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Abstract

QS-associated gene among five investigated genes.

Background Biofilm formation has reported as an important virulence associated properties of Pseudomonas
aeruginosa that is regulated by quorum-sensing associated genes. Biofilm and quorum-sensing interfering properties
of steroidal alkaloids, Solanidine and Solasodine were investigated in the present study.

Results Biofilm formation capacity and relative expression level of five studied genes(/as, lasR, rhll, rhIR and algD)
were significantly increased dose-dependently after treatment with sub-inhibitory concentrations (32 and 512 pg/
ml) of the both Solanidine and Solasodine. Biofilm formation capacity was more stimulated in weak biofilm
formers(9 iaolates) in comparison to the strong biofilm producers(11 isolates). The las/ gene was the most induced

Conclusion Biofilm inducing properties of the plants alkaloids and probably medicines derived from them has to be
considered for revision of therapeutic guidelines. Investigating the biofilm stimulating properties of corticosteroids
and other medicines that comes from plant alkaloids also strongly proposed.

1-Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a Gram
negative rod which has well known as a pathogen in
both plants and animals [1]. P aeruginosa is the caus-
ative agent of 7.1-9% of different nosocomial infections
especially pneumoniae in in persons with compromised
immune system and cystic fibrosis patients [2, 3]. P aeru-
ginosa is a multidrug resistant and biofilm former patho-
gen that classified as one member of the ESKAPE group
which have introduced as the causative agents of severe
nosocomial infections and major problem on the way to
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successful eradictional treatment [3, 4]. Mutations in the
genes encoding antibiotic targeted components, acquisi-
tion of resistance associated genes from the environment,
blocking penetration of antibiotics through structural
changes in membrane and cell wall, production of anti-
biotic destructive enzymes, efflux pumps and finally bio-
film formation are the major mechanisms that used by P
aeruginosa to resist antibiotic agents [5].

Biofilm formation is one of the important virulence
associated factors that capable P. aeruginosa to effectively
colonize and survive in the targeted sites. The biofilm
matrix of P. aeruginosa composed a mixture of extracel-
lular DNA, polysaccharides, proteins and lipids which
encompasses the bacteria. This complex matrix protects
bacterial cells from the environmental harsh conditions
including host immune system, antibacterial agents and
chemical warfare of other bacteria [6]. Bacterial cells
within the biofilm population are synchronized with each
other through a signaling network composed of special
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chemical agents that are known as quorum-sensing (QS)
[7]. Four QS system were identified in P aeruginosa
including LaslR, Igs, Pgs and RhlIR. All four QS regu-
lons composed of so many genes, transcription of the
genes in every QS system is regulated by some chemical
autoinducers that are produced exclusively for each sys-
tem. Las and Rhl are the most important QS systems and
N-(3-oxododecanoyl) homoserine lactone and N-butyril
homoserine lactone were introduced as the major autoin-
ducer molecules in las and rhl systems respectively [8, 9].
QS associated genes also regulate production and release
of so many virulence factors other than biofilm formation
in P. aeruginosa such as pyocyanin, toxins, protease, elas-
tase, motility, ion chelators, efflux pumps and expression
of type 6 secretion system(T6SS) effectors [3, 10].

Disrupting of QS could be beneficial in several ways
including inhibition of biofilm formation, virulence asso-
ciated factors and antibiotic resistance, therefore QS
interfering components are regarded as suitable thera-
peutic candidate [11]. In the recent decades, the great
volume of studies were conducted to find such agents.
In this regards, natural active ingredients of plants were
broadly investigated [12—17]. Alkaloids are one major
group of these agents which are provided by wide range
of the plants, marine creatures and some amphibians.
Versatile alkaloids are produced by plants as a part of
defense mechanisms against pathogens [18].

Tomatidine, Solanidine (SN) and Solasodine (SS) are
alkaloids which produced by Solanaceae family plants.
The antibacterial, antifungal, antiviral, anticancer, anti-
inflammatory and QS interfering properties of Tomati-
dine were reported formerly [19-23]. We surprisingly
detect biofilm stimulating properties from sub-inhibitory
concentrations of tomatidine in P aeruginosa, recently
[24]. But SN and SS were investigated more limited. In
the present study we tried to investigate QS interfering
properties of sub-inhibitory concentrations of Solanidine
and Solasodine and also their effects on biofilm forma-
tion ability of P. aeruginosa.

