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A B S T R A C T

Bacterial communication, Quorum Sensing (QS), is a target against virulence and prevention of antibiotic-
resistant infections. 16 derivatives of Piperlongumine (PL), an amide alkaloid from Piper longum L., were
screened for QS inhibition. PL-18 had the best QSI activity. PL-18 inhibited the lasR-lasI, rhlR-rhlI, and pqs QS
systems of Pseudomonas aeruginosa. PL-18 inhibited pyocyanin and rhamnolipids that are QS-controlled virulence
elements. Iron is an essential element for pathogenicity, biofilm formation and resilience in harsh environments,
its uptake was inhibited by PL-18. Pl-18 significantly reduced the biofilm biovolume including in established
biofilms. PL-18-coated silicon tubes significantly inhibited biofilm formation. The transcriptome study of treated
P. aeruginosa showed that PL-18 indeed reduced the expression of QS and iron homeostasis related genes, and up
regulated sulfur metabolism related genes. Altogether, PL-18 inhibits QS, virulence, iron uptake, and biofilm
formation. Thus, PL-18 should be further developed against bacterial infection, antibiotic resistance, and biofilm
formation.

1. Introduction

Bacterial resistance to antibiotics is of important worldwide concern.
Conventional antibiotics that kill bacteria very often lead to the devel-
opment of resistance [1,2]. However, there have been fewer and fewer
new antibiotics developed and approved for many years. Without new
antibiotics, we are facing the post-antibiotic era, in which health pro-
viders will be unable to prevent or treat bacterial infections. Therefore,
new approaches to combat bacterial infections should be considered
[3–5].

As an alternative to the conventional antibiotic killing of bacteria, a
process that may result in the selection of resistant strains, the

development of compounds that attenuate bacterial virulence and pre-
vent pathogenicity should be pursued. One important target for such
attenuation is the use of Quorum Sensing (QS) as a target. QS controls
gene expression in response to changes in bacterial concentration. This
occurs by the production and secretion of Auto-Inducers (AI). When the
population density is low, the AI released by the bacteria quickly be-
comes diluted by diffusion. However, as the population grows, the AI
concentration is increased beyond a certain threshold, which then ac-
tivates specific gene expression in order to achieve maximum efficiency
[6]. This phenomenon is especially relevant to the expression of viru-
lence factors that increase their effectiveness. The AI signal molecules in
Gram-negative bacteria include but are not limited to variants of
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Homo-Serine Lactones (HSL). The variants are a result of differences in
the length of the carbon chain (4–18 carbons), the saturation level, and
the oxidation state at the C3 position [7]. These AIs are the ligands of
LuxR receptor family.

Pseudomonas aeruginosa is a model for a gram-negative opportunist
pathogen. This bacterium commonly causes infection in hospital envi-
ronments and immunosuppressed individuals. Some strains are
multidrug-resistant (MDR) [8,9]. P. aeruginosa expresses many virulence
factors resulting in antibiotic resistance and biofilm formation as well as
secretion of toxins, lipases, pyocyanin, rhamnolipids, siderophores, and
proteases. P. aeruginosa has two LuxR types of QS systems: LasI/LasR,
and RhlI/RhlR responsive to the AI 3-oxo-C12-HSL and C4-HSL,
respectively [10,11]. Deletion of the QS genes in P. aeruginosa causes
a decrease or elimination of virulence behaviors [12–14]. P. aeruginosa
utilized a third QS system-based on the compound 2-heptyl-3-hydrox-
y-4-quinolone named Pseudomonas Quinolone Signal (PQS). The pqs
system is also important for biofilm formation, pyocyanin synthesis, and
other virulence activities [15]. The three QS systems are separate but are
interconnected with distinct hierarchy [16].

P. aeruginosa and many other bacteria develop biofilms that are
characterized by adherence of the bacteria to a surface, and by the
formation of bacterial extracellular matrix (ECM). Biofilm formation is a
major problem in healthcare systems due to its stability even under
stressful environmental challenges, including oxidative stress, the
presence of antibiotics, and the host immune response [17]. Indeed,
biofilms on medical devices (e.g., implants and catheters) may be
chronic and can cause their failure [18]. Biofilm of P. aeruginosa in
Cystic Fibrosis patients’ lungs and on burn victim tissues, were found to
be stable and to cause persistent infections that lead to severe chronic
inflammation [19,20].

Many plants secondary metabolites are essential for plant protection
against microbial pathogens. These compounds have long been consid-
ered an important source for drug discovery [21,22]. The synthesis of
new derivatives of these metabolites increases the probability of finding
new drugs for many therapeutic purposes. The derivatives of these
metabolites may display new biological activities, absent in the original
natural product or enable the modulation of the original activities (e.g.,
solubility, reactivity, and specificity). Moreover, such variants are useful
to study basic and applied questions related to their mode of action and
the role of different chemical functional groups.

Piperlongumine (PL) is an amide alkaloid isolated from P. longum L.
(Long pepper) and the synthesis of its derivatives has been described in
previous works [23,24]. Long pepper has long been used in traditional
medicine. Known to be beneficial in treating many illnesses including
cancer, inflammation, depression, diabetes, obesity, and hepatotoxicity
[25]. PL has multiple biological activities such as anti-platelet aggre-
gation, anti-anxiolytic and anti-depressant [26]. PL is mainly known as
an anti-cancer agent which selectively inhibits cancerous cells [27]. PL
was shown to directly inhibit the Nuclear Factor kappa B (NF-κB)
pathway by interacting with IκB Kinase (IKK) and elevation of Reactive
Oxygen Species (ROS) [28,29]. It also moderately inhibits bacterial and
fungal growth [30]. Since their effect on QS has not previously been
studied, here we investigated the QS Inhibitory (QSI) activity of PL and
its derivatives. Piperlongumine and its derivatives are small molecules,
similar to other effective QSI molecules, such as halogenated furanone
[31] and hordenine analogs [32]. The objective of this study, therefore,
is to investigate Piperlongumine (PL) and its derivatives activity as
non-antibiotic QS inhibitors.

2. Materials and methods

2.1. Synthesis of PL derivatives

PL required for the present study was isolated from long pepper, it
was sequentially modified i.e., demethylation to obtain monohydroxy

piperlongumine (PL-07), dihydroxy piperlongumine (PL-18), and
trihydroxy piperlongumine (PL-25) Subramani et al. (2020) [23]. The
other PL derivatives, PL-17,20, 23B, AE-02, 04, 11, 17, 45, 68, 73 and 77
were prepared by transamidation of PL with corresponding amines as
previously described by Muthuraman et al. (2019) [33]. AE-10 was
synthesized by transamidation of PL-07 with ethyl amine. PL-31 was
synthesized as reported earlier by Muthuraman et al. (2019) [24]. The
derivatives are listed in Table 1, and details of the synthesis and vali-
dation are in Supplementary file 2.

