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Quorum sensing (QS), or bacterial cell-to-cell communication, is a key process for bacterial colonization
of substrata through biofilm formation, infections, and production of virulence factors. In an ongoing
investigation of bioactive secondary metabolites from Piper species, four new flavonoids (1-4), along with
five known ones (5-9) were isolated from the leaves of Piper delineatum. Their stereostructures were
established by spectroscopic and spectrometric methods, including 1D and 2D NMR experiments, and
comparison with data reported in the literature. The compounds were screened for their ability to inter-

giﬁ’:‘;g;eawm fere with QS signaling in the bacterial model Vibrio harveyi. Four compounds from this series (2, 3, 6, and
Flavonoids 7) exhibited remarkable activity in the micromolar range, being compounds 3 and 7 particularly attrac-
Quorum sensing tive since they did not affect bacterial growth. The results suggest that these flavonoids disrupt QS-
Biofilm mediated bioluminescence by interaction with elements downstream LuxO in the QS circuit of V. harveyi,
Vibrio harveyi and also, they exhibited a strong dose-dependent inhibition of biofilm formation. The present findings

shed light on the QS inhibition mechanisms of flavonoids, underlining their potential applications.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most ground-breaking developments of microbiolo-
gical research during the past 40 years has been the recognition of
bacterial biofilms as the predominant bacterial lifestyle (Mielich-
Suss and Lopez, 2015). Biofilms play an important role in the foul-
ing process (Yebra et al.,, 2004), and they are also postulated as
being responsible for an overwhelming proportion of persistent
antibiotic resistance (Bjarnsholt et al., 2013), one of the major
obstacles in antimicrobial chemotherapy.

Quorum sensing (QS) is the term coined for bacterial cell-to-cell
communication, a process that regulates coordinated behaviors in
bacteria as a function of population density. It involves the produc-
tion, excretion and detection of autoinducer (Al) molecules that
trigger the expression of QS-regulated genes (Miller and Bassler,
2001). This process allows bacteria to optimize their energetic
resources to carry out tasks that are more efficiently performed
when a threshold population is achieved, for example, the
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production of virulence factors, biofilm formation and, in certain
bacteria such as Vibrio harveyi, the generation of bioluminescence
(Waters and Bassler, 2005). Since quorum sensing inhibitors
(QSIs) do not target bacterial growth, they do not exert a selective
pressure on bacterial populations and, consequently, they avoid
the appearance of resistance towards chemical or antibiotic treat-
ments (Kalia, 2013), although their prospects are still being
debated (Defoirdt et al.,, 2010; Garcia-Contreras et al., 2013).
Furthermore, there is increasing evidence that QS signaling mole-
cules interact directly with fouling colonizers (Joint et al., 2007),
and conversely, QS disruption controls, directly or indirectly, bio-
film formation and larval attachment onto underwater substrata
(Dobretsov et al., 2007; Twigg et al., 2014). Renowned examples
are the brominated furanones produced by the red alga Delisea
pulchra (Givskov et al., 1996). Therefore, the search for effective
and safe QSIs has become a priority for current antifouling research
as well as for biomedicine, industry and other fields where bacte-
rial biofilms are causes of sanitary or operational problems. In this
context, flavonoids, which are among the richest members of
plant-derived compounds in terms of structural diversity and bio-
logical activity (Andersen and Markham, 2006), have been reported
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as potential inhibitors of both biofilm formation and virulence fac-
tors in pathogenic bacteria by interfering with QS mechanisms
(Cushnie and Lamb, 2011; Nazzaro et al., 2013).

The goal of this work is: (a) to report the isolation and structural
elucidation of flavonoids from Piper delineatum, (b) to report the
results from their screening as disruptors of QS-regulated pheno-
types using V. harveyi as bacterial model, (c) to select the most
active compounds and gain an insight into their possible mode of
action through phenotypic analyses with three V. harveyi mutant
strains, and (d) to check whether these compounds were also able
to interfere with bacterial adhesion to material substrates (biofilm
formation).

Thus, efforts have been focused on the characterization of new
flavonoids as potential QSIs from P. delineatum Trel. (Piperaceae), a
shrub native to tropical regions of the Americas, and whose chem-
ical investigation has not been previously reported. In this work,
the isolation, structure elucidation and bioactivity of nine
flavonoids, including two new chalcones and two new flavanones
(1-4) from the leaves of P. delineatum, are reported. Their
sterostructures were elucidated by means of 'H and '>C NMR
spectroscopic studies, including homonuclear (COSY and ROESY)
and heteronuclear (HSQC and HMBC) correlation experiments.
These flavonoids are able to interfere with bacterial QS-controlled
processes using V. harveyi as bacterial model.

V. harveyi is a marine luminescent bacterium with a complex QS
system (Henke and Bassler, 2004) (Fig. 1). V. harveyi employs three
kinds of autoinducers for intra-species (HAI-1 signal, a homoserine
lactone), intra-genera (CAI-1 signal, an o-amino ketone) and inter-
species (Al-2 signal, a furanosyl borate diester) communication in
three parallel circuits that converge in the 6>*-dependent response
regulator LuxO, which is phosphorylated (low cell densities, or
more precisely, low Al concentrations) or dephosphorylated (high
Al concentrations) via the phosphotransferase protein LuxU. At
low Al concentrations, the phosphorylated LuxO activates the
translation of five small quorum-regulatory RNAs (Qrr sRNAs) that,
together with the chaperone Hfq destabilize the mRNA encoding

the QS master regulator LuxR. Once a threshold concentration of
Als is achieved, the QS receptors LuxN, LuxPQ and CqsS switch
from kinases to phosphatases, dephosphorylating LuxO, thus
allowing the expression of LuxR and the subsequent translation
of the genes in the QS regulon (Pompeani et al, 2008;
Anetzberger et al., 2012; Nackerdien et al., 2008).