Results

Minimal inhibitory concentration of the SN and SS

No inhibitory properties were detected from the Solani-
dine and Solasodine at the studied concentrations
(125-2000 pg/mL).

Quantitative analysis of biofilm formation

Biofilm formation ability of isolated bacteria were esti-
mated based on the optical density (OD) of mature bio-
film at 570 nm obtained from microtiter plate technique.
Eleven out of 20 isolates showed an OD value more than
four times of the ODc(sterile medium plus 1% glucose as
control), these isolates were regarded as strong biofilm
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producer and 9 isolates have ODc<OD < )2 x ODc¢( and
introduced as weak biofilm formers.

quantitative analysis of biofilm formation after treatment
with tobramycin, SN and SS
Biofilm production was reduced significantly(p=0.001)
after treatment with 1 pg/ml of tobramycin in compari-
son to untreated condition. Treatment with two sub-
inhibitory concentrations(32 pg/ml and 512 pg/ml) of SN
enhanced biofilm formation significantly in comparison
to untreated condition in both weak biofilm formers and
strong biofilm formers. Similar finding was observed con-
cerning the SS. Treatment of isolates with sub-inhibitory
concentrations(32 pg/ml and 512 pg/ml) of solasodine
also enhanced biofilm formation significantly(Fig. 1).
Statistical analysis also showed that induction of biofilm
formation by the SN and SS is directly dose-dependent
and higher concentrations of both studied alkaloids are
significantly more potent inducer of biofilm formation in
the both group of studied isolates in comparison to the
lower concentration(Fig. 2).

Mathematical analysis showed that treatment with
1 pg/ml tobramycin reduced biofilm formation ability
of the weak biofilm formers and strong biofilm formers,
13% and 11% respectively in comparison to the untreated
condition. The 32 pg/ml concentration of SN enhanced
biofilm formation ability of weak biofilm producers
and strong biofilm producers 27.8% and 25.5% respec-
tively, also 101% and 78.3% increased biofilm formation
were detected in weak biofilm producers and strong
biofilm producers after treatment with 512 pg/ml con-
centration of SN respectively. Similar phenomenon was
detected after treatment with sub-inhibitory concentra-
tions of SS, so that biofilm formation ability of weak bio-
film formers and strong biofilm formers enhanced 31.5%
and 27.2% after treatment with 32u/ml and 105.3% and
82.7% after treatment with 512 pug/ml concentration of SS
respectively(Fig. 1). There were not observed significant
differences between biofilm inducing power of similar
concentration of SN and SS in weak biofilm producers
and strong biofilm producers(p <0.05).

Relative expression level of biofilm associated genes in
untreated condition in comparison to treatment with two
sub-inhibitory concentrations of SN and SS

The paired t-test analysis revealed that, the mean expres-
sion levels of all five studied genes were increased
significantly after treatment with two sub-inhibitory con-
centrations of SN (Fig. 3) and SS (Figs. 4) and 512 pg/mL
concentration of both studied alkaloids was significantly
more powerful inducer in comparison to 32 pug/mL con-
centration (Figs. 3 and 4).
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Fig. 1 Biofilm inducing power(%) of 1 ug/ml tobramycin and two subinhibitory concentration (32 and 512 pg/ml) of SN and SS in comparison to the
untreated condition as the control(red line) in weak biofilm formers and strong biofilm formers. Negative numbers showed biofilm reducing capacity

Relative expression level of the studied genes in weak
biofilm formers in comparison to the strong biofilm
formers in different conditions (untreated and two
treatment condition)

There was not observed significant differences between
relative expression level of the studied genes in weak
biofilm formers in comparison to strong biofilm form-
ers after treatment with different concentration of SN
and SS, except rhlR gene. Statistical analysis revealed
that the relative expression level of rilR gene increased

significantly in weak biofilm formers in comparison to
strong biofilm formers after treatment with 512 pg/ml of
Solanidine (Fig. 5).