2.2. Screening of QSI activity

Two bio-reporter bacteria Chromobacterium violaceum (CV026) and
Agrobacterium tumefaciens (KYC55) were used for the detection of AI [34,
35], and for the detection of multiple QSI molecules in parallel [36] as
described before. These bacteria were used to determine the QSI activity
of the PL derivatives listed in Table 1. Briefly, the compounds dissolved
in acetonitrile (Sigma-Aldrich, MO, USA) to 40 mM, and 20 μL were
positioned and dried on the same spot on Thin-Layer chromatography
membrane (TLC, Merk, Darmstadt, Germany). Then, CV026 or KYC55
cultures were mixed with the AI: 500 nM of 3-oxo-C6 (K3007), and of
3-oxo-c8 (O1764) (both from Sigma-Aldrich), respectively. Since these
two reporter bacteria are null mutants of the synthetase gene, they can’t
produce the AI endogenously. In addition, 60 μg/mL Xgal (Sigma
Aldrich) was added to KYC55. The cultures were placed on top of the
TLC and incubated at 30 ◦C for 24 h. The effect of the derivatives on the
culture’s color was assessed qualitatively. Representative images from
the experiment are presented in Supplementary Fig. 1.

2.3. QS receptors of P. aeruginosa activation by a bioluminescence
reporter assay

PAO-JP2-luxCDABE LasR antagonist assays were performed as
described previously by Ganin et al. (2009) [37]. PAO-JP2, a lasI-rhlI
double mutant of PAO1, harbored a plasmid pKD201 with a lasI pro-
moter coupled to the luxCDABE operon. PAO-JP2-luxCDABE starter
culture in LB (Difco Lenox medium, BD, France) with 300 μg/mL
trimethoprim (TMP, Sigma-Aldrich) was incubated for 24 h, shaking at
37 ◦C, and then diluted (1:5). AI was added to a final concentration of
100 nM of 3-oxo-C12-HSL (O9139, Sigma-Aldrich). A 96-well white/-
clear bottom microtiter plate (Greiner Bio-One, Kremsmunster, Austria)
was prepared with the desired concentrations of PL-18 as indicated in
Fig. 1 a. PL-18 was dissolved and diluted in DMSO (Sigma-Aldrich). The
control group’s DMSO concentration was equal to the tested groups. The
DMSO concentration was always lower than 0.5 %. The plate was then
incubated for 10 h at 37 ◦C, and during this time luminescence mea-
surements were performed at 15 min intervals using a luminometer
(Varioskan Flash, Thermo Fisher Scientific, MA, USA).

PAO-JP2 (pKD-rhlA) is a reporter strain that measures RhlR activity,
developed by K. Duan et al. (2007) [38]. The rhlA promoter, responsive
to RhlR-C4-HSL, was fused upstream to the luxCDABE box and intro-
duced into PAO-JP2. The starter culture was grown in LB with 300
μg/mL TMP for 24 h, shaking at 37 ◦C, then diluted (1:5). The AI was
added to a final concentration of 10 μM of C4-HSL (SML3427,
Sigma-Aldrich). A 96-well white/clear bottom microtiter plate was
prepared with the desired concentrations of PL-18 as indicated in Fig. 1
b. The plate was then incubated for a period of 10 h at 37 ◦C, and during
this time luminescence measurements were performed at 15 min in-
tervals using a luminometer.

The same bioluminescence method was used to determine the effect
of iron concentration on PL-18 QSI activity, in the presence of the iron
chelator ethylenediamine-N,N′-bis(2-hydroxyphenylacetic acid),
(EDDHA, AS060816, Arctom Scientific, CA USA). PL-18 and EDDHA
were added in a combinatory manner as described in Supplementary
Fig. 9.
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PAO1-ΔpqsAH-CTXlux-pqsA reporter strain was developed by P.
Williams et al. (2014) [39,40], to determine the PqsR receptor activity.
The strain starter culture was grown in LB in the presence of 125 μM
tetracycline (Sigma-Aldrich) at 37 ◦C, overnight. Then diluted to 0.04 O.
D. at 600 nm and grown to an O.D. between 0.2 and 0.4. 25 μM of
Heptyl-3-hydroxy-4(1H)-quinolone (PQS, 94398, Sigma-Aldrich) was
then added to the culture. Then 180 μL of the cultures were placed in the
wells of a 96-well white/clear bottommicrotiter plate that was prepared
with the desired concentrations of PL-18 in 20 μL as indicated in Fig. 1 c,
to a final volume of 200 μL. The plate was then incubated for a period of
15 h at 37 ◦C, and during this time luminescence measurements were
performed at 15 min intervals using a luminometer.

2.4. Ligand-binding domain of the LasR (LasR-LBD) expression and
purification

The expression and purification of the LasR-LBD his-tag protein was
previously published by us [41]. Briefly, the construct was expressed in
E. coli BL21-pETM-11 in the presence of isopropyl β-d-1-thiogalacto-
pyranoside (IPTG, Sigma-Aldrich), 160 μM PL -18 or DMSO, with or
without 3-oxo-C12-HSL. Then bacteria were separated from the super-
natant by centrifugation and lysed, followed by additional centrifuga-
tion of the lysate. The soluble fraction was then loaded on a
nickel-affinity chromatography for purification. The detection of
LasR-LBD was byWestern blot. Samples were taken from the elution and
mixed with sample buffer (GenScript, A2S technologies, Yavne, Israel)
and heated at 95 ◦C for 5 min before loading onto 12 % acryl amid
SDS-PAGE (37.5:1 acrylamide/bisacrylamide, Bio-Lab, Israel). The
membrane was blocked with 5 % bovine serum albumin (Roth, A2S
technologies), and was incubated with primary antibody mouse Anti-6X
His tag® antibody (ab49936, Abcam, Cambridge, UK) followed by a
secondary antibody anti-mouse IgG Horse Radish Peroxidase-linked
antibody (7076S, Cell Signaling technology, MA, USA). Chem-
iluminescence was detected (Azure Biosystems 400, CA, USA).

2.5. Quantification of virulence factors from the cell-free culture
supernatants of P. aeruginosa

P. aeruginosa (PAO1) starter culture was grown overnight and then
diluted (1:10) in LB broth. PL-18 or DMSOwere added to the culture and
incubated in a shaker for 24 h at 37 ◦C. Cells were harvested by
centrifugation and the supernatants were collected and filtered through
0.22 μm into fresh tubes. To measure the pyocyanin presence in the
supernatant, it was extracted using the chloroform-HCl method and read
at 520 nm in a plate-reader UltrospecPro spectrophotometer (GE
Healthcare, Little Chalfont, UK). Determination of rhamnolipids content
was measured at 570 nm directly from the cell-free supernatant after
adjustment to pH 2 [42]. Elastase activity was then measured at 400 nm
by adding to the filtered supernatant elastin-Congo-red (Sigma-Aldrich)
at 37 ◦C, 140 rpm agitation for 16 h [43].

2.6. P. aeruginosa swarming motility assay

The P. aeruginosa (PAO1) swarming motility test was described
before by Yehuda N. et al. (2022) [44]. Briefly, PAO1 was grown
overnight in M9 medium. Then diluted 1:10 in M9 medium and incu-
bated at 37 ◦C until it reached 0.4–0.6 O.D. at 600 nm. 1 μL of the culture
was placed in the middle of the 0.5 % agar M9 plates that contained
PL-18 or DMSO in concentrations indicated in Supplementary Fig. 1 a.
Followed by incubation for 24 h at 37 C. The assessment of the surface
coverage was done in ImageJ by applying a threshold, transforming the
images to binary, and determining the area of the bacteria.

