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Abstract: Pseudomonas is ubiquitous in nature and a predominant genus in many foods and food
processing environments, where it primarily represents major food spoilage organisms. The food
chain has also been reported to be a potential reservoir of antibiotic-resistant Pseudomonas. The pur-
pose of the current study was to determine the occurrence of antibiotic resistance in psychrotrophic
Pseudomonas spp. collected over a time span of 26 years from retail chicken in Norway and character-
ize their genetic diversity, phylogenetic distribution and resistance genes through whole-genome
sequence analyses. Among the 325 confirmed Pseudomonas spp. isolates by 165 rRNA gene sequenc-
ing, antibiotic susceptibility profiles of 175 isolates to 12 antibiotics were determined. A subset
of 31 isolates being resistant to >3 antibiotics were whole-genome sequenced. The isolates were
dominated by species of the P. fluorescens lineage. Isolates susceptible to all antibiotics or resistant
to >3 antibiotics comprised 20.6% and 24.1%, respectively. The most common resistance was to
aztreonam (72.6%), colistin (30.2%), imipenem (25.6%) and meropenem (12.6%). Resistance prop-
erties appeared relatively stable over the 26-year study period but with taxa-specific differences.
Whole-genome sequencing showed high genome variability, where isolates resistant to >3 antibiotics
belonged to seven species. A single metallo-betalactmase gene (cphA) was detected, though intrinsic
resistance determinants dominated, including resistance-nodulation (RND), ATP-binding cassette
(ABC) and small multidrug resistance (Smr) efflux pumps. This study provides further knowledge
on the distribution of psychrotrophic Pseudomonas spp. in chicken meat and their antibiotic resistance
properties. Further monitoring should be encouraged to determine food as a source of antibiotic
resistance and maintain the overall favorable situation with regard to antibiotic resistance in the
Norwegian food chain.
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1. Introduction

Pseudomonas has been described as one of the most ubiquitous bacterial genera in the
world, and it has been found in a wide variety of outer environments (e.g., seawater, fresh
water, soil, rhizosphere, bird droppings, cyanobacterial mat samples in Antarctica, Atacama
desert), human environments (e.g., drinking water, kitchens, oil fields, thermal power
plants, sludge, food production plants), clinical specimens (e.g., pus, lungs with cystic
fibrosis, urinary tract infection, septicemia) and infected plants (e.g., leaf spots, brown
blotch disease in mushrooms; [1]). The genus is as diverse as its habitats, with nearly
200 species and a complex phylogeny [2]. Foodborne psychrotrophic Pseudomonas spp.
have high metabolic versatility, adaptive capacity and growth abilities at low temperatures,
supporting their dominating prevalence in various parts of the food chain [3,4]. This genus
includes the opportunistic human pathogen P. aeruginosa, which is a troublesome clinical,
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antibiotic-resistant bacterium, though with variable and generally low prevalence in foods
and food environments [5]. For the chicken meat industry, Pseudomonas is primarily
an important spoilage organism. The plucking and scalding processes usually reduce
the number of bacteria, including Pseudomonas, to low numbers. However, as shown
in multiple studies across several decades and continents, remaining Pseudomonas from
the raw materials or from processing surfaces, chilling air or water can grow rapidly
in the food product, especially under aerobic storage [6]. At the end of the shelf life,
Pseudomonas dominates and spoils the meat through proteolytic, lipolytic, saccharolytic
and biosurfactant processes [7].

A range of different methods with variable accuracy and discriminatory power have
been and are at present used to identify Pseudomonas, making it difficult to draw general
conclusions about which species are most prevalent on chicken meat. In a study from 2017,
using both 165 rRNA gene sequencing and Illumina MiSeq to describe the microbiota of
chicken meat, 21 different species were found, with a dominance of P. weihenstephanensis
(new species 2016) and P. congelans [8]. Most likely, a variety of Pseudomonas may be present
on the raw materials, but different growth abilities between Pseudomonas lead to selection of
some groups over others. In early studies from Norway and Belgium, using carbohydrate
and fatty acid profiles, it was reported that most isolates from spoiled poultry were similar
to P. fluorescens, P. lundensis and P. fragi [9]. The same species were dominant on spoiled,
marinated, poultry from Chile, when using specific PCR for identification to species
level [7]. In a US study, P. fluorescens, P. putida, P. chloroaphis and P. syringae were isolated
from poultry carcasses after storage, using fatty acid profiling for identification [6]. The
increasing use of genomic analyses will likely provide more accurate species identification
and thereby improved understanding of Pseudomonas phylogeny and characteristics in the
food chain [2,10-12].

The predominance and persistence of Pseudomonas spp. in foods and on food pro-
cessing surfaces have also been related to the ability of these microorganisms to form a
biofilm, which enhances their tolerance to adverse conditions including antimicrobial treat-
ments [12,13]. Studies have increasingly reported the role of various parts of the food chain
as possible reservoirs for antibiotic-resistant bacteria and resistance genes. This includes
reports on antibiotic-resistant Pseudomonas spp. in chicken and other meats [14,15], milk
and dairy products [11,12,16] and vegetables [17]. Furthermore, the extraordinary ability
of P. aeruginosa to acquire new mechanisms of resistance through horizontal acquisition of
resistance genes carried on plasmid, integrons or transposons has been demonstrated [18].
Antibiotic-resistant Pseudomonas spp. could therefore act as potential reservoirs of antibiotic
resistance in the food chain, with the ability of resistance gene transfer to other bacteria
including potential pathogens.

