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Abstract 

Background: Pseudomonas aeruginosa is an opportunistic pathogen and an important 

model organism for the study of bacterial group behaviors, including cell motility and 

biofilm formation. Rhamnolipids play a pivotal role on biofilm formation and motility 

phenotypes in P. aeruginosa, possibly acting as wetting agents and mediating chemotactic 

stimuli. However, no biochemical mechanism or gene regulatory network has been 

investigated in regard to rhamnolipids’ modulation of those group behaviors. Results: 

Using DNA microarrays, we investigated the transcriptomic profiles in the stationary 

phase of growth of wild-type P. aeruginosa PAO1 and a rhlA-mutant strain, unable to 

produce rhamnolipids. A total of 134 genes were differentially expressed, comprising 

different functional categories, indicating a significant physiological difference between 

the rhamnolipid-producing and non-producing strains. Interestingly, several flagellar 

genes are repressed in the mutant strain, which directly relates to the non-motile 

phenotype of the rhlA-minus strain. Swarming motility was restored with the addition of 

exogenous rhamnolipids obtained from the wild-type strain. Conclusions: Our results 

show significant evidence that rhamnolipids and/or their precursors, 3-(3-

hydroxyalkanoyloxy) alkanoic acids, the major biosynthetic products of rhlABC pathway, 

seem to modulate gene expression in P. aeruginosa. Swarming motility assays support 

this hypothesis, since the non-motile rhlA-mutant strain had its swarming ability restored 

by the addition of exogenous rhamnolipids. 
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Background 

Pseudomonas aeruginosa is a ubiquitous bacterium capable of causing 

opportunistic infection in immunocompromised individuals and is the major pathogen in 

cystic fibrosis [1]. P. aeruginosa is a model organism for the study of bacterial social 

behaviour, or ‘sociomicrobiology’ [2], biofilm development [3] and bacterial motility 

patterns[4–6]. Multiple factors are involved in bacterial motility and biofilm formation 

during surface interactions, in which rhamnolipids seem to play a central role [7]. 

Rhamnolipids are amphipathic molecules composed by a hydrophobic fatty acid 

moiety and a hydrophilic moiety that may contain one or two L-rhamnose molecules, 

rendering their surfactant properties [8]. In P. aeruginosa the three most abundant 

biosurfactants are 3- (3-hydroxyalkanoyloxy) alkanoic acids (HAA), L-rhamnosyl-3-

hydroxydecanoyl-3-hydroxydecanoate (mono-rhamnolipid) and L-rhamnosyl-L-

rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate (di-rhamnolipid) [9]. HAAs are 

synthesized by the enzyme RhlA and is subsequentially converted to mono-rhamnolipid 

by the enzyme RhlB. Mono-rhamnolipids can then be converted to di-rhamnolipids by 

the RhlC enzyme. RhlA is therefore a key enzyme in the production of secreted 

biosurfactants [10] which are a mixture of HAA, mono- and di-rhamnolipids. 

Rhamnolipids are typically produced during the stationary phase of growth, as the 

rhlAB operon is tightly regulated by QS systems [11, 12], and post-transcriptionally 

regulated by small non-coding RNAs, NrsZ  [13] and PhrD [14]. 

There is evidence that rhamnolipids are necessary for the three-dimensional 

architecture of biofilm structures and the initial formation of P. aeruginosa PAO1 

microcolonies during growth in controlled flow systems [3, 7]. They are usually 

associated to the maintenance of channels between the typical mushroom-like structures 

and the biofilm dispersion [3, 15]. Zheng et al., (2017) reported that synthetic analogs of 



rhamnolipids restored structured biofilm formation by a rhlA-mutant strain, in a 

concentration-dependent manner. In a similar fashion, one of those compounds promoted 

swarming motility in the rhamnolipid-deficient strain[16]. 

Surface-associated bacterial motility is also critical for biofilm formation and 

spatial arrangement, including well-characterized pores and channels [17]. P. aeruginosa 

has the ability to move through complex motility patterns such as twitching, swimming 

and swarming [4–6]. Evidence in the literature suggests that rhamnolipids, flagella and 

type IV pilus are fundamental for motility in P. aeruginosa, particularly for the swarming 

motility [18–21]. However, the specific molecular mechanisms involved in rhamnolipid 

modulation of swarming motility and formation of structured biofilms are poorly 

understood. 

In this study, we describe a transcriptome analysis to compare the gene expression 

profile of P. aeruginosa PAO1 and its rhlA-knockout derivative, using Affymetrix 

GeneChipTM P. aeruginosa genome arrays and real-time qPCR analysis. We tested the 

hypothesis that rhlA-derived rhamnolipids affect gene expression, under dynamic growth 

conditions, at the stationary phase of growth. We show that 134 genes were differentially 

expressed in the rhlA-mutant strain, 91 positively and 43 negatively regulated. 

Interestingly, the repression of flagellar genes, ultimately involved with swarming 

motility, was observed. Supporting these findings, the non-motile rhlA-deficient strain 

had the swarming motility restored when supplemented with rhamnolipids extracted from 

the wild-type strain. Therefore, we gain mechanistic insight into the role of rhamnolipids 

in P. aeruginosa motility. 

 
Results 

 

Gene expression profile of a rhlA-deficient strain of P. aeruginosa in stationary phase 

of growth 



To identify genes possibly regulated in response to secreted biosurfactants in P. 

aeruginosa, we investigated global gene expression in the stationary phase of growth, 

using a P. aeruginosa genome microarray to compare the transcript profiles of a rhlA 

mutant with its parental strain, PAO1. We identified 134 differentially expressed genes, 

91 genes were upregulated and 43 were downregulated (Figure S1; Table S1). 

