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Abstract



Ethnopharmacological relevance: Trapa natans L. (water chestnut or water caltrop) is a
widespread aquatic plant, which has been cultivated for food and traditional medicine since
ancient times. Pharmacological studies showed that water chestnut exhibits the wide range of
biological activities, such as antimicrobial, antioxidative, analgesic, anti-inflammatory, as well as
antiulcer.

Aim of the study: Evaluation of anti-virulence potential and toxicity of 7. natans methanol (TnM),
acetone (TnA) and ethyl acetate (TnEA) leaf extracts.

Materials and methods: The anti-quorum sensing activity of Tn extracts was addressed by
measuring their effects on biofilm formation, swarming motility and pyocyanin and elastase
production in Pseudomonas aeruginosa. Specific P. aeruginosa biosensors were used to identify
which of the signaling pathways were affected. The lethal and developmental toxicity of extracts
were addressed in vivo using the zebrafish (Danio rerio) model system. The phenolic
composition of 7. natans leafs extracts was analyzed by a linear ion trap-OrbiTrap hybrid mass
spectrometer (LTQ OrbiTrapMS) and UHPLC system configured with a diode array detector
(DAD) hyphenated with the triple quadrupole mass spectrometer.

Results: Subinhibitory concentrations of Tn leaf extracts (0.2 MIC) inhibited pyocyanin and
elastase production up to 50% and 60%, respectively, and reduced swarming zones, comparing
to non-treated P. aeruginosa. TnA inhibited biofilm formation by 15%, TnM showed a
stimulatory effect on biofilm formation up to 20%, while TnEA showed no effect. The bioactive
concentrations of TnM and TnA were not toxic in the zebrafish model system. Twenty-two
phenolic compounds were tentatively identified in TnM, where thirteen of them were identified
in 7. natans for the first time. Tn extracts, as well as their major components, ellagic and ferulic

acids, demonstrated the ability to interfere with P. aeruginosa Las and PQS signaling pathways.



Conclusions: This study demonstrates anti-virulence potential of 7n leaf extracts against
medically important pathogen P. aeruginosa and confirms the ethnopharmacological application

of this plant against microbial infections.
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1. Introduction
Trapa natans, commonly named the water chestnut or water caltrop, is a widespread floating-
leaved aquatic plant belonging to genus Trapa, family Trapaceae (Radojevi¢ et al., 2016). Water
chestnut is found in temperate and tropical freshwater wetlands, rivers, lakes, ponds, and
estuaries. The plant is native to Southern Europe, Asia, and Africa and has been introduced in
North America and Australia. The herbs have two types of leaves, submerged leaves which are
finely divided feather-like, born along the length of the stem, and undivided floating leaves born
in a rosette at the water’s surface. The floating leaves are rhomboid, fan-shaped and have toothed
edges. The cord-like stems are spongy and buoyant. The stems are anchored to the bottom with
numerous branched roots. The plants bloom from June to September giving white solitary
flowers that open above the water surface in the afternoons. The fruit is a nut, which depending
on the variety can be two- or four horned (Hummel and Kiviat, 2004).

Water chestnuts have been cultivated for food and traditional medicine in China and
India since ancient times. The fruits are the rich source of diverse nutrients including starch,
proteins, and minerals (Chiang et al., 2009). Their good pharmacological properties such as
antipyretic, diuretic, hemostatic, constipating, antidiarrheal, have been recognized and applied in

traditional Chinese and Indian medicine for centuries (Adkar et al., 2014). The numerous



biological activities of different 7. natans extracts have been demonstrated in vitro and in vivo
(Zhu, 2016) and include anticancer (Lin et al., 2013), anti-inflammatory (Kim et al., 2015), anti-
hyperglycemic (Kharbanda et al., 2014; Huang et al., 2016), anti-hepatotoxic (Kharbanda et al.,
2014), antioxidant (Malviya et al., 2010), or antimicrobial (Radojevi¢ et al., 2016). Most of the
bioactivities previously reported came from the peel and kernel extracts, while the leaves extracts
have been much less analyzed.

Water chestnut is a rich source of carbohydrates, proteins, lipids, essential minerals as
well as vitamins (B1, B2, B5, B6, E, A, C). Also, water chestnut contains dietary fibers and
polyphenols such as phenolic acids and flavonoids as well as hydrolyzable tannins, which are
bioactive compounds believed to be responsible for antidiabetic, antioxidant, antimicrobial and
anticancer activities (Huang et al., 2016). Peels of water chestnuts tend to have much higher
content of phenolic compounds than kernels (Malviya et al., 2010). The phenolic composition of
ethanol extracts of 7. natans roots/leaves/pulp/hulls has been analyzed by HPLC-DAD and
nuclear magnetic resonance (NMR) (Zhu, 2016). Phenolic acids and flavonoids of seeds of
green-, red-, and black-colored 7. natans were analyzed by high-performance thin-layer
chromatography (HPTLC) (Niranjan et al., 2013). In some of the above-mentioned studies, the
plant part used for extraction was untraceable (Zhu, 2016). To the best of our knowledge,
comprehensive phenolic profiling of 7. natans leaves has not been reported so far. In this study,
the combination of ultrahigh-performance liquid chromatography (UHPLC) coupled with
Orbitrap MS/MS mass analyzer and UHPLC system configured with a diode array detector
(DAD) hyphenated with a triple quadrupole mass spectrometer was used for analysis of T.

natans leaves extracts.



