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Abstract

Pseudomonas aeruginosa, a versatile bacterium present in terrestrial and aquatic environments and a relevant opportunistic 
human pathogen, is largely known for the production of robust biofilms. The unique properties of these structures complicate 
biofilm eradication, because they make the biofilms very resistant to diverse antibacterial agents. Biofilm development and 
establishment is a complex process regulated by multiple regulatory genetic systems, among them is quorum sensing (QS), a 
mechanism employed by bacteria to regulate gene transcription in response to population density. In addition, environmental 
factors such as UVA radiation (400–315 nm) have been linked to biofilm formation. In this work, we further investigate the 
mechanism underlying the induction of biofilm formation by UVA, analysing the role of QS in this phenomenon. We demonstrate 
that UVA induces key genes of the Las and Rhl QS systems at the transcriptional level. We also report that pelA and pslA genes, 
which are essential for biofilm formation and whose transcription depends in part on QS, are significantly induced under UVA 
exposure. Finally, the results demonstrate that in a relA strain (impaired for ppGpp production), the UVA treatment does not 
induce biofilm formation or QS genes, suggesting that the increase of biofilm formation due to exposure to UVA in P. aeruginosa 
could rely on a ppGpp-dependent QS induction.

Introduction
Biofilms are complex communities of micro-organisms 
attached to surfaces. These communities are embedded in 
a matrix of extracellular polymeric substances composed 
mainly of proteins, DNA and polysaccharides. Pseudomonas 
aeruginosa biofilms have been extensively studied, because 
of their implication in severe chronic infections [1] and their 
negative effects in industry [2, 3]. Biofilm formation is known 
to be a strategy by which bacteria increase their survival, since 
this way of life makes them more resistant to hostile environ-
ments [4–7].

The development of biofilm has been demonstrated to 
proceed according to an underlying genetic program [8, 9]. 
Specifically, in P. aeruginosa, it is mainly regulated by cyclic 
diguanosine-5′-monophosphate (c-di-GMP), small RNAs 
(sRNAs) and the regulatory genetic quorum sensing (QS) 
system [10]. c-di-GMP is a global intracellular secondary 
messenger, and current research indicates that c-di-GMP is 
a general key regulator of the biofilm cycle [11]. It has been 
reported that high internal levels of c-di-GMP induce the 

production of adhesins and extracellular matrix components 
that enable bacteria to form biofilm, whereas low levels 
down-regulate the synthesis of these matrix components and 
promote dispersion of biofilm cells [10]. However, sRNAs are 
conserved post-transcriptional regulators in bacteria [12]. 
Recent studies on pathogenic bacteria have shown that sRNAs 
have important effects on biofilm formation and virulence 
[13, 14].

QS is a mechanism employed by bacteria to regulate gene 
transcription in response to population density that is 
mediated by specific signal molecules, called autoinducers, 
released into the environment [15, 16]. In P. aeruginosa, QS 
includes three main systems: the N-acylated homoserine 
lactone-based Las and Rhl systems, whose signals are N-(3-
oxododecanoyl)-l-homoserine lactone (3OC12-HSL) and 
N-butanoylhomoserine lactone (C4-HSL), respectively [17], 
and the 2-alkyl-4-quinolone-based system whose main signal 
is the Pseudomonas quinolone signal (PQS). The Las system 
comprises the signal synthase LasI, encoded by the gene lasI, 
which produces 3OC12-HSL, and the signal receptor LasR, 
encoded by the gene lasR [18]. The Rhl system comprises 
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the signal synthase RhlI, encoded by the gene rhlI, which 
produces C4-HSL, and the signal receptor RhlR, encoded by 
the gene rhlR [17]. When autoinducers reach a given threshold 
concentration in the cell, they bind to their cognate receptors 
and expression of certain target genes is activated [19, 20]. 
PQS provides a link between Las and Rhl; the synthesis of 
this signal is controlled by the pqsA–pqsE operon [21, 22].

The first evidence of the relationship between QS and biofilms 
was reported in 1998 by Davies et al. [23]. They showed that a 
mutant strain defective in QS was unable to form fully mature 
biofilms. Later, other authors demonstrated that N-acylated 
homoserine lactone analogues able to inhibit QS hindered 
biofilm development of P. aeruginosa in flow-chambers [24]. 
Moreover, it is known that QS is important in the regulation 
of biofilm matrix components. It has been demonstrated that 
PQS has an essential role in extracellular DNA generation 
[25]. In addition, QS controls the production of rhamnolipids, 
an extracellular secondary metabolite crucial to normal 
biofilm architecture [26]. It has also been suggested that QS 
positively regulates the expression of pel and psl operons, 
which are responsible for the synthesis of the two main matrix 
polysaccharides, Pel and Psl [27]. Sakuragi and Kolter [28] 
demonstrated that the Las QS system is involved in pel tran-
scription through its role in activating the Rhl QS signalling 
system.