In Norway, antimicrobial resistance has since 2000 been monitored through the Nor-
wegian monitoring program for antimicrobial resistance in feed, food and animals, NORM-
VET (http:/ /www.vetinst.no/overvaking/antibiotikaresistens-norm-vet). The prevalence
of antibiotic-resistant bacteria in the animal food production chain in Norway is low com-
pared to most other European countries [19]. Use of antimicrobial agents in the Norwegian
livestock production is also low, as demonstrated by the ESCVAC (European Medicines
Agency, European Surveillance of Veterinary Antimicrobial Consumption) report [20].
However, the application of selective methods for the detection of antibiotic-resistant bac-
teria showed that 50% of investigated turkey meat samples harbored quinolone-resistant
E. coli, although at very low quantitative levels [21,22]. Selective methods also identified
high prevalence (around 40%) of resistant E. coli in fecal samples from broilers and retail
chicken meat, respectively [23], prevalence that was reduced according to similar data from
2016 [24]. Transferrable plasmid-mediated resistance has been reported for both these resis-
tance traits [21,25]. In NORM-VET, susceptibility testing of E. coli and Enterococcus spp. is
generally used as an indicator of the occurrence of antimicrobial resistance in the bacterial
population. The recent history of common though unexpected detection of antibiotic-
resistant E. coli in the Norwegian poultry production chain, along with the known high
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prevalence of Pseudomonas spp. in the food chain and their reported potential for resistance
gene transfer, support the need for more knowledge on the role of Pseudomonas spp. in
antibiotic resistance prevalence, distribution and resistance gene reservoirs in the food
chain. The aim of the current study was to determine the occurrence of antibiotic resistance
in psychrotrophic Pseudomonas spp. in retail chicken in Norway and characterize their
genetic diversity, phylogenetic distribution and resistance genes through whole-genome
sequence analyses. Pseudomonas strains isolated over a time span of 26 years (1991-2017)
from the retail poultry chain in Norway were included.

2. Materials and Methods
2.1. Sample and Strain Collection

Pseudomonas isolates included in this study (n = 325) were from separate collections
from raw poultry in the period 1991 (one collection) and 2014-2017 (three collections;
Table 1). Collection 1 and 2 were already established Nofima in-house strain collections,
whereas collection 3 and 4 were established as a part of this work to obtain an assortment
of Pseudomonas spanning a long time period and different products and sources. All
the poultry products were obtained from the southeastern region of the Viken county in
Eastern Norway.

Table 1. Overview of chicken product samples and number of analyzed Pseudomonas spp.

Sample . a b
Collection (Reference) Sample Type Year Chicken Samples 16S rRNA Gene MIC WGS
1[9] Cold stored 1991 20 97 53 7
Carcasses
2 (This study) Raw fillet at retail 2014 8 34 19 2
3A (This study) Raw fillet at retail 2016 60 113 52 7
3B (This study) Raw fillet at retail 2016 53¢ 36 13 8
. Raw carcass in
4 (This study) slaughterhouse 2017 18 45 38 7
Total 325 175 31

2 Numbers are MIC (minimal inhibitory concentration)-tested isolates selected and determined in accordance with selection criteria detailed
in Material and Methods. ? Breakpoint value for imipenem was changed from >8 mg/L to >4 pg/mL during the study period (EUCAST).
For determination of isolates to WGS, the former breakpoint value of imipenem (>8 mg/L) was applied in the analyses. The number of
isolates selected for WGS (whole genome sequencing) was therefore fewer than the number of isolates resistant to three or more antibiotics
reported elsewhere in this article. © 53 of the 60 chicken samples of sample collection 3A (plated on CHROMagar Pseudomonas without
CIP; ciprofloxacin) were also plated on CHROMagar Pseudomonas with 0.5 mg/L CIP and were thus defined Collection 3B.

Collection 1 from 1991 was from six flocks of chicken carcasses slaughtered at two
Norwegian slaughterhouses in a period from February to July 1991 [9]. Pseudomonas
were isolated one day after slaughter and after 9 days of refrigerated storage. Isolates
identified as Pseudomonas spp. from colony morphology on Plate Count Agar (Difco)
containing 1% NaCl, Gram staining, motility, catalase activity, fatty acid profiling and
carbon source assimilation tests were stored frozen in 20% glycerol stocks [9]. To obtain an
overall representative collection and reduce the probability of selecting clonal isolates, only
Pseudomonas spp. isolates with different carbon assimilation profiles from the same flock
and sampling date were chosen and 165 rRNA gene sequenced (n = 97).

Collection 2 (2014) included isolates (n = 34) collected from eight raw chicken prod-
ucts from six manufacturers. The products were bought in local supermarkets and kept
cold until analysis. Samples were obtained by surface swabbing (FLOQSwabs, COPAN
Diagnostics Inc., CA, USA) of a 2 x 10 cm? area of the chicken surface (legs, fillets with
and without skin), vortexing the swab in 3 mL peptone water and plating on Pseudomonas
CFC agar (Pseudomonas agar base with Pseudomonas CFC selective agar supplement
(Oxoid, ThermoFisher Scientific, Oslo, Norway) and incubation at 20 °C, 48 h. Up to five
presumptive Pseudomonas spp. were randomly collected from each of the eight products.

Collection 3A and 3B (2016) originated from the Norwegian surveillance program
on antibiotic resistance in poultry products (NORM/NORM-VET 2016; Usage of Antimi-
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crobial Agents and Occurrence of Antimicrobial Resistance in Norway). From a total of
60 samples of fresh retail chicken products in the period September to December 2016,
Pseudomonas spp. isolates were collected by parallel plating of stomached chicken samples
(25 g) (on CHROMagar Pseudomonas, Paris, France) for 20 °C, 48 h, without (Collection
3A) and with 0.5 mg/L ciprofloxacin (collection 3B). The latter was used for selective
isolation of Pseudomonas spp. resistant to ciprofloxacin. From each sample, four colonies
representing, if possible, different morphologies of presumptive Pseudomonas were chosen.
A total of 113 and 36 confirmed Pseudomonas spp. isolates were collected from agar plates
without and with CIP, respectively.

Collection 4 (2017) included samples from one of the slaughterhouses where the iso-
lates from 1991 (Collection 1) were collected. The slaughterhouse was visited three times
and surface swab samples from six chicken carcasses per visit were vortexed and plated
on CHROMagar Pseudomonas (20 °C, 48 h). A total of 60 presumptive Pseudomonas spp.
isolates were collected by picking 2—4 colonies with Pseudomonas spp.-like color and mor-
phology per carcass sample. All pure culture isolates were stored in 15% glycerol at
—80 °C.

