e., meat, poultry, eggs, milk), contaminated
fruits or vegetables and contamination of food during process-
ing to prepare ready to eat products, and improper cooking.
Salmonellosis can lead to gastroenteritis, septicemia, and en-
teric fevers (Giannella 1996). Globally, each year, over 80
million cases of foodborne salmonellosis are reported
(Shannon et al. 2010). The symptoms of salmonellosis are
nausea, vomiting, diarrthoea, abdominal pain, myalgia, and
headache that begin after 6 to 48 h after the bacteria enters
the host system (Giannella 1996). Infections caused by salmo-
nella are life-threatening in severe cases; therefore, antibiotics
with lesser side effects are the immediate need (Giannella
1996).

Sea foods that are commonly consumed are squids, fishes,
crabs, shellfish, and shrimp. These sea foods are prone to
contamination by different species of Vibrio. One among
these species is Vibrio harveyi. Wound infections, gastroen-
teritis, and septicaemia are caused by pathogenic Vibrio. Itis a
Gram-negative, rod-shaped, motile, luminous facultative an-
aerobic organism (Thongkao and Sudjaroen 2017). The or-
ganism enters human host systems through contaminated wa-
ter and food especially inadequately cooked seafood and sim-
ilar products (Thongkao and Sudjaroen 2017; Osunla and
Okah 2017). The symptoms of this infection are nausea, ab-
dominal cramping, vomiting, fever, chills, and diarrhoea,
which are visible within the first 24 h of encounter with the
pathogen. People with low immune systems are likely to be
affected severely by them. V. harveyi causes skin infections in
cases of open wound when exposed to seawater (Chochlakis
et al. 2019).

As ingestion of pathogenic bacteria is one of the major
causes of foodborne infections, it is generally treated using
antibiotics. Use of antibiotics has increased in recent times
due to increasing occurrences of foodborne infections. MDR
strains of Salmonella have shown resistance to antibiotics like
ampicillin and chloramphenicol. WHO recommends to use a
third-generation antibiotics, such as ciprofloxacin of the
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fluoroquinolone group to treat salmonella-related infection.
However, a reduced susceptibility towards this drug was re-
ported when tested over 300 isolates obtained from blood-
stream infections collected from 2007 to 2012 in a study car-
ried out in Ghana (Eibach et al. 2016; Al-Emran et al. 2016).
Similarly, a combination of third-generation antibiotics like
cephalosporin (ceftazidime, cefotaxime, ceftriaxone) and tet-
racycline or one of its analogs (doxycycline) is used to treat
Vibrio infections in non-cholera adults (Stevens et al. 2014).
Antibiotic resistance has vastly raised due to selective pressure
among bacteria (Singh 2017). One of the major reasons for
this is biofilm-forming ability of the microorganisms. Biofilm
confers resistance against antibiotics by its multi-layered de-
fense mechanism which involves various mechanisms like
limiting antibiotic penetration, persistent cell population, poor
growth, and stress responses (Stewart 2002). Another major
reason is modifications among the genes that reside in biofilm,
which results in decreased sensitivity against the antibiotics,
thereby developing resistance among them (Dibyajit et al.
2019).

Bacteria form biofilms through a process of cell-cell com-
munication known as quorum sensing. As a response to pop-
ulation density among the microbial cells, the quorum-sensing
(QS) mechanism is activated, enabling microbial communica-
tion. This quorum-sensing mechanism plays a role in regula-
tion of virulence production and biofilm formation in many of
the bacterial species (Paluch et al. 2020). In Sa/monella spp.,
this mechanism is mediated by autoinducers Al-I, Al-2, and
Al-3 (Walters and Sperandio 2006). The Al-1 system in
Salmonella spp. is different from others due to the presence
of sidA protein, a homologous of LuxR protein generally
present in other bacteria. sidA detects the presence of acyl
homoserine lactone (AHL) produced by other microbes unlike
LuxR in other bacteria (Almeida et al. 2016). The AI-2 system
in Salmonella spp. is operated by the LuxS-Lsr system. The
LuxS protein synthesizes signaling molecule which is inter-
nalized by Lsr operon products (Xavier and Bassler 2005).
The signal molecule AI-3 is detected by products of qseBC
operon and gseE gene and allows communication between
bacteria and mammalian hosts (Hughes and Sperandio
2008). Similarly, the quorum-sensing mechanism in Vibrio
harveyi is regulated by three autoinducers (Als). Along with
its role in virulence and biofilm production, QS in this organ-
ism is also responsible for bioluminescence phenomenon,
type III secretion (TTS), and protease production. The three
Als are CAI-1, HAI-1, and AI-2. While two of these
autoinducers are known, i.e., AI-2 is a furanosyl-
borate-diester and HAI-1 is an acyl homoserine lactone,
the structure of CAI-1 is still not known. The two-
component phospho-relay cascade system that controls
the production of LuxR protein in V. harveyi is in-
volved in generating response to the Als (Waters and
Bassler 2006).
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One of the strategies to combat antibiotic resistance in bac-
teria is to inhibit quorum sensing. This can be achieved in
several ways. One approach is inhibition of synthesis of sig-
naling molecules like blocking of proteins of Lux operon
(Lade et al. 2014). Second method involves competitive inhi-
bition of signal as well as receptor molecules as described by
Ni et al. (2009). Enzymatic degradation of synthetic molecule
or inactivation is also one of the methods of inhibiting quorum
sensing (Delago et al. 2016). Another approach given by
Rampioni et al. is blocking of the signaling cascades. For
example, this is achieved by blocking of Al-receptor com-
plexes (Rampioni et al. 2014). Nanoparticles are believed to
act as quorum quenchers by inhibiting the synthesis of
autoinducer or degrading Al-receptor proteins, which results
in decreased production of biofilm components and other vir-
ulence factors such as elastase and pigment (Radzig et al.
2013; Garcia-Lara et al. 2015). Other inhibitors include bac-
terial products like norspermidine, and secondary metabolites
from plants like catechins and enzymes (animal products) like
acylases, lactonases, and oxidoreductase (Paluch et al. 2020).
However, most of these research approaches are still in in vitro
lab trials and there is an urgent need of natural antibiotics
which can eradicate preformed biofilms.

