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Abstract 

Biofilms cling to surfaces to form complex architectures allowing their bacterial creators to acquire multidrug resist-
ance and claiming countless lives worldwide. Therefore, finding novel compounds that affect virulence and biofilm-
forming capacity of resistant pathogenic bacteria is imperative. Recently, we identified indole-based compounds 
that possess anti-biofilm properties in coral-associated bacteria. We succeeded in efficiently synthesizing two of these 
compounds, 1,1’-bisindole (NN) and 2,3-dihydro-2,2’-bisindole (DIV). They were found to attenuate biofilms of gram-
negative bacterial pathogens, including Pseudomonas aeruginosa and Acinetobacter baumannii. Combining these 
compounds with the antibiotic tobramycin resulted in significant biofilm inhibition, particularly in the eradication 
of mature P. aeruginosa biofilms. Both of the bisindole derivatives, suppressed a number of bacterial virulence factors, 
reduced bacterial adhesion, and improved survival rates in infected Caenorhabditis elegans and human lung epithe-
lial cell models. Transcriptome analyses of the bacteria treated with these compounds revealed that NN repressed 
or upregulated 307 genes when compared to untreated P. aeruginosa. These bacteria-derived molecules act in resist-
ance-quenching and are potentially important candidates for inclusion in treatment protocols. The use of compounds 
that prevent the biofilm from accumulating the high cell densities critical to its structural and functional maintenance 
represents significant progress in the management of bacterial persistence. Therefore, a possible clinical implementa-
tion of these innovative compounds holds a promising future.
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Background
The emergence of broad-spectrum antibiotic-tolerant 
pathogens remains a leading cause of death that claims 
millions of lives every year worldwide [1–3]. Many severe 
chronic and acute resistant infections are the result of 
the establishment of opportunistic pathogens on surfaces 
that are in intimate contact with animal tissues. To estab-
lish infection in  vivo, the bacteria exploit two pathways 
of invasion: a massive toxin secretion as part of the acute 
attack, and surface-anchoring settlement, which bacteria 
exploit to establish a persistent biofilm [4, 5]. The ability 
of these pathogens to secrete an extracellular matrix that 
enables bacteria to establish footholds that manifest as 
biofilms on a variety of surfaces is a prominent feature of 
chronic infections [6].

Effectively a bacterial mat, the biofilm is character-
ized by a complex, three-dimensional arrangement that 
provides a structural framework and a reservoir for self-
protected bacterial cells, shielding them from intensive 
antibiotic treatments or from innate and adaptive host 
defenses [6–8]. These protective mechanisms, in turn, 
complicate the eradication of pathogens, which are espe-
cially deleterious when the host defense mechanism is 
compromised. This is because these bacterial protec-
tive mechanisms result in the constant exhaustion of the 
host defense system, persistent inflammation, and exten-
sive tissue damage [9, 10]. Accumulating evidence from 
studies of the biofilms with such protective mechanisms 
indicates that some gram-negative pathogenic bacterial 
strains produce biofilms with global antibiotic resist-
ance [11, 12]. According to World Health Organization 
(WHO) global priority list of gram-negative-resistant 
pathogens, two species, A. baumannii and P. aeruginosa 
are categorized as critical threat [12].

The ability of these pathogenic bacteria to grow in 
biofilm-forming communities stems from a behavioral 
characteristic known as “bacterial socialization” that is 
governed by the widely conserved quorum sensing (QS) 
regulatory mechanism [13, 14]. The synchronized social 
behavior mediated by QS effectively regulates specific 
gene sets that control the production of signal molecules 
and receptors that together constitute an important part 
of the entire set of bacterial communication processes 
[15]. The language messages activate the transcription of 
specific target genes, including those involved in biofilm 
formation and virulence behavior. Together with an arse-
nal of cell-associated and extracellular virulence factors, 
they mediate infection pathogenesis [16, 17].

The grave threat posed to human health by the growth 
in bacterial resistance to conventional antibiotic regi-
mens dictates the need to develop alternative treatment 
strategies. To mitigate infection pathogenesis, interfer-
ence with biofilm integrity and with virulence, constitute 

a promising strategy to combat antibiotic-resistant infec-
tions. The search for novel anti-biofilm candidates led us 
to the marine environment, where many natural prod-
ucts with anti-biofilm activity have been identified [18]. 
The coral-associated bacterial community is highly com-
plex. It is known to produce a wide variety of metabolites 
that effectively prevent pathogenic species from initiating 
a disease process without unleashing any toxic effects on 
their animal partners [19, 20]. In a study by Golberg et al. 
(2013), coral-associated bacteria were isolated and tested 
for their anti-QS and anti-biofilm activities [21].

In our current study, we successfully identified and 
analyzed the structures of two potent compounds—1,1’-
bisindole (NN) and 2,3-dihydro-2,2’-bisindole (DIV). 
These compounds hold immense biological potential, 
but their natural sources are scarce. Additionally, their 
chemical composition is complex, making it a challenge 
to obtain them in pure form. Therefore, we employed a 
highly efficient and practical chemical synthesis method 
to produce ultrapure quantities of NN and DIV. We then 
investigated the effects of these synthesized compounds 
and their impact on the biofilm of the most prioritized 
threatening bacterial pathogens, virulence, adhesion, 
gene expression, sensitivity to antibiotics, and their pos-
sible modes of action on model bacterial pathogens.

Results and discussion
In the post-antibiotic era, the quest for novel bioac-
tive compounds has focused on biofilm attenuators and 
other compounds that selectively block virulence traits 
[22–24]. This strategy, motivated by the understanding 
that resistant chronic infections may occur in the form 
of persistent biofilms, has led to the search for a vari-
ety of sources for novel products that attenuate biofilm 
development. Indeed, a rigorous investigation of com-
mercially important metabolites and their associated 
producers revealed that bacteria themselves may repre-
sent a considerably productive source of such metabolites 
[25–27]. The understanding that resistant chronic infec-
tions may occur in the form of persistent biofilms in tis-
sues or on organismal surfaces has led to the search for 
novel treatments to combat these persistent infections. 
In this study we utilized an emerging source for bioac-
tive microorganisms, the coral reef ecosystem which is a 
veritable gold mine of natural resources for diverse, new, 
potentially applicable bioactive metabolites. Indeed, in 
our previous study, we used bioreporter bacterial strains 
to show that 40% of the coral mucus-associated bacteria 
not only exhibited QS inhibition activities [21, 28], they 
also possessed anti-biofilm properties. We therefore har-
nessed this knowledge to investigate and demonstrate 
two active compounds derived from coral associated 
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microorganisms, 1,1’-bisindole (NN) and 2,3-dihydro-2, 
2’-bisindole (DIV) with possible anti-biofilm properties.

Chemical identification of the two active compounds 
1,1’‑bisindole (NN) and 2,3‑dihydro‑2, 2’‑bisindole (DIV)
The coral-associated bacteria’s active compounds, NN 
and DIV, underwent isolation and identification through 
UV, LC/MS, MS, and NMR techniques.

