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Pseudomonas putida is widely recognized as a spoiler of fresh foods under cold storage, and recently associated also
with infections in clinical settings. The presence of antibiotic resistance genes (ARGs) could be acquired and
transmitted by horizontal genetic transfer and further increase the risk associated with its persistence in food and
the need to be deeper investigated. Thus, in this work we presented a genomic and phenotypic analysis of the
psychrotrophic P. putida ITEM 17297 to provide new insight into AR mechanisms by this species until now widely
studied only for its spoilage traits. ITEM 17297 displayed resistance to several classes of antibiotics and it also
formed huge amounts of biofilm; this latter registered increases at 15 °C in comparison to the optimum growth
condition (30 °C). After ITEM 17297 biofilms exposure to antibiotic concentrations higher than 10-fold their MIC
values no eradication occurred; interestingly, biomasses of biofilm cultivated at 15 °C increased their amount in a
dose-dependent manner. Genomic analyses revealed determinants (RND-systems, ABC-transporters, and MFS-
efflux pumps) for multi-drugs resistance (f-lactams, macrolides, nalidixic acid, tetracycline, fusidic acid and
bacitracin) and a novel ampC allele. Biofilm and motility related pathways were depicted underlying their
contribution to AR. Based on these results, underestimated psychrotrophic pseudomonas, such as the herein
studied ITEM 17297 strain, might assume relevance in relation to the risk associated with the transfer of anti-
microbial resistance genes to humans through cold stored contaminated foods. P. putida biofilm and AR related
molecular targets herein identified will provide a basis to clarify the interaction between AR and biofilm for-
mation and to develop novel strategies to counteract the persistence of multidrug resistant P. putida in the food
chain.

during cold storage (Odeyemi et al., 2020; Papadopoulou et al., 2020). To
face this issue, new and sustainable approaches based on the application

1. Introduction

Pseudomonas putida is a widespread Gram negative non-fermenting
bacterium frequently occurring in a number of niches, especially in soil
(Negi et al., 2011), wastewater and freshwater (Aresta et al., 2010;
Igbinosa et al., 2019), as well as on fresh or minimally processed vege-
tables (Kaczmarek et al., 2019), fresh dairy and meat products (Gennari
and Dragotto, 1992), indoor environments (Remold et al., 2015) and
clinical settings (Molina et al., 2014; Peter et al., 2017).

Besides its biotechnological applications in bioremediation of
polluted soils (Abatenh et al., 2017), and similarly to other Pseudomonas
spp. with high metabolic versatility and psychrotrophic behaviour
(Clarke, 1982; Quintieri et al., 2020), P. putida is also known to spoil
fresh-cut vegetables (Baruzzi et al., 2015), dairy and meat products
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of antimicrobial peptides, neutral electrolyzed water and essential oils
have been recently proposed (Baruzzi et al., 2015; Quintieri et al., 2015;
Gyorgy et al., 2020).

Although it is considered to be of low pathogenicity, this bacterium
has been recently recognized as the causal agent of several hospital in-
fections, above all in immunocompromised patients (Liu et al., 2014;
Fernandez et al., 2015; Chamon et al., 2020). In addition, the risk asso-
ciated with this species is worsened by the spread of multi drug-resistant
(MDR) P. putida strains, that are recently becoming a cause for concern
(Peter et al., 2017; Raphael and Riley 2017; Tan et al., 2019); resistance
factors that are located in mobile genetic elements can be also trans-
mitted by P. putida to other bacterial species or even genera by horizontal
gene transfer, giving this germ a role of “reservoir” for the spread of
antibiotic resistance (Molina et al., 2014; Peter et al., 2017; Lu et al.,
2020). Likewise to other microorganisms (Stewart and Costerton, 2001),
multidrug resistance in P. putida was proved to be increased by the ability
to form biofilm (Molina et al., 2014). Biofilm also promotes bacterial
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Abbreviations:

RTE ready-to-eat

AR antibiotic resistance

ARGs antibiotic resistance genes

MDR multi-drug-resistance

NCBI National Center for Biotechnology Information
MAFFT Multiple Alignment using Fast Fourier Transform
MIC minimal inhibitory concentration

Ccv crystal violet

MBEC  minimum biofilm eradication concentration
RND resistance-nodulation-division

ABC ATP-binding cassette

PBPs penicillin-binding proteins

EPS exopolysaccharides

spread and colonization in the environment; for the switch from plank-
tonic to sessile state, bacteria enable a sophisticated translocation ma-
chinery to reach a surface and promote attachment; motility also
positively affects biofilm architecture and increased resistance to anti-
biotics (Wood et al., 2006; Lai et al., 2009).

