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Abstract: Pseudomonas aeruginosa is an opportunistic pathogen often involved in airway infections of
cystic fibrosis (CF) patients. Its pathogenicity is related to several virulence factors, such as biofilm
formation, motility and production of toxins and proteases. The expression of these virulence factors
is controlled by quorum sensing (QS). Thus, QS inhibition is considered a novel strategy for the
development of antipathogenic compounds acting on specific bacterial virulence programs without
affecting bacterial vitality. In this context, cold-adapted marine bacteria living in polar regions
represent an untapped reservoir of biodiversity endowed with an interesting chemical repertoire. In
this paper, we investigated the biological activity of a supernatant derived from a novel Antarctic
bacterium (SN_TAE2020) against specific virulence factors produced by P. aeruginosa strains isolated
from FC patients. Our results clearly show a reduction in pyocyanin and protease production
in the presence of SN_TAE2020. Finally, SN_TAE2020 was also able to strongly affect swarming
and swimming motility for almost all tested strains. Furthermore, the effect of SN_TAE2020 was
investigated on biofilm growth and texture, captured by SEM analysis. In consideration of the
novel results obtained on clinical strains, polar bacteria might represent potential candidates for the
discovery of new compounds limiting P. aeruginosa virulence in CF patients.

Keywords: Pseudomonas aeruginosa; cystic fibrosis; anti-virulence; SEM; motility; biofilm; pyocyanin;
proteases; Antarctic bacteria

1. Introduction

Cystic fibrosis (CF) is a progressive genetic disease caused by the presence of mutations
in the cftr gene, encoding for a protein called cystic fibrosis transmembrane conductance
regulator (CFTR). This mutation has been reported to alter the transport across the cellular
membrane, especially in the airways [1]. A defective CFTR protein produces thick, sticky
mucus that clogs the airways, trapping microorganisms, leading to inflammation and re-
current and chronic infections, which cause respiratory failure and other complications [2].
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Starting from childhood, Staphylococcus aureus (S. aureus) is one of the first colonizers
of the CF airways, followed by Haemophilus influenzae (H. influenzae) and then, during
adolescence and for all patient life, the opportunistic pathogen Pseudomonas aeruginosa (P.
aeruginosa) [3,4].

P. aeruginosa is an aerobe and facultative anaerobe that can survive well in microaerobic
conditions such as those generated by the sticky mucus within the lungs of CF patients [5,6].

The Infectious Diseases Society of America (IDSA) recently focused attention on clini-
cal microorganisms—acronymically termed ‘ESKAPE pathogens’—capable of ‘escaping’
the antimicrobial action of antibiotics, representing new patterns in pathogenesis, trans-
mission and resistance. ESKAPE microorganisms include both S. aureus and P. aeruginosa.
A deep understanding of virulence mechanisms adopted by these bacteria during trans-
mission and pathogenicity may lead to innovative strategies for the development of new
anti-infective options [7].

During CF infection, the lung environment is extremely hostile because of the very
high concentrations of antibiotics, reduced nutrient availability, elevated osmotic stress and
intermicrobial competition: these conditions force P. aeruginosa to adapt for survival [8].

The virulence of each P. aeruginosa isolate is strongly related to different factors such
as the capability to form a biofilm, different types of cell/colonial motility and production
of toxins (for example, bacterial pigments) [9]. The dynamic process of biofilm formation
offers protection to bacterial cells and resistance to drugs and host immune attacks. The
self-produced exopolysaccharide matrix (EPS) that can incorporate different bacterial
communities ensures their survival and resistance to certain antibiotics, complicating
bacterial eradication [10]. Motility also contributes to biofilm formation and bacterial
colonization of surfaces [11]. Swarming, swimming and twitching are three different types
of P. aeruginosa motilities [12].

Other virulence factors are important for P. aeruginosa survival and persistence in a
human host. Among these, pyocyanin production induces oxidative stress and is impor-
tant for the establishment of infections, interfering in numerous cellular processes of the
host [13].

The expression of these virulence factors is mainly controlled by quorum sensing (QS),
an intercellular communication system that bacteria use to monitor population density
via signaling molecules and receptors. This program self-adapts gene expression to the
constantly changing needs [14,15]. Therefore, the control of QS may become a drug target
for the development of new antipathogenic agents [16]. Quorum sensing inhibitors (QSIs)
act on specific virulence programs and do not affect bacterial vitality. For this reason, they
should not lead to the development of the resistance observed for antibiotics [17].

Recently, several agents of natural origin isolated from fungi [18,19], bacteria [20] and
plants [21,22] have shown anti-virulence features against some bacterial species, including
P. aeruginosa.

In this context, we chose to explore an exotic and unusual ecological niche represented
by the polar marine habitat. The marine environment holds great potential as a possible
source of novel drugs. Marine microorganisms possess a vast diversity of metabolic capa-
bilities, since their ecological niche forces them to abruptly adapt to the diverse range of
physical and chemical conditions of rapidly changing marine ecosystems. Biologically ac-
tive compounds isolated from marine sources have already been selected for the treatment
of various diseases, such as anticancer, antimicrobial and antifouling compounds [23,24].
Cold-adapted marine bacteria deriving from polar regions represent an unexploited reser-
voir of biodiversity endowed with an interesting chemical repertoire, also applicable in the
pharmaceutical field [25].

Psychrobacter sp. TAE2020 is an aerobic
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-proteobacterium isolated from an Antarctic
coastal seawater sample collected in the vicinity of the French Antarctic station Dumont
d’Urville. Preliminary data indicated its ability to produce anti-biofilm molecules active on
Staphylococcus epidermidis (submitted); therefore, this observation prompted us to evaluate
the effect of molecules produced by the Antarctic bacterium against P. aeruginosa cells.
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This work aims to investigate the capability of Psychrobacter sp. TAE2020 to produce and
secrete molecules active against some virulence factors produced by P. aeruginosa isolated
from CF patients, such as biofilm formation and accumulation, pyocyanin production and
swimming and swarming motility.

2. Results
2.1. Phenotypic Characterization of Clinical and PA14 Strains

The selection of P. aeruginosa isolates was based on specific virulence factors, such as
pyocyanin production, proteolytic activity, biofilm formation and swarming and swimming
motility. The characterization of these features in the selected strains is reported in Table 1.

Table 1. Phenotypic characterization of clinical and PA14 strains.