Moderate antibacterial and anti-biofilm activities that have previously been demonstrated
for T. natans leaf extracts (Radojevic¢ et al., 2016) led us to examine their anti-virulence potential
and the activity on bacterial communication. Bacterial cell-to-cell signaling, so-called quorum
sensing (QS), is involved in the regulation of virulence factors production and biofilm formation,
which are crucial for pathogenicity and colonization of eukaryotic hosts. QS relies on the
production, accumulation, detection, and population-wide response to extracellular signaling
molecules called autoinducers (Al) (Paczkowski et al., 2017). Among Gram-negative bacteria,
QS is the best characterized in Pseudomonas aeruginosa, a major opportunistic pathogen and a
common cause of hospital-acquired infections. P. aeruginosa has acquired resistance to
commonly used antibiotics, therefore it is considered priority pathogen on the CDC ESKAPE
pathogen list (Aloush et al., 2006; Lavilla Lerma et al., 2014). The QS system in P. aeruginosa is
organized in a multi-layered hierarchy consisting of at least four interconnected signaling
pathways: Las, Rhl, the PgsR-controlled quinolone system (PQS), and Integrated QS system
(IQS) (Lee and Zhang, 2015). Three AI synthases Lasl, Rhll, and PqgsABCDH produce
3-0x0-C12-homoserine lactone (HSL), C4-HSL, and 2-heptyl-3-hydroxy-4-quinolone (PQS),
respectively. The three signaling pathways regulate the expression of many virulence factors,
including pyocyanin, elastase, LasA protease, rhamnolipids, phospholipase, as well as biofilm
formation (Papenfort and Bassler, 2016). Interference with QS signaling is expected to reduce or
even block the virulence factors production leading to less severe infections of a level that can be
cleared by the host’s immune system. In addition, reducing biofilm formation may increase
bacterial susceptibility to antibiotics, thus can improve the effectiveness of antibacterial therapies.
Importantly, QS is not involved in bacterial growth, therefore inhibition of QS does not yield a

strong selective pressure for development of resistance (Allen et al., 2014). The serious problem



of developing and spreading of antibiotic-resistant species has been faced worldwide, therefore
this approach is considered a promising strategy to control bacterial infections alternative to
conventionally used antibiotics (Njoroge and Sperandio, 2009).

The number of chemically synthesized compounds that inhibit bacterial communication
rises, but they are mostly chemically modified QS antagonists, which have been discovered in
plants extracts or essential oils (Koh et al., 2013; Silva et al., 2016). A lot of medicinal and food
plants are important sources of compounds with anti-QS property against different bacterial
species (Kordbacheh et al., 2017). Therefore, the previous research on antimicrobial properties of
T. natans leaves extracts has been extended to their potential to inhibit QS-regulated virulence
factors production in P. aeruginosa. In addition, the safety of the examined extracts for human
usage has been addressed by evaluation of their toxicity in vivo in the zebrafish (Danio rerio)
model system. Combination of two powerful and accurate mass spectrometry techniques was
used for the first time to analyze 7. natans leaves extracts. The interference of the extracts and

their major components with specific QS signaling pathways has been addressed.

2. Materials and methods

2.1 Preparation of plant extracts

The floating leaves of plant 7. natans were collected in Medjuvrsje Reservoir, Central Serbia,
and the dried plant material was prepared as previously described (Radojevi¢ et al., 2016). Dried,
ground plant material was extracted by maceration using acetone, methanol or ethyl acetate.
Stock solutions of extracts (100 mg/mL, w/v) were prepared in DMSO (100%) and stored in dark

at 4 °C. The highest concentration of extracts used was 1000 pg/mL.



2.2 Microbial strains and growth conditions

Pseudomonas aeruginosa PAO1 DSMZ 22644, P. aeruginosa PA14, Chromobacterium
violaceum CV026 (McClean et al., 1997), PAOJP2/pKD-rhiA (ArhlA PrhiA::lux) (Duan and
Surette, 2007), P. aeruginosa PA14-R3 (Alasl Prsal::lux) (Massai et al., 2011) and P.
aeruginosa PAO1 ApgsA (CTX lux::;pgsA) (Fletcher et al., 2007) were used in this study.

Bacterial strains were grown in Luria Bertani (LB) broth at 37 °C on a rotary shaker at 180 rpm.

2.3 Antimicrobial susceptibility tests for planktonic cells

The minimum inhibitory concentrations (MIC) of Trapa natans extracts were determined
according to standard broth microdilution assays recommended by the Clinical and Laboratory
Standards Institute (M07-A9 document) (CLSI, 2012). The inoculums were 10° colony forming
units (cfu)/mL. The MIC value corresponds to the lowest concentration that inhibits the growth
after 24 h at 37 °C. DMSO was used for the growth control at the same concentration (up to 1%,

v/v) as in the treatments. The assay was carried out in triplicate, and repeated two times.

2.4 Quorum sensing inhibition assays

2.4.1 Chromobacterium violaceum disk assay

The assay was performed as previously reported with some modifications (Borges et al., 2014).
N-(hexanoyl)-1-homoserine lactone (HHL) (5 uM) was used as an inducer of violacein
production in molten semi-solid LB agar (0.3% w/v). Cellulose disks containing extracts (500
pg/disk), Furanone C-30 (5 pg/disk; Sigma, Munich, Germany) or DMSO (5 puL) were placed on
solidified agar and incubated for 24 h at 30 °C. Inhibition of violacein synthesis was defined by

the presence of white haloes in a purple background.