2.2. 165 rRNA Gene Analyses

A total of 443 isolates were partial 16S rRNA gene sequenced to exclude non-Pseudomonas
genus isolates from the collection. Partial amplification and sequencing of the 165 rRNA
gene were performed using universal primers (Nadkarni et al., 2002). DNA was isolated
by boiling single bacterial colonies resuspended in 50 uL Tris-EDTA buffer at 99 °C for
10 min. Bacterial debris were removed by centrifugation, and 30 pL of the supernatant
containing the DNA was transferred to a new tube, of which 1 uL. was used as template
in the polymerase chain reaction (PCR). Amplification was performed using 0.2 umol/L
(each) primer, 12.5 pL of Platinum hot start PCR 2X Mastermix (Invitrogen, ThermoFischer
Scientific) in a total volume of 25 pL on a Veriti 96-well Thermal Cycler (Applied Biosystems
(ThermoFisher)). The cycling conditions were: 94 °C 2 min, then 30 cycles of denaturing at
94 °C for 30 s, annealing at 60 °C for 30 s, extension at 72 °C for 30 s, and a final extension
at 72 °C for 7 min. The PCR products were purified before sequencing, using ExoSap-IT
(Applied Biosystems (ThermoFisher)). Sequencing PCR was carried out using the Big Dye®
Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufac-
turer’s instructions with the forward universal 165 rDNA primer. The sequencing reactions
were carried out in 25 cycles of 96 °C for 15 s and 60 °C for 4 min. A BigDye XTerminator
Purification Kit (Applied Biosystems, Foster City, CA, USA) was used according to the
manufacturer’s recommendations to clean up the sequencing reactions and sequencing
was performed on an ABI PRISM 3500 Genetic Analyzer (Applied Biosystems).

2.3. 16 S rDNA Phylogenetic Analyses

The CLC Main Workbench (versions 20.0.4 and 7.8.1) was used to inspect and trim
sequences (quality trimming limit 0.02). The trimmed sequences were aligned and cut
to equal length (288 bp) and used to construct a phylogenetic tree (neighbor joining tree
with Jukes—Cantor distance measure and bootstrap (100 replicates)). The taxonomy was
identified using BLAST 16S rRNA (bacterial and archaea type strains) database (including
21,264 sequences, accessed 12th September 2020).

2.4. Antimicrobial Susceptibility Testing

Isolates for susceptibility testing (n = 175) were selected according to the 165 rRNA
gene sequence phylogenetic grouping of the isolates. When several isolates within one
flock or sample had the same 165 rRNA gene sequence, only one isolate was tested to
avoid the bias that would occur if including clonal strains (Table 1). The selection criteria
provided a common basis for selecting isolates from the different sample collections for
MIC analyses and subsequent comparative analyses and statistics.
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Susceptibility to antibiotics was determined by a broth microdilution method us-
ing Sensititre Gram Negative DKMGN Plates for non-fastidious Gram-negative isolates
(ThermoFisher Scientific, Oslo, Norway). Inoculum preparations were according to manu-
facturer’s recommendations. In short, fresh colonies on Tryptic Soya Agar (Oxoid) were
suspended in Sensititre Demineralized water (ThermoFisher Scientific) to 0.5 McFarland
using a nephelometer. Then, 10 mL of this suspension was mixed in 11 mL Sensititre Cation
Adjusted Mueller-Hinton Broth w/TES buffer (ThermoFisher Scientific) and inoculated
(50 uL) into each well of the plate using a multi-channel pipette. The plate was incubated
at 30 °C for 18-24 h. The plates were read using the Sensititre Manual Viewbox. The mini-
mum inhibitory concentration (MIC) was determined, defined as the lowest concentration
(mg/L) of antibiotic of which no growth was observed. P. aeruginosa ATCC 27,853 was used
as a quality control strain. Breakpoints used were in accordance with EUCAST Pseudomonas
spp. breakpoints when available, else P. aeruginosa breakpoints. Five of the 17 antibiotics
in the panel were not considered relevant due to reported natural, intrinsic resistance for
Pseudomonas spp. (EUCAST Clinical Breakpoint Tables v. 10.0) and were disregarded. MIC
tests were repeated for isolates showing resistance to three or more relevant antibiotics.

2.5. Integron-PCR

Integrons were detected using PCR. Primers for detection of the cassette regions of
class 1 and class 2 integrons were hep58 and hep59 (White et al., 2000), and hep74 and
hep51 (White et al., 2001), respectively. PCR amplifications were performed in 25-uL
reactions using 0.2 uM of each primer and Invitrogen Platinum Hot Start PCR Master Mix
(2X) (ThermoFischer Scientific) on a Veriti 96-well Thermal Cycler (Applied Biosystems
(ThermoFisher Scientific)). Bacterial DNA was isolated by QIAprep Spin Miniprep Kit
(Qiagen, Oslo, Norway) in accordance with the supplier’s recommendations and 1 uL
was used as template. PCR amplicons were detected by agarose gel electrophoresis (0.7%
agarose with GelRed Nucleic Acid Gel strain (Biotium, CA, USA)). Positive and negative
controls were used in all PCR reactions. E. coli Se 131 (Acc. No. AJ238350) and E. coli
620-11 [26] were used as positive controls for detection of the cassette regions of class 1 and
class 2 integrons, respectively.

2.6. Whole-Genome Sequencing (WGS)

All isolates resistant to three or more antibiotics and the three class 1 integron-positive
isolates were subjected to whole-genome sequencing (WGS). The strains were grown on
tryptone soy agar (TSA) plates (Oxoid) at 30 °C overnight. Colonies from the plates were
transferred into 5 mL tryptone broth and incubated in a rotatory incubator at 150 rpm and
30 °C, overnight. One ml of the overnight culture was centrifuged at 13,000x g for 5 min,
and the pellet was used for DNA purification. The cells were lysed for 40 s at 6 m/s using
lysing matrix B tubes containing 0.1 mm silica spheres and a FastPrep instrument (both MP
Biomedicals), and DNA was isolated using the DNeasy blood and tissue kit (Qiagen) in
accordance with the supplier’s recommendations. The DNA concentration was measured
using Quant-iT PicoGreen ds DNA Assay Kit (Invitrogen, ThermoFisher Scientific) and
Synergy H1, microplate reader (BioTek, VT, USA).