Bacterial Strain Pyocyanin
(OD 520 nm)

Protease Activity
(OD 400 nm)

Biofilm 24 h a

(OD 590 nm)
Biofilm 48 h b

(OD 590 nm)
Swarming
Motility c

Swimming
Motility c

PA14 0.178 ± 0.042 2.037 ± 0.020 3.561 ± 0.357 13.470 ± 1.403 +++ +++
23P 0.148 ± 0.024 1.988 ± 0.057 3.175 ± 0.851 0.738 ± 0.373 +++ +++
27P 0.102 ± 0.005 2.175 ± 0.036 1.429 ± 0.643 3.049 ± 0.796 +++ +++
31P 0.063 ± 0.031 1.915 ± 0.001 1.741 ± 0.154 5.133 ± 0.946 +++ +++
32P 0.121 ± 0.037 2.439 ± 0.078 1.117 ± 0.163 5.597 ± 1.390 +++ +++
40P 0.160 ± 0.041 2.064 ± 0.058 0.970 ± 0.201 2.172 ± 0.194 +++ +++

a Biofilm production during an incubation period of 24 h without medium replacement. b Biofilm production during an incubation period
of 48 h with medium replacement after 24 h. c Motility zone (mm) < 15 mm; +++ motility zone (mm) > 30 mm.

2.2. Effect of SN_TAE2020 on Biofilm Formation

Psychrobacter sp. TAE2020 was grown in a synthetic medium named Gut in plank-
tonic conditions at 15 ◦C until the stationary phase of growth (72 h). The supernatant
(SN_TAE2020) was recovered by centrifugation and sterilized by filtration, and then it was
stored at 4 ◦C until use. The supernatant did not show antimicrobial activity at all tested
dilutions (data not shown).

Preliminary experiments were carried out to assess the effect of SN_TAE2020 on
the growth rate of P. aeruginosa bacterial strains. SN_TAE2020 was added to the growth
medium at two different concentrations (diluted 1:2 and 1:5), and bacterial growth curves
were monitored over 30 h. As a control, bacteria were also grown in the presence of 50%
of the culture medium used for TAE2020 growth (Gut medium). As shown in Figure 1,
SN_TAE2020 did not significantly affect the P. aeruginosa duplication rate for each tested
strain at both used concentrations. Indeed, bacterial growth curves were nearly superim-
posable both in the presence and in the absence of SN_TAE2020.

The effect of SN_TAE2020 was investigated at two different time points during biofilm
development; it was added to the medium at the beginning of the cultivation (0 h, pre-
adhesion period), and after biofilm formation (24 h of bacterial culture). SN_TAE2020
was used at a dilution of 50% in BHI 2X (final concentration of broth 1X). As a control,
bacteria were cultured in the presence of the Gut medium. The results on the anti-biofilm
activity of SN_TAE2020 added at the beginning of the cultivation period (0 h) are presented
in Figure 2A.
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Figure 1. Growth curves of P. aeruginosa bacterial strains at 37 ◦C at 180 rpm. P. aeruginosa bacterial strains were grown in:
BHI, in the presence of 20% and 50% of SN_TAE2020, and in the presence of Gut medium at 50%. Results are representative
of three independent experiments.

The results are expressed as the percentage of biofilm formed in the presence of
SN_TAE2020 compared to the bacteria grown in the presence of 50% of the Gut medium.

SN_TAE2020 showed its activity on all the tested strains, where inhibition of biofilm
formation variably ranged from about 90% to 50%. The strongest inhibition (86.5%) was
achieved on the isolate 23P. Furthermore, SN_TAE2020 also showed inhibitory activity on
the highly virulent reference strain PA14, characterized by a specific mutation in the retS
gene responsible for hyperbiofilm production [26].

SN_TAE2020 was also tested for its ability to degrade mature biofilms. In this case,
bacterial isolates were grown in static conditions in microtiter plates for 24 h at 37 ◦C,
and then the growth medium was replaced by adding SN_TAE2020 at 50% dilution. As a
control, the growth medium supplemented with Gut broth at a dilution of 1:2 was added
in the corresponding wells. The microtiter plates were incubated for a further 24 h at 37 ◦C.
The results are presented in Figure 2B. After the addition of SN_TAE2020, in two out of six
strains, a biofilm reduction was observed, ranging from 40% to 60%. However, it is worth
noting that biofilms measured after 48 h of incubation with medium replacement after 24 h
were more abundant and probably more structured and difficult to eradicate. Considering
the difficult eradication, a higher concentration of SN_TAE2020 could be necessary to
observe a more marked eradication effect.
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Figure 2. Effect of TAE2020 supernatant (SN_TAE2020) on biofilms of different clinical and reference strains. (A) Effect of
SN_TAE2020 on biofilm formation. On the ordinate axis, the percentage of bacterial biofilm production is reported. Data are
expressed as the percentage of biofilm formed in the presence of SN_TAE2020 compared with the control sample. Each data
point is composed of 4 independent experiments, each performed in at least 3 replicates. (B) Effect of SN_TAE2020 on 24 h
mature biofilm. On the ordinate axis, the percentage of residual biofilm is reported. Data are expressed as the percentage of
residual biofilm after 24 h of treatment compared with the control sample. Each data point is composed of 4 independent
experiments, each performed in at least 3 replicates.
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2.3. Effect of SN_TAE2020 on Pyocyanin Production and Protease Activity

SN_TAE2020’s influence on pyocyanin production and protease activity was assessed
on all tested P. aeruginosa strains which had been chosen for their strong production of
these virulence factors (Table 1).

First, we investigated the effects of SN_TAE2020 diluted 1:5 in culture medium on
the synthesis and secretion of the virulence-associated pigment pyocyanin. As a control,
bacteria were cultured in the presence of 20% (1:5 dilution) of the same broth used for
TAE2020 growth (Gut medium). For each strain, data are expressed in Figure 3 as a
percentage of residual pyocyanin production after 48 h of treatment in comparison with
that of the control experiment. Pyocyanin production was also normalized to the optical
density reached by the bacterial strain at 48 h.
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Figure 3. Effect of SN_TAE2020 on pyocyanin production after 48 h of incubation. Data are reported
as a percentage of residual pyocyanin production after the SN_TAE2020 treatment in comparison
with controls (bacteria grown in the presence of Gut diluted 1:5). Each data point is composed of
4 independent experiments, each performed in at least 3 replicates.

SN_TAE2020 reduced pyocyanin production in five out of six tested strains. On the
reference strain PA14 and on the clinical isolate 27P, the reduction in pyocyanin production
was higher than 50%.

Proteases, in particular, LasA and LasB of P. aeruginosa, are considered as major
virulence factors playing a pivotal role during acute and chronic infections [27]. In the
present study, the ability of SN_TAE2020 diluted 1:5 in culture medium to reduce azocasein-
degrading protease activity was observed. The residual proteolytic activity in the culture
supernatant of P. aeruginosa was compared with that of untreated bacteria after 48 h of
growth. As a control, bacteria were cultured in the presence of 20% (1:5 dilution) of the
same broth used for TAE2020 growth. The results, expressed as a percentage of residual
proteolytic activity of the treated cultures in comparison with that of the corresponding
controls (growth in the presence of Gut diluted 1:5), are reported in Figure 4. Proteolytic
activity was also normalized to the optical density reached by the bacterial strain at 48 h. A
partial reduction in proteases was highlighted in three out of six tested strains.
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2.4. Effect of SN_TAE2020 on Motility

The ability of SN_TAE2020 to reduce swarming and swimming motility patterns in
reference and clinical P. aeruginosa isolates was also investigated. The results are represented
in Figure 5.