2.4.2 Quantification of violacein production

C. violaceum CV026 was cultured overnight at 30 °C and 180 rpm in the presence of 5 uM HHL,
Tn extracts or DMSO (0.1 or 0.5%, v/v) in LB broth. One ml from each culture was centrifuged
at 13000 rpm for 10 min to precipitate insoluble violacein. The supernatant was discarded and 1

ml of DMSO was added to the pellet, vortexed vigorously until the violacein was completely
solubilized, then centrifuged again at 13000 rpm for 10 min to remove the cells (Abudoleh and
Mahasneh, 2017). The absorbance of violacein was read at 585 nm and the amount of pigment
produced by bacteria grown in the presence of Tn extracts was compared to bacteria grown in the
presence of DMSO. Experiments were performed in triplicate and repeated two times.

2.4.3 Static biofilm formation inhibition assay

Biofilm quantification assay was performed in 96-well microtiter plate format (Sarstedt,

Germany) using a crystal violet (CV) staining of adherent cells (Merritt et al., 2005). An
overnight culture of P. aeruginosa was diluted to 5x107 cfu/mL in LB containing either extracts,
Furanone C-30 or DMSO (0.1%, v/v) and 100 uL was added to the wells. Biofilms were formed
for 24 h and after washing adherent cells were stained with 0.1% (v/v) CV. Experiments were
performed in hexaplicate and repeated three times.

2.4.4 Swarming assay

Swarm agar plates were made with M8 medium (Na,HPO4 (50 mM), KH,PO4 (25 mM), NaCl (4
mM)), supplemented with glucose (0.2%, w/v), casamino acid (0.5%, w/v), MgSO4 (1 mM), and
solidified with Bacto agar (0.5%, w/v) in the presence of extracts (100 ug/mL, w/v) or DMSO
(0.1%, v/v). The plates were inoculated with bacterial culture (3 pL, ODgoo = 0.4-0.6) (Ha et al.,
2014) and incubated at 37 °C for 24 h. The experiment was repeated two times.

2.4.5 Pyocyanin assay



P. aeruginosa PA14 indicator strain was cultured overnight in the presence of extracts, Furanone
C-30 or 0.1% DMSO, and pyocyanin in the supernatant was quantified using UV-vis
spectrophotometer Ultrospec 3300pro (Amersham Biosciences, Piscataway, NJ, USA) at 695 nm
as reported previously (O'Loughlin et al., 2013). Experiments were performed in triplicate and
repeated two times.

2.4.6 Elastase assay

The elastolytic activity of the culture supernatants (incubated with extracts, Furanone C-30 or
0.1% DMSO) was determined using the Elastin Congo Red (ECR) method (Ohman et al., 1980).
A 100 pl aliquot of the cell-free supernatant was added to 900 pl of ECR buffer containing 5 mg
of ECR (Sigma, Munich, Germany). The mixture was incubated on a rotary shaker for 12 h at
37 °C. Insoluble ECR was removed and the absorption was measured at a wavelength of 485 nm.
The elastase activity in the supernatant of treated cultures was presented relative to DMSO
control (%). Experiments were performed in triplicate and repeated three times.

2.4.7 Interference of extracts and components with QS pathways

Overnight cultures of biosensors P. aeruginosa PA14-R3 (AlasI Prsal::lux), PAOJP2/pKD-rhiA
(ArhiA PrhiA::lux) and P. aeruginosa PAO1 ApgsA (CTX lux::pgsA) were diluted to ODgoo =
0.045, and incubated with 100 or 200 pg/mL 7. natans extracts, 2.5 pg/mL Furanone C-30, or
100 pg/mL of their major components (ellagic, ferulic and gallic acids, all from Sigma, Munich,
Germany, prepared as 100 mg/mL stock solutions in 100% DMSO) in the presence of specific
autoinducers 30x0-C12HSL, C4-HSL and HHQ, respectively. Cell density (ODggo) and
bioluminescence (light counts per second, LCPS) were simultaneously measured after 4 h of

incubation using Tecan Infinite200 multiplate-reader (Tecan Group Ltd., Switzerland).



Luminescence values were normalized per cell density. The assays were carried out in

quadruplicate and repeated three times.

2.5 Cell culture

MRCS5 human lung fibroblasts were obtained from the American Type Culture Collection
(ATCC). Cells were maintained as monolayer cultures in RPMI-1640 supplemented with 100
pg/mL streptomycin, 100 U/mL penicillin and 10% (v/v) FBS (all from Sigma, Munich,
Germany). Cells were grown in a humidified atmosphere of 95% air and 5% CO, at 37°C.

2.5.1 Cytotoxicity assay

Cytotoxicity on MRC5 cells was evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Hansen et al., 1989). The assay was carried out after 48 h
of cell incubation in the media containing extracts at concentrations ranging from 10 to 200

pg/mL. The results are presented as concentrations of extracts that inhibited 50% cell viability

(ICs0).

2.6 In vivo toxicity evaluation

The in vivo toxicity assessment of 7. natans extracts was carried out in the zebrafish (Danio
rerio) model according to the OECD 2013 guidelines for the testing of chemicals (OECD, 2013).
All experiments involving zebrafish were performed in compliance with the European directive
2010/63/EU and the ethical guidelines of the Guide for Care and Use of Laboratory Animals of
the Institute of Molecular Genetics and Genetic Engineering, University of Belgrade. The assay
was performed according to the protocol previously described by Savic et al. with some

modifications (Savic et al., 2016). Briefly, zebrafish embryos were produced by pair-wise mating



of wild-type adults, collected and distributed into 24-well plates containing 10 embryos per well
in 1 mL embryos water (0.2 mg/mL of Instant Ocean® Salt in distilled water), and raised at 28 °C.
For assessing lethal and developmental toxicity, embryos at the 6 hours post fertilization (hpf)
stage were treated with eight concentrations of each extract (10, 25, 50, 100, 200, 300, 400, and
500 pg/mL). DMSO (0.25%) was used as a negative control. Experiments were performed three
times using 30 embryos per concentration.