Pseudomonas putida ITEM 17297 was isolated (Baruzzi et al., 2015)
from refrigerated ready-to-eat curly endive (Cichorium endivia L. var.
crispum Lam.); among the isolated strains, this one exhibited the highest
spoilage activity during cold storage (Baruzzi et al., 2015). In several
psychrotrophic pseudomonads isolated from spoiled foods, biofilm life
style is favored at low temperatures and promotes the synthesis of
spoilage-related enzymes (Quintieri et al., 2019a,b; Rossi et al., 2018).
These traits together with the ability to produce pigments are also
encountered in P. putida species. In addition to this, several studies
provided information on plant resistome and its relationship with envi-
ronmental bacteria: antibiotic resistance genes (ARGs)-bearing bacteria
may attach to the leaf surfaces of vegetables, survive and colonize tissues
or other parts of plants (Zhang et al., 2019). The transmission route of
ARGs from soil to plants and vegetables highlights the risk of resistome
migration to the food chain: considering that fresh vegetables are often
eaten raw, this could represent a serious additional food safety concern
(Chen et al., 2019; Quintieri et al., 2019a,b).

In light of these considerations, in this work P. putida ITEM 17297 was
first genomically characterized aiming at revealing genetic resistance
determinants for common antibiotics; then, susceptibility to the main
antibiotics and the mutual influence with biofilm formation was studied
under in vitro optimal growth conditions and at 15 °C.

2.1. Materials and methods
2.1.2. Culture conditions

Pseudomonas putida ITEM 17297, previously isolated from fresh
vegetables (Baruzzi et al., 2015), was maintained at -80 °C as pure stock
cultures in Nutrient Broth (NB; Oxoid S.p.A., Rodano, Milan, Italy) sup-
plemented with glycerol 30% (vol/vol). The strain was routinely
refreshed (30 °C, 24 h) by streaking onto Luria Bertani (LB; Sigma
Aldrich, Milan, Italy) agar, and cultivated for 16 h at 30 °C and 150
strokes/min into 5 mL of LB broth to prepare the bacterial inocula for the
subsequent experiments.

2.1.2. Genome sequencing and assembly

The DNA was extracted from a single colony of P. putida ITEM 17297
by using the Wizard® Genomic DNA Purification Kit (Promega). The
integrity, purity and quantity of DNA were assessed as previously
described by Fanelli et al. (2017) and submitted to IGA Technology
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Services (Udine, Italy) for whole-genome shotgun sequencing using the
Illumina HiSeq2500 platform.

A preliminary evaluation of the quality of the raw data was performed
with FastQC software. De novo assemblies were performed using SPAdes
version 3.5.0 software within the Galaxy platform (Afgan et al., 2016).
The overall contiguity of the assembly and genome statistics were
determined with MIGA (Rodriguez et al., 2018).

2.1.3. Bioinformatic methods

Genes were predicted and annotated using the PROKKA pipeline
implemented in the Galaxy platform (https://usegalaxy.org/; Galaxy
Tool Version 1.0.0; Afgan et al., 2016). The predicted proteins were
submitted to the PFAM annotator tool within the Galaxy platform in
order to predict the pfam domains. Protein ID used in the manuscript
indicated those obtained by NCBI (National Center for Biotechnology
Information) Prokaryotic Genome Annotation Pipeline (Tatusova et al.,
2016).

All the protein sequences used in this study were retrieved from
GenBank (NCBI). The homology-based relationship of ITEM 17297 pre-
dicted proteins towards selected proteins was determined by the BLASTP
algorithm on the NCBI site (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Gene models were manually determined, and clustering and orientation
were subsequently deduced for the closely linked genes.

Phylogenetic analysis was performed as described in Quintieri et al.
(2020) with modifications. The alignment of the concatenated dataset of
4 housekeeping genes (16S rRNA, rpoD, rpoB and gyrB), extracted from
the genomic sequence of P. putida ITEM 17297 by BLASTn search and
compared to type strains sequences retrieved from Mulet et al. (2010)
and Gomila et al. (2015), was generated by MAFFT (Multiple Alignment
using Fast Fourier Transform; Katoh et al., 2019). Phylogenetic tree was
obtained by Maximum-Likelihood (ML) method by using the 1Q-tree web
server (Minh et al., 2020). Tree was graphically generated by iTOL
version 5.5 (Letunic andBork, 2019).

Genome-based phylogeny was constructed by using The Phylogenetic
Tree Building Service implemented in Patric platform (www.patric.org)
considering the Cellvibrio japonicus Ueda 107 as outgroup according to
Gomila et al. (2015) and ML method RAXML with progressive refinement
(Stamatakis et al., 2014).

