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In 1928, Alexander Fleming found that bacteria would not grow close to a fungal 
contamination on an agar plate. Serendipitously, he did not discard the plate immediately 
because of the contamination, but instead realized that the fungus might produce a 
substance that inhibits growth of the bacteria or even kill them1. This discovery is known by 
many people. However, Fleming was not the first one to notice the potential of fungi to treat 
bacterial infections. Already thousands of years, it was known that molds, beer yeast, and 
mushrooms have healing effects in the treatment of infected wounds. John Parkinson was 
the first to describe this healing effect of molds in his Theatrum Botanicum. However, it took 
until the second half of the 19th century before scientists became interested again in the 
activity of molds. In 1884, Joseph Lister cured an abscess of a nurse with tissues soaked with 
Penicillium glaucum. While Lister did not publish his results, Ernest Duchesne described in 
his thesis that P. glaucum destroys pathogenic bacteria in guinea pigs. Unfortunately, his 
thesis was not accepted and it took until 1940 that his work was confirmed2. Therefore, the 
discovery of Fleming in 1928 is often called the “birth of the antibiotic era”. It took another 
10 years before Howard Walter Florey and Ernst Boris Chain elucidated the structure of 
penicillin and by 1943 penicillin became available for military use3–5.

After the discovery of penicillin, many more classes of antibiotics were discovered 
with a peak in the 1950s6. While penicillin inhibits the synthesis of the cell wall, other 
classes show different mechanisms of action. For example, aminoglycosides inhibit protein 
synthesis via the 30S subunit, while chloramphenicol and macrolides inhibit protein 
synthesis via the 50S subunit instead. Other targets are: RNA synthesis by rifampicin, DNA 
gyrase by quinolones, LPS by polymyxins7,8. Despite this wide variety of targets, resistance 
has occurred against every class of antibiotics8. 

Antimicrobial resistance 
Samples from permafrost9 or isolated caves10 show that antimicrobial resistance 

(AMR) occurs even in the absence of human activity. However, overuse of antibiotics, both 
for treatment in humans as well as in animals and agriculture accelerates this problem 
due to Darwinian selection. When treated with antibiotics, bacteria that have developed 
mutations that lead to resistance against that antibiotic, will survive and start to proliferate 
again11,12. So, while antibiotics have cured large groups of people and proven to be very 
effective, they become more ineffective the more they are used13. This is a major threat to 
human health, because bacterial infections can become deadly again when antibiotics are 
not effective. Moreover, surgical operations rely heavily on antibiotics. Already, bacteria are 
found that are resistant to multiple or even all known classes of clinical antibiotics, which is 
resulting in deadly infections14. In 2019, approximately 1.27 million people worldwide died 
as a result of antimicrobial resistance15.

The main concern of antimicrobial resistance encompasses a group of bacteria, 
collectively called the ESKAPE bacteria, which include: Enterococcus faecium, Staphylococcus 
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aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 
Enterobacter species16. These organisms are responsible for many infections in hospitals, 
they often become resistant to antibiotics, and are associated with the highest mortality 
rates17,18. These bacteria were also listed in 2017 in the World Health Organization list of 12 
bacteria “that pose the greatest threat to human health”. The most critical among these 12 
listed bacteria were Acinetobacter, Pseudomonas and various Enterobacteriaceae for their 
potential to cause deadly infections19. This thesis will mostly focus on one of these bacteria: 
Pseudomonas aeruginosa.

Pseudomonas aeruginosa infections
P. aeruginosa is one of the most-studied Gram-negative bacteria. P. aeruginosa 

contains a relatively large genome with a size of 6.4 million base pairs and around 5,500 
genes (the exact number varies per strain)20–22. A large number of these genes is involved in 
metabolism and regulatory genes, making P. aeruginosa strains ultimate generalists that can 
survive in a wide variety of circumstances22. Therefore, P. aeruginosa is found all over the 
planet, from water to soil, in animals and humans23–25. 

In case of human infections, P. aeruginosa causes nosocomial infections in 
immunocompromised patients and causes a major healthcare concern. It is responsible for 
a variety of life-threatening acute and chronic infections including burn or wound infection, 
urinary tract infection, and respiratory diseases like cystic fibrosis (CF)25,26. In case of the latter, 
P. aeruginosa establishes itself in the lung where the infection often becomes chronic27–30. 
This infection state with P. aeruginosa causes increased morbidity and eventually mortality 
due to respiratory failure in CF patients30.

Treatment of P. aeruginosa infections is difficult due to the high intrinsic resistance 
via a variety of mechanisms26,31 (Figure 1). The unique outer membrane of Gram-negative 
bacteria impedes the passive diffusion of molecules into the bacterial cells. Even though 
the outer membrane is comparable among Gram-negative bacteria, the permeability of the 
outer membrane of P. aeruginosa is estimated to be 12-100 x smaller than E. coli32. This 
might be due to the expression of specific porins on the outer membrane of P. aeruginosa. 
Due to the low permeability of the outer membrane, compounds often pass through the 
water-filled channels of the porins to enter the cell. The porins in the outer membrane 
of P. aeruginosa are mostly restricted for a selective group of compounds33,34. In addition, 
upon exposure to antibiotics, bacteria can downregulate or modify these porins to make it 
even harder to enter the cell35,36. If a compound does make it into the cell, it is often subject 
to efflux pumps. P. aeruginosa contains a high number of efflux pumps that transport the 
antimicrobial out of the cell again37,38. These permeability factors make it hard for antibiotics 
to accumulate in the cell and kill the bacteria. Another type of high antibiotic tolerance by 
P. aeruginosa is conferred by the notorious formation of biofilms. Biofilms are aggregates 
of bacteria, which make the bacteria tolerant for high doses of antimicrobials39. In addition, 
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mutati ons in target genes or the acquisiti on of genes encoding enzymes that degrade 
anti microbials make the repertoire of anti bioti c resistance mechanisms in P. aeruginosa 
extensive26,40. Therefore, P. aeruginosa infecti ons are diffi  cult to treat, and more research 
and treatments are needed for future treatments.

Search for new anti bioti cs
Finding new anti microbials has been a major challenge for decades, especially 

against Gram-negati ve bacteria. In the golden age of anti bioti cs, a large number of 
microorganisms were screened leading to more than 23,000 acti ve natural products41,42. 
However, due to the large screening eff orts a problem arose: dereplicati on, in which most of 
the acti ve compounds are repeatedly discovered. At the ti me the fi rst genomes of bacteria 
were fully sequenced, hopes were up again to fi nd novel targets. However, a large number 
of high-throughput screens against novel potenti al targets, containing millions of natural 
and syntheti c compounds, were without success43–45. 

One of the problems in the discovery of novel anti bioti cs is that traditi onal screening 
methods are being used. The concept of the traditi onal screens is to grow the target bacteria 
in nutrient-rich medium, add the compound of interest and check the viability of the bacteria 
the next day. This approach has two main fl aws. First, the rich-medium does not represent 

Outer membrane

Inner membrane

Peptidoglycan

LPSPorinAntibiotic
Low permeable 

membrane

Efflux pump

Degrading 
enzymes

Target
modification

Figure 1: Various factors involved in intrinsic resistance in P. aeruginosa. P. aeruginosa has a high tolerance against 
anti bioti cs via various mechanisms. First, the low permeable outer membrane makes it hard for anti bioti cs to enter 
the cell. The anti bioti cs have to cross via selecti ve water-fi lled porins. When entered in the cell, the anti bioti cs are 
oft en subject for effl  ux pumps making it hard to accumulate. In additi on, P. aeruginosa can express enzymes that 
degrade the anti bioti c or modify the target making it impossible for the anti bioti c to bind to the target. 
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the growth of the bacteria in the harsh environment of the human body. Therefore, a 
different set of genes is essential under the conditions that are found in vivo, leading to 
different targets. Second, the traditional screens base the success of the compounds on the 
minimum inhibitory concentration (MIC). This is the lowest concentration of a compound 
at which the bacteria do not grow. For this reason, compounds that weaken the bacteria 
but do not disturb their growth will be missed46. Other, non-conventional approaches are 
needed to find new antimicrobials. 

One of the ways to find new antimicrobials is searching at unexplored places like 
deep seas, high mountains, or microbiomes. This way, darobactin was recently discovered 
in bacteria inhabiting the microbiome of Nematodes47. In addition, only a small percentage 
of the bacteria can be cultured under laboratory circumstances. New methods in culturing 
techniques led to the discovery of teixobactin in 201548. Furthermore, genome mining of 
uncultivated soil bacteria or activating “silent gene clusters” in fungi, might lead to finding 
novel active secondary metabolites49–52. 

Another approach to find new antibiotics is to find new ways to attack the bacteria. 
An interesting example is the synthetic modification of antibiotics by adding a siderophore. 
Since iron is needed for all living organisms, and the iron concentration at the site of infection 
is often low, bacteria secrete siderophores that bind iron. This principle makes it possible 
to overcome the permeation barrier in Gram-negative bacteria by adding a siderophore to 
the antimicrobial53. This approach has led to the successful approval of cefiderocol, active 
against Gram-negative bacteria, by the US Food and Drug Administration54. Another new 
way to attack the bacteria is by targeting structures in the outer membrane. This way, 
antimicrobials avoid the permeability problem. A successful example is the aforementioned 
darobactin, which effectively targets the BAM complex, which is an important chaperone 
and translocator in the outer membrane of Gram-negative bacteria47. 

Altogether, these are some examples of innovative research in the search for novel 
antimicrobials. Until today, the majority of antimicrobials are natural products or derivatives 
of these products, and natural products will likely continue to play an important role in the 
development of novel antimicrobials55–57. Although new approaches to find or use these 
compounds will be needed. An interesting approach includes targets that do not necessarily 
kill the bacteria but weaken them, making it possible for the immune system or other 
antibiotics to get rid of them. 

Quorum sensing as alternative target to treat bacterial infections
An interesting target to weaken the bacteria is quorum sensing (QS). Bacterial QS 

is the regulation of gene expression that relies upon cell-population density. QS consists 
of synthesis, release, and detection of signaling molecules. These signal molecules are 
called autoinducers, since they also influence their own biosynthesis58. The autoinducers 
can cross the membrane and bind to receptors that regulate gene expression in a bacterial 
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cell. Therefore, when the number of bacteria is high, the concentrati on of autoinducers 
will be high, and a diff erent set of genes will be acti vated compared to when the number 
of bacteria is low. This way, bacteria can collaborate and can produce compounds that are 
costly for a single bacterium, but will be advantageous when the biomass is suffi  cient59.

QS regulates a plethora of signaling pathways in diff erent bacteria. Downstream 
genes include genes for the producti on of virulence factors and genes involved in the 
formati on of biofi lms. Virulence factors are involved in moti lity, adhesion, and include lyti c 
enzymes that cause damage to host ti ssues59,60. The formati on of biofi lms causes a lower 
suscepti bility against anti bioti cs61–64. Therefore, inhibiti on of QS would lead to less damage 
to host ti ssues and higher suscepti bility to anti bioti cs, making it an interesti ng target to fi ght 
bacterial infecti ons. 

The process of QS was fi rst discovered in Vibrio fi scheri, which emits a bioluminescent 
signal upon acti vati on of QS. In this species, the luxI gene encodes a synthase producing the 
autoinducer, an acyl homoserine lactone (AHL) (Figure 2). The luxR gene encodes a receptor 
that detects its cognate AHL and subsequently binds to the promoter of downstream genes. 
This aff ects gene expression, involving acti vati on of luxA-E operon responsible for the 
producti on of the bioluminescent signal65,66. Other Gram-negati ve bacteria have similar QS 
systems using homologues of the luxI/luxR genes that produce and detect species-specifi c 
AHLs67. 

QS is a complex system in P. aeruginosa, consisti ng of various interregulated 
pathways (Figure 3). Two of these pathways are similar to the LuxI/LuxR QS system in V. 
fi scheri, namely LasI/LasR and RhlI/RhlR. LasI produces the AHL N-3-oxo-dodecanoyl-
homoserine lactone (3-oxo-C12-HSL), while RhlI produces N-butyrylhomoserine lactone 
(C4-HSL)68. In additi on, P. aeruginosa contains a unique third QS system that involves 
3,4-dihydroxy-2-heptylquinoline (also named Pseudomonas quinolones signal; PQS) and 
its precursor 4-hydroxy-2-heptylquinoline (HHQ) that bind to the PqsR receptor. PQS is 

LuxI

Target genes

LuxR

 AHL AHL

LuxI

Target genes

LuxR

LuxR

 AHL AHL
A) B)

Figure 2: Overview of quorum sensing in Gram-negati ve bacteria. The concept of quorum sensing (QS) is similar 
among Gram-negati ve bacteria. LuxI-type synthases produce small acyl homoserine lactones (AHLs) that diff use 
out of the cell. A) When the number of bacteria is low, the concentrati on of AHLs will be low.  B) When the number 
of bacteria increases, the concentrati on of AHL increases. AHL will diff use into the bacterial cells, bind to their 
cognate LuxR-type receptors. These LuxR-type receptors will then bind to the DNA and alter gene expression.
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synthesized by the enzymes of the pqsABCDE operon and pqsH69. These pathways are highly 
interconnected by positi ve and negati ve regulati on68. 

Transcriptomic studies reveal that QS in P. aeruginosa regulates hundreds of 
genes. Most of these genes include extracellular products such as toxins and extracellular 
enzymes70. A couple of examples are: proteases and elastases that are involved in damaging 
and degrading host ti ssues and components of the immune system71–74; factors involved 
in biofi lm formati on75,76; and exotoxins and hydrogen cyanide that cause cell death72,74,77,78. 
Therefore, inhibiti on of QS blocks the virulence of P. aeruginosa and the capacity to form 
biofi lms79. 

The potenti al of QS inhibitors was fi rst shown by Hentzer and colleagues77,80. They 
chemically modifi ed the natural halogenated furanones (produced by marine micro-alga 

3-oxo-C12-HSL HHQ

PqsE

HHQ

A)

B)

HHQ PQS

C4-HSL3-oxo-C12-HSL

RhlR

rhlR

RhlR RhlI

rhlI

PqsR

pqsA-E pqsR

PqsA-E PqsHPqsR

pqsH

LasR

lasR lasI

LasILasR

PQSC4-HSL

Figure 3: Overview of the complex QS system in P. aeruginosa. A)  P. aeruginosa expresses three QS systems that 
are highly interconnected. The Las system involves the LasI synthase, which produces 3-oxo-C12-HSL, which binds 
to the LasR receptor. The LasR receptor positi vely regulates the expression of the QS genes of all three pathways. 
The Rhl system involves the RhlI synthase, which produces C4-HSL, which binds to the RhlR receptor. Next to 
C4-HSL, PqsE can also bind to RhlR. RhlR positi vely regulates the expression of rhlI, while it negati vely regulates 
the expression of the pqsABCDE operon and pqsR. The enzymes of the pqsABCDE operon produce HHQ, which is 
hydroxylated by PqsH to form PQS. Both HHQ and PQS can bind to PqsR, which positi vely regulates various other 
QS genes. B) The chemical structure of the signal molecules involved in QS in P. aeruginosa.
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Delisea pulchra) into furanone C-30. Biofilms treated with furanone C-30 made P. aeruginosa 
susceptible again for tobramycin. Moreover, furanone C-30 treatment showed efficient 
clearing of P. aeruginosa in a pulmonary mouse model77. Since then, a large number of 
compounds with QSI activity have been identified from various sources, including ajoene 
from garlic81, quercetin from oak82, penicillic acid and patulin from fungi83, and synthetically 
produced flavones84. 

Quorum sensing during infection
Most of the research studying QS is conducted in vitro. This is an easy approach to 

study QS and to find novel QS inhibitors. However, to get a more relevant understanding of 
QS, the effect of QS is studied in in vivo models. Various studies in mice have shown that P. 
aeruginosa strains with mutations in QS genes are less virulent and lead to lower mortality 
rates compared to WT strains85–87. In line with these results, a variety of QS inhibitors have 
beneficial effects in rodents after P. aeruginosa infection leading to a reduced virulence of 
the bacteria, a prolonged survival of the rodents and more efficient clearing77,88,89. Although 
studies in rodents are promising, no QS inhibitors have reached the clinic yet and the role of 
QS during human infection is still underexplored90. 

A classic example in the debate of the role of QS during human infection is the 
frequent mutation of lasR in P. aeruginosa isolates derived from the lungs of CF patients91. 
LasR is often seen on top of the QS hierarchy since it activates both the Rhl and PQS system 
(Figure 3)68. However, P. aeruginosa lasR mutants can activate their QS system independently 
of LasR74,92. Therefore, making it possible for P. aeruginosa to communicate via the Rhl and 
PQS system, without activation of LasR. The fact that QS in P. aeruginosa is indeed still active 
(with or without an active LasR receptor) in CF infections is evident from the presence of 
autoinducers involved in QS in P. aeruginosa in sputum samples from patients93–96. Taken 
together, during human infections, the QS regulation is altered by LasR mutations compared 
to in vitro conditions, but nevertheless, remains active.

There have been several studies that compared gene expression in vivo (e.g. P. 
aeruginosa from the sputum of CF patients) to gene expression of P. aeruginosa when 
grown in vitro (in bacterial medium in the lab). The P. aeruginosa transcriptome from human 
infection differs greatly from in vitro samples. Altered gene expression was measured 
among various gene classes involved in metabolism and antimicrobial resistance97. When 
focusing on QS, various studies have found that the QS regulon is downregulated in human 
infection compared to in vitro97–99. This shows that indeed in vitro settings do not mimic 
the complexities of P. aeruginosa infections of human patients and might overestimate the 
impact of QS in human infections.

Although more information on the role of P. aeruginosa QS in human infections 
is needed, studying this is difficult. Taking human samples has limitations. A couple of 
limitations include the difficulty to obtain human samples, the impossibility to study early 
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infections and to microscopically track these infections, and the challenge to use proper 
control settings. Therefore, to overcome these challenges, model systems are needed that 
recapitulate human infections as good as possible. 

Aim and outline of this thesis
The aim of this thesis is to shine more light on the potential of QS inhibition as 

alternative treatment against bacterial infections. In Chapter 2, we will discuss the search 
for novel QS inhibitors using a high-throughput screening method to screen a library of 
more than 10,000 fungal filtrates. This led to the identification of several novel QS inhibitors. 
In Chapter 3, we will describe the effect of paecilomycone (a fungal secondary metabolite) 
on QS in detail. We show its effect on biofilm formation and virulence factor production. In 
addition, we try to elucidate the mechanism of action of this compound. Subsequently, in 
Chapter 4, we describe a novel method to study P. aeruginosa infections using 2D airway 
organoids, both from a healthy and CF donor. We describe the potential of this model to 
study early airway infections and to study the role of QS during these infections. Next, 
in Chapter 5, we investigate the effect of various QS-induced molecules on the airway 
epithelium using bacterial supernatant extracts and 2D airway organoids. Finally, in Chapter 
6, I will summarize and discuss the data presented in this thesis. Furthermore, I will share 
my thoughts about the future of antimicrobials in the clinic. 
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Abstract
Quorum sensing (QS) is a process that regulates gene expression based on cell density. In 
bacteria, QS facilitates collaboration and it controls a large number of pathways including 
biofilm formation and virulence factor production, which leads to lower sensitivity to 
antibiotics and higher toxicity in the host, respectively. Inhibition of QS is a promising 
strategy to combat bacterial infections. In this study, we tested the potential of secondary 
metabolites from fungi to inhibit bacterial QS using a library derived from more than ten 
thousand different fungal strains. We used the reporter bacterium, Chromobacterium 
violaceum, and identified 39 fungal strains that produced QS inhibitor activity. These strains 
expressed two QS inhibitors that had been described before, as well as eight QS inhibitors 
that had not been described before. Further testing for QS inhibitor activity against the 
opportunistic pathogen Pseudomonas aeruginosa led to the identification of gregatins as 
an interesting family of compounds with QS inhibitor activity. Whereas various gregatins 
inhibited QS in P. aeruginosa, these gregatins did not inhibit virulence factor production and 
biofilm formation. We conclude that gregatins inhibit some, but not all aspects of QS. 

Keywords: Quorum sensing, Gregatins, Chromobacterium violaceum, Pseudomonas 
aeruginosa, Antimicrobial activity, Fungi
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Gregatins inhibit aspects of quorum sensing in Gram-negative bacteria 

Introduction
Antibiotic resistance is a growing problem leading to ineffective antibiotic 

treatments, causing bacterial infections to be lethal again14,100–102. Especially the treatment 
of Gram-negative bacteria is challenging due to the composition of their outer membrane, 
which makes it hard for antibiotics to enter the cells31,103,104. While new antibiotics are still 
being introduced into the clinic, these often represent synthetically optimized antibiotics 
from existing classes leading to a quick rise of resistance105. Therefore, it is important to look 
for alternative approaches to fight bacterial infection. Targeting bacterial quorum sensing 
(QS) is one of these promising approaches.

QS is effectively a bacterial communication system triggered by changes in cell 
density. Bacteria secrete signal compounds, termed autoinducers. In the case of Gram-
negative bacteria these autoinducers are acyl-homoserine lactones (AHLs) produced by LuxI-
type autoinducer synthases. The AHLs cross the membrane and bind to LuxR-type receptors. 
If the cell population density increases, the signal increases, eventually leading to altered 
gene expression106. QS regulates various pathways involved in the production of virulence 
factors and strengthening of the biofilm59,71,75. The opportunistic pathogen Pseudomonas 
aeruginosa has three different QS pathways, two N-Acyl Homoserine Lactone (AHL)-based 
pathways (las-encoded system and rhl-encoded system) and a unique Pseudomonas 
Quinolone Signal (pqs)-based pathway. These three pathways are interconnected through 
feedback and feed-forward mechanisms68,107. Some studies refer to IQS as the fourth QS 
system in P. aeruginosa, but because this is controversial108, we have not addressed IQS 
here. The QS system in P. aeruginosa plays a role in the production of virulence factors, 
including elastase71, protease72 and pyocyanin109, and strengthens biofilm formation by 
the production of rhamnolipids110 and extracellular DNA75,111. In general, inhibition of QS 
decreases the production of toxic virulence factors and weakens biofilm formation 63,81. 
Therefore, inhibition of QS may have beneficial effects, including less tissue damage, due 
to reduced levels of toxic virulence factors and higher susceptible to antibiotics, because of 
the weakened biofilm. QS inhibitors have been isolated from various sources over the years, 
including ajoene from garlic81, quercetin from oak82, furanones from alga112, and flavones 
from natural origin or synthetically generated flavones84. 

In general, fungi are an interesting source of natural compounds that have 
progressed into the clinic113,114. For instance, the antibiotics penicillin and cephalosporin 
have a fungal origin and have been used to treat many patients113. Yet, fungi remain rather 
unexplored with respect to production of QS inhibitors115. Nevertheless, QS inhibitors have 
also been found to be produced by fungi, including patulin and penicillic acid83, making them 
an interesting potential source for QS inhibitors. In collaboration with the Westerdijk Fungal 
Biodiversity Institute, our lab has developed a unique library that consists of filtrates of 
10,207 fungal strains116, which facilitates the search for novel natural compounds produced 
by a large variety of fungal species. 

Thesis definitief.indd   19Thesis definitief.indd   19 3-5-2023   21:16:323-5-2023   21:16:32



2

20

Chapter 2 

The aim of this study was to identify novel QS inhibitors. To this end, we screened 
our library of fungal filtrates, which allowed us to assess the potential of QS inhibition 
among 10,207 strains of fungi. For the screening, we used the Gram-negative bacterium 
Chromobacterium violaceum as a reporter. C. violaceum produces violacein – a purple 
pigment – upon activation of QS, making it an excellent reporter for high-throughput 
screens84,117. This approach led to the identification of eight compounds that had not been 
described before to have QS inhibitor activity. In addition, we tested selected compounds for 
inhibition of specific aspects of QS in the opportunistic pathogen Pseudomonas aeruginosa. 
We identified gregatins as a promising group of compounds to inhibit QS in various Gram-
negative bacterial strains.

Materials and Methods

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table 1. Bacteria were stored at 
-80 °C in a 20 % glycerol stock solution. C. violaceum was inoculated on tryptic soy agar 
(TSA) and single colonies were grown in tryptic soy broth (TSB) at 27 °C. PAO1 strains were 
inoculated on Luria agar (LA) at 37 °C and single colonies were grown in AB minimal medium 
supplemented with 0.5 % glucose and 0.5 % casamino acids118, unless stated otherwise. 

Table 1 | Bacterial strains used in this study

Bacterial strain Characteristic Source

Chromobacterium violaceum WT, ATCC 12472 Westerdijk Fungal Biodiversity 
Institute

P. aeruginosa WT, PAO1

PAO1-GFP WT, PAO1 gfp-tagged Yang et al. (2007)194

PAO1 lasB-GFP WT, PAO1, gfp fusion to lasB gene Hentzer et al. (2002)195

PAO1 rhlA-GFP WT, PAO1, gfp fusion to rhlA gene Fong et al. (2017)196

PAO1 pqsA-GFP WT, PAO1, gfp fusion to pqsA gene Fong et al. (2017)196

PAO1 ∆lasI-∆rhlI PAO1, QS mutant Hentzer et al. (2003)193

High-throughput screen for quorum sensing inhibitors

The high-throughput screen for QS inhibitors using C. violaceum as a reporter 
was performed as previously described with minor modifications84,117. Overnight grown C. 
violaceum was diluted and grown until an OD600 of 0.5-0.7. Then, bacteria were diluted 1:1000 
before addition to the 96-well plate containing the fungal supernatant to a total volume 
of 80 µl (1:1, v:v). In addition to the wells with fungal supernatant, plates also included 
untreated bacteria and TSB only to check sterility of the medium. Quercetin (Sigma-Aldrich, 
Merck Life Science, Amsterdam, the Netherlands) was added at a concentration of 125 µM 
as positive control of violacein inhibition and 130 µM of meropenem (Sigma-Aldrich, Merck 
Life Science, Amsterdam, the Netherlands) was used as control in the viability assay. Plates 

Thesis definitief.indd   20Thesis definitief.indd   20 3-5-2023   21:16:323-5-2023   21:16:32



2

21

Gregatins inhibit aspects of quorum sensing in Gram-negative bacteria 

were incubated for 20 h at 27 °C with 200 rpm shaking. 

To measure the violacein production, plates were centrifuged at 3000 rpm for 
10 min to collect precipitated violacein. Supernatant was discarded and the pellet was 
resuspended in 200 µl 96 % ethanol. Plates were centrifuged again at 3000 rpm for 10 
min to separate the cells from the violacein to avoid interference of the signal. Half of 
the supernatant was transferred to a new 96-well plate and the violacein production was 
quantified by measuring the optical density at 562 nm on the ASYS expert plus microplate 
reader (Biochrom Ltd, Cambridge, UK).

Resazurin staining was used to measure the viability of the bacteria. Following 
incubation for 20 h as described above, plates were centrifuged at 3000 rpm for 10 min. 
Supernatant was removed and resazurin (25 µg/mL in PBS) solution was added. Plates were 
incubated in darkness for 45 min at 27 °C before fluorescence was measured on a PHERAstar 
microplate reader (BMG Labtech, de Meern, the Netherlands) using 540 nm excitation and 
590 nm emission wavelength. Viability was calculated using the following equation: 

% 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑏𝑏𝑠𝑠𝐹𝐹𝑏𝑏𝑏𝑏𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑏𝑏
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝑢𝑢𝐹𝐹𝐹𝐹𝑠𝑠𝑢𝑢𝐹𝐹𝑏𝑏−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑏𝑏𝑠𝑠𝐹𝐹𝑏𝑏𝑏𝑏𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑏𝑏   

 The same approach was used in follow-up experiments, measuring the effect of 
single molecules on violacein production. Dilution ranges of the compounds were tested in 
triplicates using a maximum concentration of 2.5 % DMSO to minimize the effect of DMSO 
on QS and bacterial viability. 

QS inhibition in Pseudomonas aeruginosa

The experiments were performed as previously described118. In brief, overnight 
grown cultures were diluted in PBS to an OD450 of 0.1-0.2 before addition to a 96-well plate 
with dilution ranges of compounds up to a volume of 200 µl (1:1, v:v). The GFP fluorescence 
(excitation 485 nm, emission 535 nm) and absorbance (600 nm) were measured every 15 
min for 15 h at 34 °C on a CLARIOstar microplate reader (BMG Labtech, de Meern, the 
Netherlands). IC50 values were calculated using PRISM software, plotting the maximum 
slope of GFP/OD. 