Libraries for genome sequencing were prepared using the Nextera XT DNA Sample
Preparation Kit (Illumina, San Diego, CA, USA) and sequenced using paired-end (PE)
2 x 300 bp reads on a MiSeq instrument (Illumina). The isolates were sequenced in three
separate MiSeq runs (Run 1: MCS v2.6.2.1, MSR v2.6.2, RTA v1.18.54; Run 2 and 3: MCS
v3.1.0, LRM v2.0.1, RTA v1.18.54; Supplementary Table S1).

Analyses of WGS Data

Prior to de novo assembly, removal of adapter sequences and q15 quality trimming
was performed using fastq-mcf (Version: 1.05) from the ea-utils package [27]. Genome
assembly was performed using SPAdes v 3.13.0 [28] with the careful option and six k-mer
sizes (21,33,55,77,99,127). Contigs with size <500 bp and with coverage <5 were removed
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from the assemblies. The genome assemblies were evaluated using QUAST v 5.0.2 [29] and
the sequences were annotated using PROKKA 1.14.6 [30]. Average coverage of the filtered
assemblies was calculated using BBMap v36.x (Bushnell B.—sourceforge.net/projects/
bbmap/).

Core genome phylogenetic analysis was performed in Roary [31] using the Prokka
annotation; a 95% nucleotide identity cut-off was applied for inclusion in the core genome.
Sequences were aligned using MAFTT [30,32] and neighbor joining phylogeny was recon-
structed in CLC Main Workbench 20.0.4, with Juker-Cantor approximation and bootstrap
(100 replicates). The resulting phylogenetic tree was combined with the gene_presence_absence
table generated by Roary to construct a core genome phylogenetic tree with gene pres-
ence/absence matrix (using roary_plots.py).

ABRicate (version 1.0.1; https:/ /github.com/tseemann/abricate) was used to search
for antibiotic resistance genes (database: NCBI AMRFinderPlus; CARD; Resfinder; ARG-
ANNOT and MEGARES 2.00) and plasmids (database PlasmidFinder). All databases
used were updated in April 2020. We also included Pseudomonas spp. antimicrobial
resistance genes reported by Meng et al. [11] and Quintiery et al. [12] and annotations
obtained using Prokka in the search for resistance genes. PubMLST (Public databases for
molecular typing and microbial genome diversity) and Ribosomal Multilocus Sequence
Typing (rMLST) were used for species identification (https:/ /pubmlst.org/species-id; [33]).
rMLST is an approach that indexes variation in the 53 genes encoding the bacterial ribosome
protein subunits (rps genes) as a means of integrating microbial taxonomy and typing. The
rMLST database was accessed 16th November 2020. Phylogenetic relationships between
our isolates and other Pseudomonas isolates were established by employing the NDtree
(nucleotide difference tree; [34-36]). In total, 28 assemblies were selected from available
representative Pseudomonas genomes (n = 223) as well as the reference genome P. aeruginosa
PAO1 and downloaded from the NCBI microbial genome database https://www.ncbi.
nlm.nih.gov/genome/ (per 8th December 2020; Supplementary Table S52) and submitted
together with our 31 isolates (contigs) to NDtree service (version 1.2) at https:/ /cge.cbs.
dtu.dk/services/NDtree/. The representative genomes were selected based on potential
relatedness to our isolates. P. putida and P. aeruginosa were chosen as out-groups. The tree
was visualized in CLC Main Workbench.

The draft genome assemblies for the 31 Pseudomonas isolates have been deposited in
the public domain (NCBI BioProject PRINA685056). Minor adjustments (additional adapter
trimming) were performed in some genomes before being released by the NCBI. The raw
data have been deposited in the NCBI Short Read Archive (SRA; BioProject PRINA685056).

2.7. Statistical Analyses

Isolates included in the comparative analyses and statistics for MIC analyses were ac-
cording to the selection criteria specified above, if not otherwise stated. Statistical analyses
of differences in resistance prevalence between isolates of different sample collections were
conducted by Fisher’s exact test with significance level of p < 0.05.

3. Results
3.1. Overall Identification and 16S rRNA Gene Phylogenetic Analyses of Bacteria from
Chicken Samples

Presumptive Pseudomonas isolates (n = 443) from four chicken meat sample collections,
spanning a time period of 26 years, were collected. Good-quality 165 rRNA gene sequences
(partial, 288 bp) were obtained from 360 isolates, of which 325 were confirmed to belong to
the Pseudomonas genus. Other genera identified were Acinetobacter, Aeromonas, Enterobacter,
Janthinobacterium, Morganella, Shewanella, Stenotrophomonas and Vibrio. These were discarded
from further analyses.

A phylogenetic overview of the 325 Pseudomonas isolates is shown in Figure 1. The 165
sequencing grouped the isolates into a limited number of subclades. Interestingly, isolates
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within each of the four sample collections were in general distributed across the whole
phylogenetic tree.

O
@ O
»
@ Collecion 1 @ Collection 2 (@) @0 ‘@Q & /\v'l’ i Q<\ G\Q &‘ Q<\ Qd" “;d’
. Collection 3A . Collection 3B —_—
P. gessardi @ collection 4 o

| -
P. lactis =- _g
P. koreensis . —
A /uru%anskkensls P tolaasii 5—
P. canadensis T —
P. marginalis —- — m—
P. veronii p—
— —
o9 — —
l P. corrugata —
P. weihenstephanensis —— —
P. fragi —
P. ceraci —

0.060

Figure 1. Phylogenetic distribution of Pseudomonas spp. isolates (n = 325) based on partial 16S rRNA gene (288 bp) sequenc-
ing. Assignment of the isolates to presumptive species and to the strain collections is indicated. The subsets of isolates sub-
jected to MIC (n = 175) and WGS (n = 31) analyses are shown. Isolates with resistance to the specific antibiotics are indicated
in red. Antibiotic abbreviations: MERO (meropenem), IMI (imipenem), TAZ (ceftazidime), CZA (ceftazidime/avibactam),
C/T (ceftolozane/tazobactam), CIP (ciprofloxacin), AZT (aztreonam), P/T4 (piperacillin/tazobactam), COL (colistin).
Antibiotics for which all isolates were sensitive (amikacin, gentamicin, tobramycin; according to Table 2) were not included.