2.2. Phenotypic characterization
2.2.1. Antibiotic susceptibility testing

Antibiotic susceptibility testing was evaluated in triplicate by disk
diffusion technique on Muller-Hinton agar II (MHA; Biolife Italiana,
Milano, Italy), according to EUCAST guidelines version 6.0, which are
essentially the same standards of the Clinical Laboratory Standard
Institute (CLSI) guidelines (CLSI, 2018). In brief, bacterial suspensions of
the target strain were manually adjusted to a turbidity equivalent to that
of a 0.5 McFarland standard and manually spread on MHA plates.
Oxo0id™ Antimicrobial Susceptibility Disks (Thermo Fisher Scientific)
were impregnated with the following antibiotics: f-lactams: ampicillin
(10 pg), methicillin (10 pg), oxacillin (1 pg), penicillin G (10 pg); ceph-
alosporins: ceftizoxime (30 pg); aminoglycosides: gentamicin (10 pg),
tobramycin (10 pg), kanamycin (30 pg); quinolones: ciprofloxacin (5 pg),
ofloxacin (5 pg), streptomycin (10 pg), nalidixic acid (30 pg); tetracycline
(30 pg); glycopeptide antibiotics: vancomycin (30 pg); lincosamides:
clindamycin (2 pg), lincomycin (2 pg); macrolides: erythromycin (15 pg);
fusidanes: fusidic acid (10 pg); polypeptide antibiotics: nitrofurantoin
(300 pg), bacitracin (130 pg) and nitrobenzenes: chloramphenicol (30
pg). Disks were placed on seeded MHA plates within 15 min. Blank disks
were used as negative control. The plates were incubated overnight at 30
°C. The images of the plates were digitized and the calibrated diameter of
inhibition halos around each antibiotic disk was measured using the
UTHSCSA Image tool for Windows ver. 3.0.
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2.2.2. Minimal inhibitory concentration (MIC) assay

This assay was performed in sterile 96 well plates (Corning®, NY,
USA), using MH broth (MHB) added with increasing concentrations
(1.95,3.91, 7.81, 15.63, 31.25, 62.5, 125, 250, 500, 1.000 pug/mL) of the
following antibiotics (at least one for each class): ampicillin, strepto-
mycin, erythromycin, chloramphenicol and nalidixic acid. In particular,
MHB was poured (200 pL) in each well with un-inoculated medium or
inoculated medium (5-6 log CFU/mL) in presence or absence of antibi-
otics. Assays were performed in triplicate. Finally, 10 uL of an aqueous
resazurin sodium salt (Merck Life Science S.r.l., Milano, Italy) solution
(6.75 mg/mL) were added to each well. The plates were incubated at 30
°C for 24 h. The colour change was then visually assessed. Any colour
change from purple to pink was recorded as positive of bacterial growth.
The lowest concentration at which no colour change occurred was logged
as the MIC value.

2.2.3. Biofilm formation and motility assay

Microtiter wells (Corning®, NY, USA) were inoculated with overnight
LB-grown cultures diluted 1:100 in minimal MHB medium (Oxoid); the
microtiter plates were then incubated at 30 °C and 15 °C for 72 h; biofilm
biomass was measured as absorbance at 570 nm at 24, 48 and 72 h by
following the crystal violet (CV)-based staining method (O’ Toole, 2011).
Swarming and swimming experiments were performed in polystyrene
Petri dishes (50 mm diameter) containing 10 mL of MHB with 0.5 and
0.3% of agar, respectively. Then, plates were inoculated with 1 x 10%
CFU/mL of bacterial broth culture (2.5 pL). The diameters of the
swarming and swimming motility zones were measured after incubation
(30 °C and 15 °C) for 24, 48, 72 h. Plates were also digitally acquired by
the Image Scanner III (GE Healthcare, USA).

Twitching motility was assayed by subsurface agar method described
by Kohler et al. (2000) with slight modifications. Briefly, 5 pL of each
selected bacterial culture (1 x 10® CFU/mL) were stab inoculated
through 1% agar plate with MHB. At 24, 48, 72 h of incubation at 15 °C
and 30 °C, the hazy zone of twitching motility elaborated at the inter-
stitial surface between the agar and the Petri dish was visualized by
staining with a solution of 0.1% (wt/v) of CV. CV-binding biofilm solu-
bilized with acetic acid (30%, v/v) was recorded spectrophotometrically
at 570 nm.

2.2.4. Minimum biofilm eradication concentration (MBEC) assay

Measurements of the antimicrobial susceptibilities of the P. putida
biofilms were assessed as described by Ceri et al. (1999) with some
modifications. Briefly, the 24-h biofilms, formed at both temperatures (4
and 15 °C) in safe-lock Eppendorf™ tubes, were washed two times with
1 mL of sterile phosphate buffer solutions (PBS) to remove non-adherent
cells. Then, concentrations of each antibiotic equal of MIC value or 2, 4,
and 10-fold higher in MHB were added to test tubes and incubated at 30
°C for 24 h. Six replicates for each sample were carried out. MHB without
antibiotics was also included as control. After the incubation, MHB
supplemented or not with antibiotics was aspirated gently; 3 tubes were
washed two times with sterile PBS solutions before being filled with fresh
medium and biofilm was removed by ultrasonic disruption using Ultra-
sonic Cleaner (AGF Electronica Srl, Muggio, Milan, Italy) for 5 min;
samples (190 pL) were transferred to 96 well plates and supplemented
with 10 pL of resazurin solution prepared as described above. Plates were
incubated at 30 °C for 24 h. The MBEC was defined as the lowest con-
centration of antibiotic preventing regrowth of bacteria from surviving
biofilm. In addition, CV-staining was performed in conjunction with the
MBEC assay to evaluate biofilm biomass by the remaining three repli-
cates; then, samples were stained with a solution of 0.1% (wt/v) of CV
following the method reported above.
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2.3. Statistical analysis