Biofilm assay

Overnight cultures were diluted 1:1000 to a final OD600 of  ̴̴0.01. Diluted bacterial 
cells were added to a 96-well plate containing concentration ranges of compound in 
triplicates up to a volume of 200 µL (1:1, v:v). Plates were sealed with BreatheEasy seal 
(Sigma-Aldrich, Merck Life Science, Amsterdam, the Netherlands) to prevent evaporation 
and incubated at 37 °C under static conditions. After 24 h, medium was discarded and the 
wells were rinsed once with PBS. The biomass was then stained with 0.1 % (w:v) crystal 
violet solution for 5 min. Crystal violet was discarded and excess crystal violet was removed 
by rinsing 3 times with water. Plates were dried overnight and bound crystal violet was 
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resuspended in 33% (v:v) acetic acid and quantified at a wavelength of 562 nm using a ASYS 
expert plus microplate reader (Biochrom Ltd, Cambridge, UK).

Pyocyanin extraction

Pyocyanin quantification was based on a previously described assay with minor 
modifications119. In brief, treated bacteria were grown in Kings’ A medium (2 % (w:v) 
protease peptone, 1 % (w:v) potassium sulfate, 0.164 % (w:v) magnesium chloride, 1 % (v:v) 
glycerol in MQ) for 24 h at 37 °C in triplicates, before pelleting the cells. 900 µL of bacterial 
supernatant was added to chloroform (1:1) and tubes were shaken vigorously. Then, 800 µL 
of chloroform was added to 700 µL of 0.2 M HCl and vortexed. Samples were centrifuged for 
2 min at 10,000 rpm and 600 µL of 0.2 M HCl was transferred to a cuvette. Absorbance was 
measured at 520 nm, using 0.2 M HCl as a blank.

Rhamnolipid extraction

Rhamnolipid concentrations were measured based on the standard orcinol-sulfuric 
acid assay120. In brief, treated cultures were grown at 37 °C for 24 h before collecting 900 µL 
of supernatant. Diethyl ether was added (1:1) to the supernatant and mixed. Then, 800 µL 
of diethyl ether was taken to a fresh tube and dried via evaporation at RT. To each extract, 
100 µL of MQ was added before addition of another 800 µL of 12.9 mM orcinol (Sigma-
Aldrich, Merck Life Science, Amsterdam, the Netherlands) (in 70 % (v:v) H2SO4). Reaction 
was maintained at 80 °C for 30 minutes and absorbance was measured at a wavelength of 
495 nm. 

Purification of compounds 

Fungal strains corresponding to the active filtrates were grown on a specific agar 
plate preferred by the strain and incubated at 25 °C. After 7 d, cubes of 5x5 mm were cut 
out and 2 cubes were used per 50 mL of medium in 100 mL bottles. Standard medium 
consisted of 3.5 % Czapek dox broth + 0.5 % yeast extract. To produce gregatins, potato 
dextrose broth (23 % (v:v) potato extract + 2 % glucose) was used. Fungi were incubated 
in liquid medium for 7 d at preferred conditions (15 °C static, 25 °C static or 25 °C + 100 
rpm on an orbital shaker) before filter sterilizing the medium with a 0.22 µm Millipore 
filter (Werck, Amsterdam, the Netherlands). The sterile supernatant was extracted using 
3x 1/3 volume of ethyl acetate using a separation funnel. The ethyl acetate layers were 
collected and evaporated to dryness using a rotary evaporator with a water bath at 40 °C. 
The dried pellet was dissolved in DMSO. The extracts were fractionated using a preparative 
high performance liquid chromatography (HPLC) system consisting of a Shimadzu CBM-20A 
controller, a Shimadzu LC-20AP pump and a Shimadzu FRC-10A fraction collector using a 
C18 reversed-phase Reprosil column (10 µm, 120 Å, 250 x 22 mm) and a Shimadzu SPD-20A 
UV-detector set at 214 nm and 254 nm (Shimadzu, ‘s Hertogenbosch, the Netherlands). The 
mobile phase consisted of 100 % MQ with 0.1 % trifluoroacetic acid (Buffer A) and 100 % 
acetonitrile with 0.1 % trifluoroacetic acid (Buffer B). Protocols consisted of: 5 % Buffer B for 
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5 min followed by a linear gradient to 95 % buffer B for 40 min, 5 min of 95 % buffer B before 
returning to 5 % buffer B for another 5 min with a constant flow rate of 12 mL/min. Fractions 
were collected every 63 s starting after the DMSO peak and ending at 95 % buffer B resulting 
in 40 fractions. 1.9 mL of the fraction was dried in a speed-vac overnight and dissolved in 50 
µl DMSO to test for QS inhibitory activity. 

Identification of compounds 

Active fractions were analyzed for their purity using an analytical Shimadzu LC-2030 
system with PDA detection (190-800 nm) with a Shimadzu Shim-pack GIST C18-HP reversed-
phase column (3 µm, 4.6x100 mm) (Shimadzu, ‘s Hertogenbosch, the Netherlands). Besides 
determining the purity, also a UV-VIS spectrum of the fractions was obtained. Pure fractions 
were further analyzed by measuring the mass using a Shimadzu LC-2030C 3D plus system, 
sometimes followed by more accurate high resolution mass spectrometry (HRMS), measured 
on a LCT-instrument (MicroMass ltd, Manchester UK). For HRMS the sample was mixed with 
sodium formate for detection of sodium adduct ions. In addition, this procedure gave an 
internal calibrant in each sample to facilitate a more accurate measurement of the mass 
of the sample. Obtained masses and UV spectra were compared with previously identified 
samples and literature. If needed, further chemical analysis using NMR measurements were 
performed. For the NMR measurements, the fractions were dried in a speed-vac overnight 
and dissolved in DMSO-d6 before measurements on a Bruker 600 MHz. 

Commercial compounds used:

Rubrofusarin (Sigma-Aldrich) was used to test for QS inhibitory activity. Penicillic 
acid (VWR) and Indole-3-acetic acid (Thermo-Fisher) were used to compare with identified 
fungal compounds. 

Results

Screen for quorum sensing inhibitors

To search for novel QS inhibitors, we used a high-throughput method using a Gram-
negative bacterium as reporter strain, C. violaceum, which produces a purple pigment, 
violacein, upon activation of QS84,117. As a source of potential QS inhibitors, we used a library 
consisting of the secondary metabolites of 10,207 fungal strains, that was described by 
Hoeksma and colleagues116. All fungi were obtained from the Westerdijk Fungal Biodiversity 
Institute. The fungal supernatant was added (1:1, v:v) to the C. violaceum and after overnight 
incubation, the amount of violacein was determined. 

Of the 10,207 fungal filtrates, 324 inhibited violacein production by more than 80% 
compared to untreated (Figure 1A). Since loss of violacein production might also be due 
to loss of viability of the bacteria, analysis of violacein production in response to the 324 
hits was repeated and viability of the bacteria was determined in parallel using a resazurin 
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staining assay121,122. 79 strains were identified to inhibit violacein production without 
affecting viability. Viability is calculated as the ratio of fluorescence intensity in the sample 
and fluorescence intensity in the control. Violacein interferes somewhat with fluorescence. 
Therefore, it is not surprising that in samples with high QS inhibitor activity and hence low 
violacein production, the apparent fluorescence in the resazurin assay is higher than in 
the control and thus higher than 100%. 214 strains reduced violacein production and at 
the same time reduced viability of C. violaceum, which presumably caused the observed 
reduction in violacein production. 31 strains from the initial screen did not affect violacein 
production significantly and hence, turned out to be false positives (Figure 1B).

The 79 strains that inhibited violacein production without affecting viability in C. 
violaceum were selected for further analysis. The fungi were cultured again and the growth 
conditions were optimized (15 °C static, 25 °C static, and 25 °C with shaking) to maximize the 
inhibitory response. Of the 79 hits, 39 showed activity after reculturing: 7 preferred 15 °C 
cultivation, 20 preferred 25 °C cultivation, and 12 preferred 25 °C cultivation with shaking. 
Of the other strains that were cultured again, 29 did not show QS inhibitor activity in any 
of the growth conditions, and 11 turned out to be toxic for the bacteria. These 40 strains 
were disregarded. The 39 remaining fungal strains harbored QS inhibitor activity and were 
cultured in larger volumes at the optimized growth condition for activity-guided purification 
of the QS inhibitors and further chemical analysis.

Identification of bioactive compounds

To identify the compounds with QS inhibitor activity, an activity-guided purification 

A B

Figure 1: Screening of fungal secondary metabolites on C. violaceum reporter. A) Inhibition of violacein production 
after treatment with fungal supernatant. Every dot represents the supernatant of a single fungal strain. Fungal 
supernatants that show inhibition of more than 80 % are shown as red dots (N=324). B) The 324 strains that 
showed an inhibition of >80 % were screened again, measuring both inhibition of violacein production and the 
viability of the bacteria. The compounds that show an inhibition of >80 %, while not affecting the viability (>70 %) 
are shown as red dots (N=79). 
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A B

Sample

Detector

Fractions

Growth fungus on plate

Growth fungus in 
liquid medium (1-10L)

Liquid-liquid extraction

Purifying fractions using 
prep-HPLC

Inoculate

Filtrate

Dry solvent
Dissolve in DMSO

Figure 2: Activity-guided purification approach to identify QS inhibitors. A fungus of interest is grown on an 
agar plate for a week before inoculation in large volume (1-10 L) for another week at preferred conditions. The 
supernatant is then filtrated before liquid-liquid extraction with ethyl acetate. The ethyl acetate is dried and the 
pellet is dissolved in DMSO before fractionating the extract using a preparative HPLC. Fractions are dried and tested 
for QS inhibitory activity before identification of the fraction. 
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approach was used (Figure 2). Briefly, after 7 d of growth in liquid medium, the supernatant 
was separated from the fungus by filtration. The secondary metabolites were isolated by 
liquid-liquid extraction, evaporation of the solvent and dissolving in DMSO. The samples 
were tested for QS inhibitor activity using violacein production as read-out. Active samples 
were analyzed using analytical HPLC, which allowed us to avoid repeated re-identification 
of the same compounds with identical retention times and UV-VIS absorbance. In case the 
extract did not appear to contain known compounds with QS inhibitor activity, the extract 
was fractionated using preparative HPLC and single fractions were tested for QS inhibitor 
activity.

The purity of active fractions was examined using analytical HPLC. Pure fractions with 
QS inhibitor activity were further analyzed using various methods to identify the compound, 
including: LC-MS, high-resolution MS, and 1H and 13C Nuclear magnetic resonance (NMR). 
If necessary, subsequent 2D-NMR methods were used to identify the chemical structure of 
the compound, including Correlation Spectroscopy (COSY); Heteronuclear Single-Quantum 
Correlation (HSQC); and Heteronuclear Multiple-Bond Correlation spectroscopy (HMBC). 

Proof of principle: Identification of penicillic acid as QS inhibitor

One of the active fungi identified in the screen is Penicillium simplicissimum 
(CBS 392.78A) with an inhibition of violacein production of 100% while viability was not 
significantly affected (85% compared to untreated). We inoculated this fungus in a large 
volume at 25 °C, extracted the supernatant with ethyl acetate, and dissolved the sample 
in DMSO. Purification and subsequent analysis of the fractions led us to fraction 15 as 
the active fraction (Figure 3A). Sub-lethal levels of this compound show a concentration-
dependent violacein inhibition (Figure 3B). Viability levels appear to be upregulated when 
QS is inhibited. This is likely due to low violacein production at these concentrations, 
compared to the control, which leads to an enhanced ratio of fluorescence in this assay.  

Measuring the bioactive fraction 15 on the analytical HPLC showed a single peak 
with a maximum UV-absorbance of 223 nm (Figure 3C). Further chemical analysis showed 
a m/z of 171.1 [M+H] (Figure 3D). Next, the fraction was dried and dissolved in DMSO-d6 
for 1H-NMR spectrum analysis (Figure 3E). Analysis of these data suggested that fraction 15 
from Penicillium simplicissimum contained penicillic acid. 

To verify the identity of the active compound in fraction 15, commercially available 
penicillic acid was analyzed by analytical HPLC (Figure 3F) and tested on C. violaceum (Figure 
3G). The results showed that the retention time, absorbance, and QS inhibitor activity of 
commercially available penicillic acid matched that of bioactive fraction 15. Penicillic acid 
was identified as a QS inhibitor before123. Our results together with the published data of 
penicillic acid provide proof-of-principle for our approach to identify QS inhibitors.  

Other QS inhibitors from fungi 

Penicillic acid was identified as the bioactive compound in six more fungi, based 

Thesis definitief.indd   26Thesis definitief.indd   26 3-5-2023   21:16:333-5-2023   21:16:33



2

27

Gregati ns inhibit aspects of quorum sensing in Gram-negati ve bacteria 

on analyti cal HPLC retenti on ti me and UV-VIS spectrum (Table 2). Our approach led to the 
identi fi cati on of a variety of other known QS inhibitors, including patulin123 and derivati ves 
or compounds closely related to known QS inhibitors, including 6-methylsalicylic acid and 
indole-3-aceti c acid124–130. Interesti ngly, our approach led to the identi fi cati on of compounds 
that had not been described before as QS inhibitors, including citrinin, rubrofusarin and the 
family of gregati ns (Table 2, Figure 4 and Supplementary fi gure 1). 

Rubrofusarin was detected in the acti ve fracti on of Aspergillus carbonarius
(CBS 101.14). However, the acti ve fracti on was not pure and also contained fonsecin 
(Supplementary fi gure 2). We were not able to separate rubrofusarin and fonsecin by 
preparati ve HPLC. We obtained commercially available rubrofusarin and established that 
it exhibited potent QS inhibitor acti vity without aff ecti ng viability (Table 2, Supplementary 
fi gure 1). Unfortunately, fonsecin is not commercially available and hence, it remains to be 
determined if fonsecin also has QS inhibitor acti vity. 

Figure 3: Identi fi cati on of penicillic acid as QS inhibitor. A) Aft er growing Penicillium simplicissimum in large volume, 
the extract was fracti onated using prep-HPLC. Fracti on 15 (red box) was the acti ve fracti on. B) QS inhibitory acti vity 
of fracti on 15 using C. violaceum as reporter (black line and symbols) and cell viability in parallel (red line and 
symbols). A range of concentrati ons was tested . C) UV-VIS spectrum of fracti on 15. D) LC/MS analysis of fracti on 
15. E) 1H-NMR of fracti on 15. F) Analyti cal HPLC chromatogram of fracti on 15 (black line) compared to commercial 
penicillic acid (pink line), showing a similar retenti on ti me. G) QS inhibitor acti vity and viability of commercial 
penicillic acid. Experiments were done in triplicate. Error bars represent SEM.  
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The difference between concentrations that elicited bacterial toxicity and QS 
inhibitory activity in C. violaceum was two-fold for patulin and six-fold for penicillic acid, 
respectively (Figure 3G, Table 2, Supplementary Figure 1). Interestingly, this difference in 
concentrations was much bigger for the newly identified QS inhibitors. For instance, the IC50 
of desmethyl-gregatin A, isolated from Aspergillus allahabadii (CBS164.63), for the viability 
of bacteria was 74 times higher than the IC50 for violacein inhibition (Table 2, Supplementary 
Figure 1). These results suggest that these newly discovered QS inhibitors were effective at 
concentrations that did not affect bacterial viability and therefore, these QS inhibitors were 
selected for further analysis using other bacterial species. 

Table 2 |Compounds with QS inhibitor activity.

Compound IC50 Violacein IC50 viability Fungus

Penicillic acid 22.13 µM 126.2 µM

Aspergillus auricomus (CBS639.78)

Aspergillus melleus (CBS622.75)

Aspergillus ostianus (CBS627.78)

Aspergillus sulphureus (CBS117.26)

Eupenicillium baarnense (CBS315.59)

Penicillium simplicissimum (CBS392.78A)

Penicillium simplicissimum (CBS391.78A)

Patulin 12 µM 22 µM
Metarhizium brunneum (CBS316.51)

Penicillium tardum (CBS378.48)

Indole-3-acetic acid 481 µM 6091 µM Colletotrichum fragariae (CBS142.31)

6-methyl salicylic acid 419 µM 5789 µM Penicillium tardum (CBS378.48)

Citrinin 201 µM   ̴̴1-2 mM

Aspergillus allahabadii (CBS164.63)

Penicillium citrinum (CBS309.48)

Penicillium citrinum (CBS252.55)

Penicillium citrinum (CBS341.61)

Penicillium citrinum (CBS139.45)

Penicillium spinulosum (CBS294.62)

Rubrofusarin 92 µM >250 µM Commercial compound

desmethyl gregatin A 14 µM >1 mM Aspergillus allahabadii (CBS164.63)

Gregatin A 344 µM >4 mM Aspergillus panamensis (CBS120.45)

Gregatin D 210 µM >4 mM Aspergillus panamensis (CBS120.45)

Cyclogregatin 26 µM >1 mM Aspergillus panamensis (CBS120.45)

Compounds with QS inhibitor activity are listed. IC50 for QS inhibitor activity (violacein production) and IC50 for 
viability of C. violaceum bacteria is depicted as well as the name of the fungi that produce the respective compounds.

QS inhibitor activity on P. aeruginosa

To test if the active compounds also inhibited QS in other bacterial species, the 
newly discovered compounds with QS inhibitor activity were tested on P. aeruginosa. GFP-
reporters for each of the effector protein pathways, Las, Rhl and Pqs, were used to test 
for QS inhibition in the P. aeruginosa strain PAO1. In addition, a PAO1-GFP strain was used 
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as control to test if the compounds were specific QS inhibitors or merely affected GFP or 
bacterial growth. GFP values were normalized to the growth of the bacteria and the IC50 
was determined based on the slope of the curves at different concentrations of compound 
(Figure 5). Various compounds showed a clear, concentration-dependent reduction of the 
slope in one or more PAO1 QS reporters (Figure 5, Supplementary Figure 3). However, not all 

Figure 4: Chemical structures of the compounds identified as QS inhibitors in this study. 
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Figure 5: QS inhibitor activity of gregatin D on Pseudomonas aeruginosa strain PAO1. Gregatin D was tested on 
the three QS reporters of P. aeruginosa and a WT-GFP control. The GFP signal was normalized by dividing by the 
OD600 values giving RFU/OD plots (graphs on the left). The maximum slopes are plotted (graphs on the right) by 
which the IC50 was calculated. Experiments were done in triplicates, the mean of RFU/OD is plotted and used for 
the calculations of the maximum slope. 
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compounds with QS inhibitory activity in C. violaceum inhibited one or more QS pathways in 
PAO1. For most compounds, much higher concentrations were needed to inhibit QS in PAO1 
than in C. violaceum. Overall, the compounds had the strongest effect on the pqsA-reporter 
and the least effect or no effect on the rhlA-GFP reporter. 

An interesting difference between C. violaceum and PAO1 was also observed among 
the family of gregatins. The most promising compounds in C. violaceum were desmethyl-
gregatin A and cyclogregatin. However, in PAO1, gregatin A and gregatin D seem to be the 
most potent QS inhibitors and they affected all three pathways (Table 3). Therefore, gregatin 
A and gregatin D were selected for further analysis. 

Table 3 |QS inhibitor activity of selected compounds in P. aeruginosa (PAO1) reporters.

Compound IC50 lasB-GFP IC50 rhlA-GFP IC50 pqsA-GFP IC50 PAO1-GFP

Indole-3-acetic acid Not active Not active >3125 µM Not active

6-methyl salicylic acid Not active Not active 2809 µM Not active

Rubrofusarin Not active >62,5 µM 17 µM Not active

Citrinin >2000 µM Not active 1062 µM Not active

Desmethyl Gregatin A 509 µM Not active 130 µM Not active

Gregatin A 228 µM 516 µM 203 µM Not active

Gregatin D 282 µM 398 µM 294 µM Not active

Cyclogregatin >500 µM Not active >500 µM Not active

IC50s of the different the different reporters were determined. Compounds were scored as “non-active” when it was 
not possible to plot a nonlinear regression curve because of lack of inhibitory activity. In case there was inhibitory 
activity, but 50% inhibition was not reached, the IC50 was estimated to be higher than the highest concentrations 
tested. Higher concentrations could not be tested due to excessively high DMSO concentrations or precipitation of 
the compound.

Gregatins increase biofilm formation in PAO1 QS mutants

Since QS is involved in the formation of biofilms, we hypothesized that inhibition 
of QS would inhibit biofilm formation. To test this, we measured the effect of gregatin A and 
gregatin D on the formation of biofilms in P. aeruginosa PAO1 using crystal violet staining. 
We tested the gregatins both on the formation of biofilm in WT bacteria and QS mutant 
(∆lasI-∆rhlI). Gregatin A and gregatin D both did not show a significant decrease or increase 
in biofilm formation in WT PAO1 (Figure 6). Interestingly, biofilm formation was increased 
in QS mutants, after treatment with gregatin A and gregatin D. Gregatin A appeared to be 
more potent than gregatin D. Both compounds showed maximum effects at 1000 µM, at 
which concentration biofilm formation of the QS mutant exceeded that of WT (Figure 6). We 
conclude that gregatin A and gregatin D do not affect biofilm formation of PAO1 significantly, 
but may somehow affect biofilm formation in P. aeruginosa with impaired QS.

Gregatins alter the expression levels of virulence factors

QS also regulates the production of virulence factors in P. aeruginosa. Therefore, we 
expected that the QS inhibitor activity of gregatin A and gregatin D would inhibit production 
of virulence factors. To test this, we measured the relative levels of the virulence factors 
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pyocyanin and rhamnolipids. As a control, the QS mutant was included, which produced 
more than 10-fold less virulence factor than WT PAO1 (Fig. 7). Gregati n A treatment led 
to a dose-dependent increase in pyocyanin producti on in P. aeruginosa with an opti mum 
at 500 µM (p<0.0001) (Figure 7A). Gregati n D did not show an increase in pyocyanin 
expression, but a signifi cant decrease (p<0.0001) was observed at the highest concentrati on 

Figure 7: Disti nct eff ects of gregati ns on producti on of virulence factors. The eff ect of gregati n A and gregati n 
D was tested on the producti on of the virulence factors A-B) pyocyanin and C-D) rhamnolipid. The mean of the 
experiment performed in triplicates was plott ed. A one-way ANOVA, corrected for multi ple comparisons with 
Dunnett ’s test was performed to determine stati sti cal signifi cance. Values are compared to DMSO treated controls 
(*, P<0.05; **, P<0.005; ****, P<0.0001)

Figure 6: The eff ect of the gregati ns on biofi lm formati on in P. aeruginosa. Biofi lm formati on was measured by 
crystal violet staining, aft er treatment with gregati n A and gregati n D and normalized to DMSO treated. The eff ect 
on biofi lm formati on in both WT and QS mutant (ΔlasI/ΔrhlI) were measured. The mean of three experiments 
performed in triplicates was plott ed. The error bars represent the SEM. A one-way ANOVA, corrected for multi ple 
comparisons with Dunnett ’s test was performed to determine stati sti cal signifi cance. Values are compared to 
DMSO treated controls (*, P<0.05; **, P<0.005; ***, P<0.001; ****, P<0.0001).

B

A C

D
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we tested, 2000 µM (Fig. 7B). Gregatin A and gregatin D treatment increased rhamnolipid 
concentrations significantly only at high concentrations, 2000 µM and 1000 µM, respectively, 
in stark contrast to diminished rhamnolipid production of the QS mutant (Figure 7C, D). 
Taken together, our data show different effects of gregatins on virulence factor production.

Discussion
In this study, we found various active compounds in fungal filtrates that inhibited 

QS in C. violaceum. The identification of the known QS inhibitors (patulin and penicillic 
acid) showed that C. violaceum works well as reporter in high-throughput format. However, 
patulin and penicillic acid did not show a big difference between concentrations that 
affected QS inhibition and toxicity in bacteria, resulting in a small concentration range 
to evaluate QS inhibition without effects on viability. The newly identified QS inhibitors 
were more promising in this respect and the family of gregatins was the most promising. 
While desmethyl-gregatin A and cyclogregatin showed the strongest inhibitory effect in C. 
violaceum, gregatin A and gregatin D showed a stronger effect in the opportunistic pathogen 
P. aeruginosa. Interestingly, although QS was inhibited in P. aeruginosa, gregatin A and 
gregatin D did not show inhibition of biofilm formation. Only gregatin D showed inhibition 
of pyocyanin production, whereas treatment with gregatin A led to an increase in pyocyanin 
synthesis. Treatment with both gregatins also led to an increase in rhamnolipid production.

While gregatin A has been identified as anti-bacterial and anti-fungal131, the 
function of other gregatins is not well-studied. Gregatins are a group of molecules with an 
alkylated furanone core132, which could explain the potency of gregatins as QS inhibitors. 
Furanones have been well described as QS inhibitors, probably due to the high similarity 
of the ring structure to the lactone of the AHL autoinducers133. Therefore, the effect of the 
gregatins might be due to binding to the QS receptors. 

Interestingly, whereas gregatins share a highly similar structure (Figure 4), the 
effect of different gregatins on C. violaceum and P. aeruginosa is distinct. Cyclogregatin 
and desmethyl-gregatin A showed stronger effects on C. violaceum than on P. aeruginosa, 
whereas gregatin A and gregatin D showed stronger effects on P. aeruginosa than on C. 
violaceum. This might be due to differences in QS networks between these bacterial strains. 
Although the LuxIR type QS system in C. violaceum and P. aeruginosa shows resemblance, 
they do differ. The amino acid sequence of the LuxR type receptor of C. violaceum (CviR) 
shares 24 % and 22 % identity with LasR and RhlR from P. aeruginosa respectively134,135. This 
might explain why the removal of a methyl group to get desmethyl-gregatin A alters the 
specificity of the compound. This also provides an opportunity for chemical alteration of 
the compound to develop an optimized structure that shows strong QS inhibitor activity in 
multiple species. 

It is interesting to note that various molecules with QS inhibitor activity on 
C. violaceum failed to show an effect on the opportunistic pathogen P. aeruginosa. This 
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might be due to the robust, interconnected QS network in P. aeruginosa. C. violaceum has 
a single QS network (CviI/R)136, whereas P. aeruginosa uses three systems (LasI/R, RhlI/R, 
and PQS)68,92. These three systems regulate each other, but also have redundant effects. 
For example, in the absence of C4-HSL, RhlR is still activated via PqsE and regulates various 
downstream genes including rhlA107. The robustness of the P. aeruginosa system might 
explain the high concentrations needed to inhibit QS compared to C. violaceum.  

Another reason for the high concentrations needed or failure of QS inhibition in P. 
aeruginosa compared to C. violaceum might be the high intrinsic resistance of P. aeruginosa. 
All Gram-negative bacteria have a low permeability due to the structure of the outer 
membrane. However, P. aeruginosa shows a 12-100-fold lower permeability than E. coli due 
to the absence of general porins32,34. This low permeability makes it hard for compounds to 
cross the membrane and enter the bacteria. In addition, compounds that were able to cross 
the membrane are often targets for the efflux pumps, making it even harder to accumulate 
within P. aeruginosa137.  

Given the difference in effects on C. violaceum and P. aeruginosa, the question 
arises if C. violaceum is the best reporter bacterium to screen for QS inhibitors that are 
active in P. aeruginosa. The QS systems of C. violaceum and P. aeruginosa overlap partially. 
The CviI/R QS system of C. violaceum resembles the two AHL-dependent QS systems in P. 
aeruginosa, LasI/R and RhlI/R. The PQS system of P.aeruginosa uses a distinct autoinducer138. 
High-throughput screens using P. aeruginosa reporters have been conducted before139–141. 
For instance, Starkey and colleagues fused the pqsA promoter to the sacB gene, resulting in 
a reporter bacterium that will only grow in sucrose-supplemented medium when the PQS 
pathway is inhibited140. More specific screens for P. aeruginosa QS inhibitors using our fungal 
library or other sources of potential QS inhibitors may result in identification of additional 
fungi with QS inhibitor activity in P. aeruginosa. Nevertheless, screening C. violaceum led to 
the identification of a range of QS inhibitors that are active against P. aeruginosa and may 
be active in other Gram-negative strains as well. Given the differential activities of the QS 
inhibitors that we identified in our screen towards different bacterial strains, it is important 
to verify the QS inhibitor activity in the bacterial strain of choice. 