1,1’‑bisindole (NN)
The ion peak measurement for NN using mass spec-
trometry showed an observed mass of 233.1000, which 
corresponds to the molecular formula C16H12 N2 with 
12 hydrogen deficiency indices. The required m/z for [M 
+ H] is 233.0078. The UV absorption maxima observed 
at 218 nm indicated an indole moiety. In the 1H NMR 
spectrum of NN, signals between 6.5 and 7.8 were 
typical of an indole skeleton and could be assigned to 
aromatic and hetero-aromatic rings. The 13C NMR spec-
trum also showed all signals required for an indole skel-
eton. These signals confirmed the presence of a partial 
indole skeleton structure. Based on the molecular for-
mula and mass, it was evident that only one of the two 
identical parts of the molecule displayed the 1H and 13C 
NMR signals. This indicated that the molecule contained 
two similar parts. To explain the formula and molecular 
mass of the molecule, we proposed three hypotheses by 
combining two indole structures, with the only differ-
ence being the position and nature of the bridge (N–N 
or C–C) connecting the two indole units. However, due 
to the impure state of the natural compound NN, it was 
challenging to confirm any of our hypotheses. Therefore, 
we opted to synthesize the N–N bridge structure and 
subjected it to MS and NMR analysis to determine the 
final structure conclusively by direct comparison to the 
natural fraction NN.

Figure 1 displays the process of synthesizing NN, which 
involves a simple and straightforward procedure that 
begins with using indole as the starting compound. The 
reaction takes place in the presence of a rare earth metal 
amide [(Me3Si)2N]3Y(μ-Cl)Li(THF)3. The reaction initi-
ates with the creation of a rare earth metal amido com-
plex, which, when exposed to air, releases an N-radical. 
This N-radical then undergoes dimerization, resulting in 
the formation of the corresponding symmetrical N–N 
coupled indole product.

The 1H NMR spectrum (CDCl3) of the final product 
was simple and had only six signals. These included two 
doublets at 6.67 and 6.89, two triplets at 7.16 and 7.20, 
a doublet at 7.32, and a double doublet at 7.22 and 7.14. 
Each of these signals integrated for one proton. On the 
other hand, the 13C NMR spectrum showed only six 
signals from aromatic methines and two quaternary 

carbons. These results confirmed that the indole dimer 
is symmetric and connected through an N–N bridge. An 
additional 2D NMR HSQC experiment verified the pres-
ence of a system of consecutive methines in each heter-
oaromatic and aromatic ring, confirming the existence of 
an indole nucleus without additional quaternary carbon. 
Based on these findings, the natural fraction NN and the 
synthesized product had similar characteristics, and the 
fraction was confirmed to contain 1,1’-bisindole (NN).

2,3‑dihydro‑2, 2’‑bisindole (DIV)
The DIV isolated fraction was found to be a bisindole 
derivative with a [M + H]+ of 235 and 11 hydrogen defi-
ciency indices. The presence of an indole moiety was 
suggested by UV absorptions at 214 and 258 nm. The 
1H NMR signals of DIV showed two double doublets 
between δ 3.0 and 4.0, each integrated for 1 proton with a 
total proton number of 14. This indicated an asymmetric 
structure with one methylene located in the heteroaro-
matic ring. The 13C NMR and 2D experiments confirmed 
the structure and assignments, with an HSQC experi-
ment establishing the existence of a system of four con-
secutive methines for each aromatic ring. Furthermore, 
the heteronuclear multiple bond correlation experiment 
showed correlations between the protons and the quater-
nary carbons, confirming an indole nucleus with a qua-
ternary carbon at position 2 (C–C bridge). Additional 
spectral data allowed for the identification of DIV as 
2,3-dihydro-2,2’-bisindole, which was confirmed through 
chemical synthesis. The chemical shifts were in good 
agreement with the natural product.

A variety of indole compounds possessing a wide 
range of biological/pharmacological properties, includ-
ing anti-biofilm activities, have been isolated from the 
marine environment [29]. Certain gram-positive and 
gram-negative bacteria, including pathogenic species, 
were shown to produce indole via the tryptophan biosyn-
thetic pathway [30, 31]. Furthermore, even those that do 
not directly synthesize indoles are able to produce indole 
derivatives through enzymatic modifications [19]. One 
such example includes members of the mammalian gut 
microflora that have been implicated in the metabolic 
conversion of indole to the potent antioxidant indole-
3-propionic acid (IPA) [19]. Additionally, antimicrobial 
properties have been found in many natural indoles, such 
as vibrindole A and turbomycin A, which are produced 
by the marine bacteria Vibrio parahaemolyticus [32, 33]. 
Indole-based derivatives also seem to play an important 
role in inter-kingdom signaling [34], and although they 
are not produced by the eukaryotes themselves, they are 
known to affect host health [19]. Therefore, the biological 
activities of the bisindole compounds discovered in the 
present study were investigated in terms of their ability 
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to attenuate the biofilm related activities and impact on 
virulence.

The effect of indoles on biofilm formation by model 
bacteria
The importance of mitigating biofilm initiation and 
maintenance in the medical and industrial settings 
stems from the understanding that resistant chronic 
infections may occur in the form of persistent bio-
films in tissues or on organismal surfaces. The prem-
ise is that pathogenicity of biofilm can be reduced 
by exploiting compounds that inhibit the regulation 
pathway required to establish and maintain a resistant 
biofilm. To verify this, an assay to examine this ability 
was developed using a number of relevant pathogenic 
bacteria strains including P. aeruginosa, A. baumannii, 
Serratia marcescens, and Providencia stuartii. We then 

tested the effectiveness of the bisindole compounds on 
the biofilm forming bacteria. Since inadequate amounts 
of indole containing compounds were obtained from 
the coral associated bacterial cultures themselves, it 
was necessary to use equivalent synthetic products. The 
model bacterial biofilm strains were allowed to develop 
on glass slides and their densities and viabilities of the 
bacterial biofilms were assayed using live/dead stains, 
SYTO 9 (stains live cells green) and propidium (PI) 
iodide (stains dead cells red). This method enabled the 
live and dead cells to be visualized using confocal scan-
ning laser microscopy (CSLM) (Fig. 2, Additional file 1: 
Fig.  1S). Since biofilm density and viability depend on 
a number of parameters, including attachment, growth, 
and mortality of the bacterial strains, we evaluated each 
of these parameters separately and in combination.

Fig. 1  Active compounds isolations from coral-associated bacteria and synthetic pathways of the indole-based compounds
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A comparison of biofilm density following treatment 
with 50 μM 1,1’-bisindole (NN) or 2,3-dihydro-2,2’-
bisindole (DIV) (Fig.  2A–F) showed that although both 
treatments led to reductions in the density of attached 
cells, the extent of the reduction varied depending on 
the treatment and on the bacterial strain. P. aeruginosa 
was inhibited by 45% by DIV and by 82% by NN, while 
A. baumannii was inhibited by 56% by DIV and by 72% 
by NN. Overall, NN was more effective at reducing P. 
aeruginosa density (Fig. 2G, H), while both the NN and 
DIV treatments had smaller effects on the density of A. 

baumannii. Both treatments caused only negligible bac-
terial cell mortality in P. aeruginosa and had no effect on 
the numbers of dead cells in the A. baumannii biofilm, 
which did not differ from the control.