Swarming is a mode of surface translocation dependent on cell-to-cell signaling that
requires flagella and pili. SN_TAE2020 was diluted 1:5 in the appropriate semi-solid
medium, and, as a control, a 1:5 dilution of the growth medium used for the TAE2020
culture was used. As reported in Figure 5, SN_TAE2020 reduced swarming zones in all
tested strains.

In the soft agar plate of the treated P. aeruginosa 31P, bacteria were not macroscopically
visible despite the concentration of SN_TAE2020 used being unable to impair bacterial
vitality.

Regarding swimming motility, produced by polar flagella movements of bacteria in
a liquid environment, the results are reported in the right panel of Figure 5. In all tested
strains, SN_TAE2020 caused a strong reduction in swimming motility. P. aeruginosa 31P
was not macroscopically visible on the soft agar plate in this case too, despite the adopted
concentration of SN_TAE2020 being unable to impair bacterial vitality.
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Figure 5. Motility assay. Left panel: Swarming inhibition assay of SN_TAE2020 on reference and clinical strains. (A) P.
aeruginosa PA14; (B) P. aeruginosa 23P; (C) P. aeruginosa 27P; (D) P. aeruginosa 31P; (E) P. aeruginosa 32P; (F) P. aeruginosa 40P.
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2.5. Morphological Evaluation by SEM Analysis
2.5.1. Evaluation of SN_TAE2020’s Influence on P. aeruginosa PA14

The untreated P. aeruginosa PA14 biofilm sample exhibits a smooth, compact and
dense aspect (Figure 6A), and a few micro-channels are visible. At a higher magnification
(Figure 6B), one bacterial cell is observed on the matrix surface. The cell surface is rough
due to the presence of pili wrapped around the cell body. When P. aeruginosa PA14 is treated
with SN_TAE2020, the biofilm topography changes, the dense and compact appearance
is modified into a more porous one and the biofilm is partially disaggregated due to the
irregularly sized pores that perforate its surface (Figure 6C). At higher magnifications,
bacterial cells are observed both on the biofilm surface or detached from the spongy biofilm
matrix (Figure 6D).
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appears as a dense and smooth-surfaced mass; (B) 5000×, a bacterial cell is adherent to the matrix surface; (C) 3000×, the
treatment affects the biofilm surface, and deep holes are seen partially perforating its surface; (D) 5000×, a globular mass of
biofilm with a spongy aspect is shown, where bacterial cells are dispersed on its surface or lay detached and sparsely on
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2.5.2. Evaluation of SN_TAE2020 on P. aeruginosa 23P

The untreated P. aeruginosa 23P biofilm control sample shows a rough and dense
surface aspect (Figure 7A), and a few deep micro-channels, with an uneven diameter, are
visible. At a higher magnification (Figure 7B), some bacterial cells are observed emerging
from the matrix surface. When P. aeruginosa 23P is treated with SN_TAE2020, the biofilm
topography changes, very large ladders characterize the biofilm surface (Figure 7C) and the
dense matrix is modified into a spongy and meshed structure. At higher magnifications, the
biofilm appears to be formed by a loose and stratified network of extracellular polymeric
substances in which bacterial cells are more or less entrapped (Figure 7D).
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2.6. Anti-Virulence Features of Organic Extract from the Supernatant of TAE2020

The cell-fee supernatant was extracted with an organic solvent, as described in the
Materials and Methods section, to generate EX_TAE2020 and analyzed for its anti-virulence
features. The results obtained are summarized in Figure 8. It was tested on the reference
strain P. aeruginosa PA14 at a concentration of 2 mg/mL, as previously reported [28],
to investigate its capability to impair biofilm formation, protease activity, swarming
motility and pyocyanin production. First, we tested EX_TAE2020 as an antimicrobial,
and the results show that it did not affect bacterial vitality at all tested concentrations
(data not shown).

Despite the minor complexity of the extract, it showed the ability to preserve several
of the anti-virulence capabilities previously highlighted by the supernatant. However,
EX_TAE2020, contrary to SN_TAE2020, was not able to reduce pyocyanin production.
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Figure 8. Effect of EX_TAE2020 on several virulence features of P. aeruginosa PA14. (A) Effect of
EX_TAE2020 on biofilm formation of P. aeruginosa PA14. On the ordinate axis, the percentage of
bacterial biofilm production is reported. Data are expressed as the percentage of biofilm formed in
the presence of EX_TAE2020 compared with the untreated sample. Each data point is composed
of 4 independent experiments, each performed in at least 3 replicates. (B) Effect of EX_TAE2020 on
protease production of P. aeruginosa PA14 after 48 h of incubation. Data are reported as the percentage
of residual proteolytic activity after the EX_TAE2020 treatment in comparison with that of untreated
controls. Each data point is composed of 4 independent experiments, each performed in at least
3 replicates. (C) Swarming inhibition assay of EX_TAE2020 on P. aeruginosa PA14. (D) Effect of
EX_TAE2020 on pyocyanin production of P. aeruginosa PA14 after 48 h of incubation.

2.7. GC-MS Analysis of the Organic Extract from SN_TAE2020

The organic extract from SN_TAE2020 was subjected to chemical analyses to detect
the presence of fatty acids, carbohydrates and amino acids. The GC-MS chromatogram
of the glycosyl analysis did not reveal any monosaccharides, whereas the amino acids
glutamic acid, phenyl alanine and leucine were detected. From the fatty acid analysis,
C14:0 to C18:0, C16:1 and C18:1 were detected. In agreement with these data, the 1H-NMR
(Figure 9) and the MALDI-TOF (data not shown) spectra suggested a mixture of low-
molecular mass molecules. The signals at low values of proton chemical shifts, in the range
from 0.5 to 2 ppm, can be attributable to the methylene (CH2) and methyl groups (CH3)
of long hydrocarbon chains, confirming the presence of fatty acids. The signals between
2.0 and 6.0 ppm can be attributable to the residues of amino acids, as well as the signals
around 8 ppm. The positive ion MALDI-TOF spectrum confirmed that the fraction was
constituted by a complex mixture of low-molecular mass compounds since it was rich in
signals between 600 and 1600 Da.
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3. Discussion

P. aeruginosa possesses an inherent resistance to a wide variety of antimicrobials
due to its low membrane permeability, expression of different efflux pumps and biofilm
production that reduce the physical access of immune effectors and therapeutics, reducing
the success of antibacterial treatment. Moreover, mainly during chronic infections, such as
those occurring in the lungs of CF patients, P. aeruginosa can easily acquire new resistance
mechanisms via horizontal gene transfer [24].

Taking into account these assumptions and in consideration of the growing threat
of antimicrobial resistance, it is mandatory to focus research not only on the discovery
of new antimicrobials but also on the development of innovative therapeutic treatments.
A promising strategy could be based on targeting the virulence features of a pathogen,
in order to block its ability to inflict injury, helping to slow down pathogenetic mechanisms
and restore bacterial clearance by the host [29,30].

