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Abstract
Serratia marcescens is an opportunistic human pathogen causing nosocomial infections and displays expanded resistance 
towards the conventional antibiotics. In S. marcescens, quorum sensing (QS) mechanism coordinates the population-depend-
ent behaviors and regulates the virulence factors production. Photodynamic inactivation (PDI) is a promising alternative for 
the treatment of infections caused by drug resistant bacteria. Although PDI should be applied at lethal doses, it is possible 
that during PDI treatment, pathogens encounter sub-lethal doses of PDI (sPDI). sPDI cannot kill microorganisms, but it 
can considerably influence the microbial virulence. So, in this study, the effect of methylene blue (MB)-mediated PDI on 
QS-mediated virulence factor production and biofilm formation of S. marcescens at lethal and sub-lethal doses was evalu-
ated. The biofilm formation and virulence factor production of S. marcescens ATCC 13,880 and S. marcescens Sm2 were 
assessed before and after PDI treatment. Besides, the effect of lethal and sub-lethal PDI on expression of bsmA and bsmB 
(Biofilm maturation), fimA and fimC (Major fimbrial protein), flhD (Regulator of flagellar mediated swarming and swimming 
motility) and swrR (AHL-dependent regulator) genes were evaluated by quantitative real time polymerase chain reaction. 
Lethal and sub-lethal PDI resulted in a significant decrease in biofilm formation, swimming/swarming motility, and pigment 
and hemolysin production ability of S. marcescens strains. bsmA, bsmB, flhD and swrR genes were down-regulated after 
PDI treatments. In conclusion, QS-mediated virulence factor production and biofilm formation ability of the two studied S. 
marcescens strains decreased after both lethal and sub-lethal PDI.
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Introduction

Serratia marcescens is a gram-negative bacteria, responsi-
ble for a growing number of nosocomial infections such as 
urinary tract, bloodstream and central nervous system infec-
tions, septicemia and surgical wound infections especially 
in intensive care unit patients (Srinivasan et al. 2016). This 
organism forms biofilm on catheters or implants and causes 

persistent infections. S. marcescens presents different viru-
lence factors such as protease, nuclease, lipase, hemolysin, 
and swarming and swimming motility. It also produces a red 
pigment that is a member of the prodigiosins (Van Houdt 
et al. 2007).

Bacterial species depend on quorum sensing (QS) to regu-
late important cellular mechanisms that are essential for sur-
vival and adaptation to their changing environments (Hawver 
et al. 2016). In QS system, bacteria coordinate the expres-
sion of certain genes in response to the presence of signal 
molecules called auto-inducers (Defoirdt 2018). Most gram-
negative bacteria employ autoinducer-1N-acyl-homoserine 
lactones (AHLs) as signaling molecules. When the cell den-
sity increases, the extracellular concentrations of signaling 
molecules reach a certain threshold that allows the signaling 
molecule to be sensed and coordinates bacteria response to 
environmental stress (Van Houdt et al. 2007). QS controls 
virulence gene expression in S. marcescens and formation 
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of biofilm during infection (Ramanathan et al. 2018). Some 
recent studies aimed to inhibit virulence factors of S. marc-
escens via interfering QS (Devi et al. 2018; Padmavathi et al. 
2014; Srinivasan et al. 2016).

The multi-drug-resistant nature of S. marcescens confines 
therapeutic options, and prolongs the treatment. Thus, there 
is a serious demand for new therapeutic approaches that are 
efficient against planktonic as well as biofilm cells. The effect 
of photodynamic inactivation (PDI) on this opportunistic 
pathogen has been reported (Parente et al. 2016). PDI is a 
non-thermal photochemical reaction that requires the simul-
taneous presence of visible light, oxygen and a dye known as 
photosensitizer (PS). The outcome of the reaction between PS 
and visible light, in the presence of molecular oxygen, is reac-
tive oxygen species (ROS) such as singlet oxygen, hydroxyl 
radicals, superoxide anions, and hydrogen peroxide (Alves 
et al. 2014).