Two-way ANOVA was carried out with SPSS 22.0 program (IBM,
Armonk, NY, USA) in order to examine the effects of different MIC folds
of each assayed antibiotic on biofilm amounts produced by P. putida
ITEM 17297 at 15 and 30 °C. Post-hoc HSD Tukey’s test (P < 0.05) was
performed to compare mean values. If homogeneity variance was not
found (Levene’s test, P < 0.05) non-parametric Kruskal-Wallis H test
followed by post-hoc multicomparison Dunn’s test was applied to pro-
vide a significant difference among mean ranks of MIC levels within each
antibiotic treatment. The same statistical procedure was applied to
compare biofilm amounts and motility shown by the strain during in-
cubation at the two different temperatures.

3.1. Results and discussion
3.1.2. General features of P. putida ITEM 17297 genome

Pseudomonas putida ITEM 17297 genome was sequenced using a
whole genome shotgun approach. Genome was assembled using Spades
v5.0 software for a total of 118 contigs (>500 bp). The average GC
content was 61.9% and the assembly length of 5.1 Mb (Table 1). The
quality of the assembly was excellent with 94.6% of genome complete-
ness and N50 of 389 kb. The whole genome shotgun project has been
deposited at DDBI/ENA/GenBank under the accessions WJRT00000000.
The version described in this paper is WJRT01000000.

Phylogenetic analysis places P. putida ITEM 17297 in the same clade
of all the P. putida included in the analysis (Supplementary Figures SF1
and SF2). The closest genetic relative is Pseudomonas sp. 02C_26
(Accession NZ_CP025262), also according to ANI calculation (Rodriguez
and Konstantinidis, 2016) which showed a nucleotide identity of
97.35%.

3.1.2. Antibiotic susceptibility and resistance genes

In the last decades, food-related psychrotrophic Pseudomonas spp.
have emerged for their resistance against multiple groups of antibiotics
(Mah and O’Toole, 2001; Quintieri et al., 2019a; Meng et al., 2020). To
date few pertinent studies have searched for similar abilities in
non-P. aeruginosa species; this is particularly relevant from a clinical
point of view, as most such species are important emerging pathogens
and are being encountered in medical practice (health care facilities)
with rising incidence (Docquier et al., 2003; Sperandio et al., 2012).
Pseudomonas putida, widespread both in foods or environment, raises
concerning questions about its persistence and the associated risk of
antibiotic resistance spreading. Thus, the selected strain P. putida ITEM
17297, responsible for spoilage of vegetables under cold storage (Baruzzi
et al., 2015), was analyzed for genetic AR determinants and tested for its
susceptibility towards different classes of antibiotics.

Several efflux pumps, peptidases, and other genetic determinants
were found and summarized in Fig. 1, panel A and Supplementary

Table 1

Genome features of P. putida ITEM 17297.
Features ITEM 17297
Genome size (bp) 5,115,953
GC (%) 61.91
Number of contigs 118
Completeness 94.6%
Quality 90.1 (excellent)
Conting N50 389,568
Genes (total) 4666
Genes (coding) 4536
Coing density 90.26%
rRNAs 1,1, 1 (58, 168, 23S)
tRNAs 59
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Table SF1. As in other Gram negative bacteria (Nikaido 2011; Greene
et al., 2018), many families of transporters in P. putida included tripartite
forms traversing both the outer and the inner membrane and releasing
drugs directly into the external medium, thus contributing to regulate the
outer membrane permeability and reduce the diffusion of molecules
across the cell envelope. This general mechanism of antibiotic resistance
includes different systems with a broad substrate specificity, such as the
several resistance-nodulation-division (RND) systems and the
ATP-binding cassette (ABC)-transporter macAB; the MFS (major facili-
tator superfamily) efflux pump is instead located in the cytoplasmic
membrane and transfers drugs into the periplasm (Fig. 1, panel A and
Supplementary Table SF1). In addition to these, the MRP (Multiple
resistance and pH) antiporter was also retrieved; the main physiological
roles played by the MRP Na'/H' antiporter are as regulators of the
intracellular pH homeostasis and Na™ efflux in response to changes in the
growth environment and its associated stresses (Ito et al., 2017).
Furthermore, some homologues of the same family were implicated in
multidrug tolerance (Ito et al., 2017). In this regard, ITEM 17297 resis-
tance to beta-lactam class (penicillins and cephalosporins; Fig. 1, panel
B) could be explained by the identification of acrAB-TolC, mepABC,
emrAB, emrKY in the list of efflux pumps-related genes (Fig. 1, Supple-
mentary Tables SF1 and SF2; Poole, 2001; Li and Nikaido, 2009;
Thomson and Bonomo, 2005). In addition, several penicillin-binding
proteins (PBPs), involved in peptidoglycan synthesis, responsible for
the selective interaction with penicillin and exhibiting a
beta-lactamase/transpeptidase like structural motif, were also listed
(Supplementary Table SF1); PBP mechanism has been deeper described
for resistant P. aeruginosa (Smith et al., 2013).

