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ABSTRACT

The two adjacent genes encoding the major Pseudomonas aeruginosa quorum sensing regulator, 

LasR, and its opponent, RsaL, overlap in their coding 3´ends and produce mRNA transcripts with 

long untranslated 3´ends that overlap with the sense transcripts of the gene on the opposing 

DNA strand. In this study, we evaluated whether the overlapping genes are involved in mutual 

regulatory events and studied interference by natural antisense transcripts. We introduced 

various gene expression constructs into a P. aeruginosa PA14 lasR/rsaL double deletion mutant, 

and found that although complementary RNA is produced, this does not interfere with the sense 

gene expression levels of lasR and rsaL and does not have functional consequences on down-

stream gene regulation. Nevertheless, expression of lasR, but not of rsaL, was shown to be 

enhanced if transcription was terminated at the end of the respective gene so that no 

overlapping transcription was allowed. Our data indicate that the natural organization with a 

partial overlap at the 3´ends of the lasR/rsaL genes gives rise to a system of checks and balances 

to prevent dominant and unilateral control by LasR over the RsaL transcriptional regulator of 

opposing function. 
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1 INTRODUCTION

Pseudomonas aeruginosa is a ubiquitous environmental bacterium, which has emerged as an 

opportunistic pathogen of major clinical relevance (Bassetti et al., 2018). Its extensive metabolic 

versatility facilitates survival not only in different aquatic and terrestrial habitats, but also in the 

human host. P. aeruginosa infections can become established at various host sites and progress 

into life threatening acute or chronic infections (Turner et al., 2014; Moradali, Ghods and Rehm, 

2017; Lorenz et al., 2019). The pathogen is equipped with a large arsenal of virulence factors. 

Expression of many of the respective P. aeruginosa virulence genes is orchestrated by two 

hierarchical organized homoserine lactone (HSL)-dependent quorum sensing (QS) systems, the 

las and the rhl system (Pearson et al., 1995; Fuqua, Winans and Greenberg, 1996; Schuster et al., 

2003; Smith and Iglewski, 2003). The QS receptor protein LasR is at the very top of the hierarchy. 

LasR binds the N-3-oxo-dodecanoyl-HSL (3OC12-HSL) and activates the transcription of a large 

regulon, including the rhl QS-system and many virulence genes. LasR also promotes 3OC12-HSL 

signal production by increasing the transcription of the 3OC12-HSL synthase encoding gene, lasI 

(Seed, Passador and Iglewski, 1995). Another gene, which is part of the LasR regulon is the 

negative transcriptional regulator rsaL (Rampioni, Schuster, et al., 2007; Rampioni et al., 2009). It 

represses the expression of genes positively regulated by LasR, such as phzA1, phzM and hcnA 

(Rampioni, Schuster, et al., 2007). RsaL also represses the transcription of the 3OC12-HSL 

synthase encoded by lasI by directly binding to its promoter (De Kievit et al., 1999; Rampioni et 

al., 2006). 

Among the pattern of interaction between regulatory factors, three component feed-forward 

loops (FFL) are common (Dekel, Mangan and Alon, 2005). They allow a coordinately controlled 

dynamic output of gene expression. A FFL comprises a transcription factor that regulates a 

second transcription factor. Both transcription factors bind the regulatory region of a third target 

gene and jointly control its expression. Since the transcriptional activator LasR activates the 

transcription of both lasI and rsaL, a transcriptional repressor of lasI, this network motif is 

termed an incoherent type-1 feed-forward loop (Hong et al., 2018). The LasR/RsaL FFL network 

motif pattern was previously shown to confer robustness with respect to fluctuations in the 

levels of LasR to the LasR/RsaL-controlled phenotypes such as 3OC12-HSL synthesis and pyocyanin 

production (Bondí et al., 2017). A
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In addition to FFLs, the fine-tuning of regulatory switches is influenced by the genomic 

organization of regulatory genes. A strong correlation in the expression levels of divergent and 

convergent genes has been found to be quite common (Krom and Ramakrishna, 2008; Arnone et 

al., 2012). The respective genes have related and often opposing functions. Transcriptional 

interference, occurring in sets of convergent promoters, offers a mechanism for tunable gene 

regulation (Ho, Tsai and Lin, 2012). Furthermore, RNA-RNA interactions of partly overlapping 

mRNA transcripts may lead to posttranscriptional regulatory events by modulating the 

interaction of RNA binding proteins (Gilet et al., 2020) and impact gene expression levels 

(Toledo-Arana and Lasa, 2020). Furthermore, antisense RNAs can inhibit the expression of one 

operon while simultaneously functioning as an mRNA for the adjacent operon. This may become 

of particular importance if the two genes encode regulators with opposing functions. This 

genomic organization may enable the expression of one regulator while simultaneously excluding 

the opposing regulator, and could lead to the enhanced robustness of the regulatory switches 

(excludon paradigm) (Toledo-Arana et al., 2009; Sesto et al., 2012; Quereda and Cossart, 2017). 

In this study, we aimed to elucidate if there is a mutual influence on the expression of the two 

convergent lasR and rsaL genes, both of which produce long 3’ untranslated regions. Our data 

suggest that the natural organization of the lasR/rsaL genes, with a partial overlap of the 3’ ends, 

gives rise to interference; providing evidence of a system of checks and balances to prevent 

dominant and unilateral control by either of these two opposing regulators.
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2 RESULTS

The genes of the convergent (→←) lasR and rsaL gene pair overlap in their translated 3’ ends 

with 11 bp (Figure A). In addition, previously recorded P. aeruginosa PA14 transcriptional profiles 

(Dötsch et al., 2015) revealed that both genes produce mRNA transcripts with long 3’ 

untranslated regions (UTRs) that overlap with the sense transcripts of the opposing gene (Error! 

Reference source not found.). In theory, overlapping genes are intricately involved in mutual 

regulatory events such as transcriptional or translational interference following the formation of 

mRNA duplexes as well as interference by natural antisense transcripts. 