It is often reported that inhibition of QS leads to inhibition of biofilm formation 
and the production of virulence factors78. However, in this study we only find an inhibitory 
activity of gregatin D on pyocyanin production, while it activates rhamnolipid synthesis 
and biofilm formation in QS mutants. Gregatin A also shows activation of both pyocyanin 
and rhamnolipid production. This might be due to the highly interconnected QS pathways 
in P. aeruginosa. For example, Welsh and colleagues found that QS inhibition leads to a 
decrease of pyocyanin production but an increase of rhamnolipids by agonistic binding 
to the Rhl receptor142. In addition, molecules specific for a single QS receptor do not 
show big effects on virulence factor production, and the effect is strongly dependent on 
the nutrient composition of the medium143. Smith and colleagues describe various QS 
inhibitors in P. aeruginosa that do not show an effect on biofilm formation nor on pyocyanin 
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production144,145. They describe strong inhibition with Rhl inhibitors, whereas inhibitors 
specific for the Las pathway do not have a downstream effect. The effect of the QS inhibitors 
is weak on the Rhl pathway, which may explain the lack of downstream effects. Moreover, 
both biofilm formation and virulence factor production are also controlled by various other 
pathways and molecules75,146–148. Transcriptomic analysis of a variety of QS inhibitors shows 
a wide variation in number of genes affected by the QS inhibitors. This is probably due to 
the exact target of the inhibitor and its position in the hierarchy76. Therefore, to explain the 
contradictory results, it is important to identify the exact target of the gregatins.  

Although we identified many fungal secondary metabolites that play a role in QS, 
there are still many more to be found. To find QS inhibitors, bacteria need to be treated at 
a specific concentration range. Low concentrations show no QS inhibitory activity, whereas 
high concentrations might be toxic. The fungi in the library were grown in a standard growth 
condition. Altering the growth conditions may lead to higher production of the active 
compound, or synthesis of other metabolites149. Hence, fungi that did not show activity 
in the current study might produce interesting compounds when grown under different 
conditions. 

In conclusion, this study shows that fungi are a highly potent source of novel 
bioactive compounds. Through screening of 10,207 fungal filtrates, we found a diverse 
array of compounds that showed an inhibitory effect on QS, both in C. violaceum and in 
P. aeruginosa. Interestingly, we also found that QS inhibition in P. aeruginosa does not 
necessarily lead to a decrease in biofilm formation and production of virulence factors. It is 
important to find out more about the mechanism of action of gregatins, which may allow 
optimization of their structure to increase the potential of this family of compounds as QS 
inhibitors to ultimately combat antimicrobial resistance. 
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Violacein production

Viability C. violaceum

Violacein productionViolacein production

C. violaceumC. violaceum

Supplementary Figure 1. Graphs of the compounds tested on the reporter C. violaceum of which the IC50 values 
were calculated (Table 2). Experiments were done in triplicate. Error bars represent SEM. 
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Supplementary Figure 2. NMR data of the acti ve fracti on from  Aspergillus carbonarius suggesti ng a combinati on 
of fonsecin and rubrofusarin.
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I3AA:

6MSA:
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Citrinin:

Desmethyl-gregatin A:

Gregatin A:
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Cyclogregatin:

Supplementary Figure 3. QS inhibitory acti vity of the other compounds on P. aerugonisa strain PAO1. The plots 
represent the maximum slopes used to calculate the IC 50 values. If no line is drawn, it was not possible to perform 
a non-linear regression analysis. Experiments were done in triplicate, the mean of RFU/OD is plott ed and used for 
the calculati ons of the maximum slope.
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Abstract
Pseudomonas aeruginosa is an opportunistic pathogen that causes major healthcare 
concerns due to its virulence and high intrinsic resistance to antimicrobial agents. Therefore, 
new treatments are highly needed. An interesting approach is to target quorum sensing (QS). 
QS regulates the production of a wide variety of virulence factors and biofilm formation in 
P. aeruginosa. This study describes the identification of paecilomycone as inhibitor of QS in 
both Chromobacterium violaceum and P. aeruginosa. Paecilomycone strongly inhibited the 
production of virulence factors in P. aeruginosa, including various phenazines, and biofilm 
formation. In search of the working mechanism, we found that paecilomycone inhibited 
the production of 4-hydroxy-2-heptylquinoline (HHQ) and 3,4-dihydroxy-2-heptylquinoline 
(PQS), but not 2’-aminoacetophenone (2-AA). Therefore, we suggest that paecilomycone 
affects parts of QS in P. aeruginosa by targeting the PqsBC complex and alternative targets, 
or alters processes that influence the enzymatic activity of the PqsBC complex. The toxicity 
of paecilomycone towards eukaryotic cells and organisms was low, making it an interesting 
lead for further clinical research. 

Keywords: Paecilomycone, P. aeruginosa, Quorum Sensing, Phenazines, 4-hydroxy-2-
alkylquinolines
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Introduction
Pseudomonas aeruginosa is a Gram-negative pathogen that causes nosocomial 

infections in immunocompromised patients. It is involved in a variety of acute and chronic 
infections including urinary tract infections, burns or wound infections, and in respiratory 
diseases like cystic fibrosis (CF)25,26. P. aeruginosa has a high intrinsic resistance due to the low 
permeability of its outer membrane, the high amount of efflux pumps and the capability to 
form biofilms. Therefore, P. aeruginosa infections are difficult to treat 26,150. Once established 
in the lung, P. aeruginosa infections often become chronic, contributing to morbidity and 
mortality of the patients30,151. Therefore, new treatments against P. aeruginosa infections 
are highly needed, and quorum sensing (QS) as target might be an interesting approach. 

QS in bacteria is a communication system that involves changes in gene expression 
in response to cell density. In Gram-negative bacteria, the QS systems are very similar 
with small modifications. These systems contain homologues of a LuxI-type synthase that 
produces acylated homoserine lactones (AHL) that are specific to that bacterial strain. When 
the number of bacteria increases, the concentration of AHL increases. The AHL will bind 
to its cognate LuxR-type receptor, which subsequently binds to the promoter of QS target 
genes and alters gene expression59,106,152. 

Chromobacterium violaceum contains a single LuxI/R-type QS network, with CviI 
as synthase and CviR as receptor. In contrast, P. aeruginosa has three different QS systems. 
Two of these systems are typical Gram-negative bacterial LuxI/R-type QS systems, the las-
encoded system and the rhl-encoded system. The third system in P. aeruginosa is a unique 
system based on 4-hydroxy-2-alkylquinolines (HAQs) that are synthesized by the enzymes 
of the pqsABCDE operon and PqsH. Among these HAQs are 3,4-dihydroxy-2-heptylquinoline 
(PQS) and its precursor 4-hydroxy-2-heptylquinoline (HHQ) that can bind to PqsR (also called 
MvfR)68,69,92. Via positive and negative feedback mechanisms, these three QS systems are 
highly interconnected. The Las system is often placed on top of this hierarchy due to positive 
regulation of the Rhl and PQS system68. However, this hierarchy is flexible and can shift under 
certain growth conditions153. Some papers report IQS as a fourth QS system in P. aeruginosa. 
However, this is highly debatable and therefore IQS is excluded from this paper108. 

The three QS systems in P. aeruginosa play a major role in the production of 
virulence factors and biofilm formation. Therefore, inhibition of QS would lead to decreased 
production of virulence factors, including pyocyanin, rhamnolipids, and elastase and a 
concomitant decrease in biofilm formation154,155. This way, QS inhibitors might reduce 
toxicity of the bacteria towards the host, due to lower production of toxic virulence factors, 
and at the same time higher susceptibility to conventional antibiotics, due to a weakened 
biofilm81,156. Promising effects of QS inhibition have already been shown by a wide variety of 
QS inhibitors from various sources, including quercetin from oak82, ajoene from garlic81, and 
furanones from algae112. 

In a previous study from our lab, we reported the search for novel QS inhibitors 
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among secondary metabolites of 10,207 strains of fungi. One of the QS inhibitors we 
identified was desmethyl-gregatin A, produced by Aspergillus allahabadii157. Here, we 
report identification of another active fraction  from Aspergillus allahabadii, containing 
paecilomycone, which has QS inhibitor activity against C. violaceum and P. aeruginosa. 
Paecilomycone treatment showed a great reduction in biofilm formation, phenazine 
production and HAQ synthesis. In addition, toxic effects appeared to be low, especially in 
complex systems, making paecilomycone an interesting molecule for further development 
for clinical use.   

Materials and methods

Bacterial strains and growth conditions

Bacterial strains used in this study (Table S1) were stored at -80 °C in 20 % glycerol 
stock solutions. C. violaceum was plated on tryptic soy agar (TSA) and grown in tryptic soy 
broth (TSB) at 27 °C. PAO1 strains were grown on Luria agar (LA) plates at 37 °C and grown 
in medium specific for the assay. E. coli RHO3 strains were used for conjugation and medium 
was supplemented with 400 µg/mL 2,6-Diaminopimelic acid (Sigma-Aldrich, Merck Life 
Science, Amsterdam, the Netherlands) to support growth.

Mutants were generated using allelic exchange following the method described 
before158. For the generation of mutants we inserted upstream (UP.Fw and UP.Rv primers 
used) and downstream (DN.Fw and DN.Rv primers used) regions of the gene of interest 
in pEX18Gm vector (gift from Joe Harrison, University of Calgary) using Gibson assembly 
restriction cloning, using the restriction enzymes SacI and SphI (Table S2 and S3). After Gibson 
assembly, the vector containing the regions flanking the gene of interest-was transformed 
into RHO3 E. coli donor strains before conjugation with WT PAO1 cells. Mutant cells were 
identified with colony PCR (seq.Fw and seq.Rv primers used) and confirmed by sequencing 
(performed by Macrogen Europe BV).

Chemical analysis

Purification of paecilomycone
Paecilomycone was purified using the same method as described before with 

minor changes157. In brief, the fungal strain Aspergillus allahabadii was grown on a malt 
extract agar (MEA) plate at 25 °C. After 7 d, cubes of 5x5 mm were cut out and 2 cubes were 
inoculated per 100 mL bottle containing 50 mL of potato dextrose broth (PDB). The liquid 
culture was inoculated at 25 °C with 100 rpm orbital shaking. After 7 d, the liquid medium 
was filter sterilized using a 0.22 µm Millipore filter (Merck, Amsterdam, the Netherlands). 
The sterile supernatant was extracted using 3x 1/3 volume of ethyl acetate and evaporated 
to dryness using a rotary evaporator with a water bath at 40 °C. The dried pellet was 
dissolved in DMSO. 

The extract was fractionated using a preparative high-performance liquid 
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chromatography (HPLC) system consisting of a Shimadzu CBM-20A controller, a Shimadzu LC-
20AP pump and a Shimadzu FRC-10A fraction collector using a C18 reversed-phase Reprosil 
column (10 µm, 120 Å, 250 x 22 mm) and a Shimadzu SPD-20A UV-detector set at 214 nm 
and 254 nm. The mobile phase consisted of 100 % Milli-Q (MQ) with 0.1 % trifluoroacetic 
acid (Buffer A) and 100 % acetonitrile with 0.1 % trifluoroacetic acid (Buffer B). Protocol 
consisted of 5 % Buffer B for 5 min, followed by a linear gradient to 95 % buffer B for 40 min, 
5 min of 95 % buffer B before returning to 5 % buffer B for another 5 min with a constant 
flow rate of 12.5 mL/min. The active fraction with a retention time of 31 min was collected 
and dried overnight using a speedvac. 

Next day, the dried pellet was dissolved in DMSO and fractionated again using 
the same preparative HPLC system but with different buffers. Buffer A consisted of 95:5 
MQ:acetonitrile + 10 mM NH4OAc. Buffer B consisted of 80:20 acetonitrile:MQ + 10 mM 
NH4OAc. Protocol consisted of 0 % Buffer B for 5 min, followed by a linear gradient to 100 
% buffer B for 40 min, 5 min of 100 % buffer B before returning to 0 % buffer B for another 
5 min with a constant flow rate of 12.5 mL/min. Paecilomycone had a retention time of 23 
min and was collected and dried using a speedvac. 

Paecilomycone was dissolved in a stock concentration of 40 mM in DMSO and 
stored at -20 °C. Purity was checked using a Shimadzu LC-2030C 3D Plus analytical HPLC 
system with PDA detection (190-800 nm) with a Dr. Maisch Reprosil-PUR 120 C18 AQ 
column (3 µm, 120 Å, 4.6x100 mm). The mobile phase consisted of 100 % MQ with 0.1 % 
trifluoroacetic acid (Buffer A) and 100 % acetonitrile with 0.1 % trifluoroacetic acid (Buffer 
B). Protocol consisted of a linear gradient from 5 % to 95 % buffer B for 10 min, followed by 
2.5 min of 95 % buffer B before returning to 5% buffer B with a constant flow rate of 1 mL/
min. 

Identification of paecilomycone
The UV-VIS spectrum of paecilomycone was obtained using analytical HPLC 

methods mentioned above. The compound was further analyzed by measuring the mass 
using the same LC system with a Shimadzu LCMS-2020 mass spectrometer. For LC-MS 
analysis, the mobile phase consisted of 100 % MQ with 0.05 % formic acid (Buffer A) and 
100 % acetonitrile with 0.05 % formic acid (Buffer B). Protocol consisted of a linear gradient 
from 5 % to 95 % buffer B for 10 min, followed by 2.5 min of 95 % buffer B before returning 
to 5 % buffer B with a constant flow rate of 0.5 mL/min. Mass spectrometry settings were 
as follows: nebulizing gas flow: 1.5 L/min; drying gas flow: 15 L/min; desolvation line 
temperature: 250 °C; capillary voltage: 4500 V for positive mode, 3500 V for negative mode; 
mass range: 100 to 1000 m/z; scan speed: 5000 u/s. Paecilomycone A had a retention time 
of 12.7 min, paecilomycone B had a retention time of 9.8 min, and paecilomycone C had a 
retention time of 8.9 min. 

This was followed by a more accurate high resolution mass spectrometry using an 
LCT instrument (Micromass Ltd. Manchester).  The instrument was calibrated using sodium 
formate, followed by direct injection of the sample with the following settings: cone gas flow: 
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50 L/h; desolvation gas flow: 250 L/h; desolvation temperature: 120 °C; source temperature: 
80 °C; capillary voltage 3000 V; microchannel plate (MCP) detector: 2450 V; reflectron: 1786 
V; Time Of Flight (TOF) tube: 4567 V; mass range 150 to 750 m/z; scan speed: 600 u/s.  

For Nuclear Magnetic Resonance (NMR) analysis, paecilomycone was dissolved 
in DMSO-d6. The NMR measurements (1H, 13C, Heteronuclear Single-Quantum Correlation 
(HSQC) and Heteronuclear Multiple-Bond Correlation spectroscopy (HMBC)) were 
performed on a Bruker 600 MHz.

Quorum sensing inhibition in C. violaceum

To measure the effect on QS inhibition in C. violaceum, we used a protocol based 
on previous work with minor changes84. In brief, C. violaceum was plated on tryptic soy 
agar (TSA) and grown in TSB overnight at 27 °C. Next morning, bacteria were diluted and 
grown until OD600 = 0.5-0.7. Then, bacteria were diluted 1000 x and added to a 96-well plate 
containing paecilomycone in serial dilutions up to a volume of 100 µL (range 31 nM – 1 
mM). High concentrations of DMSO are toxic to the bacteria, and therefore the maximum 
concentration of DMSO was limited to 2.5 %. Plates were incubated for 20 h at 27 °C while 
shaking at 180 rpm.

To measure violacein production, the plate was centrifuged for 10 min at 3000 rpm 
to pellet the violacein. Subsequently, the supernatant was discarded and the violacein pellet 
was dissolved in 200 µL of 96 % ethanol. The plate was centrifuged for 10 min at 3000 rpm 
to avoid interference of cell turbidity in absorbance measurements. Half of the supernatant 
was then transferred to a new 96-well plate and violacein was quantified by measured the 
OD at 562 nm on the ASYS expert plus microplate reader (Biochrom Ltd, Cambridge, UK). 

To measure the effect of paecilomycone on viability of the bacteria, resazurin 
staining was used. In parallel with the measurements of violacein production, another plate 
with C. violaceum and paecilomycone dilutions was prepared and incubated overnight. Next 
morning, the plate was centrifuged for 10 min at 3000 rpm to pellet the bacterial cells. The 
supernatant was aspirated and 0.1 mM resazurin (in PBS) solution was added. Plates were 
incubated for another 45 min at 27 °C before fluorescence was measured on a PHERAstar 
microplate reader (BMG Labtech) using 540 nm excitation and 590 nm emission wavelength.   

Quorum sensing inhibition in P. aeruginosa

The experiments were performed as previously described118. In brief, P. aeruginosa 
PAO1 reporter lines were grown overnight in AB minimal medium supplemented with 0.5 
% glucose and 0.5 % casamino acids. Cultures were diluted until OD450 = 0.1-0.2 before 
adding to a 96-well plate containing serial dilutions of paecilomycone up to a volume of 
200 µL (range 4 nM – 500 µM). The GFP fluorescence (excitation 485 nm, emission 535 nm) 
and absorbance (600 nm) were measured every 15 min for 15 h at 34 °C on a CLARIOstar 
microplate reader (BMG Labtech). IC50 values were calculated using PRISM software, plotting 
the maximum slope of GFP/OD600. 
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Growth curves 

P. aeruginosa was grown overnight in desired medium. Next day, bacteria were 
diluted in PBS until an OD600=0.1-0.2. Diluted bacteria were added to a honeycomb microplate 
containing the desired medium with paecilomycone up to a volume of 300 µL (1:1, v:v). The 
absorbance (600 nm) was measured every 15 min for 24 h at 34 °C on a Bioscreen C (Growth 
Curves Ab Ltd).

Biofilm assay

Bacteria were grown overnight in AB minimal medium supplemented with 0.5 
% glucose and 0.5 % casamino acids before diluting 1000 x. Diluted bacterial cells were 
added to a 96-well plate containing paecilomycone in serial dilutions (range 3.9 µM – 500 
µM) in triplicates to a final volume of 200 µL. Plates were sealed with Breathe-Easy sealing 
membrane (Sigma-Aldrich, Merck Life Science, Amsterdam, the Netherlands) to prevent 
evaporation and incubated at 37 °C under static conditions for 24 h. Next day, the medium 
was removed and the wells were rinsed with PBS. Biomass was stained with 0.1 % (w:v) 
crystal violet solution for 5 min. Crystal violet was discarded and excess crystal violet was 
removed by rinsing with water. Plates were dried and bound crystal violet was dissolved in 
33 % (v:v) acetic acid and quantified at 562 nm using an ASYS expert plus microplate reader 
(Biochrom Ltd, Cambridge, UK).

Virulence factor assays

Pyocyanin assay
The pyocyanin assay was performed as previously described with minor 

modifications119. Bacteria were grown overnight in King’s A medium (2 % (w:v) protease 
peptone, 1 % (w:v) potassium sulfate, 0,164 % (w:v) magnesium chloride, 1 % (v:v) glycerol 
in MQ), before diluting them 100 x. The assay was performed in bacterial tubes containing 1 
mL of diluted bacterial culture in combination with paecilomycone at desired concentrations 
(range 2 µM – 125 µM). A ΔlasI/ΔrhlI QS mutant strain was included as negative control. The 
tubes were incubated at 37 °C on an orbital shaker set at 180 rpm. After 24 h, bacterial 
cells were pelleted by centrifugation at 4000 rpm for 10 min and 900 µL supernatant was 
extracted with a similar volume of chloroform. 800 µL of chloroform was then added to 700 
µL of 0.2 M HCl and samples were mixed well. The HCl phase was then measured at 520 nm 
to measure relative pyocyanin concentrations.  

Rhamnolipid assay
The rhamnolipid assay was performed as previously described with minor 

modifications120. Bacteria were grown overnight in AB minimal medium supplemented with 
0.5 % glucose and 0.5 % casamino acids, before diluting 100 x. The assay was performed 
in bacterial tubes containing 1 mL of diluted bacterial culture in combination with 
paecilomycone at desired concentration (range 2 µM – 125 µM). A ΔlasI/ΔrhlI QS mutant 
strain was included as negative control. The tubes were incubated at 37 °C on an orbital 
shaker set at 180 rpm. After 24 h, bacterial cells were pelleted and 900 µL of supernatant 
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was added to diethyl ether (1:1, v:v) and tubes were shaken vigorously. The diethyl ether 
layer was then transferred to a fresh tube and dried at room temperature. 100 µL was added 
to dissolve the dried pellet before addition of 800 µL of 12.9 mM orcinol (Sigma Aldrich, 
Merck Life Science, Amsterdam, the Netherlands) in 70 % (v:v) H2SO4. The reaction was 
maintained at 80 °C for 30 min before measuring the absorbance at 495 nm. 

Phenazine and HAQ assay
The phenazines and HAQ assay was based on the pyocyanin assay with minor 

modifications. Bacteria were grown in King’s A medium before 100 x dilution. The assay was 
performed in bacterial tubes containing 3 mL of diluted bacterial culture in combination 
with paecilomycone at desired concentrations (range 1 µM – 125 µM). A ΔlasI/ΔrhlI QS 
mutant strain was included as negative control. The tubes were incubated at 37 °C with 
180 rpm orbital shaking. After 24 h, the bacterial cells were pelleted and the supernatant 
was extracted with 2 x 1 mL chloroform. Chloroform was dried overnight and the pellet was 
dissolved in DMSO. Extracts were run using previously described analytical HPLC methods, 
with a slightly altered gradient: buffer B gradient from 5 % to 95 % for 20 min, followed by 
2.5 min of 95 % buffer B before returning to 5% buffer B with a constant flow rate of 1 mL/
min.  Compounds were quantified by using calibration curves made by serial dilutions of 
standard commercial phenazines and HAQs. If needed, extra verification of the compounds 
was performed using previously described LC-MS methods. 

Toxicity assays

HepG2 toxicity assay
HepG2 cells were seeded in 96-well plates and grown in DMEM low glucose 

medium (ThermoFisher Scientific, 10567014) supplemented with 10 % FBS. Cells were 
grown until a confluence of approximately 70-80 % before addition of paecilomycone (range 
244 nM – 500 µM) in triplicates, with a final DMSO concentration of 1 % DMSO. Treated 
cells were incubated at 37 °C with 5 % CO2 for 24 h. To measure the viability of the cells, 0.1 
mM resazurin (Sigma-Aldrich) solution was added and cells were incubated for another 3 
h. Fluorescence intensity was measured on a PHERAstar microplate reader (BMG Labtech), 
using an excitation wavelength of 540 nm and emission wavelength of 590 nm.

Organoid toxicity assay
Human colon tissue was obtained from the UMC Utrecht with patient informed 

consent. The patient was a male diagnosed with small colon adenocarcinoma. After 
resection, a sample from non-transformed, normal mucosa was taken for this study. This 
study was approved by the UMC Utrecht (Utrecht, the Netherlands) ethical committee 
and was in accordance with the Declaration of Helsinki and according to Dutch law. This 
study is compliant with all relevant ethical regulations regarding research involving human 
participants. All organoids experiments were performed in the lab of Hans Clevers.

Human colon organoids were maintained in human colon expansion medium as 
previously described159. The toxicity assay was largely performed as described elsewhere160. 
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In brief, 2 d after the previous split, organoids were dissociated from the Cultrex Basement 
Membrane Extract (BME, R&D Biosystems, Bio-Techne, 3533-001-02) using dispase 
(ThermoFisher Scientific, 17105-041) for 30 min at 37 °C. Then, organoids were washed in 
advanced DMEM/F12 (ThermoFisher Scientific, 12634-010) supplemented with penicillin-
streptomycin (ThermoFisher Scientific, 15140122), Hepes (ThermoFisher Scientific, 
15630080) and GlutaMAX (ThermoFisher Scientific, 35050061) [hereafter called washing 
medium], filtered through a 70 µM cell strainer (Greiner) and pelleted at 500 g for 5 min. 
The pellet was resuspended in 1 mL of washing medium and organoids were counted. 
Organoids were resuspended at a concentration of 18,750 organoids/mL in 5 % cold BME/95 
% cold human colon expansion medium. 40 µL of organoid suspension (750 organoids) was 
dispensed in each well of a 384 well-plate (Corning, 4588) using a multi-drop combi reagent 
dispenser (ThermoFisher Scientific, 5840300). Paecilomycone was added immediately after 
plating the organoids at concentrations ranging from 10 nM to 200 µM using the Tecan 
D300e Digital dispenser (Tecan). The stock concentration was 10 mM and hence, the highest 
concentration contained 2 % DMSO. Therefore, a 2 % DMSO only viability control was added. 
Organoids were incubated in a humidified incubator with 5 % CO2 at 37 °C for 5 d. After 5 
d, the ATP levels were measured by a Cell Titer GLO 3D assay (Promega, G9681) following 
the manufacturer’s instructions. Luminescence was measured using a Spark multimode 
microplate reader (Tecan) with an integration time of 500 ms. Results were normalized to 
1 % DMSO control (100 % viability) and 1 µM staurosporine (0 % viability). Concentrations 
were measured in triplicates.

Zebrafish toxicity assay
Zebrafish eggs were obtained from Tubingen long fin family crosses. The zebrafish 

embryos were allowed to develop normally for 48 h. At 48 hpf the embryos were divided 
over 24-well plates, 10 embryos per well in 1 mL of fresh E3-medium. Subsequently, 
paecilomycone was added in serial dilutions to the wells (range 3.9 nM – 250 µM). The 
effects were scored at 72 hpf.

All procedures involving experimental animals were approved by the local 
animal experiments committee (Koninklijke Nederlandse Akademie van Wetenschappen-
Dierexperimentencommissie) and performed according to local guidelines and policies in 
compliance with national and European law. Adult zebrafish were maintained as previously 
described161. 

Commercial compounds used

2’-aminoacetophenone (2-AA), 4-hydroxy-2-heptylquinoline (HHQ), 2-heptyl-
3-hydroxy-4(1H)-quinolone (PQS) (Sigma Aldrich, Merck Life Science, Amsterdam, the 
Netherlands), 2-heptyl-4-quinolinol 1-oxide (HQNO), 1-phenazinecarboxylic acid (PCA), and 
phenazine-1-carboxamide (PCN) (Caymen Chemicals), used to make calibration curves to 
quantify molecules in bacterial extract. Funalenone (AdipoGen Life Sciences) to compare 
activity with paecilomycone. 
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Results

Identification of paecilomycone

 For the purification of paecilomycone, we fractionated the growth medium 
containing Aspergillus allahabadii secondary metabolites by using a preparative HPLC 
system, using TFA as modifier (Fig. S1A). The fractions were tested for quorum sensing 
(QS) inhibitor activity using C. violaceum as reporter bacteria and violacein production as 
read-out. C. violaceum produces a purple pigment, named violacein, upon activation of this 
QS network, making it a good reporter to search for novel QS inhibitors136. In a previous 
study, we reported desmethyl-gregatin A as active compound from this fungus157. However, 
another fraction, fraction 20, also showed inhibition of violacein production.

In this study, we purified the active compound from fraction 20 by refractionating 
the active fraction by preparative HPLC using ammonium acetate as modifier (Fig. S1B). 
Again, the fractions were tested, and fraction 1 showed QS inhibitor activity. The yield of 3 L 
Aspergillus allahabadii supernatant was on average 3.5 mg of dried fraction 1.

When running fraction 1 on analytical HPLC, we found three peaks (Fig. 1A). Peak 
1 was the largest and showed a characteristic UV-VIS spectrum (213(100), 238sh, 277sh, 
388(40)) and a m/z of 289.1 [M+H]+ and 287.0 [M-H]- suggesting a nominal mass of 288 (Fig. 
1B, E, H).  In addition, high-resolution mass spectrometry measured a mass of 289.5937, 
giving a calculated mono-isotopic mass of 289.0692 [M+H]+, with a molecular formula 
prediction of C15H12O6 (Fig. S2). This UV-VIS spectrum and mass showed similarities with 
paecilomycone A162. Therefore, the NMR data were compared to the published data of 
paecilomycone A (Table 1, Fig. S3).  

Whereas not all carbons were detected, the NMR data, like the UV-VIS and LC-MS, 
showed high similarities with the data of Lu et al.162. For further validation, the HMBC data 
were compared (Fig. S4). The HMBC data showed the same correlations as described before 
by Lu et al.162, validating that this compound is indeed paecilomycone A (Fig. 1K). 