Discussion

Antimicrobial properties of different natural products
and plant-derived compounds such as alkaloid chemicals
were reported in the recent years and they are also avail-
able commercially in medicine and traditional medicine
[14, 25]. Although, antibiofilm and QS repressing activity
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Fig. 2 Quantitative analysis of biofilm formation (Mean optical density) of
weak biofilm producers (9 isolates), strong biofilm producers (11 isolates)
and PAO1 strain of P aeruginosa in different treatment conditions. All treat-
ment conditions(tobramycin 1 pg/ml and two concentrations of solani-
dine and solasodine) were compared with untreated condition as control.
*Significant difference (p <0.05) was observed between the mean OD of
treatment condition in comparison to untreated conditions
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of some herbal product were reported recently [26—30].
Dose-dependent biofilm inducing activity of sub-inhib-
itory concentrations of SN and SS were detected in the
present study. Increased expression of some QSs asso-
ciated genes also have seen in the experiments. Similar
dose-dependent stimulation of biofilm formation in dif-
ferent bacterial species after treatment with subinhibitory
concentration of antimicrobial agents such as aminogly-
cosides and fluroquinolones was reported recently [31,
32]. This phenomenon referred as Hormesis and libera-
tion of biofilm structural blocks from the death cells and
also development of stress responses against sub-inhibi-
tory concentration of antimicrobial were hypothesized as
the describing reasons [33].

In this study, we don’t detect any inhibitory proper-
ties from SN and SS until 2000 pg/mL concentration.
While, antibacterial properties of some solanum alka-
loids such as tomatidine and solasodine were reported
against Gram-positive bacteria such as Staphylococcus
aureus( S. aureus), Bacillus species and Listeria recently
[20], Chagnon et al. were reported, medium activity of
tomatidine(MIC>64 pg/ml) against S. aureus but, they
can’'t detect any inhibitory properties from solanidine
analogues. They also suggested that, spatial structure of
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Fig. 3 Relative expression level of five studied genes in untreated condition and in the presence of two sub-inhibitory concentrations (32 and 512 pg/

mL) of Solanidine. *p <0.05
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Fig. 4 Relative expression level of five studied genes in untreated condition and in the presence of two sub-inhibitory concentrations (32 and 512 pg/

ml) of Solasodine. *p <0.05
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Fig. 5 Relative expression level of five desired genes in weak biofilm formers in comparison to strong biofilm producers, after two treatment conditions

(32 pg/mlL and 512 pg/mL of SN and SS). *p <0.05

the solanum molecule and specific orientation of active
moieties have decisive role in their antibacterial prop-
erties, but no inhibitory activity from tomatidine and
solasodine against small colony variant of S. aureus were
detected [34]. The small colony variants are major bac-
terial morphology within biofilm [35]. In contrary, heavy
antibacterial activity of tomatidine against small colony
variant of S. aureus was reported by Boulet et al [19].
Thus, different spatial structure of different alkaloid mol-
ecules could be the main reason of different antibacterial
potential of some alkaloid agents in comparison to the
others.

Weak permeability of the Gram-negative bacteria due
to the outer membrane layer and richer pool of the anti-
microbial resistance mechanisms in Gram negatives such
as P aeruginosa in comparison to many Gram positives

could explained less effectiveness of solanum molecules
against them.

P aeruginosa is usually known as an opportunistic
pathogen for both plants and animals. But, some ben-
eficial properties of this pathogen for plants; including
promoting plant growth through antagonistic action
against some bacterial and fungal phytopathogens and
also promoting colonization of beneficial species were
reported recently and critical leadership role of the QS
systems especially LasIR and RhIIR have revealed in this
process [36]. Therefore, secretion of some QS-inducing
substances such as solanum chemicals or other alka-
loids could be regarded as a plant inducing signal that
enhanced expression of QS associated genes, biofilm for-
mation and subsequently successful colonization of the
beneficial bacteria. Our finding strongly supports this
hypothesis.
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The ATP synthase was introduced as the main target
of tomatidine in S. aureus recently [19]. Therefore, dif-
ferent structure of bacterial targets such as ATP synthase
in Gram positive and Gram negatives could be hypoth-
esized as another reason. Ineffectiveness of some new
antibiotics that knockdown ATP synthase in Gram posi-
tives, against Gram negatives was reported recently and
support this hypothesis [37].