In addition to being regulated genetically, biofilm formation 
is modified by environmental factors such as temperature, 
nutrients, pH, oxidative stress, interaction with the host, 
antimicrobials and UV radiation [29–33]. Enhancement 
of biofilm formation in P. aeruginosa by moderate doses of 
UVC radiation (280–100 nm) has been reported, suggesting 
a relationship between this phenomenon and the increase 
of the multi-functional RecA protein, a key factor in DNA 
stability and repair [31]. In nature, this radiation does not 
reach the atmosphere, because it is completely absorbed by 
the ozone layer; however, it is commonly employed in germi-
cidal devices. More recently, Pezzoni et al. [33], demonstrated 
that UVA radiation (400–315 nm) induces biofilm formation 
in P. aeruginosa, enabling the biofilm cells to achieve a high 
level of protection against lethal UVA doses [7]. UVA, the 
major fraction of solar UV radiation reaching the Earth’s 
surface, is one of the main stress factors that bacteria face 
in the environment [34–36]. It has been demonstrated that 
the lethal effects of UVA are produced by oxidative damage 
caused by reactive oxygen species (ROS) generated by the 
absorption of the light by endogenous photosensitizers (e.g. 
flavoproteins, cytochromes and quinones) in the presence of 
oxygen [37, 38]. The lethal effects of UVA radiation have been 
used for disinfection purposes in strategies such as SODIS 
(SOlar DISinfection of natural waters) and photocatalytic 
treatments [39, 40]. However, exposure to low doses of UVA 
induces several sublethal effects, such as a transient inhibition 
of bacterial growth without significant cell death [41], and 
loss of phage susceptibility [42], as well as adaptive responses 
related to the expression of genes related to DNA repair and 
antioxidative defence [43–46].

In order to further the understanding of the mechanism 
underlying the induction of biofilm formation in P. aerugi-
nosa by UVA, we analysed the role of QS in this phenomenon. 
Approaches involving the use of mutants and analysis of gene 
expression were employed, and it was concluded that this 
regulatory genetic system plays a leading role in triggering 
biofilm formation of P. aeruginosa cells exposed to sublethal 
doses of UVA radiation.

Methods
Bacterial strains, plasmids and culture conditions
Table  1 lists the strains and plasmids used in this study. 
Plasmids were maintained with 100 µg ampicillin ml−1 in 
Escherichia coli or 200 μg carbenicillin ml−1 in P. aeruginosa. 
Bacterial cultures were grown at 37 °C with shaking in 
complete Luria–Bertani (LB) broth (10 g tryptone, 5 g yeast 
extract and 5 g NaCl made up to 1000 ml with distilled water); 
for solid medium 15 g agar l−1 was added. When required, 
synthetic P. aeruginosa autoinducers (Cayman Chemicals) 
were added to cultures at final concentrations of 2 µM for 
3OC12-HSL and 10 µM for C4-HSL, according to Schuster 
et al. [47].

Table 1. Strains and plasmids

Strain/plasmid Relevant genotype and/or 
phenotype

Reference

P. aeruginosa

PAO1 Wild-type [92]

PAO-JP1 lasI::Tet, derived from PAO1 
strain

[93]

PDO100 rhlI::Tn501-2, derived from 
PAO1 strain

[94]

PAO-JP2 lasI::Tet rhlI::Tn501-2, derived 
from PDO100 strain

[93]

PW2798 pqsA::IslacZ/hah, derived from 
PAO1 strain

[95]

PW2696 relA::IslacZ/hah, derived from 
PAO1 strain

[95]

PAO1∆pel pelA; polar mutant of the pel 
operon; markerless

[96]

PAO1∆psl pslBCD; polar mutant of psl 
operon; markerless

[97]

PAO1∆pel psl ∆pelApslBCD; markerless [96]

E. coli

DH5α F_ɸ80dlacZΔM15 Δ(lacZYA-
argF)U169 endA1 recA1 hsdR17 
deoR gyrA96 thi-1 relA1 supE44

Gibco

Plasmids

pKDT1.7 lasB´–lacZ lasR [93]

pECP61.5 rhlA´–lacZ ptac-rhlR [93]
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Irradiation source
Cell suspensions were irradiated using a bench with two 
Philips TDL 18W/08 tubes (>95% UVA emission at 365 nm). 
The incident fluence under the experimental conditions was 
measured at the surface of the suspensions with a 9811.58 
radiometer (Cole-Parmer Instruments). The UVA tubes were 
mounted on aluminium anodized reflectors to enhance the 
fluence rate on the section to be irradiated.

Biofilm formation
Overnight cultures were diluted to OD650 0.05 in LB medium 
and divided into two 15 ml fractions, each of which was placed 
in a glass beaker (4.5 cm internal diameter) containing sterile 
glass slides (20×25×1 mm). The slides were placed vertically 
at the bottom to allow biofilm development at the air–liquid 
interface [48]. The beakers with the slides were placed in a 
multichamber coupled to a thermocycler bath, so that the 
temperature of the suspensions was maintained at 37 °C. One 
of the fractions was irradiated from above at a fluence rate of 
25 W m−2 at the level of the free surface of the suspension, 
while the other was covered with a black plastic sheet (dark 
control). The fluence employed in this study may be encoun-
tered normally in the environment [49].

Biofilm analysis
Concentration of bacterial cells
Biofilm cell concentration was determined by counting the 
number of c.f.u. per area unit. To do so, slides containing the 
biofilms were removed at the specified times and washed by 
letting sterile distilled water (about 10 ml) drop down gently 
on them to remove unattached cells. The bacterial biomass 
was then scraped from the glass with a sterile plastic spatula, 
recovered in 0.5 ml saline solution (0.1 M NaCl in water) and 
homogenized by vigorous vortexing. Appropriate dilutions 
of these suspensions were plated on LB solid medium. Plates 
were incubated in the dark immediately after irradiation and 
the colonies were counted after incubation for 24 h at 37 °C.