2.7. P. aeruginosa growth and viability response to PL-18

The growth of PAO1 bacteria was determined using kinetic mea-
surements of O.D. (600 nm). An overnight culture of PAO1 was diluted
(1:100) in LB broth and combined with increasing concentrations of PL-
18 or DMSO. The measurements were done in 20 min intervals for 10 h,
medium shaking, at 37 ◦C in a plate reader (Multiskan Go, Thermo
Fisher Scientific). The viability of PAO1 after 24 h with PL-18 was
determined by CFU counting. An overnight culture of PAO1 was diluted
(1:100) in LB broth and combined with increasing concentrations of PL-
18 or DMSO. The tested cultures were incubated for 24 h, shaking at
37 ◦C. After, each tested culture was serially diluted and Sown for CFU
counting on LB-agar Petri dishes. PL-18 concentration is indicated in
Supplementary Fig. 5 a, and b.

2.8. Iron quantification by inductively coupled plasma optical emission
(ICP-EOS) spectrometry

In order to determine the effect of PL-18 on iron uptake by
P. aeruginosa (PAO1), iron concentration was measured by ICP-EOS.
PAO1 starter cultures were centrifuged and washed with Phosphate
Buffered Saline (PBS, Biological Industries, Israel) before it was incu-
bated in LB with 160 μM PL-18 or DMSO for 7 h. Pellets and superna-
tants were separated by centrifugation. The supernatant was filtered
through 0.22 filters (pre-washed with LB) and transferred to glass vials
that were pre-washed with 20 % (v/v) HNO3. The pellets were washed
once by adding Ultra-Pure Water (UPW, Bio-Lab), centrifuged, then
suspended in UPS, and transferred to glass vials, also pre-washed with
20 % HNO3. The samples were dried at 51 ◦C for 48 h followed by
mineralization by incubation in 68 % HNO3 for 24 h at RT. Then the
volume was brought to 10 mL with UPW and filtered through 0.45 μm
that was pre-washed with 5 % HNO3 [45]. Iron concentration was
measured by ICP-EOS (SPECTRO ARCOS ICP-OES analyzer).

2.9. Confocal laser scanning microscopy (CLSM) for P. aeruginosa
biofilm visualization and quantification

Biofilm biovolume was determined using continuous-culture flow
cells [46]. The overnight PAO1 culture in LB broth was diluted to an O.
D. of 0.1 (600 nm) in PBS. 400 μL of the diluted culture was incubated
for 1 h at 30 ◦C. The flow cell ran at a rate of 3 mL/h (Masterflex L/S
peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA) in AB minimal
medium. The biofilm in Fig. 3 a and b was grown in a μ-Slide VI 0.4
Uncoated (© ibidi GmbH, Grafelfing, Germany) for 72 h at 30 ◦C. in the
presence of PL-18 (10, 40 μM) or DMSO. Before establishing the biofilm
in Fig. 3 c and d, PL-18 was dissolved in chloroform at 10 mM. 40 μL
were dried twice on the inner surface of 3.5 cm segments of silicone
tubes (ISMATEC™, 1.02 mm). PAO1 was grown as a biofilm inside the
untreated, chloroform or PL-18 treated silicone tubes for 72 h at 30 ◦C.
The biofilm in Fig. 3 e and f, grew in μ-Slide VI 0.4 Uncoated at 30 ◦C for
24 h. Then, 40 μM PL-18 or DMSO were added to the medium, and the
biofilm grew for an additional 24 h.

Bacterial viability in the biofilm was determined using a LIVE/
DEAD™ BacLight™ (Invitrogen, Eugene, OR, USA) staining kit accord-
ing to the manufacturer’s instructions. The biofilms were washed before
and after the staining with PBS. Z-stack imaging was acquired by the
CSLM, (FV1000, Olympus, Tokyo, Japan), at 63×magnification. SYTO 9
dye was excited by a 488 nm laser and emission was collected at 515 nm.
For the red-dead Propidium Iodide, excitation was at 530 nm and
emission was recorded at 617 nm. 3D visualization and biofilm volume
calculation were processed using IMARIS software (Bitplane AG, Zurich,
Switzerland). The biovolume was normalized to the area of the image.
After staining, the biofilms in the silicon tubes were fixed with Para-
formaldehyde 4 % for 20 min at RT, then were sliced and attached to
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glass using mounting oil, to be observed by CLSM at 10×magnification.
80 Z planes (each Z plane was 0.5 μM) were included in the final image.

2.10. Scanning Electron Microscope (SEM) analysis of coated silicon
tubes

The presence of PL-18 crystals on coated tubes was assessed by High
Resolution SEM (HR-SEM) imaging. PL-18 was dissolved in chloroform
at 10 mM. 40 μL were dried twice on the inner surface of 3.5 cm seg-
ments of silicone tubes. Then untreated, chloroform or PL-18 treated
tube segments were attached to the flow system and AB medium was
allowed to flow for 5 min and 30 min. Control tubes (no flow) and tubes
under flow were sliced and attached to a specimen holder with double-
side carbon tape and coated with a 20 nm layer of gold using an EMI-
TECH K575x sputtering device (Emitech Ltd., UK). Imaging was done at
SEM.

2.11. RNA extraction

In order to perform the transcriptome analysis and RT-qPCR vali-
dation to determine the effect of PL-18 on gene expression, RNA was
extracted as follows: PAO1 bacteria were grown overnight and then
diluted (1:10) in 2 mL LB broth. 160 μM PL-18 or DMSO were added to
the culture and incubated in a shaker for 7 h at 37 ◦C. 500 μL of each
culture was transferred to a new tube and mixed with RNAprotect
Bacteria Reagent (QIAGEN GmbH, Hilden, Germany) for 5 min. Cells
were harvested by centrifugation and the supernatant discarded. Bac-
terial lysis and RNA isolation were performed with the RNeasy mini kit
(QIAGEN) with the addition of Tris-EDTA buffer solution pH 8.0, Pro-
teinase K from Tririrachium album, and lysozyme from chicken egg
white (all purchased from Sigma-Aldrich) as determined by the manu-
facturer. On-column DNA digestion was performed with the RNASE-free
DNASE SET (QIAGEN). RNA was eluted in UPW.

2.12. Transcriptome analysis- RNA sequencing

For transcriptome analysis, RNA was sequenced by Illumina. Total
RNA was processed for an additional DNAse treatment using a RNase-
Free DNase kit (Qiagen; ID: 79254). DNAse-treated RNA was purified
using the RNeasy MinElute Cleanup kit (Qiagen; ID: 74204). Both steps
were automated on a QIAcube instrument according to the manufac-
turer’s instructions. Ribosomal RNA depletion was performed using a
bacterial QIAseq FastSelect rRNA depletion kit Qiagen; (ID: 335927)
according to the manufacturer’s instructions. Ribosomal RNA-depleted
RNA was then used as a template for library preparation using a
NEXTFLEX® Rapid Directional RNA-Seq Kit 2.0 (PerkinElmer) with
adapters containing unique dual indices (UDIs). Libraries were evalu-
ated for quality using a small sequencing run on an Illumina MiniSeq
with a mid-output flow cell (2x150 base sequences). Libraries were re-
pooled and deeply sequenced on an Illumina NovaSeq6000 instrument
using an SP flow cell with 2x150 base sequencing. DNAse treatment,
rRNA depletion, library preparation and QC sequencing were performed
at the Genomics and Microbiome Core Facility (GMCF) at Rush Uni-
versity. Illumina NovaSeq6000 sequencing was performed at the DNA
Services Lab at the University of Illinois at Urbana-Champaign.