Apical endpoints used for the toxicity evaluation (Table S1) were recorded at 24, 48, 72,
and 96 hpf using an inverted microscope (CKX41; Olympus, Tokyo, Japan). Dead embryos were
counted and discarded every 24 h. At 96 hpf, embryos were inspected for heartbeat rate,

anesthetized by addition of 0.1% (w/v) tricaine solution (Sigma-Aldrich, St. Louis, MO),

photographed, and killed by freezing at -20 °C for = 24 h.

The LCs value (the concentration at which 50% of embryos were dead) was determined
by the program ToxRatPro (ToxRat”, Software for the Statistical Analysis of Biotests, ToxRat
Solution GmbH, Alsdorf, Germany, Version 2.10.05) using the probit analysis with linear

maximum likelihood regression.

2.7 UHPLC- LTQ Orbitrap MS qualitative analysis

Chromatographic separation was conducted using an ultrahigh-performance liquid
chromatography (UHPLC) system consisting of a quaternary Accela 600 pump and Accela
autosampler (ThermoFisher Scientific, Bremen, Germany). The UHPLC system was coupled to a
linear ion trap hybrid mass spectrometer (LTQ OrbiTrap MS) equipped with heated electrospray
ionization probe (HESI-II, ThermoFisher Scientific, Bremen, Germany). A Syncronis CI18

column (100 x 2.1 mm, 1.7 mm particle size, Thermo Fisher Scientific, Bremen, Germany) was



used for separation of analyzed compounds. The MS analysis was performed in negative ion
mode. For current analysis at a flow rate of 0.250 mL min™' the mobile phase consisted of (A)
water + 0.1% acetic acid and (B) acetonitrile. Injection volume was 5 pL and linear gradient
programs were as follows: 0.0-1.0 min 5% B, 1.0-14.0 min from 5% to 95% (B), 14.0-14.1 min
from 95% to 5% (B), and 5% (B) for 6 min. Parameters of the ion source were as follows: source
voltage 4.5 kV, capillary voltage 4 V, tube lens voltage 59.11 V, capillary temperature 275 C,
sheath and auxiliary gas flow (N,) 30 and 7 AU, respectively. The data were collected in the m/z
range of m/z 100-1000. The resolution was set to 30,000 for full scan analysis. Each phenolic
compound was identified according to the corresponding spectral characteristics: mass spectra,
accurate mass, characteristic fragmentation and characteristic retention time. Xcalibur software
(version 2.1) was used for the instrument control, data acquisition and data analysis (Ristivojevic

etal., 2015).

2.8 UHPLC-MS/MS quantitative analysis

Quantification of ten phenolic compounds in extracts of 7. natans was performed using Dionex
Ultimate 3000 UHPLC system (ThermoFisher Scientific) configured with a diode array detector
(DAD) and a triple quadrupole mass spectrometer (TSQ Quantum Access Max, ThermoFisher
Scientific). An analytical Hypersil gold C18 column (50 x 2.1 mm) with 1.9 mm particle size
(ThermoFisher Scientific) thermostated at 30 °C was used for separation. The mobile phase
consisted of 0.2% acetic acid in water (A) and LC-MS grade acetonitrile (B), was applied with
the flow rate of 0.4 mL/min in the gradient elution as previously described (Banjanac et al.,
2017). The injection volume was 10 pL. Settings of a triple quadrupole mass spectrometer

(qqgMS), equipped with a heated electrospray ionization (HESI) source, were as follows:



vaporizer temperature 450 °C, spray voltage 4000 V, sheet gas (N,) pressure 50 AU, ion sweep
gas pressure 0 AU and auxiliary gas pressure at 20 AU, capillary temperature at 320 °C, skimmer
offset 0 V. The mass spectrometer was operated in negative ion mode, while collision energy
was 30 eV. Compounds were quantified by the external standard quantification procedure.
Working standard solutions were prepared by dissolving the stock solution of a pure compound
to obtain concentration 100 mg/mL, and other calibration levels were obtained by diluting the
solutions with methanol. Working standard solutions were prepared at 15 levels, in the
concentration range from 100 mg mL to 0.001 mg/mL, which was used for the determination of
the limit of detection (LOD), limit of quantitation (LOQ), linearity, repeatability, and sensitivity
of the developed UHPLC-qqgMS method. LOD and LOQ were determined as peak-to-peak
values by the signal-to-noise ratios (S/N), with S/N > 3 and > 10 for LOD and LOQ), respectively.
Six replicates of each compound were run for LOD and LOQ testing. Regressions were
calculated for each of the calibration curves, and they all showed good linearity with correlation

coefficients between r = 0.990 and 0.999, p < 0.001.

2.9 Statistical analysis
The results were analyzed by Student’s t-test using SPSS version 20 software. A P-value lower

than 0.05 was considered as statistically significant.

3. Results

3.1 Detection of anti-QS activity of T. natans extracts in C. violaceum

Before addressing the effects of 7. natans methanol (TnM), acetone (TnA) and ethyl acetate

(TnEA) extracts on bacterial QS, their antimicrobial activity was tested against three bacterial



strains used in this study (Table 1). The minimal inhibitory concentrations (MICs) of all extracts

were 500 pg/mL or higher.

Table 1. Antibacterial activity of 7. natans methanol (TnM), acetone (TnA) and ethyl acetate

(TnEA) extracts determined after 24 h incubation.