Total biofilm biomass
Total biofilm biomass was evaluated by staining with crystal 
violet. Slides carrying biofilms were washed as described 
above to remove unattached cells. Slides were then stained 
for 30 min with 0.1 % (w/v) aqueous crystal violet solution. 
The crystal violet attached to the slides was dissolved in a 
mixture of 96 % ethanol and 30 % acetic acid (1 : 1). Absorb-
ance at 575 nm was measured in the resulting solution.

Isolation and chemical analysis of biofilm matrix
The process of biofilm harvesting and matrix fractionation 
was based on previous studies [50–52]. Briefly, the slides 
were removed from the glass beakers and washed once with 
distilled water. The biofilms were carefully scraped from the 
glass surfaces and suspended in 0.1 M NaCl. The cells were 
dispersed by vigorous stirring for 5 min at room tempera-
ture and then separated by centrifugation for 30 min at 4 °C. 
The absence of cells in the supernatant (matrix fraction) 
was confirmed by plating on solid LB medium. The viable 

cell number obtained in the cell fraction was similar to 
that observed in biofilm assays without matrix separation, 
indicating that no significant cell lysis was generated by 
the procedure. The protein, DNA and total polysaccharide 
content was evaluated in the matrix fraction. DNA and 
proteins were quantified without previous purification. Total 
polysaccharides were separated by precipitation with ethanol 
at −20 °C and centrifugation [50], before quantification by the 
phenol/sulfuric acid method [53], using glucose (Merck) as a 
standard. Protein content was determined by Lowry's method 
[54], using bovine albumin (Sigma) as a standard. Extracel-
lular DNA was quantified by evaluating the absorbance at 
260/280 nm using a NanoDrop 2000 instrument (Thermo 
Scientific).

Autoinducer extraction
Logarithmic (OD650 0.1 and 0.3) and 24 h stationary cultures 
were centrifuged for 10 min at 10, 000 r.p.m. and superna-
tants were extracted twice in equal volumes of acidified ethyl 
acetate. The extracts were stored at −20 °C until further use 
in the bioassays [55, 56].

Autoinducer bioassays
Autoinducer levels in culture supernatants were determined 
in bioassays using reporter plasmids carrying lacZ fusions 
dependent on QS signals for their expression, as previously 
described [55, 57]. The reporter strains were E. coli DH5α 
pKDT1.7 and P. aeruginosa PAO-JP2 pECP61.5 (Table 1). The 
plasmid pKDT1.7 is specific for 3OC12-HSL. It contains a copy 
of the lasR gene as well as a lasB′–lacZ fusion, so addition of 
3OC12- HSL results in the induction of the β-galactosidase 
enzyme. The plasmid pECP61.5 was assayed in P. aeruginosa 
PAO-JP2, because it was more sensitive than DH5α [57]. 
This plasmid contains a copy of rhlR and a rhlA′–lacZ fusion 
whose expression is specific for C4-HSL. Specificity of reporter 
plasmids in our experimental conditions was verified using 
synthetic autoinducers.

3OC12-HSL bioassay
An overnight culture of the DH5α pKDT1.7 strain was diluted 
to an OD650 of 0.05 and grown at 37 °C with shaking to an 
OD650 of 0.3. At this time, 5 ml aliquots of the culture were 
transferred to flasks containing test samples, grown for 90 min 
at 37 °C and β-galactosidase activity was assayed.

C4-HSL bioassay
An overnight culture of the PAO-JP2 pECP61.5 strain was 
diluted to an OD650 of 0.1 and grown at 37 °C with shaking to 
an OD650 of about 0.3. At this time, 5 ml aliquots of the culture 
were transferred to flasks containing test samples. Growth was 
continued overnight and β-galactosidase activity was assayed.

β-Galactosidase activity assay
β-Galactosidase activity was assayed as described by Miller 
[58] in cells treated with 5 µl de SDS 0.1 % and 10 µl of chlo-
roform per sample. Specific activities are expressed in Miller 
units with reference to OD650.
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Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted by using a total RNA extraction kit 
(Ambion-Life Technology). After treatment with DNase I, 
cDNA was obtained using random hexamers (Promega) and 
avian myeloblastosis virus reverse transcriptase (Promega), 
following the manufacturer’s instructions. qRT-PCR was 
performed using a real-time PCR cycler (Rotor-Gene Q; 
Qiagen) and real-time PCR mix (qPCR mix; Biodynamics). The 
primers employed are listed in Table 2. The cycling conditions 
for lasI, rhlI, lasR and rhlR genes were as follows: denaturation 
at 95 °C for 5 min; 40 cycles at 95 °C for 25 s, 58 °C for 15 s and 
72 °C for 15 s. The same conditions were used for pelA and pslA 
amplification, except that the annealing temperature was 55 °C. 
The 16S rRNA gene was used as a reference for normalization of 
the expression levels of target genes under each condition [46]. 
Relative changes in the expression of individual genes between 
the treated and control conditions were obtained through the 
relative standard curve method [59].