Table 2. Minimum inhibitory concentrations (MIC) and antimicrobial resistance in Pseudomonas spp. (n = 175) isolated from
raw chicken in Norway.

s e Resistance Distribution (%) of MIC Values (mg/L) ?
Antibiotic (%)
0.06 0.12 0.25 0.5 1 2 4 8 16 32 64
Amikacin 0.0 99.4 0.6
Gentamicin LE.b 96.6 1.7 1.1 0.6
Tobramycin 0.0 1.7 98.3
Meropenem 12.6 22.3 6.9 10.9 8.0 10.9 16.6 12.0 8.6 4.0
Imipenem 25.6 194 20.6 21.1 13.1 114 13.1 1.1
Ceftazidime 10.2 1.1 5.7 29.7 33.7 194 5.1 5.1
Ceftazidime/Avibactam 0.6 1.1 8.6 46.9 39.4 34 0.6
Ceftolozane/Tazobactam 0.6 20.6 52.0 21.7 5.1 0.6
Ciprofloxacin 2.2 54.9 30.3 9.7 29 1.1 1.1
Aztreonam 72.6 0.6 0.0 0.6 13.7 126 120 60.6
Piperacillin/Tazobactam 0.6 1.1 120 429 349 8.6 0.6
Colistin 30.2 1.1 234 36.6 8.6 74 5.1 17.7

2 Vertical, bold lines denote breakpoint values for resistance for each antibiotic (EUCAST Clinical Breakpoint Table v. 10.0). White fields
denote concentration range of each tested antimicrobial agent. Susceptibility profiles of the 175 isolates to 12 antibiotics are presented in
Supplementary Table S5. MIC values higher than the highest concentration tested are given as the lowest MIC value above the range. MIC
values equal to or lower than the lowest concentration tested are given as the lowest concentration tested. ® LE. = insufficient evidence that
Pseudomonas spp. are good targets for therapy with the agent (Ref. EUCAST)—no breakpoint value defined.

Of the 325 isolates, 322 belonged to the P. fluorescens lineage, of which, respectively, 284,
16 and 13 isolates grouped into the P. fluorescens group (including P. koreensis subgroup),
P. syringae group and P. chlororaphis group [10]. There were nine isolates in this lineage
that could not be assigned to a group (P. silesiensis, P. turukhanskensis and P. versuta). Three
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isolates grouped in the P. aeruginosa lineage; one was matched in BLAST with P. caeni and
two with P. flavescens (the three isolates in the bottom of the phylogenetic tree, Figure 1). The
prevalence of the different species within the different collections is shown in Supplementary
Table S3. The carbon profiling of isolates from collection 1 corresponded well to the 165
rRNA gene clusters, with a few individual exceptions—however, with different species
assignment (Supplementary Table S4). For example, all isolates with carbon profile A
assigned to P. fluorescens biovar I-1 [9] were in the same 16S cluster (P. lactis). Likewise,
all isolates with carbon profile C (assigned to P. [undensis) were assigned to the same 16S
cluster (P. weihenstephanensis).

3.2. Phenotypic Antimicrobial Resistance and Presence of Integrons

Susceptibility to 12 antibiotics was tested for a selection of 175 isolates (Figure 1,
Table 2). For nine antibiotics, MIC values above the defined resistance breakpoints for
Pseudomonas spp. were found. The most common resistance was to aztreonam (72.6%),
colistin (30.2%), imipenem (25.6%) and meropenem (12.6%). None of the isolates were
resistant to aminoglycosides (amikacin, gentamicin, tobramycin) while only 2.3% (four
isolates) were resistant to the fluoroquinolone ciprofloxacin. Resistance to the cephalosporin
ceftazidime (10.2%) was found for a single isolate only (0.6%), when ceftazidime was used
in combination with the 3-lactamase inhibitor avibactam, indicating that beta-lactamases
inhibited by avibactam have a role in ceftazidime resistance.

Collection 1 (Year: 1991; n = 53) contained the highest proportion of isolates sus-
ceptible to all antibiotics (30.2%; n = 16) while collection 4 (Year: 2017; n=38) contained
the lowest and highest proportion of susceptible (5.3%; n = 2) and multi-resistant (28.9%;
n = 11) isolates (Figure 2), respectively. For isolates collected after selective plating on
CIP-containing agar plates (collection 3B), the proportion of isolates susceptible to all an-
tibiotics or resistant to >3 antibiotics was 0% and 53.8%, respectively. The highest number
of resistance traits was obtained for a single isolate from collection 3B, being resistant to
seven antibiotics.

Total (Collection Collection 1 Collection2 Collection 3A  Collection 3B Collection 4

1-4) (1991) (2014) (2016) (2016 CIP) (2017)

OSusceptible @ Resistance to one or two ab M Resistance to three or more ab

Figure 2. Proportion of antibiotic-susceptible and resistant isolates (total numbers n = 175) for all collections. See Table 2 for

the 12 antibiotics tested.

Excluding Pseudomonas spp. collected from CIP plates, 22.2% (n = 36) of the isolates
were susceptible to all tested antibiotics while resistance to >3 antibiotics was found in
21.6% (n = 35). Although the results indicated that less Pseudomonas collected in the period
2014-2017 were susceptible to antibiotics (18.3%) than those collected in 1991 (30.2%), the
differences were not statistically significant (p = 0.08). Similarly, although the proportion of
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isolates resistant to three or more antibiotics was higher in 2014-2017 collections than the
1991 collection (23.9% vs. 17.0%), the difference was not statistically significant (p = 0.42).
However, a higher proportion of aztreonam resistance was evident in isolates collected
in 2014-2017 (78.9%) compared to isolates from 1991 (54.7%; p = 0.003). For colistin,
the opposite was observed, with 23.9% and 39.6% resistant isolates in these two groups
(p =0.04).

There appeared to be taxa-specific differences in antibiotic resistance, with certain
taxa having a high proportion of susceptible and resistant isolates, respectively (Figure 1,
Table 3).

Table 3. Antibiotic resistance of 175 Pseudomonas spp. The percentage of isolates within each species with MIC above the
breakpoint value for 0, 1, 2, 3, 4, 5 or 7 antibiotics (ab = 0 to ab = 7) is shown.