When observing the chemical structures in the con-
text of activity, the amine group in NN is not available for 
molecular interaction as it is used as the linker between 
two rings. On the other hand, the amine group in DIV 
is available for molecular interaction with correspond-
ing cellular receptors, but it is found at different distances 
from the linker between the two rings. It therefore can 

Fig. 2  Prevention of biofilm formation. Confocal laser scanning micrographs of P. aeruginosa PA01 (A, C, E) and A. baumannii (B, D, F) formed 
in glass-bottomed 96-well plates after 18 h of static incubation at 37 °C. Cultures were grown in the presence of 50 μM of either DIV or NN 
or an equivalent amount of DMSO for control. Biofilms were stained using the Live/Dead bacterial viability kit. Only the live cells are represented 
since the dead fraction was not significant between the groups. Live, dead, and total bio-volumes (μm3/μm2) were calculated based on image 
analysis and data from the IMARIS software for (G) P. aeruginosa PA01 and (H) A. baumannii. Bars indicate standard deviations for triplicate sets 
of experiments. Differences were analyzed for their significance by using one-way ANOVA with Tukey’s test. ** P < 0.001 and * P < 0.01
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be assumed that this amine group may be the active site 
of this compound as indicated by both the differences in 
biofilm inhibition percent together with the compound 
structures. Liu et al. (2010) screened different molecules 
as QSI of Pseudomonas aeruginosa and also demon-
strated that the amine moiety plays an important role in 
the inhibitory activity [35].

The high cell densities typical of mature biofilms pro-
vide the biofilm producers with a first line of defense by 
preventing competitors from penetrating the biofilm. The 
alterations in the structures or the reduction in the densi-
ties of attached cells that result from the application of 
these indole derivatives, enables other antimicrobials to 
penetrate developed biofilms, since biofilm establishment 
in long-term, chronic infections is enabled primarily by 
bacterial persistence [36].

Based on this logic, we challenged a mature P. aerugi-
nosa biofilm with 50 μM NN compound to investigate 
whether NN-mediated biofilm disruption increased the 
antibiotic sensitivity of the bacterial biofilm (Fig. 3A–D). 
NN was selected for this analysis based on its stronger 
activity relative to that of DIV in the static assay setup 
(Fig.  2). Antimicrobial susceptibility patterns of various 
antimicrobial agents were determined prior to the addi-
tion of 20 μg/ml tobramycin by assessing MICs (Addi-
tional file  1: Table  1S). For tobramycin, an antibiotic 
commonly prescribed to CF patients with P. aeruginosa 
infections [37], the lowest MIC value was observed for 
NN, with a 44% increase in susceptibility. Treatment of 
the biofilm with NN alone reduced the biofilm by 81%, 

but it did not completely eradicate it (Fig.  3B, E). On 
the other hand, when the biofilm was treated with both 
tobramycin and NN, despite an increase in its bio-vol-
ume, half of the biofilm was eradicated, and the bacterial 
cells died (Fig. 3D, E). The observation of larger bio-vol-
umes following the combined treatment was previously 
reported by our group [38], but this phenomenon is still 
not fully understood. A possible explanation may be that 
by inducing a stress response, the bacterial community 
compensates by accelerating the biofilm formation pro-
cess, which results in a thicker biofilm. NN, however, 
was able to restore the efficacy of tobramycin without 
affecting the biofilm dispersal stage. Treatment of previ-
ously differentiated biofilms with a combination of NN 
and tobramycin resulted in the extensive death of biofilm 
forming cells. This combination promoted the eradica-
tion of a large part of the biofilm by facilitating deeper 
penetration of the biofilm by the antibiotics. Moreo-
ver, while treatment with 50 μM NN alone resulted in a 
thinner and more dispersed biofilm, it did not affect the 
viability of its components (Fig.  3B). Conversely, treat-
ment with 20 μg/ml tobramycin alone increased the bio-
volume, but neither the structure nor the viability of the 
biofilm was significantly affected (Fig. 3C).

Indeed, similar studies showed that when combined 
with tobramycin, baicalin hydrate, a known virulence 
and biofilm inhibitor, increased the survival of bacte-
ria-infected C. elegans and accelerated the clearance 
of Burkholderia cenocepacia from the lungs of mice by 
increasing bacterial biofilm susceptibility to the antibiotic 

Fig. 3  Destruction of P. aeruginosa PA01 mature biofilm and sensitivity to antibiotics. CLSM of biofilm formed in a flow cell after 120 h of incubation 
at 37 °C (A), after 72 h of incubation alone and then 48 h of incubation in the presence of 50 μM NN (B), 20 μg/ml Tobramycin (C), or 50 μM NN 
with 20 μg/ml tobramycin (D). Biofilms were stained with the Live/Dead bacterial viability kit. Quantification of bio-volume (E): live, dead, and total 
bio-volumes (μm3/μm2) were calculated based on image analysis and data from IMARIS software. For each treatment, the images were acquired 
from three different areas. Results that were significantly different from the control based on a one-way ANOVA with Tukey’s test are labeled with *** 
P < 0.0001 and * P < 0.01
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[39, 40]. Therefore, combination treatments of antibiot-
ics with anti-virulence compounds can complement host 
immunity defense [41, 42]. Such composite treatments 
support the results of earlier studies that indicated that 
Vibrio-derived polysaccharides increased the ability of 
aminoglycoside antibiotics to eradicate P. aeruginosa bio-
film [43]. By harnessing our knowledge of the dynamic 
growth conditions in flow cell systems as models of the 
conditions in humeral tissues where pathogens thrive in 
enriched settings, we demonstrated that our inhibitor 
compounds can not only prevent biofilm development, 
they can also destroy already structurally developed bio-
films of P. aeruginosa PA01. Developing such a treatment 
is of great importance with regard to mitigating biofilm 
initiation and maintenance in medical and industrial 
settings.

Assessment of virulence
As part of the arms race between pathogens and hosts, 
persistent intracellular pathogens have developed strate-
gies for evading evolutionarily conserved defense mecha-
nisms, thereby enabling them to establish infection in 
their hosts without causing death to the latter [44]. One 
such bacterial strategy manifests in the attenuation of 
bacterial virulence itself, a process that affects bacte-
rial internalization and reduces host cell apoptosis. The 

treatment of P. aeruginosa with DIV or NN (50 μM) 
affected bacterial virulence by depressing the expressions 
of several P. aeruginosa virulence factors (Fig. 4A), chief 
among which were pyocyanin, elastase, and pyoverdine. 
The same three factors were also highly inhibited by NN, 
which also exhibited good inhibition of proteinase. Inhi-
bition by DIV was greatest against the enzyme elastase 
(50%), while pyocyanin was the compound most strongly 
inhibited by NN (40%). Chitinase and pyocyanin were 
both strongly inhibited by both DIV and NN (Fig.  4A). 
The positive control, on the other hand, showed an inhi-
bition of lipase of approximately 70% (Fig. 4A).