MIC? (ug/mL)

Bacterial strain TnM TnA TnEA
P. aeruginosa PAO1 500 500 500

P. aeruginosa PA14 500 500 1000
C. violaceum CV026 >1000 1000 >1000

* The minimum inhibitory concentration (MIC) determined as the lowest concentration of
compound at which no evident growth was observed.

The interference of 7. natans extracts with bacterial QS was addressed in acyl
homoserine lactone (AHL)-based in vitro QS competition assay using C. violaceum CV026 as a
test strain. C. violaceum produces water insoluble purple pigment violacein as a result of the
interaction of its AHL receptor CviR with exogenously provided AHLs such as N-hexanoyl
homoserine lactone (HHL). Binding of a specific inhibitor to the receptor inhibits violacein
production. The zones of violacein inhibition in C. violaceum CV026 disk assay (121 mm and
10£1 mm for TnM and TnA, respectively) showed that one or more components in TnM and
TnA could compete with HHL for CviR receptor (Figure 1a). TnEA also inhibited violacein
production but to a smaller extent. Halogenated furanone (Furanone C-30) was used as positive
control for QS inhibition (Martinelli et al., 2004). The production of violacein was quantified in
planktonic C. violaceum CV026 cultures induced with HHL and grown in the presence of 7.

natans extracts (Figure 1b). All three extracts inhibited violacein production up to 50% when



applied at subinhibitory concentrations. These results suggested that 7. natans extracts contain

components that can interfere with AHL-regulated QS pathway.
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Figure 1: Anti-quorum sensing activity of 7. natans extracts detected by C. violaceum CV026.
(a) Effect of extracts (500 pg/disc) and Furanone C-30 (5 pg/disc) on violacein production
detected by disk assay and (b) quantification of violacein production in liquid cultures in the

presence of 100 pg/mL (0.1 MIC) or 500 pg/mL (0.5 MIC) extracts. Values are presented as

mean + SD. *P<0.05.

3.2 Effects of T. natans extracts on quorum sensing in P. aeruginosa

The recent report showed strong anti-biofilm formation activity of 7. natans leaves extracts when
applied in concentrations close to their MIC values (Radojevi¢ et al., 2016).

To address whether T. natans extracts could inhibit biofilm formation in P. aerugonosa PAOI
through interference with QS the effect was observed at subinhibitory concentrations of the

extracts. TnA applied at concentrations 50-100 pg/mL (0.1 MIC- 0.2 MIC) showed 15%
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reduction in biofilm formation (Figure 2). TnM stimulated the formation of biofilms up to 20%,
while TnEA had no effect when applied in the same concentrations.
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Figure 2. Effects of 7. natans methanol (TnM), acetone (TnA), ethyl acetate (TnEA) extracts
and Furanone C-30 (Fur; 25 pg/mL) on biofilm formation in P. aeruginosa PAO1. Values are
presented as mean + SD. *P<0.05.

Another P. aeruginosa feature regulated by QS is swarming, a multicellular type of
motility which is associated with bacterial virulence and antibiotic resistance (Overhage et al.,
2008). All three Tn extracts reduced P. aeruginosa swarming motility at 0.2 MIC with TnM

showing the strongest swarming inhibitory activity (Figure 3).

DMSO TnM TnA TnEA

P. aeruginosa PAO1




Figure 3. Effects of 7. natants extracts (0.2 MIC) on swarming motility in P. aeruginosa PAO1.

Pictures were taken 24 h after inoculation.

The interference of 7. natans extracts with QS in P. aeruginosa was further examined by
testing their effects on pyocyanin and elastase synthesis (Figure 4). TnM and TnA dose-
dependently reduced the amount of pyocyanin in the culture supernatant between 25 and 40%,
respectively (Figure 4a). In the presence of 100 pug/mL TnEA the pyocyanin production was
inhibited by 50%, while with the increase of TnEA concentration the inhibitory effect on
pyocyanine production was lost. All extracts inhibited elastase production in P. aeruginosa
supernatants between 60 and 65%, or 60 and 80% when used in concentration 0.2 MIC or 0.4
MIC, respectively (Figure 4b). The strongest inhibition of elastase activity (up to 80%) was
observed in the presence of 0.4 MIC TnEA. Furanone C-30 showed strong inhibition of
pyocyanin production at 5 pg/mL, while the same concentration of the compound exhibited no
effect on elastase production. The increase of Furanone C-30 concentration up to 25 pg/mL

showed no effect on elastase activity (data not shown).
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Figure 4. (a) Inhibition of pyocyanin and (b) elastase production in the presence of 7. natants
extracts or Furanone C-30 (5 pg/mL). Values are presented as mean = SD. *P<0.05.
Taken together, all these results demonstrate that 7. natans leaf extracts can modulate

virulence factors production in P. aeruginosa by interfering with QS signaling.

3.3 Analysis of T. natans extracts toxicity
To address whether anti-QS active concentrations of 7. natans leaves extracts are safe for human
usage, in vitro toxicity to human lung fibroblasts (MRCS5) was tested first. All extracts showed

50% cytotoxicity in concentrations 40-50 pg/mL upon 48 h treatments (Table 2).

Table 2. Cytotoxicity of 7. natans extracts to human lung fibroblast (MRCS5) cell line after 48 h

exposure at a range of concentrations.

ICso *
Extract (ng/mL)
TnM 50
TnA 40
TnEA 50

* ICso concentration is determined as the concentration of extract at which 50% of cells was
killed.