A lot of focus has shifted recently to research in the field of
bioactive compounds from natural resources for treating these
bacterial biofilms (Dibyajit et al. 2019). An important bioac-
tive compound that is effective against bacterial biofilms is
algal sulfated polysaccharides (SPs) (Patel 2012). These are
naturally present in marine algae. In fresh water algae, they
are produced when subjected to stress (Seedevi et al.
2016). Recent research has uncovered the potential of
Chlamydomonas reinhardtii (Cr) to produce SPs under
stress conditions (Vishwakarma et al. 2019). These Cr-
SPs are known to have potent properties as good anti-
cancer, antioxidant, and neuroprotective agents (Kamble
et al. 2018; Vishwakarma et al. 2019; Choudhary et al.
2018; Panigrahi et al. 2019). However not much work has
been reported on combating biofilms of these bacteria.
The aim of the current study is to evaluate the anti-
biofilm and anti-quorum-sensing potential of Cr-SPs
against these foodborne infection causing bacteria as a
step towards developing a novel anti-biofilm drug aimed
at both prevention and cure of these illnesses.

Materials and methods

Algal source and culturing conditions

A wild strain of Cr CC-124 was procured from the
Chlamydomonas Genetic Centre, Duke University, USA.

The algal culture was maintained at neutral pH 7 in tris acetate
phosphate (TAP) medium at 25 °C with continuous

illumination of 300-pmol photons m s in shaker incubator
as mentioned by Sirisha et al. (2014).

Extraction of sulfated polysaccharides and its
purification

CC-124 cells were maintained in TAP medium at 25 °C under
300-pumol photon white light illumination for 72 h in an incu-
bator shaker. As the cells reach their stationary phase, they
were collected by centrifuging at 1100xg for 5 min at 25 °C
and subjected to a modified hot water extraction method of
SPs (Kamble et al. 2018). The solvent was then evaporated by
using rota evaporation at 60 °C, rpm 114, and 250 mbar. The
dried crude extract was dissolved in autoclaved distilled water
and purified using Q-Sepharose (GE Healthcare) anion ex-
change column chromatography using a NaCl gradient of 0—
3 M. The elutes were then tested for their biochemical com-
position using standard protocols (Dodgson and Price 1962;
Dubois et al. 1956), and the elutes which have highest carbo-
hydrate and sulfate content were pooled and were used to
analyze their anti-bacterial and anti-biofilm properties.

Bacterial strains and culture conditions

Two strains Salmonella enterica (MTCC No0.9844) and Vibrio
harveyi (MTCC No.7771) that are causative agents for many
bacterial related food diseases were used in this study. These
strains were procured from Microbial Type Culture Collection
and Gene Bank (MTCC), Chandigarh, India. Growth Medium
3 (GM3) was used for maintenance and growth of these mi-
croorganisms at a temperature of 37 °C for 24 h.

Agar well diffusion method

Overnight-grown bacterial culture was spread on a GM3 agar
plate. Wells were punched and different concentrations of Cr-
SP (0-32 mg/mL) were loaded in these wells. The plates were
incubated at 37 °C for 24 h. Post-incubation, the diameter of
the clear zones of inhibited bacterial growth around the well
was measured. This diameter is recorded and reported in mil-
limeters (Teanpaisan 2016; Yan et al. 2017). This test helps to
detect the potential of Cr-SPs to inhibit the growth of the
bacteria.

Time-kill and clonogeny assay

Time-kill assay was performed to assess the in vitro potential
of Cr-SPs to inhibit bacterial growth over a period of time. A
total of 10'°CFU/mL bacterial cells were treated with Cr-SPs
in varying concentrations (0—-8 mg/mL) and incubated at
37 °C for 24 h, 120 rpm. Bacterial growth was measured at
595 nm spectrophotometrically at O h till 48 h. The time-kill
analysis was performed by plotting concentration on X-axis
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and absorbance on Y-axis (Vishwakarma and Vavilala 2019;
Pinto etal. 2017). For clonogeny assay, bacterial cultures were
treated with different concentrations of Cr-SPs for 24 h; post-
incubation, 100 puL was spread onto GM3 agar plates. These
plates were incubated for 24 h at 37 °C, and the colony count
was recorded (Zhou et al. 2012).