As a wide range of microbial targets are simultaneously 
affected by PDI, preventing the development of resistance 
and inactivation of a broad-spectrum of microorganisms, 
independently of their antimicrobial resistance profiles, will 
be achieved by this method (Bartolomeu et al. 2016). PDI has 
multiple cellular targets, since the PS-generated ROS can non-
specifically attack various molecules. Therefore, PDI appears 
to be encouraging and potentially applicable in very diverse 
contexts where PS and light can be delivered (Hu et al. 2018). 
Nowadays, in addition to topical infections such as wound, the 
internal parts of the body like urinary tract infections are tar-
geted by PDI in animal models (Huang et al. 2018) and some 
bacterial strains such as S. marcescens have become candidates 
for inactivation by this method.

PDI should be generally applied at lethal doses to kill bac-
teria; however, it is likely that during the treatment of human 
hosts, any microorganism viable at the site of infection would 
be exposed to sub-lethal doses of PDI (sPDI) (Kashef and 
Hamblin 2017). In this study, we aimed to determine whether 
lethal and sub-lethal PDI using methylene blue (MB) would 
affect quorum sensing system and consequently, virulence fac-
tors production and biofilm formation ability of survived cells 
in S. marcescens. Thus, after PDI treatments, the expression 
of genes necessary for biofilm formation (bsmA and bsmB), 
attachment (fimA and fimC), motility (flhD) and QS regulatory 
(swrR) were evaluated.

Materials and methods

Bacterial strain and growth condition

Bacterial strains used in this study were S. marcescens 
ATCC 13,880 and a clinical isolate from a blood sample 
(Serratia sp. named Sm2). Clinical isolate was identified 
as S. marcescens Sm2 through 16S rRNA gene sequences 

with the GenBank accession number of MK371794. The 
two strains were maintained in Luria–Bertani (LB) broth at 
37 °C and log phase cultures with an optical density (OD) 
of ~ 0.8 to 1 were used as an inoculum for all assays.

PS and light source

MB (Sigma-Aldrich) was used as the photosensitizing agent. 
MB stock solution (600 µM) was prepared in phosphate-
buffered saline (PBS, pH 7.2). After sterilization with 
0.22 nm filter, the stock solution was stored at 4 °C in the 
dark no more than 2 weeks prior to use. Stock solution was 
further diluted in PBS to obtain the desired concentrations. 
The light source used in this study was a light-emitting diode 
(LED) (Heguang, China) with an emission at 660 nm. The 
total output power provided by the device was 8 mW.

Determination of lethal and sub‑lethal doses of PDI

To measure the combined effect of MB and light, 300 µl 
bacterial suspensions (1–2 × 108 CFU/ml) were placed in 
a 96-well microplate, incubated with MB at final concen-
trations of 25–100 µM in the dark and at room tempera-
ture for 30 min. Treated cells were exposed to light emit-
ted diode lamp with power of 5–15 J/cm2 (660 nm). After 
the illumination, 100 µl of each cell suspension was spread 
on nutrient agar plates in tenfold serial dilutions. Colo-
nies were counted after incubation for 24 h at 37 °C. All 
experiments were repeated three times in triplicate. Controls 
included bacterial suspensions incubated with 0.9% saline 
in the dark (untreated), bacterial suspensions incubated with 
MB (25–100 µM) in the dark (dark toxicity), and bacterial 
suspensions subjected to illumination (5–15 J/cm2) in the 
absence of MB (light alone).