Biofilm inhibiting properties of 1 pg/ml tobramycin
was detected in our study. Tobramycin also was reported
as a biofilm reducing agent in other studies [38, 39]. Both
SN and SS enhanced biofilm formation ability of P aeru-
ginosa isolates. Our finding showed that biofilm inducing
properties of SN and SS was directly dose dependent and
also both studied alkaloids were considered stronger bio-
film inducer in weak biofilm producers in comparison to
the strong biofilm producers(Figs. 2 and 1). We believe
that strong biofilm producers have obtained heavy bio-
film production ability and paid costs such as reduced
competition characteristics, reduced virulence and prob-
ably irritability from environmental stresses, this phe-
nomenon well reported as fitness cost in some recent
studies [40].

The expression of all five investigated genes were
increased significantly after treatment with both sub-
inhibitory concentrations of SN and SS. The 512 ug/ml
concentration of both studied alkaloid were more potent
inducer in comparison to the 32 pg/ml concentration
that support direct dose dependent inducing proper-
ties of solanum molecules. The lasl/ gene was the most
induced gene by both SN and SS(Figs. 3 and 4). There-
fore. It seems that the LasIR system is more important for
biofilm formation in comparison to the RhlIR system as
this is reported formerly in another study [41]. Regula-
tion of RhIIR system by LasIR system and superiority of
LasIR system over RhlIR system also reported formerly
[10, 36].

Our finding revealed that the algD and rhlR were the
least induced genes among the five studied genes. Sta-
tistical analysis also revealed that, the rkIR gene was
significantly less expressed in weak biofilm producers in
comparison to the strong biofilm producers after treat-
ment with 512 pg/ml Solanidine (Fig. 5). Some other
studies hypothesized that the RhIR in contrary to LasR is
a major in vivo receptor that repress expression of some
Qs associated virulence factors [42]. Thus, less involve-
ment of rhlR gene in biofilm formation process and
inducing QS associated mechanisms could be concluded.

Steroidal alkaloids derived from Solanaceae family such
as Solasodine are employed as drug precursors in manu-
facturing many different storied drugs such as corticoste-
roids, antifertility drugs and steroid anabolic steroids [43,
44]. We also find some recent papers that reporting abol-
ishment of antibacterial and antibiofilm activity of some
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antibiotic agents by anti-inflammatory corticosteroid
drugs [45, 46]. Increased rate of treatment failure in com-
bination therapy with antibiotics and corticosteroids also
has reported previously [47]. Therefore, biofilm inducing
properties of solanum alkaloids that was detected in the
present study remind a warning about the same proper-
ties of solanum derived commercial drugs. Therefore, we
propose to studying the biofilm inducing properties of
such drugs specially in invivo condition and we believe
that the acquired results could be beneficial and useful in
revision of therapeutic prescriptions especially in biofilm
associated infections and also therapy regiments contain-
ing combination therapy with antimicrobial agents and
plant derived steroid drugs.

Conclusion

Sub-inhibitory concentration of Solanidine and Sola-
sodine stimulated biofilm formation in P aeruginosa
in a dose-dependent manner. They also have increased
expression of LasIR and RhlIR QS associated genes vig-
orously. Biofilm inducing properties of the steroidal Phy-
toalkaloids and probably medicines derived from them
has to be considered in development of new therapeutic
regiments and also revision of existed guidelines. But,
investigating the biofilm stimulating properties of cor-
ticosteroids and other medicines that comes from plant
alkaloids on a larger group of different bacterial species is
necessary to reach confirmation. Finally, we also believe
that sub-inhibitory of solanum alkaloids could be used
usefully in research field in direction to stimulate biofilm
formation of the bacteria in culture media.

Material and methods

Bacterial isolates and phenotypic detection of biofilm
formation

Twenty local isolates of P aeruginosa were used in all
assessments. Bacterial isolates were obtained from dif-
ferent clinical samples in a recent study [24]. PaO1 strain
also was used in all experiments as a strong biofilm for-
mer control. Biofilm formation ability of the isolates was
confirmed by microtiter plate method through detection
the optical density of safranin-stained sessile bacteria
on the bottom and the walls of the polystyrene wells at
570 nm. Biofilm former isolates were grouped as strong
biofilm formers and weak biofilm formers according to
the Stepanovic et al. method [48, 49]. All experiment
were repeated in triplicate and investigated bacteria were
preserved in -70 °C until use.