Proportion of Isolates (%)
Best Match (Species) 1 Isolates (N)  MIC (N)

ab=0 ab=1 ab=2 ab=3 ab=14 ab=5 ab=7

P. brassicacearum 1 1
P. brenneri 1 1
P. caeni 2 1 0
P. canadensis 22 11
P. cerasi 16 10
P. corrugata 13
P. deceptionensis
P. flavescens
P. fragi 13 8
P. gessardii 68 26
P. helleri

P. helmanticensis

P. koreensis

P. lactis 57 26

P. marginalis 11 11

P. migulae 11 10

P. rhodesiae 1

P. silesiensis 5 4

P. tolaasii 6 4

P. turukhanskensis 3 3

P. veronii 22 9

P. versuta 1 1

P. weihenstephanensis 52 24
SUM 325 175 20.6 40.6 14.9 14.3 8.6 0.6 0.6

1 Best match based on 288 bp og the 165 rRNA gene and the BLAST 16S rRNA (bacterial and archaea type strains) database. 2 This isolate
was not viable when selected for MIC testing.

Three isolates (collection 3A (P. corrugata) and 3B (P. gessardii and P. weihenstephanensis))
harbored genes for intl1 class 1 integrons although with empty cassettes. No intI2 class 2
integrons were detected.
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3.3. WGS of a Subset of Resistant Pseudomonas spp.

A total of 31 isolates were resistant to several (three or more) antibiotics and/or
contained integrons and these were whole-genome sequenced. The average genome size
of the isolates was 6,307,185 bp (largest genome: 6,811,860 and smallest genome: 5,804,763).
The probable copy numbers of rRNA operons determined by Prokka were between 4 and
8 (Supplementary Table S1). One isolate (MF7453) had a repeat region identified as a
CRISPR-casl region.

The rMLST analyses using WGS data allowed a more precise taxonomic identifica-
tion compared to 16S rRNA gene sequencing, separating the isolates into seven different
species: P. fluorescens (>98% match, n = 7), P. brenneri (>96% match, n = 5), P. haemolytica
(n =4), P. carnis (n = 2), P. lactis (n = 1), P. psychrophilia (n = 1), P. simiae (n = 1). The
remaining 10 isolates could not be assigned to a specific species. To get a more compre-
hensive view of the taxonomy of our isolates, we compared the isolates with 29 genomes
selected from the NCBI microbial genomes using NDtree (representative sequences for
comparable species in addition to P. putida and P. aeruginosa as out-groups were chosen).
The rMLST taxonomic identification and the NDtree clustering showed good correlations
(Supplementary Table S6; Supplementary Figure S1) and revealed similar clusters as for the
16S rRNA gene tree—however, with another taxonomic identification. For example, isolates
identified to P. canadensis based on partial 165 rRNA gene were identified to P. haemolytica
by rMLST and NDtree, and isolates identified to P. lactis by 16S rRNA gene were separated
into three species based on WGS: P. fluorescens, P. carnis and P. lactis. Moreover, two isolates
classified as P. fluorescens by rMLST clustered together with P. carnis and were reassigned
to P. carnis by NCBI after submission (based on average nucleotide identity (ANI)).

Further WGS data analyses revealed a high genomic variability, with estimated
42,492 genes in the pan-genome, 291 core (genes present in >99% of strains), 300 soft-
core, 10,307 shell and 31,594 cloud genes. A phylogenetic tree was generated from the
core gene alignment and combined with the gene_prescense_absence table from Roary
(Figure 3).

Tree Roary matrix
(31 strains) (42 492 gene clusters) rMLST

I | H [ I F | MF7453

| MF7448 ~
|h I MF6787
MF6754

|| MF6784 =
| I MF6768 P. brenneri
| MF5691 (86-98% match)
|\|. MF6772

II MF6776

. I‘- MF6762 P psychrophilia
“ ‘ |||l [N | MF6747
\

.- Il MFE7447 P simiae

MF7440 P heamolytica
‘ u MF6766 P heamolytica
I | MF6753 P heamolytica

| MF5694  P. heamolytica
RIRRN I MF6755

‘ ‘ ‘I | Il MF7445 P lactis

] lI I” MF7450  P. fluorescens
| ‘ || MF6746  P. fluorescens

‘ ||| MF2830 P fluorescens
w ‘ I MF7441 P fluorescens
‘ I MF6751

‘ \
‘ \ ‘ | I VIF7454  P. carnis
‘ ‘

I" MF6767
‘ ‘} | ‘ II MF7451
‘ || MF6752 P, fluorescens
” V | MF2857
MF2846

[ pes cep =S |

‘ ‘ ‘ ‘ I MF7452 P fluorescens
H ‘ ‘ ‘ ‘ | | I MF7446  P. carnis

Figure 3. Core gene alignment tree. The presence or absence of 42,492 aggregated pan-genome genes in 31 isolates is shown.
Blue denotes that a gene is present in the corresponding isolate (identified by isolate name to the right). The isolate names
are colored according to the collection number (see Figure 1). Species assignment is shown according to rMLST for isolates
with 100% match (except for P. brenneri).
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Resistance determinants reported to be plasmid-bound were seldom identified. Plas-
mid detection and analysis was not the scope of this study and further investigations
(e.g., with long read sequencing) are required to rule out the presence of plasmids in the
isolate collections.

3.4. Antimicrobial Resistance Determinants in Pseudomonas spp.

Reported resistance determinants of ten different antibiotic classes, cationic disinfec-
tants as well as a range of multidrug resistance genes were found among the 31 isolates
subjected to genome sequencing. In total, more than 70 genes associated with antibiotic
resistance were identified (Table 4).

Table 4. Resistance determinants in Pseudomonas spp. (n = 31).