Hierarchical clustered heatmaps showed that differentially expressed genes could 

distinguish between the rhlA-mutant and the control, wild-type strain PAO1 (Table 1; 

Figure 1). The majority of differentially expressed genes are upregulated in the strain 

lacking the enzyme RhlA, responsible for production of HAAs and rhamnolipids.  

We investigated functional categories of differentially expressed loci that 

correspond to 134 genes in the previously published annotation of the P. aeruginosa 

genome [1]. As depicted in Figure 2, gene functional classes were obtained through COG 

database [22], showing an expressive number of genes that encode proteins involved with 

signaling and basic metabolism mechanisms being positively regulated. Interestingly, we 

can see that a relevant portion of genes encoding proteins involved in cellular motility are 

being repressed. On the other hand, genes that encode proteins related to defense 

mechanisms, which include a type VI secretion system (T6SS) and some virulence factors 

are being positively regulated (Table 1). Several genes encoding hypothetical proteins 

with unknown functions have also had their gene expression induced. 

Table S1 summarizes the expression data from genome microarray analyses of 

rhlA-mutant P. aeruginosa versus the wild-type strain, PAO1. Among those 134 genes 

that showed a response to the lack of RhlA of at least 1.5-fold, several were identified as 

motility-related genes. Interestingly, down-regulation of key flagellar genes was 

particularly significant, and included class II, III and IV flagellar genes [23, 24]: fleN, 

fliD, fliT, fliS (class II), flgL (class III), and fliC (class IV). These findings characterize a 



pattern of repression of flagellar genes, which can be directly related to the non-motile 

phenotype of rhlA-deficient strains, that has been previously described [18–21]. In a 

similar manner, protein PA3731, annotated as a Phage Shock Protein, for having a 

predicted secondary structure similar to that of PspA from Escherichia coli, was repressed 

in the rhlA-mutant strain (-1.57). The PA3731 gene was found to have a positive effect 

on biofilm formation and swarming motility in P. aeruginosa [25]. 

On the other hand, upregulation of pilO was observed, a gene that encodes a 

protein involved in type IV pilus function (T4P) [26], essential to surface adhesion and 

twitching motility. Other functional gene categories have responded to the absence of 

RhlA and its biosynthetic products in a similar fashion. Remarkably, hcp1, mapping 

within an antiprokaryotic type VI secretion system (H1-T6SS) [27, 28] of P. aeruginosa, 

showed a positive regulation (Table 1). Of note, expression of several putative 

tanscriptional regulators was induced: PA0535 (+1.62), PA3458 (+1.86), PA1196 (+2.58) 

and PA2020 (+2.65). 

A pattern of induction of gene expression has been observed in the Mobilome, a 

category recently included in the COG, that comprises prophages and transposons [X]: 

PA0623 (+2.80), PA0620 (+1.96), PA0618 (+2.49), PA0628 (+2.40), PA0616 (+3.30), 

PA0617 (+1.75), PA0627 (+1.52), PA0619 (+2,36), PA0622 (+1.98), PA0641 (+1.77), 

PA0625 (+1.57), PA0638 (+1.79) and PA0636 (+3.06). Most bacterial genomes contain 

phage genomes, known as prophages, maintained in an inactive or lysogenic state. Phage 

replication in the lysogenic cycle is frequently suppressed and expression of most phage 

genes is repressed [29]. However, a subset of prophage genes can be expressed as an 

evolutionary adaptation, conferring a physical conditioning advantage to the bacterial 

host [30]. 



 We have confirmed this approach by measuring gene expression of some selected 

genes with RT-qPCR, in the wild-type strain and its rhlA-minus derivative strain (see 

below). 

 

Genes repressed in the rhlA-deficient P. aeruginosa strain: confirmation of the 

microarray analysis by RT-qPCR 

Four genes of interest that were significantly repressed in the microarray assays 

were analyzed through RT-qPCR (Figure 3). Key flagellar genes fliC (-1.56), fliT (-2.05), 

fliD (-1.8) and flgL (-1.56) were selected based on their location at different chromosomal 

loci, within distinct operons (Figure 3b). Those genes are representatives of three different 

levels of the hierarchical regulation of flagellar genes (Figure 3b): Class II (fliD and fliT), 

Class III (flgL), and Class IV (fliC) [24, 31]. In addition, flagellar expression and 

assembly play a pivotal role on phenotypical traits that also depend on production of HAA 

and rhamnolipids, especially swarming motility [18–21]. 

 The present assays show that gene repression of the fliC (PA1092), flgL (PA1087), 

fliD (PA1094) and fliT (PA1096) in the rhlA-deficient strain compared to PAO1 was 

statistically significant (Figure 3a). The fliC gene showed 91% of inhibition (Table S3), 

while genes flgL, fliD, and fliT showed downregulation of 66, 60 and 86%, respectively 

(Table S3). The FlgL, FliD and FliC proteins make up the structure of the flagellum and 

are present in the extracellular medium [32–34]. FliT is a chaperone that plays an 

important role in the proper exportation and assembly of proteins that compose the 

flagellar machinery, including FliD, which is a filament-capping protein [35, 36]. The 

single polar flagellum of P. aeruginosa is an important virulence and colonization factor 

of this opportunistic pathogen, having been attributed fundamental roles in the formation 

of biofilm and bacterial motility [37, 38]. 