In the genome of this strain we identified one ampC gene coding for a
class C f-lactamase (GIB23_14635), which is responsible for the resis-
tance to f-lactam antibiotics (ampicillin, penicillin G, methicillin and
oxacillin; Supplementary Table SF2). GIB23_14635 represents a novel
variant of this class of enzyme. The multialignment of beta-lactamase
retrieved from other P. putida strains (Fig. 2) shows that compared to
the highest similar sequence of P. putida strain KT-27, isolated from
Japanese soybean soil, they differ for a E195A substitution. The novel
ampC allele was deposited under the GenBank accession number
MWO036223. MIC value for ampicillin was also determined and reported
in Table 2.

A

ABC-TRANSPORTERS

B-Lactams

RND MFS

Sulfonamides

B-Lactams Macrolides

quinolones chloramphenicol
tetracycline aminoglycosides Multidrugs

ATP  ADP ATP ADP

MRP

e Aminoglycosides

Current Research in Food Science 4 (2021) 74-82

Antibiotic susceptibility tests also revealed resistance to macrolides
(Fig. 1, panel B and Table SF2) previously correlated with the role of the
efflux systems MacAB (Fitzpatrick et a 1., 2017). By contrast the strain
was sensitive to aminoglycosides and fluoroquinolones although
MexEF-OprN and multidrug transporters (MdfA), responsible for resis-
tance of Pseudomonas spp. to these antibiotic classes, were found (Edgar
and Bibi, 1997; Poole, 2000) (Table SF1).

Our data strengthen the concern raised by the increasing of food-
borne health threats (http://www.efsa.europa.eu/en/efsajournal/pub
/4006.htm) that represent a reservoir of antimicrobial bacterial resis-
tome potentially transmittable to the microbiome of consumers (Capita
and Alonso-Calleja, 2013). Pseudomonas spp. strains contaminating pas-
teurised milk and dairy products were found resistant to penicillin G,
sulfamethoxazole/trimethoprim and ceftazidime. Likewise, antibiotic
resistant Pseudomonas spp. were also isolated from fresh vegetables and
other foods, while co- or cross resistance between different antimicro-
bials was detected in goat and lamb slaughterhouse environments and
meat products purchased from market (Estepa et al., 2015). Moreover, if
on the one hand some Authors recently identified P. putida implicated in
human bacteremia (Liu et al., 2014; Thomas et al., 2013; Chamon et al.,
2020), on the other hand, other studies have indicated P. putida as a
reservoir for ARGs (Marchiaro et al., 2014; Juan et al., 2010). Thus, based
on these results and in the light of these considerations, the occurrence in
food of psychrotrophic pseudomonads displaying a broad antibiotic
resistance profile, such as the strain ITEM 17297, should concern more
than their spoilage ability in the perspective for improving both the risk
assessment and the control strategies.

3.1.3. Biofilm by P. putida ITEM 17297 and related genes: a contribution
to AR

Biofilm growth confers several advantages to bacteria, including
protective and adaptive mechanisms towards hostile environmental
conditions such as osmotic stress, metal toxicity, and antibiotic exposure.
Determinants of biofilm formation in ITEM 17297 genome were shown
in Fig. 3 and Supplementary Table SF3. Biofilm-associated drug resis-
tance and tolerance takes place by a) the failure to penetrate EPS matrix,
b) the increase of antibiotic-degrading enzymes in the matrix, c¢) the
occurrence of a metabolically inactive (viable-but-nonculturable or

B
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Susceptible (S)/
Resistant (R)
R

Class of antibiotics

Ampicillin (10 pg)
Methicillin (10 pg)
Oxacillin (1 pg)
Penicillin G (10 pg)
Ceftizoxime (30 pg)
Streptomycin (10 ug)
Gentamicin (10 pg)
UL Tobramicin (10 pg)
Kanamicin (30 pg)
Ciprofloxacin (5 pg)
Ofloxacin (5 pg)
Vancomycin (30 pg)
Clindamycin (2 ug)
Lincomycin (2 pg)
Erythromycin (15 pg)
Nalidixic acid (30 pg)