In order to characterize the bioactivities of the isolated flavo-
noids and gain an insight into their molecular targets, four com-
pounds exhibiting a promising profile (2, 3, 6 and 7) were
evaluated with V. harveyi QS mutants. Whereas compounds 2
and 6 exerted an activity with toxic side effects, compounds 3
and 7 disrupted QS-regulated bioluminescence in a non-toxic fash-
ion, probably by interaction with elements downstream LuxO in
the QS transduction pathway. These flavonoids also imposed
strong, dose-dependently inhibitions on biofilm formation, a pro-
cess controlled by QS in V. harveyi.

2. Results and discussion
2.1. Isolation and structure identification

The EtOH extract of leaves of P. delineatum were partitioned into
a CH,Cl,/H,0 (1:1, v/v) solution. The CH,Cl, fraction was subjected
to multiple chromatographic steps, involving vacuum-liquid and
medium-pressure liquid chromatography, centrifugal preparative
TLC, and preparative TLC chromatography on Si gel, and
Sephadex LH-20 to yield flavonoids 1-9 (Fig. 2). The structures of
the new compounds were deduced as described below.

Compound 1 was obtained as a yellow amorphous solid and
showed the molecular formula C;gH;30g by HREIMS analysis (m/z
330.1104, calcd 330.1103). The IR absorption bands at 3375,
1725, 1628 and 726 cm™~' indicated hydroxyl, carbonyl and aro-
matic functions, and the UV absorption maximum at 345 nm was
consistent with 1 being a chalcone derivative (Fu et al., 1993).
The 3C NMR spectrum [(CD);CO] showed peaks corresponding to
18 carbons (Table 1), which were classified into three CHs, seven
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Fig. 1. The QS signaling pathway of Vibrio harveyi. Three Als, HAI-1, CAI-1 and Al-2 are believed to mediate intra-species, intra-genus and inter-species communication,
respectively. These Als are produced by the synthases LuxM, LuxS and CqsA, respectively, and excreted to the extracellular milieu. At low Al concentrations, the two-
component systems LuxN, LuxPQ and CgsS transfer phosphate to the phosphotransferase protein LuxU, which in turn phosphorylates the c°*-dependent response regulator
LuxO. When phosphorylated, LuxO and the chaperone Hfq activate the translation of five Qrr sRNAs that destabilize the messenger RNA encoding the QS master regulator
LuxR (mluxR). By contrast, at high Al concentrations, LuxN, LuxPQ and CqsS switch from kinases to phosphatases, depriving LuxO of phosphate and allowing the expression of

LuxR and the QS-regulated genes, including those encoding luciferase biosynthesis.
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Fig. 2. Chemical structure of the flavonoids 1-9 from P. delineatum.

Table 1
NMR spectroscopic data® (4, J in Hz in parentheses) for compounds 1-4.

Position 1 2 3 4

dn dc, mult. on dc, mult. oy dc, mult. oy dc, mult.
1 137.8,C 1383, C
2 7.27d(2.4) 114.2, CH 6.82s 108.4, CH 5.35dd (3.1, 12.4) 79.6, CH 5.48 dd (3.0, 12.3) 80.0, CH
3 161.1,C 159.8, C 2.63 dd (3.1, 16.3) 46.4, CH, 2.70 dd (3.0, 16.4) 46.7, CH,

2.88 dd (12.4, 16.3) 2.97 dd (12.3, 16.4)

4 7.01 dd (2.4, 8.0) 117.0, CH 6.50 t (2.0) 104.4, CH
5 7.37 t (8.0) 130.9, CH 162.3,C 163.7,C 155.3,C
6 7.31d (8.0) 121.7, CH 6.78 s 106.3, CH 6.14d (2.1) 94.1, CH 6.40 s 91.8, CH
7 165.2, C 154.1,C
8 6.09d (2.1) 96.7, CH 129.6, C
9 165.5, C 151.0,C
10 106.0, C 107.0, C
=0 193.7,C 194.1,C 187.9,C 1884, C
o 7.99 d (15.5) 128.8, CH 7.95 d (15.6) 128.6, CH
B 7.73 d (15.5) 142.9, CH 7.65d (15.6) 143.3, CH
1 106.6, CH 107.1,C 142.9, C 142.1,C
2! 160.8, C 154.0, C 6.59 br s 104.1, CH 7.16 s 113.0, CH
3 130.0, C 129.2,C 159.7, C 160.9, C
4 158.1,C 154.3,C 6.40 t (2.2) 101.9, CH 6.93 dd (2.4, 8.0) 114.5, CH
5’ 6.13 s 91.7, CH 6.35s 89.2, CH 162.1,C 7.33t(8.0) 130.4, CH
6 159.8, C 156.6, C 6.60 br s 106.6, CH 7.11 d (8.0) 119.3, CH