Bacteria rely critically on virulence factors to drive 
their pathogenicity. One such factor, Elastase, a proteo-
lytic enzyme that destroys host elastin fibers and enables 
bacteria to invade tissues, was significantly reduced by 
both compounds [45]. Marked attenuation of pyocyanin 
by either DIV or NN, which is known to affect host cell 
respiration, ciliary function, and calcium homeostasis 
[46]. NN and DIV also showed strong inhibition of pyo-
verdine, an enzyme that plays a role in iron acquisition 
in P. aeruginosa that also influences its pathogenesis and 
virulence [47]. In addition to testing these compounds on 
bacteria, we evaluated their effects on bacterial infections 
in higher organisms by using the nematode C. elegans and 
the A549 human lung cell line infected by P. aeruginosa. 

Fig. 4  Inhibition of virulence factor production in P. aeruginosa PA01 grown in the presence of 50 µM NN or DIV (A). Tetracycline treatment 
was used as positive control. Results are percent of inhibition distinctive to each factor and normalized to bacterial growth at OD600 nm. Error bars 
represent SD of three independent repetitions. Asterisks indicate significant differences when compared to tetracycline. C. elegans killing assay by P. 
aeruginosa PA01 assessed by SYTOX Orange stain over 24 h (B). Significance was determined by using one-way ANOVA with Tukey’s test. *** P < 
0.0001, ** P < 0.001, and * P < 0.01
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Treatment with our compounds demonstrated prolonged 
survivorship in the nematode C. elegans (Fig.  4B), a 
model for host pathogen interaction in higher, multicel-
lular organisms [48]. This finding indicates that the two 
treatments may have activated the nematode immune 
system. Exposure of C. elegans to a broad range of patho-
gens including P. aeruginosa may lead to the induction 
of resistance genes [35, 49]. Measuring nematode sur-
vival following exposure to P. aeruginosa in the absence 
and presence of modulating compounds provides a good 
model for assessing the effectiveness of the bisindole 
compounds on bacteria pathogenesis and on animal cell 
survival. The improved survival of C. elegans following its 
exposure to the pathogen in combination with either of 
our compounds showed that P. aeruginosa pathogenesis 
was reduced. Host mortality was reduced by 85 and 64% 
following pathogen exposure to NN and to DIV, respec-
tively, compared to nematodes exposed to the pathogen 
alone. Thus, NN increased nematode survival signifi-
cantly, resulting in the near complete rescue of the viabil-
ity of the animals (Fig. 4B).

Pathogenesis attenuation was also tested using cultured 
human A549 lung cells. In the tissues of higher organ-
isms, pathogen attenuation may occur through normal 
processes of bacterial clearance via the activation of 
innate and adaptive immune responses [50]. Bacterial 
clearance may be achieved either by physical sloughing 
of the bacteria or via their internalization by epithelial 
cells in a process that may then be followed by host cell 
apoptosis and subsequent phagocytosis of the infected 
cell [44].

Such processes can explain why bacterial persistence is 
usually impeded in healthy tissues but not in stressed tis-
sues. The findings indicate that the apoptosis stage was 
delayed (Fig. 5A) when P. aeruginosa was exposed to the 
50-μM dosage of either the NN or the DIV compound. 
This observation is in the line with a decreased ability of 
P. aeruginosa to adhere to epithelial cells (Fig. 5B), which 
probably also explains the pathogen’s reduced cytotoxic 
effect.

The release of adherent bacteria from cell surfaces 
can be monitored as an indication of its ability to infect. 
Our results showed that culturing the pathogenic P. aer-
uginosa in either of the compounds (NN or DIV) caused 
their release from the cell surfaces in similar percentages 
that differed significantly from that of the untreated con-
trol (Fig.  5B). This observation supported the effective-
ness of both treatments in attenuating pathogen ability to 
adhere to the model cells.

Mode of regulation
To elucidate the regulation of these compounds, we 
generated expression maps of the genes of our model 
biofilm forming bacterium P. aeruginosa after its expo-
sure to either NN or DIV and compared them to the 
gene expression map of the control using transcriptional 
analysis. Results of gene expression mapping revealed 
totals of 7 and 304 genes in P. aeruginosa that were dif-
ferentially expressed following exposure to DIV and NN, 
respectively, compared to the control (Fig. 6A, Additional 
file 1: Figs. 2S- 3S). These genes were then submitted to 
hierarchical clustering, and subsequent exposure of P. 

Fig. 5  Cytotoxicity effect and apoptosis of A549 cells pre-treated with P. aeruginosa PA01 over 14 h. A549 cells were infected with P. aeruginosa 
at a MOI of 40. Infection progress was monitored by measuring calcein staining intensity using the Operetta screening system; the signals were 
normalized to those obtained from equivalent reactions without bacterial component (A). All experiments were performed in triplicate. The effect 
reflected reduced adhesion of P. aeruginosa PA01 in the human A549 lung cell model (B). Adhesion of pre-treated P. aeruginosa PA01 (107 CFU/ml) 
to A549 cells following 1 h of incubation. Excess bacteria were removed, and the released cells were plated to determine CFU counts. Differences 
were analyzed for their significance by using one-way ANOVA with Tukey’s test. ***, P < 0.0001
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aeruginosa resulted in more pronounced differences in 
the gene expression patterns when compared with those 
of the control. A clear and remarkable separation was 
observed in the treatment with NN but not in that with 
DIV. Interestingly, a comparison of the genes that were 
differentially expressed after exposure to NN and DIV 
revealed a minor overlap. Only three genes were exclu-
sively differentially expressed when comparing the effect 
of DIV to the control. Attenuation of regulation pathways 
was further verified by the transcriptional analysis. These 
results allowed us to ascertain that following exposure to 
NN, the downregulated genes included those that control 
flagellar motility and pilli formation, genes that specifi-
cally affect motility and the ability of the bacteria to form 
biofilm [51, 52]. Furthermore, qRT-PCR was employed to 
verify the expression of selected genes. Motility associ-
ated genes (pilA, pilG, fliA, and fliG) and survival protein 
PA4352, a member of the universal stress protein (Usp) 
superfamily [53], were all significantly downregulated 
(Fig. 6B, C). The bacteria-bacteria communication signal-
ing systems (QS) regulatory mechanism plays an impor-
tant role in biofilm development and virulence attack by 

pathogenic gram-negative bacteria, including P. aerugi-
nosa [54]. To elucidate the regulation pathway bisindoles 
may affect different key regulators, including those of 
the QS, were screened in the differentiated gene expres-
sion maps. Surprisingly, none of the interconnected QS 
systems, i.e., as, rhl or pqs, were affected by these com-
pounds, indicating that other factors were at play. The 
attenuation of virulence, biofilm formation, and antibi-
otic resistance may therefore occur through secondary 
regulation or further downstream. This may indicate 
that DIV and NN may have wider ranging effects than 
we hypothesized. This assumption is supported by the 
observation that the marine bacteria-derived bisindoles 
tested here also affected the biofilms of other gram-nega-
tive bacteria species (Additional file 1: Fig. 1S).