Minimum inhibitory concentration and minimum
bactericidal concentration assay

Minimum inhibitory concentration (MIC) is defined as the
minimum concentration of the compound required to reduce
visible growth of the bacteria. The modified broth micro-
dilution method was used to assay the minimum concentration
of Cr-SPs that inhibits as well as kills the bacteria. In a micro-
titer plate, 10° CFU/mL bacterial cells were allowed to grow
with different concentrations of Cr-SPs (0—8 mg/mL) for 24 h.
Post-incubation, MTT assay was performed to assess the via-
bility of the bacterial cells. Viability was determined by plot-
ting Cr-SPs concentrations vs percentage viability. While
minimum bactericidal concentration (MBC) is the minimum
concentration of the compound required to kill the bacteria. In
order to check the bactericidal effect, the cells were supplied
with fresh medium for 24 h post-Cr-SPs treatment and viabil-
ity was checked (Bazargani and Jens 2015; Getahun et al.
2004).

Anti-biofilm potential of Cr-SPs The potential of Cr-SPs to
inhibit biofilm formation and to eradicate the preformed
biofilms was tested by performing the following experiments.

Biofilm inhibition

The biofilm inhibition potential of Cr-SPs was assessed using a
modified microtiter plate crystal violet quantification assay as
described below. The principle of the assay involves that the
positively charged dye penetrates and binds to the negatively
charged bacterial cell surface molecules and polysaccharides
present in the extracellular polysaccharide (EPS) layer of ma-
ture biofilm, thereby giving an information on the density of the
attached bacterial cells. Bacterial cultures were grown till an
O.D. of 0.5-0.6 and treated with different concentrations of
Cr-SPs (0 to 8 mg/mL) for 24 h at 37 °C at 120 rpm. Post-
incubation, the wells were washed with autoclaved distilled
water twice and dried for 15 min at 37 °C. Furthermore, the
cells were stained with 1% crystal violet which was prepared in
10% ethanol for 30 min at room temperature. After staining, the
cells were washed with distilled water twice and the plate was
dried at 37 °C for 15 min. Furthermore, 200 uL of absolute
ethanol was added and incubated at room temperature for
10 min and was spectrophotometrically quantified at 595 nm
(Bazargani and Jens 2015; Graziano et al. 2015Di Martino et al.
2003; Sasirekha et al. 2015).
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Cell surface hydrophobicity assay

The bacterial adherence to hydrocarbons (BATH) assay was
used to evaluate the cell surface hydrophobicity (CSH).
Overnight-grown culture of bacteria was taken and inoculated
in fresh medium and incubated at 37 °C till the O.D. of bacterial
cell suspension reaches 0.6 to 0.8 (measured at 600 nm). At this
0O.D, the cells were harvested and treated with Cr-SPs at MIC
and D-MIC (double-minimum inhibitory concentration) con-
centration for 24 h at 37 °C in an incubator shaker at
120 rpm. Post-incubation, the cell density was recorded spec-
trophotometrically at 600 nm. Furthermore, 1 mL of toluene
was added to 1 mL of cell suspension and vortexed vigorously
for 2 min. The mixture was allowed to stand for 10 min to aid
separation of the phases. The aqueous phase density was re-
corded spectrophotometrically at 600 nm (Chari et al. 2014;
Sorongon et al. 1991).

Biofilm eradication

To evaluate the ability of Cr-SPs’ ability to eradicate preformed
biofilms, this assay was performed. Overnight grown bacterial
cultures were reinoculated and incubated at 37 °C till it reaches
0.5 O.D. Further the culture were treated with 15-mM hydrogen
peroxide at 37 °C, 120 rpm for 24 h allowing them to form
biofilms. The preformed bacterial biofilms were then treated
with different concentrations of Cr-SPs (0.5-8 mg/mL), incu-
bated at 37 °C, 120 rpm for 24 h. Post-incubations, crystal
violet staining was performed. The results were analyzed by
calculating percentage eradication and plotted on Y-axis against
concentration of Cr-SPs (Geier et al. 2008; Trentin Dda et al.
2011).

Quantification of extracellular polysaccharide layer

Bacterial cells were allowed to form biofilms, and then the
cells were collected by centrifugation at 8499xg for 5 min at
25 °C. Furthermore, the cell pellet was treated with MIC and
D-MIC of Cr-SPs for 24 h at 37 °C, 120 rpm, along with
untreated controls. Post-incubation, the cell suspension was
treated with 10% TCA and equal volume of acetone and in-
cubated at 4 °C overnight. The mixture was centrifuged at
33995xg for 10 min at 25 °C. The weight of treated pellet
was compared with the control and used for percentage EPS
calculation (Chari et al. 2014).

Extracellular DNA quantification in Cr-SP-treated
bacterial biofilms

A modified method suggested by Wang et al. (2011) was used
for quantification of the extracellular DNA (eDNA) present in
bacterial biofilms. The bacterial cells were allowed to form
biofilms and further treated with Cr-SPs for 24 h. A 96-well
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microtiter plate was used to carry out this experiment. Post-
incubation, the plates were kept at 4 °C for an hour and 1 uL
of 0.5M EDTA was added per well. The biofilm contents of
each well were collected and centrifuged. The pellet obtained
was dissolved in 50mM Tris HCI (pH 8), and eDNA was
extracted by adding equal amount of
phenol:chloroform:isoamylalcohol (PCI) (25:24:1). To the
aqueous phase, three volumes of absolute ethanol and one-
tenth volume of sodium acetate (pH 5.2) were added and
incubated at — 20 °C overnight. eDNA was collected by cen-
trifugation at 18000xg at 4 °C for 20 min, washed with 70%
ethanol, dried, and dissolved in 10uL TE buffer. An absor-
bance ratio of A260/A280 was used to check the purity and
concentration of the eDNA obtained.