2.1 Gene expression levels of the convergent lasR and rsaL gene pair

We aimed to evaluate whether the expression of one of the genes in the convergent lasR/rsaL 

gene pair influences the expression of the other. Therefore, we cloned four variants of the 

lasR/rsaL gene locus into the pJN105 vector and introduced them into PA14 wild-type (see Figure 

BC). The first pair of constructs harbored the two genes in their natural genomic organization. In 

the second pair, we introduced a terminator between the two ORFs. Since the two ORFs 

overlapped at their ends, the construct was designed in a way that the two ORFs were complete 

and a transcription termination signal was cloned at the 3′ end of each of the genes. In one 

construct, lasR was under the control of the strong arabinose-inducible pBAD promoter of 

pJN105, while rsaL was expressed from its natural promoter, while in the second construct, rsaL 

was under the control of pBAD, while lasR was expressed from its natural promoter. 

We recorded the transcriptional profiles of the four construct-harboring strains and the PA14 

empty vector control. All strains were grown in LB and induced with arabinose at an optical 

density (OD600) of 1 before RNA was extracted at an OD600 of 2. As expected, the pBAD promoter 

was stronger than either of the two natural promoters. When expressed under the control of 

pBAD, the gene expression of lasR increased 0.90 log2 fold (not significant), while the expression 

of rsaL increased 1.82 log2 fold (false discovery rate (FDR) 0.0364), when compared to the 

activity of the natural promoters (see Table 1). The increase in gene expression recorded with the 

pBAD promoter was even more pronounced as opposed to the natural promoter, upon 

introduction of a transcriptional terminator, with an increase of 3.47 log2 fold (FDR 0.0091), and 

6.66 log2 fold (FDR 0.0007) for lasR and rsaL, respectively. A
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Furthermore, the introduction of a transcriptional terminator increased lasR gene expression 

significantly (2.69 log2 fold (FDR 0.0098)) when lasR was expressed under the control of pBAD, 

and minimally (0.13 log2 fold (not significant)) when under the control of the natural lasR 

promoter. In contrast, the increase in transcription upon the introduction of a terminator at the 

end of the gene was not observed for rsaL, even when expressed under the control of the strong 

pBAD promoter. We even observed a marked decrease in the expression of rsaL (5.30 log2 fold 

(FDR 0.0006)) in strains expressing rsaL from its natural promoter with a transcriptional 

terminator and lasR under the control of the strong pBAD promoter. Thus, it appears that higher 

levels of lasR expression are correlated with an increase in its expression upon the introduction 

of a transcriptional terminator. At the same time, the introduction of a transcriptional terminator 

results in reduced expression of the more weakly expressed convergent rsaL gene under its 

natural promoter. 

Conversely, the natural genetic organization of the convergent lasR/rsaL gene pair leads to a 

more balanced competition between the two promoters. An excessive level of lasR expression is 

prevented by the simultaneous transcription of rsaL, which overlaps with lasR at the 3’ end.

To further confirm that the natural genomic organization balances LasR production, we analyzed 

LasR protein production in the strains harboring the various constructs with and without the 

terminator using Western blots. In accordance with the transcript levels, the highest levels of 

LasR is produced in the strains that harbor a terminator so that the two convergent genes no 

longer overlap. This difference is more pronounced if lasR is under a strong promoter (Figure ).
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Figure 1. Differential expression of rsaL and lasR in PA14 strains harboring constructs with 

either lasR (lasR/rsaL) or rsaL (rsaL/lasR) under the pBAD promoter, in its natural genomic 

organization (N) or harboring a transcriptional terminator at the 3’ end (T). (A) In their natural 

genomic organization, the open reading frames of the lasR and rsaL genes overlap by 11 bp. (B) 

Sequence of the lasR-rsaL intergenic region with an inserted terminator (underlined) flanked by 6 

bp linkers and the overlapping 11 bp. (C) Schematic depiction of the four individual constructs 

introduced on pJN105 into PA14 and their lasR (blue) and rsaL (red) gene expression values 

(RPKM (reads per kilobase per million)). In the empty vector control (PA14 pJN105) 22,070 RPKM 

mapped to the (chromosomal) rsaL and 1,532 RPKM to the lasR gene sequence. 

Table 1. Differential expression of rsaL and lasR in PA14 strains harboring constructs with either 

lasR (lasR/rsaL) or rsaL (rsaL/lasR) under the pBAD promoter, in its natural genomic organization 

(N) or harboring a transcriptional terminator at the 3’ end (T). Log2 fold-changes (log2FC) with 

their FDR are depicted.

lasR/rsaL(N) 

vs. 

rsaL/lasR(N)

lasR/rsaL(T) 

vs. 

rsaL/lasR(T)

lasR/rsaL(T)

vs.

lasR/rsaL(N) 

rsaL/lasR(T)

vs.

rsaL/lasR(N)

0.90 3.47 2.69 0.13
PA14_45960,lasR

(0.3488) (0.0091) (0.0098) (0.8971)

rsaL/lasR(N) 

vs. 

lasR/rsaL(N)

rsaL/lasR(T) 

vs. 

lasR/rsaL(T)

lasR/rsaL(N) 

vs.

lasR/rsaL(T) 

rsaL/lasR(N)

vs.

rsaL/lasR(T)

1.82 6.66 5.30 0.47
PA14_45950,rsaL

(0.0364) (0.0007) (0.0006) (0.5585)
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Figure 2: Western blot depicting the expression of LasR. PA14 strains harboring constructs with 

either lasR (lasR/rsaL(N)) or rsaL (rsaL/lasR(N)) under the pBAD promoter in its natural genomic 

organization or harboring a transcriptional terminator at the 3’ end (lasR/rsaL(T) and 

rsaL/lasR(T), respectively). Strains were grown to an OD600 of 1 prior to induction with 0 %, 0.01 

% or 0.1 % arabinose until cell cultures reached an OD600 of 2. Black arrow denotes the LasR 

band. One representative western blot out of two is depicted.

2.2 The long 3’ UTRs of the lasR and rsaL mRNA are complementary to the coding sequence 

of the other gene’s respective mRNA

Due to the genomic organization of lasR and rsaL, their long 3’ UTRs are complementary to the 

respective mRNA of the opposing gene (Supplementary Figure S1). Since the two genes exhibit 

opposing functions (e.g. on lasI transcription), we wondered whether the expression of one gene 

would inhibit the expression of the other via the expression of an antisense transcript. 