One possible target of the bisindole compounds 
is RpoS (σS), a master regulator of the general stress 
response, which allows differential bacterial survival and 
adaptation under a variety of stressful conditions [55, 56]. 
This regulator governs the expression of a large subset of 
QS-controlled genes at the onset of the stationary phase, 
including those required for the synthesis of virulence 

Fig. 6  Gene-wise hierarchical clustering of the 307 genes found to be differentially expressed in each treatment compared with the control 
(DIV vs. DMSO, NN vs. DMSO). Prior to clustering, expression signals were standardized so that the mean of each gene was 0 and the standard 
deviation was 1. Pearson’s dissimilarity and complete linkage were used for the clustering. A gene was defined as differentially expressed 
in a certain contrast if it fulfilled all of the following criteria: nominal p-value < 0.01; linear fold of change > 1.3 or < − 1.3 (where minus sign indicates 
down regulation); the gene’s normalized expression signal (in log2 scale) in at least one of the samples was > 5. Expression of several important 
genes was further verified by RT-PCT in the presence or absence of NN (50 μM): (B) stress response gene (C) motility-associated genes. Expression 
of the house-keeping gene, proC, was used as the internal control for each sample. Asterisks represent significant differences (***P < 0.0001)
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factors. The reduced expression of RpoS observed follow-
ing NN treatment is in the line with the findings of viru-
lence and biofilm attenuation (Figs.  1, 2, 3, 4 and 5). In 
agreement with this, it was shown that the rpoS mutant 
forms a considerably thinner biofilm, indicating that the 
RpoS exerts positive feedback on biofilm formation [57]. 
The ability of these bisindole compounds to disrupt the 
transcription of a number of factors that are necessary 
for adhesion and biofilm construction may therefore pro-
vide an important new tool to combat the bacterial path-
ogens that form biofilms.

An important effect of NN and DIV directly on human 
health is exemplified with the effect on biofilm-growing 
P. aeruginosa in CF patient lungs. There was a downregu-
lation of survival proteins, including PA4352, following 
exposure of the bacteria to either compound (had FDR 
p-value < 0.05). Downregulation of PA4352 by NN was 
generally more effective than by DIV. Since this protein 
may aid in bacterial survival in anaerobic conditions, 
this result may explain why anaerobic environments, 
such as the mucus of CF patients, may contribute to the 
formation of robust biofilms and to increased antibiotic 

tolerance that together foster the persistence of infec-
tions in these patients. Therefore, disruption of homeo-
static persistence due to mucoid biofilm-growing P. 
aeruginosa in the CF lungs may retard and even prevent 
chronic infections [58]. Thus, these compounds may pro-
vide an alternative treatment strategy to the use of anti-
biotics alone. This constitutes an important new defense 
mechanism in today’s post antibiotic era.

To gain a broader comprehension of the possible 
mechanism of action responsible for sensitizing bacte-
rial virulence properties following NN treatment, a pro-
tein network interactions analysis was constructed. The 
differentially downregulated genes were classified into 
functional groups using the David database. We further 
explored the relevant functional clusters by employing 
STRING analysis (Fig. 7). The selected genes were sepa-
rated into 4  k-Means clusters. Cluster 1 is composed 
primarily of the 10 genes that are associated with the 
regulation of flagellum-dependent cell motility. Cluster 2 
comprises biofilm formation related genes. Both of these 
clusters presented more elaborated evidence network. 
Cluster 3 contains survival genes (Usp) and cluster 4 is 

Fig. 7  A STRING cluster interactions network of 30 downregulated genes that were selected based on their functional classification. The identified 
clusters are colored in red (Cell motility), green (Biofilm formation), yellow (Iron acquisition), and blue (Universal stress protein). The solid and dotted 
lines indicate connection within the same and different clusters, respectively. Colors indicate the different types of interactions
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associated with iron scavenging. In the context of the lat-
ter cluster, iron, an indispensable component of many 
metalloenzymes that support bacterial cell growth and 
metabolism, is essential for most pathogens [59]. In addi-
tion, iron is a critical factor in the transformation of free-
living, planktonic P. aeruginosa to a sessile, anchored 
biofilm during all of the biofilm development stages, 
from adherence to maturation [60]. Under iron limita-
tion, motility is greatly induced, while the incrementally 
higher levels of iron typical in the sputum of CF patients 
promotes the non-motile form, the result of which is bac-
terial aggregation and biofilm formation [61]. Since iron 
is also quenched by the heme molecule or by circulating 
proteins such as transferrin or lactoferrin in the host, P. 
aeruginosa circumvents the low iron availability by pro-
ducing a variety of extracellular chelating molecules [62]. 
Gene expression STRING analysis indicated that NN 
downregulated pathways that were related to iron acqui-
sition, and therefore, given the importance of iron for 
biofilm formation, iron uptake is a possible target of the 
mode of action of NN.

Conclusions
We identified indole-based compound in coral-associ-
ated bacteria that possess anti-biofilm and anti-virulence 
properties. These molecules can be effective candidates 
for cases in which antibiotic treatment alone may poten-
tially foster the development of a resistant chronic infec-
tion via the establishment of a resistant biofilm. The use 
of these marine microbiome bisindole-based compounds 
may be a viable strategy to eradicate biofilm-associated 
pathogens. Indeed, our results indicate that such an inte-
gration of conventional antibiotic treatment together 
with bisindole can be developed into a novel, advanced 
system for the generation of new drug combination ther-
apeutics to reduce the dangers to human health posed 
by antibiotic-resistant pathogens. Combining natural 
sources and synthetic methods can significantly accel-
erate drug discovery and development. A multidiscipli-
nary approach is essential in identifying new molecular 
structures and biosynthetic pathways, thereby expanding 
the database of natural products. The increasing trend of 
digitization in the field of chemistry will further aid in 
this endeavor by providing researchers with a vast array 
of nature-inspired chemicals for generative modeling 
and high-throughput screening. Through the utilization 
of natural product libraries, drug discovery can become 
more cost-effective, as it reduces financial and resource 
requirements while providing a large pool of potential 
drug candidates. This approach will fully unleash the 
potential of both natural products and synthetic meth-
odologies, leading to the ultimate goal of improving 
human health.