Colonization of host tissues, implants and medical devices and environmental surfaces
facilitated by the formation of biofilms is often the basis for the development of chronic
infection [31]. The development of a biofilm is a multistep process that requires different
actors, including various motility factors, followed by the secretion of components of the
extracellular matrix, all finely regulated by the hierarchical QS system [32].

Due to their relevance, QS and biofilms are the most frequently targeted systems to
disarm P. aeruginosa virulence [29,33].

Furthermore, QS systems in P. aeruginosa also control the expression of several other
virulence factors, including proteases, exotoxin A, pyocyanin, pili and flagella related to
bacterial motility [34].

The literature reports several compounds of synthetic or natural origin that inhibit
(defined as QSI) or quench QS-dependent gene expression. Several studies report the
identification of various QSIs and quorum quenchers that attenuate the production of
virulence factors in vitro and moderate P. aeruginosa virulence without exhibiting antimi-
crobial activity. They also increase bacterial susceptibility to antibiotics by inhibiting
biofilm formation.

In this report, we investigated the anti-virulence properties of a supernatant derived
from an Antarctic bacterium named Psychrobacter sp. TAE2020 against specific virulence
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factors produced by P. aeruginosa isolates obtained from FC patients. Indeed, the in-
vestigation of new unexplored habitats and uncommon environments has become an
important source for the discovery of novel bacterial metabolites with antimicrobial and
anti-virulence activity.

Our previously reported studies showed antimicrobial and anti-biofilm activities
expressed by different marine cold-adapted bacteria isolated from polar regions, especially
Antarctica, against staphylococci and P. aeruginosa [20,28,35–37]. Herein, we demonstrated
that the cell-free supernatant of an Antarctic bacterium belonging to the Psychrobacter genus,
named TAE2020, strongly affected some specific virulence features of P. aeruginosa isolates
from CF patients, without affecting bacterial vitality or inhibiting bacterial growth.

Regarding biofilm inhibition, SN_TAE2020 strongly affected the biofilm development
of all tested strains with different efficacies. In particular, the effect seemed to be more
marked for stronger biofilm producers (strains PA14, 23P and 31P). Particularly interesting
is the disaggregating activity showed by SN_TAE2020 on mature biofilms, since once a
biofilm is established, it is very hard to disrupt it. We observed a positive effect on biofilm
disaggregation in two out six of the bacterial strains analyzed, with an efficiency of about
50% (Figure 1).

Morphological analysis of the biofilm obtained by SEM returned interesting informa-
tion on the action of SN_TAE2020 on a P. aeruginosa reference strain (PA14) and on the
clinical P. aeruginosa strain 23P. The latter strain was chosen because it was a strong biofilm
former, and its biofilm growth was strongly impaired by SN_TAE2020. Major structural
differences exist in the ECM structure of the two untreated strains. In fact, the two control
samples showed different biofilm features, which were more compact for PA14 compared
to 23P. On both samples, the effect of the treatment was clearly visible, but it was more
pronounced on 23P, probably because the structure of the untreated biofilm built by this
strain was less dense. SEM images showed that the SN_TAE2020 treatment detaches and
disperses PA14 bacterial cells from the polymeric matrix of the biofilm; this could suggest a
weakening of the bonds between bacteria and matrix components. This does not happen in
sample 23P, where bacteria are still mostly immersed in the matrix, while the matrix itself
is ‘unstranded’; in this case, the mechanism of action is probably different and concerns
only the matrix.

In both cases, we can explain why the motility of bacteria decreases; in sample PA14,
the activity of pili and flagella is probably involved, while in 23P, the disrupted matrix
probably entangles the bacteria and holds them back, preventing their movement.

Besides its biofilm, P. aeruginosa possesses other virulence features. Pyocyanin, for ex-
ample, interferes with numerous functions in host cells due to its high redox activity and is
used by the bacterium to establish infections and to promote virulence [19]. The production
and secretion of this green pigment are controlled by QS and allow bacterial persistence
in hostile environments, by aiding biofilm development [38]. Pyocyanin also exerts an
antimicrobial activity against several bacteria and fungi and favors lung damage and the
consequent respiratory failure by an increase in oxidative stress in the lung epithelium [39].
Our results show a reduction in pyocyanin production in five out of six tested strains (with
an efficacy higher than 50% for two strains), likely suggesting a possible interference with
QS activation and regulation.

A partial reduction in proteases was highlighted in three out of six tested strains
after treatment with SN_TAE2020; this is an extremely interesting feature of the tested
supernatant, since the proteolytic activity of P. aeruginosa, particularly due to extracellular
proteases LasA and LasB, is considered a major virulence factor playing a pivotal role
during acute and chronic infections [27]. However, it is interesting to note that in these
experiments, the supernatant was used at a lower concentration than that adopted for
the adhesion experiments, since the high salt concentration of the medium used for Psy-
chrobacter growth inhibits the production of P. aeruginosa pigment and proteases. In order
to exclude an effect due to the medium salt concentration and to render the sample less
complex, the supernatant was extracted with an organic solvent.
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A stronger inhibition of the proteolytic activity was obtained using the organic extract
derived from the supernatant, which allowed the use of higher concentrations since the
experiment did not depend on the growth medium.

Unfortunately, the extract did not induce a reduction in pyocyanin production. How-
ever, it is well known that the production of pyocyanin and other virulence factors is
controlled by different regulators within the QS system [13]; therefore, the activities per-
formed by the supernatant are not necessarily due to a single compound acting on all the
analyzed virulence factors.

Finally, SN_TAE2020 was able to strongly affect P. aeruginosa swarming and swimming
motility for almost all tested strains. Additionally, in this case, inhibition of motility
(evaluated on swarming motility) was confirmed for the extract.

Preliminary characterization of the organic extract was carried out by means of chemi-
cal analyses and spectroscopic techniques. The amino acid content, analyzed by GC-MS
as N-acetyl methyl ester derivatives, revealed the presence of glutamic acid, phenylala-
nine and leucine. Furthermore, the GC-MS analysis of fatty acids derivatized as fatty
acid methyl ester suggested the presence of C14:0 to C18:0, C16:1 and C18:1. Finally, the
1H-NMR and the MALDI-TOF spectra suggested that the organic extract is a mixture of
compounds. In consideration of the novel results obtained on clinical strains isolated from
CF patients, the marine Antarctic bacterium Psychrobacter TAE2020 could be considered as
a good candidate for the identification of anti-virulence compounds. These compounds
could be candidates for the disinfection of the equipment adopted to improve the respira-
tory function of patients (masks, ventilators, etc.), since contaminated objects represent a
route of indirect transmission of virulent strains [40]. Furthermore, several studies have
reported promising synergy between antimicrobials and anti-virulence compounds. Many
of these directly or indirectly target P. aeruginosa virulence features to increase bacterial
susceptibility to antimicrobials.