To further explore this, we constructed a lasR/rsaL double deletion mutant in the PA14 reference 

strain (PA14 ∆rsaL∆lasR) and reintroduced various constructs of the two genes. For each of the 

lasR and rsaL genes, three constructs were cloned into pSEVA224 and pSEVA644, respectively 

(Supplementary Figure S2A). Both, pSEVA224 and pSEVA644, have a low plasmid copy number (< 

7), harbor an IPTG-inducible promoter (lacIq-Ptrc) and encode antibiotic selection markers 

(kanamycin and gentamicin, respectively) (Itoh et al., 1984; Amit et al., 2015; Jahn et al., 2016; 

Martínez-García et al., 2019). 

The first construct (long) harbored the open reading frame (ORF) of the gene (lasR or rsaL) and 

its respective downstream DNA sequence, ending at the start codon of the opposing gene. The 

mRNA of this construct contains the protein coding region and the 3’ UTR of the respective gene, 

which is complementary to the mRNA of the coding sequence on the opposite strand. The 

second construct (ORF) did not harbor the 3’ UTR of the respective gene, and is unable to 

produce the antisense RNA cognate to the opposing gene. The third construct (antisense) does A
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not contain the respective gene, but instead consists of only the downstream 3’ UTR giving rise 

exclusively to an RNA that is antisense to the mRNA of the opposing gene. 

The three constructs of the two genes (cloned on the pSEVA224 and pSEVA644 plasmid, 

respectively), were introduced into the PA14 ∆rsaL∆lasR in 8 different combinations as 

exemplarily shown in Supplementary Figure S2B. Figure 1 provides a schematic overview of the 

various constructs. 

In addition to the empty vector control (strain 0) and the reconstitution of the wild type genes (1: 

WT), where both genes are expressed under the control of a strong promoter, we constructed a 

strain containing the lasR and rsaL genes without the downstream 3’ UTR (2: lasR ORF/rsaL ORF). 

Furthermore, we constructed strains that harbored a combination of long (ORF and 3’ UTR) and 

short (ORF) versions of each gene (3: lasR long/rsaL ORF; 4: rsaL long/lasR ORF). We also 

constructed strains that harbored the long construct of the one gene and the 3’ UTR region of 

the other (5: rsaL long/antisense rsaL; 6: lasR long/antisense lasR). Strains that harbored the ORF 

of the one gene, and the 3’ UTR region of the other respective gene were also produced (7: rsaL 

ORF/antisense rsaL; 8: lasR ORF/antisense lasR).  

Figure 1. Overview of the various constructs of rsaL and lasR.  rsaL and lasR gene constructs 

were cloned into pSEVA224 and pSEVA644 and introduced in various combinations into PA14 

∆rsaL∆lasR to produce the strains 0-8. Gene regions which are expressed under the control of the 

promoter on pSEVA224 are indicated by the red arrow and on pSEVA644 by the blue arrow. 

2.3 Exploring the effects of the presence of the 3’ UTR antisense RNAs on lasR and rsaL 

transcript levels 

To test the influence of the lasR and rsaL 3’ UTR antisense transcript expression on the 

expression of the opposing gene, we recorded the transcriptional profiles of our nine 

aforementioned strains (Figure 1). We cultured the strains in LB medium, induced the 

exponentially growing cultures with IPTG, and isolated RNA after an additional 2 h of cultivation. 
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Figure 2: Differential expression analysis. Expression (RPKM+1 on a log scale with base 10, y-

axis) of rsaL, lasR, and their respective antisense transcripts of strains 2 - 7 of two biological 

replicates and for strain 1 and 8 of one biological replicate is depicted. Bar plots of strains 2 -7 

show the mean of two data points (colored dots). The detection level was adjusted to the 

background transcript levels as detected in the empty vector negative control (strain 0). The 

arrows at the bottom schematically depict the presence of rsaL (dark red), lasR (dark blue), 

antisense rsaL (light red) and antisense lasR (light blue) in the various constructs that were 

introduced into PA14 ∆rsaL∆lasR.

First, we recorded the expression levels of the rsaL and lasR genes and their respective antisense 

transcripts in in all nine of our strains (Supplementary Table S2). As expected, the expression 

levels of the lasR and the rsaL genes under the IPTG-inducible promoter were in a comparable 

range across the strains harboring the various constructs relative to the empty vector control 

(log2FC 6.9‒9.3 for rsaL and log2FC 7.2‒9.1 for lasR).

However, the expression of the lasR antisense was generally higher than the expression of the 

rsaL antisense RNA in strains containing both antisense RNAs (Figure 4, strains 1, 5 and 6 with 

median RPKM of 9,844 (interquartile range (IQR) 7,222) for the lasR antisense compared to 1,552 

(IQR 1,116) for rsaL antisense, p-value 0.015, Mann-Whitney test). Of note, for the lasR ORF/rsaL 

ORF and lasR long/rsaL ORF constructs, the expression of rsaL, lasR and their antisense 

transcripts was independent on whether the constructs were cloned into the pSEVA644 or the 

pSEVA224 vector as exemplarily tested (data not shown).

We found that the expression of the rsaL sense transcript was lower (p-value 0.004) in strains 

that solely expressed the rsaL ORF (see strains 2, 3 and 7 with median RPKM of 19,329 (IQR 

2,492)) in comparison to the strains that expressed the long rsaL transcript including the 3’ UTR 

(see strains 1, 4 and 5 with median RPKM of 85,576 (IQR 1,929)). Thus, it appears that rsaL is less 

stable without its 3’ UTR. Other than rsaL, expression of the lasR sense transcript does not seem 

to be influenced by the expression of its 3’ UTR (see strains 1, 3 and 6 with long lasR transcripts 

(median RPKM of 18,194 (IQR 3,391)) versus strains 2, 4 and 8 with ORF lasR transcripts (median 

RPKM of 16,461 (IQR 13,214), p-value 0.69)). A
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Although clearly gene expression in the strains harboring the various constructs was under 

control of the IPTG inducible promoter, there seemed to be a leaky transcription of all genes, 

even of those, which were not cloned under the inducible promoter. E.g. in strain 5 and 6, lasR 

and rsal gene transcription was not completely abolished, albeit the strains did not harbor the 

respective genes under the IPTG inducible promoter. 