Biofilm formation quantification assay

The survivors of photosensitization process were diluted 
1:50 in tryptic soya broth (TSB) supplemented with 0.2% 
glucose in 96-well microplate and incubated for 24 h at 
37 °C. After incubation, the planktonic cells were removed 
by rinsing the wells twice with PBS. The surface-adhered 
cells were stained with 200 µl of 0.4% crystal violet (CV) 
solution for 15 min. The wells were washed with sterile 
distilled water to remove excess stain and de-stained with 
200 µl of 30% glacial acetic acid for 20 min. Absorbance of 
the solubilized dye was determined at OD490 nm (Sharma 
et al. 2008).
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Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images were taken to 
evaluate the effect of PDI treatments on S. marcescens bio-
films. Samples were prepared as described by Gowrishankar 
et al. (Gowrishankar et al. 2014) with minor modifications. 
Biofilms formed on the glass slides by PDI-treated and 
untreated cells were fixed with PBS solution (1 M) contain-
ing 2.5% glutaraldehyde for 2 h. Then, the glass slides were 
washed in distilled water and dehydrated using increasing 
concentrations of ethanol (35%, 50%, 70%, 90% and 100%) 
for 10 min. The biofilm samples were gold sputtered after 
critical point drying and examined under a SEM analysis.

Prodigiosin quantification assay

Prodigiosin, a tripyrrole red pigment, was extracted from 
PDI-treated and untreated cells according to the method of 
Sethupathy et al. (Sethupathy et al. 2016). Tubes containing 
LB broth medium were inoculated with 100 μl [5% (v/v)] of 
bacterial cells [survived cells from PDI treatments (lethal 
and sub-lethal doses)] and incubated at 30 °C for 24 h. 
1.5 ml of PDI-treated and untreated cells was separately 
placed into sterile micro-centrifuge tubes and centrifuged 
at 10,000 rpm for 10 min. 1 ml of acidified ethanol (4% 
[v/v] of 1 M HCl in 96 ml absolute ethanol) was added to the 
pellet, and vortexed vigorously followed by centrifugation 
at 10,000 rpm for 10 min. The absorbance of the extracted 
prodigiosin in acidified ethanol was measured at 534 nm.

Lipolytic activity

LB broth medium were inoculated with 100 μl [5% (v/v)] 
of bacterial cells (survived cells from PDI treatments) and 
incubated for 24 h at 37 °C. Lipolytic activity of treated and 
untreated cells was quantified using p-nitro phenyl palmitate 
(pNPP) as the substrate. A buffered substrate was prepared 
as follows: 9 volumes of PBS (50 mM) were added to 1 
volume of pNPP (0.5 M) in absolute ethanol and then, the 
substrate was emulsified by Triton X-100 (0.6% V/V). The 
reaction mixture contained 500 µl of substrate and 500 µl of 
the bacterial supernatant was incubated for 30 min at 37 °C. 
After incubation, the reaction was stopped by adding 1 mL 
of acetone–ethanol (1:1 v/v) and the mixture was centrifuged 
at 10,000 rpm for 10 min. Then, the absorbance of the clear 
solution was measured at 410 nm (Imanparast et al. 2018).

Proteolytic activity

The effect of PDI/sPDI on proteolytic activity of strains was 
conducted as described by Bakkiyaraj et al. with minor mod-
ification (Bakkiyaraj et al. 2012). Tubes of LB broth medium 

were inoculated with 100 μl [5% (v/v)] of bacterial cells 
(survived cells from PDI treatments) and incubated at 37 °C 
for 24 h. 300 µl of each treated and untreated groups was 
incubated in 3 ml of LB medium. After 24 h incubation at 
37 °C, cultures were centrifuged (11,000 for 20 min at 4 °C) 
and then cell-free supernatants were collected to quantify the 
protease production using azocasein as substrate. To 500 μl 
of each supernatant, 500 μl of buffered substrate [0.3% azo-
casein (Sigma, USA) in 1 M potassium phosphate buffer (pH 
7.0)] was added and incubated at 37 °C for 1 h. After incu-
bation, 500 μl of trichloro acetic acid (10%) was added to 
each tube to terminate the reaction by incubation at − 20 °C 
for 20 min. The mixture was centrifuged at 12,000 rpm for 
15 min. The supernatant (200 μl) was separated and 100 μl 
of 1 M NaOH was added and read at OD440 nm.