Expression of rhlA and rhlB was also assessed by RT-qPCR, since rhlA has been 

mutated (ΔrhlA::GmR) [39] and rhlB maps within the same operon. In fact, we found that 

the rhlA-mutation had a polar effect that is shown both in the microarrays (Table 1) and 

RT-qPCR (Figure 4), as rhlB is substantially repressed. 

 

Swarming motility of a rhlA-deficient P. aeruginosa is restored by addition of 

exogenous Rhamnolipids 

 Many studies have demonstrated that P. aeruginosa swarming is a complex 

adaptation process to solid surfaces, in a viscous milieu, that is controlled by a substantial 

number of cooperating genes, including rhlA [40, 41]. To further understand the role of 

RhlA biosynthetic products on swarming motility, a plate assay was performed with the 

wild-type P. aeruginosa PAO1 and its isogenic rhlA-negative mutant. To determine if the 

non-motile rhlA-mutant strain respond to exogenous rhamnolipids and/or HAAs, the cells 

were preconditioned with a rhamnolipid extract obtained from the wild-type strain, prior 

to inoculation onto the swarm plates. Figure 5 shows agar gels with the swarming 

migration patterns of wild-type P. aeruginosa PAO1, a rhlA mutant, which is unable to 

synthesize rhamnolipids, and the same rhlA mutant after supplementation with an 

exogenous rhamnolipid extract. The observation of the migration patterns indicates that 

the rhamnolipid extract modulates the swarming by the RhlA-deficient strain, which 

responds with the formation of tendrils at the swarm fronts. Therefore, rhamnolipids 

and/or HAAs may act as inducers of swarming cells. 

  



Discussion 

P. aeruginosa is among the most common causes of hospital-acquired infections 

and is often associated with lung infection in cystic fibrosis patients [42]. Some P. 

aeruginosa strains have developed resistance to most antimicrobial agents and are listed 

by WHO as one of the most critical threats to human health [43]. It produces a wide 

variety of virulence factors, including specialized protein secretion systems, the ability to 

form adherent biofilms and typical motility patterns, which account to its adaptability to 

many different hosts and environments [44, 45]. 

Among its many phenotypical hallmarks, P. aeruginosa produces large amounts 

of rhamnolipids, surface-active amphipathic molecules produced as blends and composed 

by one or two rhamnose moieties linked to a dimer of R-3-hydroxy fatty acids with chain 

lengths ranging from C8 to C12 [46]. As reviewed by Reis et al. (2011) rhamnolipid 

biosynthesis in P. aeruginosa is directly controlled by quorum sensing, through the 

transcriptional regulator RhlR, which activates the rhlAB operon when complexed to C4-

HSL [47]. Most functions attributed to rhamnolipids relate to their well-characterized 

physicochemical properties. However, there is a lack of comprehensive studies 

investigating any possible biochemical mechanisms involved in the phenotypes promoted 

by rhamnolipids in P. aeruginosa.  

Although the mechanistic role of rhamnolipids in physiology and pathogenesis of 

P. aeruginosa is not fully understood, there is mounting evidence showing their relation 

with important virulence traits, such as biofilm formation and flagelar-driven motility [40, 

48]. Rhamnolipids have been associated to P. aeruginosa biofilms and play a central role 

in maintaining the multicellular structures and the dispersion of sessile biofilm cells [3, 



7, 15]. In a similar manner, the hallmark swarming motility pattern of P. aeruginosa is 

fully dependant on the presence of rhamnolipids [18–21].  

DNA microarrays and RT-qPCR have been widely used to analyze the global gene 

expression of P. aeruginosa within its complex adaptative behaviors, including 

comparative analyses of biofilm versus planktonic cells and the development of a 

specialized swarming behaviour [40, 49–52]. In the present study, we assessed the 

genome-wide expression profiles of a wild-type P. aeruginosa and its rhamnolipid-

deficient derivative, using independent experiments (Figure 1) designed at the stationary 

phase of growth. Interestingly, the absence of the rhlABC biosynthetic pathway in the 

mutant strain revealed a broad impact on gene expression profile, including 134 loci in 

the previously published annotation of the P. aeruginosa genome [1], comprising 

different functional categories (Figure 2). The differential expression of a diverse group 

of genes indicates that there is a significant physiological difference between the 

rhamnolipid-producing and non-producing strains. The set of genes was mostly related to 

motility, prophages, transcription, and translation. Remarkably, a number of genes that 

encoded signaling proteins were positively regulated, while a relevant portion of genes 

involved in flagellar motility and chemotaxis were significantly repressed (Table 1, Table 

S2). Repressed motility-related genes included those encoding type b flagellin (fliC), two 

flagellar secretion chaperones (fliS and fliT), a fagellum number regulator protein (fleN) 

and a putative chemotaxis transducer (PA2788). On the other hand, the microarray 

analyses indicated that pilO, related to the biogenesis and functioning of the Type IV pili 

[26], was upregulated. Some loci encoding two-component systems also had their 

expression induced, including a putative sensor kinase (PA1180) and NarL (Table S1), 

which responds to nitrate sensing and modulates motility and virulence [53, 54].  



Based on the down-regulation profile of flagellar genes observed on the P. 

aeruginosa microarrays and considering their pivotal role on many phenotypes, we 

selected flagellar genes of different regulatory categories, including class II, III and IV 

[23, 24] for further assessment with RT-qPCR assays. Hence, we further demonstrate a 

significant repression of flagellar genes fliC, flgL, fliD, and fliT in the mutant strain 

(Figure 3), in the absence of rhamnolipids, the final product of rhlABC biosynthetic 

pathway. 