Most importantly, the presence of the rsaL 3’ UTR and the lasR 3’ UTR, did not significantly 

decrease the transcript level of the genes on the opposing strand (the rsaL RPKM of strains 2, 4 

versus 1, 3 were not significantly different (median log fold-change of 2.8, p-value 0.40), nor 

were the lasR RPKM of strains 2, 3 versus 1, 4 (median log fold-change of 1.2, p-value 0.057)). To 

confirm that antisense expression does not have a regulatory role, we analyzed the expression 

levels of down-stream regulated genes. We selected 5 genes (lasA, lasB, aprE, pqsA and phnA) 

that have previously been described to be directly regulated by LasR (Toder, Gambello and 

Iglewski, 1991; Pearson et al., 1995; Turner, Vallet-Gely and Dove, 2009; Choi et al., 2011; Kalia, 

2015), and 4 genes (lasI, hcnA, hncB and phzA1) that were demonstrated to be repressed by RsaL 

(De Kievit et al., 1999; Rampioni et al., 2006; Rampioni, Schuster, et al., 2007). We compared 

their expression levels across the strains harboring the various constructs. No significant 

differences in their expression levels were detected in strains expressing the antisense RNA in 

comparison to those that did not (p-values for all 9 genes were in the rage of 0.1 – 1.0, 

Supplementary Table S2). These results indicate that the expression of long 3’ UTRs in lasR and 

rsaL do not lead to a significant reduction of the transcript level of the genes encoding for the 

opposing regulator, and no significant regulatory consequences on target gene expression were 

observed. 

2.4 Exploring the effects of the presence of lasR and rsaL on global gene expression profiles 

The reconstitution of the PA14 ∆rsaL∆lasR with the two genes, individually and combinatorically, 

gave us the opportunity to systematically re-evaluate the effects of RsaL and LasR on global gene 

expression. To detect global differences in gene expression when lasR, rsaL or both genes were 

absent, we compared gene expression values of the PA14 ∆rsaL∆lasR mutant that was 

reconstituted with lasR (∆rsaL∆lasR::lasR) (comparison I in A
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Figure 3), rsaL (∆rsaL∆lasR::rsaL) (comparison II) or an empty vector control (comparison III), with 

the gene expression values of the fully reconstituted mutant (PA14 ∆rsaL∆lasR::rsaL/lasR) (for 

log2FC values see (Supplementary Table S3). To get information on the impact of the 

overexpression of the two genes, we additionally compared the transcription profile of the two 

mutants that were reconstituted with either lasR (∆rsaL∆lasR::lasR) (comparison IV) or rsaL 

(∆rsaL∆lasR::rsaL) (comparison V) with the profile of the empty vector control (∆rsaL∆lasR empty 

vector control). 

We found that many genes in the LasR regulon, such as lasAB, were negatively regulated in 

strains that lacked a functional lasR, or a functional lasR and rsaL gene; indicating that the 

presence of LasR is important for the expression of numerous genes (

Figure 3A). Overexpression of lasR had the strongest positive impact on gene expression, while a 

lack of rsaL did not strongly increase gene expression, and the overexpression of rsaL did not 

strongly decrease gene expression (log2FC values between -1.1 to 2.2). Table 2 lists the P. 

aeruginosa genes that exhibited this lasAB-like expression pattern. As expected, among them we 

found many genes previously described to be LasR-dependent, such as rhlI, aprDEFI, phnA and 

pqsABCDE (Schuster et al., 2003; Turner, Vallet-Gely and Dove, 2009; Choi et al., 2011). 

Expression of lasI, that has been shown to be impacted by both LasR and RsaL, followed a 

different pattern. Similar to lasAB, lasI was found to be expressed at the lowest levels in strains 

that lacked a functional lasR, or both a functional lasR and rsaL gene (

Figure 3B). However, in comparison to lasAB, lasI expression levels were not only high when lasR 

was overexpressed, but also in the strains that lacked rsaL. Table 2 lists the P. aeruginosa genes 

that exhibited this lasI-like expression pattern. As expected, among them we found genes 

previously described to be LasR/RsaL-dependent, such as hcnABC and phzC1S (Schuster et al., 

2003; Rampioni, Schuster, et al., 2007). Most interestingly, we also found a group of genes 

(Supplementary Table S4) that were not impacted by the presence of lasR, but the presence of 

rsaL. These genes did not show strong regulation in the strains that did not harbor lasR or 

overexpressed lasR. Instead, we found a strong regulation of the genes in the strain that 

overexpressed rsaL and in strains which did not harbor rsaL (
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Figure 3C, D). These results indicate that in this group of genes, which are not subject to 

regulation by LasR, RsaL acts as an independent regulator. Of note, among the genes of this 

group we found a group of genes that were activated (

Figure 3C), and a group of genes that were repressed by the presence of RsaL (

Figure 3D). ptxR, previously demonstrated to repress rhlI and pqsA-E genes, but activate lasI 

(Carty et al., 2006), was among those genes that were activated by RsaL. Genes, such as nosDLR, 

previously categorized as quorum-sensing repressed genes (Wagner et al., 2003), and cyoD, pqsL 

and tadG, all categorized as quorum-sensing activated (Schuster et al., 2003), were also among 

this group of activated genes. Among the genes that were repressed by RsaL were narK1, which 

is part of the narK1K2GHJI operon and is involved in the tolerance to ciprofloxacin (Fan et al., 

2019), aguR, mexT and PA14_37220, three transcriptional regulators, all of which have previously 

been demonstrated to be repressed by rsaL (Rampioni, Schuster, et al., 2007). A comparison with 

the results of previous studies (Schuster et al., 2003; Wagner et al., 2003) revealed a large 

overlap of the quorum-activated genes with the lasA-like and lasI-like genes identified in this 

study, demonstrating that the majority of genes were commonly identified (Supplementary 

Figure S3).

Figure 3. Gene expression profiles depending on the re-introduction of lasR and/or rsaL into 

PA14 ∆rsaL∆lasR. Expression levels (log2FC, y-axis) of selected genes in strain comparisons (x 

axis) that I) do not harbor rsaL, II) do not harbor lasR, III) do not harbor lasR and rsaL as 

compared to the strain that was reconstituted with both genes (PA14 ∆rsaL∆lasR::rsaL/lasR). 