Statistical analysis
The significance of each treatment was evaluated by an unpaired 
two-tailed Student’s t-test with confidence levels at >95 % (i.e. 
P<0.05 was considered significant). Significance levels indicated 
in the figures correspond to UVA-treated versus control condi-
tions; details of additional statistical analysis have been included 
in the text.

Results
Role of QS in UVA-induced biofilm formation
In order to analyse the role of QS in the induction of biofilm 
formation by UVA, we compared biofilms of the wild-type 

PAO1 and QS mutants; all of them were obtained from 
growing cultures exposed to sublethal doses of UVA radiation 
or kept in the dark. The QS mutants comprised PAO1 deriva-
tives deficient for the synthesis of the signals 3OC12-HSL 
(lasI strain), C4-HSL (rhlI strain), 3OC12-HSL and C4-HSL 
(lasI rhlI strain), and PQS (pqsA strain). Fig. 1a shows the 
effect of UVA exposure on the number of viable cells in 24 h 
biofilms. As described previously [33], a significant increase 
in the viable cell count was observed in PAO1 biofilms 
formed under UVA radiation (P<0.05). On the contrary, the 
QS-deficient mutants lasI, rhlI and the double mutant lasI 
rhlI showed no difference in the number of viable cells for 24 
h biofilms grown under UVA with regard to their respective 
biofilms formed in the dark. Compared to the wild-type strain, 
these mutants showed a reduced capacity (P<0.05) to form 
biofilm both in the dark and under UVA exposure. When the 
pqsA mutant was analysed, behaviour similar to that of the 
wild-type was observed with regard to the significant induc-
tion of biofilm formation under UVA exposure (P<0.005). In 
the dark, pqsA biofilms showed lower values of biofilm cells 
compared to PAO1 (P<0.05); however, no significant differ-
ence was observed between the number of cells of pqsA and 
PAO1 biofilms developed under UVA radiation.

The total biofilm mass in the control and UVA-treated 24 h 
biofilms was evaluated by staining with crystal violet, a dye 
commonly used to visualize and quantify biofilm, which 
stains not only cells but also any biological material adhered 
to the surface. Biofilm quantification by crystal violet staining 
followed the same tendency as the viable cell count, showing 
a significant increase in the PAO1 (P<0.005) and the pqsA 
(P<0.05) strains compared to their respective dark controls; 
conversely, in the other QS mutants, no significant difference 
was observed due to the treatment (Fig. 1b). In non-exposed 
cultures, it was possible to observe a significant decrease in 
the biofilm formation of lasI rhlI mutant compared to the 
PAO1 strain (P<0.05), but no significant differences were 
observed between the biofilms of lasI, rhlI and pqsA mutants 
compared to the wild-type (Fig.  1b). No difference was 
observed between biofilms formed under UVA exposure for 
pqsA and PAO1 strains; on the contrary, significant differ-
ences (P<0.005) were observed between the biofilms of the 
other QS mutants and PAO1 under this treatment.

In order to confirm these results, lasI, rhlI and lasI rhlI mutants 
were grown to stationary phase in the presence of synthetic 
autoinducers and 24 h biofilms were analysed. As shown in 
Fig. 1c, d, addition of 3OC12-HSL to the lasI strain restored its 
phenotype at a similar level to that observed in the wild-type 
with regard to biofilm production in the dark (Fig. 1a, b), as well 
as the positive effect of the radiation. The same was observed 
when C4-HSL was added to the culture medium of the rhlI 
strain and both autoinducers were added to the double mutant 
lasI rhlI (Fig. 1c, d).

A very important part of the P. aeruginosa biofilm is the matrix. 
Its final composition depends on the environmental conditions, 
the age of the biofilm and the study strain [60]. Therefore, the 
matrices of the wild-type and QS mutants were also analysed. 

Table 2. Primers

qRT-PCR 
primers

Sequence (5′→3′) Reference

16S Fw AGCTTGCTCCTTGATTCAGC [46]

16S Rv AAGGGCCATGATGACTTGAC [46]

lasI Fw TGTTCAAGGAGCGCAAAGG [98]

lasI Rv ATGGCGAAACGGCTGAGT T [98]

rhlI Fw TGCTCTCTGAATCGCTGGAA [98]

rhlI Rv GTTTGCGGATGGTCGAACTG [98]

lasR Fw AGCGACCTTGGATTCTCG AAG [98]

lasR Rv CGAAGAACTCGTGCTGCTTTC [98]

rhlR Fw TTGCTGAGCGTGCT TCC [98]

rhlR Rv AGGATGATGGCGATTTCC C [98]

pelA Fw CCTTCAGCCATCCGTTCTTCT [65]

pelA Rv TCGCGTACGAAGTCGACCTT [65]

pslA Fw AAGATCAAGAAACGCGTGGAAT [65]

pslA Rv TGTAGAGGTCGAACCACACCG [65]
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Regardless of whether the biofilm was grown under UVA or in 
the dark, lasI, rhlI and lasI rhlI strains showed similar matrix 
composition to the PAO1 strain under the control conditions 
(Table 3). As previously described [33], matrix biofilms of the 
PAO1 strain grown under UVA showed a significant increase in 
the concentration of proteins, DNA and total polysaccharides. 
In spite of the low percentage of DNA observed in the matrix 
of the pqsA strain, which is expected and characteristic of this 
mutant [25, 61], a significant increase (P<0.05) was observed in 

all the analysed matrix components in biofilms obtained under 
UVA, as observed in the PAO1 strain (Table 3).