However, next to paecilomycone A, two other small peaks were observed in 
the analytical HPLC chromatogram (Fig. 1). Peak 2 showed a UV-VIS spectrum (218(90), 
254(100), 331(50)) and a m/z of 287.1 [M+H]+ and 285.0 [MH]- suggesting a nominal mass 
of 286, corresponding to paecilomycone B (Fig. 1C, F, I, L)162. Peak 3 showed a UV-VIS 
(207(100), 256 (50), 378 (50)) and a m/z of 288.1 [M+H]+ and 286.1 [MH]- suggesting a 
nominal mass of 287, corresponding to paecilomycone C (Fig. 1D, G, J, M)162. The ratio of the 
various paecilomycones was approximately 85:5:10 (paecilomycone A: B: C, respectively), 
when dissolved in acetonitrile/water with 0.1% TFA. Using this set-up, it was not possible 
to separate the various paecilomycones further. Therefore, the combination of the three 
paecilomycones will be referred to as paecilomycone, unless stated otherwise. In conclusion, 
the fraction of Aspergillus allahabadii with QS inhibitor activity contained paecilomycone. 
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Figure 1: Identi fi cati on of paecilomycone. A) aHPLC spectrogram of paecilomycone showing 3 peaks. UV-VIS 
chromatogram of B) peak 1, C) peak 2, D) peak 3. LC-MS ESI+ (positi ve mode) spectrogram of E) peak 1, F) peak 
2, G) peak 3. LC-MS ESI- (negati ve mode) spectrogram of H) peak 1, I) peak 2, J) peak 3. Chemical structures of 
paecilomycones belonging to K) peak 1, L) peak 2, M) peak 3. 
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Position
Our data Lu et al (2014)162

13C 1H 13C 1H

1 Not detected 166.8

2 Not detected 131.7

3 Not detected 172

3a 105.96 105.4

4 Not detected 162.2

5 117.05 6.57 (s, 1H) 117.3 6.82 (s, 1H)

6 144.08 144.9

6a 109.67 111.6

7 165.97 166.8

8 97.13 6.30 (s, 1H) 97.4 6.51 (s, 1H)

9 173.38 172.3

9a 102.83 103.3

9b Not detected 127.8

10 56.33 3.89 (s, 3H) 56.7 4,00 (s, 3H)

11 25.97 2.65 (s, 3H) 25.8 2.74 (s, 3H)

Paecilomycone shows QS inhibitor activity in C. violaceum

Paecilomycone strongly inhibited violacein production in C. violaceum with an 
IC50 of 72.5 µM (Fig. 2A). Viability was measured in parallel to distinguish between effects 
on QS and effects on bacterial growth that could affect violacein production. No toxic 
effects of paecilomycone were detected on bacteria at these concentrations. Therefore, 
paecilomycone was a potent QS inhibitor at concentrations that do not affect cell viability.

Whereas the three forms of paecilomycone could not be separated further with the 
two-step purification we used, we found that, by using TFA instead of ammonium acetate in 
the second purification step, the amine group was not incorporated in the compound and 
paecilomycone C was not present in the mixture (Fig. S5). The fraction lacking paecilomycone 
C still contained paecilomycone A, a small amount of paecilomycone B (ratio A:B of 91:9), and 
an unidentified peak. This fraction showed a concentration dependent effect on violacein 
production with a similar IC50 as paecilomycone (IC50 = 96.5 µM) (Fig. 2B). Toxic effects 
on the viability of C. violaceum were not detected. This suggests that the most abundant 
paecilomycone A was responsible for most of the QS inhibitor effect of paecilomycone. 

Next, we tested the effect of funalenone on QS inhibition. Funalenone is structurally 
highly related to paecilomycone A with only the position of the methoxy group being 
different (cf. Fig. 2D and 1K). Interestingly, this small difference in structure resulted in a 
big difference in activity since we did not find inhibition in the production of violacein after 
funalenone treatment up to a concentration of 1 mM (Fig. 2C). 

Table 1 |13C and 1H NMR spectral data of paecilomycone compared to Lu et al (2014)162 in DMSO-d6
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Taken together, paecilomycone A and potenti ally paecilomycone B, but not the 
highly related funalenone had QS inhibitor acti vity in C. violaceum.

Paecilomycone shows QS inhibitor acti vity in P. aeruginosa

To test the potenti al of paecilomycone as QS inhibitor in more clinically relevant 
bacteria, the eff ect on various P. aeruginosa QS reporters was tested. P. aeruginosa PAO1 
reporter strains were used that express GFP when the QS pathway is acti vated, including 
lasB-GFP, rhlA-GFP, and pqsA-GFP. WT-GFP that consti tuti vely expressed GFP was used as 
control. GFP expression was normalized to the growth of the bacteria and the IC50 was 
calculated by plotti  ng the maximum slope of GFP expression/ bacterial growth (Fig. 3).

Paecilomycone inhibited GFP expression in the lasB-GFP reporter and pqsA-GFP 
reporter with an IC50 of 49.8 µM and 31.5 µM respecti vely (Fig. 3), which is 3- to 4.5-fold 
lower than in control WT-GFP bacteria (IC50 = 143.2 µM), respecti vely. Concentrati ons of 
paecilomycone above 125 µM aff ected growth of P. aeruginosa explaining the eff ect observed 
in WT-GFP bacteria (Fig. S6).The rhlA-GFP reporter was not sensiti ve to paecilomycone with 
an apparent IC50 of 233.8 µM, which was actually higher than of WT-GFP. We also tested 
the eff ect of funalenone on QS inhibiti on in PAO1. Funalenone did not show an inhibitory 

A B

DC

Figure 2: Quorum sensing inhibiti on by paecilomycone using C. violaceum as reporter bacterium. Violacein 
producti on and viability of C. violaceum aft er treatment with A) paecilomycone, B) a paecilomycone fracti on 
lacking paecilomycone C, C) Funalenone. D) structure of funalenone. Experiments were done in triplicates and 
error bars represent standard error of the mean (SEM).  
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effect in any of the reporters (Fig. S7), indicating that funalenone did not inhibit QS in P. 
aeruginosa.

These results indicate that various, but not all, QS pathways were inhibited by 
paecilomycone -but not by the highly related funalenone- in clinically relevant P. aeruginosa 
(PAO1) bacteria, with paecilomycone showing the strongest effect on the pqsA-GFP reporter. 

Paecilomycone inhibits biofilm formation in P. aeruginosa

QS regulates various downstream processes including biofilm formation75. 
Therefore, we tested if paecilomycone inhibits biofilm formation by staining biomass 
using crystal violet after treatment with various concentrations of paecilomycone for 24 
h. Concentrations of 62.5 µM and higher showed a significant concentration-dependent 
inhibition of biofilm formation in P. aeruginosa PAO1 strain (Fig. 4). The highest concentration 
tested (500 µM) showed an inhibition of 75 % compared to WT control. High concentrations 

Figure 3: Quorum sensing inhibition in P. aeruginosa PAO1 reporter strains after paecilomycone treatment. 
The effect of paecilomycone was tested using lasB-GFP, rhlA-GFP, pqsA-GFP reporters and WT-GFP as control. The 
maximum slope of RFU, normalized by growth, was plotted and used to calculate the IC50. Experiments were done 
three times in triplicates; the mean of RFU/OD of a representative experiment was plotted. 

Thesis definitief.indd   54Thesis definitief.indd   54 3-5-2023   21:17:173-5-2023   21:17:17



3

55

Paecilomycone inhibits quorum sensing in Gram-negati ve bacteria

aff ected growth of the bacteria (Fig. S6), which could contribute to decreased biofi lm 
formati on. However, the OD600 was similar at 24 hours aft er treatment with 62.5 µM, a 
concentrati on that inhibited biofi lm formati on of P. aeruginosa for 50 %. Therefore, we 
conclude that paecilomycone is able to inhibit biofi lm formati on via mechanisms that are 
unrelated to growth. 

Paecilomycone alters the producti on of various virulence factors

Besides biofi lm formati on, QS regulates the synthesis of virulence factors in P. 
aeruginosa109,110,163. Therefore, we tested the eff ect of paecilomycone treatment on the 
synthesis of various virulence factors. Paecilomycone induced a strong and signifi cant 
inhibitory eff ect on the producti on of pyocyanin with a maximum inhibiti on of 88 % and an 
IC50 of 8.5 µM (Fig. 5A). The lowest concentrati on tested, 2.0 µM, sti ll showed a signifi cant 
decrease in pyocyanin producti on. To rule out inadvertent eff ects on PAO1 due to altered 
growth, growth kineti cs were determined using planktonic cells in King’s A medium, the 
medium used for analysis of pyocyanin. The initi al slopes of the PAO1 bacterial density 
curves were similar in control and paecilomycone treated samples, indicati ng that bacterial 
growth was similar (Fig. S8). Yet, bacterial density did not reach the same level in samples 
treated with high paecilomycone concentrati ons (from 31.3 µM onwards). However, the 
diff erence in bacterial densiti es aft er 24 h treatment was relati vely small and could not 
explain the large decrease in pyocyanin producti on in response to paecilomycone. 

Interesti ngly, rhamnolipid producti on in PAO1 cells in response to paecilomycone 
was increased (Fig. 5B). A modest but signifi cant increase, up to 33 %, was observed following 
treatment with 31 µM paecilomycone. 

Because the synthesis of pyocyanin showed a strong inhibiti on, we also 
measured the eff ect of paecilomycone on other phenazines produced by P. aeruginosa: 

Figure 4: Inhibiti on of biofi lm formati on in 
P. aeruginosa PAO1 strain by paecilomycone 
treatment for 24 h. Biofi lm formati on was 
measured by crystal violet staining and 
normalized to untreated. The mean of 
three experiments in triplicates was plott ed 
and error bars represent SEM. A one-way 
ANOVA, corrected for multi ple comparisons 
using Dunnett ’s test was done to determine 
stati sti cal signifi cance. Treated samples were 
compared to untreated controls (**, P<0.005; 
***, P<0.001) 
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1-hydroxyphenazine (1-HP), phenazine-1-carboxylic acid (PCA), and phenazine-1-
carboxamide (PCN)163. The synthesis of these phenazines all showed a signifi cant inhibiti on 
aft er paecilomycone treatment with a concentrati on of 15.6 µM or higher (Fig. 5C-E). 
Maximum inhibiti on was reached aft er treatment with 62.5-125 µM paecilomycone with 
inhibiti on up to 92 % (1-HP), 89 % (PCA), and 91 % (PCN) compared to untreated. This shows 
that paecilomycone inhibited the producti on of phenazines, but not rhamnolipids.

Paecilomycone inhibits producti on of PQS pathway metabolites

Since the strongest inhibiti on of QS was measured in the PQS pathway (Fig. 3) and 
a strong inhibiti on was observed in the synthesis of phenazines (Fig. 5), we tested the eff ect 
of paecilomycone treatment on the producti on of various metabolites in PQS synthesis 
(Fig. 6A). In short, PQS synthesis starts with PqsA, which converts anthranilic acid to 
anthraniloyl-CoA164–166. Aft er condensati on by PqsD, PqsE hydrolyses 2-aminobenzoylacetyl-
CoA (2-ABA-CoA) into 2-aminobenzoylacetyl (2-ABA)167–169. This hydrolysis can be taken 
over by TesB thioesterase169. 2-ABA is condensed to HHQ by the PqsBC complex which is 
hydroxylated by PqsH to form PQS167,170. In additi on, 2-ABA can spontaneously decarboxylate 

A B

C D E

Figure 5: Producti on of virulence factors by P. aeruginosa PAO1 strain aft er paecilomycone treatment. Graphs 
show the producti on of A) pyocyanin, B) rhamnolipids, C) 1-hydroxyphenazine (1-HP), D) phenazine-1-carboxylic 
acid (PCA), E) phenazine-1-carboxamide (PCN), aft er treatment with paecilomycone for 24 h. A QS mutant (ΔlasI/
ΔrhlI) was included as negati ve control. Experiments were performed in biological triplicates containing technical 
triplicates (with excepti on of pyocyanin, which was performed once in this setti  ng). Values were normalized to WT 
DMSO control and the mean was plott ed, error bars represent SEM. A one-way ANOVA, corrected for multi ple 
comparisons using Dunnett ’s test was done to determine stati sti cal signifi cance. Paecilomycone treated samples 
were compared to WT DMSO control (*, P<0.05; **, P<0.005; ***, P<0.001; ****, P<0.0001).
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2-AA PQS

Anthranilic acid

Anthraniloyl-CoA

2-ABA-CoA

PqsE
TesB

2-HABA

2-ABA HHQ

HQNO

PqsH

PqsBC

PqsBC

PqsL
PqsA

PqsD

Figure 6: Inhibiti on of various metabolites in PQS synthesis aft er paecilomycone treatment. A) PQS synthesis 
pathway starts from anthranilic acid, which is converted by enzymes from the pqsABCDE operon to produce HHQ, 
which is then hydroxylated by PqsH to form PQS. 2-ABA can also spontaneously decarboxylate into 2-AA or be 
converted into HQNO by PqsL and subsequently the PqsBC complex. Enzymes in red indicate mutants used in 
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to 2’-aminoacetophenone (2-AA), or form 2-heptyl-4-quinolinol 1-oxide (HQNO) by PqsL 
and the PqsBC complex69,167,171. To test the effect of paecilomycone on PQS synthesis, we 
tested the production of 2-AA, HQNO, HHQ, and PQS. 

After treatment for 24 h, we measured a significant concentration-dependent 
inhibition of HHQ and PQS using paecilomycone concentrations of 15.6 µM and higher (Fig. 
6B-C). The strongest inhibition was measured after treatment with 125 µM paecilomycone 
with inhibition up to 73 % and 62 % for HHQ and PQS, respectively. Besides HHQ and 
PQS production, paecilomycone also significantly inhibited HQNO production up to 54 % 
compared to control (Fig. 6D). Interestingly, the production of 2-AA was not significantly 
affected after paecilomycone treatment (Fig. 6E). This suggests that paecilomycone 
treatment did not inhibit the complete PQS synthesis, but only specific enzymes like the 
PqsBC complex. 

To exclude the possibility that paecilomycone C inhibited phenazine production 
and the PQS pathway, we compared the activity of paecilomycone with the fraction 
without paecilomycone C. We observed no differences, indicating that paecilomycone C is 
dispensable for inhibition of phenazine production (Fig. S9).

Paecilomycone is a potential inhibitor of the PqsBC complex

Since various metabolites of the PQS pathway were inhibited, except for 2-AA, 
we expected paecilomycone to target the PqsBC complex (Fig. 6A). PqsBC inhibitors have 
been reported before and show similar patterns as paecilomycone treatment140,172,173. To 
test involvement of the pqs genes in the PQS synthesis pathway in our conditions (King’s A 
medium), we analyzed metabolite expression in PAO1 mutants, which lack genes encoding 
PQS synthesis enzymes (ΔpqsA, ΔpqsE, ΔpqsBC). We expected the pqsBC mutant to show a 
similar pattern as paecilomycone treatment, i.e. inhibition of HQNO, HHQ, PQS, pyocyanin 
and PCA production while not affecting 2-AA. 

Indeed, we measured a strong inhibition of both HHQ and PQS in ΔpqsA and 
ΔpqsBC (Fig. 7A-B). ΔpqsE only showed a slight decrease in PQS and even an increase in HHQ 
(Fig. 7A-B), which may be due to TesB, which hydrolyses 2-ABA-CoA to 2-ABA in absence 
of PqsE169 (Fig. 6A). HQNO production was significantly inhibited in all mutant strains, with 
complete inhibition in both pqsA and pqsBC mutants (Fig. 7C). In contrast to paecilomycone 
treatment, which did not affect 2-AA, the pqsA mutant showed almost a 100% decrease in 
2-AA production, which was expected because PqsA mediates the first step in PQS synthesis 
(Fig. 7D). Surprisingly, the pqsBC mutant still showed a strong decrease in 2-AA production. 
This may be due to inhibition of the positive feedback of HHQ and PQS on the pqsABCDE 

Figure 6 legend (continued)
figure 7. Graphs show the production of the metabolites indicated in red: B) HHQ, C) PQS, D) 2-AA, E) HQNO. 
Experiments were done three times in triplicates, values were normalized to DMSO treated control, and the mean 
of the experiments is plotted with error bars representing the SEM. A one-way ANOVA, corrected for multiple 
comparisons using Dunnett’s test, was done to determine statistical significance. Treated samples were compared 
to DMSO control (*, P<0.05; **, P<0.005; ***, P<0.001; ****, P<0.0001).
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operon upon complete inhibiti on of HHQ and PQS producti on165. 

PqsE regulates the synthesis of pyocyanin. Consistent with this noti on, producti on 
of pyocyanin and PCA was abolished in pqsE mutant. Producti on of PCA and pyocyanin was 
also abolished or reduced in pqsA and pqsBC mutants (Fig. 7E-F). This may be due to positi ve 
feedback, leading to reduced expression of PqsE in pqsA and pqsBC mutants. Together, these 
data suggest that paecilomycone treatment did not completely inhibit the PQS pathway (cf.
ΔpqsA), or specifi cally target phenazine synthesis (cf. ΔpqsE), but rather that paecilomycone 
inhibited aspects of PQS synthesis (cf. ΔpqsBC).

A B C

D E F

G

Figure 7: The eff ect of mutati ons in PQS synthesis enzymes on the producti on of various HAQs, phenazines 
and 2-AA in King’s A medium. P. aeruginosa PAO1 strain and various mutant (ΔpqsA / ΔpqsE / ΔpqsBC) were 
grown in King’s A medium for 24 h and the producti on of A) HHQ, B) PQS, C) HQNO, D) 2-AA, E) PCA, F) pyocyanin 
was measured and normalized to WT control. G) WT and ΔpqsBC mutants were treated with paecilomycone and 
pyocyanin levels were measured. Experiments were done three ti mes in triplicates, the mean of the normalized 
values is plott ed with error bars representi ng the SEM. A one-way ANOVA, corrected for multi ple comparisons 
using Dunnett ’s test, was done to determine stati sti cal signifi cance. Mutants were compared to WT control (*, 
P<0.05; **, P<0.005; ***, P<0.001; ****, P<0.0001).
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Interesti ngly, while the pqsBC mutant already showed decreased levels of 
pyocyanin, treatment with paecilomycone strengthened this inhibiti on signifi cantly to 
almost 100% (Fig. 7G). This suggests that paecilomycone might have alternati ve targets, or 
targeted a process related to the enzymati c acti vity of the PqsBC complex instead of directly 
targeti ng the PqsBC complex, which caused an even stronger inhibiti on of pyocyanin in the 
absence of the PqsBC complex.

Toxicity of paecilomycone 

To test if paecilomycone has clinical potenti al, we determined the cytotoxicity 
of paecilomycone on various viability models. First, we used human liver-derived HepG2 
cells. Viability of HepG2 cells was assessed aft er paecilomycone treatment for 24 h. Up to a 
concentrati on of 125 µM paecilomycone, there was no diff erence in the viability of HepG2 
cells compared to untreated control cells (Fig. 8A). Paecilomycone was toxic to HepG2 cells 
only at high concentrati ons with an IC50 of 219 µM. 

Second, we tested the cytotoxic eff ect of paecilomycone on more complex systems, 
human colon organoids. Viability of the organoids was measured aft er paecilomycone 
treatment for 5 days. High concentrati ons (200 µM and 120 µM) showed reduced 

A

C

B

Figure 8: Toxicity of paecilomycone treatment using various toxicity models. A) Viability of HepG2 cells treated 
with paecilomycone for 24 h, viability was measured using resazurin assay. B) Viability of colon organoids treated 
with paecilomycone for 5 d, viability was measured by measuring ATP levels by a Cell Titer GLO 3D assay. C) Viability 
of zebrafi sh embryos that were treated aft er 48 h for 24 h.
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viability compared to 1% DMSO (Fig. 8B). However, at these high concentrations, the final 
concentration of paecilomycone solvent was higher than 1%, up to 2 % DMSO, which by itself 
already showed a 50 % reduction in viability. It is therefore highly likely that the apparent 
effect of 120 µM and 200 µM paecilomycone on organoid viability was actually caused by 
high concentrations of DMSO.

Third, we tested the cytotoxic effect of paecilomycone on a whole organism in vivo, 
2-day old zebrafish embryos. The viability of the embryos was measured after paecilomycone 
treatment for 24 h. Each concentration was tested on approximately 10 embryos. No toxic 
effect of paecilomycone was apparent (Fig. 8C). 

In conclusion, paecilomycone did not affect eukaryotic cells at concentrations 
that inhibited QS in Gram-negative bacteria. Only at high paecilomycone concentrations, 
an effect was detected on HepG2 cells, whereas no effect was specifically attributable to 
paecilomycone treatment of more complex systems, like organoids and zebrafish embryos. 

Discussion
In this study, we describe the identification of paecilomycone as a novel QS 

inhibitor. Paecilomycone showed inhibition of QS in Gram-negative bacterial strains, C. 
violaceum and P. aeruginosa PAO1. Paecilomycone showed the strongest inhibitory effect 
on the PQS pathway and it strongly inhibited the production of HHQ and PQS. In addition, 
paecilomycone inhibited biofilm formation and the production of phenazines, including 
pyocyanin. Paecilomycone might have promising clinical value because cytotoxicity was very 
low. 

Paecilomycone treatment showed strong inhibition of QS in the pqsA-GFP reporter 
(Fig. 3), production of related virulence factors (Fig. 5), and production of HHQ and PQS (Fig. 
6). Since paecilomycone did not interfere with the production of 2-AA (Fig. 6), we suggest 
that paecilomycone affected the activity of the PqsBC complex. Only a limited number of 
PqsBC inhibitors are identified so far. Previously described PqsBC inhibitors show similar 
profiles as paecilomycone: inhibition of HHQ and PQS while 2-AA is unaffected or even 
upregulated140,172,173. Only dual PqsBC / PqsR inhibitors showed inhibition of 2-AA, something 
that is comparable with our ΔpqsBC mutant strain140,172,173. Unfortunately, these studies 
do not describe the effect of the PqsBC inhibitors on expression of virulence traits in P. 
aeruginosa except for a small decrease in pyocyanin production, whereas we observed a 
strong inhibition after paecilomycone treatment 140. Based on our data, the PqsBC complex 
is the most likely target of paecilomycone treatment. 

It was unexpected that paecilomycone targets the PQS system in P. aeruginosa after 
we identified its QS inhibitory effect in C. violaceum. Although both bacteria contain LuxI/R 
type QS, the PQS system is unique for P. aeruginosa68,69,92,136. More specifically, the PqsBC 
complex is a FabH-like enzyme that catalyzes the condensation of an octanoyl-CoA with 
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2-ABA174,175. This complex does not show similarity with the CviI synthase in C. violaceum. 
Therefore, interaction of paecilomycone with a LuxI/R type system of P. aeruginosa would 
be expected. However, there are several reasons we believe paecilomycone has a different 
mechanism of action in C. violaceum than in P. aeruginosa. 

In P. aeruginosa, paecilomycone induced lasB-GFP reporter inhibition, whereas 
rhlA-GFP was not affected. The Las regulatory system is believed to be on top of the QS 
hierarchy, positively regulating the Rhl and PQS system68. Therefore, inhibition of Las might 
also lead to inhibition of PQS. However, this inhibition would lead to complete inhibition 
of the entire pqsABCDE operon and thus to inhibition of 2-AA, which we did not observe. 
Moreover, conditions with low phosphate concentrations (like King’s A medium, used in 
this study for pyocyanin, phenazine and HAQ assays) might bypass Las, resulting in direct 
activation of Rhl and PQS. Note that because of this bypass, LasR inhibitors are not effective 
in low phosphate conditions143. Therefore, inhibition of the lasB-GFP reporter might be due 
to positive regulation of lasR by PqsR176, instead of direct inhibition by paecilomycone.   

Inhibition of pyocyanin production was also detected after activation of the Rhl 
pathway, because RhlR inhibits the pqsABCDE operon142. Therefore, another explanation is 
that paecilomycone acts as RhlR agonist. However, similar to inhibition of the Las system, 
RhlR activation would also lead to inhibition of 2-AA. Therefore, unless the production of 
2-AA can be bypassed somehow, we favor the explanation that paecilomycone affects the 
activity of the PqsBC complex.  

PqsBC complex might be a direct target of paecilomycone. PqsE regulates the 
production of phenazines via RhlR107,177–182. A mutant lacking PqsE did not produce PCA 
or pyocyanin, underlining the importance of PqsE for production of these phenazines. 
The observed inhibition of PCA and pyocyanin production in ΔpqsA and ΔpqsBC may be 
explained by inhibition of the pqsABCDE operon via inhibition of a feed-forward loop, 
which eventually results in reduced expression of PqsE. However, paecilomycone treatment 
did not inhibit 2-AA production; therefore, we do not expect a strong inhibition of the 
entire pqsABCDE operon by paecilomycone treatment. Moreover, paecilomycone still 
had a significant inhibitory effect on pyocyanin production in the ΔpqsBC strain (Fig. 7G), 
suggesting that the PqsBC complex cannot be the only target of paecilomycone. Because 
of the strong inhibition of phenazines, and inhibition of pyocyanin in the pqsBC mutant, we 
believe that paecilomycone did not only target the PqsBC complex. Instead, we suggest that 
paecilomycone affects QS by directly targeting the PqsBC complex and alternative targets, or 
paecilomycone alters processes that influence the enzymatic activity of the PqsBC complex. 
Further research will be needed to study if paecilomycone indeed targets the PqsBC complex 
and to elucidate the exact mechanism of action of paecilomycone. 

Paecilomycone consisted of three different paecilomycones. Analytical HPLC 
analysis showed that the concentration of paecilomycone A is highest (Fig. 1). To validate 
that paecilomycone A is responsible for the measured activity, we tested the purified 
fraction without paecilomycone C (Fig. S5) in various assays. Both in C. violaceum (Fig. 2) and 
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in the inhibition of phenazines and HAQs (Fig. S9) we measured similar activities between 
paecilomycone and the fraction lacking paecilomycone C, suggesting that paecilomycone 
C was not required for the effect of paecilomycone in QS inhibition. Interestingly, although 
funalenone shows high resemblance to paecilomycone A, funalenone did not show inhibition 
of QS in C. violaceum (Fig. 2) or P. aeruginosa (Fig. S7). This suggests that the position of the 
methoxy group, which is the main difference between paecilomycone and funalenone,is 
important in the QS inhibitor activity. 

Inhibition of HAQ and phenazine production is interesting to fight the virulence of 
P. aeruginosa. Phenazines are among the major virulence factors produced by P. aeruginosa, 
and play an important role in the acute and chronic lung infections through various 
mechanisms60,183–186. Phenazines have been shown to be toxic in various model organisms, 
including Caenorhabditis elegans187, Drosophila melanogaster188, mice189 and epithelial lung 
cells185,186. In addition, in humans, phenazine production has been measured in sputum 
samples in concentrations that are able to inhibit ciliary beating, which is important for 
the clearance of bacteria190. Moreover, phenazines are also involved in biofilm formation191 
and in the acquisition of iron192. In general, phenazines are important for the survival of 
bacteria and for damaging the host. Therefore, inhibition of phenazines by paecilomycone 
holds potential as an interesting therapeutic lead, by reducing toxicity and subsequently 
morbidity and mortality in patients. 

Whereas the effect of paecilomycone on phenazine synthesis was strong with an IC50 
of 8.5 µM for pyocyanin synthesis, this inhibitory effect was less strong on biofilm formation. 
The inhibition of biofilm formation after treatment of paecilomycone with concentrations 
higher than 125 µM might be explained by effects on growth. However, a concentration 
of 62.5 µM still inhibited biofilm formation for 50 %, without affecting the growth. Next to 
QS, there are various pathways that control biofilm formation, including c-di-GMP signaling 
and the Gac/Rsm cascade75. This might explain the difference in effective concentrations for 
inhibition of biofilm formation and phenazine production.      