4. Materials and Methods
4.1. Bacterial Strains and Growth Conditions

For this study, five P. aeruginosa strains were used, isolated from respiratory specimens
of five CF patients in a follow-up at Pediatric Hospital Bambino Gesù (OPBG) of Rome,
Italy. Phenotypic characteristics of the bacterial strains are summarized in Table 2.

Table 2. The five P. aeruginosa clinical isolates and their characterization by several properties [41].

ID pt ID SAMPLE Date Phenotype 1st Infection Early Infection Late Infection

22 23P ESP 6/24/2005 sm X

24 27P AT 1/31/2017 sm X

9 31P ESP 1/11/2017 M X

26 32P AT 12/5/2006 sm X

30 40P AT 7/1/2013 i X

ID pt: patient identification; ID: strain code; Date: date of collection; Esp: sputum; AT: hypopharyngeal suction; TF: throat swabs; sm:
smooth phenotype; i: irregular colony edges; m: mucoid colony; X: denotes positive for the feature.

P. aeruginosa PA14 was used as a reference strain for studies on pathogenesis and
biofilm formation [26]. Bacteria were grown in Brain Heart Infusion broth (BHI, Oxoid,
Basingstoke, UK). Planktonic cultures were grown in flasks under vigorous agitation
(180 rpm), while biofilm formation was performed in static conditions, at 37 ◦C.

Psychrobacter sp. TAE2020 was grown in flasks in synthetic medium Gut (L-Glutamic
acid, sodium salt 10 g/L, NaCl 10 g/L; NH4NO3 1 g/L; KH2PO4·7H2O 1 g/L; MgSO4·7H2O
200 mg/L; FeSO4·7H2O 5 mg/L; CaCl2·2H2O 5 mg/L) in planktonic conditions at 15 ◦C
under vigorous agitation (180 rpm) until the stationary phase of growth (72 h). The
supernatant was recovered by centrifugation at 7000 rpm at 4 ◦C for 30 min, sterilized by
filtration through membranes with a pore diameter of 0.22 µm and stored at 4 ◦C until use.
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4.2. Pre-Adhesion Period

Biofilm production was quantified based on microtiter plate biofilm assay (MTP),
as previously reported [42]. Briefly, the wells of a sterile 96-well flat-bottomed polystyrene
plate were filled with BHI containing a 1:100 dilution of overnight bacterial cultures (about
0.5 OD 600 nm). As control, the first row contained the untreated bacterial cells in BHI
broth supplemented with the medium used for the growth of TAE2020 diluted 1:2. In the
second row, SN_TAE2020 was added to the same bacterial culture at a dilution of 1:2. The
plates were aerobically incubated for 18 h at 37 ◦C. After the incubation, the well content
was aspirated and washed three times with double-distilled water to remove planktonic
cells, and the plates were dried in an inverted position. For the quantification of biofilm
formation, each well was stained with 100 µL of 0.1% crystal violet, incubated for 15 min at
room temperature, rinsed twice with double-distilled water and thoroughly dried. The
remaining dye attached to the adherent cells was solubilized with 20% (v/v) glacial acetic
acid and 80% (v/v) ethanol. After 30 min of incubation at room temperature, the total
biofilm biomass in each well was spectrophotometrically quantified at 590 nm. Each data
point is composed of 4 independent experiments, each performed in at least 6 replicates.

4.3. Mature Biofilm

Assays on preformed biofilms were also performed. The wells of a sterile 96-well
flat-bottomed polystyrene plate were filled with 100 µL of BHI medium containing 1:100
dilution of overnight bacterial culture. The plates were aerobically incubated for 24 h at
37 ◦C. Then, the contents of the plates were poured off, and the wells were washed to
remove the unattached bacteria; an amount of 100 µL of the fresh medium containing
SN_TAE2020 diluted 1:2 was added into each well. As control, 100 µL of the fresh medium
containing Gut diluted 1:2 was added. The inoculated plates prepared in this way were
aerobically incubated for an additional 24 h (48 h in total) at 37 ◦C. After 24 h, the plates
were analyzed as previously described.

4.4. Pyocyanin Assay

Pyocyanin production was determined as described by Pejčić et al. (2020) [9], with
modifications. Bacterial cells were inoculated in BHI broth with or without SN_TAE2020
at a dilution of 1:5 and incubated for different times at 37 ◦C. As control, the BHI was
supplemented with the medium used for the growth of TAE2020 diluted 1:5. The cells
were removed by centrifugation (10,000 rpm, 15 min), and the supernatant was used for
pyocyanin extraction. Briefly, 2 mL of chloroform was added into 2 mL of the supernatant.
The solution was mixed for 2 min by inversion and then decanted for 15 min to allow
the separation of the organic phase from the aqueous phase. The lower layer containing
pyocyanin was transferred into a tube containing 2 mL of 0.2 M HCl. The resulting solution
was mixed and decanted to allow the separation of the two phases. Then, the pink-colored
upper layer was separated, and pyocyanin was subsequently spectrophotometrically
quantified at 520 nm. Pyocyanin was normalized to the optical density reached by each
bacterial culture.

4.5. Protease Assay

The total proteolytic activity of P. aeruginosa was determined by the azocasein assay.
An amount of 150 µL of both extract-treated and untreated culture supernatants was
added to 500 µL of 0.3% azocasein (Sigma, St. Louis, MO, USA) in 0.05 M Tris–HCl and
0.5 mM CaCl2 pH 7.5 and incubated at 37 ◦C for 30 min. In the untreated sample, bacteria
were grown in BHI supplemented with the medium used for the growth of TAE2020
diluted 1:5. The enzymatic reaction was stopped by adding an equal volume of l0% ice-
cold trichloroacetic acid and incubating the reaction at 4 ◦C for 10 min. After incubation,
the insoluble azocasein was removed by centrifugation at 10,000 rpm for 10 min, and the
obtained supernatant was measured at OD 400 nm. Proteolytic activity was normalized to
the optical density reached by each bacterial culture.
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4.6. Motility Assays
4.6.1. Swarming Assay

The swarming assay was performed as previously described by Yang and coworkers
(2018) [43], with some modifications. Briefly, SN_TAE2020 was added to molten swarming
agar at a dilution of 1:5. Swarming agar was prepared as follows: 0.8% Nutrient Broth
(Oxoid, Basingstoke, UK), 0.5% D-(+)-glucose (Sigma, Steinheim, Germany) and 0.5%
agarose (Invitrogen, Paisley, UK). The culture was then dispensed onto Petri dishes after
gentle mixing. Once the culture was solidified, 2 µL of each overnight P. aeruginosa culture
was inoculated in the center of the agar and then incubated at 37 ◦C for 24 h. We used
the medium used for the growth of TAE2020 as control (diluted 1:5). After the incubation
period, the diameters of the growth zones were measured. Anti-QS properties were
identified by the reduction in swarming motility.