Previous reports suggest that planktonic and sessile subpopulations of P. 

aeruginosa interact via lasIrhlI quorum sensing signaling, promoting their movement to 

the top of the adherent microcolonies [37]. This process, apparently mediated by flagella 

and rhamnolipids, is believed to contribute to the formation of typical mushroom-shaped 

structures, observed in mature P. aeruginosa biofilms [7, 37]. In fact, Pamp & Tolker-

Nielsen (2007) demonstrated the complete absence of mushroom-like structures in 

biofilms formed by a rhlA-knockout strain, deficient in the production of rhamnolipids. 

However, the lack of expression of flagellar genes in the rhlA-mutant strain was not 

suggested at the time, an evidence that we demonstrate in the present study, for the first 

time.  

In a similar fashion, the ability to produce rhamnolipids has been associated to 

virulence, using in vitro and in vivo infection models, as a rhamnolipid-deficient P. 

aeruginosa strain was eradicated more rapidly and significantly, when compared to the 

wild-type parental strain [55]. As far as the swarming motility is concerned, in the light 

of the present study, this observation could be related to the abrogated motility observed 

in the rhlA-defective strain (Figure 5) and the downregulation of flagellar genes (Table 1, 

Figure 3). Supporting this hypothesis, Overhage et al. (2008) provided that under 

swarming conditions, P. aeruginosa PA14 exhibited the upregulation of many virulence-



related genes, including genes for the Type III Secretion System (T3SS) and its effector 

proteins [40] required for colonizing host mucosal surfaces.  

Expression of type IV fimbriae by P. aeruginosa is also associated with its ability 

to form adherent biofilms onto biotic and abiotic surfaces, twitching and swarming 

motility. The swarming motility by P. aeruginosa is dependent on cell-cell signaling and 

requires flagella and type IV fimbriae, in addition to the production of rhamnolipids [18, 

20, 56]. However, no biochemical mechanism or function has been specifically 

demonstrated for rhamnolipids in the context of biofilms and motility patterns. It has been 

proposed that P. aeruginosa requires flagella during swarming to overcome adhesive 

interactions mediated by fimbriae type IV [57]. In fact, swarming motility is abolished in 

the absence of rhamnolipid-type surfactants, when the rhlA gene is not functional [18–

21]. In the present study, we show for the first time that the swarming motility can be 

restored to a rhlA-mutant strain, with addition of exogenous rhamnolipids obtained from 

the wild-type strain PAO1 (Figure 5).  

Adding to the discussion regarding surface interactions, a previous study 

demonstrated there is an inverse relationship between the production of 

exopolysaccharides (EPS) and the swarming motility in P. aeruginosa [58]. The knockout 

of sadC, which codes for diguanylate cyclase SadC, results in a hyperswarmer phenotype, 

while multicopy expression of this gene promotes a phenotype often associated with 

overproduction of EPS [58]. Thus, understanding how EPS and motility influence the 

different P. aeruginosa phenotypes can also contribute to the development of strategies 

against chronic and persistent infections caused by this opportunistic pathogen. 

Therefore, we also investigated the expression profile of genes related to the EPSs 

biosynthesis of P. aeruginosa PAO1. According to our RT-qPCR results (data not 



shown), we observed an induction of expression of EPS genes (pel and psl components) 

in the non-motile rhlA-mutant strain, deficient in the production of rhamnolipids, when 

compared to expression in the wild-type strain. A recently published study also lists the 

contrast that we see in our analyzes, as null flagellar mutants overexpressed 

exopolysaccharides Pel and Psl in biofilms of P. aeruginosa, in the laboratory and in 

biofilms isolated from cystic fibrosis (CF) infection [59]. 

P. aeruginosa owes its versatility and remarkable adaptative capacity to its large 

genome, with intricate gene regulatory systems. The P. aeruginosa PAO1 genome 

encodes a wide repertoire of two-component systems (TCSs), with 64 sensor kinases, 72 

response regulators and 3 histidine phosphotransfer (Hpt) proteins [1, 60, 61]. These 

regulatory networks play a central role in several cellular functions and responses, 

including chemotaxis, surface sensing, and virulence factors. TCSs are known to mediate 

regulation of flagelar genes, including the GacS network, a complex multikinase network, 

via SadC [62] or HptB branch [63], which affect the levels of the secondary messenger 

c-di-GMP. In addition, the Wsp chemosensory system triggers a signal transduction array 

in response to surface sensing, by controlling the synthesis of c-di-GMP, which promotes 

the formation of biofilms and decreases the expression of the flagellar genes [64–66]. The 

main target of c-di-GMP within this pathway is the transcriptional regulator FleQ, which 

positively regulates the expression of flagellar genes while repressing EPS genes, such as 

pel.  Upon interaction with c-di-GMP, FleQ is inhibited, leading to reduced expression of 

flagellar genes and upregulation of EPS genes[64, 67]. Therefore, the GacS network and 

the Wsp signalling pathway represent systems that are compatible to the rhamnolipid-

dependent modulation of flagellar expression observed in the present study. Interestingly, 

within the Wsp chemosensory system, flagellar and EPS genes are inversely regulated, a 

behaviour we have consistently observed in regard to rhamnolipids. FleQ, the master 



regulator of flagelar biogenesis, is the major player in the Wsp system [67]. Whether 

rhamnolipids would act directly upon any sensory system, or indirectly, through its 

wetting activity, controlling bacteria’s surface sensing, remains to be understood. 