The toxicity of 7. natans extracts has been further evaluated in vivo using the zebrafish
(Danio rerio) model. Zebrafish embryos were treated very early in embryonic development (at 6
hpf), and inspected over a period of 120 h for the survival and an appearance of teratogenic
malformations. Obtained results revealed that TnM was the least toxic, while TnEA appeared the
most toxic for the embryos. According to the determined LCsy values (Figure 5) extracts were

ranked by their toxicity: TnM < TnA < TnEA. Namely, embryos exposed to TnM showed no



signs of toxicity (developmental and cardiovascular toxicity) at any tested concentrations up to
500 pg/mL. TnA was not toxic in zebrafish embryos at the doses up to 100 pg/mL, while at 200
pg/mL embryos were inhibited for the hatching, and some of them (30%) showed cardiovascular
abnormalities. None of the unhatched embryos died up to 120 hpf. On the other side, the
embryos exposed to TnEA in the doses > 50 pg/mL exhibited signs of cardiotoxicity, while all
embryos at 200 pg/mL were unhatched and died within a period of 96 - 120 hpf. The DMSO-
treated embryos (negative control) hatched until 96 h.

Taken together, in vivo toxicity evaluation revealed the biosafety of TnM at

concentrations with anti-QS activity.
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Figure 5. (a) Toxicity assay on zebrafish embryos exposed to different concentrations of

different extracts of 7. natans expressed as the LCsy values (ug/mL). (b) Morphology of the



zebrafish embryos at 96 hpf exposed to 500 pg/mL of TnM (normal embryos), 100 pg/mL of
TnA (normal embryo), and 100 ng/mL of TnEA (manually dechorionated dead and teratogenic

embryo with pericardial edema). Pericardial edema was denoted with an arrowhead.

3.4 Chemical composition of T. natans leaf extracts

3.4.1 Identification of phenolic compoundls

Methanol extract, as the least toxic among studied ones, was chosen for phytochemical analysis
and identification of the constituents contributing to the observed anti-QS activity. For that
purpose, the UHPLC-LTQ OrbiTrap-MS system was used as a powerful tool for phenolic
profiling.

Twenty-two phenolic compounds comprising the p-hydroxybenzoic acid, ten phenolic acids and
derivatives, four flavonoids, and seven flavonoid glycosides, were tentatively identified in TnM
(Table 3). Compounds were identified based on comparison of their retention times [tg, (min)],
molecular formula, calculated and accurate masses [[M-H], (m/z)], mass accuracy errors [A,
(mDa)], characteristic MS” and MS? fragment ions, with corresponding data obtained with
internal standards and from the literature. Base peak chromatogram of TnM is presented in the
Supporting material (Figure 1S).

From twenty-two identified phenolic compounds, nineteen compounds were detected for
the first time in 7. natans leaves extract. To the best of our knowledge, only three phenolic acids
— caffeic 7, p-coumaric 8, and ferulic 11 acids, were found in 7. natans leaf extracts up today
(Djurdjevic, 2000; Stoicescu et al., 2012; Zhu, 2016). Moreover, thirteen substances, compounds
1,2, 6, 10, 13, 15 — 22, were identified for the first time in 7. natans, while the nine compounds

listed in Table 3 were found previously in the corresponding extracts of the other parts of T.



natans, such as roots, pulp, hulls, fruits and pericarps, and peels (Stoicescu et al., 2012; Niranjan
et al., 2013; Kharbanda et al., 2014; Huang et al., 2016; Zhu, 2016).

Phenolic acids were identified either solely or as corresponding glycosides. Derivatives 1
and 2, two structural isomers, were identified as gallic acid hexosides based on [M - H] ion at
331.0670 m/z and characteristic MS* and MS® fragments at 169 m/z and 125 m/z, respectively
(Frohlich et al., 2002; Pavlovic et al., 2016). Compound 10 was assigned as one of the reported
structural isomers of p-coumaroyl-di-galloyl-O-glucose (Wang et al., 2013) based on molecular
ion [M - H] at 629.11426 m/z, and characteristic MS* fragments at 459 m/z and 465 m/z and also
MS® fragment ions at 313 m/z and 294 m/z (Wang et al., 2013).

Quantification of ten phenolic compounds in 7. natans leaf extracts (Table 2S) showed
that three phenolic acids, namely gallic, ellagic, and ferulic, as well as quercetin 3-O-galactoside
(hyperoside), were present in a higher amounts, comparing to other compounds. The presence of
caffeic, ferulic, and p-coumaric acids in 7. natans leaf extract has been reported previously
(Djurdjevic, 2000; Stoicescu et al., 2012). Additionally, ellagic and p-coumaric acids were
detected in 7. natans methanol extracts of pericarp powders (Yu and Shen, 2015).

This study is also the first report of the presence of four flavonoids 12-15 in 7. natans
leaf extracts. They showed retro-Diels—Alder (RDA) as characteristic fragmentation pathway of
flavonoids (de Rijke et al., 2006). From identified flavonoids, two were previously reported in 7.
natans samples: quercetin (13) in fruits (Niranjan et al., 2013) and naringenin (14) in pericarps
(Huang et al., 2016). Structural isomers 18 and 19 noticed at different tg, were identified as
kaempferol di-O-sophorosides based on [M- H] ion at 609.1461 m/z and corresponding MS?

fragments (Pavlovic et al., 2016).