Induction of activity of QS autoinducers in response 
to UVA radiation
Based on the results obtained with the QS mutants, we tested 
the hypothesis that UVA promotes biofilm formation through 
activation of the QS system. Although the highest expression 
of QS genes is achieved at the stationary growth phase, they 

Fig. 1. Role of QS in UVA-induced biofilm formation and effect of synthetic autoinducers on biofilm formation of QS-defective strains. 
Biofilms of PAO1 and QS mutants lasI, rhlI, lasI rhlI and pqsA were grown in LB under UVA or in the dark (control) for 24 h. The number 
of c.f.u. cm−2 attached to the slides was quantified by the plate count method (a). Total biofilm biomass was quantified by crystal violet 
staining followed by measuring the absorbance at 575 nm (b). Biofilms of PAO1 and QS mutants were grown in LB (PAO1 strain) or 
LB containing 2 µM 3OC12-HSL (lasI strain), 10 µM C4-HSL (rhlI strain) or both autoinducers (lasI rhlI strain), under UVA or in the dark 
(control). The number of c.f.u.cm-2 (c) and crystal violet staining (d) of biofilms were quantified. Each value is the mean of at least three 
independent experiments. Error bars indicate the sd. *, P<0.05; **, P<0.005.
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can also be expressed early in the logarithmic phase [47]. 
Therefore, bacteria were cultured to OD650 0.1, OD650 0.3 and 
stationary growth phase (24 h) under UVA exposure or in the 
dark in order to analyse QS induction. First, QS activity was 
indirectly determined by using transcriptional fusions that 
respond to autoinducers 3OC12-HSL (lasB´–lacZ) or C4-HSL 
(rhlB´–lacZ). As shown in Fig. 2a, a significant difference was 
observed in β-galactosidase activity produced by the lasB´–
lacZ fusion in the presence of extracts from irradiated PAO1 
cultures grown to logarithmic phase with respect to extracts 
of non-irradiated cells. No induction was observed in extracts 
of 24 h irradiated cells. In contrast, no significant difference 
in β-galactosidase activity from the rhlB´–lacZ fusion was 
detected among treated and control extracts from loga-
rithmic cultures (Fig. 2b). However, extracts from irradiated 
stationary cultures had an almost triplicate expression of the 
rhlB´–lacZ fusion compared to control extracts (P<0.0005).

Effect of UVA on lasR, rhlR, lasI and rhlI 
transcription
In order to investigate whether the activation of QS by UVA 
occurs at the transcriptional level, expression assays of genes 
encoding regulators lasR and rhlR and autoinducer synthases 
lasI and rhlI were performed by qRT-PCR of cultures obtained 
as described above. Under UVA exposure, the levels of lasR 
mRNA increased significantly in the early logarithmic phase 
(OD650 0.1) and in the stationary phase (Fig. 3a), while the 
levels of rhlR mRNA significantly increased in the stationary 
phase (Fig. 3b) of irradiated cells. When the relative expres-
sion levels of lasI and rhlI were analysed, it was observed 
that UVA radiation significantly increased the levels of lasI 
mRNA in the early logarithmic phase (OD650 0.1) (Fig. 3c), 
while rhlI mRNA levels increased later (OD650 0.3) (Fig. 3d). 
In the stationary phase, no significant change was observed 
in the expression of lasI and rhlI between controls and treated 
cells (Fig. 3c, d).

Role of Pel and Psl polysaccharides in UVA-induced 
biofilm formation
In order to identify QS-dependent factors directly involved 
in the induction of biofilm formation by UVA, we studied the 

role of Pel and Psl polysaccharides under our working condi-
tions. These extracellular compounds are essential for biofilm 
adhesion, protection and structure [62, 63]. The multiple path-
ways of transcriptional control of pel and psl operons include 
QS, which positively regulates their expression [28, 64, 65]. 
Biofilms of pel, psl and pel psl mutants grown under sublethal 
UVA doses or in the dark were analysed and compared to 
the wild-type. When biofilms of polysaccharide mutants were 
grown under UVA, no difference was observed with regard 
to their respective controls grown in the dark, both when 
measured by c.f.u. cm−2 (Fig. 4a) or when measured by crystal 
violet staining (Fig. 4b). As described by Colvin et al. [65], psl 
and pel psl mutants produced a significantly reduced level of 
biofilm mass, as measured by c.f.u. cm−2 (P<0.005) or crystal 
violet staining (P<0.05), compared to PAO1 (Fig. 4a) in the 
control. A significant decrease (P<0.05) was also observed in 
the biofilm formed by the pel mutant compared to PAO1 in the 
dark (Fig. 4a), but only in c.f.u. cm−2. A significant decrease 
was observed in biofilms of pel (P<0.05), psl (P<0.005) and 
pel psl (P<0.005) strains compared to PAO1 biofilms obtained 
under UVA exposure, as measured by c.f.u. cm−2. Analysing 
biofilm formation under UVA by crystal violet staining, this 
significant difference was similar between the three strains 
(P<0.005) and PAO1.