We have also identified the positive regulation of hcp1, a gene that encodes a 

component of the type VI protein secretion system (H1-T6SS) [27] and some prophage 

genes (Table 1, Figure 2). Prophages play an important role in the evolution of bacterial 

genomes and their pathogenicity [68] and the expression of phage genes has also been 

shown to cause negative impacts on bacterial motility. A study revealed that flagella are 

reduced on the surface of cells that overexpress phage genes in strains PAO1 and PA14, 

in contrast to the observed hyperpiliation by type IV pili [30]. 

 Regarding the data obtained through the DNA microarrays, the present study also 

revealed that the expression of genes responsive to iron, among which we can highlight 

PA4221 and PA4220, were negatively regulated in the rhlA-mutant strain (Figure 1 and 

Table 1). It has been reported that the reduction in iron uptake, in mutants deficient in its 

acquisition mediated by pyoverdines, may impair the formation of biofilms. However, 

this deficiency can favor twitching motility in P. aeruginosa. Thus, under iron-limiting 

conditions P. aeruginosa presents greater motility and forms unstructured flat biofilms 

[69, 70]. 

In the last decades, many different approaches are being used for a better 

understanding of the regulatory mechanisms involved in the formation of biofilm in P. 

aeruginosa. Through a proteomic analysis, a hypothetical protein encoded by the PA3731 

gene was identified. The PA3731 gene was related to swarming motility and the synthesis 

of rhamnolipids. The PA3731-mutant were deficient in biofilm formation compared to 

the reference strain PAO1 [25]. Corroborating with those data, in our transcriptomic 



analyses, we also observed repression of the PA3731 gene in the rhlA-knockout strain, 

compared to the wild-type strain. 

Taken together, these results show significant evidence that rhamnolipids and/or 

their HAA precursors, the major biosynthetic products of the rhlABC pathway, seem to 

modulate gene expression in P. aeruginosa. Further investigation is required to 

understand the biochemical and/or biophysical mechanisms involved in the process. 

 

Conclusions 

The genome-wide transcriptomic analysis revealed that a rhlA-mutant strain, 

unable to produce rhamnolipids, had a substantially different gene expression profile 

when compared to the wild-type PAO1. Notably, several key flagellar genes were 

repressed in the mutant strain, suggesting a possible gene regulation pattern mediated by 

rhamnolipids and/or their HAA precursors. Swarming motility assays support this 

hypothesis, since the non-motile rhlA-mutant strain had its swarming ability restored by 

the addition of exogenous rhamnolipids.  

 
Methods 

Bacterial strains and growth conditions 

P. aeruginosa strains used in the study were stored at -80 °C in Lysogeny Broth medium 

(LB; 10.0 g/L Tryptone, 5.0 g/L Yeast Extract, 5.0 g/L NaCl; Sigma-Aldrich, St. Louis, 

USA) supplemented with 20% (v/v) glycerol. The wild-type P. aeruginosa strain PAO1 

[71] and its rhlA-knockout derivative (ΔrhlA::GmR) [39] were kindly provided by 

Professor Gloria Soberón-Chávez of the Universidad Nacional Autónoma de México 

(UNAM).  



The strains were grown in 250 mL erlenmeyer flasks containing 100 mL of LB 

medium, until the stationary growth phase (OD600 2.0), with shaking (170 rpm), at 30 °C. 

An aliquot of the culture was collected for total RNA extraction. 

RNA extraction and cDNA synthesis 

Total RNA was obtained from bacterial cultures at the the stationary growth phase 

with the RNeasy® Protect Bacteria Mini Kit (QIAGEN, Hilden, Germany) according to 

the manufacturer's recommendations. After total RNA extraction, it was treated with 1.0 

U/μl DNAse I (Invitrogen, Thermo Fisher Scientific, Waltham MA, USA) and stored at 

-80 ºC for further molecular analysis. The integrity and quality of the extracted genetic 

material was evaluated by electrophoresis in 0.8% agarose gel and staining with ethidium 

bromide. RNA concentration and purity were determined by NanoDrop® 2000 

spectrophotometry (Thermo Fisher Scientific, Waltham MA, USA).  

For qPCR analyses, cDNA synthesis was obtained with the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Foster City, USA) according to the 

manufacturer's instructions. 

 

Analysis of the global gene expression profile through DNA microarray 

GeneChipTM P. aeruginosa Genome Array (Affymetrix, Thermo Fisher Scientific, 

Waltham MA, USA) was used to analyze the overall gene expression profile, which 

contains the annotated PAO1 strain genome containing 5,549 protein coding sequences, 

18 tRNA genes, one representative of the ribosomal RNA cluster and 117 genes present 

in other strains of P. aeruginosa. In addition, 199 probe sets corresponding to all 

intergenic regions exceeding 600 base pairs were included. 

According to the manufacturer's recommendations for DNA microarray gene 

expression analysis in prokaryotes, the SuperScript II Reverse Transcriptase enzyme 

(Thermo Fisher Scientific, Waltham MA, USA) was synthesized after cDNA 



hybridization of random primers 75 ng/μl. Subsequently, RNA was removed with 1 M 

NaOH solution and neutralized with 1 HCl. The MinElute PCR Purification Kit 

(QIAGEN, Hilden, Germany) was used for cDNA purification, which was quantified and 

subjected to fragmentation steps (1.6 μg). Then, biotin terminal labeling, hybridization, 

washing and scanning were performed. The experiments were performed in three 

biological replicates. 