4.6.2. Swimming Assay

The swimming assay was conducted according to previous research [43], with some
modifications. The procedures were the same as those of the swarming assay, except for
the swimming agar composition, which consisted of 1.0% peptone (Oxoid, Basingstoke,
UK), 0.5% sodium chloride (Sigma, Steinheim, Germany) and 0.3% Bacto-Agar (BD, Le
Pont de Claix, France). After the incubation period, the diameters of the growth zones
were measured.

4.7. SEM Analysis

For SEM analysis, bacteria were grown as follows: briefly, 1:100 dilution of overnight
bacterial cultures was transferred to tubes containing SEM stubs (aluminum, 12.5 mm
diameter, 6 mm pin) and incubated for 18 h at 37 ◦C in static conditions allowing biofilm
production, in BHI and in the presence or absence of SN_TAE2020 diluted 1:2. After the
growth, SEM stubs were washed in 0.1 M phosphate buffer pH 7.4 (PB) and fixed in 2.5%
glutaraldehyde in 0.1 M PB buffer. Samples were washed overnight in PB and postfixed
with a mixture of 2% OsO4 and 0.2% Ruthenium Red, for 1 h at room temperature [44–46].
Samples were then washed for 30 min with H2O, the excess of water was dried carefully
with filter paper and then the samples were mounted onto the specimen holder. P14
was covered by Hitachi ionic liquid Hilem 1000, 10% in H2O, then carefully dried with
filter paper and finally observed in a Hitachi SU3500 VP-SEM microscope (Hitachi, Tokyo,
Japan), at an operating condition of 3 kV and high vacuum. 23P was observed in the same
microscope but using variable pressure conditions of 5 kV and 30 Pa.

4.8. SN_TAE2020 Supernatant Preparation and Organic Extraction Protocol

The cell-free supernatant from Psychrobacter sp. TAE2020 culture was recovered
by centrifugation at 7000 rpm at 4 ◦C for 30 min. After centrifugation, the supernatant
was separated from the cells and sterilized by filtration through membranes with a pore
diameter of 0.22 µm. The cell-free supernatant, named SN_TAE2020, was frozen at −20 ◦C
until use. SN_TAE2020 was subjected to a liquid–liquid extraction to obtain the extracellular
extract without adding cryoprotectants. In detail, it was thawed and stirred with ethyl
acetate in a volume ratio of 2:1 (assay percent range ≥ 99.5%) (Sigma-Aldrich, St. Louis,
MO, US) and mixed at 1% with formic acid (assay percent range = 90%; JT Baker, Munich,
Germany). The solution was stirred for at least 30 min and subsequently centrifuged at
3000 rpm for 30 min. The resulting two phases were separated; the organic phase was
recovered and dried by using a rotary evaporator, Rotavapor (Buchi R-210, Rodano (MI)
Italy), at a temperature lower than 40 ◦C. The resulting organic extracts (EX_TAE2020)
were aliquoted and stored at −20 ◦C.

4.9. GC-MS of SN_TAE2020

All the samples were analyzed with the GC-MS Agilent Technologies 7820A equipped
with a mass selective detector, 5977B (HP-5 capillary column, 30 m × 0.25 mm i.d.; flow
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rate, 1 mL min−1, He as carrier gas). To a sample of the organic extract (1 mg), 6 M HCl
(0.1 mL) was added, and the reaction was left at 110 ◦C for 16 h. After neutralization and
drying, the sample was treated at 80 ◦C for 90 min with 0.5 M of HCl/CH3OH. After drying
under a stream of air, the sample was acetylated as reported [47]. The N-acetyl methyl
ester of amino acids obtained was injected adopting the following temperature program:
90 ◦C for 3 min, from 90 to 300 ◦C at 15 ◦C/min and at 300 ◦C for 5 min.

For the glycosyl and fatty acid analyses, another sample of the extract (1 mg) was
treated with 0.5 mL of 1.25 M HCl/CH3OH, and the reaction was carried out at 80 ◦C for
16 h. After this time, the sample was extracted with hexane, and both the methanol and
hexane layers were dried. The methanol extract was acetylated as already reported [47]
prior to injection into the GC-MS, whereas the hexane fraction was analyzed after being
dissolved in acetone. The temperature program for acetylated methyl glycosides was as
follows: 140 ◦C for 3 min, 140→240 ◦C at 3 ◦C/min.

Finally, the temperature program for the fatty acid analysis was as follows: 140 ◦C for
3 min, then 140→280 ◦C at 10 ◦C/min and, finally, 280 ◦C for 20 min.

4.10. NMR Analysis of SN_TAE2020

An amount of 6 mg of the extract was dissolved in 0.5 mL CDCl3/CD3OD 1:1 and
analyzed by NMR. The 1H NMR experiment was recorded at 298 K with a Bruker Avance
600 MHz equipped with a cryoprobe.

4.11. Mass Spectrometry Analysis of SN_TAE2020

The MALDI-TOF mass spectrum of the extract was obtained as already reported [48].
Briefly, 100 µg of the sample was dissolved in 0.1 mL CHCl3/CH3OH, and 0.5 µL was
loaded on the MALDI target together with 0.5 µL of a matrix solution of 2,5-dihydroxybenzoic
acid (DHB). The positive ion spectrum was acquired in reflectron mode on an ABSCIEX
TOF/TOF 5800 (AB SCIEX, Darmstadt, Germany) mass spectrometer equipped with an
Nd:YLF laser.

5. Conclusions

Compounds from Antarctic bacteria could be candidates for the disinfection of the
equipment adopted by CF patients (masks, ventilators, etc.). Several studies have reported
promising synergy between antimicrobials and anti-virulence compounds, those target P.
aeruginosa virulence features to increase bacterial susceptibility to antimicrobials.
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19. Artini, M.; Patsilinakos, A.; Papa, R.; Božović, M.; Sabatino, M.; Garzoli, S.; Vrenna, G.; Tilotta, M.; Pepi, F.; Ragno, R.; et al.
Antimicrobial and antibiofilm activity and machine learning classification analysis of essential oils from different Mediterranean
plants against Pseudomonas aeruginosa. Molecules 2018, 23, 482. [CrossRef]

20. Papa, R.; Selan, L.; Parrilli, E.; Tilotta, M.; Sannino, F.; Feller, G.; Tutino, M.L.; Artini, M. Anti-biofilm activities from marine cold
adapted bacteria against Staphylococci and Pseudomonas aeruginosa. Front. Microbiol. 2015, 6, 1333. [CrossRef]

21. Elmanama, A.A.; Al-Reefi, M.R. Antimicrobial, anti-biofilm, anti- quorum sensing, antifungal and synergistic effects of some
medicinal plants extracts. Iug. J. Nat. Eng. Stud. 2017, 25, 198–207.