3 Spectra recorded in (CD3),CO at 400 ('H) and 100 ('3C) MHz. Data are based on DEPT, HSQC, and HMBC experiments.

sp? CH, seven sp? quaternary carbons, and one keto-carbonyl car-
bon by analysis of DEPT experiments. The 'H NMR spectrum dis-
played 18 proton signals (Table 1), suggesting the presence of
two hydroxy groups in the molecule. The direct connectivity of
the proton and carbon atoms was determined by a HSQC
experiment. The presence of a trans-o-coumaroyl [(2E)-3-(3-meth-
oxyphenyl)-2-propenoyl] moiety was suggested to be meta-substi-
tuted on the basis of the coupling patterns of the aromatic protons
in the '"H NMR spectrum and COSY experiment, which showed four
aromatic proton resonances at 6 7.01 (1H, dd, J = 2.4, 8.0 Hz; H-4),
7.27 (1H, d, J=2.4 Hz; H-2), 7.31 (1H, d, J = 8.0 Hz; H-6), and 7.37
(1H, t, J = 8.0 Hz; H-5). The 'H-'H COSY correlations between H-
2/H-4, H-4/H-5, H-5/H-6, and H-o and H-B confirmed the connec-
tivity deduced from coupling constants analysis. The fragment ion
at m/z 196 ([M]" - CoHgOs), formed from the bond cleavage at
C=0—Cua in the EIMS, supported the presence of this moiety. The
large coupling constant (J = 15.5 Hz) between H-o and H-B signals
suggested an E-geometry of the Ca-CB double bond. In similar
fashion, the structure of the ring A was identified as a penta-substi-
tuted aromatic ring with four oxygen substituents, the side chain
of C3, and a single proton at dy 6.13. In its 'TH NMR spectrum, sig-
nals assignable to three methoxy groups at dy 3.77, 3.87, and
3.97 were also observed. These spectroscopic data are consistent
with a chalcone skeleton with two hydroxy and three methoxy
groups distributed on penta-substituted and di-substituted
aromatic rings. The structure proposed was corroborated by

analysis of 2D NMR data, including HSQC, HMBC and ROESY exper-
iments. The region-substitution of 1 was determined by an HMBC
experiment showing couplings between the singlet aromatic pro-
ton at oy 6.13 (H-5') to C-1’ (6c 106.6), C-3' (5¢ 130.0), C-4' (éc
158.1), and C-6' (6¢ 159.8); cross-peak between the singlet pheno-
lic proton at 6y 14.34 (OH-2") to C-1' (6¢c 106.6), C-3’ (5¢ 130.0), and
C-2’ (6¢ 160.8); correlation of the signal at 6y 3.77 (OCH3-3’) with
C-3' (6c 130.0), and that at 6y 3.97 (OCH3-6') with C-6' (5¢ 159.8),
confirming the positions for the hydroxy and methoxy groups on
the A ring. In similar fashion, the substitution pattern of the B ring
was supported by correlations of the aromatic proton at 6y 7.27 (H-
2) with C-1 (¢ 137.8), C-3 (6¢c 161.1), C-4 (6¢ 117.0), and C-B (¢
142.9). The space correlations by 2D NMR experiment further
confirmed the structure of 1, showing NOEs of the methoxy
protons OCH3-3 (éy 3.87) to H-2 (6y 7.27) and H-4 (64 7.01), and
those from OCHs-6' (6 3.97) to H-5' (6y 6.13). This evidence, and
comparison with reported data for related compounds (Aponte
et al.,, 2010), allowed us to establish the structure of compound 1
as 2',4'-dihydroxy-3,3’,6'-trimethoxychalcone.

The HREIMS of 2 furnished a [M]* at m/z 346.1053, consistent
with a molecular formula of C;gH;307. The 'TH NMR spectrum
(Table 1) displayed 18 proton signals, including typical chemical
shifts and coupling pattern of CH=CH protons of the trans system
of chalcones with one chelated hydroxyl proton signal at §y 13.81
(1H, s, HO-2"), two phenolic proton signals at 6y 8.62 (1H, br, HO-3)
and Jy 6.91 (1H, s, HO-3’), and three methoxy groups at éy 3.82
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(3H, s, CH30-5), 3.96 (3H, s, CH30-4') and 4.01 (3H, s, CH50-6).
These data were supported by the '*C NMR spectrum [(CD5),CO]
(Table 1) displaying 18 carbon resonances, in agreement with the
molecular formula. Compound 2 was closely related to 1, and con-
sequently, its structure elucidation was greatly aided by compar-
ison of their spectroscopic data. Its NMR spectra revealed the
presence of an additional phenol group and the concomitant
absence of the proton signal. Even so, a complete set of 2D NMR
spectra (COSY, ROESY, HSQC and HMBC) was acquired for 2 in
order to gain the complete and unambiguous assignment of the
'H and '3C NMR chemical shifts and region-substitution patterns.
Thus, the molecular structure of compound 2 was deduced as
2',3',5-trihydroxy-4',6’,3-trimethoxychalcone.