Genes were considered differentially expressed in the rhlA-knockout mutant 

compared to the wild type strain. Expression differences were assessed using comparative 

and paired analyzes between desired groups, with fold changes ≤ -1.5 or ≥ 1.5. The data 

obtained were processed from the Transcriptome Analysis Console (TAC) Software, 

version 4.02 (Affymetrix, Thermo Fisher Scientific, Waltham MA, USA). For this 

purpose, the Gene Level Differential Expression Analysis approach and the ANOVA test 

were used, with statistical significance for p < 0.05 and FDR (False Discovery Rate) of 

5%. The DIAMOND [72] and PseudoCAP [73] tools were also used to identify proteins. 

Functional categories were determined using the COG database [22].  

 

Confirmation of differentially expressed genes in the microarray by RT-qPCR 

Differentially expressed genes in the microarrays, fliC, flgL, fliD and fliT, related to 

flagellar motility, were selected for RT-qPCR quantification of expression. The gene used 

to normalize the experiments was 16S rRNA and the expression values of the wild-type 

strain (PAO1) were adopted as a basal reference (1.0). RT-qPCR was performed with 

SYBR Green PCR fluorophore Master Mix (Applied Biosystems, Foster City, USA) and 

the primers were designed with the aid of the online tool Primer3Plus [74] and the Beacon 

Designer software [75] (Table S3). RT-qPCR was also performed for genes rhlA and 

rhlB: primers for the 16S rRNA, rhlA and rhlB genes were used with TaqMan probes 



synthesized by Life Technologies (Applied Biosystems, Foster City, USA). The relative 

quantification analyses of rhlA and rhlB gene expression were performed with the 2(-

Delta Delta C(T)) method [76]. The RT-qPCR reactions were conducted on a CFX96 

Real-Time PCR Detection Systems platform (Bio-Rad Laboratories, Hercules, USA).  

 

Production of rhamnolipids  

Rhamnolipids were obtained as previously described [77]. Briefly, P. aeruginosa 

PAO1 was initially grown overnight in LB broth, at 28 °C, from -80 °C stocks and 

inoculated into 1 L flasks containing 300 mL of pre-production medium (K2HPO4 7.0 

g/L, KH2PO4 3.0 g/L, NaNO3 1.0 g/L, MgSO4.7H2O 0.2 g/L, Glycerol 30.0 g/L, Yeast 

Extract 5.0 g/L, Bacto-Peptone 5.0 g/L) and incubated at 28°C/170 rpm on a rotary 

shaker for 40 h. Bacterial pellets were then harvested by centrifugation at 6,000 ×g for 

25 min at 25 °C and inoculated into 250 mL flasks containing 125 mL of optimized 

mineral salt production (MSP) medium (K2HPO4 7.0 g/L, KH2PO4 3.0 g/L, NaNO3 1.4 

g/L, MgSO4.7H2O 0.2 g/L, Glycerol 30.0 g/L) [77], to a final concentration of 1.0 g/L 

(dry weight). The production of biosurfactants was conducted for 10 days at 28 °C and 

170 rpm. 

 

Extraction and quantification of rhamnolipids 

Culture-free supernatants were obtained by centrifugation at 6,000 ×g for 25 min, at 15 

°C and acidified with 1 N HCl into pH 3.5, following the addition of ethyl acetate at a 1:3 

ratio. Rhamnolipids were then extracted into the organic phase and dried with a 

HetoDrywinner rotary evaporator (Heto-Holten, Gydevank, Denmark). The resulting 

preparation was dissolved in methanol, lyophilized and stored at -20 °C. Prior to use, a 

8.0 µg/μl rhamnolipid suspension was prepared in electrolyte water solution (15 mM 



NaHCO3, 10 mM NaCl). Quantification of rhamnolipids was performed as previously 

described [78], through quantification of rhamnose with high performance liquid 

chromatography (HPLC). Briefly, 100 μL of a 10 M sulfuric acid solution were added to 

1 mL of rhamnolipids, in electrolyte solution, and heated at 100 ºC for 4 hours. The 

hydrolyzed solution was neutralized with 10 M sodium hydroxide, filtered with a 0.22 

μm membrane and analyzed with HPLC. The HPLC system used in this study was an 

Agilent 1260 Infinity (Santa Clara, CA, USA) with a refractive index detector. The 

analytical column was an Aminex HPX-87H (Bio-Rad Laboratories, Hercules, USA), the 

mobile phase was 5 mM sulfuric acid, with a flow rate of 0.6 mL/min and oven 

temperature of 45 ºC. The procedure was carried out in triplicate and a mass spectrometric 

conversion factor of 2.5 was applied to convert the concentration of rhamnose into 

rhamnolipids [78]. 

 
Plate Swarming Motility Test 

 

Swarming assays were performed on plates containing 0.5% agar in M8 medium, 

supplemented with 0.2% Glucose, 0.5% Tryptone and 1 mM MgSO4 [79]. 2.5 µL of the 

cultures were added to the center of the plate and incubated at 30 °C for 48 hours. In the 

case of the rhlA-knockout strain (ΔrhlA::GmR) the culture replicates were conditioned 

with an aqueous rhamnolipid solution, at a final concentration of 4.0 μg/μL immediately 

before application onto the swarming medium. 