B-Lactams

Fluoroquinolones

Macrolides

AcrAB-TolC
MepABC
EmrAB EmrKY

MdtABC

MexEF-OprN
MexJK-OprM

ber

MacAB MdtL

BepC

MrpACDEFG

Tetracycline (30 ug)
Fusidic acid (15 pg)
Nitrofurantoin (300 pg)
Chloramphenicol (30 ug)
Bacitracin (130 pg)

Others
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Fig. 1. Panel A): genetic determinants of antibiotic resistance in P. putida ITEM 17297 and main classes of antibiotic developing resistance; Panel B): antibiotic
susceptibility of P. putida ITEM 17297 (raw data are reported in Supplementary Table SF2).
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Fig. 2. Multiple sequence alignment of class C beta-lactamase in Pseudomonas
spp. Conservation and consensus tracks were obtained by using Jalview 2.11.1.0
(Waterhouse et al., 2009) setting the color scheme used for alignments in
ClustalX. Alignment conservation annotation is a quantitative numerical index
reflecting the conservation of the physico-chemical properties for each column
of the alignment. The conserved columns with a score of 11 are indicated by ‘*‘.
Columns with a score of 10 have mutations but all properties conserved are
marked with a ‘+‘. Alignment consensus annotation reflects the percentage of
the different residue per column. (For interpretation of the references to colour
i‘n this figure legend, the reader is referred to the Web version of this article.)

<

dormant cells) or slow-growing state, favored by the oxygen and other
nutrients gradient occurring from the surface to the depth of the biofilm.
This latter altered microenvironment (oxygen depletion, accumulation of
acids, osmotic stress) within the biofilm can by itself directly antagonize
the action of an antibiotic (Nadell et al., 2015; Bagge et al., 2004; Stewart
et al., 2001). Evidence on the increased antibiotic resistance of cells in
biofilm state rather than living as planktonic cells were also reported for
clinical strains of P. putida (Molina et al., 2014). The genome of ITEM
17297 showed several two-component systems involved in adaptive
response to external stimuli by signalling transduction in cellular com-
partments; among these we identified SagS and BarA/GacS, activating
CsrA-regulated pathways by modulation of small RNA levels; as reported
for P. aeruginosa, most likely, these signalling cascades intersect each
other and promote motility, EPS production and biofilm formation
(Petrova and Sauer, 2011). In addition to these, other two-component
systems (e.g. Wsp and Che systems, CheY-like BfmR/S, QseCB) puta-
tively activated biofilm-related pathways by the modulation of cyclic
di-GMP and cAMP levels (Fig. 3).

As in other P. putida strains, in ITEM 17297 the psl locus is poorly
conserved. Indeed, we retrieved only homologues of the P. aeruginosa
PAO1 psIB coding for a bifunctional isomerase/guanylyltransferase
(GIB23.09065) and pslH, coding for a glycosyltransferase
(GIB23_09060). The pea locus, responsible for the production of the
exopolysaccharide A, is located in the operon GIB23_20405-
GIB23_20455. This locus was shown to play a role in P. putida biofilm-
related phenotypes (Nielsen et al., 2011). Our strain missed the bacte-
rial cellulose bcs locus, the wss locus, responsible for cellulose production
in P. fluorescens SBW25 (Spiers et al., 2003; Spiers and Rainey 2005)
which impacts biofilm formation at the air-liquid interface, and the pel
operon. As shown in Supplementary Fig. SF3, the alg operon
(GIB23_11545-GIB23_11460) is instead conserved in content and orga-
nization with respect to the P. aeruginosa locus, while the flanking am
locus, which in the pathogenic species mediates resistance to polymyxins
and other cationic antimicrobial peptides, is not present in the P. putida
ITEM 12797 genome. Furthermore, additionally to P. aeruginosa PAO1
and P. putida KT2440, there are flanking genes upstream algD conserved
in arrangement and predicted function with respect to Pseudomonas sp.
02C 26 (Supplementary Fig. SF3).

In this study we confirmed the biofilm production by ITEM 17297
both at low and optimal growth temperature of incubation; interestingly,
biofilm amount formed at 15 °C was statistically higher by an average 1.3
times than that found at 30 °C (Fq, 12) = 321.517, p = 4.972 x 109
without a significant (P = 0.071) effect due to incubation time (Sup-
plementary Fig. SF4, panel A).

This result was in accordance with those obtained for other psy-
chrotrophic Pseudomonas spp. isolated from fresh foods and responsible
for spoilage phenomena at temperatures ranged from 10 to 15 °C
(Quintieri et al., 2020; Rossi et al., 2018). As concern motility, ITEM
17297 colony diameter markedly increased on low-agar medium than on
semi-solid surface, suggesting that the strain preferred swimming rather
than swarming; this behaviour was recorded at both assayed tempera-
tures with significant time-dependent increases for swimming (tb =
0.820, p = 8.023 x 105, Supplementary Fig. SF4, panel B). Significant
differences were also registered in twitching motility, a
surface-associated movement due to the extension and retraction of type
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Table 2

Minimal inhibitory concentration (MIC) of the selected antibiotics (at
least one for each class) in MHB inoculated with Pseudomonas putida ITEM
17297 and incubated for 24 h at 30 °C.