2.13. Transcriptome analysis-bioinformatics

The processes of raw sequence reads were performed before [47] [ref
DIM] and the results are presented in Supplementary Table 1 Excel sheet
1. Genes were considered differentially expressed if they had
FDR-adjusted p-value<0.05 and absolute fold change (in linear scale)≥
1.3. Pathway enrichment in the Kyoto Encyclopedia of gene and genome
(KEGG) was used for sulfur metabolism and biofilm formation of
P. aeruginosa [48–50].Clustering and STRING network were prepared in
the Cytoscape software and the STRING database. Analysis was

performed on genes at the cut off of ±2 FC. Default parameters were
used in the analysis.

2.14. Validation of gene expression by RT-qPCR

To validate the transcriptome results, the relative gene expression of
representative genes was tested using RT-qPCR. RNA concentration and
quality were determined by NanoDrop™ One/OneC Microvolume
UV–Vis Spectrophotometer (Thermo Fisher Scientific). RNA was con-
verted into cDNA using the PrimeScriptRT Master Mix (Perfect Real
Time, Takara-Clontech) following the manufacturer’s instructions.
Subsequently, the qPCR reaction was prepared using the pre-mixed
qPCRBIO SyGreen Blue Mix Hi-ROX (PCR Biosystems, PA, USA), the
primers listed in Supplementary Table 1 Excel sheet 3, and 5 μL of the
RNA sample to a final volume of 20 μL. The StepOne™ Real-Time PCR
System instrument (Thermo Fisher Scientific) was used. An initial
denaturation-hot start of 15 min at 95 ◦C was followed by 40 cycles of
the following incubation protocol: 94 ◦C for 15 s, 60 ◦C for 60 s. The
procedure was completed with a final elongation step of 1 min at 95 ◦C.
The relative gene expression was calculated by − 2^ΔΔCt; ΔCt = The Ct
of a target gene in the treatment group was subtracted from the Ct of a
housekeeping gene (proC). ΔΔCt = the ΔCt of the treatment group was
subtracted from the ΔCt of the control group. In the graph (Fig. 5 b),
− 2^ΔΔCt was plotted. The Gene code for the identification of the genes
was obtained from the Pseudomonas database [51] (https://www.
pseudomonas.com/).

2.15. Cyclic- Di-GMP quantification

P. aeruginosa culture was diluted 1:10 in LB with DMSO or PL-18 at
40 or 160 μM and incubated with shaking for 7 h, at 37 ◦C. For sample
preparation, c-di-GMP was extracted with PBS at 100 ◦C and then with
65%-ethanol and vacuum-dried according to the procedure of Roy et al.,
2013 [52]. 15N5-adenosine 5′-monophosphate at 0.5 mM (15N5-AMP,
Sigma) was added to standards and samples as internal standard. The
dried extracts were resuspended in 100 μL of nano-pure water, vortexed
for 1 min, and centrifuged (21,000×g, 5 min) to remove insoluble ma-
terial. The obtained supernatant was placed in LC-MS vials for analysis.

For the analysis, the LC-MS/MS instrument consisted of an Acquity I-
class UPLC system (Waters) and Xevo TQ-S triple quadrupole mass
spectrometer (Waters) equipped with an electrospray ion source and
operated in positive ion mode using analysis. MassLynx and TargetLynx
software (v.4.2, Waters) were applied for the acquisition and analysis of
data. Chromatographic separation was done on a 50 x 2.1-mm i.d. 1.7-
μm UPLC BEH C18 column (Acquity, Waters) with 20 mM ammonium
formate, pH3 as mobile phase A and acetonitrile as mobile phase B, at a
flow rate of 0.3 mL/min and column temperature 25 ◦C. A gradient was
as follows: for 1min, the columnwas held at 0%B, then linear increase to
100%B in 4min, then back to 0%B in 1min, and equilibration at 0%B for
2 min. Samples kept at 8 ◦C were automatically injected in a volume of 1
μL.

For mass spectrometry, Argon was used as the collision gas with a
flow of 0.10 mL/min. The capillary voltage was set to 3.00 kV, cone
voltage 30 V, source temperature 150 ◦C, desolvation temperature
350 ◦C, desolvation gas flow 650 L/h, cone gas flow 150 L/h. Analytes
were detected using corresponding retention time and selected reaction
monitoring (SRM) for single and double charged precursor ions (colli-
sion energy CE, eV): 691.0 > 540.0 (21), 691.0 > 152.0 (27) m/z, and
346.0 > 540.0 (9), 346.0 > 152.0 (9) m/z, respectively. SRM for 15N5-
AMP: 353.1 > 141.1 (20) m/z.

Quantification was made using a standard curve in the 0–10 mM
concentration range with 3′,3′-c-di-GMP (InvivoGen). 15N5-adenosine 5′-
monophosphate (Sigma) was added to standards and samples as internal
standard (0.5 mM). The peak areas of the respective mass fragments
from single and double charged precursor ions) were summarized as
described by Bahre et al., 2017 [53]. The obtained values of c-di-GMP
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were finally normalized per total protein concentrations in the bacteria,
measured by Bradford assay (Bio-Rad) at the spectrophotometer at 595
nm wavelength.

2.16. Caenorhabditis elegans infection model with PAO1

To test the in-vivo potential of PL-18, a nematode infectionmodel was
used. The Bristol N2 wild-type C. elegans obtained from Caenorhabditis
Genetics Center (CGC), University of Minnesota (USA) were maintained
at 20 ◦C on NGM plates seeded with the Escherichia coli OP50-1 strain.
For the infection assay [54–56], PAO1 was grown overnight at 37 ◦C
with shaking at 180 RPM. The next day, the overnight grown culture was
diluted to OD660 1, from which a fresh culture was started with the
dilution of 1:100 and grown for ~ 2–3 h at 37 ◦C until it reached OD660
0.5 (~1 × 108). The bacterial culture was centrifuged to remove the LB
media, and the bacterial pellet was resuspended in M9 buffer containing
100 mM Tris–HCl, pH 7.4, 17 mM NaCl. 1 mL of resuspended PAO1
culture was added to each well of the 24-well plates. Along with PAO1,
PL-18 (160 μM) or an equal volume of DMSO was added to the experi-
ment and control wells, respectively. 30 young adult animals were
transferred to each well and incubated at 25 ◦C. Worms were scored for
viability using a Leica M80 Stereo microscope after 24 h. Worms were
classified as dead if they did not exhibit spontaneous movement and
failed to respond perceptibly to touch when probed with a wire worm
pick.

2.17. Statistical analysis

All statistical analyses were carried out using GraphPad Prism
version 8.0.1 for Windows (GraphPad Software, San Diego, California
USA, www.graphpad.com). The specific tests recommended by the
software are indicated under the relevant Figs.