22. Zhou, J.; Bi, S.; Chen, H.; Chen, T.; Yang, R.; Li, M.; Fu, Y.; Jia, A.Q. Anti-biofilm and antivirulence activities of metabolites from
Plectosphaerella cucumerina against Pseudomonas aeruginosa. Front. Microbiol 2017, 8, 1–17. [CrossRef] [PubMed]

23. Ng, T.B.; Cheung, R.C.; Wong, J.H.; Bekhit, A.A.; Bekhit, A.E.D. Antibacterial products of marine organisms. Appl. Microbiol.
Biotechnol. 2015, 99, 4145–4173. [CrossRef]

24. Katz, L.; Baltz, R.H. Natural product discovery: Past, present, and future. J. Ind. Microbiol. Biotechnol. 2016, 43, 155–176. [CrossRef]
[PubMed]

25. Núñez-Montero, K.; Barrientos, L. Advances in Antarctic research for antimicrobial discovery: A comprehensive narrative review
of bacteria from Antarctic environments as potential sources of novel antibiotic compounds against human pathogens and
microorganisms of industrial importance. Antibiotics 2018, 7, 90. [CrossRef] [PubMed]

26. Mikkelsen, H.; McMullan, R.; Filloux, A. The Pseudomonas aeruginosa reference strain PA14 displays increased virulence due to a
mutation in ladS. PLoS ONE 2011, 6. [CrossRef]

27. Rashiya, N.; Padmini, N.; Ajilda, A.A.K.; Prabakaran, P.; Durgadevi, R.; Veera Ravi, A.; Ghosh, S.; Sivakumar, N.; Selvakumar, G.
Inhibition of biofilm formation and quorum sensing mediated virulence in Pseudomonas aeruginosa by marine sponge symbiont
Brevibacterium casei strain Alu 1. Microb. Pathog. 2021, 150, 104693. [CrossRef] [PubMed]

28. Artini, M.; Papa, R.; Vrenna, G.; Lauro, C.; Ricciardelli, A.; Casillo, A.; Corsaro, M.M.; Tutino, M.L.; Parrilli, E.; Selan, L.
Cold-adapted bacterial extracts as a source of anti-infective and antimicrobial compounds against Staphylococcus aureus. Future
Microbiol. 2019, 14, 1369. [CrossRef] [PubMed]

http://doi.org/10.3390/pathogens3030680
http://www.ncbi.nlm.nih.gov/pubmed/25438018
http://doi.org/10.1111/2049-632X.12033
http://doi.org/10.2174/1568026617666170105144104
http://doi.org/10.1586/eri.13.12
http://www.ncbi.nlm.nih.gov/pubmed/23458769
http://doi.org/10.1016/j.tim.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26946977
http://doi.org/10.1016/j.fct.2020.111431
http://doi.org/10.4014/jmb.1611.11056
http://doi.org/10.1128/AEM.02677-10
http://doi.org/10.1128/AEM.01237-14
http://www.ncbi.nlm.nih.gov/pubmed/25172852
http://doi.org/10.3390/s20185218
http://doi.org/10.1101/gad.899601
http://www.ncbi.nlm.nih.gov/pubmed/11410527
http://doi.org/10.1016/j.bmcl.2015.09.064
http://doi.org/10.1038/nrd3013
http://www.ncbi.nlm.nih.gov/pubmed/20081869
http://doi.org/10.1172/JCI20074
http://doi.org/10.1080/08927014.2018.1460748
http://doi.org/10.3390/molecules23020482
http://doi.org/10.3389/fmicb.2015.01333
http://doi.org/10.3389/fmicb.2017.00769
http://www.ncbi.nlm.nih.gov/pubmed/28515715
http://doi.org/10.1007/s00253-015-6553-x
http://doi.org/10.1007/s10295-015-1723-5
http://www.ncbi.nlm.nih.gov/pubmed/26739136
http://doi.org/10.3390/antibiotics7040090
http://www.ncbi.nlm.nih.gov/pubmed/30347637
http://doi.org/10.1371/journal.pone.0029113
http://doi.org/10.1016/j.micpath.2020.104693
http://www.ncbi.nlm.nih.gov/pubmed/33352215
http://doi.org/10.2217/fmb-2019-0147
http://www.ncbi.nlm.nih.gov/pubmed/31596138


Antibiotics 2021, 10, 944 19 of 19

29. Starkey, M.; Lepine, F.; Maura, D.; Bandyopadhaya, A.; Lesic, B.; He, J.; Kitao, T.; Righi, V.; Milot, S.; Tzika, A.; et al. Identification
of anti-virulence compounds that disrupt quorum-sensing regulated acute and persistent pathogenicity. PloS Pathog. 2014, 10.
[CrossRef] [PubMed]

30. Kang, D.; Zhang, L.; Kirienko, N.V. High-Throughput Approaches for the Identification of Pseudomonas aeruginosa antivirulents.
mBio 2021, 12. [CrossRef] [PubMed]

31. Moreau-Marquis, S.; Stanton, B.A.; O’Toole, G.A. Pseudomonas aeruginosa biofilm formation in the cystic fibrosis airway. Pulm.
Pharm. 2008, 21, 595–599. [CrossRef] [PubMed]

32. Stoodley, P.; Sauer, K.; Davies, D.G.; Costerton, J.W. Biofilms as complex differentiated communities. Annu. Rev. Microbiol. 2002,
56, 187–209. [CrossRef] [PubMed]

33. Muh, U.; Schuster, M.; Heim, R.; Singh, A.; Olson, E.R.; Greenberg, E.P. Novel Pseudomonas aeruginosa quorum-sensing inhibitors
identified in an ultra-high-throughput screen. Antimicrob. Agents Chemother. 2006, 50, 3674–3679. [CrossRef]

34. Jurado-Martín, I.; Sainz-Mejías, M.; McClean, S. Pseudomonas aeruginosa: An audacious pathogen with an adaptable arsenal of
virulence factors. Int. J. Mol. Sci. 2021, 22, 3128. [CrossRef] [PubMed]

35. Papa, R.; Parrilli, E.; Sannino, F.; Barbato, G.; Tutino, M.L.; Artini, M.; Selan, L. Anti-biofilm activity of the Antarctic marine
bacterium Pseudoalteromonas haloplanktis TAC125. Res. Microbiol. 2013, 164, 450–456. [CrossRef] [PubMed]

36. Casillo, A.; Papa, R.; Ricciardelli, A.; Sannino, F.; Ziaco, M.; Tilotta, M.; Selan, L.; Marino, G.; Corsaro, M.M.; Tutino, M.L.; et al.
Anti-biofilm activity of a long-chain fatty aldehyde from Antarctic Pseudoalteromonas haloplanktis TAC125 against Staphylococcus
epidermidis biofilm. Front. Cell Infect. Microbiol. 2017, 7, 46. [CrossRef] [PubMed]

37. Ricciardelli, A.; Casillo, A.; Papa, R.; Monti, D.M.; Imbimbo, P.; Vrenna, G.; Artini, M.; Selan, L.; Corsaro, M.M.; Tutino, M.L.; et al.
Pentadecanal inspired molecules as new anti-biofilm agents against Staphylococcus epidermidis. Biofouling 2018, 34, 1110–1120.
[CrossRef]