Antibiotic Class/Type of Antimicrobial

Resistance Determinants

. . a
Phenotypic Resistance (No. of Isolates) P

Antibiotic class
Aminocoumarine
Aminoglycoside

B-lactam
Bicyclomycin
Fluoroquionolones

Fosfomycin
Fosmidomycin

Lipopeptides

Macrolides
Tetracycline
Disinfectants and cationic agents

Multiple drugs ©

Aminocoumarine
NEO

IMI, MERO, B-lactam antibiotics
BC
CIP

FOS
FOSM

COoL
Macrolides, peptide antibiotics

QAC, EBR, various cationic agents
Cationic peptides, fluoroquinolones,
aminoglycosides
Carbenicillin, chloramphenicol,
erythromycin, novobiocin, streptomycin
and tetracycline

Various multidrugs

Aromatic hydrocarbons,
fluoroquinolones, beta-lactams
except imipenem

mdtA (31), mdtB (31), mdtC (30)
neo (18)
ampC (31), ampD (31), cphA (1), pbpC (10),
mrcA (31), mrcB (9), oprD (31)
ber (29)
Bmr3 (2), gyrA (31), gyrB (31), IfrA (6), mfd
(31), parC (31), parE (31)
abaF (31), fosA (13), mdtD (30), mdtG (13)
fsr (22)
arnA (30), emrA (28), emrB (27), IpxA (2),
IpxD (4), pgsA (2), phoP (31), phoQ (9)
macA (31), macB (31)
tetC (7)
emrE (2), gacA (1), gacC (1)
acrA (12), acrB (15), acrE (2), acrF (29)
aphA (28), aphB (3)

arpC (26)

bepC (29), bepE (15), bmr3 (2), emrA (31),
emrB (30), emrD (5), emrE (2), emrY (24),
mdfA (1), mdtE (16), mdtK (31), mdtL (28),
mdtN (1), mepA (31), mexA (29), mexB (29),
mtrA (19), norM (31), opr] (5), oprM (29),
0qxB7 (31), 0qxB10 (27), 0gxB13 (1), stp
(30), tolC (30)

tgA (31), tgB (31), tgC (31), tgl (31)

2 Reported main phenotypic resistance traits are shown. Abbreviations: BC (Bicyclomycin), CIP (Ciprofloxacine), COL (colistin), EBR
(ethidium bromide), FOS (fosofomycin), FOSM (fosmidomycin), IMI (imipenem), MERO (meropenem), NEO (neomycin), QAC (quaternary
ammonium compounds). ° Resistance determinants according to Prokka annotations. ¢ Multidrug resistance genes associated with
antibiotic and/or disinfectant resistance were included.

Seven genes often associated with 3-lactam resistance were detected, including the
instrinsic ampC gene, present in all 31 genome sequenced isolates. Other genes, mrcA and
pbpC, encoding penicillin-binding proteins were present in 31 and 10 isolates, respectively.
A single isolate, MF6787 (Collection 3A), identified to P. brenneri according to rMLST,
contained the metallo-beta-lactamase gene cphA, but did not show higher resistance to
meropenem and imipenem than other isolates in the same cluster/taxa or in many distantly
related isolates. Resistance determinants providing specific resistance to the monobactam
aztreonam were not determined, although it was the antibiotic for which the highest
proportion of isolates was resistant. Other genes associated with f-lactam resistance
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encoded the MexAB-OprM efflux system and the outer membrane protein OprD present
in 29 and 31 of the strains, respectively. A gene homolog (pbpC) to the target gene of
aztreonam in P. aeruginosa, ftsI, encoding a penicillin-binding protein (Jorth et al., 2017),
was identified in 10 of the WGS isolates. The pbpC encodes a penicillin-binding protein but
their role in aztreonam resistance in Pseudomonas spp. is unknown.

Six genes were detected (emrA, IpxA, IpxD, pgsA, phoP, phoQ)) that were reported to be
associated with resistance to colistin, a last-resort lipopeptide antibiotic for the treatment
of MDR Gram-negative bacterial infections. The genes emrA and phoP encoding a colistin
resistance protein and a transcription regulator, respectively, were most prevalent according
to Prokka and were detected in 28 and 31 of the genome sequenced strains.

A number of genes encoding multidrug efflux systems were detected. The majority of
these belonged to the resistance-nodulation—cell division (RND) family of efflux pumps
that is associated with membrane fusion proteins and outer membrane porins (e.g., TolC,
OprM) involved in tolerance to a wide spectrum of antimicrobials and toxic compounds.
Among the most prevalent RND multidrug transporter genes detected were acrB, mexB, ttgB.
Genes encoding efflux proteins of other families included norM, mepA, (multi-antimicrobial
extrusion protein family; MATE), emrB, mdtD, gacA (the major facilitator superfamily; MFS)
and gacC, emrE (small multidrug resistance family; SMR). The gac genes, only found in one
strain each, encode proteins involved in reduced susceptibility to quaternary ammonium
compound disinfectants.

Resistance genes towards aminoglycosides were almost absent. The neo gene con-
ferring resistance to neomycin was the single aminoglycoside resistance gene detected in
18 isolates.

4. Discussion

Several studies have reported Pseudomonas spp. to be a dominant bacteria on chicken
carcasses in abattoirs [37-39] and also to be prevalent and a main cause of spoilage in a
range of foods, e.g., red meats, milk and fresh produce [12,17,40,41]. Dominant species
reported on chicken meat include P. fluorescens, P. fragi and P. putida, but limited data
are available on the genome diversity, taxonomy as well as phenotypic and genotypic
antibiotic resistance of Pseudomonas spp. in the food chain. This may partly be due to
the extensive heterogeneity and complex phylogeny of Pseudomonas and the fact that
discriminatory methods for species assignment are not always used [10]. A challenge
is also the ability of non-Pseudomonas bacteria to grow on Pseudomonas selective agar
media such as Pseudomonas CFC agar and CHROMagar Pseudomonas, as illustrated in
the present study, where 35 of 360 isolates collected from these media belonged to other
bacterial genera.

Whole-genome sequencing of the antibiotic-resistant isolates of the current study
illustrated the overall large genetic heterogeneity of the Pseudomonas isolates, with more
than one megabase difference between the largest and smallest genome and where the
core genome represented only a minor fraction of the extensive pan-genome (Figure 3).
Comparison of these isolates with selected genomes from the NCBI microbial genomes
using NDtree further illustrated the high genomic diversity within Pseudomonas, and the
phylogenetic tree would probably look different if we included more isolates for each
species (Figure S1). It has been assumed that the increased use of WGS or multilocus
sequence analysis (MLSA) will result in a substantial increase in the number of Pseudomonas
species and also split the current Pseudomonas genus into several genera or subgenera [10].
This also shows the challenge in comparing, e.g., prevalence and phylogenetic distribution
of strains and species between studies that have used different methods with various
degrees of discriminatory power.