Biofilm metabolic activity

A modified MTT assay was used to assay metabolic activity
of bacterial biofilms. Briefly, 10°CFU/mL cells were treated
with hydrogen peroxide to initiate biofilm formation, and fur-
thermore, these preformed biofilms were treated with Cr-SPs
for 24 h. The wells were washed using sterile media after-
wards and treated with 20pug/mL MTT and incubated at
37 °C for 3 h. The formazan crystals were dissolved using di
methyl sulfoxide and read spectrophotometrically at 570 nm
(Bazargani and Jens 2015).

Anti-quorum-sensing potential of Cr-SPs In order to check the
quorum-quenching potential of Cr-SPs the following experi-
ments were performed.

Swimming-swarming assay

Bacteria were treated with MIC and D-MIC of Cr-SPs, and
their motility was determined. For S. enterica swarming assay,
0.3% GM3 agar plate was used to seed 10 pL of the culture at
the center of the agar plates, while 0.5% GM3 agar was used
to check its swimming potential (Kearns 2010; Kim et al.
2003), while for V. harveyi, 0.5% Luria Bertanii media with
2% NaCl (LBS) media were used to evaluate its swimming
ability and 1.5% of GM3 for swarming motility (Manuel et al.
2009). Bacterial cells without treating with Cr-SPs serve as
controls in this experiment.

Protease assay

Protease quantification is done by using 1% casein solution as
a substrate. In this reaction, 1 mL of 1% casein solution was
added to 1 mL of cell supernatant and incubated at room
temperature for 10 min. Then of 0.4N TCA was added to
the reaction mixture and incubated at 40 °C for 10 min. The
solution was centrifuged at 8499xg for 5 min. To 1 mL of the
supernatant, 5 mL of 0.4M sodium carbonate and 1 mL and

ImL Folin’s reagent were added, mixed well, and incubated at
40 °C for 20 min. The protease activity was then measured
spectrophotometrically at 680 nm (Dalal 2015).

Urease assay

To determine bacterial urease activity in control and Cr-
SPs treated cells, bacteria were treated with MIC and D-MIC
of Cr-SPs and incubated at 37 °C for 24 h. Post-incubation, the
supernatant was collected by centrifugation at 8499xg for
5 min at 25 °C. Two percent of urea was used as a substrate
to quantify the urease activity. Approximately 0.1 mL of bac-
terial cell supernatant was incubated with 0.5 mL of substrate
at 37 °C for 3 h in a water bath. Post-incubation, 0.1 mL of
Nessler’s reagent was added to these tubes, mixed well, and
incubated for 5 min at room temperature. The amount of ure-
ase produced was then quantified spectrophotometrically at
530 nm (Kauffmann and Moller 1955; MacFaddin 1980).

Scanning electron microscopy analysis

Bacterial cultures were grown in GM3 liquid medium over-
night at 37 °C. Biofilms were allowed to form on treated
coverslips by treating the cultures with 15mM H,O,. After
24 h, the cultures were treated with MIC of Cr-SPs, and the
control (untreated biofilm) was incubated at 37 °C for another
24 h. Following this, the coverslips were washed thrice with
PBS and fixed with 2.5% of glutaraldehyde for 12 h and were
subjected to dehydration using graded ethanol (50-100%) and
dried in desiccator for 24 h. The dried biofilms (control and
treated) were coated with platinum and observed under scan-
ning electron microscope (FEI Quanta 200 (XT Microscope
Control) at a magnification of x 20,000) (Yan et al. 2017).

Statistical analysis

All the experiments were performed in triplicates while main-
taining experimental duplicates each time. All the data collect-
ed were processed for statistical analysis systems using
Originpro 8.5, and comparisons to proper controls were done.
Furthermore, the results obtained were then analyzed using
one-way analysis of variance (ANOVA), and Turkey’s meth-
od was done for pairwise comparison among the groups.

Results

Extraction and purification of sulfated
polysaccharides from C. reinhardtii

Sulfated polysaccharides from C. reinhardtii were extracted

using the hot water method and purified using anion exchange
column chromatography. The extract was assessed for its

@ Springer



6304

Appl Microbiol Biotechnol (2020) 104:6299-6314

biochemical composition and was found to contain 75% total
carbohydrate, 33% sulfate, 42% uronic acid, and a very low
protein content of ~5%. FTIR analysis of this extract was
found to have characteristic side chains of algal sulfated poly-
saccharides (Kamble et al. 2018). NMR analysis of Cr-SPs
clearly showed the structural characterization of algal polysac-
charides (Panigrahi et al. 2019). These results clearly indicate
that the extract is enriched with polysaccharides which are
sulfated. This extract is further used to evaluate its antibacte-
rial and anti-biofilm properties.

Antibacterial effect of Cr-SPs on bacterial growth by
using the agar well diffusion method

Antibacterial activity of Cr-SPs against S. enterica and
V. harveyi was tested using the agar well diffusion assay.
Cr-SPs showed good antibacterial activity against both the
bacteria tested (Table.1). Increased clear zones in the diameter
ranging from 1 to 22 mm were observed with increasing con-
centrations of Cr-SPs from 0 to 32 mg/mL. These results
clearly showed that Cr-SPs have the potential to inhibit the
growth of these bacteria (Table 1).