Materials and methods
Extraction and purification of active compounds
Bacterial isolate associate with the stony Favia sp., coral 
was collected from a reef adjacent to the Inter-University 
Institute for Marine Science in the Gulf of Eilat, Israel. 
The sample was obtained from the coral mucus layer. To 
obtain a sample of coral-associated bacterial cell culture, 
a 230-ml volume was extracted twice with equal volumes 
of dichloromethane. The resulting organic phase was 
concentrated using a rotary evaporator under vacuum to 
reduce the volume to 25 ml. This was followed by evap-
oration to dryness using a continuous flow of nitrogen. 
The residue of each batch was then resuspended in a mix-
ture of 173 µl of ethyl acetate acidified with formic acid 
(0.5% (v/v)) and 27 µl of acetonitrile. The total extract 
volume of 200 µl was added to 3  ml of thrice-distilled 
water with approximately 200 µl of acetonitrile. This mix-
ture was then centrifuged at 4000 rcf for 5 min and sub-
jected to a round of preparative high-performance liquid 
chromatography (HPLC). After obtaining the active frac-
tion, we proceeded to further purify it using two distinct 
protocols. The first purification protocol involved the 
use of reversed-phase preparative HPLC (Thermo Spec-
tra Physics), a C18 column, and a linear water/acetoni-
trile gradient containing 0.1% TFA at a flow rate of 1 ml/
min and monitored at 260 nm. The peak was successfully 
eluted at approximately 18 min.

To ensure the purity of the fraction, we subjected it to 
analytical HPLC (Dionex 1100) with a C18 column, an 
injection volume of 30 µl, and a linear water/acetonitrile 
gradient containing 0.1% TFA, ranging from 20 to 50% at 
a rate of 2.5%/min. Subsequently, we collected the frac-
tion and lyophilized it, and the residue was dissolved in 
1 ml of 1:1 (v/v) acetonitrile/water.

To determine the molecular weight of the purified frac-
tion, we utilized mass spectrometry (MS) on a LTQ XL 
Orbitrap with static nanospray (Thermo-Fisher, San Jose, 
CA) in positive ion mode. The fraction was identified as 
NN. For the second purification protocol, normal nor-
mal-phase HPLC was utilized with the same conditions 
mentioned earlier for the reversed-phase preparative 
HPLC. The elution of the peak occurred around 4  min. 
To ensure the purity of the peak, analytical HPLC was 
performed. The collected fraction was lyophilized, and 
the residue was dissolved in 1  ml of 1:1 (v/v) acetoni-
trile/water to determine the molecular weight in posi-
tive ion mode. This particular fraction corresponds to 
DIV. To summarize the findings, the fractions NN and 
DIV were successfully identified and their structures 
were determined through precise spectral analysis using 
UV, LC/MS, MS, and NMR techniques. The NMR spec-
tra were recorded on a Bruker AVANCE 300, operating 
at 300 MHz for 1H. LC/MS was carried out on a Waters 
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Alliance 2695-ZQ2000 with a column X-Bridge C18 4.5 
× 150 mm, 5  µm, and detected through UV and corona 
detection. ESI mass spectra were obtained with a Waters 
micromass ZQ 2000 mass spectrometer. The absorp-
tion spectra of the purified fractions NN and DIV were 
obtained using a photodiode array detector.

NN synthesis
For the NN synthesis, a solution of [(Me3Si)2N]3RE(µ-Cl)
Li(THF)3 (1.3 mmol), indole (1 mmol), and THF (10 mL) 
was prepared using a 30-mL schlenk tube under a schlenk 
line. The mixture was stirred at room temperature for 15 
min, followed by an additional 20 min of stirring in the 
air atmosphere. Next, a diluted hydrochloric acid solu-
tion (0.1 M, 2 mL) was added, and the resulting solution 
was extracted with diethyl ether, dried using anhydrous 
magnesium sulfate, and filtered. The solvents were then 
evaporated, and the remaining residue was purified using 
a silica gel column chromatography. By using a mixture 
of n-hexane and ethyl acetate (30:1, v/v) as an eluent, a 
red solid, identified as 1,1’-bisindole, was obtained with a 
yield of 35%.

1H-NMR δ 7.73 (dd, J = 23.6, 5.5 Hz, 1H), 7.32 (d, J = 
3.3 Hz, 1H), 7.20 (t, J = 6.9 Hz, 1H), 7.16 (t, J = 7.6 Hz, 
1H), 6.89 (d, J = 7.9 Hz, 1H), 6.67 (d, J = 3.1 Hz, 1H).

1H-NMR (DMSO, 400 MHz) δ 7.7 (m, 4H), 7.1 (m, 
4H,), 6.7 (m, 4H).

13C NMR (400 MHz, CDCl3) δ 136.8, 127.9, 126.2, 
123.2, 121.3, 121.2, 109.0, 102.2.

13C NMR (400 MHz, DMSO) δ 136.7, 129.5, 126.4, 
123.5, 121.7, 121.4, 108.8, 102.3.

EI-MS m/z calculated for C16H12N2 [M + H]: 233.0078, 
found: 233.1.

DIV synthesis
According to the procedure previously described by 
Somei, the desired product was obtained.

1H-NMR (DMSO 400 MHz) δ 3.1 (1 H, dd, J = 154 and 
J = 9.2 Hz), 3.7 (1 H, dd, J = 15.4 and 9.2 Hz), 5.8 (1 H, dt, 
J = 2.7 and 9.2 Hz), 6.0 (1 H, d, J = 2.7 Hz), 6.3 (1 H, d, J = 
2.2 Hz), 6.5 (1 H, ddd, J = 7.3, 6.5, and 1.0 Hz), 6.5 (1H, 
d, J = 7.3 Hz), 6.9 (1H, ddd, J = 7.3, 6.5, and 1.0 Hz), 6.9 
(1H, t, J = 7.3 Hz), 7.0 (1H, ddd, J = 7.3, 6.5, and 1.0 Hz), 
7.04 (1H, d, J = 7.3 Hz), 7.3 (1H, dd, J = 7.3 and l.0 Hz), 7.4 
(1H, d, J = 7.3 Hz), 11.05 (1H, br s).

13C NMR (DMSO 400 MHz): δ 140.0, 130.0, 128.0, 
127.8, 125.6, 125.3, 124.5, 122.6, 122.0, 120.0, 118.9, 
118.3, 116.7, 111.5, 59.8, 38.0.

EI-MS m/z: 235 (M + H) +.

Bacterial strains and culture conditions
Four gram-negative biofilm-forming pathogens, Pseu-
domonas aeruginosa PA01, Acinetobacter baumannii, 

Serratia marcescens, and Providencia stuartii strains, 
were grown at 37 °C in LB medium (Difco Luria–Ber-
tani medium, BD, France) with constant agitation at 120 
rpm for 24 h. The active compounds were extracted from 
coral-associated bacteria grown at 26 °C in marine broth 
(Himedia Laboratories, Mumbai, India). All the bacteria 
used in this study are from our laboratory collection.

Development of a biofilm formation assay under static 
conditions
To test for the efficacy of the compounds against biofilms, 
prevention tests in short-term static biofilm models were 
employed to study the early steps of biofilm formation by 
A. baumannii, S. marcescens, P. stuartii, and P. aerugi-
nosa. Overnight cultures of the test strains were diluted 
1:10 into modified 10% (w/v) LB medium supplemented 
with 0.56 mM glucose and 50 µM of either NN or DIV 
or an equivalent concentration of DMSO and incubated 
at 37 °C with agitation at 120 rpm until it reached the 
middle-exponential growth phase (OD600 ~ 0.5). Glass-
bottom microtiter plates containing 96 wells (Thermo 
Fisher) with 200 µl of modified LB medium, 50 µM NN 
or DIV, and 1% re-grown biofilm model bacterial strain 
per well were statically incubated at 37 °C. After 24 h, the 
resulting biofilms were macroscopically visualized using 
the LIVE/DEAD BacLight viability staining kit (Molecu-
lar Probes Inc., Eugene, OR) according to the manufac-
turer’s instructions. The SYTO 9 stained live cells and the 
PI stained dead ones, as was determined by CSLM.