Swimming and swarming assays

For swimming assay, the PDI/sPDI treated and untreated 
cultures were stab inoculated at the center of the swimming 
agar medium consisting of 1% peptone, 0.5% NaCl and 0.3% 
agar. For swarming assays, 5 μl of culture was inoculated at 
the center of the swarming agar medium consisting of the 
same components as swimming agar medium. The plates 
were then incubated at 30 °C in upright position. The reduc-
tion in swimming and swarming migration was recorded by 
measuring the swim and swarm zones of the bacterial cells 
after 24 h (Salini and Pandian 2015).

Hemolysin assay

Hemolytic activity of treated and untreated cultures was 
measured. 100 μl [5% (v/v)] of bacterial cells [survived 
cells from PDI treatments] were inoculated in LB broth 
medium and incubated at 37 °C for 24 h. Each bacterial 
group (treated and untreated) in LB medium, cultures were 
centrifuged at 11,000 rpm for 20 min at 4 °C. To 100 μl of 
supernatant, 900 μl of sheep blood suspension (2% sheep 
blood erythrocytes in PBS; pH 7.4) was added and incubated 
at 37 °C for 1 h. The mixture was centrifuged at 3,000 rpm 
for 10 min and the absorbance of supernatant was measured 
at 530 nm (Devi et al. 2018).

Quantification of extracellular polysaccharides (EPS)

Survived cells of PDI/sPDI treatment were inoculated in 
96-well flat-bottomed sterile polystyrene microplate to form 
biofilm as described previously. After incubation at 37 °C 
for 24 h, wells were washed with 200 μl of PBS (pH 7.4) 
to remove the planktonic cells. To this, 40 μl of 0.9% NaCl, 
40 μl of 5% phenol and 200 μl of concentrated sulfuric acid 
(w/v) were added. The mixture was incubated in the dark 
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for 1 h and the absorbance was measured at 490 nm (Dubois 
et al. 1956).

Total RNA isolation and quantitative real time PCR 
(qPCR) analysis

To assess the effect of PDI on the expression of QS regu-
lated genes, the PDI/sPDI treated and untreated cells were 
harvested by centrifugation and the total RNA was extracted 
using RNX-PLUS reagent (SINACLONE, Iran). Extracted 
RNA was dissolved in 20 μl of 0.1% diethyl pyrocarbonate 
(DEPC) treated water. Total extracted RNA was treated by 1 
U/μl of DNase I (RNase free, Thermo Scientific) for 15 min 
at 37 °C. The denaturation of the DNase was carried out by 
adding 1 μl of 50 mM EDTA. RNA samples were reverse 
transcribed into cDNA using cDNA reverse transcription 
kit (BIOFACT, South Korea) following the manufacturer’s 
instructions. The qPCR reactions were performed with 
Power SYBR Green PCR Master Mix (BIOFACT, South 
Korea) in the real-time PCR system (Bio Molecular Sys-
tems, Australia). The expression pattern of QS regulated 
genes (fimA, fimC, flhD, SwrR, bsmA and bsmB) was nor-
malized using rplU gene (50S Ribosomal gene, Housekeep-
ing gene) as an internal control. All primers were designed 
by the software Primer 3, https​://prime​r3.ut.ee/. Hairpin 
structure and primer dimerization were analyzed by Oligo-
Analyzer Tool. The length of the primers was from 18-mer 
to 21-mer and the expected PCR products range from 102 
to 221 bp. The details of the gene-specific primers and the 
accession numbers of the genes used for the design are given 
in Table 1. The changes in gene expression were calculated 
as fold-change using the mathematical formula: 2−∆∆Ct, 
where the ∆∆Ct is the difference between the ∆Ct value of 
the treated group and the untreated group (control). The ∆Ct 
is the difference between the Ct value of the target gene and 
the normalization gene (rplU) (Soni et al. 2008).