Compound 3 was obtained as a yellow amorphous solid, and its
HREIMS spectrum showed a molecular ion peak at m/z 316.0932
(caled 316.0947), indicating the molecular formula C;7H;06,
which was supported by '>C and DEPT NMR analysis. The IR
absorption bands at 3432, 1729, 1605 and 756 cm™! indicated
hydroxyl, carbonyl and aromatic functions, and the UV spectrum
showing an absorption band at 284 nm suggested the presence of
a flavanone skeleton (Harborne and Mabry, 1975). The *C NMR
spectrum [(CD3),CO] (Table 1) showed peaks corresponding to 17
carbons, which were classified into two CHs, one sp> CH,, one sp>
CH, five sp? CH, seven sp? quaternary carbons, and one keto-
carbonyl carbon by analysis of DEPT experiments. The 'H NMR
spectrum (Table 1) displayed 16 proton signals, including singlet
signals at 6 9.41 and 8.51, characteristic for downfield exchange-
able phenolic protons, and signals assignable to two methoxy
groups at § 3.77 and 3.79. The presence of a flavanone structure
was evidenced by an ABX spin system, including resonances at
OH 5.35 (dd, _IAX =31, _]BX =12.4 Hz, H—Z), OH 2.88 (dd,
Jex=12.4Hz, Jap=16.3 Hz, H-3,) and dy 2.63 (dd, Jax=3.1Hz,
Jas=16.3 Hz, H-3.q). An AB pattern with signals at éy4 6.14 (d,
Jag=2.1Hz, H-6) and 6y 6.09 (d, Jag = 2.1 Hz, H-8), and an ABC pat-
tern with signals at §y 6.60 (br s, H-6"), 6.59 (br s, H-2') and 6.40 (t,
J=2.2 Hz, H-4'), whose multiplicity and small coupling constants
were indicative of a tetra-substituted A-ring and a 2,4,6-substi-
tuted B-ring, were also observed in the 'H and COSY NMR spectra.
The structure proposed was corroborated by analysis of 2D NMR
data, including HSQC, HMBC and ROESY experiments. The methoxy
groups were established to be attached at C-5’ and C-5 on the basis
of '"H-13C long-range correlations from proton signals at oy 3.77
and 3.79 to carbon signals at ¢ 162.1 and 163.7, respectively.
The ROESY experiment showing NOEs from H-4' and H-6' to
MeO-5’ (6 3.77) as well as correlation between H-6 and MeO-5 (6
3.79) was consist with the proposed structure. The configuration
at C-2 was suggested as S by the levorotatory optical rotation
(=11.1°), and the trans diaxial J,3 of 12.4 Hz (Tan et al., 2007).
Consequently, the structure of 3 was assigned as (—)-25-7,5'-
dihydroxy-5,3'-dimethoxyflavonone.

Compound 4 was closely related to 3 and its HREIMS showed a
molecular ion at m/z 330.1111 (C;gH306), 14 mass units higher
than that of 3, indicating the presence of an additional methoxy
group compared to 3. The '"H NMR spectrum of 4 (Table 1) showed
chemical shifts and coupling pattern of a pyranone moiety, CH-
CH,, characteristic in flavanones, and the coupling pattern of pro-
tons H-2/, H-4’, H-5' and H-6’ indicated a meta-substituted aryl at
C-2. Only one aromatic proton with a rather high field chemical
shift at 6y 6.40 (s) was left on the A ring. The 1D NMR spectroscopic
data of 4 were similar to those of 3 with the main differences being
the region-substitution pattern on A and B rings. 2D NMR experi-
ments allowed the complete and unambiguous assignment of the
'H and ¥C NMR chemical shifts (Table 1), region-substitution,
and relative configuration of compound 4. The absolute configura-
tion at C-2 was proposed as S based on the negative optical rotation
value (—12.1°) and biogenetic means (Andersen and Markham,

2006). Thus, the structure for 4 was deduced as (—)-2S-8-
hydroxy-5,7,3'-trimethoxyflavonone.

The known compounds 5-9 were identified as 2’,4’-dihydroxy-
6’-methoxychalchone (5) (Kuroyanagi et al, 1983), 2,3'-
dihydroxy-4',6’-dimethoxychalchone (6) (Chantrapromma et al.,
2000), 2',4'4-trihydroxy-3,6’-dimethoxychalchone (7) (Vogel
et al, 2010), 2,4'-dihydroxy-3,6’-dimethoxychalchone (8)
(Aponte et al., 2010) and 2’-hydroxy-3,4’,6'-trimethoxychalchone
(9) (Boumendjel et al., 2008) by comparison of their spectroscopic
data with values reported in the literature.