Effect of Cr-SPs on bacterial time-kill and clonogeny
assay

In vitro evaluation of Cr-SPs on the growth of these bacteria
was determined by using the time-kill assay. The growth of
the bacteria was assessed over a period of 0—48 h in the pres-
ence of Cr-SPs in a concentration-dependent manner. Cr-SPs
started to show a reduction in growth from 0.5 mg/mL. At
1 mg/mL of Cr-SPs, both organisms showed complete growth
inhibition at 24 h, while from 2 to 8 mg/mL, a complete killing
of these bacteria were observed in the third hour of their
growth. A decline in their growth curve can be clearly seen

Table1 Effect of Cr-SPS on bacterial growth. Zone diameters observed
after Cr-SP treatment in S. enterica and V. harveyi. The results represent
mean and SD of three independent experiments (p < 0.05)

Zone (mm)
Concentration (mg/mL) Salmonella enterica Vibrio harveyi
0 0+ 0.00 0+ 0.00
0.5 18 £ 0.35 17 £ 0.81
19 + 0.66 19.33 £0.33
2 19.5 £ 0.88 20.67 £ 0.33
21.5+0.88 21 +£0.28
8 22.33 +£0.52 22 +£0.28
12 21.33 £0.44 21.33 +£0.40
16 23.67 £ 0.61 23.67 +£0.33
32 22.5+0.68 22.5+0.81
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(Fig. 1a and b). These results indicate that there is a reduction
in the microbial population in presence of Cr-SPs over a time
period. Clonogeny results indicate that the colony-forming
ability of S. enterica and V. harveyi was severely hampered
by Cr-SPs in a dose-dependent manner. At 0.5mg/mL concen-
tration of Cr-SPs, there was 43% and 50% of colony-forming
ability of these bacteria, while at 2—4 mg/mL concentration, it
has drastically dropped to 0% and 0.63% in S. enterica and
V. harveyi (Fig. 1¢ and d) respectively, indicating that Cr-SPs
not only inhibit the growth of these bacteria but also prevent
their colony-forming ability.

MIC and MBC assay

MTT assay was used to identify the minimum inhibitory as
well as bactericidal concentration of Cr-SPs against
S. enterica and V. harveyi. The cell viability was measured,
and the MICs, was found to be as low as 440 pg/mL and
490 pug/mL for S. enterica and V. harveyi respectively
(Fig. 2a and c). The Cr-SPs showed significant bactericidal
activity with 50% cell death at 1 mg/mL for both the organ-
isms. Cr-SPs is a promising antibacterial agent, as it not only
inhibits the growth of these foodborne illness causing bacteria
but also has the potential to kill them (Fig. 2b and d).

Biofilm inhibition and cell surface hydrophobicity
assay

Both the bacteria were allowed to grow with different concen-
trations of Cr-SPs, and the bacteria were subsequently
checked for biofilm formation using the crystal violet assay.
It was observed that Cr-SPs at a concentration of 1 mg/mL
inhibited biofilms up to 50% in S. enterica and up to 44% in
V. harveyi. Above 2 mg/mL, more than 90% biofilm inhibi-
tion was observed in both the organisms and a complete 100%
inhibition at 4 mg/mL and 8 mg/mL respectively (Fig. 3a and
b). Cell surface hydrophobicity is known to play an important
role in biofilm formation, as cells that are rich in hydrophobic
nature have maximum capability of forming biofilms. It was
observed that for S. enterica, when treated with MIC and D-
MIC of Cr-SPs, its CSH ability was decreased to 57.13% and
35.18% respectively as compared with 77.37% in control
(Fig. 3c). Similarly, in the case of V. harveyi, the CSH of
control is 80.5%, and it reduces to 62.84% at MIC and
45.84% at D-MIC of Cr-SPs (Fig. 3d). These results indicate
that Cr-SPs reduce the hydrophobicity of the bacterial cells,
thereby inhibiting biofilm formation.

Biofilm eradication and quantification of extracellular
polysaccharide layer

To further check if Cr-SPs can distort preformed biofilms or
not, the bacteria were allowed to form biofilms using
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oxidative stress. These preformed biofilms were then treated
with different concentrations of Cr-SPs. It was observed that
Cr-SPs effectively eradicated approximately 50% of biofilms
at around 1.5 mg/mL. Also, more than 95% of biofilm was
eradicated at concentration of 4 mg/mL and above (Fig. 4a
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and b). To further check if Cr-SPs affect the EPS layer, quan-
tification of EPS was carried out. The results clearly showed
that Cr-SPs effectively distort and reduce the EPS layer
formed in these organisms. In the case of S. enterica, approx-
imately 9-fold reduction of EPS was seen when treated with
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MIC and D-MIC of Cr-SPs (Fig. 4c¢). In the case of V. harveyi,
5-fold decrease in EPS quantity was observed in comparison
with control (Fig. 4d). These results show that Cr-SPs effi-
ciently eradicate preformed biofilms by distorting the EPS
layer.

eDNA quantification from bacterial biofilms

eDNA is one of important constituents of EPS layer. It has a
significant role in bacterial maturation and maintenance of
biofilms. This assay is designed to quantify the eDNA present
in bacterial biofilms. Here, the bacterial biofilms are formed by
giving mild hydrogen peroxide stress to the cells for 24 h and
then treating them with Cr-SPs for a time period of 24 h. The
positive controls are untreated biofilms. Upon quantification, it
was seen that there is a significant reduction in the total quantity
of eDNA with increased Cr-SPs concentration; when compared
with the control, in V. harveyi, there is a 2-fold decrease in
eDNA quantity at 0.5 mg/mL, while in the case of
S. enterica, a 3-fold reduction is observed at 2 mg/mL Cr-SPs
(Fig. 5a and b). These results strongly support the action of Cr-
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SPs against these two bacterial biofilms. It is likely related to
direct interaction of Cr-SPs with EPS layer and distorting it.