Statistical analysis

All values were represented as means ± standard errors. 
Comparisons between means of groups were analyzed using 
one-way ANOVA and post hoc Tukey tests. p < 0.05 was 
considered statistically significant. Real time PCR data was 
analyzed for statistical significance using a pairwise fixed 
reallocation randomization test by the Relative Expression 
Software Tool v2.0.13 (REST 2009).

Results

Lethal and sub‑lethal doses of PDI

The use of MB (25–100 µM) and light (5–15 J/cm2) alone 
caused < 1 log reduction in the number of bacteria (data 
not shown). Figure 1 shows the effect of PDI mediated by 
different concentrations of MB (25–100 µM) and 15 J/cm2 
light irradiation on viability of bacteria (log10 CFU/ml). 

Table 1   List of studied genes and primer sequences used in real-time PCR analysis

Genes Sequence Annealing tem-
perature (°C)

Accession numbers of genes

Forward primer Reverse primer

flhD TTG​CCA​CTT​CCG​CTT​TAA​CG CTC​TTT​TCT​TCG​TCG​GGC​TAG​ 60 NZ_HG326223.1
bsmA TAG​TCC​GCA​CAC​TCA​TCG​C GAT​CTC​CTG​CGC​CTG​TGC​ 60 NZ_HG326223.1
bsmB GCG​GAT​GTG​TAT​GCC​TTC​G GCC​ACG​CAT​TTC​TTC​ACT​CA 60 AF537273.1
fimA GCA​AGA​ACA​ACA​CCG​TCT​CG GTA​GAA​GCA​TTG​CCA​CCC​TG 60 NZ_HG326223.1
fimC ACC​AGC​CGT​TTC​AAC​AAC​AA GGT​TTG​TAC​GGT​GCG​ATC​TT 60 EF193059.1
swrR GCC​GAA​ATT​CAA​ATG​CTG​CT CTT​ACC​TAA​GCT​CGC​CCA​GT 48 AY168877
rplU AAA​TCG​GCG​TTC​CTT​TCG​TC TGC​TTA​CGG​TGG​TGT​TTA​CG 60 NZ_HG326223

Fig. 1   Antimicrobial photodynamic inactivation mediated by dif-
ferent concentrations of MB and exposed to 15  J/cm2 light dose. 
(Control: untreated group). *Significant at p < 0.05, **significant at 
p < 0.005

https://primer3.ut.ee/
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The results showed that with increasing MB concentration 
from 25 to 100 µM, the viability of bacteria reduced by 
PDI treatment. Since the reduction of at least 3 log steps 
can be stated as a bactericide effect of a specific treatment 
(Boyce and Pittet 2002), MB at concentration of 25 and 
50 µM and 15 J/cm2 light irradiation were used as sub-
lethal and lethal PDI parameters in the following tests, 
respectively.

Biofilm formation quantification

As shown in Fig. 2, a significant decrease in biofilm biomass 
formation was observed in both strains after lethal and sub-
lethal treatment (p < 0.05). Lethal dose showed 25.7% and 
35.3% of biofilm inhibition in S. marcescens ATCC 13,880 
and S. marcescens Sm2, respectively. Sub-lethal dose caused 
significant reduction (29%) only in S. marcescens Sm2 strain 
(p = 0.041).

Scanning electron micrographs

As shown in Fig. 3a and d, SEM images of untreated groups 
clearly showed a highly structured biofilm architecture, 
whereas both S. marcescens ATCC 13,880 and S. marces-
cens Sm2 showed extensive disintegration of biofilms after 
lethal PDI treatment (Fig. 3c, f, respectively). sPDI treat-
ment only attenuated the biofilm formation of S. marcescens 
Sm2 (Fig. 3e) and did not cause equal reduction in S. marc-
escens ATCC 13,880 (Fig. 3b).