Table 3. Polyphenolic compounds identified in the 7. natans leaf methanol extract using

UHPLC-LTQ OrbiTrap MS" analysis in negative ion mode.
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3.5 Identification of QS signaling pathways affected by T. natans extracts

Finally, the interference of TnM and TnA components with P. aeruginosa QS receptors was
analyzed. The receptors’ activity was quantified using three biosensors - P. aeruginosa
PA14-R3 used to detect interaction with LasR, P. aeruginosa PAOJP2 used for
measurements of RhIR activity, and P. aeruginosa PAO1 ApgsA used for detection of PqsR
activity. Both TnM and TnA applied at a subinhibitory concentration (100 pg/mL) showed
the presence of molecules that can interfere with Las pathway inhibiting LasR activity
between 20 and 45% (Figure 6). In addition, both extracts stimulated Rhl and PQS pathways
when applied in that concentration. The increase of extracts concentration up to 200 pg/mL
did not affect their activities on Las and Rhl signaling. However, 200 pg/mL of TnM or TnA

inhibited PQS signaling by 40% and 60%, respectively.
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Figure 6. Effects of (a) methanol and (b) acetone 7. natants extracts on the activity of QS

receptors detected by bioluminescence measurements. Values are presented as mean + SD.

*P<0.05.

These data showed that compounds present in 7. natans leaf extracts exhibited dose-
dependent selectivity toward QS signaling pathways. TnM and TnA contain at least one

component with Las antagonistic activity thus inhibiting long chain AHL-regulated signaling.



The higher concentration of the TnM and TnA (200 pg/mL) also showed PQS inhibitory
activity suggesting that the compounds in extracts are weaker PqsR antagonists.

Ellagic, ferulic, and galic acids as the most abundant phenolic compounds identified
in TnM and TnA, have also been analyzed for the ability to interfere with specific QS
signaling pathways at non-bactericidal concentrations (Figure 7a and b). Ellagic and ferulic
acids at 100 ug/mL inhibited LasR and PqsR activities by 35-40% and 30-40%, respectively.
Ellagic acid stimulated RhIR activity by 25%, while ferulic acid inhibited Rhl signaling by

10%. Gallic acid stimulated Pqs signaling by 35%, but showed no effect on LasR and RhIR

activities.
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Figure 7. Effects of ellagic (EA), ferulic (FA), gallic (GA) acids (100 pg/mL) and Furanone
C-30 (25 pg/mL) on (a) QS signaling detected by bioluminescence measurements and (b)

the growth of P. aeruginosa PAO1. Values are presented as mean = SD. *P<0.05.

4. Discussion

Trapa natans is an annual aquatic fruit plant found in tropical, sub-tropical and temperate
zones of the world. Different parts of the plant have been used for food or traditional
medicine (Karg, 2006; Vandana et al., 2015; Zhu, 2016). Antibacterial properties of different

T. natans extracts have been studied by several groups demonstrating their activity against



Gram-positive and Gram-negative bacteria with MIC values ranging from 625 to >5000
pg/mL (Razvy et al., 2011; Yu and Shen, 2015; Radojevi¢ et al., 2016). Our results show that
different leaf extracts, namely methanol (TnM), acetone (TnA) and ethyl acetate (TnEA),
exhibit antibacterial activity in the concentrations from 500 to 1000 pg/mL, depending on
bacterial species (Table 1). One of the promising strategies to fight bacterial infections and
avoid development of resistant species is interference with cell-to-cell signaling (Bhardwaj et
al., 2013; Chatterjee et al., 2016). Conventional anti-bacterial treatments with antibiotics
affect bacterial survival and thus cause the development of the resistance. Interference with
bacterial quorum sensing (QS) inhibits production of virulence factors and enables the host
immune system to fight and resolve the infection in the absence of a selective pressure on the
pathogen. In this study, different biosensor strains were used to evaluate 7. natans leaf
extracts as inhibitors of QS signaling. First, C. violaceum CV026 was used to detect
interference with AHL-regulated signaling and showed that TnM, TnA, and TnEA inhibited
QS-regulated violacein production when applied at concentration 0.5 MIC (Fig. 1). These
results suggested that 7. natans leaf extracts contain one or more compounds with AHL
antagonistic activity. The anti-QS activity of 7. natans extracts was further evaluated against
clinically relevant pathogen P. aeruginosa, which regulates virulence factor production such
as elastase, pyocyanin, proteases, thamnolipids, or biofilm formation through QS signaling
(Chatterjee et al., 2016). Biofilm formation is the major virulence determinant of P.
aeruginosa and many other pathogenic bacteria, and is involved in low sensitivity or
resistance to antibiotics (Bryers, 2008). A recent study (Radojevi¢ et al., 2016) demonstrated
that T. natans leaf extracts such as ethanol, acetone, and ethyl acetate extracts inhibit biofilm
formation in P. aeruginosa with BIC90 (the concentration that inhibits 90% of biofilm
formation) ranging from 700 to 4000 pg/mL. These BIC90 concentrations were close to MIC
values, therefore the observed activity was most likely caused by inhibition of bacterial

growth. This study addressed a potential of TnM, TnA and TnEA leaf extracts to inhibit the



formation of biofilms at subinhibitory concentrations. Only TnA showed inhibitory activity
on biofilm formation at 0.1 MIC and 0.2 MIC (Fig. 2), while TnM or TnEA displayed no
effect or slightly stimulated biofilm formation at tested concentrations. Biofilm formation is
closely associated with swarming motility, a QS-regulated virulence characteristic
responsible for surface attachment and movements across semisolid surfaces. 7. natans leaf
extracts reduced swarming motility of P. aeruginosa, with the strongest inhibition observed
for TnM, and the lowest effect observed for TnEA (Fig. 3).