Effect of Cr-SPs on bacterial biofilm metabolic activity

Cr-SPs induced decreased metabolic activity in bacterial cells in
biofilms. Metabolic activity was inhibited ranging from 78—
14% at concentrations 0.5 to 4 mg/mL in the case of
S. enterica and 75-52% at concentrations ranging from 0.5 to
2 mg/mL in the case of V. harveyi. At 8-mg/mL Cr-SPs, a
complete inhibition of metabolic activity (0%) was observed
in both the organisms (Table.2). The reason behind this is Cr-
SPs at high concentrations not only completely eradicated the
biofilm and but also killed the bacteria present within the bio-
film (Table.2). The positive control cells (bacteria with
preformed biofilms) showed 100% reduced metabolic activity,
as the cells in a biofilm do not show metabolic activity, thereby
escaping the effect of antibiotics which target actively metabo-
lizing cells. The percentage inhibition of metabolic activity of
Cr-SP-treated bacterial cells was calculated relative to positive
control. These results indicate that the Cr-SPs are effective not
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Table 2 Inhibition of metabolic activity by Cr-SPs in S. enterica and
V. harveyi. The results represent mean of three independent experimental
sets (p <0.05)

Percentage Inhibition

Concentration (mg/mL) Salmonella enterica Vibrio harveyi
0.5 78.49 + 1.35 75.09 £ 2.34
1 59.15 + 3.12 53.24 £1.07
2 54.80 + 3.37 52.25 £ 091
4 14.29 £ 3.39 0+0

8 0+0 0+0

only in eradicating biofilms but also in efficiently killing the
bacteria present inside the biofilms.

Anti-quorum-sensing activity of Cr-SPs
Swimming-swarming assay

Flagellar motility plays an important role in initial attachment
during biofilm development and also during detachment phase
of biofilm, where they have to move to another target surface.
Therefore, swimming—swarming motility is very important in
mediating adherence of bacterial cells to biotic and abiotic sur-
faces. In the case of both S. enterica and V. harveyi, when
compared with control, Cr-SP-treated bacteria showed signifi-
cant reduction in swimming and swarming motility (Fig. 6),
indicating its potential to both prevention and spreading of bac-
terial infections.

Protease assay

The quorum-sensing mechanism triggers protease production.
Proteases help in infection process by hydrolyzing peptide

bonds and degrading proteins that are important for carrying
out vital functions of the human body. They play an active role
against the host’s immune system by conferring protease-
mediated cleavage of immunoglobulins. Therefore, the ability
of Cr-SPs to inhibit protease enzyme production was spectro-
photometrically quantified and it was found that D-MIC value
of Cr-SPs showed 50% decreased protease activity in both the
bacteria as compared with untreated controls (Fig. 7a).

Urease assay

The urease produced by these bacteria was quantified, and it
was found that Cr-SPs effectively reduce urease production,
making it difficult for the organism to survive in the intact
biofilm. In S. enterica, the activity reduces ~71% at MIC
value and ~38% at D-MIC value, while in the case of
V. harveyi, the activity significantly reduces to 19% at MIC
and ~4% at D-MIC (Fig. 7a). These protease and urease re-
sults clearly indicate that Cr-SPs are an effective quorum-
sensing quenching molecule leading to reduced pathogenicity.

SEM visualization

The surface structure and morphology of bacterial biofilms
with and without Cr-SPs treatment were determined using
SEM analysis. Control bacteria showed multiple layers of
bacterial biofilms (Fig. 8a and ¢), while MIC Cr-SPs-treated
bacterial biofilms showed remarkable decrease in number of
adherent bacteria; decreased biofilm formation was observed
in both the strains (Fig. 8b and d). Also, Cr-SPs-treated bac-
terial biofilms showed a loss of the bacterial original shape as
observed by irregular and distorted bacterial cell walls. These
results clearly indicate that Cr-SPs have potent anti-biofilm
action against S. enterica and V. harveyi.

D-MIC

Control MIC

Control MIC D-MIC

Fig. 6 Effect of Cr-SPs on swimming motility of A S. enterica and B swarming motility of S. enterica. C Swimming motility of V. harveyi and D

swarming motility of V. harveyi
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Discussion