2.2. Quorum sensing inhibition assays

To assess the potential QS inhibitory activity of the isolated
compounds, two screening rounds were conducted using the
V. harveyi reporter strains BB886 (luxPQ::Tn5Kan, unable to detect
Al-2) and BB170 (luxN::Tn5Kan, unable to detect HAI-1). In the
first-round screening the test compounds were evaluated at the
cut-off dose of 100 uM (Fig. 3). Due to their inhibitory activity in
both signaling pathways, three chalcones (2, 6 and 7) and one fla-
vanone (3) were selected from this initial assay to perform a sec-
ond-round screening with the reporter strains BB886 and BB170.
Twofold serial dilutions of the compounds, from 500 to 15.6 UM,
were assayed. Luminescence was monitored every 15 min over
18 h. In parallel, ODggg was measured in order to correlate simulta-
neously the inhibition caused in bacterial bioluminescence with
any possible toxic effect. This is important to remark since biolumi-
nescence strongly depends on the physiological state of the cells,
the population density and the growth rate. Thus, endpoints based
on discrete measurements may conduct to misleading results, as
recently reviewed (Defoirdt et al., 2013). At concentrations up to
1.25% (v/v), which is the highest amount of solvent, DMSO did
not have a significant effect either on bacterial luminescence or
on bacterial growth (p > 0.05, Dunnett’s test). The decrease caused
in the luminescence of both HAI-1~ and AI-2- mutants by the
trans-chalcones 2 and 6 was dose-dependent, but associated with
toxicity (Figs. 4A, C and 5A, C). Accordingly, the ICso values for
HAI-1 and AlI-2 inhibition were close to those obtained for growth
inhibition (Table 2). A different behavior is deduced from the lumi-
nescence and growth data in the presence of flavonoids 3 and 7
(Figs. 3B, D and 4B, D). For these compounds, the ICsq values
obtained for the HAI-1 signaling pathway were lower than their
counterparts in the Al-2 pathway (Table 2). However, according
to the behavior displayed by both compounds towards V. harveyi
strains with non-functional LuxN and LuxPQ receptors, a lack of
specific antagonism towards one receptor or the other can be
inferred. In this regard, it should be noted that even though the
average ICso value for compound 7 in the HAI-1~ mutant was
above 500 puM (Table 2), values very close to 50% inhibition were
recorded at the highest test dose of 500uM (Fig. 4D).
Furthermore, these two flavonoids exerted a negligible effect on
bacterial growth, thus highlighting their non-toxic mode of action
(Fig. 5B and D). It is important to recall that the ICso values
reported herein have been obtained under high-density conditions
(starting cell density of around 10’ cfuml™!) and have been
calculated taking into account their cumulative effect over an
18 h period instead of a short-term effect at the initial stages of
the culture. These are the most restrictive conditions and explain
the relatively high effective doses of these compounds.

To confirm that these flavonoids target downstream elements
in the QS transduction pathway, compounds 3 and 7 were selected
for further evaluation due to their lack of toxicity, which makes
them attractive candidates for potential applications. Therefore,
both flavonoids were assayed against the reporter strain V. harveyi
BB721, a constitutively bright mutant in which the phosphorelay
activity of LuxO has been lost after transposon insertion
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Fig. 3. Inhibition of bioluminescence displayed by the flavonoids screened in this study at the cut-off concentration of 100 uM in the V. harveyi mutants BB886 (white bars,
lacks the Al-2 sensor) and BB170 (black bars, lacks the HAI-1 sensor). Bars represent the mean + SD of three replicates. The % inhibition is referred to an untreated control.
Data represent the integrated luminescence values at each dose over an 18 h period of constant monitoring.
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Fig. 4. Normalized luminescence inhibitions (relative to untreated control) for V. harveyi BB886 (white bars) and BB170 (black bars) in the presence of compounds 2 (A), 3 (B),
6 (C) and 7 (D) at different doses from 500 to 15.6 puM. Bars represent the mean + SD of three replicates. Data represent the integrated luminescence values at each dose over
an 18 h period of constant monitoring.

(lux0O::Tn5lacZ). Thus, this strain produces maximum lumines- 3 and 7 inhibited bioluminescence very significantly (62% and 45%,
cence per cell, regardless of the concentration of Als. For this exper- respectively) with respect to the untreated control (Fig. 6). This
iment a single concentration was tested (250 uM). Both flavonoids result, together with the lack of toxicity of these compounds,
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Fig. 5. Growth curves for V. harveyi BB120 (wild type strain) in the presence of compounds 2 (A), 3 (B), 6 (C) and 7 (D) at different test concentrations (red = 500 uM;
blue = 250 pM; green = 125 uM; orange = 62.5 uM; purple = 31.25 uM; magenta = 15.6 uM; gray = 1.25% DMSO; black = untreated control). Data represent the mean * SD of
three replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Half-maximal inhibitory concentrations (ICsq) caused by compounds 2, 3, 6 and 7 on
HAI-1 and Al-2-mediated bioluminescence and bacterial growth. Values (uM)
represent the average of three replicates.

Compound HAI-1 Al-2 Growth
inhibition inhibition inhibition

2 278 291 290

3 206 349 >500

6 304 >500 388

7 385 >500 >500
Pentyl triphenylphosphonium 179 129 >500

bromide®

2 Reference substance used as internal control according to published data
(Martin-Rodriguez et al., 2015).

suggests that modulation of bioluminescence production in
V. harveyi may be due to the interaction with elements
downstream LuxO in the QS signal transduction circuit. It
remains to be determined whether the compounds act at the
transcriptional, posttranscriptional or enzymatic level.

The inhibitory effect of plant secondary metabolites,
particularly flavonoids, on bacterial processes has been the focus
of intensive research over the last few years (Kalia, 2013;
Cushnie and Lamb, 2011). Recently, catechin has been reported
as a QS disruptor, being able of inhibiting violacein production in
Chromobacterium violaceum CV026, as well as biofilm formation
and elastase production in Pseudomonas aeruginosa PAO1 through
interference with Al reception (Vandeputte et al., 2010). In a simi-
lar study (Vandeputte et al., 2011), the QS inhibitory properties of

100+

RLU

I I I
3 7 DMSO Control

Fig. 6. Bioluminescence of V. harveyi BB721 (LuxO null) in the presence of
compounds 3 and 7 at 250 pM, the proportional amount of solvent (DMSO, 0.6%
v/v), and in the absence of treatment (control). Bars represent the mean + SD of
three replicates. Asterisks indicate significant differences with respect to the control
(p <0.001, Dunnett’s test).