38. Price-Whelan, A.; Dietrich, L.E.; Newman, D.K. Rethinking ‘secondary’ metabolism: Physiological roles for phenazine antibiotics.
Nat. Chem. Biol. 2006, 2, 71–78. [CrossRef]

39. O’Malley, Y.Q.; Reszka, K.J.; Rasmussen, G.T.; Abdalla, M.Y.; Denning, G.M.; Britigan, B.E. The Pseudomonas secretory product
pyocyanin inhibits catalase activity in human lung epithelial cells. Am. J. Physiol. Lung Cell Mo. Physiol. 2003, 285, L1077–L1086.
[CrossRef]

40. O’Malley, C.A. Infection control in cystic fibrosis: Cohorting, cross-contamination, and the respiratory therapist. Respir. Care 2009,
54, 641–657. [CrossRef]

41. Ragno, R.; Papa, R.; Patsilinakos, A.; Vrenna, G.; Garzoli, S.; Tuccio, V.; Fiscarelli, E.; Selan, L.; Artini, M. Essential oils against
bacterial isolates from cystic fibrosis patients by means of antimicrobial and unsupervised machine learning approaches. Sci. Rep.
2020, 10, 2653. [CrossRef]

42. Papa, R.; Garzoli, S.; Vrenna, G.; Sabatino, M.; Sapienza, F.; Relucenti, M.; Donfrancesco, O.; Fiscarelli, E.V.; Artini, M.; Selan, L.;
et al. Essential oils biofilm modulation activity, chemical and machine learning analysis. Application on Staphylococcus aureus
isolates from cystic fibrosis patients. Int. J. Mol. Sci. 2020, 21, 9258. [CrossRef]

43. Yang, R.; Guan, Y.; Zhou, J.; Sun, B.; Wang, Z.; Chen, H.; He, Z.; Jia, A. Phytochemicals from Camellia nitidissima chi flowers reduce
the pyocyanin production and motility of Pseudomonas aeruginosa PAO1. Front. Microbiol. 2018, 8, 2640. [CrossRef] [PubMed]

44. Bossù, M.; Selan, L.; Artini, M.; Relucenti, M.; Familiari, G.; Papa, R.; Vrenna, G.; Spigaglia, P.; Barbanti, F.; Salucci, A.; et al.
Characterization of Scardovia wiggsiae biofilm by original scanning electron microscopy protocol. Microorganisms 2020, 8, 807.
[CrossRef] [PubMed]

45. Relucenti, M.; Miglietta, S.; Bove, G.; Donfrancesco, O.; Battaglione, E.; Familiari, P.; Barbaranelli, C.; Covelli, E.; Barbara, M.;
Familiari, G. SEM BSE 3D image analysis of human incus bone affected by cholesteatoma ascribes to osteoclasts the bone erosion
and VpSEM dEDX analysis reveals new bone formation. Scanning 2020, 2020, 9371516. [CrossRef] [PubMed]

46. Relucenti, M.; Familiari, G.; Donfrancesco, O.; Taurino, M.; Li, X.; Chen, R.; Artini, M.; Papa, R.; Selan, L. Microscopy methods for
biofilm imaging: Focus on SEM and VP-SEM pros and cons. Biology 2021, 10, 51. [CrossRef]

47. Restaino, O.F.; Finamore, R.; Diana, P.; Marseglia, M.; Vitiello, M.; Casillo, A.; Bedini, E.; Parrilli, M.; Corsaro, M.M.; Trifuoggi, M.;
et al. A multi-analytical approach to better assess the keratan sulfate contamination in animal origin chondroitin sulfate. Anal.
Chim. Acta 2017, 958, 59–70. [CrossRef]

48. Carillo, S.; Pieretti, G.; Parrilli, E.; Tutino, M.L.; Gemma, S.; Molteni, M.; Lanzetta, R.; Parrilli, M.; Corsaro, M.M. Structural
investigation and biological activity of the lipooligosaccharide from the psychrophilic bacterium Pseudoalteromonas haloplanktis
TAB 23. Chem. Eur. J. 2011, 17, 7053–7060. [CrossRef]

http://doi.org/10.1371/journal.ppat.1004321
http://www.ncbi.nlm.nih.gov/pubmed/25144274
http://doi.org/10.1128/mBio.02240-20
http://www.ncbi.nlm.nih.gov/pubmed/33947765
http://doi.org/10.1016/j.pupt.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18234534
http://doi.org/10.1146/annurev.micro.56.012302.160705
http://www.ncbi.nlm.nih.gov/pubmed/12142477
http://doi.org/10.1128/AAC.00665-06
http://doi.org/10.3390/ijms22063128
http://www.ncbi.nlm.nih.gov/pubmed/33803907
http://doi.org/10.1016/j.resmic.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23411371
http://doi.org/10.3389/fcimb.2017.00046
http://www.ncbi.nlm.nih.gov/pubmed/28280714
http://doi.org/10.1080/08927014.2018.1544246
http://doi.org/10.1038/nchembio764
http://doi.org/10.1152/ajplung.00198.2003
http://doi.org/10.4187/aarc0446
http://doi.org/10.1038/s41598-020-59553-8
http://doi.org/10.3390/ijms21239258
http://doi.org/10.3389/fmicb.2017.02640
http://www.ncbi.nlm.nih.gov/pubmed/29375509
http://doi.org/10.3390/microorganisms8060807
http://www.ncbi.nlm.nih.gov/pubmed/32471210
http://doi.org/10.1155/2020/9371516
http://www.ncbi.nlm.nih.gov/pubmed/32158510
http://doi.org/10.3390/biology10010051
http://doi.org/10.1016/j.aca.2016.12.005
http://doi.org/10.1002/chem.201100579

	Introduction 
	Results 
	Phenotypic Characterization of Clinical and PA14 Strains 
	Effect of SN_TAE2020 on Biofilm Formation 
	Effect of SN_TAE2020 on Pyocyanin Production and Protease Activity 
	Effect of SN_TAE2020 on Motility 
	Morphological Evaluation by SEM Analysis 
	Evaluation of SN_TAE2020’s Influence on P. aeruginosa PA14 
	Evaluation of SN_TAE2020 on P. aeruginosa 23P 

	Anti-Virulence Features of Organic Extract from the Supernatant of TAE2020 
	GC-MS Analysis of the Organic Extract from SN_TAE2020 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Growth Conditions 
	Pre-Adhesion Period 
	Mature Biofilm 
	Pyocyanin Assay 
	Protease Assay 
	Motility Assays 
	Swarming Assay 
	Swimming Assay 

	SEM Analysis 
	SN_TAE2020 Supernatant Preparation and Organic Extraction Protocol 
	GC-MS of SN_TAE2020 
	NMR Analysis of SN_TAE2020 
	Mass Spectrometry Analysis of SN_TAE2020 

	Conclusions 
	References