In order to investigate whether UVA is capable of inducing the 
expression of pel and psl operons, we analysed the expression 
of pelA (Fig. 5a) and pslA (Fig. 5b) by qRT-PCR. During the 
early logarithmic phase (OD650 0.1), exposure to UVA radia-
tion significantly increased the expression of both genes; later 
in the logarithmic phase (OD650 0.3), no significant induc-
tion was detected (Fig. 5). There were no significant changes 
depending on the growth phase for expression of both pelA 
and pslA genes under the control conditions.

Role of ppGpp in the induction of QS by UVA 
radiation
It has been reported that the QS system is positively regulated 
by ppGpp [55, 66, 67], a transcriptional regulator related 
to virulence, resistance to stress factors and persistence 
[68–70]. In addition, UVA radiation increases ppGpp levels 

Table 3. Quantification of matrix components of PAO1 and its QS-deficient derivatives

Matrices of 24 h biofilms grown under UVA or in the dark (control) were evaluated for protein, polysaccharide and DNA content. The results are the 
means of at least three independent experiments and errors represent the sd of the experiments. *, P<0.05; **, P<0.005.

Strain Protein
(µg cm−2)

Polysaccharide
(µg cm−2)

DNA
(µg cm−2)

Control UVA Control UVA Control UVA

PAO1 47±15 165±10** 71±15 142±44* 5±2.04 37±5*

lasI 43±10 54±18 57±5 58.5±4.9 6.14±0.75 7.1±1.7

rhlI 43±15 37±8 50±1.5 53.3±2.1 5.35±1.79 4.2±2.3

lasI rhlI 49±8 41±12 52±5.8 50±6.3 5.35±0.99 4.65±2.6

pqsA 51±6.6 86±7.1* 59±6.7 118±17* 1.5±0.21 4±0.4*
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Fig. 2. Effect of UVA on the activity of P. aeruginosa QS autoinducers. The level of activity of QS autoinducers was determined in 
supernatants from PAO1 cultures grown under UVA or in the dark (control) to logarithmic (OD

650
 0.1 and 0.3) or stationary growth phases. 

Autoinducer activity was determined by measuring the β-galactosidase activity of reporter strains carrying the transcriptional fusions 
lasB´–lacZ (for 3OC12-HSL) (a) or rhlB´–lacZ (for C4-HSL) (b). Each value is the mean of at least three independent experiments. Error 
bars indicate the sd. *, P<0.05; **, P<0.005; ***, P<0.0005.
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by activation of its main synthetase, RelA [71, 72]. Thus, we 
investigated whether the phenomenon of QS biofilm induc-
tion by UVA could be governed by ppGpp. Firstly, we studied 
the formation of 24 h biofilms of a relA strain (impaired 
for ppGpp production) exposed to sublethal UVA radia-
tion. Fig. 6a shows the effect of UVA on biofilm formation 
(measured by c.f.u. cm−2) of the wild-type and an isogenic 
relA strain. Although a slight increase was observed in the 
c.f.u. cm−2 of the relA biofilm grown under UVA compared 
to its control, this difference was not statistically significant, 

conversely to that observed in the PAO1 strain (P<0.05). A 
significant increase in the viable cell count of biofilms of the 
PAO1 strain compared to the relA derivative was observed 
both in the darkness (P<0.05) and under UVA (P<0.05) 
(Fig. 6a). No significant induction of biofilm formation by 
UVA was observed in the relA strain, as evaluated by crystal 
violet staining (Fig. 6b). As seen in the c.f.u. quantification, 
it was possible to observe a significant increase of biofilm 
formation in the wild-type compared to the relA mutant both 
in the darkness (P<0.05) and under UVA (P<0.005) (Fig. 6b).

Fig. 3. Effect of UVA on the expression of QS genes. PAO1 cultures grown under UVA or in the dark (control) to logarithmic (OD
650

 0.1 and 
0.3) or stationary growth phases were assayed for expression of lasR (a), rhlR (b), lasI (c) and rhlI (d) by qRT-PCR. The 16S rRNA gene 
was used as a reference for normalization for each condition. Each value is the mean of at least three independent experiments. Error 
bars indicate sd. *, P<0.05; **, P<0.0005.
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Then, we analysed QS activity levels in the supernatants of 
logarithmic and stationary cultures of a relA strain. As shown 
in Fig.  6c, no difference was observed in β-galactosidase 
activity for the expression of the lasB´–lacZ fusion between 
extracts of irradiated and non-irradiated relA cells, in any of 

the analysed growth stages. Similarly, no significant change 
was observed in β-galactosidase activity for the expression 
of the rhlB´–lacZ fusion (Fig. 6d). Finally, we investigated 
by qRT-PCR whether in this strain sublethal UVA exposure 
was capable of modifying the expression of genes encoding 

Fig. 4. Role of matrix polysaccharides Pel and Psl in UVA-induced biofilm formation. Biofilms of PAO1 and mutants pel, psl and pel psl 
were grown under UVA or in the dark (control) for 24 h. The number of c.f.u. cm−2 attached to the slides was quantified by the plate count 
method (a). The total biofilm biomass was quantified by crystal violet staining followed by measuring the absorbance at 575 nm (b). Each 
value is the mean of at least three independent experiments. Error bars indicate sd. *, P<0.05; **, P<0.005.
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Fig. 5. Effect of UVA on expression of pelA and pslA genes. PAO1 cultures grown under UVA or in the dark (control) to logarithmic (OD
650

 
0.1 and 0.3) or stationary growth phases were assayed for expression of pelA (a) and pslA (b) genes. The 16S rRNA gene was used as a 
reference for normalization for each condition. Each value is the mean of at least three independent experiments. Error bars indicate 
sd. *, P<0.05.
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QS regulators and autoinducer synthetases. Regardless of the 
growth phase analysed, the exposure to UVA radiation did 
not affect the expression of these genes in the relA mutant 
(Fig. 7).