 

Statistical analysis 

The samples were compared for expression levels by the control strain (PAO1) 

and the knockout strain (rhlA-mutant) using the paired t-test of the Graphpad Prism 4.0 

program (GraphPad Software Inc, San Diego, CA, USA). Each sample is representative 

of 3 biological replicates. The significance level established was 95% (p < 0.05). 
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Tables 

 

Table 1. Summary of expression data from genome microarray analyses of rhlA-

mutant P. aeruginosa versus the wild-type strain PAO1. 
  

 
  

Protein description Gene 

name 

Gene 

number 

Fold change 

≤ -1.5 or ≥ 1.5  
(p-val<0.05) 

Carbohydrate transport and metabolism [G]  
  

rhamnosyltransferase chain B  rhlB PA3478 -7.06 (2.43e-05) 

alcohol dehydrogenase  adhA PA5427 +3.08 (0.0262) 
 

 
  

Cell cycle control, cell division, chromosome 

partitioning [D] 

 
  

fagellum number regulator protein FleN fleN PA1454 
[DN] 

-1.56 (0.0212) 

 
 

  

Cell motility [N]  
  

flagellin type B fliC PA1092 -1.56 (0.0246) 

flagellar protein FliS fliS PA1095 
[NU] 

-1.63 (0.0059) 

fagellum number regulator protein FleN fleN PA1454 
[DN] 

-1.56 (0.0212) 

chemotaxis transducer  PA2788 
[NT] 

-1.98 (0.0024) 

type 4 fimbrial biogenesis protein PilO pilO PA5042 
[NW] 

+1.62 (0.0013) 

 
 

  

Cell wall/membrane/envelope biogenesis [M]  
  

hypothetical protein  PA0615 +1.70 (0.0047) 

N-acetylmuramoyl-L-alanine amidase  PA0807 +1.81 (0.0090) 

MexX/AmrA family multidrug efflux RND 
transporter periplasmic adaptor subunit 

 PA2019 
[MV] 

+1.94 (0.0001) 

conserved hypothetical protein  PA4638 -1.52 (0.0492) 

hypothetical protein  PA5232 
[MV] 

+1.78 (0.0003) 

 
 

  

Coenzyme transport and metabolism [H]  
  

hypothetical protein  PA2501 
[HR] 

+1.59 (0.0454) 

 
 

  

Defense mechanisms [V]  
  

AmrB family multidrug efflux RND transporter 
permease subunit 

 PA2018 +1.61 (0.0022) 

MexX/AmrA family multidrug efflux RND 
transporter periplasmic adaptor subunit 

 PA2019 
[MV] 

+1.94 (0.0001) 

putative ATP-binding/permease fusion ABC 
transporter 

 PA5231 +1.64 (0.0031) 

hypothetical protein  PA5232 
[MV] 

+1.78 (0.0003) 

 
 

  



Energy production and conversion [C]  
  

nitrite reductase  PA0519 -1.93 (0.0485) 

phosphate acetyltransferase  PA0835 +1.65 (0.0491) 

acetate kinase  PA0836 +2.28 (0.0294) 
 

 
  

Extracellular structures [W]  
  

type 4 fimbrial biogenesis protein PilO pilO PA5042 
[NW] 

+1.62 (0.0013) 

 
 

  

General function prediction only [R]   
  

hypothetical protein  PA1093 -1.78 (0.0300) 

hypothetical protein  PA2501 
[HR] 

+1.59 (0.0454) 

Inorganic ion transport and metabolism [P]  
  

K+/H+ antiporter subunit F  PA1058 +1.51 (0.0454) 

ABC transporter ATP-binding protein  PA2329 -1.62 (0.0486) 

Fe(3+)-pyochelin receptor  PA4221 -1.64 (0.0440) 

catalase (katA)  PA4236 +2.01 (0.0200) 
 

 
  

Intracellular trafficking, secretion, and 

vesicular transport [U]  

 
  

flagellar protein FliS fliS PA1095 
[NU] 

-1.63 (0.0059) 

 
 

  

Lipid transport and metabolism [I]  
  

rhamnosyltransferase chain A  rhlA PA3479 -23.25 (5.34e-06) 
 

 
  

Mobilome: prophages, transposons [X]  
  

phage baseplate protein  PA0617 +1.75 (0.0118) 

bacteriophage protein  PA0618 +2.49 (0.0033) 

phage tail protein I  PA0619 +2.36 (0.0088) 

bacteriophage protein  PA0620 +1.96 (0.0003) 

phage tail sheath family protein  PA0622 +1.98 (0.0263) 

hypothetical protein  PA0625 +1.57 (0.0033) 

phage tail protein  PA0627 +1.52 (0.0034) 

late control protein  PA0628 +2.40 (0.0006) 

phage tail tape measure protein  PA0636 +3.06 (0.0043) 

phage minor tail protein L  PA0638 +1.79 (0.0082) 

bacteriophage protein  PA0641 +1.77 (0.0008) 
 

 
  

Signal transduction mechanisms [T]  
  

sigma-54-dependent Fis family transcriptional 
regulator 

 PA1196 
[KT] 

+2.58 (0.032) 

chemotaxis transducer  PA2788 
[NT] 

-1.98 (0.0024) 

 
 

  

Transcription [K]  
  



sigma-54-dependent Fis family transcriptional 
regulator 

 PA1196 
[KT] 

+2.58 (0.0320) 

transcriptional regulator TetR family  PA2020 +2.65 (0.0191) 

transcriptional regulator  PA3458 +1.86 (0.0333) 

    

Translation, ribosomal structure and biogenesis 

[J] 