3. Results

3.1. The screening of PL derivatives for QSI activity

In order to screen Piperlongumine (PL) and 16 of its derivatives for
QSI molecules, two reporter bacteria were used A. tumefaciens (KYC55)
and C. violaceum (CV026), which in response to an active QS system
produced purple pigment and metabolized X-gal, respectively (repre-
sentative image of the experiment- Supplementary Fig. 1). Derivatives
were categorized semi-quantitatively into none, low, and high inhibi-
tory activity based on their effect on the color of the cultures in the
presence of the Auto-Inducer (AI). PL-18 was found to be the compound
with most QSI activity, followed by PL-20 and PL-25. PL-07, PL-17, PL-
31, AE-04, and AE-77 which showed low activity. PL and most of the AE
series were inactive (Table 1). Additionally, during the screening pro-
cess, the antibiotic effect of the derivatives was assessed using disc
diffusion tests against P. aeruginosa, E. coli, S. aureus, and B. subtilis. None
of the compounds were found to have an antibiotic effect (data not
shown) except for PL-25 which had a minor antibiotic effect against

Table 1
The screening of piperlongumine derivatives for QSI activity.

No. Derivative Molecular Size gr/mol Chemical Structure CV026 QSIa KYC55 QSIa

1 PL 317.34 – –

2 PL-07 303.31 – +

3 PL-17 265.3 + –

4 PL-18 289.28 ++ ++

5 PL-20 327.37 – ++

6 PL-25 275.26 ++ +

7 PL-31 319.35 – +

(continued on next page)
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Table 1 (continued )

No. Derivative Molecular Size gr/mol Chemical Structure CV026 QSIa KYC55 QSIa

8 PL-23B 337.37 – –

9 AE-02 281.3 – –

10 AE-04 277.32 – +

11 AE-11 357.4 – –

12 AE-17 373.4 – –

13 AE-45 305.37 – –

14 AE-68 279.33 – –

15 AE-73 323.34 – –

16 AE-77 295.29 – +

17 AE-10 251.28 – –

a Evaluation of QSI activity of PL derivatives was performed using two reporter bacteria Chromobacterium violaceum (CV026) andAgrobacterium tumefaciens (KYC55).
The derivatives were dried on a thin-layer chromatography (TLC) plate at 40 mM in 20 μL acetonitrile. Then the bacteria were mixed with an auto-inducer in soft agar
layered on top of the TLC and grew overnight. Experiments were repeated three times and relative semi-quantitative results of inhibitory activity were determined as
(− ) inactive, (+) low activity, (++) high QSI activity.
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S. aureus.

3.2. PL-18 QSI activity against P. aeruginosa

Since PL-18 showed the highest QSI activity, it was the only deriv-
ative that was further evaluated against the clinically relevant
P. aeruginosa [57]. PL-18 is the di-hydroxy derivative of PL (Table 1, No.
4) [23], and it was found to inhibit three major P. aeruginosa QS systems
in a dose-dependent manner. Using luminescence reporter bacteria, the
luminescence intensity corresponded to the receptor activity (LasR,
RhlR, or PqsR). These reporter bacteria cannot synthesize endogenous
AI, therefore it was added exogenously. The control group that con-
tained AI and solvent (DMSO) represented 100 % receptor activity. Full
kinetic measurements are presented in the Supplementary Fig. 2. PL-18
best inhibits RhlR by 85.6 % at 160 μM with IC50 of 18 μM. LasR was
inhibited by 76.85 % at 160 μM with a similar IC50 value of 22 μM and
PqsR was inhibited by 41.3 % at 160 μM with IC50 of 181.2 μM (Fig. 1 a,
b, and c). The interaction of AI 3-oxo-C12-HSL with the LasR-Ligand
Binding Domain (LBD) enables its solubility and its detection in the
soluble fraction of the bacterial lysate. It has been reported that the
addition of inhibitors that interfere with LasR-LBD reduces the protein’s
solubility [41]. Upon incubation with PL-18 the solubility of LasR-LBD
did not change (Supplementary Fig. 3).

3.3. PL-18 decreases the virulence of P. aeruginosa

To determine whether PL-18 affects virulence factors secreted by
P. aeruginosa, the relative abundance of pyocyanin and rhamnolipids in
the bacterial cell-free culture medium was estimated by spectrometry.
PL-18 inhibits in a dose-dependent manner these virulence factors
(Fig. 2 a and b). PL-18 does not inhibit the swarming motility of

P. aeruginosa, nor the secretion of the protein virulence factor elastase
(Supplementary Fig. 4 a and b). Iron is an essential factor for
P. aeruginosa pathogenicity [58]. PL-18 significantly reduced iron con-
tent by 28.6 % in P. aeruginosa (PAO1) pellets (Fig. 2 c).

3.4. PL-18 does not affect P. aeruginosa growth and viability

To confirm that the QSI and anti-virulence activities of PL-18 are not
caused by an antibacterial effect, PL-18 toxicity toward P. aeruginosawas
determined. Viability was tested by scoring CFUs of PL-18 treated cul-
tures. Bacterial growth was determined by kinetic turbidity measure-
ments. PL-18 found to be not toxic and does not affect P. aeruginosa
growth at the concentrations tested (see Supplementary Fig. 5 a, and b).

3.5. PL-18 reduces biomass of P. aeruginosa biofilm

Since PL-18 inhibits QS, it also implies that it may inhibit biofilm
formation. To this end, the anti-biofilm activity of PL-18 was investi-
gated in three different flow conditions set-ups. First, the biofilm was
grown for 72 h in the presence of PL-18. Biofilm formation was effec-
tively inhibited by 81 %, at 40 μM (Fig. 3 a, and b). Secondly, PL-18 was
dissolved in chloroform and dried on the inner surface of small segments
of silicone tubes, then P. aeruginosawas introduced and grew as a biofilm
for 72 h. Biofilm volume was reduced by 60 % as compared to chloro-
form treated tubes (Fig. 3 c, and d). When PL-18 was applied on 24 h old
biofilm for an additional 24 h biofilm biovolume was 45 % lower than
the control (Fig. 3 e, and f). Scanning Electron Microscope (SEM) images
of PL-18 coated tubes showed that PL-18 forms crystals that vary in size
and shape and are scattered randomly. To assess the morphological
properties of PL-18 coated tubes, Scanning Electron Microscopy (SEM)
was used to obtain high resolution images of tubes that were untreated,