naringenin in C. violaceum CVO26 and in P. aeruginosa
PAO1 pointed to a disruption in both Al production and in the
C4-HSL-RIhR complex. Flavonoids have also demonstrated their
ability to thwart cell-to-cell communication in V. harveyi. Vikram
and co-workers reported the interference with both HAI-1 and
Al-2 signaling pathways in V. harveyi by a series of commercial
flavonoids (Vikram et al, 2010). In that study, the authors
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100+

% Biofilm inhibition

Compound

Fig. 7. Inhibition of biofilm formation caused by compounds 3 and 7 on V. harveyi
BB120 at different concentrations (red = 500 uM; blue = 250 uM; green = 125 pM;
orange = 62.5 uM; purple =31.25 pM; magenta = 15.6 uM). Bars represent the
mean * SD of three replicates. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

suggested a possible target at LuxU or downstream this element
for flavonoids such as naringenin that did not display any preferen-
tial response towards the HAI-1~ or the Al-2~ biosensor, which is
in good agreement with our findings.

Since biofilm formation is also a QS-regulated process in
V. harveyi (Waters and Bassler, 2006), we investigated the effect
of compounds 3 and 7 on biofilm production. Indeed, a clear
dose-dependent reduction of biofilm formation was observed
in V. harveyi wild type strain in the presence of both com-
pounds, with inhibitions as high as 68% and 60% for com-
pounds 3 and 7, respectively (Fig. 7). This result is in fair
agreement with the effect observed in the QS-mediated biolu-
minescence at the same range of concentrations. Thus, taking
these results together, it is deduced that suppression of biofilm
formation likely occurs through disruption of cell-to-cell
communication, without affecting bacterial growth. Given that
V. harveyi is a causative agent of vibriosis in shrimp aquaculture
(Rutherford and Bassler, 2012) and its QS system shares a high
similarity with that of the human pathogen Vibrio cholerae
(lacking the HAI-1/LuxM/LuxN system) (Defoirdt et al., 2008),
the present findings constitute a promising starting point for
the design of effective alternatives or complements to antibiotic
treatments. Moreover, to investigate the impact on lumines-
cence in a strain in which luminescence is independent of
the QS system would be beneficial but no suitable construct
is currently available.

3. Conclusion

A series of nine flavonoids, including four new ones were
isolated from the leaves of P. delineatum. Two compounds from
this series, 3 and 7, displayed a potent QS inhibitory activity in
V. harveyi without inhibition of bacterial growth up to 500 pM.
Experiments with V. harveyi mutant strains suggest a molecular
target downstream LuxO for these compounds. In addition, both
flavonoids exhibited a strong inhibitory effect on biofilm formation
in V. harveyi. These results emphasize the potential of naturally
occurring plant secondary metabolites, in particular flavonoids,
to interfere with bacterial processes. Further investigations will
be conducted to deepen our understanding of the mechanism of
action of this series of flavonoids.

4. Experimental
4.1. General experimental procedures

Optical rotations were measured on a Perkin Elmer 241 auto-
matic polarimeter in CHCl3 at 25 °C and the [a]p values are given
in 107! deg cm?/g. UV spectra were obtained in absolute EtOH on
a JASCO V-560 spectrophotometer. IR (film) spectra were mea-
sured on a Bruker IFS 55 spectrophotometer. 'H and '3C (400 and
100 MHz, respectively) NMR spectra were recorded in (CD3),CO
on a Bruker Avance 400 spectrometer; the chemical shifts are given
in 6 (ppm) with TMS as internal reference and coupling constants
in Hz. DEPT, COSY, ROESY (spin lock field 2500 Hz), HSQC and
HMBC (optimized for J = 7.7 Hz) experiments were conducted on
a Bruker Avance 500 spectrometer at 500 MHz with the pulse
sequences given by Bruker. EIMS and HREIMS were collected with
a Micromass Autospec spectrometer. Silica gel 60 (particle size 15-
40 and 63-200 um, Macherey-Nagel) and Sephadex LH-20
(Pharmacia Biotech) were used for column chromatography, silica
gel 60 F254 (Macherey-Nagel) were used for analytical or prepar-
ative TLC, and nanosilica gel 60 F254 (Macherey-Nagel) for high-
performance TLC (HPTLC). Centrifugal preparative TLC (CPTLC)
was performed using a Chromatotron (Harrison Research Inc.
model 7924T) on 1, 2, or 4 mm silica gel PF254 disks with flow rate
2-4 ml/min. The spots were visualized by UV light and heating sil-
ica gel plates sprayed with H,O-H,SO4-AcH (1:4:20). All solvents
used were analytical grade from Panreac.

4.2. Plant material

Leaves of P. delineatum were collected in Iquitos, Maynas
Province, Department of Loreto, Perd in November 2009. A voucher
specimen (10484) was identified by botanist Juan Ruiz Macedo and
was deposited in the Amazonense Herbarium of the Universidad
Nacional de la Amazonia Peruana, Iquitos, Peru.