Microscopy and image analysis
The developing biofilms were visualized in  situ using 
CLSM, FV1000 (Olympus, Tokyo, Japan) equipped with 
a 60 × 1.35 NA lens. Image scanning was carried out 
using the 488 and 541 nm lasers for the detection of 
SYTO 9 and PI, respectively. The excitation wavelength 
for the green-live dye was 488 nm and emission was col-
lected using a 505–525 band pass filter; for the red-dead 
PI stain, the excitation was 541 nm and emission was col-
lected using a 560–660 band pass filter. Simulated fluo-
rescence projections of the biofilm-stacks were used to 
reconstruct the 3D biofilm architecture using Imaris soft-
ware (Bitplane AG, Zu¨rich, Switzerland). Additionally, a 
quantitative structural parameter for biovolumes (μm3/
μm2) was calculated with Imaris Measurement Pro.

Continuous‑culture biofilm flow chamber system
The developing biofilms were monitored in a continuous 
flow-cell system, assembled, and prepared as described 
previously [63]. To follow biofilm destruction, P. aerugi-
nosa PA01 was allowed to form a biofilm in a flow cham-
ber for 72 h before 50 µM NN and 20 µg/ml tobramycin 
were introduced. P. aeruginosa was cultivated in flow 
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chambers supplied with AB trace minimal medium con-
taining 0.3 mM glucose. The flow cell was inoculated with 
an overnight culture diluted with 0.9% NaCl to an OD595 
of 0.1. After inoculation, flow was turned off for 1  h to 
allow initial bacteria attachment to the substratum of the 
microscope glass coverslip. Thereafter, the medium was 
continually pumped at a constant rate of 3 ml h−1 at 37 
°C for the duration of the experiment using a Masterflex 
L/S peristaltic pump (Cole-Parmer, Illinois, USA). After-
wards, biofilms were stained with LIVE/DEAD BacLight 
bacterial viability staining and their thicknesses were 
measured and assessed using a CLSM and the IMARIS 
software.

Tobramycin was chosen in light of the screening results 
of several antibiotics, including gentamicin, tobramycin, 
azithromycin, levofloxacin, ciprofloxacin, and colistin, 
using the minimum inhibitory concentration (MIC) assay 
as determined by E-TEST (Biomérieux). Gradient con-
centration strips were placed on a lawn of P. aeruginosa 
that formed on 1% Mueller–Hinton agar plates (Himedia 
Laboratories) supplemented with either 50 µM NN or 50 
µM DIV. MIC values were evaluated after incubation for 
24 h at 37 °C.

Quantification of extracellular virulence factor production 
by P. aeruginosa PA01
An overnight culture of P. aeruginosa PAO1 was diluted 
to a fresh LB medium (1:600) supplemented with 50 µM 
of either NN or DIV and incubated at 37 °C with agita-
tion for 24 h. The virulence factors of P. aeruginosa PAO1 
cell-free culture (centrifuged for 15 min at 3700 rpm) 
were quantified as previously described [64, 65]. Pro-
duction of pyocyanin was measured by extracting the 
pigment from 4  ml of cell-free culture with chloroform 
at a ratio of 3:2 by gently shaking the phases; the blue 
pigmentation of the chloroform corresponded to the 
pyocyanin. This was followed by a second extraction of 
the organic phase with 800 µl of 0.2 M HCl. Absorbance 
was measured at OD 540 nm. For the pyoverdine assay, 
the concentration was measured by using the character-
istic absorbance at 380 nm. Elastase activity of LasB was 
determined by the method of Sarabhai et al. [64]. Briefly, 
elastin-congo red (5 mg ml−1) (Sigma) in 0.1 M Tris–HCl 
buffer (pH 8; 1 mM CaCl2) was added to cell-free culture 
at a ratio of 3:1 and incubated for 1 week at 37 °C with 
agitation at 200 rpm. After centrifugation (6000 g for 10 
min), the absorbance was read at 400 nm. Lipase activity 
was assessed by mixing 0.3 ml of cell-free culture with 0.3 
ml Tween 20 in Tris-buffered saline (10%), 50 µl of CaCl2 
(1 M), and 0.6 ml of double-distilled water followed by 24 
h of incubation at 37 °C with agitation at 200 rpm. The 
turbidity of this solution was measured at OD 400 nm 
because lipase breaks down Tween, and the resulting 

compound, in turn, binds to calcium and precipitates. 
Rhamnolipids were quantified by acidification of the 
supernatant with concentrated HCl 10 M until it reached 
pH 2, after which the acidic suspension was centrifuged 
at 8000 g for 10 min and the absorbance was measured at 
OD 570 nm. Total protease activity was estimated using 
azocasein as a substrate by modification of the method 
[66]. The assay mixture was prepared in a reaction vol-
ume of 400 μl that contained 0.8% azocasein (Sigma) in 
phosphate-buffered saline (pH 7) and cell-free culture at 
a ratio of 1:1. After static incubation at 37 °C for 1 h, the 
reaction was stopped by the addition of 500 μl trichloro-
acetic acid (10%), and the mixture was then centrifuged 
at 8000 g for 5 min to precipitate residual azocasein. The 
absorbance was determined at 400 nm. To determine chi-
tinase activity, 0.5 ml of cell-free culture was added to 2.5 
mg of insoluble chitin-azure (Sigma) and 0.5 ml PBS. The 
mixture was then incubated for 24 h at 37 °C with agita-
tion at 200 rpm. The insoluble chitin-azure was removed 
by centrifugation at 16,000 g for 10 min, and the absorb-
ance was measured at OD 570 nm. A sub-inhibitory con-
centration of tetracycline 0.6 µg/ml served as controls.

Caenorhabditis elegans paralytic assay
To assess the toxicity of these compounds on eukaryotes, 
a nematode toxicity assay was used. The N2 wild-type 
hermaphrodite strain of the nematode C. elegans (Bristol) 
was grown on NGM plates seeded with the Escherichia 
coli OP50 strains at 15 °C. L4 stage worms were removed 
and transferred to a 24-well plate containing M9 medium 
(100 mM Tris–HCl, pH 7.4, 17 mM NaCl), 1% choles-
terol, 30 mM glucose, and 5  µM SYTOX Orange. This 
mixture was supplemented with 50 μM [1,1’-bisindole 
(NN) and 2,3-dihydro-2,2’-bisindole (DIV)] or an equiva-
lent volume of DMSO. Approximately 20–25 nematodes 
(L4) were placed into each well together with 1 × 108 P. 
aeruginosa PAO1 and incubated at 25 °C. Worms were 
evaluated for viability every 2 h over a total elapsed time 
of 24 h. Survival was scored by assessment of either dye 
uptake using a Leica M165 FC fluorescent stereoscope or 
non-response to physical stimuli [67].