Fig. 1. PL-18 inhibits P. aeruginosa QS. QS activity was determined by the bio-reporter bacteria PAO-JP2 harbored a plasmid pKD201 with a lasI promoter coupled
to the luxCDABE operon and PAO-JP2 (pKD-rhlA). Both bioreporter bacteria are PAO-JP2 which is a lasI-rhlI double mutant of PAO1 The reporter bacteria were
incubated with the appropriate Auto-Inducer (AI) and different PL-18 concentrations for 10 h for kinetic bioluminescence measurement every 15 min +AI is the
control group containing DMSO and the matched AI. (a) PL-18 inhibits LasR activity in the presence of the AI- 3-oxo-C12-HSL. (b) PL-18 inhibits RhlR activity in the
presence of the AI C4-HSL. (c) PL-18 inhibits PqsR QS activity in the presence of the AI PQS in the bacteria PAO1-pqsA-lux ΔpqsAH. Luminescence was monitored
every 15 min for 15 h. For a, b, and c the calculation of the Induction Factor (IF) was: The maximum RLU of each test group was normalized to the maximum RLU of
the control group and multiplied by 100 for percentage. Mean + SD N = 12 in three independent experiments. One-way ANOVA comparisons of the treatment groups
to the control group were followed by Dunnett’s multiple comparisons test. 95 % confidence interval (p-values ***≤0.0002).
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Fig. 2. PL-18 inhibits virulence factors and iron uptake in P. aeruginosa. PL-18 was incubated with P. aeruginosa for 24 h in LB, then the cultures were
centrifuged, and the supernatant was filtered through 0.22 μm. (a) Pyocyanin was extracted using the chloroform-HCl method. Then read at 520 nm in a plate-reader.
Representative images of pyocyanin in P. aeruginosa cultures are shown in the respective bar. (b) Rhamnolipids quantifications were determined by adjustment of
the supernatant to pH 2 and red the absorption at 570 nm. All results were normalized to the control group- (0) containing DMSO. Bars represent mean + SD, N = 9 in
three independent experiments. One-way ANOVA comparisons of the treatment groups to the control was followed by Dunnett’s multiple comparisons test. 95 %
confidence interval (p-values *≤0.0332, **≤0.0021, ***≤0.0002). (c) The effect of PL-18 on iron uptake was tested ICP-EOS. PAO1 cultures were incubated with PL-
18 160 μM for 7 h. Iron content was quantified at 239 nm. The bars represent the iron content in the pellet after the reduction of iron content in the blank and
normalized to log10 CFU/mL, mean + SD, N = 6 in triplicates of two independent experiments. The unpaired, two-tailed T-test was used with a 95 % confidence
interval, **p-value = 0.0043. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. PL-18 inhibits P. aeruginosa biofilm biovolume. PAO1 biofilm was grown in flow conditions. At the end of each experiment, the biofilm was stained using
the fluorescent live and dead kit, two channels were detected, SYTO 9 (green) for live cells, and Propidium Iodide (red) for dead cells. The quantification of bio-
volume was performed in the IMARIS software and normalized to the image area. (a) P. aeruginosa biofilm was grown in μ-slide channels (ibidi) in the presence of
DMSO (0) or PL-18 at 10 or 40 μM for 72 h. Representative merge images from the CLSM are shown. Scale bar is 50 μm (b) Quantification of fluorescence in a: Live
and dead cells were quantified in the presence or absence of PL-18. Bars represent the mean + SD of at least 3 images in each of the duplicates (0) N = 20, (10) N =

21, (40) N = 19, in three independent experiments. (c) Representative images from the CLSM are presented. P. aeruginosa was grown as biofilm inside the silicone
tubes for 72 h. The biofilm was imaged at 10×magnification, and 80 Z plains (each Z plain is 0.5 μM). The scale bar is 200 μm. (d) Quantification of fluorescence in c:
Live and dead cells were quantified in the presence or absence of PL-18. Bars represent mean + SD of N = 19 in two independent experiments, in duplicates, at least 5
slices per duplicate were imaged. (e) P. aeruginosa biofilm was grown in μ-slide channels (ibidi) for 24 h after DMSO (0) or PL-18 at 40 μM was added to the growth
medium for an additional 24 h of growth. Representative merge images from the CLSM are shown. Scale bar is 50 μm (b) Quantification of fluorescence in a: Live and
dead cells were quantified in the presence or absence of PL-18. Bars represent mean + SD of 5 images in each of the duplicates, N = 20, in two independent ex-
periments. The statistics for the experiments were: Two-way ANOVA followed by (b) Dunnett’s and (d, f) Tukey’s multiple comparisons test. 95 % confidence interval
(p-values ***≤0.0002). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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chloroform treated, or PL-18 treated. Importantly, the crystals are not
washed out following the flow of growth media for 30 min at Room
Temperature (RT) (Fig. 4).

3.6. PL-18 effect on P. aeruginosa transcriptome, including sulfur and
iron metabolism pathways

To study the PL-18 mode of action, an unbiased transcriptome
analysis approach was undertaken. The peak QS activity of P. aeruginosa
reporter bacteria is after incubation for 7 h. Supplementary Fig. 2 a and
b). PL-18 (160 μM) or DMSO was added for 7 h then RNA was extracted
and quantified. A total of 5568 genes were expressed, and 1096 (19.5 %)
genes were significantly up or down regulated. The list of all significant
genes is in Supplementary Table 1 sheet 1. The heat map shows the
differences in gene expression between the control and PL-18 treated
cultures following a cut off of two-fold of Change (FC). 116 genes were
up regulated (2.08 %) and 137 genes were down regulated (2.46 %) by
PL-18, altogether 253 genes (Fig. 5 a). A volcano plot showed that sta-
tistically, the transcriptome analysis is valid (Supplementary Fig. 6). To
further validate the transcriptome results, RT-qPCR was performed. The
expression of several genes was tested, including QS related genes (Fig. 5
b). The RT-qPCR experiments, confirm the transcriptome results.

STRING protein network analysis [59] was applied to the 253 genes.
The genes were uploaded to the Cytoscape software [60] and STRING
database. The analysis resulted in a total of 246 nodes, single-stones
were removed from the network, and 1249 edges and PPI (protein--
protein interaction) were detected with an enrichment p-value lower
than 1e-16 (Fig. 6). The network includes nine clusters, as expected, and
confirmed, the QS cluster was down regulated, including the pqs operon,
anthranilate synthesis, rhlI, and vqsR (Fig. 6 cluster 2).

Two large clusters were identified, one related to iron metabolism
which is down regulated (Fig. 6 cluster 4), and the other related to sulfur
metabolism which is mostly up regulated (cluster 1, Supplementary
Fig. 7). Of the 137 genes that were down regulated, 66 genes (48 %) are
related to iron metabolism including the nir operon cluster that is
repressed by PL-18 (cluster 3) which is related to heme D1 biosynthesis.
The genes that are associated with iron uptake, heme production and
uptake, iron scavenging, siderophore synthesis, iron regulation, storage,
and homeostasis are listed in Supplementary Table 1 Excel sheet 2. In
addition, upon incubation with PL-18 several genes that are related to
biofilm formation were reduced as well (Supplementary Fig. 8),
including genes related to c-di-GMP, and psl polysaccharide production.
Cyclic-di-GMP is a secondary messenger employed by bacteria and is
associated with biofilm formation [61]. Thus, the c-di-GMP levels were
measured in P. aeruginosa cultures exposed to PL-18 at 40 and 160 μM or
DMSO (control) at the same conditions as in the transcriptome analysis.
The PL-18 treated samples showed lower c-di-GMP concentrations than
the control samples, but due to variation in the data set, the results were
not statistically significant as tested by One-way ANOVA
(Supplementary Fig. 9).