Other virulence factors required for establishing full virulence in P. aeruginosa
infections are pyocyanin and elastases. Pyocyanin is a blue redox-active pigment that
promotes virulence by interfering with several cellular functions in host cells including
electron transport, cellular respiration, energy metabolism, gene expression, and innate
immune mechanisms (Rada and Leto, 2013). Elastases are hydrolytic enzymes known to
affect the host cell proteins in infected tissues and facilitate bacterial invasion and growth
(van der Plas et al., 2016). T. natans leaf extracts inhibited pyocyanin and elastase production
at subinhibitory concentrations in a dose-dependent manner (Fig. 4). Anti-QS activity of T.
natans leaves extracts has been similar as reported for Mangifera indica L. leaves extracts
(Husain et al., 2017). At subinhibitory concentrations (100-400 pg/mL) methanol extract of
M. indica leaves inhibited violacein production in C. violaceum up to 55%, as well as elastase
and pyocyanin production in P. aeruginosa PAO1 up to 50% and 85%, respectively. Husain
and coauthors also demonstrated inhibition of biofilm formation in P. aeruginosa PAO1 by
50%, but the effect was observed at the extract concentrations higher than 200 pg/mL.
Similar anti-QS activity has been observed for various plants’ extracts, but their active
concentrations were usually higher than 1 mg/mL (Hossain et al., 2015; Yin et al., 2015).

Detailed chemical analysis of TnM performed in this study identified 22 different
compounds. Thirteen of these compounds were identified in 7. natans extracts for the first

time. Phenolic acids such as ellagic, ferulic and gallic were found in higher amount in the



analyzed sample, while ellagic acid was identified as the most abundant component. The
same phenolic acids were also determined in three different Chinese water caltrop cultivars,
but gallic and ferulic acids were identified as the major components (Yu and Shen, 2015).
Further, ferulic, caffeic, chlorogenic, and 3-O-methylgallic acids were previously detected in
T. natans roots/leaves/pulp/hulls (Yu and Shen, 2015). Huang and coworkers identified
lignans, tannins, and phenolic compounds such as naringenin, gallic acid, 4-hydroxybenzoic
acid, and caffeic acid in ethyl acetate fraction from 7. natans pericarps from Taiwan (Huang
et al., 2016). Phenolic compounds such as gallic acid, caffeic acid, quercetin, and kaempferol
were detected and quantified in green, red, and black fruit parts of 7. natans var. bispinosa
Roxb. from India (Niranjan et al., 2013).

The mechanistic study of QS inhibition by Tn extracts revealed that both TnM and
TnA contain components with inhibitory effects on LasR and PgsR, and can stimulate RhIR
in P. aeruginosa (Fig. 6). LasR regulates the production of elastases, alkaline protease, lipase,
and Lasl itself, while PQS system regulates pyocyanin production, biofilm formation, and
PQS itself (Papenfort and Bassler, 2016). Both Las and PQS stimulate Rhl signaling
pathway. RhIR system stimulates rhamnolipid production and biofilm formation, but
represses PQS. The interconnection of QS signaling pathways in bacteria exposed to the
mixtures of the compounds with QS agonistic or antagonistic activity provides fine tuning of
the bacterial response to the stimuli and determines which of the virulence factors will be
expressed and to which extent. Thus, inhibition of elastase and pyocyanin production in P.
aeruginosa PAOI cultured in the presence of TnM and TnA can be explained through their
LasR and PqsR antagonistic activities, while stimulatory RhIR activity could be the cause of
the increase of biofilm formation observed in the presence of TnM.

The inhibition of AHL-regulated gene expression and anti-QS activity of phenolic
acids and their derivatives has been demonstrated earlier (Singh et al., 2009; Sarabhai et al.,

2013; Borges et al., 2014; Myszka et al., 2016). Consistently, our results show that ellagic



and ferulic acids can inhibit Las signaling pathway through direct binding with specific
receptor. In addition, it was shown that these phenolic acids could also bind Pqs receptor and
interfere with PQS signaling (Fig. 7). The similar extent of the inhibition of Las and PQS
pathways observed with the same concentrations of Tn extracts and the pure substances (Fig.
6 and 7) suggested their synergistic anti-QS activities. QS inhibitory activity of other, less
represented compounds in 7. natans leaf extracts should not be excluded and needs to be
addressed in the future.

Herbal formulations and plant-derived therapeutics are generally less toxic than
synthetic ones (Zimmer et al., 2012). However, the toxicity of high doses of plant drugs may
be observed sometimes causing undesirable side effects. Hence, the cytotoxicity and
toxicological risks of the Tn extracts were evaluated in this study using ir vitro cell culture
assay and in vivo zebrafish model. The zebrafish emerged as a versatile platform for drug
discovery and toxicity assessment, due to its high genetic and molecular similarity to humans,
and high correlation with humans in response to pharmaceuticals. This model system
simplifies the path to clinical trials in humans and reduces the failure of potential therapeutics
at later stages of testing (Chakraborty et al., 2009; MacRae and Peterson, 2015). The results
showed that all three Tn extracts were cytotoxic to human lung fibroblast cell line in
concentrations 40-50 pg/mL. However, TnM and TnA exhibited neither lethal nor
developmental toxicity in zebrafish model up to 500 and 300 pg/mL, respectively, while
TnEA extract showed in vivo toxicity when applied at bioactive concentrations (Fig. 5).
Taken all together, the safe intake dose of TnM and TnA extracts that could exhibit anti-
virulence effects would be 100 pg/mL.

In conclusion, the results of this study have shown that 7. natans leaf extracts exhibit
anti-QS activity in medically important pathogen P. aeruginosa reducing the production of
various virulence factors, which are required for establishing infection. This is the first report

showing that ellagic and ferulic acids could interfere with P. aeruginosa PQS signaling



pathway. The intake of food rich in phenolic acids and flavonoids has been associated with
many biological effects and health benefit. The results of this study confirm the health benefit
of T. natans extracts and explain its ethnopharmacological application against microbial

infections.
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