Discussion
Recently, we demonstrated [33] in three prototypical strains 
of P. aeruginosa that exposure to sublethal UVA doses 

promotes biofilm formation. P. aeruginosa biofilms have been 
shown to be much more resistant to UVA damage than their 
planktonic counterparts [7]. UVA-induced biofilm forma-
tion, therefore, clearly represents a major defensive response 
against this stress factor. Possible explanations (not mutually 
exclusive) for this have been discussed: growth in the biofilm 
mode enables the protection of the inner cell layers at the 
expense of the surface cell layers [73]; alginate biofilm matrix 

Fig. 6. Role of ppGpp in UVA-induced biofilm formation and UVA-dependent activity of P. aeruginosa QS autoinducers. Biofilms of PAO1 
and relA strains were grown under UVA or in the dark (control) for 24 h. The number of c.f.u. cm−2 attached to the slides was quantified 
by the plate count method (a). The total biofilm biomass was quantified by crystal violet staining followed by measuring absorbance 
at 575 nm (b). The activity of autoinducers was determined in supernatants from cultures of the relA strain grown under UVA or in the 
dark (control) to logarithmic (OD

650
 0.1 and 0.3) or stationary growth phases. Determination of autoinducer activity was performed by 

measuring the β-galactosidase activity of reporter strains carrying the transcriptional fusions lasB´–lacZ (for 3OC12-HSL) (c) or rhlB´–
lacZ (for C4-HSL) (d). Each value is the mean of at least three independent experiments. Error bars indicate sd.*, P<0.05; **, P<0.005.
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attenuates UV light [4]; changes in the genetic expression of 
attached cells increases the defences against oxidative stress 
[74]; accumulation of catalase in the biofilm matrix efficiently 
counteracts the UVA effect [7].

In the present work, we analysed in depth the genetic mecha-
nisms involved in the phenomenon of UVA-induced biofilm 
formation in P. aeruginosa. Taking into account that QS has 
been related to biofilm development [23, 75] and UVA radia-
tion has been suggested to induce the production of the QS 
signal C4-HSL [56], this regulatory system emerged as the 
obvious candidate to analyse. The activation of QS by UVA 
was suggested for the first time by Costa et al. [56]. Until then, 
most studies on QS activation had been based on the increase 
of cell density rather than on environmental factors [76, 77]. 

In the Costa et al. study, P. aeruginosa cells suspended in saline 
solution were exposed to sublethal UVA doses, grown to loga-
rithmic phase in the dark and then assayed for production of 
QS autoinducers. The authors reported a threefold induction 
activity of the Rhl signal C4-HSL, but observed no effect on 
the Las signal 3OC12-HSL [56].

In the current study, the fact that UVA radiation was unable to 
induce biofilm formation in QS mutants deficient for produc-
tion of the autoinducers 3OC12-HSL and C4-HSL led us to 
hypothesize that the two main QS systems of P. aeruginosa, 
Las and Rhl, could be activated by UVA exposure, with the 
consequent induction of biofilm formation. By using an 
experimental design that couples UVA exposure with cellular 
expression, induction of QS genes by UVA is reported here 

Fig. 7. Role of ppGpp in UVA-induced expression of QS genes. Cultures of the relA strain grown under UVA or in the dark (control) to 
logarithmic (OD

650
 0.1 and 0.3) or stationary growth phases were assayed for expression of lasR (a), rhlR (b), lasI (c) and rhlI (d) by 

qRT-PCR. The 16S rRNA gene was used as a reference for normalization for each condition. Each value is the mean of at least three 
independent experiments. Error bars indicate sd.
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for what is believed to be the first time. Results employing 
transcriptional fusions demonstrated that UVA radiation is 
able to increase the activity of both autoinducers 3OC12-HSL 
and C4-HSL. Whilst qRT-PCR analysis revealed that UVA 
induces transcription of autoinducers and regulator genes 
at different growth stages. Although a previous study where 
the timing of P. aeruginosa QS gene expression was analysed 
revealed that most QS genes are induced at the transition 
from the logarithmic phase to the stationary phase [47], this 
study demonstrated that lasR, lasI, pelA and pslA could be 
activated at a very early stage under UVA exposure (Figs 3a, c 
and 5a, b). In the case of lasR and rhlR regulators, induction at 
the stationary phase could be seen only under UVA exposure 
(Fig. 3a, b).