Biofilms in the food industry represent a significant health and
economic challenge. Their existence on surfaces of
manufacturing machines results in corrosion which has a fi-
nancial cost. At the same time, some of the bacterial species
such as Bacillus spp. and Pseudomonas spp. secrete a range of
lipolytic and proteolytic enzymes, which can potentially result
in changes to taste (bitter) and odor (rancid). Such instances
lead to the forcible junking of entire lots of manufacturing
batches with financial implications. The long-term formation
of biofilms on food manufacturing equipment also represents
a public health issue. Biofilms are highly likely to contain
either bacterial or fungal species that are known pathogens.
These can potentially attack the immunocompromised—
recipients among others. These pathogens are also capable
of giving rise to diseases such as gastroenteritis (Escherichia
coli, S. enterica) or lead to food intoxication (S. aureus,
Bacillus cereus). An additional challenge with biofilms is their
enhanced resistance to anti-microbial therapy, host immune
response, and chemical disinfection. These challenges collec-
tively have made biofilms a huge concern in industrial, clini-
cal, and environmental settings (Serena et al. 2018; Camargo
et al. 2017). To date, no antibiotic/anti-microbial agents have
been developed for eliminating/treating biofilms, despite ex-
tensive research. In light of this, the only option left for re-
searchers globally is to identify new strategies for inhibiting
formation of biofilm, or developing a newer, modern class of
natural antibiotics. In this context, phytochemicals are known
to have anti-biofilm and anti-microbial characteristics against
the broad spectrum of pathogenic organisms. They potentially
play a key role in reducing the rise of drug resistance through
their multi-targeted mechanism (Barbieri et al. 2017).
Previous research has shown that phytochemicals can also
increase the susceptibility of organisms to a variety of antibi-
otics (Lillehoj et al. 2018). Traditional medicinal systems in
different parts of the world use many seaweed-derived medi-
cines. These have been recorded as agents used to treat infec-
tions. Many of them have been investigated for their efficacy
against multi-drug-resistant pathogens (Manikandan et al.
2011; Lu et al. 2019; Wagih et al. 2017). In the present study,
the potential of sulfated polysaccharides that have been ex-
tracted from a green alga was tested for their efficacy against
biofilms that were formed by Salmonella enterica and Vibrio
harveyi.

In this study, it was shown that Cr-SPs exhibited efficient
anti-microbial activity against both S. enterica and V. harveyi
as observed by using the agar cup diffusion assay. With in-
creased concentration of Cr-SPs, there was gradual increase in
the clear zones, indicating that Cr-SPs are efficiently
inhibiting the growth of both S. enterica and V. harveyi
(Table.1). Moreover, the time-kill assay also showed that
starting from 3 h, with increased concentrations of Cr-SPs,
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there is gradual decrease in the bacterial growth and complete
growth inhibition was observed from 12 h till 48 h respective-
ly (Fig. 1). Our results showed that Cr-SPs exhibited the stron-
gest antibacterial activity at 440 ug/mL and 490 pg/mL MIC
against S. enterica and V. harveyi respectively. Similarly, ear-
lier reports from marine algae showed that fucoidan from
brown algae possessed broad antibacterial spectrum against
E. coli, Klebsiella pneumoniae, Vibrio cholera,
Pseudomonas aeuroginosa, etc. Carrageenans showed bacte-
ricidal activity at 2500 pg/mL against S. enterica, Salmonella
typhimurium, and S. aureus. However, Y-carrageenans
showed no effect even at high dose of 5000 pg/mL. Cr-SPs
showed efficient antibacterial activity at 440 and 490 pg/mL,
which is much better than carrageenan (Jun et al. 2018). Also,
prior studies have also shown that sulfated polysaccharide
fractions from Sargassum kjellmanianum, Lachemilla
angustata var. longissima, Laminaria japonica, Ecklonia
cava Sargassum fulvellum L. angustata, and Eisenia bicyclis
have shown efficient anti-microbial properties against a di-
verse range of bacteria (Ale et al. 2011; Caccamese et al.
1981; Horikawa et al. 1999). In particular, some of the studies
have reported that Gram-positive bacteria are more sensitive
to SPs than Gram-negative bacteria. This is potentially attrib-
utable to the differences in their cell wall structure and com-
position (Zapopozhets et al. 1995; Li et al. 2010; Pierre et al.
2011; Choi et al. 2015). Bioactive compounds attribute their
antibacterial potential to their ability to permeabilize the bac-
terial cell membranes. This results in the widening of the pores
and subsequent leakage of intracellular macromolecules such
as proteins and nucleotides eventually leading to cell death
(Joon et al. 2018).

S. enterica and V. harveyi are known to form firm biofilms,
which are difficult to eradicate and are more resistant to anti-
microbials. Therefore, there is an urgent need to develop novel
bioactive compounds that can eradicate/distort preformed
biofilms. In the current study, the anti-biofilm potential of
Cr-SPs against S. enterica and V. harveyi biofilms was evalu-
ated. It was found that there is a positive correlation between
the concentration of Cr-SPs and biofilm inhibition with both
the bacteria tested (Fig. 3). Interestingly, Cr-SPs effectively
dissolved preformed biofilms of these bacteria (Fig. 4). Dose-
dependent reduction in total EPS in the extrapolymeric sub-
stance revealed that Cr-SPs probably interacts with EPS and
destroy the biofilms (Fig. 4c and d). Furthermore, scanning
electron microscopy results clearly showed that MIC of Cr-
SPs distorted the preformed biofilms and also significantly
changed the morphology of the bacteria (Fig. 8). Earlier stud-
ies on Fucoidan from a brown alga from Sargassum wightii
also showed efficient anti-biofilm activity against
Staphylococcus epidermidis (Marudhupandi and Kumar
2013). Similarly, SPs from marine algal species effectively
inhibited the growth of various Gram-positive and Gram-
negative bacteria. They further concluded that increasing the
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concentration of SPs might inhibit biofilm formation (Jiao
et al. 2011). Moreover, our current study showed that with
increase concentration of Cr-SPs, there is a significant de-
crease in eDNA quantity (Fig. 5). It is known that eDNA is
an important component in developing and stabilizing the
biofilm in both Gram-positive and Gram-negative bacteria
(Rattiyaphorn et al. 2019; Nguyen and Burrows 2014;
Lappann et al. 2010; Whitchurch et al. 2002; Kim et al.
2017; Das et al. 2014; Liao et al. 2014). It was also shown
earlier that in Pseudomonas aeruginosa eDNA helps in stabi-
lizing the biofilm, and if the cells are treated with DNAse,
biofilms were found to be disrupted easily in early stages but
not in matured biofilms. Similarly, in S. aureus biofilms,
eDNA was found to play a crucial role in cross-linking with
beta toxin and helps in matrix formation (Montanaro et al.
2011). Our results clearly indicate that Cr-SPs are a promising
anti-biofilm agent probably targeting the eDNA and
disrupting the preformed biofilms.