Prodigiosin production

Figure 4 shows that after sPDI/PDI treatment, reduction 
in prodigiosin production was observed in both S. marces-
cens ATCC 13,880 and S. marcescens Sm2. A maximum of 
35.3% and 36.7% inhibition in prodigiosin production was 
occurred by lethal PDI in S. marcescens ATCC 13,880 and 
S. marcescens Sm2, respectively. Sub-lethal dose resulted in 
less reduction of pigment production of both S. marcescens 

Fig. 2   Effect of lethal and sub-lethal PDI on biofilm formation of S. 
marcescens ATCC 13,880 and S. marcescens Sm2. Mean values of 
triplicate independent experiments and SD are shown. *Significant at 
p < 0.05, **significant at p < 0.005

Fig. 3   Scanning electron micrographs of S. marcescens biofilms. a S. 
marcescens ATCC 13,880 untreated group, b S. marcescens ATCC 
13,880 biofilm after sub-lethal treatment, c S. marcescens ATCC 

13,880 biofilm after lethal treatment, d S. marcescens Sm2 untreated 
group, e S. marcescens Sm2 biofilm after sub-lethal treatment, f S. 
marcescens Sm2 biofilm after lethal treatment
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ATCC 13,880 (25.9%) and S. marcescens Sm2 (34.7%) com-
pared to lethal PDI.

Lipolytic and proteolytic activity

The lipolytic and proteolytic activity production of both 
strains remained unchanged after lethal and sub-lethal PDI 
(data not shown).

Swimming and swarming motility

As shown in Fig. 5, control group of S. marcescens ATCC 
13,880 exhibited swimming and swarming on a soft agar 
plate by occupying almost the whole plate, while the lethal 

and sub-lethal PDI treated groups showed decreased swim-
ming and swarming motility. Swimming and swarming abil-
ity of S. marcescens Sm2 strain was also inhibited by both 
lethal and sub-lethal PDI.

Hemolytic activity

Secreted hemolysin of S. marcescens ATCC 13,880 was 
significantly inhibited by lethal (57.6%) and sub-lethal PDI 
(53.6%) treatment (p < 0.05). Ability of hemolysin produc-
tion of S. marcescens Sm2 was low, which was inhibited 
by lethal (33.5%) and sub-lethal (38.2%) treatment (Fig. 6).

Extracellular polysaccharide quantification

After lethal PDI treatment, EPS production significantly 
reduced in S. marcescens ATCC 13,880 (44.1%) and S. 
marcescens Sm2 (29.5%). The sub-lethal PDI also decreased 
the EPS formation in S. marcescens ATCC 13,880 and S. 
marcescens Sm2 about 48.7% and 42.6%, respectively 
(Fig. 7). The results of lethal and sub-lethal PDI on EPS 
production in both strains are not significantly different com-
pared to each other (p > 0.05).

Quantitative real time PCR analysis

The qPCR analysis was carried out to assess the fold changes 
in transcriptional level of QS-mediated genes in treated 
samples compared to their controls. Figure 8 shows fold 
changes in gene expression of the studied microorganisms 
after PDI/sPDI compared to their untreated control. PDI/
sPDI treatment led to the down-regulation of the expres-
sion of QS-controlled biofilm formation genes (bsmA and 
bsmB), fimbrial genes (fimA and fimC), flagellar gene (flhD) 
and QS gene (swrR) in S. marcescens ATCC 13,880 and S. 
marcescens Sm2.

Fig. 4   Quantitative analysis of prodigiosin inhibition in S. marces-
cens ATCC 13,880 and S. marcescens Sm2 by lethal and sub-lethal 
PDI. Data are represented as percentage of prodigiosin inhibi-
tion. Mean values of triplicate independent experiments and SD are 
shown. *Significant at p < 0.05, **significant at p < 0.005 and ***sig-
nificant at p < 0.0005