Furthermore, expression levels of selected genes in PA14 ∆rsaL∆lasR that IV) overexpress lasR, 

and V) overexpress rsaL as compared to the PA14 ∆rsaL∆lasR empty vector control are depicted.  

A) 29 genes whose expression profiles follow that of lasA (orange) and lasB (yellow), B)  32 genes 

whose expression profiles follow that of lasI (blue), C) 75 genes whose expression profiles follow 

that of ptxR (green), D) 252 genes whose expression profiles follow that of narK1 (red). Gene 

groups were determined by agglomerate hierarchical clustering. 
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Table 2. Genes whose expression profile follow that of lasA (29 genes, lasR-dependent) and lasI 

(32 genes, lasR and rsaL-dependent).

lasA-like lasI-like

PA14_07430 hypothetical protein PA14_02490 tonB2

PA14_09940 protease PA14_04650 pfpI

PA14_10530 GntR family transcriptional regulator PA14_09400 phzS

PA14_13350 hypothetical protein PA14_09460 phzC1

PA14_13390 hypothetical protein PA14_10400 hypothetical protein

PA14_16250 lasB PA14_10490 hypothetical protein

PA14_18630 serine protease PA14_10500 cbb3-type cytochrome c oxidase subunit I

PA14_19130 rhlI PA14_15620 oxidoreductase

PA14_20960 isomerase PA14_20900 MFS transporter

PA14_30580 LuxR family transcriptional regulator PA14_20940 acyl carrier protein

PA14_34830 regulatory protein PA14_20950 fabH2

PA14_36980 hypothetical protein PA14_20970 cyp23

PA14_40290 lasA PA14_20980 short chain dehydrogenas

PA14_40310 acyl carrier protein PA14_21000 hypothetical protein

PA14_48040 aprI PA14_21010 FAD-dependent monooxygenase

PA14_48090 aprF PA14_21020 non-ribosomal peptide synthetase

PA14_48100 aprE PA14_33870 hypothetical protein

PA14_48115 aprD PA14_34810 non-ribosomal peptide synthetase

PA14_48140 hypothetical protein PA14_34820 regulatory protein

PA14_51360 phnA PA14_34840 non-ribosomal peptide synthetase

PA14_51380 pqsE PA14_36310 hcnC

PA14_51390 pqsD PA14_36320 hcnB

PA14_51410 pqsC PA14_36330 hcnA

PA14_51420 pqsB PA14_43020 hsiF2

PA14_51430 pqsA PA14_43030 hsiC2

PA14_60750 pra PA14_43405 kdbF

PA14_62680 hypothetical protein PA14_45940 lasI

PA14_62690 hypothetical protein PA14_47950 ABC transporter permease

PA14_72360 hypothetical protein PA14_59280 pilP2A
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PA14_59680 hypothetical protein

PA14_61870 hypothetical protein

PA14_71100 hypothetical protein

 

2.5 Screening for LasR-specific and RsaL-specific DNA sequence motifs in promoter regions 

of rsaL-and/or lasR-dependent genes

Conserved DNA binding sites have previously been identified for lasR (Schuster et al., 2003; 

Wagner et al., 2003; Gilbert et al., 2009) and rsaL (Rampioni et al., 2006; Rampioni, Polticelli, et 

al., 2007). We used the MEME program (Bailey et al., 2006, 2009) in order to identify a common 

DNA sequence in the promoter regions (the region from 300 bp upstream to 50 bp downstream 

of annotated translational start sites) of the identified set of 29 lasA-like genes, 32 lasI-like genes, 

75 ptxR-like and the 252 nark1-like genes (Figure 6A-D). A motif similar to the previously 

identified LasR-specific sequence motif was found in 16 promoter regions of the lasA-like genes 

(e-value 1.9 x 10-4). We then specifically screened the promoter regions for previously published 

consensus sequences of rsaL (Kang et al., 2017) and lasR (Wagner et al., 2003) using the program 

FIMO (Grant, Bailey and Noble, 2011) (see Figure 4). In all 29 of the lasA-like promoter regions, 

and in all but one of the lasI-like promoter regions, a motif that was similar to the LasR-specific 

binding motif was found (p-values < 0.007, see Supplementary Table S5). Furthermore, a motif 

that was similar to the RsaL-specific binding motif was found in 37 of the 75 ptxR, 16 of the 32 

lasI and 118 of the 252 narK1 promoters (p-values < 0.007). 

 

Figure 4. Promoter region alignment with consensus sequences of lasR and rsaL. The promoter 

regions of lasA-like genes (A) and the lasI-like genes (B) were scanned  for the consensus 

sequence of LasR (NHCTRNSNNDHNDKNNAGNB) (Wagner et al., 2003), with H=C, T or A; R=A or 

G; S= C or G; D=G, A or T; K=G or T; B=G or T and N=A,C,G or T.  The promoter regions of lasI-like 

(C), ptxR-like (D) and narK1-like genes (E) were scanned for the consensus sequence of RsaL 

(TATGNAANTTNCATA) (Kang et al., 2017). Scanning of individual sequence matches with the A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

corresponding consensus sequence was done using FIMO (Grant, Bailey and Noble, 2011) with p-

values < 0.007. Sequence motif logos are based on multiple sequence alignments of 29(A), 31(B), 

16(C), 37(D) and 118(E) FIMO-identified promoter regions, and were created with weblogo 

(Crooks et al., 2004). The size of each letter indicates the relative abundance at the respective 

position.

3 DISCUSSION

Bacterial pathogens employ diverse fitness and virulence mechanisms to establish infections in 

the challenging environment of the human host. Expression of bacterial traits that are required 

for survival and progression of the infection require a tightly controlled regulatory network 

within the cell. To serve coordinated cellular processes, transcription factors are of key 

importance. They dynamically activate or repress transcription in response to specific signals that 

inform on environmental or cellular shifts and coordinate the expression of an adequate 

response. Different transcription factors regulate different numbers of genes under their control, 

also known as their regulon. LasR is a major global transcription factor in P. aeruginosa with a 

regulon of more than 400 genes (Schuster et al., 2003). Expression of the LasR regulon becomes 

activated when the cell population reaches a certain density (Pearson et al., 1995). High cell 

densities lead to the accumulation of the autoinducer 3OC12-HSL, produced by the LasR regulated 

synthase LasI. 3OC12-HSL-binding activates the LasR transcription factor. Many of the genes of 

the LasR regulon are not exclusively regulated by LasR. Other input signals are integrated, and 

influence the transcription of specific sub-sets of the LasR regulon genes. One of these additional 

regulators is RsaL (De Kievit et al., 1999; Rampioni, Schuster, et al., 2007; Rampioni et al., 2009). 