Bacteria growing in biofilms produce extracellular matrices 
that act as a scaffold, holding and protecting the cells of the 
biofilm community. Polysaccharides are key components 
of the biofilm matrix, and contribute to the overall biofilm 
architecture and resistance of sessile bacteria [6, 78]. As 
described previously, P. aeruginosa synthesize three exopoly-
saccharides related to biofilm: alginate, Pel and Psl [63]. 
Non-mucoid strains, such as PAO1, primarily utilize the Pel 
and Psl polysaccharides for biofilm formation [62], which are 
both essential structural components of the matrix [65]. Psl is 
involved in the initial attachment to biotic or abiotic surfaces 
and in the maturity of biofilm [79]. Pel is important in the 
formation of a pellicle at the air–liquid interface [48] and also 
plays an important role in the latest maturity stages of the 
biofilm [48]. The expression pathways of pel and psl operons 
remain to be firmly established, since there are multiple 
regulators related to the synthesis of these polysaccharides 
[65]. However, Sakuragi and Kolter [28] reported that, among 
others, the QS system Las is involved in their genetic regula-
tion. Therefore, we studied the expression of genes encoding 
Pel and Psl synthesis under conditions of UVA exposure. As 
seen with QS mutants, a lower capacity to form biofilm was 
observed in mutants unable to synthesize these polysaccha-
rides, especially in the psl strains. No difference was observed 
due to the UVA treatment, enabling us to hypothesize that 
these polysaccharides are related to the mechanism studied. 
Using qRT-PCR, we demonstrated that both pelA and pslA 
genes are significantly induced by UVA exposure at the early 
logarithmic phase (OD650 0.1). Taken as a whole, our results 
led us to conclude that UVA could promote biofilm forma-
tion, at least in part, through activation of psl and pel operons 
via QS activation. Other QS-regulated genes, such as those 
involved in the production of the siderophores pyoverdine 
and pyochelin, which are important in biofilm formation [80], 
or rhamnolipids, specifically regulated by the Rhl system and 
important for the establishment and maintenance of biofilm 
[81], could also be related to the phenomenon.

In order to understand how UVA could activate QS, we 
analysed the role of the master transcriptional regulator 
ppGpp. The RelA enzyme is the main synthetase of ppGpp, 
largely known for its activation in response to amino acid 
deprivation [72]. This mechanism, known as the stringent 
response, was defined as an adaptive mechanism that 

Fig. 8. Diagram illustrating the proposed model for the induction 
of biofilm formation by exposure to low UVA doses in P. aeruginosa. 
Sublethal UVA doses increase the level of ppGpp in a RelA-dependent 
way, promoting the transcription and activity of QS key genes, which in 
turn induce pel and psl genes, essential for biofilm formation. As result 
of this, biofilm formation is promoted.
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enables the bacteria to adapt rapidly to nutritional (amino 
acids, carbon source) starvation, although other stresses, 
such as oxidative injuries or antibiotics, can trigger the same 
response [72, 82]. The stringent response relies on the activity 
of ppGpp. On the one hand, it represses the transcription 
of genes involved in RNA and protein biosynthesis with the 
consequent arrest of bacterial growth, and on the other hand, 
it induces genes involved in protective functions [83]. It has 
been demonstrated that non-lethal UVA doses can modify 
the aminoacylation capacity of certain tRNAs, a situation 
that mimics amino acid deprivation [84, 85]. The presence of 
uncharged tRNAs leads to a RelA-dependent increase in the 
level of ppGpp, resembling the stringent response [71]. This 
sublethal effect has been investigated by several researchers 
and the phenomenon was proposed as an adaptive mecha-
nism against the lethal and mutagenic effects of higher doses 
of UVA and solar irradiation [86]. It was also demonstrated 
that ppGpp promotes the synthesis of QS signals [66, 67, 87]. 
Our results, demonstrating that in a relA strain, which 
produces very low ppGpp levels [54], UVA exposure did not 
significantly increase biofilm formation and did not induce 
QS genes, suggest that the biofilm induction by UVA may 
rely on activation on the QS system by ppGpp. This should 
not dismiss the possibility that UVA could activate the 
formation of biofilm by another additional route, such as by 
the increase of ROS levels. It has been proposed that ROS 
modulate c-di-GMP levels [88], which have been linked to 
biofilm formation [89]. In this regard, we demonstrated in a 
previous work that a pqsA mutant, deficient for PQS produc-
tion, is very resistant to UVA radiation compared to the 
wild-type. This was explained by suggesting that PQS acts as 
photosensitizer that increases the ROS production and oxida-
tive damage of biological targets under UVA exposure [38]. 
Our results in this work, demonstrating that a pqsA mutant 
shows a level of UVA mediated-biofilm induction comparable 
to the wild-type, besides proving that PQS is dispensable in 
this phenomenon, suggest that ppGpp-dependent induction 
could be more relevant than ROS in this mechanism, since 
the exposure of this strain to UVA generates a low level of 
oxidative stress [38].

In summary, this work suggests that the increase of biofilm 
formation by exposure to low UVA doses obeys, at least in 
part, a ppGpp-dependent QS induction. A diagram illus-
trating the proposed model according to the results obtained 
in this work is shown in Fig.  8. P. aeruginosa, a versatile 
bacterium present in terrestrial and aquatic environments and 
an opportunistic human pathogen, produces robust biofilms 
resistant to diverse antibacterial agents, having enormous 
impact on industry and human health [2, 3, 90, 91]. In this 
regard, studies in greater depth on the genetic basis and envi-
ronmental factors related to biofilm formation are relevant 
from a practical and ecological standpoint.
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