Because of its potential to inhibit QS and downstream targets like phenazine 
production and biofilm formation, we believe paecilomycone is an interesting lead for further 
clinical research. We showed that concentrations that inhibit virulence factor production 
and biofilm formation were not toxic to cell cultures. Moreover, we did not measure toxic 
effects in more complex systems up to the highest concentrations tested (200-250 µM). The 
difference in toxicity between HepG2 cells on the one hand and organoids and zebrafish 
on the other might be attributed to the fact that complex systems have higher capacity 
to negotiate and/or abolish the homeostasis and toxic effects of drug compounds. Taken 
together, our results suggest that paecilomycone is an interesting lead for further research 
as potential agent to fight P. aeruginosa infections. 
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A

B

 Supplementary Figure 1: Purifi cati on of paecilomycone. A) Preparati ve HPLC spectrogram of A. allahabadii 
supernatant extract using TFA as a modifi er, red box outlines the acti ve fracti on. B) Subsequent preparati ve HPLC 
spectrogram of acti ve fracti on using NH4OAc as a modifi er, red box outlines the acti ve fracti on that contains 
paecilomycone.
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Supplementary Figure 2: High-resolution mass spectrometry chromatogram of paecilomycone A. Indicating a 
mass of 289.5937.
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C

Supplementary Figure 3: NMR data of paecilomycone. A) 1H-NMR of paecilomycone. B) 13C-NMR of paecilomycone. 
C) 2D-NMR HSQC spectrum
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A

X

B

Supplementary Figure 4: 2D-NMR HMBC spectrum 

Supplementary Figure 5: aHPLC spectrogram of paecilomycone A without paecilomycone C. This purifi ed fracti on 
does sti ll contain paecilomycone B and an uncharacterized  peak
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Supplementary Figure 6: Growth of P. aeruginosa PAO1 aft er treatment of paecilomycone in AB medium at 37 
°C. Graphs show the growth of 1% DMSO treated (black) versus paecilomycone treated (red). Paecilomycone could 
interfere with OD600 and therefore the start OD600 is higher at high concentrati ons of paecilomycone. Concentrati ons 
of paecilomycone used are above the graphs. The experiment was done in triplicates, error bars represent  SEM.
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Supplementary Figure 7: Quorum sensing inhibition in P. aeruginosa PAO1 reporter strains after funalenone 
treatment. The effect of funalenone was tested using lasB-GFP, rhlA-GFP, pqsA-GFP reporters. In addition, the 
effect on WT-GFP as control was tested. The maximum slope of RFU, normalized by growth, was plotted and used 
to calculate the IC50. Experiments were done three times in triplicates, the mean of RFU/OD is of a representable 
experiment was plotted in this figure.
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Supplementary Figure 8: Growth of P. aeruginosa PAO1 aft er treatment of paecilomycone in King’s A medium 
at 37 °C. Graphs show the growth of 1% DMSO treated (black) versus paecilomycone treated (red). Paecilomycone 
could interfere with OD600 and therefore the start OD600 is higher at high concentrati ons of paecilomycone. 
Concentrati ons of paecilomycone used are above the graphs. The experiment was done in triplicates, error bars 
 represent SEM.
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Supplementary Figure 9: Comparison between the effect of paecilomycone and paecilomycone A in the 
production of various metabolites. Graphs show the production of A) HHQ, B) PQS, C) PCA, D) 2-AA, E) HQNO, F) 
pyocyanin, G) PCN, H) 1-HP. Experiments were done three times in triplicates, values were normalized to DMSO 
treated control, and the mean of the experiments is plotted with error bars representing the SEM. Unpaired t-tests 
were performed to determine if there is a statistical difference between paecilomycone and paecilomycone A 
treatment. No statistical difference was found.
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Supplementary Table 2 |Primers used in this study

Primer name Sequence

pqsA.UP.Fw GCCAGTGCCAAGCTTGCATGCATGTAGGTGTCCTCTTC

pqsA.UP.Rv GGTGTCGGCCAGGAACAGAACCTCGGTCAGG

pqsA.DN.Fw GTTCTGTTCCTGGCCGACACCCTTT

pqsA.DN.Rv CATGATTACGAATTCGAGCTGCCTACCTGGCGAATATC

pqsA.seq.Fw TCCCGTTCCTGACAAAGCAA

pqsA.seq.Rv CACACATAGGATGGGGGCAG

pqsE.UP.Fw GCCAGTGCCAAGCTTGCATGTGTCCAAGCGCATGGACTG

pqsE.UP.Rv GTCTCAGTCCAGCCTCAACATGGCCGG

pqsE.DN.Fw CCATGTTGAGGCTGGACTGAGACGGGACAT

pqsE.DN.Rv CATGATTACGAATTCGAGCTAGGTCGAAGCTGAACAGG

pqsE.seq.Fw GGACGACATCGACCATGTGA

pqsE.seq.Rv CGTGCGGTACTCCAGACTTT

pqsBC.UP.Fw GCCAGTGCCAAGCTTGCATGAGGGCTGAGTCCGGGTTAC

pqsBC.UP.Rv TCACCCAATTGGTTCACCCCCACAGCC

pqsBC.DN.Fw GGGGGTGAACCAATTGGGTGAGGTGCTGGT

pqsBC.DN.Rv CATGATTACGAATTCGAGCTGTCTTCGAGACTCTCGCC

pqsBC.seq.Fw CTGGCCGACACCCTTTATCA

pqsBC.seq.Rv ATGATTGCTGACCTGGCGTT

Supplementary Table 3 |Plasmids used in this study

Plasmid Use

pEX18Gm::ΔpqsA Plasmid containing pqsA deletion construct for use in PAO1

pEX18Gm::ΔpqsE Plasmid containing pqsE deletion construct for use in PAO1

pEX18Gm::ΔpqsBC Plasmid containing pqsBC deletion construct for use in PAO1

Supplementary Table 1 |Bacterial strains used in this study

Bacterial strain Characteristic Source

Chromobacterium violaceum WT, ATCC 12472 Westerdijk Fungal Biodiversity Institute

P. aeruginosa WT, PAO1

P. aeruginosa ΔlasI/ΔrhlI PAO1, QS mutant Hentzer et al. (2003)193

PAO1-GFP WT, PAO1 GFP-tagged Yang et al. (2007)194

PAO1 lasB-GFP WT, PAO1, GFP fusion to lasB gene Hentzer et al. (2002)195

PAO1 rhlA-GFP WT, PAO1, GFP fusion to rhlA gene Fong et al. (2017)196

PAO1 pqsA-GFP WT, PAO1, GFP fusion to pqsA gene Fong et al. (2017)196

PAO1 ∆lasI-∆rhlI PAO1, QS mutant Hentzer et al. (2003)77

PAO1 ∆pqsA PAO1, pqsA mutant This study

PAO1 ∆pqsE PAO1, pqsE mutant This study

PAO1 ∆pqsBC PAO1, pqsBC mutant This study

E. coli RHO3 Conjugation proficient E. coli Gift from University Medical Center 
Utrecht
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Abstract
Pseudomonas aeruginosa is a Gram-negative bacterium that is notorious for infections in 
the airway of cystic fibrosis (CF) subjects. Often, these infections become chronic, leading 
to higher morbidity and mortality rates. Bacterial quorum sensing (QS) coordinates the 
expression of virulence factors and the formation of biofilms at a population level. QS has 
become the focus of attention for development of alternatives to antimicrobials targeting 
P. aeruginosa infections. However, a better understanding of the bacteria-host interaction, 
and the role of QS in infection, is required. In this study, we set up a new P. aeruginosa 
infection model, using 2D airway organoids derived from healthy and CF individuals. Using 
dual RNA-sequencing, we dissected their interaction, focusing on the role of QS. As expected, 
P. aeruginosa induced epithelial inflammation. However, QS signaling did not affect the 
epithelial airway cells. The epithelium influenced several infection-related processes of P. 
aeruginosa, including metabolic changes, induction of type 3 and type 6 secretion systems 
(T3SS and T6SS), and increased expression of antibiotic resistance genes, including mexXY 
efflux pump and several porins. Interestingly, the epithelium influenced the regulation by 
QS of the type 2 (T2SS) and T6SS. Finally, we compared our model with in vivo P. aeruginosa 
transcriptomic datasets, from samples directly isolated from the airways of CF subjects. This 
shows that our model recapitulates important aspects of in vivo infection, like enhanced 
denitrification, betaine/choline metabolism, increased antibiotic resistance, as well as an 
overall decrease of motility-related genes. This relevant infection model is interesting for 
future investigations, helping to reduce the burden of P. aeruginosa infections in CF.  

Keywords: Airway organoids, Pseudomonas aeruginosa, 2D co-culture, Infection model, 
Dual RNA-sequencing, Quorum sensing
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Introduction
Pseudomonas aeruginosa is a Gram-negative opportunistic bacterium, which is 

known to chronically infect the airways of people with cystic fibrosis (CF). CF is a genetic 
disorder caused by mutations in the gene coding for the cystic fibrosis transmembrane 
conductance regulator (CFTR) protein. Mutated CFTR leads to an osmotic misbalance of 
the epithelial surface in multiple organs197–199. However, the airways are most affected due 
to their obstruction by desiccated mucus, which can lead to pulmonary failure200,201. This CF 
mucus presents a perfect condition for P. aeruginosa growth202. Because P. aeruginosa has a 
high intrinsic resistance to antibiotics, infections often become chronic26–28,30,203, contributing 
to the high morbidity and mortality observed in people with CF30.

A growing field of research focuses on quorum sensing (QS) as an alternative 
target to treat P. aeruginosa infections. Via QS, bacteria regulate a broad range of cellular 
processes based on their local cell density. QS in Gram-negative bacteria is highly conserved: 
a LuxI-type synthase produces a signal molecule (an acyl-homoserine lactone (AHL)) that 
can diffuse across membranes and bind to its cognate LuxR-type receptor, altering the 
expression of target genes106,152. Thus, when bacterial density is high, the concentration of 
AHLs increases, inducing downstream processes like biofilm formation and the production 
of virulence factors106. 

P. aeruginosa presents a relatively complex QS network, involving three different 
systems: two typical LuxI/R systems (las-encoded and rhl-encoded system) and a unique 
Pseudomonas Quinolone Signal (PQS)-based system. These systems are hierarchical and 
highly interconnected. The Las system is the QS master regulator that induces expression of 
the Rhl and PQS systems68. Importantly, inhibition of QS reduces the toxicity of P. aeruginosa 
in animal models and leads to faster clearing and prolonged survival of the infected 
animal77,88,204. However, the exact role of QS in human infection and CF is still underexplored90.   

To date, P. aeruginosa CF infection models vary from the study of P. aeruginosa 
isolates from CF subjects97,205,206 to growing P. aeruginosa in vitro in artificial CF sputum and 
other bacterial media207–211, using various CF animal models212–214, working with ex vivo CF 
lungs215,216, or co-culture systems using cancer cell lines and primary cells 217–222. Each of 
these models present distinct advantages and disadvantages223. 

Human airway organoids derived from adult stem cells faithfully resemble the 
cellular composition and physiology of the airway224. Additionally, airway organoids derived 
from CF subjects capture the molecular characteristics of the disorder and therefore are 
a useful tool to study CF phenotypes in vitro225. Furthermore, organoid co-cultures have 
recently been used to investigate the role of bacteria in colorectal cancer159,226. In the current 
study, we describe a new co-culture method using upper airway organoids grown in 2D 
-derived from healthy individuals and CF subjects- to study P. aeruginosa infections. By 
performing dual RNA-seq227, this analysis captures the interaction between the host cells 
and the bacteria.
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Materials and methods

Bacterial strains and growth conditions

For this study, we used P. aeruginosa PAO1 strains, which constitutively express GFP. 
Stocks were stored in -80 °C in 20 % glycerol solutions. PAO1 strains were plated on Luria 
agar (LA) at 37 °C and grown in medium specific for the assay. E. coli RHO3 strains were used 
for conjugation and medium was supplemented with 400 µg/mL 2,6-Diaminopimelic acid 
(Sigma-Aldrich, Merck Life Science, Amsterdam, The Netherlands) to support growth. The 
PAO1 ΔpqsA strain has been described before228. The PAO1 ΔlasI/ΔrhlI strain was generated 
using allelic exchange following the method described before158. For the generation of the 
mutants we inserted upstream (using UP.Fw and UP.Rv primers) and downstream (using 
DN.Fw and DN.Rv primers) regions of the gene of interest in pEX18Gm plasmids using 
Gibson assembly restriction cloning, using the restriction enzymes SacI and Sph1 (Primers 
and plasmids are listed in Supplementary table 1 and 2). After Gibson assembly, the plasmid 
was transformed into RHO3 E. coli donor strains before conjugation via puddle mating with 
PAO1 GFP strain. Mutant colonies were identified with colony PCR (using seq.FW and seq.Rv 
primers) and confirmed by sequencing (performed by Macrogen Europe BV). 

Organoid cultures

Nasal brushing-derived epithelial stem cells were collected and stored with informed 
consent of all donor and was approved by a specific ethical board for the use of biobanked 
materials TcBIO (Toetsingscommissie Biobanks), an institutional Medical Research Ethics 
Committee of the University Medical Center Utrecht (protocol ID: 16/586). Nasal epithelial 
stem cells were isolated and expanded in 2D cell cultures as previously described229. After 
initial expansion, nasal cells were grown as organoids and cultured as previously described224. 
In brief, organoids were cultured in expansion medium containing Advanced DMEM F12, 
1X GlutaMax (Life Technologies; 12634-034), 10mM HEPES (Life Technologies; 15630-056) 
(AdvDMEMF12++), supplemented with penicillin and streptomycin (10,000 IU/ml each; Life 
Technologies; 15140-122) 1× B27 supplement (Life Technologies; 17504-044), 1.25 mM 
N-acetyl-l-cysteine (Sigma-Aldrich; A9165), 10 mM nicotinamide (Sigma-Aldrich; N0636), 
500 nM A83-01 (Tocris; 2939), 5 µM Y-27632 (Abmole; Y-27632), 1 µM SB202190 (Sigma-
Aldrich; S7067), 100 ng/ml human FGF10 (PeproTech; 100-26), 25 ng/ml FGF7 (PeproTech; 
100-19), 1% (vol/vol) RSPO3, and Noggin (produced via the r-PEX protein expression 
platform at U-Protein Express BV). For its passage, organoids were collected, washed and 
resuspended in TrypLE (Gibco) and incubated at 37 °C for 15 minutes. Then, organoids were 
mechanically disrupted into single cells and plated in droplets of Cultrex growth factor 
reduced BME type 2 (Biotechne | R&D systems 3533-010-02). For the 2D culture of airway 
organoids, 105 cells were seeded into 24-well polystyrene membranes (Greiner Bio-One) 
and cultured for one week in expansion medium in both top and bottom compartments 
until confluency. After confluency, cells were differentiated in air liquid interface during 
1 month using PneumaCult™-ALI Medium (Stem cell technologies) supplemented with 
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Hydrocortisone stock solution (5 µl/ml; Stem cell technologies #07925) and Heparin solution 
(2 µl/ml; Stem cell technologies #07980). 

2D airway organoid - Pseudomonas aeruginosa co-culture

Bacterial colonies were picked and grown in DMEM medium (ThermoFisher 
Scientific, 31966-021), supplemented with 10 mM HEPES (ThermoFisher Scientific, 
15630080) and 1X GlutaMAX (ThermoFisher Scientific, 35050061) until an OD600 = 0.35 – 
0.45. 1 mL of early log-phase bacterial culture was taken and centrifuged for 3 min at 15,000 
g, before washing once with PBS. Bacterial cells were pelleted again and resuspended in 
AdvDMEMF12++ (without antibiotics) to normalize to OD600 = 0.4. Bacteria were diluted 
100 x in the same medium before adding 50 µL to the organoids to reach a multiplicity of 
infection (MOI) of 0.1. Organoids in transwells were washed three times in AdvDMEMF12++ 
(without antibiotics) before addition of the bacteria. Co-cultures were incubated at 37 °C 
with 5 % CO2 for 14 h. In parallel, 50 µL of bacteria were grown in a 96-well plate and organoid 
transwells without bacteria were incubated as controls. The epithelial cells were checked for 
damage using the fluorescent EVOS FL Auto 2 microscope (ThermoFisher Scientific) at 14 h. 
Damaged co-cultures were excluded for analysis. 

Imaging of organoid 2D cultures and PAO1-GFP co-culture

Organoid 2D culture and PAO1 co-cultures were fixed with 4% formaldehyde for 2 
hours at room temperature. Then, 2D cultures were processed for immunohistochemistry 
following standard techniques and embedded in paraffin. After sectioning, hematoxicilin/
eosin staining was performed according to manufacturer instructions. After blocking, the 
used primary antibodies included anti-MUC5AC (Thermo, MA5-12175), anti-acetylated 
Tubulin (SantaCruz, sc-23950) and anti-P63 (Abcam, ab735). Co-cultures were processed 
for wholemount immunofluorescence imaging using standard techniques159.  Then, co-
culture was stained with Phalloidin Atto-647 (65906-10NMOL) and DAPI and imaged with 
SP8 confocal microscope (Leica). 

Colony forming unit (CFU) test

For the CFU test, organoid infection protocol was followed as described before. 
For time point 0 h, plates were incubated for only 5 min. For time point 14 h, plates were 
incubated 14 h. After incubation, 50 µL of 0.5 % saponin was added to the wells and incubated 
for 10 min at room temperature. Then, the volume was resuspended and transferred to 
Eppendorf tubes before centrifugation for 10 min at 15,000 g. Supernatant was aspirated 
and pellets were resuspended in PBS before making 10-fold dilutions. 5 µL of the dilutions 
were plated on tryptic soy agar and plates were incubated overnight at 34 °C before the 
colonies were counted. 

RNA isolation

RNA was isolated from the cultures using the MasterPure Complete DNA and RNA 
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Purification Kit (Immunosource, Belgium) following manufacturer instructions. To remove all 
the gDNA, two additional rounds of DNase treatment were performed using TURBO DNase 
(ThermoFisher Scientific) following manufacturer’s protocol. RNA was subsequently isolated 
again using the MasterPure RNA isolation kit and the RNA was dissolved in MQ and stored at 
-80 °C until further use. For RNA-sequencing, RNA libraries were validated with Agilent 2100 
bioanalyzer. Samples were sent for sequencing to the Utrecht Sequencing Facility (Useq). 
Library preparation was performed using Truseq RNA stranded ribo-zero kit. RNAseq was 
performed using the Illumina NextSeq2000 platform. 

Mapping of raw-reads to the genome

To analyze the dataset, a variety of bioinformatics tools were used and we followed 
a similar protocol as described before, with minor modifications (Supplementary figure 1)230. 
First, the reads were mapped to the human genome (hg19) using STAR mapping software231. 
Unmapped reads were written into a new FastQ-file. Gene counts were assigned to the 
mapped reads using FeatureCounts232. Unmapped reads were then mapped against the PAO1 
genome (NCBI: txid208964)22,231,233. Gene counts were again assigned using FeatureCounts. 
The code for this pipeline is available on Github (https://github.com/GJFvanSon/Hubrecht_
clevers.git). 

Bioinformatic analysis 

Human and PAO1 count tables were independently analyzed using DESeq2234. DEGs 
were calculated using the lfcShrink function with argument type set to “apglm”. Volcano plots 
were generated using EnhancedVolcano package235.  For the human dataset, GO enrichment 
analysis was performed using the function enrichGO() from the package clusterProfiler()236 
with arguments OrgDb=org.Hs.eg.db, ont=“BP”, pAdjMethod=“fdr”, minGSSize=“1”, 
maxGSSize=“2000”, qvalueCutoff= “0.05” and readable=“TRUE”. For PAO1 dataset, GO 
enrichment analysis was performed using the online tool PANTHER 17.0, with the following 
settings: analysis type: PANTHER overrepresentation test (Released 20221013), annotation 
version and release date: GO ontology database DOI: 10.5281/zenodo.6799722 released 
2022-07-01, reference list: Pseudomonas aeruginosa (all genes in database), annotation 
data set: GO biological process complete, test type: Fisher’s exact, correction: calculate false 
discovery rate. KEGG pathway was generated using the Pathview R package. Pseudomonas 
category and GO gene lists were downloaded from Pseudomonas Genome DB version 21.1 
(2022-11-20)237. Protein-protein association network analysis was performed using the 
STRING v11 online tool238. Common genes with a log2Foldchange / logSE > |4| were used 
as input. The input parameters were set as follow: Organism = “Pseudomonas aeruginosa 
PAO1”, Network Type = “full string network”, Required score = “high confidence (0.700)”, 
and FDR stringency = “medium (5 percent)”. MCL clustering was performed on the resulting 
network using the following parameters: inflation parameter = “3”, and edges between 
clusters = “Don’t show”. 
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Results

Establishment of 2D airway organoid co-cultures with P. aeruginosa 

We aimed to study the interaction between P. aeruginosa and the airway epithelium 
during early infection. For this, we established an epithelial co-culture system composed 
of upper airway (nasal) organoids cultured in 2D and the well-characterized P. aeruginosa 
PAO1 strain constitutively expressing GFP. Organoid cultures were differentiated for 1 month 
in 2D air liquid interface (ALI) (Figure 1A). This approach gave rise to a pseudostratified 
epithelium containing the main cell types of the mature airway epithelium: goblet cells 
marked by MUC5AC, ciliated cells marked by acetylated tubulin, and basal cells marked by 
TP63 (Figure 1B). 2D ALI cultures allow for easy apical exposure to bacteria. PAO1 bacteria 
were pipetted apically at a multiplicity of infection (MOI) of 0.1 (Figure 1C). After 14 hours, 
bacterial aggregates had formed on the epithelial cells implying that downstream pathways 
including biofilm formation are active in co-culture (Figure 1D, E). Longer co-culture time 
was not feasible due to elevated epithelial cell death caused by the bacteria. Wild type PAO1 
cells and PAO1 strains ΔQS (rhlI/lasI KO) and ΔpqsA (pqsA knockout) that display impaired 
QS were alive and proliferated during this time span (Figure 1F). 

Dual RNA-sequencing of the co-culture model

To study the interplay between upper airway epithelial organoids and P. 
aeruginosa, we subjected the 14 hours co-cultures to dual RNA-seq, in order to capture 
the transcriptomic response of both components. For this, we used organoid lines derived 
from a healthy donor or from a CF subject and either WT, ΔpqsA or ΔQS PAO1 cells (Figure 
2A). Organoid cultures without bacteria and pure bacterial cultures were used as controls. 
As an initial step to validate the feasibility of our approach, we performed bacterial RNA 
sequencing of PAO1-WT strain, both in co-culture and by itself (Supplementary figure 1). We 
added these samples to the analysis of the dual RNA-seq cohort unless otherwise stated. 
After a two-step mapping approach (Supplementary Figure 1A), approximately half of the 
reads from co-culture samples were aligned to the bacterial or human genome, indicating 
that the dual RNA-seq approach efficiently captured the transcriptome of both components. 
As expected, the analysis of separately cultured 2D organoids and bacteria yielded almost 
100% reads of the corresponding species (Figure 2B). 

We first validated the differential expression of the bacterial KO genes in the 
bacterial strains. As expected, the PAO1 ΔpqsA strain showed inhibition of pqsA, while 
not affecting lasI and rhlI. PAO1 ΔQS showed inhibition of all three QS pathways, including 
inhibition of pqsA due to the hierarchical QS system in P. aeruginosa PAO1 (Figure 2C). These 
three strains allowed us to study and compare the effect of QS and of the PQS system in co-
culture. Comparison of the PAO1 transcriptomes showed a major difference between PAO1 
cells grown in mono-culture and in co-culture with organoids (Figure 2D). The effect of ΔQS 
was also evident in co-culture and in bacterial mono-culture (Figure 2D). However, ΔpqsA 
did not show a marked transcriptional change, other than pqsA expression itself, compared 
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Figure 1. Co-culture establishment of 2D-airway organoids with P. aeruginosa PAO1. A) Schematic representation 
of organoid 2D culture establishment and ALI differentiation. B) HE and staining of the major cell types present in 
ALI differentiated airway organoids, goblet cells stained by MUC5AC, ciliated cells by acetylated (Ac) tubulin and 
basal cells by TP63. Scale bar indicates 25 μm C) Schematic representation of co-culture establishment of PAO1-
GFP and differentiated airway organoids. D) Z projections and E) cross-section of confocal imaging of the co-culture 
after 14 h.  Red: F-Actin; green: PAO1-GFP; blue: DAPI. Scale bar indicates 10 μm. F) CFU assay of WT PAO1 bacteria 
and PAO1 ΔQS and ΔpqsA strains following co-culture with organoids and in liquid medium at time points 0 h and 
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to WT bacteria, irrespective of the culture method (Figure 2D). Since our analysis included 
only one healthy and CF organoid line, conclusions about CF-specific effects of PAO1 cannot 
be drawn. Nevertheless, both organoid lines showed a clear transcriptional response to the 
presence of PAO1 irrespectively of the bacterial genotype (Figure 2E). 

P. aeruginosa induces epithelial inflammation

Next, we focused on the effect induced by the different PAO1 strains on the 2D 
organoid cultures (Figure 3A). Coculture with PAO1 cells led to upregulation of 1610 genes 
in 2D organoids and downregulation of 638 genes. This occurred irrespectively of the PAO1 
genotype (Fig. 3B) For both healthy and CF 2D organoids, these changes reflected pathways 
involved in NF-κβ-mediated inflammation and response to lipopolysaccharides (LPS), 
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Figure 2. Co-culture characterization by Dual RNA-seq. A) Schematic representation of the dual RNA-seq 
experiment. B) Distribution of human and bacterial reads across the different samples included in the run after 
performing the mapping and count assignment (as in Supplementary figure 1). C) Knock-out validation by gene 
expression. Normalized counts of pqsA, lasI and rhlI across the different samples of the cohort. Color code indicates 
culture condition (Green: mono-culture; magenta: co-culture) and PAO1 genotype (Dark: WT; middle: ΔpqsA; light: 
ΔQS). D) PCA plot of PAO1 samples. E) PCA plot of 2D organoid samples. Color code indicates PAO1 genotype, 
culture condition (co-culture or mono-culture) and organoid genotype (Healthy or CF). 

Figure 1 legend (continued)
14 h. The mean of the triplicates was plotted and error bars represent standard error of the mean (SEM). To 
determine statistical significance between the time points, log-transformed data was analyzed using two-way 
ANOVA, corrected for multiple comparisons using Sidak’s test (*, P<0.05; **, P<0.005; ****, P<0.0001).

Thesis definitief.indd   83Thesis definitief.indd   83 3-5-2023   21:18:133-5-2023   21:18:13



4

84

Chapter 4

including IL1A/B, TNFA, and various CXCL chemokines (Figure 3D and E). Whereas previous 
studies have shown that QS molecules aff ect epithelial cells239–241, no clear QS-derived eff ect 
was observed when organoids were exposed to PAO1 WT compared to ΔpqsA and ΔQS 
strains (Figure 3B). Since the ΔpqsA and ΔQS strains lack expression of some or most QS 
signaling molecules, this observati on contrasted with a previous report suggesti ng that the 
epithelium can sense and respond to QS molecules239. 
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Figure 3. Transcripti onal response of the epithelium to infecti on with the diff erent PAO1 strains. A) Schemati c 
representati on of the analysis. B) Volcano plot showing the log2 fold change and -log10 adjusted p-value of all genes, 
when comparing the transcriptome of 2D organoids exposed to PAO1 WT or PAO1 ΔQS. C) Volcano plot showing 
the log2 fold change and -log10 adjusted p-value per gene comparing the transcriptome of 2D organoids exposed 
to PAO1 WT or unexposed controls. Green indicates diff erenti ally expressed genes (DEGs) (log2 fold change > 1 
and adjusted p value < 0.05). D) Gene ontology enrichment analysis showing top 10 categories enriched in 2D 
organoids exposed to PAO1 WT. Left  panel: Healthy organoid line. Right: CF organoid line. E ) Gene expression heat 
map of genes from “Response to lipopolysaccharide” GO term category (GO:0032496). Color code indicates culture 
conditi on (co-culture or mono-culture) and PAO1 genotype (WT, ΔpqsA or ΔQS).
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The epithelium induces P. aeruginosa transcriptional changes associated with infection 

We next focused on the effect of the organoids on P. aeruginosa PAO1 (Figure 4A). 
Comparing the gene expression profile of PAO1 grown in co-culture versus mono-culture 
revealed a total of 2215 differentially expressed genes (DEGs) (979 upregulated in co-
culture; 1136 upregulated in mono-culture) (Figure 4B). Gene ontology enrichment analysis 
of these genes revealed broad metabolic differences between the two culture modes. Genes 
involved in iron acquisition (e.g., siderophore and pyoverdine processes) showed higher 
expression in pure bacterial cultures (Supplementary Figure 2A). This contrasted with what 
has been observed in human infections97,242, but was in agreement with previous co-culture 
attempts220.