RsaL acts as a repressor for some of the LasR regulated genes. Among those genes is lasI, which, 

as previously mentioned, influences the activity of LasR via the production of an HSL autoinducer. 

This complex regulation of gene activity, which is organized in an incoherent type 1 feed-forward 

loop, seems to guarantee that the system gives a clear output signal that is not disturbed by 

small fluctuations in the level of the main transcriptional regulator LasR (Dekel, Mangan and 

Alon, 2005). A
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Another way to generate a more stable signal output is the mutual control of gene expression of 

major regulators of opposing functions. For example, a system can be switched between two 

stable states if e.g. two transcription factors mutually repress each other (Lugagne et al., 2017). 

This toggle switch will not flip randomly, but would allow the long-term maintenance of the on or 

off state upon fluctuations in conditions that favor either of the two states. A compelling 

example of such a switch has been described in Listeria (Toledo-Arana et al., 2009). In a concept 

that was termed excludon, two genes of opposing functions were shown to produce mRNAs that, 

in large parts, serve as an antisense RNA to the mRNA of the gene transcribed from the opposite 

strand. Nevertheless, although RNA sequences that are complementary to an endogenous mRNA 

transcript can function as an antisense RNA, this does not have to be the case (Bordoy et al., 

2016). 

In this study, we demonstrate that RNA–RNA interactions that could arise due to 

complementarity of the sense and antisense transcripts in the lasR and the rsaL genes, are not 

strong enough to exhibit significant anti-sense activity in the presented constructed strains. 

Nevertheless, transcriptional analysis of the two genes in their natural confirmation, with 

overlapping gene sequences at the 3’ end, revealed that lasR gene expression is subject to 

transcriptional interference. In strains harboring constructs, where the transcript of both genes 

do not overlap, lasR gene expression was increased. Interestingly, we did not observe an increase 

in rsaL gene expression upon introduction of the non-overlapping construct as compared to the 

natural construct. On the contrary, rsaL gene expression decreased in the strain harboring a non-

overlapping rsaL/lasR gene construct, resulting in a much more pronounced difference between 

lasR and rsaL gene expression when compared to the strain harboring a construct with the 

natural lasR and rsaL genomic organization. This indicates that a system of checks and balances is 

in place to prevent dominant and unilateral control of LasR over RsaL when the cell is subjected 

to conditions that favor an increase in lasR gene expression.

Interestingly, we found that rsaL but not lasR was less stable when expressed without its 3’ UTR. 

Thus, the introduction of the transcriptional terminator at the end of rsaL might have a direct 

effect on its transcript level that is independent of transcriptional interference due to 

overlapping genomic regions. A
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In conclusion, our data suggest that the natural organization of the two convergent genes, lasR 

and rsaL, gives rise to a balanced competition between the two promoters. An excessive 

response of increasing LasR levels is prevented by the simultaneous transcription of the 

opponent encoded by the rsaL gene, which overlaps with lasR at the 3’ end. 

The transcriptional profiles of PA14 harboring diverse lasR/rsaL gene constructs allowed us to 

identify the influence of both genes on the global transcriptional profile. Many of the previously 

identified lasR and/or rsaL regulated genes were among the list of regulated genes, although our 

list also contained several genes that were previously unidentified. 

We also found a large subset of genes (many of which are hypothetical genes), whose expression 

was negatively but also positively influenced by the presence of RsaL without being 

simultaneously impacted by LasR. A previous transcriptomic analysis revealed that RsaL is a 

global regulator that influences the expression at least 341 genes, the majority of which are 

negatively regulated (Rampioni et al., 2009). Furthermore, a previous RsaL ChIP-seq study (Kang 

et al., 2017) identified RsaL-binding peaks in two intergenic regions, including the pqsH/cdpR 

intergenic region. Interestingly, deletion of rsaL was shown to reduce transcription of pqsH and 

cdpR, thereby decreasing PQS signal production. These results corroborate our results and 

indicate that RsaL is not exclusively acting as a repressor, but is also a transcriptional activator. 

Future research should systematically analyze the direct influence of RsaL on gene expression 

and investigate possible environmental influences that determine whether RsaL is a repressor or 

an activator and how this relates to the activity of LasR.

4 EXPERIMENTAL PROCEDURES

4.1 Strains and growth conditions

The bacterial strains and primers used in this study are listed in Supplementary Table S1. All 

bacterial strains were cultivated in lysogeny broth (LB; 1 l = 5 g yeast extract, 7.5 g NaCl, 10 g 

tryptone) at 37°C unless otherwise stated. Planktonic cultures were incubated in an orbital 

shaker (180 rpm). LB agar contained 1.6 % (w/v) bactoagar. Antibiotic concentrations of 

gentamicin (P. aeruginosa: 50 µg/ml, E. coli: 15 µg/ml) and ampicillin (100 µg/ml), and when 

given simultaneous gentamicin + kanamycin (40 µg/ml and 200 µg/ml, respectively) were added A
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as needed. 0.1 % arabinose was added for induction of genes under the PBAD promoter of plasmid 

pJN105 (Newman and Fuqua, 1999) and 0.1 mM IPTG (Isopropyl β- d-1-thiogalactopyranoside) 

was added for induction of genes under the lacIq-Ptrc promoter of plasmids pSEVA224 and 

pSEVA644 (Pechère and Köhler, 1999; Silva-Rocha et al., 2013). Although expression of genes 

under the PBAD promoter can be repressed by the addition of glucose, this is less effective in the 

P. aeruginosa strain background (Guzman et al., 1995). Thus, no glucose was added to the 

culture medium in this study. 