Antibiotic Minimal inhibitory
Concentration (MIC) (pg/mL)
Ampicillin 250
Streptomycin 30
Erythromycin 125
Chloramphenicol 15
Nalidixic acid 30

IV pili, which propels bacteria across a surface (Mattick, 2002); in
particular, starting from 48 h of incubation, twitching motility by ITEM
17297 was displayed only at 15 °C (CV absorbance at 570 nm was 0.15 +
0.10 and 0.30 + 0.02 at 48 and 72 h, respectively; Supplementary
Fig. SF5).

Pseudomonas putida motility has been extensively studied in the
biotechnological important soil strain KT2440. Martinez-Garcia et al.
(2014) demonstrated that with specific knockout of genes related to
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flagellar export and assembly as well as regulatory elements, flagellar
motility still provides a great environmental advantage in P. putida
KT2440 despite the high metabolic costs. These results were recently
confirmed by Navarrete et al. (2019) that characterized, by tran-
scriptomic analysis, major components of flagellar-related proteins. In
P. putida ITEM 17297 content and organization of the loci comprising
flagella genes are conserved with respect to KT2440 (Supplementary
Table SF4), although with relevant differences below described. Flagellar
genes are in fact located in a large operon including those coding for
proteins involved in the biosynthesis, assembly, export and motor and
energizing enzymes. The master regulator of flagella biosynthesis FleQ
(Arora et al., 1997) has been identified as GIB23_04455, while FIhF and
FleN, described as necessary to attain proper flagellar location and
numerically regulators of flagellar biogenesis, were GIB23_04600 and
GIB23_04605, respectively. Outside the operon two extra copies of the
motor genes motA (GIB23_17450) and motB (GIB23_17455), homologues
to those found in the P. aeruginosa genome (Toutain et al., 2005), and the
operon coding for the twitching motility proteins PilJLHGT are located.

The flagellin FliC, the subunit protein which polymerizes to form the
filaments of bacterial flagella, has 61% identity with respect to P. putida

———» Rhamnolipid biosynthesis

ppKa / Vasl

cAMP signaling pathway

cANMF

— [CheY

FleQ "rﬂ_ﬁ" -
) /I i

%A]gmate biosynthesis

Amrz

Exopolysaccharide Pea

c-di-GIVF

CheW

—_— Bme

.

BfmS

Fig. 3. Metabolic pathways involved in biofilm formation by P. putida ITEM 17297.
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KT2440 and it is of 283 aa length compared to the 687 aa of KT2440. As
shown in Supplementary Fig. SF6, between the ketoacyl-ACP synthase
gene and figl. a locus not present neither in P. putida KT2440 nor in
P. aeruginosa PAOL1 is included. This locus comprises genes coding for the
transaminase RffA, one metallophosphoesterase, one carbamoyl-
phosphate synthase subunit L, one NAD-dependent epimerase/dehy-
dratase family protein, one methyltransferase domain-containing protein
and 3 glycosyltransferases, interspaced by a gene coding for a hypo-
thetical protein (InterPro domain IPR014985: WbqC-like protein family).
This content was also retrieved by genomic comparative analysis in
P. chlororaphis from a soybean field soil (Deng, 2015) and in the phyto-
pathogen P. brassicacearum Wood3 (Gislason and de Kievit, 2020). In
both strains these genes have a different positioning with respect to the
flagellar genes, and in P. brassicacearum the ketoacyl-ACP synthase, one
glycotransferase and figl. are distantly located. This locus was also
partially present in P. alkylphenolica KL28 and P. plecoglossicida MR70,
although their content and organization are not completely conserved
(Supplementary Fig. SF6).

After evaluation of ITEM 17297 biofilm formation, biofilm phenotype
was investigated in respect to antibiotic tolerance. Thus, in the light of
results described above, MBEC of the selected antibiotics was determined
against biofilm produced at both temperatures of incubation. Kruskal-
Wallis test followed by post-hoc Dunn’s test within each antibiotic
treatment showed significant differences in median biofilm amount
produced at different MIC levels (Fig. 4, Kruskal-Wallis H test, y2(2) =
21.553-22.573, p < 0.004). In particular, at 15 °C the amount of biofilm
linearly increased starting from 2X MIC of chloramphenicol, reaching the
highest values at 10X MIC; by contrast, at 30 °C biofilm production was
markedly less affected by chloramphenicol levels displaying a slight but
significant (P < 0.05) decrease at high concentrations. At lower extent
this behaviour was also observed for the strain assayed in presence of
erythromycin and nalidixic acid. Slight but significant (P < 0.05) in-
creases in biofilm were recorded at higher concentrations for strepto-
mycin at both temperatures. Conversely, under ampicillin treatment the
amount of biofilm was reduced as MIC levels increased regardless of
temperature.