PAO1 cells co-cultured with airway cells increased their expression of genes related 
to peptide, glycolipid and amide biosynthetic pathways (Figure 4C), suggesting major 
metabolic rearrangements. Interestingly, co-cultured PAO1 cells presented increased crc and 
decreased crcZ levels (Figure 4D), two main regulators of the carbon catabolite repression 
(CCR) pathway243,244. This pathway is central to the hierarchical utilization of preferred 
carbon sources by P. aeruginosa. This finding suggested that the epithelium provides a 
source of preferred nutrients compared to the medium alone. Interestingly, expression 
change was observed in only a subset of genes known to be regulated by the CCR pathway 
(Supplementary Figure 2B). This highlights the complexity of metabolic regulation. 

Another important aspect of P. aeruginosa infection of individuals with CF is its 
ability to perform denitrification245. This mechanism enables the utilization of nitrogenous 
oxides (nitrate, nitrite, and nitrous oxide) as electron acceptor for respiratory growth in 
anoxic conditions, such as during the course of infection246. We found that co-cultured PAO1 
expressed increased levels of many genes involved in nitrogen metabolism (Supplementary 
Figure 2C), and particularly those used in denitrification (Figure 4E). This suggests that 
there is local anoxia due to the oxygen consumption by the epithelium and high-density 
bacterial population, which is similar as observed in airway infections99,202.  Beyond 
metabolism, the bacteria also showed elevated levels of genes involved in resistance to 
antibiotics (Supplementary Figure 2D). Particularly striking was the effect of the epithelium 
on genes encoding the MexXY efflux pump, porins, and genes like aph, PA5514, arnA and 
PA2528 encoding antibiotic degrading enzymes (Figure 4F and Supplementary Figure 
2E). Of note, our co-culture system is performed in antibiotic-free conditions. Finally, the 
presence of epithelial cells induced the expression of type 3 (Supplementary Figure 2F) and 
type 6 (Figure 4G) secretion systems (T3SS and T6SS). These bacterial secretion systems 
are syringe-like structures used to inject toxins into the cytoplasm of target cells247–250. The 
epithelium mainly induced the expression of the H2-T6SS, and to a lesser extent H1-T6SS, 
but it repressed those belonging to the H3-T6SS subtype. H1 and H2 subtypes are known to 
act against other prokaryotes and eukaryotes, respectively249,251. Little is known about the 
role and regulation of H3-T6SS in infection.  
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Figure 4. Transcripti onal response of PAO1 to the presence of airway epithelium. A) Schemati c representati on of 
the analysis. B) Volcano plot displaying the log2 fold change and –log10 adjusted p-value of all genes, when comparing 
the PAO1 transcriptomes of co-culture and bacterial mono-culture samples. Green indicates diff erenti ally expressed 
genes (DEGs) (log2 fold change > 1 and adjusted p value < 0.05). The number of genes upregulated in co-culture and 
bacterial mono-culture is indicated. C) Gene ontology enrichment analysis showing top 10 categories enriched in 
PAO1 exposed to airway epithelium in co-culture. D) Normalized count plots of genes involved in CCR pathway, crc
and crcZ. E) KEGG pathway pae00910 plot displaying the log2 fold change of genes involved in denitrifi cati on. DEGs 
from co-culture vs bacterial culture mono-culture comparison of PAO1 transcriptomes. F) Normalized count plots 
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The epithelium influences aspects of P. aeruginosa QS regulation

Next, we investigated how the presence of the epithelium affected QS-regulated 
processes in P. aeruginosa PAO1. Since only the dual RNA-seq run contained samples 
from all three bacterial conditions (WT, ΔpqsA, and ΔQS), only samples from this run were 
included in the analysis to avoid batch-induced bias. In general, LasR- and RhlR-regulated 
genes and only some PQS-regulated genes were downregulated in PAO1 WT co-culture 
conditions compared to bacterial mono-cultures (Figure 5A). This correlates with previous 
descriptions of stronger QS-induced responses in pure bacterial cultures than in clinical 
infections97–99. Interestingly, the QS receptor levels (mvfR, lasR and rhlR) seemed to be more 
affected by ΔQS when the bacteria were co-cultured with the epithelium than in mono-
culture. This could impact the QS regulatory network and therefore it is worth taking 
into consideration when interpreting results of QS regulation using in vitro models. Only 
46 and 23 DEGs were found when comparing WT PAO1 with ΔpqsA in co-culture and in 
mono-culture respectively (Supplementary Figure 3A-B). From these, the antABC operon 
was affected only in mono-culture (Supplementary Figure 3C). This operon encodes the 
enzymes responsible for derivatizing the PqsA substrate anthranillic acid to catechol, before 
degradation to intermediates of the tricarboxylic acid (TCA) cycle252. The loss of PqsA in the 
ΔpqsA strain could lead to an accumulation of anthranillic acid. Via upregulation of antABC 
in bacterial mono-cultures, anthranillic acid might be used as a nutrient. 

In contrast, deletion of rhlI and lasI in ΔQS led to 308 and 465 DEGs in co-culture 
and in mono-culture, respectively (Figure 5B). In order to dissect which QS-regulated 
processes were affected by the epithelium, we identified DEGs that occurred specifically 
in co-culture (52 up and 75 downregulated). Iron uptake pathways were downregulated 
only in ΔQS co-culture condition (Supplementary Figure 3D). This highlighted the differences 
of the two culture systems regarding iron utilization by the bacteria. On the other hand, 
genes involved in leucine and tyrosine catabolism were upregulated (Figure 5C-D). The 
amino acid utilization by P. aeruginosa is thought to be a key element of P. aeruginosa 
adaptation to the human airways, since amino acid auxotrophy is common in CF clinical 
isolates. This could explain why the QS effect is not observed in isolated bacterial cultures 
253. Furthermore, we found genes regulated by QS specifically in co-culture involved in 
bacterial adhesion and biofilm formation (pprB), and phosphatase and phosphodiesterase 
activities  (eddA)146,254. Additionally, a number of T2SS and T6SS related genes (Figure 5C-D) 
were specifically regulated by QS in co-culture. T2SS-related genes from WT PAO1 in co-
culture showed slightly reduced levels compared to mono-culture. In contrast, QS mutants 
in co-culture showed a greatly reduced expression of T2SS-related genes. This suggested 
that the epithelium potentially inhibits T2SS, which can be counteracted by QS-regulated 
molecules in WT bacteria. The expression of T6SS-related genes was low in all PAO1 strains 

Figure 4 legend (continued)
of genes involved in P. aeruginosa antibiotic resistance. G) Heat map displaying expression of genes involved in P. 
aeruginosa T6SS. Genes grouped by H1, H2 or H3 T6SS subtype249,250. Samples grouped by culture condition. Color 
code indicates culture condition (Green: bacterial mono-culture; magenta: co-culture) and PAO1 genotype (Dark: 
WT; middle: ΔpqsA; light: ΔQS).
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in mono-culture. Co-culture conditions specifically showed a QS-regulatory effect on the 
expression of these genes. This suggested that a combination of epithelial and QS factors 
induce the expression of some T6SS genes. In addition, T6SS effectors that are involved in 
pathogenicity of eukaryotic cells were both induced by a combination of epithelial and QS 
signals (Figure 5E). 

Benchmarking 2D co-culture model with chronic clinical samples

Next, we addressed which aspects from in vivo P. aeruginosa infections were 
recapitulated in our 2D co-culture model. We compared the transcriptional profiles of 
clinical P. aeruginosa strains directly isolated from airway biopsies from CF subjects to the 
PAO1 co-culture samples. Pure bacterial culture samples from this and other studies were 
included in the comparison97,99,255 (Supplementary Figure 4). After dataset integration, PCA 
analysis revealed that the origin of the bacterial samples (in vivo, co-culture, or mono-
culture) explained the clustering of the samples best (Figure 6A). The comparison of the 
in vivo and co-culture transcriptomes to all mono-culture samples revealed a total of 1382 
and 2045 DEGs, respectively (Figure 6B). Despite the fact that our co-culture represented 
an early stage of infection compared to the chronic state of the clinical samples, 269 genes 
were common between both comparisons (4.7% of all PAO1 genes) (Figure 6C-D). This 
core gene signature captured the aspects of an in vivo infection present in our co-culture 
model. In order to understand pathways enriched in this core gene signature, we performed 
protein-protein interaction network analysis (Figure 6E). This confirmed that denitrification 
is an important process for P. aeruginosa infection and that this was captured by our 
model (Figure 6E-F, Figure 4E and Supplementary Figure 5). Increased expression of mexYX 
antibiotic efflux pump (Figure 6E-F, Figure 4F, Supplementary Figure 5) was also confirmed in 
vivo. Additionally, the expression of some T2SS proteins (Figure 6E-F, Supplementary Figure 
5) was reduced in the core signature compared to in vitro cultures, which is in line with our 
previous analysis (Figure 5D). 

Beyond confirming the relevance of some of the pathways previously discovered 
by our cohort, the comparative analysis (Figure 6) uncovered other processes relevant for 
in vivo infection. This included elevated levels of choline/betaine metabolic genes (betABI), 
responsible for the production of glycine-betaine (GB) (Figure 6E-F, Supplementary Figure 
5). The accumulation of GB has been proposed as a bacterial osmo-protective mechanism99, 
and to be important in P. aeruginosa infection in mice256. Additionally, our 2D co-culture 
model captured the reduced levels of motility- and chemotaxis-related genes that are 
observed in vivo compared to pure bacterial cultures (Figure 6E-F, Supplementary Figure 5), 
which is another important aspect for biofilm formation. 
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al., 2018). E) Protein-protein interacti on network of common DEGs (in vivo and co-culture.  Each node represents a 
protein encoded by a DEG. Edges represent known protein-protein associati on (either physical or functi onal) with 
a confi dence level higher than 0.7. Node color represent clusters generated MCL method. Highlighted the pathway 
to which the cluster proteins belong. F ) Log2 normalized count plots of representati ve genes from pathways 
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Discussion
In this study, we describe a novel P. aeruginosa co-culture system using 2D human 

airway organoids derived from healthy and CF individuals. Subjecting the co-culture to dual 
RNA-seq allowed us to gain insight into how both components interact with, and respond 
to each other, focusing on the role of QS molecules and downstream signaling. Finally, we 
benchmarked our findings with a cohort of publicly available RNA-seq datasets from clinical 
samples of P. aeruginosa infected airways. Our co-culture model recapitulates metabolic 
aspects, CCR and nitrogen usage, as well as the expression of several secretion systems, 
important for P. aeruginosa persistence and virulence. Furthermore, the upregulation 
of genes involved in P. aeruginosa antibiotic resistance could be of particular relevance 
for research of bacterial mechanisms of antibiotic resistance and discovery of novel 
antibacterial compounds. This is highly relevant in the case of P. aeruginosa due to its high 
intrinsic resistance26. Since it is not possible to study early stages of infection using clinical 
isolates, our model offers a tool to understand the initial steps of the infectious process in 
near-physiological conditions. 

Previous attempts to co-culture P. aeruginosa in 2D have been performed using 
cancer cell lines217–221,257,258 or primary human airway cultures219,222. The latter offers 
clear advantages over the former, because of the non-cancerous nature of the primary 
cultures. Human airway organoids allow for the indefinite biomass expansion and thus 
for longitudinal experiments using a defined and constant organoid source. Additionally, 
the indefinite expansion of airway organoids will enable P. aeruginosa co-culture with 
genetically engineered organoid lines and isogenic WT controls, once genome editing of 
airway organoids becomes efficient enough to perform experiments at this scale259. This will 
open the door to understanding which epithelial factors shape the course of P. aeruginosa 
infection and how to harness them to fight the infection.  

In this dataset, we do not observe a major organoid response specific to QS 
pathways. Using live co-cultures could lead to lower effective concentrations of QS-
induced molecules, compared to what has been used in studies testing the effect of single 
QS compounds on epithelial cells260,261. In addition, the strong LPS-induced inflammation, 
present in all conditions, might abrogate the effect of QS-derived molecules. Particularly, LPS 
is not accounted for in studies that solely focus on QS-derived molecules. Additionally, it is 
likely that only specific cell types respond to QS molecules, i.e. chemosensory tuft cells262,263, 
and therefore bulk RNAseq would not allow the study of these cell-specific effects.

Future expansion of the co-culture infection models, with the addition of 
immune cells, will yield insight into how this important aspect affects the behavior of the 
P. aeruginosa infections. Importantly, co-culture models that recapitulate a more complex 
tissue architecture264 will also help to understand biofilm formation under more physiological 
conditions. Furthermore, QS pathways coordinate the population-scale behavior of individual 
bacteria, which leads to the functional and spatial heterogeneity found in bacterial biofilms. 
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The recent application of spatial transcriptomics to P. aeruginosa  biofilms grown on solid 
surfaces have allowed detailed study of these two aspects265,266. It will be very interesting 
to address this spatial and functional heterogeneity in the presence of the epithelial and 
immune cells using co-cultures. Furthermore, our 14-hour co-culture system represents an 
early stage of the infectious process. While this time span allows studying QS regulation, it 
is too short to focus on biofilm development and other aspects of chronic infections. Longer 
incubation using our method was technically challenging due epithelial damage caused by 
the bacterial cells. Developing co-culture strategies that enable sustained chronic infection 
of the mucosa will help to investigate these aspects of later infection stages. 

In conclusion, 2D organoid co-cultures with P. aeruginosa represent a new 
development of the current methods to study host-bacterium interplay. The system 
recapitulates major infection traits from both bacteria and epithelium, including bacterial 
metabolism, expression of virulence factors and the induction of an inflammatory response 
in the epithelium. 
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only bulk RNA-seq or Dual RNA-seq). D) PCA plot of the integrated dataset color-coded by culture type and PAO1 
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Supplementary figure 2. Extended transcriptional response of PAO1 to the presence of airway epithelium. A) 
Gene ontology enrichment analysis showing top 10 categories enriched in PAO1 mono-culture B) Expression heat 
map of genes regulated by the Carbon catabolite repression (CCR) pathway in the related bacterium Pseudomonas 
putida (Moreno et al., 2009267). C) Expression heat map of genes from the KEGG pathway nitrogen metabolism 
(pae00910). D) Expression heat map of genes known to confer antibiotic resistance to P. aeruginosa. E) Normalized 
count plots of DEGs encoding P. aeruginosa porins. F) Expression heat map of T3SS genes (GO:0030254).
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Supplementary fi gure 3. Extended eff ects of the epithelium on PAO1 QS regulati on.  A) Volcano plot displaying 
gene log2 fold change and –log10 adjusted p-value when comparing the transcriptomes of WT to ΔpqsA PAO1 in 
co-culture. B) Volcano plot displaying gene log2 fold change and –log10 adjusted p-value when comparing the 
transcriptomes of WT to ΔpqsA PAO1 in mono-culture. C) Normalized count plots of genes from the anthranillic 
acid metabolic pathway. D ) Gene ontology enrichment analysis showing top 10 categories enriched in genes that 
are specifi cally downregulated in co-culture in WT and ΔpqsA PAO1 transcriptomes compared to ΔQS (left ) or those 
that are common to both (right, up and downregulated).
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Supplementary figure 4 Cohort integration quality control. A) Log10 of total raw counts per sample before DESeq2 
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Supplementary Figure 4 legend (conti nued)
normalizati on. B) Log10 of normalized counts per sample aft er DESeq2 normalizati on. C) Number of genes with more 
than 1 (red), 5 (green) or 10 (blue) counts per sample. D) Gene ontology enrichment analysis showing categories 
enriched in top common DEGs from co-culture and in vivo samples.  E) Normalized count plots of genes from Figure 
6F, performing the analysis only in the samples from our cohort, to exclude bias in the results due to the integrati on 
process with the extra datasets.
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Supplementary fi gure 5. Extended protein-protein network results. Protein-protein interacti on network of 
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Supplementary Table 1 |Primers used in this study

Primer name Primer sequence

lasI.UP.Fw GCCAGTGCCAAGCTTGCATGCGAGGCCAACCGTTTCATG

lasI.UP.Rv GCTGTTCCACCAGTACGATCATCTTCACTTCCTCCAA

lasI.DN.Fw GAAGATGATCGTACTGGTGGAACAGCGACTGG

lasI.DN.Rv CATGATTACGAATTCGAGCTTTCCTGCCCTGGATAGAAC

lasI.seq.Fw GCTCGGAAGCCAATGTGAACTT

lasI.seq.Rv AACTGGAACGCCTCAGCCAG

rhlI.UP.Fw CATGATTACGAATTCGAGCTCGACCAGCAGAACATCTC

rhlI.UP.Rv TGAAGCTAATTCGATCATGCATGAGCTCCAGCGATTCAGAGAGCAA

rhlI.DN.Fw ATCCCCAATTCGATCGTCCGGCTACCACCCGGAATGGCT

rhlI.DN.Rv GCCAGTGCCAAGCTTGCATGCCAGGTTGATCGAGATGC

rhlI.seq.Fw ATGTCCTCCGACTGAGAGGG

rhlI.seq.Rv CAGAGAGACTACGCAAGTCGG

Supplementary Table 2 |Plasmids used in this study

Plasmid Use Reference

pEX18Gm Backbone plasmid used for the 
generation of deletion constructs

Hmelo et al. (2015)158

pEX18Gm::∆lasI Plasmid containing lasI deletion 
construct for use in PAO1

This study

pEX18Gm::∆rhlI Plasmid containing rhlI deletion 
construct for use in PAO1

This study
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Abstract
Bacteria regulate gene expression based upon their cell density, via a process called quorum 
sensing (QS). The opportunistic Gram-negative bacterium P. aeruginosa regulates the 
production of toxic virulence factors via QS. Various studies have shown that eukaryotic host 
cells are able to sense QS-induced molecules. In this study, we investigated the effect of P. 
aeruginosa QS-regulated molecules on airway epithelial cells using 2D organoids and RNA-
sequencing. We show that QS contributes to the toxicity of PAO1 supernatant and leads 
to an immunomodulatory response. By testing single QS-regulated compounds, including 
various phenazines and Pseudomonas quinolone signal (PQS), we suggest this response is 
mostly caused by the effect of 1-phenazinecarboxylic acid and pyocyanin. Treatment with 
these phenazines led to an significant changes in the immunomodulatory response making 
this an interesting target for future investigations. This explorative research shows the 
potential of using organoids and bacterial extracts to study the response in human cells. 

Keywords: Pseudomonas aeruginosa, Airway organoids, Quorum sensing, phenazines, 
Immune system
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Introduction
Cell density regulates bacterial gene expression via a process called quorum 

sensing (QS). Across Gram-negative bacteria, the QS systems show high similarity: it involves 
a LuxI-type synthase that produces N-acylhomoserine lactones (AHLs), which cross the 
cell membrane and bind to their cognate LuxR-type receptor. The LuxR-type receptor is a 
transcription factor that binds to the promoters of QS-regulated genes. This way, when the 
number of bacterial cells is high, the concentration of AHLs increases and the LuxR receptor 
is activated, resulting in altered gene expression59,106,152.

In the opportunistic Gram-negative pathogen, Pseudomonas aeruginosa, there are 
three QS pathways, two of which depend on AHLs and one that is unique: the las-encoded 
pathway produces the AHL, 3-oxo-C12-HSL, and the rhl-encoded pathway produces the 
AHL, C4-HSL. The Pseudomonas quinolone signal (PQS) pathway is independent of AHLs, 
and involves the pqsABCDE and pqsH genes, which mediate production of 4-hydroxy-
2-heptylquinoline (HHQ) and PQS, which both bind to the PqsR (also known as MvfR) 
receptor68,69. Downstream pathways of QS in P. aeruginosa involve virulence factor 
production, including proteases72, elastases267, phenazines109 and rhamnolipids110, which are 
detrimental to host cells60. P. aeruginosa strains with reduced or inactive QS systems show 
reduced tissue damage of the host, increased clearance of bacteria, and improved survival 
in animal models77,85–87,89. 

Besides altering bacterial processes, QS-regulated compounds, including PQS and 
phenazines, may influence gene regulation in host cells as well268–271. Next to its role in QS, 
PQS may have a direct effect on the host by inducing oxidative stress and modulating the 
immune response268,272. Phenazines act downstream of QS and act as major virulence factors 
during P. aeruginosa infections. Toxic effects of phenazines have been demonstrated in 
various model systems183,186–188. The effects of phenazines on host cells are mostly attributed 
to their oxidative activity by affecting electron transport, cellular respiration, and energy 
metabolism. In addition, they also act as pro-inflammatory compounds184,186. Recently, 
Moura-Alves and colleagues described the aryl hydrocarbon receptor (AhR) to recognize 
phenazines and subsequently modulate the immune response260,261. 

In chapter 4, we described a limited role of QS during infection. However, this 
limited role could be due to the relatively short time of co-incubation. In addition, the strong 
host response to lipopolysaccharides (LPS) might have overruled the effects of QS-derived 
molecules. Testing cell-free extracts of cultured P. aeruginosa PAO1 WT and ΔQS bacteria 
may facilitate to prolong incubation times and study the specific response to QS-regulated 
metabolites without LPS interference. 

In this chapter, we investigated the response of airway epithelium specifically to 
QS-derived compounds. For this, we used 2D upper airway (nasal) organoids. These airway 
organoids closely mimic the physiology and cellular composition of the airways, making 
them a suitable model to study the infection site of  P. aeruginosa224. Using RNA-sequencing, 
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we analyzed the transcriptional response after treatment with PAO1 WT supernatant extract 
and mutant PAO1 cells lacking QS. We also examined the effect of various phenazines and 
PQS to learn more about their effect on airway epithelium. Our results reveal a QS-induced 
effect on the immune response with increased levels of IL33 and decreased levels of IL1R1. 
This preliminary study provides interesting insights that warrant future studies.  

Materials and methods

Supernatant extraction

For this study, we used P. aeruginosa PAO1 strain that expresses GFP194. In addition, 
we used the PAO1 ΔlasI/ΔrhlI (ΔQS) strain (as described in chapter 4). PAO1 strains were 
stored at -80 °C in a 20 % glycerol stock solution. A single colony of PAO1 was plated on 
Luria agar (LA) plates, before inoculation in Luria broth (LB) at 37 °C O/N. Next day, the 
cultures were diluted 1000 x in 400 mL LB in plastic Erlenmeyer flasks and grown for 14 h 
at 37 °C. Erlenmeyer flasks with sterile LB were used as control. Subsequently, the bacteria 
were pelleted by centrifugation at 11,000 rpm for 10 min before filter-sterilizing using a 0.22 
µm Millipore filter (Merck, Amsterdam, The Netherlands). The sterile supernatant and LB 
control was extracted 2 x with 0.5 volume of acidified ethyl acetate (containing 0.5 % acetic 
acid (v:v)) and dried using a rotary evaporator with a water bath at 40 °C. The dried pellet 
was dissolved in DMSO, creating a 500 x concentrated stock. The stock was aliquoted and 
stored at -80 °C to prevent degradation. 

Analysis secondary metabolites

Extracts were analyzed using an analytical HPLC Shimadzu LC-2030C system with 
PDA detection (190-800 nm) with a Dr. Maisch Reprosil-PUR 120 C18 AQ column (3 µm, 
120 Å, 4.6x100 mm). The mobile phase consisted of 100 % MQ with 0.1 % trifluoroacetic 
acid (Buffer A) and 100 % acetonitrile with 0.1 % trifluoroacetic acid (Buffer B). Protocol 
consisted of a linear gradient from 5 % to 95 % buffer B for 10 min, followed by 2.5 min of 95 
% buffer B before returning to 5 % buffer B with a constant flow rate of 1 mL/min. 

For the quantification of 4-hydroxy-2-heptylquinoline (HHQ) (Sigma-Aldrich, Merck 
Life Science, Amsterdam, The Netherlands) and 1-phenazinecarboxylic acid (PCA) (Caymen 
Chemicals), commercially available compounds were used to make calibration curves to 
quantify the concentrations in supernatant extract. 

Organoid culture

Nasal brushing-derived epithelial stem cells were collected and stored with informed 
consent of all donor and was approved by a specific ethical board for the use of biobanked 
materials TcBIO (Toetsingscommissie Biobanks), an institutional Medical Research Ethics 
Committee of the University Medical Center Utrecht (protocol ID: 16/586). Nasal epithelial 
stem cells were isolated and expanded in 2D cell cultures as previously described225. After 
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initial expansion, nasel cells were grown as organoids and cultured as previously described224. 
In brief, the organoids were grown in Advanced DMEM F12 expansion medium containing 
1X GlutaMax (Life Technologies; 12634-034), 10 mM HEPES (Life Technologies; 15630-056) 
(AdvDMEMF12++), supplemented with penicillin and streptomycin (10,000 IU/mL each; Life 
Technologies; 15140-122), 1× B27 supplement (Life Technologies; 17504-044), 1.25 mM 
N-acetyl-l-cysteine (Sigma-Aldrich; A9165), 10 mM nicotinamide (Sigma-Aldrich; N0636), 
500 nM A83-01 (Tocris; 2939), 5 µM Y-27632 (Abmole; Y-27632), 1 µM SB202190 (Sigma-
Aldrich; S7067), 100 ng/mL human FGF10 (PeproTech; 100-26), 25 ng/mL FGF7 (PeproTech; 
100-19), 1 % (vol/vol) RSPO3, and Noggin (produced via the r-PEX protein expression 
platform at U-Protein Express BV). For passage, the organoids were collected, washed, and 
resuspended in TrypLE (Gibco), before incubation at 37 °C for 15 min. Next, organoids were 
disrupted mechanically into single cells and seeded in droplets of Cultrex growth factor 
reduced BME type 2 (Biotechne | R&D systems 3533-010-02). For the 2D differentiation of 
the airway organoids, 105 cells were seeded on 24-well polystyrene membranes (Greiner Bio-
One). These cells were cultured in expansion medium (both top and bottom compartments) 
until confluency. Next, the cells were differentiated in air liquid interface, for 1 month, using 
PneumaCult™-ALI Medium (Stem cell technologies) supplemented with Hydrocortisone 
stock solution (5 µL/mL; Stem cell technologies #07925) and Heparin solution (2 µL/mL; 
Stem cell technologies #07980). For the treatment of the organoids, 1.6 x diluted bacterial 
extract or 50 µM of compound was added to the organoids and incubated for 24 hours. 
DMSO and LB extracts were used as negative controls. Experiments were done in triplicates.

RNA isolation organoid cultures

After treatment for 24 h, RNA was isolated from organoid cultures using RNeasy kits 
(Qiagen), following manufacturer’s protocol. RNA was dissolved in MQ and stored at -80 °C 
to prevent degradation until further use. For RNA-sequencing, RNA libraries were validated 
with the Agilent 2100 bioanalyzer following manufacturer’s protocol. Samples were sent for 
sequencing to the Utrecht Sequencing Facility (Useq). Library preparation was done with 
TruSeq Stranded mRNA polyA kit. RNAseq was performed using the NextSeq2000 platform.  

Organoid viability test

After treatment for 24 h, viability was measured using CellTiter-Glo® 3D Cell Viability 
Assay (Promega #G9681). In short, the culture was equilibrated at room temperature for 30 
min. The supernatant extract was removed and 100 µL of PBS was added. Next, 100 µL of 
CellTiter-Glo® 3D Reagent was added. The solution was resuspended thoroughly and placed 
on a shaker for 15 min at room temperature. Thorough resuspension was repeated and 
samples were incubated extra 15 min in the dark. Luminescence was measured immediately 
using Tecan spark illuminometer.

RNA isolation bacterial cultures

For RNA isolation, 200 µL of bacterial culture was used, added to 400 µL RNA 
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stabilizing solution (3.5 M ammonium sulfate, 16.67 mM sodium citrate, 13.3 mM EDTA, in 
MQ, pH = 5.2) and incubated at room temperature for 5 min. Bacterial cells were pelleted 
by centrifugation for 2 min at 16,000 rpm at 4 °C, before aspirating the supernatant and 
snapfreezing the cells. 

RNA was isolated using the MasterPure Complete DNA and RNA Purification Kit 
(Immunosource, Belgium) following manufacturer’s protocol. To make sure all gDNA was 
removed, 2 additional rounds of DNase treatment were performed using TURBO DNase 
(ThermoFisher Scientific) following manufacturer’s protocol. To inactivate the DNase, the 
RNA was purified again, dissolved in MQ, and stored at -80 °C until further use. 