4.2 Strain and plasmid construction for lasR and rsaL expression 

Strains overexpressing rsaL and lasR with and without the introduction of a terminator sequence 

between both genes were generated. The lasR/rsaL(N) containing PA14 genomic fragment was 

amplified by primers p1/p2 and cloned into pJN105 containing an arabinose inducible promoter, 

so that lasR gene expression was induced upon addition of arabinose. The rsaL/lasR(N) 

containing genomic fragment was amplified by primers p3/p4 and cloned into pJN105. Here the 

addition of arabinose induced rsaL expression. A terminator flanked by 6 bp linkers was inserted 

between the lasR and rsaL genes. Therefore, lasR and rsaL were amplified using primers p1/p5 

and p6/p2, respectively. To construct lasR/rsaL(T) both genes were joined by sewing PCR as 

primers p5 and p6 are complementary. For the generation of rsaL/lasR(T), rsaL and lasR were 

amplified by p3/p6 and p5/p4, respectively and joined by sewing PCR. To clone all fragments into 

pJN105, the vector and fragments were digested by XbaI/SacI. Inserts were cloned into the 

restriction sites XbaI/SacI of pJN105 and transformed into E. coli DH5α for amplification and 

purification. Correct sequences were checked by sequencing using primers p7/p8. pJN105 

plasmids were finally electroporated into PA14 wild-type.

To generate the gene deletion mutant PA14 ΔrsaLΔlasR an adapted version of the published 

protocol (Hoang et al., 1998) was used. The in-frame deletion of rsaL_lasR was constructed by 

overlap extension PCR, as described previously (Horton et al., 1989). Briefly, the regions from 0.5 

kb upstream of rsaL and downstream of lasR were amplified from PA14 wild-type and joined 

together by sewing PCR using primers p9-12 (Supplementary Table S1). The resulting 1 kb 

fragment was subcloned into pEX18Ap2 (Blanka et al., 2014) within restriction sites XhoI and NotI 

and transformed into E. coli S17-1. By conjugation of the recipient PA14 and the donor E. coli A
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S17-1 (pEX18Ap2::ΔrsaLΔlasR) both genes rsaL and lasR were replaced simultaneously by the 

knockout-out fragment via homologous recombination. For conjugation, donor and recipient 

were cultivated overnight shaking at 37 °C in LB + ampicillin and at 42 °C in LB, respectively. Both 

strains were mixed at a 2:1 ratio (E. coli:P. aeruginosa) and single drops were spotted on LB agar 

plates and incubated for 6 hours at 37 °C. Cells were harvested in LB, diluted for single colonies 

and plated on LB plates supplemented with carbenicillin (400 μg/ml) and nalidixic acid (10 μg/ml) 

to positively select for P. aeruginosa transconjugants. Resistant clones were cultivated overnight 

in NaCl-free LB broth supplemented with 10 % sucrose at 37 °C, shaking, and plated onto NaCl-

free LB plates + 10 % sucrose to promote plasmid counter selection. Sucrose-resistant clones 

were finally selected in parallel on LB plates supplemented with 10% sucrose or carbenicillin to 

select for maintenance of the chromosomal sacB gene and loss of the pEX18Ap2 vector 

mediating carbenicillin resistance. The simultaneous deletion of genes rsaL and lasR in 

carbenicillin-sensitive and sucrose-resistant clones was confirmed by sequencing.

Generation of P. aeruginosa strains (0-8) carrying the pSEVA plasmids listed in Supplementary 

Table S1 started with amplification of the various inserts by PCR from PA14 wild-type using 

primers p13-20. 3 transcript lengths of both genes rsaL and lasR individually were chosen for 

cloning into two separate vectors namely long, ORF and antisense depicted in Supplementary 

Figure S2A. Cloning primers carry a ribosomal binding site to initiate translation of the coding 

region [12]. In the case of antisense inserts, the cloning primer introduces no ribosomal binding 

site, in order to avoid translation of a non-sense protein. Inserts were cloned into the according 

plasmids pSEVA224 and pSEVA644 within the restriction sites BamHI and EcoRI and transformed 

into E. coli DH5α for amplification and purification of the resulting plasmids. Correct sequences 

were checked by sequencing using primers p21-23. pSEVA plasmids were finally electroporated 

into PA14 ΔrsaLΔlasR.

4.3 RNA sequencing 

Overnight PA14 cultures overexpressing lasR or rsaL with and without an introduced terminator 

between both genes were cultivated in 10 ml LB supplemented with gentamicin, diluted in fresh 

medium at OD600 of 0.075 and grown to exponential phase (OD600 of 1) under shaking conditions 

(37 °C, 180 rpm). Expression of rsaL and lasR was induced by adding arabinose and bacterial A
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cultures were harvested for RNA-seq at OD600 of 2. Cultures were grown in 4 replicates and 

pooled two each to yield duplicates. An equal volume of RNAprotect (Qiagen) was added prior to 

cell harvest. RNA extraction and library preparation was done as previously described (Dötsch et 

al., 2012; Thöming et al., 2020). In brief, the RNeasy© Mini Kit (Qiagen) in combination with 

QIAshredder™ columns (Qiagen) was used according to manufacturer’s instructions. DNase 

treatment (DNA-free™ Kit DNase Treatment & Removal, ambion) was applied to remove 

remaining DNA. Quality of RNA samples was monitored by Bioanalyzer (Agilent genomics). 

Ribosomal RNA was removed using the Ribo-Zero Bacteria Kit (Illumina) and cDNA libraries were 

generated using ScriptSeq™ v2 Kit (Illumina). Samples were sequenced in single end mode on an 

Illumina HiSeq 2500 device (1 x 50 bp reads).

Planktonic overnight PA14 ΔrsaLΔlasR strains expressing various transcripts of rsaL and lasR on 

plasmids pSEVA224 and pSEVA644 were cultivated in 3 ml LB supplemented with gentamicin and 

kanamycin, diluted in fresh medium at OD600 of 0.05 and grown to exponential phase (OD600 of 

0.5-0.7) under shaking conditions (37 °C, 180 rpm). Next, expression of rsaL and lasR was induced 

by adding IPTG and bacterial cultures were harvested for RNA-seq after 2 h of induction at an 

OD600 of 1.1-1.6. Cultures were grown in duplicates. An equal volume of RNAprotect (Qiagen) 

was added prior to cell harvest. RNA extraction was carried out as described in the previous 

section. RNA libraries were prepared as described previously (Schinner et al., 2020). In brief, RNA 

was fragmented (150-350 bp) by FastAP buffer (Thermo), end repaired by DNase (Thermo) and 

FastAP, before sample-specific barcodes were ligated to RNA fragments by T4 RNA ligase 1 (NEB). 