Thus, although increasing concentrations of antibiotics were assayed,
reaching the ten fold-MIC value, all the assayed antibiotics failed to
eradicate biofilm, and biofilm-detached cells were viable when refreshed
under optimal growth condition. These results were in accordance with
those registered by Molina et al. (2014) for clinical isolates of P. putida;
indeed, antibiotic concentrations required to eradicate clinical P. putida
biofilm were from 3 to 40 fold higher than MIC values displayed for
planktonic cells (Molina et al., 2014).

The ability of microbial biofilm to survive under high doses of anti-
biotics is reported for several bacteria, including P. aeruginosa (Ciofu and
Tolker-Nielsen, 2019); in this species mechanisms of antibiotic tolerance
were attributed to the over-production of Pel and Psl exopolysaccharide
mediated by GacA-GacS, and the expression of specific genes as mex-
AB-oprM and mexEF-oprN, as well as ABC-multidrug transporters under
the regulation of c-di-GMP levels. Likewise, Fernandez et al. (2012) re-
ported that in P. putida KT2440 biofilm chloramphenicol resistance was
attributed to the positive regulation of the efflux pump TtgABC biosyn-
thesis, that herein was identified in GIB23_.12100, GIB23_12105,
GIB23_12110; ttgABC-overexpression was also correlated with biofilm
biomass increases in mutant P. putida strains (Tettmann et al., 2014).

For the first time, P. putida biofilms growing at low temperature were
investigated for their resistance to some antibiotics; interestingly, under
selective pressure of 3 out of 5 antibiotics, biomass biofilm increased
significantly in a dose dependent manner. Although no previous data
have been reported for this behaviour in Pseudomonas spp., its AR might
represent a beneficial strategy involved in adaptive response to other
stressors such as temperature changes, nutrient and iron starvation, as
suggested for other bacteria (Cruz-Loya et al., 2019). For example, in
E. coli temperatures lower than the optimum clustered with resistance to
antibiotics, which affect the early stages of protein synthesis or act as
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Fig. 4. Biofilm amounts produced by P. putida ITEM 17297 grown at 15 and 30
°C in presence of different folds (2, 4, 10X) of minimal inhibitory concentration
(MIC) of several antibiotics. Bars represent medians (N = 3). Bars with different
letters are values statistically different within each antibiotic treatment (Krus-
kal-Wallis H test, y2(2) = 21.553-22.573, p < 0.004 followed by post-hoc
Dunn’s test). AMP: ampicillin; CHL: chloramphenicol; ERY: erythromycin;
NAL: nalidixic acid; STR: streptomycin.

DNA gyrase inhibitors. This functional overlapping was attributed to the
mainteinment of the optimal energy efficiency (Cruz-Loya et al., 2019).
Recalcitrant biofilms can be also favored by adaptive response to
oxidative stresses; upregulation of antioxidant systems, such as catalase
and superoxide dismutase, in P. aeruginosa biofilms improved their
antioxidant capacity and their tolerance to antibiotics (Ciofu and
Tolker-Nielsen, 2019). Both these systems were also found upregulated
in psychrotrophic pseudomonas with increased biofilm biomass under
low temperature growth conditions (Quintieri et al., 2019b).

In this work we focused our study on one strain of P. putida which
displayed the highest spoilage activity among previously analyzed
P. putida strains. As reported by previous works, Pseudomonas spp.
belonging to the same species and sharing spoilage activities (such as
proteolytic, lipolytic ones and pigment release) exhibited also similar
resistance to antibiotics Quintieri et al., 2019a; 2020); these character-
istics could be attributed to the ability of these strains to form biofilm.
Indeed, signalling networks at the basis of biofilm formation have been
found correlated with spoilage traits as well as AR (Quintieri et al., 2020).
Thus, in light of these considerations and of the results presented here,
ITEM 17297 can be considered a model for analyzing the correlation
among spoilage, AR and biofilm related pathways in P. putida.

4.1. Conclusions

Our data demonstrated the occurrence of multidrug resistance in
P. putida ITEM 17297, a strain contaminating fresh vegetables and
responsible for their decay under cold storage. A positive interaction
between AR and biofilm formation was also found; no biofilm eradication
was indeed obtained by increasing antibiotic concentrations up to 10-
fold MIC value. Biofilm cultivated at 15 °C also increased its biomasses
in a dose-dependent manner for most antibiotics.

In addition to favour P. putida persistence and related spoilage ability,
these alarming adaptive mechanisms might worsen AR spread in the food
chain by increasing the health risk for unaware consumers.

In the light of these evidences, underestimated psychrotrophic
pseudomonas, such as the herein studied ITEM 17297 strain, assume
relevance in relation to the risk related to their persistence in several
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human settings. In addition, the molecular mechanisms underlying
tolerance to antibiotics are targets for therapeutic interventions for
potentiating the anti-biofilm effect of antibiotics or novel sanitizers.
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