As shown above, PL-18 strongly reduced iron acquisition and ho-
meostasis (Figs. 2 c and Fig. 6). The experiments presented above
(Figs. 1, 2, 5 and 6) were all conducted at sufficient iron concentrations
(LB medium). Therefore, the effect of PL-18 QSI activity at low iron
conditions was studied in order to determine whether PL-18 activity
depends on iron concentration. Using the reporter luminescence bacte-
ria- PAO-JP2 to measure LasR and RhlR QS activity an iron chelator
ethylenediamine-N,N′-bis(2-hydroxyphenylacetic acid) (EDDHA) was
added to reduce iron concertation. As shown in Supplementary Fig. 10,
the addition of EDDHA without the AI did not result in QS activation in

Fig. 4. The presence of PL-18 crystals on coated silicone tubes: SEM micrographs of silicon tubes; untreated, chloroform treated, or PL-18 treated tubes, after
drying (0 min), after 5 min and after 30 min of AB medium flow (3 mL/h). Scale bar 500 μm.
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both reporter bacteria. However, in the presence of AI and EDDHA a
dose dependent increase in QS activity of mainly RhlR was observed. In
the presence of PL-18, its QSI activity was not affected by EDDHA
concentrations, thus, PL-18 activity is independent of iron
concentrations.

3.7. PL-18 reduces the death of C. elegans infected with PAO1

To test the in-vivo effect of PL-18, C. elegans nematodes were infected
with PAO1 and treated simultaneously with PL-18 or vehicle. Dead
nematodes were scored after 24 Hrs. The results in Fig. 7 show that PL-
18 treated nematodes were significantly protected. 43.3 % of control

nematodes were dead as opposed to only 24.6 % of PL-18 treated
nematodes.

4. Discussion

In this study, PL and 16 of its derivatives were screened to identify
QSI molecules for their therapeutic potential benefits in treating resis-
tant bacterial infections. PL was tested against QS of Chromobacterium
violaceum (CV026) and Agrobacterium tumefaciens (KYC55) and was
found to be inactive. In contrast to PL, PL-18 showed potent QSI activity
in four different Gram-negative bacterial HSL systems, corresponding to
four different receptors and AI molecules: CviR–3-oxo-C6-HSL from

Fig. 5. PL-18 alters gene expression of P. aeruginosa. P. aeruginosa was incubated with 160 μM PL-18 for 7 h, followed by RNA extraction and cDNA synthesis.
Subsequently, next-generation sequencing and quantification of gene expression was performed. (a) Heat-map of genes that are beyond the cutoff of 2 Fold of Change
(FC) is presented. Left column-four replicates of control DMSO treated cultures. Right column-four replicates of PL-18 treated cultures. Downregulated genes are cyan
and red are upregulated genes. (b) Validation of several genes including QS related genes by RT-qPCR. Target genes were amplified by RT-qPCR. For pqsR, fpvA, and
fumC N = 11, all the other N = 12, Mean + SD, in two independent experiments with 3 biological replicates and 2 technical replicates. For comparison, a two-tailed t-
test between DMSO and PL-18 samples of each of the primers was performed, with a 95 % confidence interval (p-values *≤0.0332, **≤0.0021, ***≤0.0002). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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CV026, TraR–3-oxo-C8-HSL from KYC55, and two P. aeruginosa re-
ceptors LasR–3-oxo-C12-HSL, and RhlR–C4-HSL. These receptors are
homologous proteins in the LuxR family. They respond to different AIs
that differ in the carbon chain length, saturation, and substitution on the
third carbon (oxo or hydroxyl). The degree of specificity of the receptors
varies and depends on the above chemical parameters [62]. When in-
hibition of QS was tested, it was observed that when the methoxy groups
of PL were substituted by hydroxy groups, QS was inhibited. This sub-
stitution correlates with better QSI activity: PL-18 > PL-25 > PL-20 >

PL-07, PL-17, PL-31, AE-04, AE-77. PL was inactive as well as the rest of
the AE series tested. To understand the importance of the 5,6-dihydro-
pyridin-2-one ring of PL, it was replaced with different amines as in
PL-17, PL-20, PL-31, and in all the AE series, only a minor improvement
in QSI activity was observed in comparison with PL, which is inactive.
Earlier reports suggest that C2–C3 olefin in 5,6-dihydropyridin-2-one
ring of PL is crucial for ROS generation [26,29]. PL is a ROS gener-
ator; however, replacing methoxy groups with hydroxy groups (i.e.,
PL-18) enables their antioxidant activity [23,63]. Although minor, the
improved QSI activity of PL-17, PL-20, and PL-31 which lack the 5,
6-dihydropyridin-2-one ring, suggests that ROS generation may not be
relevant for QSI activity. To further understand the contribution of the
alkaloid ring, new variants of the molecule will be synthesized where the
two hydroxy moieties in the aromatic ring will remain constant (QS
active) and the alkaloid ring will vary.

Of the tested compounds PL-18 was the most QSI active and there-
fore was selected for further study. PL-18 non-selectively inhibited
several HSL receptors, which can be explained either by its interaction
with a conserved receptor structure or by affecting a common QS-
modulating signaling pathway. Since the addition of PL-18 did not
affect the solubility of LasR-LBD (Supplementary Fig. 3), it is possible
that it does not interact directly with it. AI production can be a target for
QSI activity. The QSI activity of PL-18 through AI synthesis cannot be
determined using the five reporter strains of KYC55, CV026,
P. aeruginosa (PAO-J2), and PAO1 CTX-luxpqsA ΔpqsAH, since they are
null mutants of the AI synthetase, therefore lacking AI endogenous
production. Nevertheless, the expression of the three AI synthetase
genes (lasI, rhlI, and pqsAH) was down regulated by PL-18 as shown in
the transcriptome analysis and the RT-qPCR validation experiments. The
QS receptors complexed with their AIs, act as transcription factors,
which autologously activate their own gene expression including the
lasI, rhlI, and pqsAH synthetase genes and the receptor coding genes
lasR, rhlR, and pqsR [64]. These results suggest the possibility that PL-18

Fig. 6. Transcriptome enrichment and clustering. The full STRING protein-protein interaction network database on the Cytoscape software was used. All genes
beyond the cut off of 2 FC were analyzed with a confidence score default of 0.4. The red circles are upregulated and the blue circles are downregulated genes. The
color intensity corresponds to the level of the FC. The thickness of the strings emphasizes the confidence of the interaction. A list of the different clusters and their
statistical value (FDR) is shown. FMN- Flavin mononucleotide, RND- Resistance-Nodulation-Division. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 7. PL-18 reduces nematodes death in PAO1 infection model. C. elegans
were exposed to PAO1 with PL-18 at 160 μM or with DMSO and percentage of
dead animals was plotted after 24 h. Mean + SD N = 15, of triplicates in five
independent experiments, each biological replica is including 30 worms. The p-
value equals 0.0004 as determined by the un-paired, two-tailed t-test.
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may modulate the synthesis of AI via a reduction of the synthetase gene
expression.

It is known that when QS is inhibited, the virulent behavior of
P. aeruginosa is inhibited as well [65]. Indeed, PL-18 effectively reduced
rhamnolipids, and pyocyanin content in the cell-free supernatant, as
well as intracellular iron concentration and reduction in biofilm bio-
volume. Nevertheless, the transcription level of rhamnolipids and pyo-
cyanin synthesis related genes (i.e., rhlAB, and phz operon) was not
changed in the transcriptome analysis, therefore suggesting that PL-18
affects rhamnolipids and pyocyanin levels post-transcriptionally.
PL-18 does not inhibit other virulence features such as motility and
elastase secretion. This can be explained by the existence of alternative
regulatory pathways not inhibited by PL-18 [12,66]. These findings
suggest that PL-18 affects multiple targets that directly or indirectly
inhibit QS systems.