Samples were purified using the RNA Clean & Concentrator-25 Kit (Zymo); the RiboZero Bacteria 

Kit (Illumina) was used to remove ribosomal RNA. cDNA libraries were generated using 

SMARTscribe reverse transcriptase (Clontech). Enrichment was done by AccuPrime HiFi Taq 

(Thermo) and all purification steps using RNAClean XP beads (Agencourt). Libraries were 

sequenced in paired-end mode on an Illumina NovaSeq 6000 device (2 x 50 bp). Strains 1 and 8 

were used as singlets for DEG analysis.

Sequencing reads were quality controlled, adapter clipped using fastq-mcf from the ea-utils 

package (Aronesty, 2013) and mapped to the reference genome UCBPP-PA14 (NC_008463.1) 

with bowtie2 (Langmead and Salzberg, 2012). The resulting sam-files were converted to indexed A
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binary format using SAMtools (Li et al., 2009). Counts of the mapped reads were extracted with 

featureCounts (Liao, Smyth and Shi, 2014) and used as the basis for further analyses. Differential 

gene expression analysis was performed with the R package edgeR (v.3.20.1) (Robinson, 

McCarthy and Smyth, 2010). Normalization factors to scale the raw library sizes were calculated 

using the weighted trimmed mean of M-values (TMM) method (Robinson and Oshlack, 2010). 

Differential gene expression was calculated using the edgeR function glmQLFTest, p-values were 

corrected for multiple testing  using the method by Benjamini and Hochberg (false discovery 

rate, FDR) (Benjamini and Hochberg, 1995). Only genes with a FDR ≤ 0.05 were considered 

differentially expressed. 

To compare gene expression between genes (using RPKMs) the Mann Whitney test was 

performed. Since with the small number of samples corrected p-values ≤ 0.05 are not possible 

with the Mann Whitney test, these p-values were not corrected for multiple testing. 

All transcriptome data have been deposited in NCBI's Gene Expression Omnibus (GEO) database 

(Edgar, Domrachev and Lash, 2002) and are accessible through GEO Series accession number 

GSE152384. 

4.4 Cluster analysis of differentially expressed genes (DEG)

Differential gene expression data of five individual strain comparisons were screened for genes 

having the same DEG phenotype and thus clustering with chosen marker genes lasA, lasI and 

ptxR. Individual strain comparisons were I: strains 8 vs. 1; II: strains 7 vs. 1; III: strains 0 vs. 1; IV: 

strains 8 vs. 0 and VI: strains 7 vs. 0. Agglomerate hierarchical clustering was carried out with R 

(hclust from stats package) using log2FC values in order to identify genes with the same fold-

change expression pattern as three chosen marker genes. The resulting tree was cut into 5-100 

groups (R-function cutree from stats package) and expression patterns were plotted for each 

number of groups to determine their best fit for each of the three gene clusters. Finally, we 

identified genes clustering with the following marker genes: lasA: 29 genes (33 gene clusters); 

lasI: 32 genes (24 gene clusters), ptxR: 75 genes (57 clusters) and narK1: 252 genes (61 clusters). 

Two outlier genes were excluded from the lasI-like gene group. 
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4.5 Motif analysis

Conserved motifs were identified using MEME (Multiple Expectation Maximization for Motif 

Elicidation) tool (http://meme-suite.org/tools/meme) (Bailey et al., 2006, 2009) with default 

settings except for the motif dimensions which were kept at minimum width of 5 and maximum 

width of 30 amino acids, scanning exclusively the sense strand, the site distribution was kept at 

zero to one occurrence per sequence and the background normalization was customized using a 

0-order Markov model based on the PA14 genome. Consensus sequences were aligned to 

selected promoter regions using FIMO (Find Individual Motif Occurrences) (Grant, Bailey and 

Noble, 2011), with the setting-output-pthresh 0.01. A p-value of ≤ 0.007 was defined as statistical 

threshold for lasR and rsaL binding motifs.

4.6 Western Blotting

Bacterial cultures were grown using the same methods previously mentioned for RNA 

sequencing. In brief, overnight PA14 cultures overexpressing lasR or rsaL with and without an 

introduced terminator between both genes were cultivated in 10 ml LB supplemented with 

gentamicin, diluted in fresh medium at OD600 of 0.075 and grown to exponential phase (OD600 of 

1) under shaking conditions (37 °C, 180 rpm). These cultures were subsequently induced with 0 

%, 0.01 % or 0.1 % arabinose and bacterial cultures were harvested for Western blotting at OD600 

of 2. 

Following growth and harvesting, all cultures were washed in ice cold PBS. Cultures grown with 

and without an introduced terminator were normalized to an OD600 of 8. Following 

normalization, all cultures were resuspended in lysis buffer (20 mM Tris-HCl pH 6.8, 2 % SDS, 6.8 

% glycerol, 1 mM DTT and EDTA-free protease inhibitor (Roche)) prior to lysis by sonication 

(Bandelin sonoplus – 4 x 15 sec, 6 cycle at 50 % power). 

Following lysis, DTT was added to a final concentration of 20 mM. Samples were treated at 95 °C 

for 5 minutes prior 10 μl samples being run on a 12 % SDS-PAGE gel. Gels were transferred to 

PVDF membrane through the use of a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Samples 

were subject to blocking with 6 % skim milk and exposed to polyclonal anti-LasR antibody 

(10,000X dilution) followed by exposure to anti-rabbit IgG conjugated to peroxidase (Thermo A
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Scientific) diluted 20,000X. Membranes were developed using Clarity Western Substrate (Bio-

Rad) and visualized in a ChemoCAm ECL imager (Intas). 
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GRAPHICAL ABSTRACT

ABBREVIATED SUMMARY

The natural organization of the adjacent quorum sensing regulator gene pair lasR and rsaL with a 

partial overlap at the 3’ ends gives rise to a system of checks and balances to prevent dominant 

and unilateral control by LasR over the RsaL transcriptional regulator of opposing function. 
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