Bacterial growth curves

To compare the growth of the two bacterial strains, the bacteria were grown on LA 
plates and a single colony was grown overnight in LB medium. The following day, the bacteria 
were diluted 1000 x in LB medium and 100 µL of bacterial solution was added to a 96-wells 
plate, covered with Breathe-Easy seal (Sigma-Aldrich, Merck, Life Science, Amsterdam, The 
Netherlands) to prevent evaporation. Bacterial growth (OD595) was measured every 15 min 
using a Multiskan FC microplate photometer (ThermoFisher Scientific) with incubation 
temperature at 37 °C.

Quantitative RT-PCR 

cDNA was made from similar quantities of RNA using Superscript III reverse 
transcriptase following manufacturer’s protocol (ThermoFisher Scientific). cDNA was added 
to a mix containing FastStart Universal SYBR Green master mix (Roche, Sigma-Aldrich, Merck 
Life Science, Amsterdam, The Netherlands) and desired primers (Table 1). The signal was 
measured using a Biorad CFX RealTime system. Reaction mixtures were incubated for 10 
min at 95 °C, followed by 42 cycles of product amplification (58 °C for 30 s, 95 °C for 15 
s). For each condition, three samples were used in duplicates. Melting curve analysis was 
performed to verify specificity of the primers. Relative expression levels were quantified 
using the 2-ΔΔCt method using rpoD as housekeeping gene. 

Table 1 |Primers used in this study

Primer name Primer sequence

lasB.Fw ACCGTGCGTTCTACCTGTTG

lasB.Rv CGGTCCAGTAGTAGCGGTTG

rhlA.Fw CCTGGCCGAACATTTCAACG

rhlA.Rv AGGTGATTGACCTCGAAGCG

pqsA.Fw TCGACGATTTCTCGCTGGAC

pqsA.Rv TGGAACCCGAGGTGTATTGC

rpoD.Fw ACAAGATCCGCAAGGTACTGAAG

rpoD.Rv CGCCCAGGTGCGAATC
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LPS test

For the quantification of the LPS, the Pierce Chromogenic Endotoxin Quant Kit was 
used following manufacturer’s protocol. Tested extracts were 2x concentrated. The reaction 
was also performed without enzyme and this background value was subtracted from the 
signal with enzyme. Three samples were used and reactions were performed in triplicates 
per sample. 

Bioinformatic analysis

Human count tables were analyzed using DESeq2234. PCA plots were generated 
using plotPCA function. Volcano plots were generated using EnhancedVolcano package235. 
Heatmaps were made using ComplexHeatmap package273. For the heatmap, we used the 
GO gene list (“Immune response, GO:006955). We mapped the 60 genes from this list with 
the strongest fold change when comparing PAO1 WT supernatant extract with LB control 
treatment. 

Results and discussion

Validation of bacterial supernatant

The production and extraction of the supernatant of bacteria is described in the 
Materials and Methods section and is depicted schematically in Figure 1A. To determine the 
effect of QS-derived metabolites, we cultured both P. aeruginosa PAO1 WT bacteria and a 
PAO1 QS mutant (ΔlasI/ΔrhlI) strain.

We first confirmed the presence of QS-derived secondary metabolites in the 
bacterial supernatant extract. To select optimal conditions for the production of metabolites, 
we measured the expression of QS-regulated genes (lasB, rhlA, and pqsA) at various time 
points. At 10 hours, the expression of lasB and rhlA began to increase, peaking at 18 hours 
before decreasing (Figure 1B-C). The expression of pqsA did not show a similar increase 
as lasB and rhlA (Figure 1D).  However, HHQ, the precursor of PQS, did increase over time 
(Figure 1E), indicating that the PQS pathway was activated in wild type PAO1 cells. There 
was a strong increase in the production of HHQ up to a concentration of 3 µM. As expected, 
PAO1 ΔQS bacteria did not produce HHQ. In addition, we measured the concentration 
of 1-phenazinecarboxylic acid (PCA), a precursor of pyocyanin (PYO)163, which reached it 
maximum concentration of approximately 1.3 µM at 14 hours (Figure 1F). Our findings 
confirmed that PCA production is QS-dependent, as PAO1 ΔQS did not produce PCA. 

In order to maximize the production of QS-regulated metabolites, with minimal 
levels of non-QS-regulated metabolites, we decided to incubate the PAO1 strains for 14 
hours to generate the supernatant extracts. PAO1 ΔQS barely produced any detectable 
secondary metabolites, which was evident from comparison of the spectrograms of PAO1 
ΔQS supernatant extract and LB medium control (Figure 1G). However, WT PAO1 bacteria 
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did produce a variety of secondary metabolites. For the working stocks, we measured 
concentrations of various QS-related molecules: 3.69 µM HHQ, 1.73 µM PQS, 0.24 µM 
1-hydroxyphenazine (1-HP),  5.83 µM PCA, and 0.04 µM PYO (Figure 1H).

To ensure that any observed effects of supernatant extract treatment were 
specifically due to QS and not influenced by external factors, we measured several 
parameters. First, we confirmed that the growth of both strains was similar, eliminating 
bacterial growth as potential source of differences (Figure 1I). Additionally, we considered 
the effect of LPS, which can strongly influence the immune response in epithelial cells274. 
However, the concentrations of LPS were similar in the extract of WT and ΔQS bacteria, 
excluding the effect of LPS (Figure 1J). Taken together, PAO1 cells and PAO1 ΔQS cells showed 
similar growth curves and LPS production. PAO1 cells secreted a distinct set of secondary 
metabolites which were likely attributable to activation of QS. 

PAO1 WT supernatant extract is toxic to airway epithelium

To assess potential toxicity on airway epithelium, we tested various concentrations 
of the supernatant extracts on organoids obtained from various donors: 143 (upper airway 
from healthy donor), 145 (upper airway from CF patient), N44 (bronchia from healthy 
donor). Supernatant extract  of PAO1 WT bacteria was toxic in all three donors, with 5 x 
concentrated extract leading to 0 % viability after 5 days of incubation (Figure 2). This toxicity 

Figure 1. Optimization and validation of bacterial supernatant extract. A) Schematic representation of the 
preparation and analysis of bacterial supernatant extract. This scheme was created with Biorender.com. Relative 
expression levels of quorum sensing (QS) regulated genes B) lasB, C) rhlA, D) pqsA, compared to 6 hour time 
point. Concentration of the QS regulated metabolites E) HHQ, F) PCA. G) Analytical HPLC spectrogram of bacterial 
supernatant extract after 14 hours of incubation. H) Concentration of various QS-regulated compounds in the 
working stock solutions. I) Bacterial growth of PAO1 WT and QS mutant bacteria. J) LPS assay comparing the 
presence of LPS in PAO1 WT and QS mutant bacterial supernatant extract. The means of the triplicates are plotted, 
error bars represent the standard error of the mean (SEM). Abbreviations: HHQ, 4-hydroxy-2-heptylquinoline; PCA, 
1-phenazinecarboxylic acid; PQS, Pseudomonas Quinolone signal; 1HP, 1-Hydroxyphenazine; PYO, Pyocyanin.
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Figure 2. Toxicity of bacterial supernatant extracts. Viability of organoids after treatment with bacterial extracts. 
Organoids from three donors were used: 143, healthy upper airway organoids; 145, Cystic fibrosis upper airway 
organoids; N44, bronchial organoids.
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was absent at 1.25 x concentrated extract. In contrast, the extract of PAO1 ΔQS supernatant 
extract  did not show toxic eff ects at any concentrati on, comparable to medium control. 
This is in accordance with previous studies showing low virulence eff ects of QS mutants in 
infecti on models85.

Bacterial QS response elicits altered gene expression in airway epithelium 

To study the eff ect of QS-regulated compounds on airway epithelium, we incubated 
the organoid cultures with both PAO1 WT and ΔQS supernatant extract. In additi on, we 
included LB medium extract as control. To test the eff ect of single QS-induced compounds, 
we incubated organoids with various structurally related phenazines (1-phenazinecarboxylic 
acid, PCA; 1-hydroxyphenazine, 1-HP, and pyocyanin, PYO) and PQS (Figure 3A). We 
selected a concentrati on of 50 µM for the single compounds to enable comparison with 
previous studies239,261,268,275–277, although this concentrati on exceeds the levels present in the 
supernatant (cf. Figure 1H). Aft er 24 hours of incubati on, we isolated the RNA from the 
samples for subsequent RNA-sequencing. 

Analysis of the epithelial transcriptomes aft er treatment with bacterial supernatant 
extracts revealed a strong eff ect of PAO1 WT supernatant extract, compared to the 
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Figure 3. Eff ect of QS on the transcripti onal response of the epithelium. A) Chemical structures of phenazines 
(PCA, 1-phenazinecarboxylic acid; 1-HP, 1-hydroxyphenazine) and Pseudomonas Quinolone signal (PQS) used 
in this study. B) PCA plot of organoid samples aft er treatment with bacterial supernatant extracts or single QS-
regulated molecules (50 μM).
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supernatant extract of PAO1 ΔQS and LB control (Figure 3B). Treatment with PAO1 ΔQS 
supernatant extract did not lead to a noti ceable transcripti onal change when compared to 
LB control. The low producti on of secondary metabolites by the ΔQS strain was consistent 
with this lack of eff ect (cf. Figure 1G).  

Comparison of the eff ect of phenazines and PQS on airway epithelium with DMSO 
control, led to identi fi cati on of three diff erent clusters (Figure 3B). First, PQS clustered 
together with DMSO, suggesti ng a negligible eff ect of PQS on the airway epithelium. Second, 
1-HP had a relati vely small transcripti onal eff ect. Third, PCA and PYO both showed a strong 
eff ect on the epithelial transcriptome.  

WT bacterial supernatant extract induces a small epithelial transcripti onal response

The  eff ect of PAO1 ΔQS supernatant extract on gene expression in airway 
epithelial cells was negligible compared to LB control treated organoids: no genes showed 
a signifi cantly diff erenti al expression between these treatments (Figure 4A). Due to the 
lack of diff erence between these two conditi ons, we decided to combine these data and 
to compare the combined data with PAO1 WT supernatant extract treatment. Treatment 
with PAO1 WT supernatant extract induced 519 diff erenti ally expressed genes (DEGs) in 
airway epithelium compared to the control samples (Figure 4B). Of these 519 genes, 246 
genes were upregulated and 191 genes were downregulated by more than two-fold, and 82 
genes did not show a 2-fold alterati on. Unfortunately, GO enrichment analysis of these 246 
upregulated genes did not show any over-represented GO terms. Deeper data analysis is 
needed to study the eff ect on gene expression aft er treatment with WT supernatant extract.

PCA and pyocyanin elicit a strong epithelial response

Next, we focused on the eff ect of the QS-related single molecules on the airway 
cells. The aforementi oned negligible eff ect of PQS treatment was confi rmed by direct 
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 Figure 4. Eff ect of QS on the transcriptome of the epithelium. A) Volcano plot showing the log2 fold change and 
-log10 adjusted p-value of all genes, when comparing the transcriptome of 2D organoids exposed to PAO1 ΔQS 
supernatant extract compared to LB control. B) Volcano plot comparing the transcriptome of 2D organoids exposed 
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comparison of PQS and DMSO treatment (Figure 5A). Second, treatment with 1-HP caused 
a minor eff ect on the epithelium compared to DMSO control, with 7 DEGs in total (Figure 
5B). Third, PCA and PYO treatment produced a strong transcripti onal response in airway 
epithelial cells compared to DMSO control with 5025 and 3029 DEGs respecti vely (Figure 
5C-D). Although the epithelial transcriptomes aft er PCA and PYO treatment clustered 

 Figure 5. Eff ect of single QS-regulated compounds on the transcriptome of the epithelium. Volcano plots 
showing the log2 fold change and -log10 adjusted p-value of all genes, when comparing the transcriptome of 2D 
organoids exposed to A) Pseudomonas Quinolone Signal (PQS, 50 μM), B) 1-hydroxyphenazine (1-HP, 50 μM), C) 
1-phenazinecarboxylic acid (PCA, 50 μM), D) Pyocyanin (PYO, 50 μM), compared to DMSO control (1%). E) Volcano 
plot comparing the transcriptome of 2D organoids exposed to PYO compared to PCA. Green indicates diff erenti ally 
expressed genes (DEGs) (log2 fold change > 1 and adjusted p value < 0.05).
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together, these two compounds induced different epithelial responses with 401 genes 
being differentially expressed (Figure 5E). Taken together, whereas phenazines show high 
structural similarity, they induced major differences in gene expression in upper airway 
organoids. However, PQS treatment did not affect the epithelial cells, which is in contrast 
with previous studies268,272. 

Immunomodulatory effect of QS

Various studies indicate an immunomodulatory role of phenazines and QS related 
metabolites184,186,268,272. Both an increase as well as a decrease of the immune response 
have been reported due to P. aeruginosa QS-regulated molecules. For example, pulmonary 
mouse infections with P. aeruginosa QS mutants caused a stronger and faster inflammatory 
response, suggesting inhibition of the immune response by the QS system63. The P. 
aeruginosa AHL, 3-oxo-C12-HSL, induces expression of the murine IL-6 and IL-8 homologue 
KC, despite inhibiting the secretion of these pro-inflammatory cytokines268. To learn more 
about the immunomodulatory role of QS molecules, we focused on the immune response 
in our samples. 

We observed an immunomodulatory effect of PAO1 WT supernatant extract  
(Figure 6A) with upregulation (e.g.TNFSF, TLR1, IL33, and IL1B) and downregulation (e.g. 
IL4R, IL1R1, and CXCR6) of pro-inflammatory genes. To investigate if phenazines are 
responsible for this immunomodulatory effect, we compared the effect of phenazines and 
PQS treatment on the same list of genes (Figure 6B). Both PYO and PCA showed a similar 
response as WT supernatant extract, suggesting these phenazines play an important role in 
the immunomodulatory role of QS-regulated molecules.

Some of these 60 genes were expressed at a low level in airway epithelial cells. 
Therefore, we decided to focus on the constitutively expressed genes IL33 and IL1R1. IL-33 
is a pro-inflammatory cytokine belonging to the IL-1 family, and plays a key role in both the 
innate and adaptive immune response. IL-33 is localized in the nucleus of various cell types, 
including airway epithelium, and is generally released upon cell damage, activating various 
immune cells, such as TH2 cells, mast cells, group 2 innate lymphoid cells (ILC2s), Treg cells, 
TH1 cells, CD8+ T cells and NK cells278. Previous studies have demonstrated that treatment 
with IL-33 leads to improved outcomes in mice after corneal infection by P. aeruginosa and 
after lung infection by Klebsiella pneumoniae279,280, indicating that IL-33 cytokine expression 
may play an important role during bacterial infection. Interestingly, we measured a clear 
increase in IL33 expression after treatment with PAO1 WT supernatant extract, compared to 
PAO1 ΔQS or LB control (Figure 6C). Treatment with PCA and PYO induced a similar increase 
of IL33 expression. This suggest that QS-regulated molecules, and in particular PCA and PYO 
induce a pro-inflammatory response via upregulation of IL33. 

In contrast, PAO1 WT supernatant extract, PYO, and PCA treatment caused a 
decrease in IL1R1 expression compared to the controls. IL-1R1 is an important immune 
receptor mediating a pro-inflammatory response after binding of the interleukins IL-1α and 
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IL-1β281,282. Just like IL-33, IL-1α functions as an alarmin and is released upon cell death. IL-1β 
plays an important role during bacterial infection, and shows a strong activation after LPS 
stimulation283. This suggests that QS inhibits the inflammatory response via inhibition of the 
expression of IL1R1. 

In conclusion, although the role of IL-33 during P. aeruginosa lung infection remains 
relatively underexplored, it holds promise as a target for future studies. Particularly the 
phenazines PCA and PYO appear to play a role in the induction of this cytokine. However, 
it needs to be stressed that the host immune response is not only mediated by QS-induced 
molecules, and is not limited to airway epithelial cells. LPS, expressed on the outer membrane 
of Gram-negative bacteria, induces a strong immune response, which may overrule the effect 
of QS molecules. It is noteworthy that, comparing the immune response after treatment 
with PAO1 WT and PAO1 ΔQS bacteria, instead of using supernatant, did not reveal an 
immunomodulatory effect (as discussed in Chapter 4). Therefore, QS-regulated compounds 
may only reflect a minor modification in the immune response compared to LPS. Moreover, 
our model lacks immune cells, making it impossible to study the immune response outside 
of the epithelial barrier. Nevertheless, investigating the immunomodulatory effects of QS 
molecules and phenazines in airway epithelial cells is of great interest to learn more about 
the impact of P. aeruginosa infections. 

Conclusion and future perspective
Organoid technology makes it possible to study the epithelial response to certain 

bacterial molecules. In this study, we studied the transcriptional response of airway epithelial 
organoids to QS-regulated molecules, using cell-free bacterial extracts and single QS-derived 
molecules. We measured the effect of PAO1 WT supernatant extract treatment compared to 
PAO1 ΔQS and LB control. Unfortunately, the response was too small to find overrepresented 
GO terms. In addition, we report strong differences in epithelial response after treatment 
with various phenazines, despite their high structural resemblance. Last, we focused on the 
immunomodulatory role of QS. We saw both an activation (IL-33) and inhibition (IL-1R1) of 
immune factors. This suggests that IL-33, although being underexplored, plays a role during 
P. aeruginosa airway infection. Deeper analysis of the data should explain more about the 
effect of QS on airway epithelial cells, both on the immune response as well as on other 
epithelial responses. Moreover, by using organoids, this model makes it possible to study 
the effect of QS molecules in single cells. In conclusion, although the data is limited, this 
explorative research hopefully sparks ideas for future research, using bacterial extracts and 
organoids to study the effect of bacterial processes on human cells. 

Figure 6. Immunomodulatory response of QS. A) Gene expression heat map of top DEGs (when comparing PAO1 
WT supernatant extract treatment compared to LB control) from “Immune response” (GO:0006955), including 
supernatant extract samples. B) Gene expression heat map of the same genes as in (A), after treatment with single 
molecules (PYO, PCA, 1-HP, PQS, all 50 μM) and DMSO control (1 %). C) Normalized counts of IL33 and IL1R1 across 
different conditions in the cohort.
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As discussed in Chapter 1, antibiotic resistance is a growing problem worldwide. 
Without action, antibiotics will lose efficacy and infectious diseases may become deadly 
again13,15,284. Due to its high intrinsic resistance, Pseudomonas aeruginosa bacteria are 
among the most critical bacteria that pose a threat to human health19,26. To be able to treat 
P. aeruginosa infections in the future, alternative targets are needed. In this thesis, we 
focused on the potential of targeting quorum sensing (QS). 

The promises of QS as an alternative antimicrobial target have been shown by 
improved outcomes in animal models after infection with QS mutants compared to infection 
with WT bacteria85–87. Similarly, inhibition of QS by small molecule inhibitors showed 
promising effects77,88,89. Due to these promising results, we started the search for novel QS 
inhibitors using a unique library of 10,207 fungal filtrates (Chapter 2).

The search for novel quorum sensing inhibitors
QS inhibitors have been purified from various natural sources including oak, 

garlic and algae81,82,112. The richness of natural sources of QS inhibitors is not surprising, 
since they might have co-evolved with bacteria to limit toxic virulence factor synthesis. 
Still, fungi remain an underexplored niche115. To screen our library, we used the reporter 
bacterium Chromobacterium violaceum. Of the 10,207 samples, 79 fungal filtrates showed 
inhibition of QS while not affecting the viability. Among the active compounds, we found 
two previously described QS inhibitors: penicillic acid and patulin. Penicillic acid and patulin 
showed inhibition of QS in concentrations that were   ̴6-fold and   ̴̴2-fold lower than the toxic 
concentrations, respectively. 

This screening also led to the identification of multiple compounds that were 
not known as QS inhibitor before. The newly identified QS inhibitors showed a higher fold 
difference between QS inhibition and toxic concentrations in C. violaceum than penicillic acid 
and patulin. Among these compounds, desmethyl-gregatin A showed the most promising 
results in C. violaceum with a 74-fold difference between the QS inhibitory concentration 
and the toxic concentration. Unfortunately, the inhibitory effect of the novel QS inhibitors 
on P. aeruginosa QS and downstream processes was minor. 

This raised the question if C. violaceum is a good reporter to search for novel QS 
inhibitors. C. violaceum bacteria do not have high clinical relevance with only a very small 
number of human infections over the years285. In addition, although C. violaceum and P. 
aeruginosa both possess LuxI/R-type QS systems, their QS systems do show differences as 
well. Nevertheless, violacein production by C. violaceum is easily quantifiable. Therefore, we 
were able to screen a large number of filtrates. Screening the entire library using the PAO1 QS 
reporters that were mentioned in Chapter 2 and 3 is not feasible. With a throughput of one 
96-well plate per day, it would take months to screen the entire library. Genetic modification 
of P. aeruginosa might facilitate high-throughput screens to overcome this problem. For 
example, deriving strains in which activation of QS pathways is lethal, would lead to bacteria 
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that only grow when QS is inhibited, that is when P. aeruginosa-specific QS inhibitors are 
present140. Whether these molecules are active in other Gram-negative bacteria remains 
to be determined. Therefore, it is important to keep the available resources and bacterial 
strain of choice in mind when choosing the appropriate reporter bacterium when screening 
for QS inhibitors. 

QS inhibitor concentrations needed to inhibit QS in P. aeruginosa were often higher 
than in C. violaceum. This is due to the highly impermeable membrane of P. aeruginosa in 
comparison to other Gram-negative bacteria. These high concentrations of QS inhibitors may 
result in concentrations that are toxic to human cells. For this reason, it might be interesting 
to inhibit the QS response by targeting the QS signal molecules, which are present in the 
extracellular milieu. Enzymatic degradation of these molecules would lead to inhibition of 
QS without the need for QS inhibitors to cross the bacterial membrane286.   

 The potential of fungi as producers of QS inhibitors
Since the discovery of penicillin in fungi in 1928, fungi became a popular source 

to search for antimicrobials. Since then, many labs focused on the search for bioactive 
antimicrobial secondary metabolites in fungi114. Dereplication is a problem nowadays, in 
that the same active compounds are repeatedly found in screens. To be able to find novel 
promising leads from fungal metabolites, innovative research is needed. First, new tools to 
activate secondary metabolite gene clusters make it possible to express novel secondary 
metabolites to target bacteria51. Second, targeting alternative bacterial processes make it 
possible to find novel mechanisms of known compounds. In Chapter 2, we used the latter 
approach, showing that fungi, after 100 years of extensive studies, still hold the promise for 
future medicine when alternative targets are studied. 

Antibiotics are often regarded as molecules that evolved due to the competition 
between microbes for limited resources and nutrients. Similarly, fungal molecules that 
interfere with QS could have evolved as weaponry to limit the virulence of the bacteria 
during competition. Nevertheless, it is unknown if the compounds found in Chapter 2 
and 3 are truly QS inhibitors in natural environments. It is likely that the concentrations 
needed for QS inhibition are higher than the concentrations found in complex, multispecies, 
natural environments. Therefore, the identified hits might play a different role in the fungal-
microbial interaction in natural environments than to affect bacterial communication. 

Due to its size, our library contained a large variety of organic compounds in various 
concentrations. For that reason, it was possible to identify and describe the low-hanging 
fruits of QS inhibitors. These compounds were often relatively easy to extract, purify and 
reach concentrations high enough to elucidate their structures. It is likely that many more 
fungal QS inhibitors are still to be found. 

Using our approach, we might have missed many fungal QS inhibitors. First, the 
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concentration of the QS inhibitor is important. Many fungal filtrates might contain too low 
concentrations of the bioactive molecule to measure an effect. In contrast, the concentration 
in some fungal filtrates might have been too high, leading to exclusion for further analysis 
due to toxic effects in the bacteria. Second, the filtrates and extracts contained a variety of 
secondary metabolites. Therefore, the presence of additional toxic compounds or known 
QS inhibitors might have led to the exclusion of interesting samples. Third, it was not always 
possible to find the active molecule in an active filtrate. For example, our extraction and 
fractionation method is less optimal for water-soluble compounds. Last, it was not always 
possible to purify the active compound using our methods or to elucidate the structure of 
the compound in a pure bioactive fraction. Therefore, optimization of analytical chemical 
methods could lead to the discovery of other, still unknown, QS inhibitors.

Optimization of fungal growth conditions might also increase the concentration or 
number of compounds. Both the concentration and variety of secondary metabolites may 
be increased when the fungus is grown in other environmental conditions (e.g. temperature, 
pH, and nutrients). An interesting example is activating silent gene clusters by opening the 
chromatin of fungi with the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA)287. 
Preliminary research from our lab showed that the addition of SAHA led to an increase of 
secondary metabolites. A screen, performed by Helen Buttstedt (student in our lab), using 
filtrates from fungi grown in the presence of SAHA, led to active fractions that were not 
found in the initial screen described in Chapter 2. This shows that by altering the fungal 
growth, distinct interesting compounds may be found.     

The discovery of paecilomycone
Optimization of the chemical purification methods led to the discovery of 

paecilomycone as described in Chapter 3. In contrast to the QS inhibitors found in Chapter 
2, treatment with paecilomycone showed promising results in P. aeruginosa. Paecilomycone 
treatment led to a decrease in biofilm formation and a decrease in the production of 
phenazines, while not being toxic to human cells. As mentioned in Chapter 3, the exact 
target is still unknown. Therefore, more research is needed to learn more about its exact 
target molecule and its corresponding mechanism of action. 

We believe one of the targets of paecilomycone is the PqsBC complex due to the 
inhibition of HHQ and PQS while not affecting 2’-aminoacetophenone. However, inhibition 
of only the PqsBC complex does not explain the strong inhibition of phenazines. Moreover, in 
a pqsBC mutant, paecilomycone treatment still showed inhibition of pyocyanin production. 
Therefore, paecilomycone might target more upstream or general processes. In this respect, 
it is interesting to mention pyrogallol, which is a trihydroxybenzene. Paecilomycone contains 
a similar trihydroxybenzene, while funalenone does not (Figure 1). The QS inhibitory activity 
of pyrogallol in Vibrio harveyi is due to the peroxide-generating side effect of this compound 
instead of directly targeting QS. Treatment with catalase, which quenches hydrogen peroxide, 
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neutralizes the effect of pyrogallol288. Whether paecilomycone also acts via production of 
peroxide next to acting via the PqsBC complex remains to be determined.

Comparing the activity of paecilomycone with funalenone, a compound with 
high structural resemblance, shows the promise of optimization of the structure. Although 
funalenone and paecilomycone only differ in the position of the methoxy group, only 
paecilomycone showed QS inhibitory activity. Therefore, further optimization of the 
structure may lead to increased activity and reduced toxicity making it more interesting to 
develop into the clinic289. 

The role of QS during infection
The potential of QS inhibitors as treatment against bacterial infections is still 

unknown. To learn more about the potential of QS inhibitors, it is important to learn more 
about the role of QS during human infection. This area of research is still underexplored and 
optimization of infection models is necessary. To learn more about the role of QS during 
infection, we made use of organoids as described in Chapter 4 and 5. 

Stem-cell derived organoids closely resemble the cell types present in organs. 
This gives a platform to study human epithelial cell responses in settings that represent 
physiological conditions, making it an interesting alternative for animal studies. Contrary to 
animal studies, organoids allow clonal expansion, analysis of human-specific systems, and 
genetic modification226. Experiments may be conducted in a culture dish, without harming 
laboratory animals, providing an appealing alternative for animal studies. Lately, co-cultures 
of bacteria and organoids have shown that organoids may also be used to study infections 
and host-microbe interactions159,226,290,291.

Due to the great transcriptomic differences between bacteria and eukaryotes, the 
use of dual RNA-sequencing was still only a thought experiment ten years ago. Until then, 
RNA-seq experiments were only one-sided making it impossible to study gene expression 
in parallel292. Due to optimization of sequencing methods and the ability to deplete rRNA, 
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it became possible to actually perform dual-RNAseq293. Since then, various bacterial strains 
and host platforms have been used to gain more biological insight into bacterium-host 
crosstalk230,293. We used this approach in Chapter 4 to study P. aeruginosa during CF infection 
using organoid technology. In addition, by using P. aeruginosa mutant strains, we were able 
to study the role of P. aeruginosa QS during CF infection. 