A key mechanism through which bacteria communi-
cate with one another is quorum sensing. This has been
shown through multiple studies that quorum sensing is
crucial for formation of biofilms. During quorum sens-
ing, bacteria release a set of chemical signals. These
signals go on to bind to receptors of another bacteria.
This eventually helps in transcription of genes that are
responsible for bioluminescence, virulence, biofilm for-
mation, competence, antibiotic production, etc. This can
occur inter- and intra-species (Packiavathy et al. 2011;
Rutherford and Bassler 2012). Inhibiting the virulence
factors like protease and urease could enable the host
immune system to combat disease (Mahsa et al. 2015).
It is known that urease hydrolyses urea to ammonia,
which increase the pH of the surrounding environment
leading to stone formation or apatites in urinary bladder
(Jones et al. 1990; Marathe et al. 2018). Thus,
inhibiting the urease activity is a crucial target in the
development of drugs for treating urease-positive bacte-
rial infections (Follmer 2010). Similarly, protease en-
zyme produced by these bacteria can enhance pathoge-
nicity by degrading immunoglobulins, thus enabling the
bacteria to evade host defense mechanism, thereby es-
tablishing infection (Aravindraja et al. 2017). The cur-
rent study results showed that at MIC of Cr-SPs, there
is a significant decrease in both urease and activities in
both the organisms, probably leading to their reduced
pathogenicity (Fig. 7). Earlier reports with plant extracts
like naphthoquinone from Diospyrus lotus, allicin from
garlic, curcumin, fluoroquinolones, and linoleic acid
showed inhibition of urease activity in Proteus mirabilis
(Abdullah et al. 2016; Marathe et al. 2018; Rauf et al.
2017; Mahsa et al. 2015; Prywer and Torzewska 2012).
Similarly, phytol from Piper betel, Vanillic acid from
Actinidia deliciosa, and Bisabolol from Padina

gymnospora showed efficient protease inhibition in
Serratia marcescens (Srinivasan et al. 2016;
Sethupathy et al. 2016, 2017). The quorum-sensing
mechanism is used by the bacteria to regulate biofilm
formation and maturation. They help them access
nutrient-rich environment compared with the non-
biofilm-producing neighbors/normal flora. In various mi-
croorganisms, the mechanism and timing of biofilm pro-
duction differ; however, the QS plays a role in dictating
the timing of occurrence of the biofilm process (Ruby
1996, Nadell and Bassler 2011). The communication
between the bacterial population is much stronger when
they are associated with each other, i.e., in biofilms.
Due to these reasons, QS is recognized as a key role
player in virulence behavior and biofilm formation.
Hence, targeting QS is a promising way to tackle this
problem of pathogenicity. Targeting QS mechanisms in-
volves altering a signal molecule. It is presumed that
these therapies targeting QS will not be prone to resis-
tance like the other targets of traditional antibiotics that
focus on inhibition or killing of bacteria. Thus, these
therapeutics could potentially have a longer shelf life
compared with others. This is the reason we need to
target the QS system of bacteria to interfere with their
pathogenicity and biofilm-forming ability to solve the
challenge of antibiotic resistance (Rutherford and
Bassler 2012). Moreover, our current studies clearly
showed that Cr-SPs can potentially serve as a useful
tool for controlling pathogenicity and curbing the infec-
tion by targeting the quorum-sensing pathways of these
bacteria. Additionally, better understanding of the mo-
lecular mechanism of quorum-quenching potential of Cr-
SPs would help to develop them as antipathogenic com-
pounds, which would prevent bacterial infections while
not altering the normal microbiota of humans and would
therefore prevent the development of resistant strains.

In summary, the current study demonstrated the po-
tential of Cr-SPs in eradicating the bacterial biofilms
through a combination of spectroscopy and microscopy
analyses. It was observed that in the presence of Cr-
SPs, the bacteria are unable to adhere to the surface.
Interestingly, Cr-SPs were found to be effective in dis-
solving the preformed biofilms. The data also suggest
that Cr-SPs are also potentially targeting the quorum-
sensing pathways of these bacteria as indicated by the
low urease and protease activity and preventing biofilm
formation. SEM analysis further confirmed that in the
presence of Cr-SPs, the firm bacterial biofilms got
distorted with profound morphological changes. These
results showed that Cr-SPs have the ability to both pre-
vent and treat bacterial diseases, and with further vali-
dation, they can act as alternative natural therapeutics
for eradication of bacterial biofilm infections.
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