4.3. Extraction and isolation

The air-dried leaves of P. delineatum (252.2 g) were ground and
extracted with EtOH (4 1) in a Soxhlet apparatus. Evaporation of the
solvent under reduced pressure provided 57.3 g (22.7%) of crude
extract, which was successively partitioned into CH,Cl,/H,0 (1:1,
v/v) solution. Removal of the CH,Cl, from the organic-soluble
extract under reduced pressure yielded 30 g (11.9%) of residue.
The CH,Cl; residue was chromatographed on a silica gel column,
using mixtures of hexanes/EtOAc of increasing polarity (10:0-
0:10) as eluent to afford 19 fractions which were combined based
on their TLC profile in A-] junctions. Preliminary 'H NMR analysis
revealed that fractions C (hexanes/EtOAc, 8:2), H (hexanes/EtOAc,
3:7) and ] (EtOAc) were rich in flavonoids, and were further inves-
tigated. Fraction C (2.2 g) was chromatographed on Sephadex LH-
20 (hexanes/CHCI3/MeOH, 2:1:1) to afford fractions C1-C5.
Fraction C3 (328.8 mg) was chromatographed by CPTLC using mix-
tures of hexanes/Et,0 of increasing polarity (8:2-1:1) as eluent to
afford eleven fractions (C3A-C3K). Subfractions C3E (16.4 mg) and
C3H (17.7 mg) were further purified by HPTLC (hexanes/EtOAc, 8:2
and hexanes/CH,Cl,, 8:2, respectively) to give compound 9
(9.4 mg), and compounds 8 (3.6 mg) and 5 (8.3 mg), respectively.
Fraction H (5.4g) was chromatographed on Sephadex LH-20
(CHCI3/MeOH, 1:1) to afford fractions H1-H9. Fraction H6
(304.8 mg) was chromatographed by CPTLC (CH,Cl,/acetone of
increasing polarity, 10:0-1:1) to afford nine fractions (H6A-HG6I).
Subfraction H6F (18.2mg) was further purified by HPTLC
(hexanes/EtOAc, 3:2) to give compounds 1 (4.7 mg) and 6
(9.3 mg). Fraction H7 (593.0 mg) was chromatographed by CPTLC
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(CHyCly-acetone, 10:0-1:1) to give fractions H7A-H7G.
Subfraction H7F (23.1 mg) was further purified by HPTLC (hex-
anes/isopropanol, 4:1) to yield compounds 2 (15.3 mg) and 7
(3.8 mg). Fraction ] (3.9 g) was chromatographed on Sephadex
LH-20 (CHCl3/MeOH, 1:1) to afford fractions J1-]5. Fraction |3
(628.8 mg) was chromatographed by CPTLC (CH,Cl,/acetone,
10:0-7:3) to afford fractions J3A-J3L. Subfractions ]J3F (16.4 mg)
and J3H (21.2mg) were further purified by HPTLC
(CH,Cly/acetone, 9:1 and hexanes/isopropanol, 8:2, respectively)
to afford compounds 4 (11.4 mg) and 3 (10.4 mg), respectively.

4.4. 2", 4'-Dihydroxy-3,3',6'-trimethoxychalcone (1)

Yellow amorphous solid; UV 2max (MeOH) (loge) 211 (3.2), 345
(2.9) nm; IR vpayx (film) 3375, 2919, 2850, 1725, 1628, 1586, 1429,
1331, 1259, 1196, 1159, 1110, 1010, 977, 851, 786, 726 cm™'; 'H
NMR [(CDs3),CO] 6 3.77 (3H, s, OCHs-3'), 3.87 (3H, s, OCHs-3),
3.97 (3H, s, OCH3-6'), 9.22 (1H, s, OH-4'), 14.34 (1H, s, OH-2"), for
other signals, see Table 1; *C NMR [(CD5),CO] ¢ 55.6 (q, OCHs5-
3), 56.5 (q, OCH3-6'), 60.6 (q, OCHs-3'), for other signals, see
Table 1; EIMS my/z 330 [M*] (81), 300 (25), 223 (14), 196 (100),
181 (13), 150 (20), 138 (4); HREIMS m/z 330.1104 [M*] (calcd for
Cy8H1306, 330.1103).

4.5. 2,3 ,5-Trihydroxy-4',6',3-trimethoxychalcone (2)

Yellow amorphous solid; UV A,.x (MeOH) (loge) 209 (4.6), 346
(3.9) nm; IR vmax (film) 3417, 3010, 2944, 2851, 1733, 1635, 1596,
1565, 1458, 1432, 1319, 1288, 1233, 1214, 1118, 1084, 1063, 976,
899, 843, 806, 759, 683 cm~!; 'H NMR [(CD3),CO] & 3.82 (3H, s,
OCH3-5), 3.96 (3H, s, OCH5-4'), 4.01 (3H, s, OCH3-6'), 6.91 (1H, s,
OH-3'), 8.62 (1H, br s, OH-3), 13.81 (1H, s, OH-2’), for other signals,
see Table 1; >C NMR [(CD5),CO] & 55.6 (q, OCH3-5), 56.5 (q, OCHs5-
4'), 56.7 (q, OCH3-6'), for other signals, see Table 1; EIMS m/z 346
[M*] (55), 316 (42), 297 (33), 223 (12), 196 (100), 181 (18), 178
(13), 167 (10), 150 (31), 91 (7), 57 (8); HREIMS m/z 346.1053
[M+] (Calcd for Cy8H1507, 3461037)

4.6. (—)-(2S)-7,5'-Dihydroxy-5,3'-dimethoxyflavanone (3)