Similar as described previously97–99, our model showed that QS is less active during 
infection than in vitro. Interestingly, the QS mutant did not lead to altered gene expression 
in organoid epithelial cells compared to WT bacteria. This is in contrast with other studies, 
that suggest that QS molecules or QS downstream effectors affect host cells240,241,260,271. The 
effect of QS molecules on host cells is dependent on the concentration and exposure time. It 
is likely that the concentration of QS effectors was lower than 50 µM which is used in other 
studies260. Although concentrations of QS related molecules may be high in in vitro biofilm 
models294, concentrations of QS molecules in the sputum of CF patients was in the range 
of nanomolar instead of micromolar295–297. Besides the concentration of QS molecules, the 
incubation time of the co-culture might prevent effects in eukaryotic cells. It takes time for 
bacteria to proliferate and to produce AHLs to a concentration that QS becomes detectable. 
Subsequently, the eukaryotic response will take some time as well. Therefore, it might take 
longer than 14 hours of co-culture to measure transcriptomic alterations in organoids. 
In addition, the eukaryotic response to QS molecules might be cell type specific263. This 
response would be missed using bulk RNA-seq. Still, the results from Chapter 4 do suggest 
that QS might play less of a role than previously suggested. 

To resemble the physiological conditions of infection more closely an interesting 
improvement of our co-culture would be to add immune cells. Immune cells play a pivotal 
role during infection by predating pathogenic bacteria, producing reactive oxygen species, 
and altering available nutrients in the environment298. This would lead to major differences 
in the interaction between host and co-cultured bacteria. However, due to the interaction 
between two complex cell populations, small differences might lead to large outcomes. 
Finding a viable balance between P. aeruginosa and organoid epithelial cells was already 
challenging. Adding immune cells will disturb this balance. Therefore, it will take time to 
optimize the model, so bacteria can thrive, without destroying the epithelial cell layer. 

It might also be possible to improve the model, without adding complex cell 
populations. Combining the co-culture with other innovative techniques could help to learn 
more about P. aeruginosa CF infection. During infection, bacterial cells show genetic and 
phenotypic heterogeneity299. In addition, as mentioned before, the response to QS might be 
cell type specific263. To learn more about this diverse response, studying the transcriptome 
on single cells would be interesting. Although still in its infancy, Avital and colleagues already 
reported a protocol for dual single-cell sequencing300. The downside of these single cell RNA-
sequencing approaches is the lack of spatial information. Fluorescence in situ hybridization 
(FISH) overcomes this problem by fluorescently labeling RNA molecules upon expression. 
With the use of the recently developed par-seqFISH, it is possible to study the expression 
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of hundreds of genes in a spatiotemporal context at single-cell resolution265. A combination 
of par-seqFISH with our 2D organoid co-culture infection model may provide interesting 
insights into the heterogeneous landscape of P. aeruginosa during CF infection.  

Nevertheless, QS signal molecules are detectable in CF patients with P. aeruginosa 
infection, showing that QS is active during infection295. In addition, toxic virulence factors 
harm tissues, and P. aeruginosa strains that are isolated from CF patients are still able to 
produce these toxic virulence factors184. Moreover, overproduction of virulence factors by 
these clinical strains has been reported60. However, more studies are needed to learn more 
about the concentrations and role of these virulence factors during infection60. To be able 
to study higher concentrations of QS related compounds at longer incubation times, we 
also used organoids to study the supernatant of WT and QS mutant bacteria as described in 
Chapter 5. This model allowed analysis of the effect of single metabolites on the epithelial 
transcriptome at later time points, which was more robust than the co-culture model. 

As Chapter 5 showed, supernatant of P. aeruginosa WT bacteria is more toxic 
to organoids than supernatant of QS mutant bacteria. In addition, QS-derived molecules 
influence gene expression of epithelial cells. Especially phenazine-1-carboxylic acid and 
pyocyanin treatment caused a strong epithelial response. When specifically studying the 
immune response, we observed a QS-dependent immunomodulatory effect with an increase 
in IL33 expression and a decrease in IL1R1 expression. The difference in QS-induced epithelial 
response between Chapter 4 and 5 may be explained by a strong LPS-induced inflammation 
response in the bacterial co-cultures301,302. Without LPS present in bacterial supernatant, 
small effects might become detectable. In addition, the strong effect of phenazine-1-
carboxylic acid and pyocyanin treatment might be caused by the high concentrations, which 
were considerably higher than the concentrations present in the extract. 

In conclusion, although QS is active during infection and QS regulated virulence 
factors may harm tissues, QS might play less of a role than previously expected. To study 
the role of QS during human infection is challenging and therefore model systems are 
needed. Organoid technology provides an interesting platform, because it allows the study 
of early infection in systems that closely resemble physiological human conditions. Further 
optimization (e.g. co-culture of immune cells) may help to resemble infections even more 
closely.  

What is the potential of quorum sensing inhibitors in the clinic?
For the discussion of QS inhibitors in the clinic, we assume that QS does play a role 

during infection and is a good target to limit virulence factors and biofilm formation. As 
Chapter 2 and 3 show, many promising QS inhibitors are still to be found. However, these 
chapters also showed that the concentration range for QS inhibition may be relatively small. 
For example, patulin treatment only showed a 2-fold difference between the QS inhibitor 
and lethal concentrations. While low concentrations might not show any activity, high 
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concentrations can sometimes even lead to activation of certain virulence factors as shown 
with gregatin A and gregatin D. In addition, high concentrations might become toxic to 
tissues. In patients, homeostasis and degradation of QS inhibitors will take place. Therefore, 
it will become a challenge to reach the correct concentration of QS inhibitors in complex 
environments like host tissues. 

QS inhibition does not affect viability of the bacteria in rich medium. Without this 
selective pressure, researchers argued that it is unlikely for bacteria to become resistant 
to QS inhibitors. However, studies have shown that resistance can also occur against QS 
inhibitors by increased expression of efflux pumps or degradation of the QS inhibitors. 
These resistance mechanisms may be similar to resistance mechanisms against antibiotics 
used in the clinic (e.g. overexpression of efflux pumps)303. Therefore, antimicrobial resistant 
clinical strains might be less susceptible to QS inhibitors. It is good to consider that just like 
with the introduction of novel antibiotics, resistance might occur quickly after introduction 
of QS inhibitors to the clinic. 

However, QS inhibitors might hold potential besides treating infections within 
the human body. QS inhibitors might be of interest in other types of infections, like skin 
infections where the QS inhibitors can be applied locally. Besides medicine, QS inhibitors 
might have potential in other fields where bacterial contamination is a problem, like 
biofouling, agriculture, or medical equipment. 

Future of antibiotics
Although pharmaceutical companies mostly left antibiotic research due to difficulties 

finding new antibiotics and low profits, renewed interest in antibiotic research in academia led 
to lots of innovative, alternative ideas to treat bacterial infections. For the future, antibiotics 
will remain necessary. To find novel conventional antibiotics -small molecules that target 
essential bacterial processes- we need alternative strategies (e.g. genome mining, novel 
culturing techniques, synthetic biology, or computational approaches). In addition, other 
ways to kill bacteria will become more prominent in the antimicrobial field. Examples are 
the use of antibodies304, nanoparticles305, bacteriophages306, or prophylactic treatment by 
vaccination307. However, targeting essential processes will cause selective pressure. This will 
eventually lead to antimicrobial resistance, requiring continuous innovation or optimization. 
Therefore, combination therapies might become of great interest.

Combination therapies make use of an antibiotic, together with a conjugate that 
inhibits bacterial resistance. A common example is the combination of ß-lactam antibiotics 
with ß-lactamase inhibitors (that inhibit ß-lactam degrading enzymes)308. Other ways to 
reduce bacterial resistance are also under investigation. This includes inhibition of efflux 
pumps to increase the accumulation of antibiotics in the bacteria309, silencing drug resistance 
genes via CRISPR-Cas or synthetic oligomers310, or anti-biofilm molecules311. By inhibiting 
antimicrobial resistance, resistant bacteria may become susceptible to antibiotics again.     
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Antibiotic adjuvants may also be used to potentiate the antibiotic action by 
altering the immune system. A recent example showed promise of an antibiotic-antibody 
combination that enhances the intracellular killing of P. aeruginosa in macrophages by 
releasing antibiotics within this immune cell312. In addition, existing, marketed drugs could 
be repurposed as antibiotic adjuvant for its immune regulatory actions313. With the help 
of the immune system, antibiotics might become more powerful in eradicating bacterial 
infection.

Tissue damage may be prevented by reducing the toxicity of the bacteria, leading 
to a decrease in symptoms. Reduction of toxicity is possible via inhibition of virulence factor 
synthesis, disruption of virulence factor secretion, or neutralization of virulence factors310. 
Neutralization of virulence factors will be very specific. Inhibition of QS allows inhibition 
of a wider arsenal of virulence factors. While anti-virulence therapies could alleviate the 
symptoms, antibiotics are still needed to eliminate the bacteria. 

These examples of potential antibiotics and adjuvants are narrow-spectrum, in 
other words, they target specific bacterial species. This has the advantage that resistance 
mechanisms will be less common within bacterial populations and they will do less harm to 
the human microbiota during antibiotic therapies. The disadvantage is that it will take longer 
before the treatment can start since it requires identification of the bacterial species causing 
the infection. Therefore, conventional, wide-spectrum antibiotics will remain important in 
the future for acute infections or prophylactic treatments. For hard-to-eradicate, chronic 
infections, innovative treatments hold great potential. 

Conclusion
The aim of this thesis was to learn more about the potential of QS inhibition as 

alternative treatment against bacterial infection. For this, we mostly used P. aeruginosa as 
model bacterium. Natural compounds still hold great promise to find novel QS inhibitors 
(Chapter 2), and these QS inhibitors show promising effects in P. aeruginosa by limiting 
production of virulence factors (Chapter 3). However, more research and optimized 
platforms are needed, like organoid technology (Chapter 4 and 5), to learn more about the 
role of QS during infection before QS inhibitors may enter the field of antibiotics. 
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Nederlandse Samenvatting
Bacteriën zijn wijdverspreid in onze omgeving en lichaam en zijn cruciaal voor 

ons bestaan. Ze helpen bij de vertering van voedsel, de afgifte van voedingsstoffen en 
beschermen ons tegen ziekmakende bacteriën en virussen. Echter, een verkeerde bacterie op 
de verkeerde plek kan ernstige problemen veroorzaken. Voordat antibiotica werden ontdekt 
waren dergelijke infecties vaak fataal en de geschiedenis biedt verschillende voorbeelden 
van epidemieën die door bacteriën werden veroorzaakt, waarvan de pest (veroorzaakt door 
de bacterie Yersinia pestis) de meest beruchte is.  

In 1928 ontdekte Alexander Fleming dat een schimmel op een agarplaat een stof 
produceerde die de groei van bacteriën remde of zelfs de bacterie doodmaakte. Dit stofje 
bleek later penicilline te zijn en werd in 1945 beschikbaar gesteld voor het publiek. Na de 
komst van penicilline werden veel verschillende soorten antibiotica ontdekt met verschillend 
werkingsmechanisme. Echter, tegen elk type antibiotica zijn snel na de introductie in de 
kliniek bacteriën gevonden die er resistent tegen zijn.

Bacteriën kunnen zich razendsnel vermenigvuldigen, wat zorgt voor snelle evolutie. 
Als een bacterie toevallig resistent wordt tegen een antibioticum tijdens een behandeling, 
kan deze zich blijvend vermenigvuldigen en meer bacteriën maken die resistent zijn. Dit is 
de paradox van antibiotica: hoe meer het wordt gebruikt, hoe inefficiënter het wordt. Dit 
kan in de toekomst leiden tot een stijging van onbehandelbare infecties. 

De Wereldgezondheidsorganisatie (WHO) heeft een lijst opgesteld met 12 soorten 
bacteriën die de grootste bedreiging vormen voor de volksgezondheid. Vanwege hun 
vermogen om dodelijke infecties te veroorzaken behoren Pseudomonas, Acinetobacter en 
verschillende Enterobacteriaceae tot de meest kritieke soorten. Dit proefschrift richt zich 
voornamelijk op een van deze bacteriën, de Pseudomonas aeruginosa.

Pseudomonas aeruginosa

P. aeruginosa staat bekend als ziekenhuisbacterie die infecties kan veroorzaken bij 
mensen met verlaagde weerstand. Vooral bij individuen met taaislijmziekte zorgen deze 
infecties vaak voor ernstige symptomen en uiteindelijk sterfte door longfalen. 

De behandeling van P. aeruginosa infecties is erg lastig. Om te beginnen is P. 
aeruginosa een Gram-negatieve bacterie. Gram-negatieve bacteriën hebben echter een 
extra membraan rondom hun celwand, dat de diffusie van moleculen bemoeilijkt. Daardoor 
dringen moleculen vaak binnen via de poriën. De poriën van P. aeruginosa zijn echter erg 
specifiek en laten slechts een beperkte variatie aan moleculen door. De moleculen die er 
toch in slagen om binnen te dringen worden er vaak weer uitgestoten door pompen. Dit 
maakt het erg lastig voor antibiotica om een hoge concentratie te bereiken en de bacterie 
te doden.

Daarbovenop kan een bacterie minder gevoelig, of zelfs resistent, worden tegen 
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anti bioti ca (Figuur 1). Zo kan een bacterie minder poriën tot expressie brengen die de 
anti bioti ca doorlaten. Ook kan de bacterie enzymen produceren die de anti bioti ca afb reken 
of de doelwitt en van anti bioti ca veranderen, zodat deze niet meer werkzaam zijn. Daardoor 
zijn P. aeruginosa infecti es moeilijk te behandelen en daarom is meer onderzoek noodzakelijk 
om ervoor te zorgen dat de behandelingen ook in de toekomst eff ecti ef blijven. 

Inhibiti e van Quorum sensing als alternati ef voor anti bioti ca

Gram-negati eve bacteriën zijn zoals eerder benoemd lasti g te behandelen. Het is 
dan ook geruime  geruime ti jd geleden dat er een nieuwe klasse van anti bioti ca op de markt 
is gebracht die eff ecti ef is tegen deze groep bacteriën. Daardoor is het noodzakelijk om 
alternati even te verkennen. De inhibiti e van quorum sensing is zo een alternati ef.

Quorum sensing (QS) is de ‘communicati e’ tussen bacteriën waarbij genen worden 
gereguleerd op basis van populati edichtheid. Het proces omvat de aanmaak, uitstoot en 
detecti e van signaalmoleculen (Figuur 2 ). Deze signaalmoleculen kunnen membranen 
passeren en binden aan receptoren in cellen die genexpressie reguleren. Wanneer er veel 
bacteriën zijn, is de concentrati e van signaalmoleculen hoog, wat ervoor zorgt dat er andere 
genen acti ef zijn dan wanneer er weinig bacteriën zijn. Dit maakt samenwerking tussen 
bacteriën mogelijk.   

De genen die door QS worden gereguleerd omvatt en onder andere virulenti efactoren 

Buitenmembraan

Binnenmembraan

Celwand

LPSPorieAntibiotica
Moeilijk doordring-
baar membraan

Efflux pomp

Afbraak 
enzymen

Modificatie
doelwit

 Figuur 1: Verschillende factoren betrokken bij de resistenti e van P. aeruginosa. P. aeruginosa bacteriën hebben 
een hoge toleranti e tegen anti bioti ca via verschillende mechanismes. Ten eerste maakt het moeilijk doordringbare 
buitenste membraan het lasti g voor anti bioti ca om de cel binnen te dringen. De anti bioti ca komen vaak binnen 
via de poriën. Wanneer ze in de cel zijn, worden ze er weer vaak uitgepompt wat het lasti g maakt om een hoge 
concentrati e te bereiken. Daarnaast kan P. aeruginosa verschillende enzymen tot expressie brengen die de 
anti bioti ca afb reken of het doelwit veranderen zodat de anti bioti ca er niet meer aan kunnen binden. 
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en factoren die betrokken zijn bij de vorming van een biofi lm. Virulenti efactoren bevatt en 
onder andere enzymen die schade kunnen veroorzaken aan menselijk weefsel, waardoor de 
symptomen van de infecti e verergeren. Een biofi lm is een samenklontering van bacteriën. 
Bacteriën in een biofi lm zijn minder gevoelig voor anti bioti ca. Hierdoor zou het remmen van 
QS leiden tot minder weefselschade en een verhoogde gevoeligheid voor anti bioti ca. Dit 
maakt QS een interessant doelwit voor het bestrijden van bacteriële infecti es.  

In dit proefschrift  zijn we opzoek gegaan naar nieuwe QS-remmers die eff ecti ef zijn 
tegen P. aeruginosa. Daarnaast hebben we meer inzicht proberen te krijgen in de rol die QS 
speelt ti jdens infecti es.

Screening voor nieuwe QS-remmers

Anti bioti ca worden vaak beschouwd als moleculen die zijn geëvolueerd in de 
strijd tussen microben voor competi ti e om voedsel en ruimte. Op dezelfde manier kunnen 
moleculen die QS remmen zijn geëvolueerd als wapens om de toxiciteit van de bacteriën te 
limiteren. In hoofdstuk 2 beschrijven we een uitgebreide screening die we hebben uitgevoerd 
om nieuwe QS-remmers te identi fi ceren. Hiervoor hebben we een grote databank gebruikt 
die fi ltraten bevat van 10,207 schimmelsoorten. Om snel veel samples gebruikten we de 
bacterie Chromobacterium violaceum als indicator. Deze bacterie produceert namelijk een 
paarse stof wanneer QS acti ef is, waardoor we gemakkelijk konden bepalen of QS acti ef was. 
Een extra test bevesti gde of de remming van QS te wijten was aan een dode bacterie (een 
dode bacterie kan immers niet communiceren) of dat de stof daardwerkelijk specifi ek was 
voor QS (Figuur 3). 

Deze screening identi fi ceerde bekende QS-remmers (patuline en penicillinezuur) 
en veelbelovende stoff en die nog niet bekend waren als QS-remmers. De meest belovende 

Gereguleerde genen

 Signaalmoleculen Signaalmoleculen
 Signaalmoleculen Signaalmoleculen

A) B)

Gereguleerde genen

ReceptorReceptorAanmaak Aanmaak

Figuur 2: Gesimplifi ceerde weergave  van quorum sensing in Gram-negati eve bacteriën. Het concept van quorum 
sensing is hetzelfde onder Gram-negati eve bacteriën. Synthase eiwitt en produceren kleine signaalmoleculen die 
het membraan kunnen passeren. A) Wanneer het aantal bacteriën laag is, zal de concentrati e signaalmoleculen 
laag zijn. B) Wanneer het aantal bacteriën hoog is, zal de concentrati e signaalmoleculen toenemen. De 
signaalmoleculen passeren het membraan de cel in en binden aan receptoren. Deze receptoren binden dan aan 
het DNA en veranderen de genexpressie. 
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stoffen waren verschillende gregatines die veel overlap hebben qua structuur. Helaas is 
het QS-remmende effect van deze stoffen in de klinisch relevante bacterie P. aeruginosa 
minimaal. 

De ontdekking van paecilomycone

Na optimalisatie van de chemische purificatietechnieken ontdekten we 
paecilomycone, beschreven in hoofdstuk 3. In tegenstelling tot de moleculen beschreven in 
hoofdstuk 2, is paecilomycone ook effectief tegen P. aeruginosa. Paecilomycone vermindert 
biofilm formatie en productie van toxische stoffen in P. aeruginosa. De werkzame 
concentraties zijn niet toxisch zijn voor humane cellen. Dit maakt paecilomycone interessant 
voor klinische toepassingen. Daarnaast beschrijven we in hoofdstuk 3 de zoektocht naar de 
target van paecilomycone. Ondanks verschillende suggesties, blijft de target onbekend en er 
is meer onderozek nodig naar de werking van paecilomycone. 

De rol van Quorum sensing tijdens humane infecties

Lab-experimenten tonen aan dat het remmen van QS effectief kan zijn.  Zo  leidt het 
remmen van QS in proefdieren tot een vermindering van de toxiciteit van de bacteriën, een 
langere levensduur van de dieren en een effectievere afweerreactie. Hoewel deze resultaten 
veelbelovend zijn, zijn er momenteel nog geen QS-remmers in de kliniek beschikbaar en 
is de rol van QS tijdens humane infecties nog relatief onbekend vanwege verschillende 

[Compound]

[Compound]
Hoog

Laag

Hoog

Laag

A  B  C  D  E  F  G  H  I  -  

A  B  C  D  E  F  G  H  I  -  A

B

Figuur 3: Screening met behulp van 
Chromobacterium violaceum.  A) C. 
violaceum produceert een paarse stof 
wanneer QS actief is. Veel verschillende 
moleculen of schimmelfiltraten kunnen zo 
tegelijk getest worden. Wanneer de paarse 
stof niet geproduceerd wordt betekent dit dat 
er geen communicatie heeft plaatsgevonden. 
B) Een tweede plaat met dezelfde moleculen 
in dezelfde concentraties wordt tegelijkertijd 
gemeten om de viabiliteit van de bacteriën te 
bestuderen. Blauw betekent dat de bacterie 
dood is, roze betekent dat de bacterie leeft. 
De rode vierkanten laten de QS-remmende 
concentraties zien: Geen communicatie maar 
wel levende bacteriën. 
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redenen die onderzoek naar bacteriële infecties in mensen bemoeilijken. 

In Hoofdstuk 4 beschrijven we een nieuw infectiemodel om de interactie tussen 
humane cellen en bacteriën te bestuderen met het gebruik van organoids. Organoids 
zijn miniatuurorganen die gekweekt kunnen worden in een lab. Organoids vertonen veel 
overeenkomsten met de celtypes die voorkomen in onze organen, waardoor ze geschikt zijn 
om de reactie van menselijke cellen te bestuderen in fysiologisch relevante omstandigheden 
zonder het gebruik van dieren. 

Hoofdstuk 4 toont aan dat dit model verschillende kenmerken van een infectie 
vertoont. Zo is er een sterke immuunreactie in de organoids en zorgen de organoids voor een 
activatie van verschillende infectie-gerelateerde processen in P. aeruginosa. Interessant is dat 
QS in P. aeruginosa minder actief is in co-culture dan wanneer de bacterie wordt opgegroeid 
zonder organoid. Daarnaast hebben P. aeruginosa bacteriën zonder actief QS systeem geen 
afwijkend effect op de organoids in vergelijking met normale P. aeruginosa bacteriën. Dit staat 
in contrast met andere studies waaruit blijkt dat QS-gereguleerde moleculen effect hebben 
op menselijke cellen. Dit kan verschillend redenen hebben, waaronder hogere concentraties 
in die studies en de afweerrespons van organoids veroorzaakt door lipopolysachariden (LPS, 
toxines in de buitenmembraan van Gram-negatieve bacteriën).

Om hogere concentraties van QS gereguleerde moleculen te kunnen testen zonder 
invloed van LPS, behandelden we in hoofdstuk 5 organoids met steriel supernatant van P. 
aeruginosa. Na het kweken van wildtype en QS mutanten in medium, werd het medium 
gefilterd om het effect van de uitgestoten moleculen te kunnen testen zonder invloed van 
levende bacteriën. Daarnaast maakt dit model het mogelijk om het effect van individuele 
moleculen te onderzoeken 

Hoofdstuk 5 toont aan dat het supernatant van wildtype bacteriën schadelijker is 
voor de organoids dan dat van QS mutanten. Bovendien hebben QS-gereguleerde moleculen 
effect op genexpressie van de organoids. Wanneer we specifiek de immuunresponse 
bestuderen zien we dat QS-gereguleerde moleculen zowel een stimulerend als remmend 
effect kunnen hebben. Het verschil tussen de bevindingen in hoofdstuk 4 en hoofdstuk 5 
kan verklaard worden door de sterke immuunrespons veroorzaakt door LPS. Zonder LPS 
kunnen kleine effecten gedetecteerd worden. 

Samenvattend, hoewel QS actief is tijdens infectie en QS-gereguleerde factoren 
weefsel kunnen beschadigen, suggereert dit onderzoek dat QS minder invloed heeft tijdens 
een infectie dan vooraf gedacht. Studies naar de rol van QS tijdens infectie zijn echter lastig, 
maar organoid technologie kan een interessant platform zijn om dit te bestuderen. 

De potentie van QS-remmers in de kliniek 

In hoofdstuk 6 geef ik mijn visie over de potentie van QS-remmers in de kliniek. QS-
remmers zijn erg interessant omdat ze de toxiciteit van de bacteriën verminderen, wat zal 
leiden tot een vermindering van de symptomen, en biofilm formatie verminderen, waardoor 
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bacteriën gevoeliger zijn voor antibiotica. Echter, aannemende dat QS een belangrijke rol 
speelt tijdens humane infecties, zal het alsnog lastig zijn om QS-remmers als medicatie toe 
te passen. De concentratie van QS-remmers speelt een belangrijke rol: te hoge concentraties 
doden de bacteriën of zorgen voor ongewenste effecten, terwijl te lage concentraties geen 
effect hebben. Het bepalen van de juiste concentratie voor een individuele patiënt, waar 
homeostase en afbraak van moleculen een rol spelen, is daarom een uitdaging. 

Er zijn echter andere toepassingen van QS-remmers buiten het lichaam die meer 
potentie bieden. Zo zou de concentratie beter gereguleerd kunnen worden tijdens infecties 
van de huid. Daarnaast zijn er mogelijk interessante toepassingen buiten de geneeskunde, 
zoals biologische vervuiling, de landbouw, of het reinigen van medische apparatuur. Deze 
alternatieve toepassingen kunnen een veelbelovende optie bieden voor de ontwikkeling en 
gebruik van QS-remmers. 

De toekomst van antibiotica

Om in de toekomst infecties effectief te blijven behandelen, is het van groot 
belang dat we beschikken over meer soorten antibiotica. De antibiotica die we momenteel 
gebruiken zijn vaak  breedspectrum, wat betekent dat ze veel verschillende soorten bacteriën 
kunnen bestrijden. Dit is essentieel wanneer de bacterie die de infectie veroorzaakt nog niet 
bekend is of wanneer de antibiotica profylactisch wordt toegediend, zoals bij operaties. In 
de toekomst zal er een grotere rol zijn voor smalspectrum antibiotica, die slechts effectief 
zijn tegen een enkele soort bacterie. Mogelijke oplossingen hiervoor zijn vaccinatie, 
bacteriofagen of antilichamen. Ondanks deze ontwikkelen zullen bacteriën resistentie 
blijven ontwikkelen, waardoor we ons voortdurend zullen moeten blijven ontwikkelen om 
infecties effectief te blijven bestrijden.  

Conclusie

Het doel van dit proefschrift was om meer te leren over de potentie van QS-
remmers als alternatief voor antibiotica tegen bacteriële infecties. Hiervoor hebben 
we voornamelijk P. aeruginosa bestudeerd. We hebben gezien dat natuurlijke stoffen, 
geproduceerd door schimmels, nog steeds veel rijkdommen bevatten voor het ontdekken 
van nieuwe QS-remmers (hoofdstuk 2) en dat paecilomycone ook een veelbelovende effect 
heeft op P. aeruginosa door het remmen van virulentiefactoren (hoofdstuk 3). Echter is er 
meer onderzoek nodig en betere modellen, zoals organoid technologie (hoofdstuk 4 en 
5) om meer te leren over de rol van QS tijdens infectie. Of QS-remmers ooit in de kliniek 
gebruikt zullen worden, de toekomst zal het ons leren. 
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Lieve Annerie en Martijn, de afgelopen jaren waren niet altijd gemakkelijk. Maar 
dankzij jullie liefde en steun is dit toch een stuk gemakkelijker geworden. Jullie zijn mijn 
grote voorbeeld en mede dankzij jullie heb ik de keuzes gemaakt die ervoor hebben gezorgd 
dat ik hier nu sta. Ik kan mij niet een lievere én leukere broer en zus voorstellen. 

Lieve Laura en Vincent, wat zijn jullie een fijne aanvulling op de familie. De een 
loopt al langer mee dan de ander, maar het voelt altijd enorm vertrouwd en fijn om bij jullie 
te zijn!

Lieve Eddie en Lucas, helaas zijn jullie nog te jong om de verdediging mee te maken. 
Maar ik geniet altijd van jullie aanwezigheid en lach. Ik vind het een voorrecht jullie te zien 
opgroeien en ik ben dan ook een enorm trotse oom!

Lieve Papa en Mama, bedankt voor de onvoorwaardelijke liefde de afgelopen 
jaren. Jullie interesse in mijn werk en onderzoek deed mij altijd erg goed. Ik zal proberen 
jullie de komende jaren wat minder te laten schrikken en wat beter op mijn fiets te blijven 
zitten. Maar dankzij jullie steun was het een stuk gemakkelijker om door deze tegenslagen 
heen te komen. Bedankt daarvoor!
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