 
  

hypothetical protein  PA1746 +1.72 (0.0005) 
 

 
  

Uncharacterized  
  

holin  PA0614 +3.30 (0.0001) 

hypothetical protein  PA0621 +2.03 (0.0072) 

lipoprotein  PA0631 +1.72 (0.0006) 

hypothetical protein  PA0633 +2.13 (0.0207) 

hypothetical protein  PA0635 +2.14 (0.0011) 

hypothetical protein  PA0646 +1.67 (0.0079) 

phage holin family protein partial  PA0909 +1.72 (0.0005) 

hypothetical protein  PA0911 +1.62 (0.0056) 

flagellar protein FliT*   fliT PA1096 -2.05 (0.0112) 

DUF4280 domain-containing protein  PA2375 -1.54 (0.0135) 

hypothetical protein  PA4139 -2.28 (0.0364) 

protein FptB fptB PA4220 -1.54 (0.0397) 

hypothetical protein  PA4377 -2.57 (0.0009) 

hypothetical protein  PA4570 -1.84 (0.0225) 

(*) FliT is a key flagellar chaperone that binds to several flagellar proteins in the cytoplasm, including its cognate filament-

capping protein FliD (Khanra et al., 2016).  

 

  



 

Figure legends 

 

Figure 1. Differentially expressed genes. Hierarchical clustered heatmaps of the 
datasets show a total of 53 genes, with a fold-change ≤ -1.5 or ≥ 1.5 and p-value < 0.05 
between samples of P. aeruginosa PAO1 (PAO1 replicas 1, 2 and 3) and rhlA-mutant 
(rhlA replicas 1, 2 and 3). The relative differences in gene expression are proportional to 
the intensity of the coloration (heatmap), with blue referring to decreased and red to 
increased expression. 
 
Figure 2. Functional classification of P. aeruginosa genes differentially expressed in 

the microarrays. rhlA-knockout mutant compared to wild-type parental strain PAO1, 
with a fold change ≤ -1.5 or ≥ 1.5. The analyses were performed using the COG database. 
 
Figure 3. Expression of flagellar genes fliC, flgL, fliD and fliT in P. aeruginosa PAO1 

and rhlA-mutant strain. a) The graph represents the quantification of mRNA of genes 
fliC, flgL, fliD and fliT by RT-qPCR, normalized by the 16S rRNA gene, used as 
endogenous control. Bars indicate ± standard error. (*) indicate significantly different 
values, p < 0.05 with the paired t-test. b) Representation of operon organization 
(nucleotide positions 1164275–1197833 of the PAO1 chromosome) and hierarchical 
regulation of flagellar genes: Class III (flgL), Class II (fliD and fliT) and Class IV (fliC). 
Tested genes are represented in blue, black arrows indicate operons and direction of 
transcription. 
 

Figure 4. Expression of rhlA and rhlB in P. aeruginosa PAO1 and rhlA-mutant 

strain. The picture shows the quantification of mRNA of a) rhlA and b) rhlB by RT-
qPCR, with 16S rRNA gene as endogenous control. Expression values of rhlA-mutant 
strain are relative to the control (PAO1), normalized as 1.0. Bars indicate ± standard error. 
Relative expression was calculated using the comparative Cq method. 
 

Figure 5. Swarming motility assay. a) P. aeruginosa PAO1, b) rhlA-knockout mutant 
and c) rhlA-knockout mutant supplemented with exogenous rhamnolipids.  
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Figures

Figure 1

Differentially expressed genes. Hierarchical clustered heatmaps of the datasets show a total of 53 genes,
with a fold-change ≤ -1.5 or ≥ 1.5 and p-value < 0.05 between samples of P. aeruginosa PAO1 (PAO1
replicas 1, 2 and 3) and rhlA-mutant (rhlA replicas 1, 2 and 3). The relative differences in gene expression
are proportional to the intensity of the coloration (heatmap), with blue referring to decreased and red to
increased expression.



Figure 2

Functional classi�cation of P. aeruginosa genes differentially expressed in the microarrays. rhlA-knockout
mutant compared to wild-type parental strain PAO1, with a fold change ≤ -1.5 or ≥ 1.5. The analyses were
performed using the COG database.



Figure 3

Expression of �agellar genes �iC, �gL, �iD and �iT in P. aeruginosa PAO1 and rhlA-mutant strain. a) The
graph represents the quanti�cation of mRNA of genes �iC, �gL, �iD and �iT by RT-qPCR, normalized by
the 16S rRNA gene, used as endogenous control. Bars indicate ± standard error. (*) indicate signi�cantly
different values, p < 0.05 with the paired t-test. b) Representation of operon organization (nucleotide
positions 1164275–1197833 of the PAO1 chromosome) and hierarchical regulation of �agellar genes:
Class III (�gL), Class II (�iD and �iT) and Class IV (�iC). Tested genes are represented in blue, black
arrows indicate operons and direction of transcription.



Figure 4

Expression of rhlA and rhlB in P. aeruginosa PAO1 and rhlA-mutant strain. The picture shows the
quanti�cation of mRNA of a) rhlA and b) rhlB by RT-qPCR, with 16S rRNA gene as endogenous control.
Expression values of rhlA-mutant strain are relative to the control (PAO1), normalized as 1.0. Bars indicate
± standard error. Relative expression was calculated using the comparative Cq method.

Figure 5

Swarming motility assay. a) P. aeruginosa PAO1, b) rhlA-knockout mutant and c) rhlA-knockout mutant
supplemented with exogenous rhamnolipids.
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