Yellow amorphous solid; [«]2 —11.1 (¢ 0.26, MeOH); UV Amax
(MeOH) (loge) 203 (4.8), 226 (4.5), 284 (4.4) nm; IR vy, (film)
3432, 2925, 2854, 1937, 1729, 1605, 1462, 1378, 1264, 1162,
1113, 1076, 884, 828, 756 cm™!; 'H NMR [(CD3),CO] ¢ 3.77 (3H,
s, OCHs-5'), 3.79 (3H, s, OCH3-5), 8.51 (1H, s, OH-3'), 9.41 (1H, s,
OH-7), for other signals, see Table 1; >C NMR [(CD3),CO] ¢ 55.6
(q, OCHs-5'), 56.1 (q, OCHs-5), for other signals, see Table 1;
EIMS m/z 316 [M*] (100), 299 (8), 193 (68), 167 (62), 150 (14),
138 (9); HREIMS m/z 316.0932 [M*] (calcd for C;7H;606, 316.0947).

4.7. (- )-(25)-8-Hydroxy-5,7,3'-trimethoxyflavanone (4)

Yellow amorphous solid; [o]3° —12.1 (c 0.30, MeOH); UV Amax
(MeOH) (log &) 206 (5.6), 243 (5.1), 285 (5.2), 348 (3.8) M IR ¥y
(film) 3388, 3006, 2924, 2848, 1725, 1666, 1613, 1588, 1512, 1494,
1462, 1438, 1417, 1370, 1346, 1265, 1210, 1155, 1111, 1046, 1013,
919, 856, 792, 755, 702 cm™: 'H NMR [(CD3),CO] & (3H, s, OCHs-
5), 3.83 (3H, s, OCHs-3’), 3.94 (3H, s, OCHs-7), 7.22 (1H, s, OH-8),
for other signals, see Table 1; '3C NMR [(CD3),CO] & 55.6 (q,
OCH3-3’), 56.5 (2 x q, OCH3-5, OCHs-7), for other signals, see
Table 1: EIMS m/z 330 [M*] (62), 196 (100), 178 (8), 150 (21);
HREIMS my/z 330.1111 [M*] (calcd for C;gH;306, 330.1103).

4.8. Quorum sensing assays

V. harveyi wild type strain BB120 and mutants BB170
(luxN::Tn5kan), BB886 (luxPQ::Tn5kan) and BB721
(luxO::Tn5lacZ) were acquired from ATCC. To evaluate the QS inhi-
bitory activity of the flavonoids, a screening procedure was
adapted from (Defoirdt et al., 2007, 2012), with slight modifica-
tions. Bacteria were cultured in Luria-Bertani medium containing
35 g/l sea salts (Sigma-Aldrich). Stock solutions of the test com-
pounds in DMSO (40 mM) were serially diluted at 2 x final test con-
centrations in white, clear-bottom 96-well microtiter plates
(Costar 3610) containing 100 pu of culture medium. Bacterial inoc-
ula (100 pl) were prepared from 1:50 dilutions of overnight cul-
tures, giving a starting cell density of 1-2 x 107 cfuml~!. The
microtiter plates were covered with a clear sterile sealing film
and incubated at 30 °C with agitation (150 rpm). Luminescence
and ODggg were monitored every 15 min over 18 h with a multi-
mode plate reader (Perkin-Elmer EnSpire) in order to correlate
simultaneously any possible decrease in the luminescent pheno-
type with a growth-inhibitory effect.

4.8.1. Calculations and statistics

For the determination of the ICsy values for bioluminescence
and growth, the area under each luminescence or growth curve,
respectively, at each dose and for each reporter strain were calcu-
lated. Inhibitions were calculated with respect to the untreated
control as follows:

I=[(Ac — Ap)/Ac] ¥ 100, where [ is the inhibition (%), Ac is the area
under the control curve and A; is the area under each treatment
curve. These values were plotted against the corresponding logC
values (C = concentration) and adjusted to a four-parameter non-
linear regression model with GraphPad Prism v.5 (GraphPad
Software Inc., La Jolla, CA, USA). The relative luminescence values,
designed as Relative Luminescence Units (RLU) were obtained by
dividing the area under the luminescence curve by that under
the growth curve for each dose, in order to normalize biolumines-
cence data with respect to bacterial growth. When indicated, sta-
tistical analysis (one-way ANOVA with Dunnett’'s multiple
comparisons test) was performed with Sigmaplot 12 (Systat
Software Inc., San José, CA, USA). The assumptions of indepen-
dence, normality and homoscedasticity were verified prior to
ANOVA calculations. The limit for statistical significance was
established at P = 0.05.

4.8.2. Biofilm assays

Vibrio harveyi BB120 was incubated overnight and diluted to a
cell density of 1 x 108 cfuml~'. For biofilm tests, Marine Broth
(Panreac) was employed since biofilm formation is strongly pro-
moted in this medium. One-hundred microliter of bacterial sus-
pension were inoculated in each well of a microtiter plate (Nunc
167008) containing serial dilutions (100 p) of the test compounds.
The plates were incubated at 30 °C for 24 h. Then, OD600 readings
were taken to quantify bacterial growth. Plates were emptied,
thoroughly rinsed with saline solution (x3), and finally stained
with 0.2% crystal violet for 15 min. Plates were rinsed to remove
the excess dye and dried at room temperature. Bound crystal violet
was re-solubilized by addition of 200 pl EtOH and OD readings
were taken at 590 nm.
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