Fig. 5   Effect of lethal and sub-lethal PDI on S. marcescens ATCC 
13,880 and S. marcescens Sm2 swimming and swarming motility; (a 
swimming of S. marcescens ATCC13880) (b swimming of S. marc-

escens Sm2) (c swarming S. marcescens ATCC 13,880) (d swarming 
of S. marcescens Sm2), from left to right: untreated cells; sub-lethal 
treated cells; lethal-treated cells
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Discussion

Virulence features of S. marcescens for causing infections 
are extracellular enzymes such as protease, gelatinase, lipase 
and hemolysin. Besides, the ability to swarm and swim 
has been shown to be pathogenic factors of these bacteria 
(Mahlen 2011). Quorum sensing mechanism plays a vital 
role in regulating the extensive ranges of virulence factors 
and biofilm formation in S. marcescens (Srinivasan et al. 
2017). As PDI is a promising approach to current antibiot-
ics, it is therefore important to understand how it may affect 
QS-regulated virulence factors.

The results showed that lethal dose of PDI could reduce 
the biofilm formation ability of the two studied S. marces-
cens strains. Reduction in biofilm formation was observed 
only for S. marcescens Sm2 after sub-lethal treatment. As 
the bacterial cells in biofilms have enhanced resistance to 
different antimicrobial agents and are better adapted to tol-
erate environmental stresses (Stanley and Lazazzera 2004), 
it is important that survived cells of PDI treatment do not 
augment their biofilm formation ability. The results of this 
study are consistent with the findings of recent study, which 
reported significant decrease in biofilm formation ability of 
Pseudomonas aeruginosa after MB-sPDI (Hendiani et al. 
2019b).

The two signal molecules, N-butanoyl homoserine lac-
tone and N-hexanoyl homoserine lactone of the QS system 
regulate the pigment formation in S. marcescens. Therefore, 
any interference with these QS systems leads to a reduction 
in prodigiosin production (Packiavathy et al. 2014). In this 
study, the pigment production in two S. marcescens strains 
decreased significantly, after both lethal and sub-lethal PDI 
compared to their untreated controls. Since there is a direct 
relationship between the pigment production and QS system, 
it can be assumed that the QS system was repressed by oxi-
dative stress induced by PDI in survived cells. Furthermore, 

Fig. 6   Effect of lethal and sub-lethal PDI on hemolysin production of 
S. marcescens ATCC 13,880 and S. marcescens Sm2. Mean values of 
triplicate independent experiments and SD are shown. ***Significant 
at p < 0.0005

Fig. 7   Effect of lethal and sub-lethal PDI on EPS production in S. 
marcescens ATCC 13,880 and S. marcescens Sm2. Mean values of 
triplicate independent experiments and SD are shown. *Significant at 
p < 0.05, **significant at p < 0.005, ***significant at p < 0.0005 and 
****significant at p < 0.0001

Fig. 8   Gene expression fold changes in S. marcescens ATCC 13,880 and S. marcescens Sm2 after PDI/sPDI treatments. a S. marcescens ATCC 
13,880. b S. marcescens Sm2. *Significant at p < 0.05, **significant at p < 0.005 and ***significant at p < 0.0005
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other QS-controlled traits like hemolysin production, swim-
ming and swarming motility decreased after both lethal and 
sub-lethal PDI.

The lipolytic and proteolytic activity of both S. marces-
cens ATCC 13,880 and S. marcescens Sm2 did not change 
after the lethal and sub-lethal PDI treatment. Since in our 
study, detection of virulence factors activity was performed 
in surviving cells after a period of recovery, the effect of 
PDI treatment on the lipase and protease production may 
have been temporary. However, the lethal and sub-lethal PDI 
effect on other virulence features were persistent and contin-
ued among next generations of bacteria.