Biofilms are complex, their formation and dispersal are regulated
and balanced in response to outside stimuli such as QS, and different
types of stress. PL-18 effectively decreases the formation of P. aeruginosa
biofilm under flow conditions both on glass and silicon surfaces (81 %
and 60 %, respectively). PL-18 crystals are stable on the surface of the
silicon tubes and remain there even after washing. Furthermore, PL-18
decreases the biomass of a 24 h old biofilm by 45 %. These results are
significant for the further development of treated medical implants and
catheters.

The transcriptome analysis revealed that PL-18 reduced biofilm
biomass by affecting several biofilm related features. Multiple factors
influence the balance between the biofilm and planktonic lifestyles.
Among these factors are levels of c-di-GMP, a secondary signaling
metabolite that is responsible for the gene expression of many genes that
are related to motility, biofilm development, and virulence. The intra-
cellular concentration of c-di-GMP is coordinated by multiple genes such
as rpoS and tpbB. rpoS is a regulator responsible for the elevation of the c-
di-GMP levels, resulting in increased biofilm formation [67,68]. It has
also been shown that rpoS regulates QS in P. aeruginosa [69]. The gene
tpbB (yfiN, PA1120) codes for di-guanylate cyclase and is positively
regulated by LasR [70]. Both genes were down regulated by PL-18,
which means that PL-18 may modulate c-di-GMP levels. When
c-di-GMP levels were measured, they were reduced in the PL-18 treated
groups, but the differences were not statistically significant. These re-
sults suggest that although c-di-GMP may still have a role in the
reduction of biofilm biomass, PL-18 may additionally target other
systems.

An important characteristic of the biofilm architecture is the Extra-
cellular Matrix (ECM), which is a complex mixture of molecules, such as
polysaccharides, eDNA, and proteins that establishes the biofilm struc-
ture and stability. QS regulates the production and secretion of several
ECM components such as pyocyanin, siderophores, eDNA, and rham-
nolipids [71]. Inhibition of QS results in the inhibition of biofilm for-
mation [72]. Likewise, biofilm biomass was reduced by PL-18. In
P. aeruginosa psl, pel, and alg are the three main operons that are
responsible for the production of the polymeric substances of the ECM
[73]. The ECM is crucial for P. aeruginosa survival in biofilm and inside
hosts and their production is partially controlled by QS [70,71,74–76].
The following genes are all down regulated by PL-18: pslACDEFG and
algZ (amrZ); The fructose or mannose-binding protein codded by lecB
which is also important for biofilm stability [71]; fumC1, and sodM (also
called sodA) coding for fumarate hydratase and superoxide dismutase
respectively are correlated with the overproduction of alginate [77,78].
Altogether, these results are consistent with the reduction of biofilm
biomass by PL-18. Thus, the experimental results and the transcriptional
analysis show that P. aeruginosa biofilm formation is impaired due to QS
inhibition, and attenuation of transcription of ECM components (e.g.,
lecB and psl operon).

Iron is essential for many aspects of P. aeruginosa life, as well as for
biofilm formation. Nevertheless, it can be toxic, therefore, iron acqui-
sition is tightly regulated [79]. Iron within the host is a limiting factor

for P. aeruginosa infections. Iron uptake systems are up regulated,
especially during infection to scavenge iron from the host. Maintaining
external low iron concentration is one way the host restricts the infec-
tion progression, therefore, the iron systems of P. aeruginosa are pro-
posed to be targets for infection attenuation [80]. When PL-18 was
incubated with P. aeruginosa cultures, many iron-related genes were
repressed and less iron was acquired by the bacteria in comparison to the
control. These results are in contrast to the effect of chelators on iron
related gene expression. If iron would be chelated and its concentration
reduced, QS and iron starvation related genes would be expected to
increase and not to decrease, as shown here for the QS receptor RhlR,
and RhlAB and RhlI as shown by others [58,81]. In addition, the pro-
duction of the AI of the pqs system, PQS, is increased by low iron con-
centration. PQS has chelator activity and is a positive regulator of iron
acquisition [82,83]. The expression of the QS related genes pqsABCDE
operon, and pqsH which are regulated by RhlR and PqsR, were down
regulated by PL-18. Their down regulation may explain the inhibition in
iron uptake and homeostasis related genes. Other iron related regulatory
genes were modulated by PL-18. Two genes that are up regulated are
PA2051 codes for Fe2+ di-citrate sensor, membrane protein and its
conjugated RNA polymerase sigma factor PA2050 [84]. PA2384 posi-
tively regulates PA2050 [85]. Interestingly, the location of PA2051
within the STRING network is central and is connected to pvdS and to
tauA which in turn, each one of them is connected to the majority of
genes in the iron and sulfur metabolism clusters. pvdS [86] and PA2384
[87] are important iron starvation response regulators that are down
regulated by PL-18, therefore, their down regulation may have a role in
the inhibition of iron uptake. The sigX (PA1776) gene belongs to the
Extra Cytoplasmatic Function (ECF) receptors family. Bacteria
harboring this mutant gene have reduced virulence and biofilm forma-
tion [88] and was repressed by PL-18. PA2051, and pvdS also belong to
the ECF family [84]. In summary, low iron concentrations detected in
the bacteria following incubation with PL-18 show that PL-18 reduces
iron concentration by down and up regulation of iron uptake related
genes and not by iron chelation.

Sulfur metabolism related genes are also highlighted by the PL-18
modulated transcriptome. In contrast to iron metabolism genes that
are mainly down regulated, sulfur metabolism genes were shown to be
mostly up regulated. As mentioned above, the PA2051 gene connects
between iron and sulfur metabolism genes in opposite directions. It will
be of interest to investigate the PA2051 functions. As an example of the
significance of sulfur metabolism genes up regulation, hydrogen sulfide
(H2S) was found to enhance LasR activity [89]. Since, PL-18 up regulates
sulfur metabolism genes related to the reduction and bio-incorporation
of sulfur, including possible decrease of H2S, resulting in the neutrali-
zation of its enhancement of LasR activity. Furthermore, sulfur com-
pounds enable antibiotic resistance of P. aeruginosa. H2S produced by the
bacteria activates the mexAB operon that codes for
Resistance-Nodulation-Cell Division (RND) antibiotics multidrug efflux
transporter genes in response to oxidative stress induced by antibiotics
[90]. In the present study, these two genes (mexAB) were up regulated,
therefore, possibly enabling antibiotic resistance. Other RND genes were
unchanged except for MexJK that were down regulated. The up regu-
lation of sulfur metabolism related genes influences multiple processes
including QS and antibiotic resistance. The association between iron and
sulfur systems, QS, biofilm formation, and antibiotic resistance which is
not fully understood and needs further research can make use of re-
agents such as PL-18 to study these complex interactions.

PL-18 was previously shown not to be cytotoxic to several cell-lines
and to have antioxidant properties [23]. Similarly, PL-18 appears not to
inhibit P. aeruginosa growth and viability, hence, the inhibitory activities
reported here were not due to toxic antibiotic activity. Moreover, PL-18
protects P. aeruginosa infected C. elegans in-vivo. Therefore we conclude
that PL-18 has the potential to be further developed as an inhibitor of
P. aeruginosa biofilm formation and virulence, with the advantage of
reduced selection of antibiotic resistant strains.
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