P. aeruginosa PA01 adhesion to A549 human lung cell 
assay
The A549 epithelial cells (lung adenocarcinoma cells; 
ATCC, Rockville, MD, USA) were seeded in 96-well 
plates at 25 × 104 cells per ml in 200 µl of Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% fetal calf serum (FCS) (pH 7.1) at 37 °C under 5% 
CO2 and grown to a 100% confluent monolayer. After 24 
h, the growth medium was replaced with DMEM sup-
plemented with 1% gelatin to block non-specific bind-
ing sites. A549 cells were infected with P. aeruginosa 
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PA01 that had been grown overnight with either 50 
µM [1,1’-bisindole (NN) and 2,3-dihydro-2,2’-bisindole 
(DIV)] or with an equivalent amount of DMSO. P. aer-
uginosa-human cell interactions were ascertained by 
assessing the adherence potential of the bacteria to the 
cells. After blocking, A549 cells were infected with P. 
aeruginosa PA01 in multiplicity of infection (MOI) of 40 
followed by incubation for 1 h at 37 ºC in 5% CO2. PBS 
washes were used to remove non-adhered bacteria, and 
the adhered cells were then released by treatment with 
0.25% trypsin–EDTA and plated in serial dilution onto 
LB agar plates for the enumeration of adherent bacterial 
cells.

Cytotoxic effect and apoptosis of A549 human lung cells
A549 cells were washed twice with PBS buffer, then 
serum-free DMEM was added, and the well-plates 
were incubated for 2 h at 37ºC. Cells were subsequently 
infected with P. aeruginosa PA01. For inoculation, the 
overnight P. aeruginosa PA01 culture was pelleted by 
centrifugation and diluted into an equivalent volume 
of fresh LB broth to allow it to grow for approximately 
2  h. The bacteria pellet was washed once in PBS buffer 
and then resuspended in DMEM medium to a concentra-
tion of 5 × 107 CFU/ml. Bacterial dilution was then added 
to the A549 cell monolayers at MOI of 40, to which was 
added either 50 μM 1,1’-bisindole (NN) or 2,3-dihy-
dro-2,2’-bisindole (DIV)] and as a control, an equiva-
lent volume of DMSO and the serum-free DMEM was 
replaced with complete DMEM. At the indicated time 
point of incubation at 37 ºC under 5% CO2, A549 cell 
viability was assessed using Calcein AM (ThermoFisher) 
according to the manufacturer’s instructions and the 
Operetta high-throughput fluorescent microscope sys-
tem (Perkin-Elmer, Hamburg, Germany). In each well, 20 
fields were imaged using a × 20 wide-field objective with 
an excitation filter of 520–550 nm and an emission filter 
of 560–630 nm.

RNA preparation for DNA microarray analysis
Overnight cultures of P. aeruginosa PAO1 were diluted 
1:600 into fresh LB medium following supplementation 
of equivalent volumes of 50 µM of NN, DIV, or DMSO 
as a control for additional growth at 37 ºC under agita-
tion. Samples were retrieved after 18 h, and two volumes 
of RNAprotect Bacteria reagent were added (Qiagen). 
RNA was extracted using the RNeasy Mini kit (Qia-
gen), including on-column digestion with RNase-free 
DNase I (Qiagen) in accordance with the manufacturer’s 
instructions. RNA was isolated using the RNeasy mini-
purification kit (Qiagen) with on-column DNase treat-
ment. The whole transcriptome of P. aeruginosa was 
amplified using the senationPlus FFPE amplification kit 

of Affymetrix. Essentially, total RNA purified from P. 
aeruginosa cells was reverse transcribed using random 
primers. Poly (dA) were then tailed onto the 3’ends of 
the transcribed cDNA using dATP and terminal deoxy-
nucleotidyl transferase. An oligonucleotide comprising 
T7 promoter and poly (dT) was hybridized to the Poly 
(dA) region of the cDNA, and Klenow polymerase was 
used to generate a double-stranded T7 promoter region 
on the single-stranded cDNA. The amplified amounts of 
senseRNA were transcribed by using T7 RNA polymer-
ase and a NTP mix. The senseRNA was subsequently 
used to reverse transcribe the single-stranded cDNA 
that had been fragmented and end-labeled at the 3′ ends 
with biotin. These single stranded cDNA fragments were 
then used to hybridize the P. aeruginosa genome arrays 
(Affymetrix) according to the manufacturer’s instruc-
tions. Microarray data analysis was carried out using the 
Partek® Genomics Suite. Affymetrix CEL files of Pae-G1a 
arrays were loaded into Partek and preprocessed using 
RMA and quantile normalization. Normalized expres-
sion signals were reported in log2 scale. Prior to cluster-
ing, the Partek Batch Remover method was applied to 
the expression signals to correct for the batch effect. The 
signals were then standardized so that for each gene the 
mean was shifted to zero and the standard deviation was 
scaled to 1. The hierarchical clustering used Pearson’s 
dissimilarity as the distance measure and complete link-
age for cluster-distance estimation. To identify differen-
tially expressed genes, a 2-way ANOVA was carried out, 
with the treatment as fixed effect and the batch as ran-
dom effect. The contrasts (pairwise comparisons) DIV vs. 
DMSO and NN vs. DMSO were included in the ANOVA 
model following adjustment for multiple testing using the 
FDR method. Based on pathway analyses by David Bioin-
formatics resources, we conducted a protein interactions 
analysis using the STRING database, version 11.5. The 
interacting proteins were clustered using Markov cluster-
ing based on the Gene Ontology biological process and 
the Kyoto Encyclopedia of Genes and Genomes KEGG 
pathway.

Reverse transcription and real‑time PCR
RNA extractions were performed as described above. 
cDNA was prepared using One Step PrimeScript RT 
Master Mix (TAKARA). Expression of the P. aeruginosa 
PA01 target genes proC (PA0393), pilA (PA4525), pilG 
(PA0408), fliA (PA1455), fliG (PA1102), and PA4352 
genes was evaluated using RT-qPCR. Primers used for 
qRT-PCR are listed in Additional File 1: Table 2S. Ampli-
fication was executed using the Step One Plus real-time 
PCR 110 system (Applied Biosystems, Thermo Scien-
tific). Duplicate PCR reactions were performed using the 
qPCRBIO SyGreen Blue Mix Hi-ROX (PCR Biosystems). 
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The reaction involved 15 min of activation of the modi-
fied Taq polymerase at 95 °C, 40 cycles of 15 s at 95 °C 
and 1 min at 60 °C. A melt curve was run at the end of 
the 40 cycles to test for the presence of a unique PCR 
reaction product. proC was used as an internal reference.

Statistical analysis
The statistical methods, which were applied for the 
anti-biofilm or anti-virulence experiments used either 
one-way ANOVA with Tukey’s test or T-test taking into 
account 3–6 replicates.
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