Evaluation the minimum inhibitory concentration (MIC) of

SN, SS and tobramycin

Broth microdilution method was used for evaluation the
MIC of SN, SS( 125 to 2048 /), 1/2 serial dilution con-
centrations of both studied alkaloids were investigated)



Noori et al. BMC Microbiology (2023) 23:208

Table 1 List of the primers that were used in gPCR amplification
process

Name Forward primer (5'-3’) Reverse primer Am- Tm
(5'-3) plicon (°C)
length
(bp)
las! CTTTTCCGACTGTACGCT ~ ATCATCTTCTCCAC- 108 57
GCCT
lask ~ CTTGGTTGACGGTTTTCT  CTCCACTC- 54 57
CAATTTTCCAC
rhill CAAACCCGCTACATCGTC  TGCACAGGTAGGC- 109 56
GAAGA
rhIR GAGGCTTTTTGCTGTGGT — GGGT- 105 56
GAAGGGAATCGTGT
algD  GGGGCCAACAAGGAATA-  AGCACCAGCA- 101 57
CA CATCGGAA
gyrA ACACCGAGGCGAACAAGA  TAGTCGGTGGTGAG- 73 57
GAAGT

The specificity of the primers was evaluated by melt curves

and tobramycin according to the CLSI guidelines [50].
MIC range of tobramycin among different isolates was
2-64 g Therefor, 1 ., of tobramycin was used as
control in the biofilm formation assessments.

Investigation of the biofilm formation after treatment with
tobramycin, SN and SS

Evaluation of the biofilm formation capacity of the stud-
ied isolates in the absence/presence of the subinhibitory
concentration of SS, SN and tobramycin as control was
the main goal. Therefore, all of the isolates were treated
with the compounds at the start point of the experiment
in the microplate wells. Biofilm formation ability of the
studied isolates was investigated quantitively after treat-
ment with 1 pg/ml of tobramycin and two concentra-
tion (32 and 512 pg/ml) of SN and SS in comparison to
untreated condition. Mean optical density (OD) of resus-
pended stained mature biofilms at 570 nm was used in
order to quantitative estimation of biofilm formation
capacity of isolates(26).

Evaluation the relative expression level of investigated
genes (lasl, lasR, rhll, rhiIR and algD)

Quantitative real-time PCR (qPCR) was performed in
order to evaluating relative expression level of investi-
gated genes. Briefly, all studied bacteria were cultured in
Luria-Bertani broth (Merck, Germany) in untreated and
different treatment conditions as mentioned before, and
incubated overnight at 37 °C. RNA was extracted from
overnight cultures by RNA isolation kit (Dena-Zist, Iran).
Purity and stability of the extracted RNAs was confirmed
by calculation of the 260 nm/280 nm OD ratio of sus-
pensions and electrophoresis on 1% agarose gel, respec-
tively. The Viva 2-step RT-PCR kit (Vivantis, Malaysia)
with Syber-Green master mix technology was used in
synthesis of cDNA and amplification process. Step one
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plus Real-time PCR system (Marsiling industries, Singa-
pore) and specific primers (Table 1) were used in qPCR
amplification. The gyrA gene was used as internal refer-
ence gene [21]. The comparative CT method was used in
calculation of the relative expression level (274CT) of the
investigated genes in untreated and after different treat-
ment conditions [51].

Statistical analysis

Statistical product and service solution (SPSS) soft-
ware version 26 was used in data analysis. Mean OD
of both groups of isolates(weak biofilm formers and
strong biofilm formers) was compared in different treat-
ment condition with untreated condition and with each
other through analysis of variance (ANOVA). The mean
expression level of investigated genes in untreated con-
dition was compared with the same values in differ-
ent treatment conditions by paired t-test analysis. The
p-value<0.05 was regarded as significant.

Abbreviations

P.aeruginosa  Pseudomonas aeruginosa

Qs Quorum-sensing

SN Solanidine

SS Solasodine

T6SS Type 6 secretion system

oD Optical density

MIC Minimum inhibitory concentration

agPCR Quantitative real-time PCR

SPSS Statistical product and service solution software
ANOVA Analysis of variance
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