In order to determine the effect of lethal and sub-lethal 
PDI on treated cells at the molecular level, a real-time PCR 
analysis was done. The QS-controlled genes, bsmA and 
bsmB, regulate biofilm formation in S. marcescens. The 
bsmA and bsmB mutated strains were identified as poor 
biofilm formers and they also failed to produce EPS (Lab-
bate et al. 2004). Upon both lethal and sub-lethal PDI, the 
expression of bsmA and bsmB were down regulated in S. 
marcescens Sm2. These results were compatible with the 
phenotypic assays. PDI/sPDI treatments led to considerable 
down-regulation in bsmA and bsmB genes (p < 0.05) in S. 
marcescens ATCC 13,880, while according to the CV test 
result, sub-lethal dose did not show substantial reduction in 
biofilm production of this strain (p = 0.37).

The flhD gene regulates the flagellar mediated swarm-
ing and swimming motilities in S. marcescens (Liu et al. 
2000). After lethal and sub-lethal PDI treatments, the flhD 
transcript level decreased significantly in both strains, which 
supports the decline of swarming and swimming motility 
on agar plates.

Labbate et al. have reported the involvement of fimA and 
fimC genes, which encode the main fimbrial proteins, in the 
attachment of S. marcescens cells to surfaces and to form 
biofilms (Labbate et al. 2007). Both fimA and fimC genes 
showed insignificant reduction (p > 0.05) after PDI/sPDI 
treatment in S. marcescens ATCC 13,880, however, they 
showed considerable decline in S. marcescens Sm2.

The SwrI/SwrR QS system regulates swarming motility, 
biofilm formation, production of serrawettin, protease, and 
S-layer protein in S. marcescens (Mahlen 2011). The swrI 
gene encodes an AHL synthase that directs the synthesis of 
AHL autoinducers. Downstream of swrI, an open reading 
frame codes for a polypeptide (SwrR) with major similarity 
to members of the LuxR family of AHL-dependent regula-
tors (Eberl et al. 1999). In this study, the swrR gene was 
substantially down regulated in both strains after treatments. 
Tan et al. study showed that 5-aminolevulinic acid (ALA)-
PDI with lethal dose inhibited pyocyanin and elastase 
secretion in P. aeruginosa. Besides, the mRNA expression 
of QS-related genes (lasI, lasR, rhlI, and rhlR) and viru-
lence factor-related genes (lasB and phzH) in P. aeruginosa 

reduced significantly after ALA-PDI (Tan et al. 2018). Hen-
diani et al. reported that oxidative stress induced by sPDI 
led to the down-regulation of the expression of QS genes 
(lasI, lasR, rhlI and rhlR) and rhamnolipid gene (rhlA) in P. 
aeruginosa (Hendiani et al. 2019a).

The entire results obtained by real-time PCR analysis 
are consistent with the findings of other studies, which used 
various compounds (silver nanoparticles, marine sponge 
extracts, Bacillus spp. supernatant, cyclodextrins) as anti-QS 
agents of S. marcescens (Annapoorani et al. 2012; Khadar 
et al. 2012; Morohoshi et al. 2013; Ravindran et al. 2018). 
Quorum sensing inhibition has been identified as an effec-
tive strategy, which combats bacterial virulence instead of 
targeting bacterial survival, and reduces the risk of evolution 
of drug resistant bacteria. According to the present study, 
exposure of S. marcescens cells to sPDI can function as an 
anti-QS agent, which results in an attenuation in QS system 
leading to the reduction of virulence and biofilm formation 
concurrently. However, there is no guarantee that other bac-
teria respond to sPDI-induced oxidative stress in the same 
manner. The lethal PDI can decrease the number of bacte-
rial cells in the site of infection and also affect the remained 
bacteria in a way that they reduce their virulence factor pro-
duction. Therefore, it is important to investigate PDI/sPDI 
effect on different bacterial species with other PSs and light 
sources in several doses.

Conclusion

In this study, we showed that both lethal and sub-lethal PDI 
resulted in decreasing virulence factors production and 
biofilm formation ability of the two studied S. marcescens 
strains. As the molecular mechanisms of signaling pathways 
activated by PDI are still unclear, more studies can help to 
find the keys to clarify bacterial responses to this promising 
antimicrobial strategy.
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