Resistance to one or more antibiotics and known resistance determinants occurred
in Pseudomonas from chicken meat. Nevertheless, resistance to specific antibiotics varied
greatly. Within the group of beta-lactam antibiotics, the highest proportions of resistance
were to the monobactam aztreonam (72.6%) followed by the carbapenems imipenem



Microorganisms 2021, 9, 207

13 of 19

(25.6%) and meropenem (12.6%). Colistin-resistant isolates reached 30.2% while all isolates
were susceptible to aminoglycosides except neomycin.

There appeared to be taxa-specific differences (based on partial 165 rRNA gene) in resis-
tance properties, with isolates of certain taxa being more susceptible (e.g., P. deceptionensis,
P. fragi and P. weihenstephanensis) while other taxa dominated among isolates resistant to
>3 antibiotics (e.g., P. canadensis and P. lactis). Among the three most dominating species, P.
weistephaniensis, P. lactis and P. gessardi, distinct differences were found, where none of the
two latter species were totally susceptible, whereas 79% of the former were susceptible to
all antibiotics. The antibiotic resistance profiling indicated no dramatic changes in the over-
all antibiotic resistance of raw chicken-associated Pseudomonas spp. in the 26-year study
period. However, differences in the proportion of isolates being resistant to aztreonam and
colistin between the two time periods (1991 vs. 2014-2017) were indicated. Since it was not
only the year of sampling that differed between the collections, but also the storage after
slaughter and methodology for isolation of strains, it is difficult to conclude the specific
reasons for differences found. In the samples from 1991, there was a high proportion
of P. weistephaniensis, with a generally low frequency of resistance, and this could partly
explain why less resistance was observed. Variations in resistance between Pseudomonas
species have also been reported by others [16]. The distribution of resistance according
to phylogeny also reflects that the majority of isolates subjected to WGS were within
a limited number of phylogenetic clades. One should be aware that partially different
methods for sampling and cultivation of the isolates were applied that may have influ-
enced the somewhat variable distribution of species apparent in the different collections
(Supplementary Table S3). The observed differences and the limited data available should
promote further studies on surveillance, resistance levels and mechanisms of antibiotic
resistance among Pseudomonas spp. and other resident bacteria in the food chain.

As expected, a higher proportion of isolates collected by selective plating on CIP-
containing agar were resistant to antibiotics than isolates collected without CIP. Surprisingly,
only three out of the 13 CIP-selected isolates showed resistance to CIP in the MIC test and
seven isolates were inhibited by the CIP levels in the selective agar plates they were isolated
from. The observed resistance was difficult to explain by the presence of specific resistance
genes. No isolates harbored plasmid-mediated quinolone resistance genes (PMQR) as
detected in Pseudomonas spp. from milk, water and seafood in other countries [11,42,43].
More likely, chromosomal mutations (i.e., in the genes gyrA, gyrB, parC, parE) induced
by low-level CIP exposure and altered expression of multidrug transporters can explain
how these isolates were able to grow on agar with CIP in the initial selection. It has
been reported that exposure to ciprofloxacin has been associated with the development
of multidrug resistance [44]. Fluoroquinolones are mutagenic and also among the most
common substrates of multidrug efflux pumps [43].

Resistance prevalence to the monobactam aztreonam was high, but similar to reported
resistance in Pseudomonas spp. from milk (60.5%; [11]); healthy animals (50.3%, [45]) and
bulk tank milk (32%, [16]). There is limited knowledge on the prevalence and distribution
of beta-lactamase genes in members of the Pseudomonas genus other than P. aeruginosa. A
total of 19 mutated genes were associated with aztreonam resistance in a recent study on
P. aeruginosa [46]. Chromosomal mutations conferring increased AmpC expression and
efflux through the MexAB-OprM efflux system were the most important mechanisms.
Genes encoding these proteins were also present in nearly all genome sequenced isolates
in this study, but mutation analyses were not performed. No specific monobactam resis-
tance genes have been reported in non-aeruginosa Pseudomonas species. In P. aeruginosa, a
penicillin-binding protein Ftsl [47] is the primary target for aztreonam and mutations in
the ftsI gene may provide aztreonam resistance. A homolog to Ftsl, encoded by pbpC, was
identified in 10 of the genome-sequenced isolates in the current study, but their role in
aztreonam resistance is unknown and can, in any case, not explain the overall aztreonam
resistance. Further studies are needed to determine mechanisms of resistance, reported



Microorganisms 2021, 9, 207

14 of 19

potential fitness costs [46] and factors selecting aztreonam resistance in Pseudomonas sp.
non-aeruginosa in the food chain.

Resistance to the carbapenems imipenem (25.6%) and meropenem (12.6%) was signifi-
cant although limited both in the prevalence and resistance levels compared to resistance to
these antibiotics reported in Pseudomonas spp. from milk in China [11]. Lower proportions
of carbapenem-resistant strains from food were reported by others but few strains were
studied [17,48]. The study of Meng et al. [11] reported 14 different 3-lactamase genes
while the current study detected seven genes associated with (3-lactam resistance. The only
metallo-beta-lactamase gene detected in the present study was cphA, encoding a subclass
B2 MBL and present in a single P. brenneri (rMLST) isolate (MF6787). The CphA protein
exerts resistance to the carbapenems meropenem and imipenem but has no activity towards
monobactams such as aztreonam. The amino acid (aa) sequence had a 100% match with a
subclass B2 metallo-p-lactamase from P. brenneri (GenBank OAE14554.1). It also shared
high similarity with the PFM-1 (90%; MN065826), PFM-2 (96%; MN080496) and PFM-3
(96%; MN080497), identified in P. fluorescens complex isolates also from chicken. Other
isolates within the same cluster/taxa also showed high tolerance/resistance to meropenem
and imipenem although they did not harbor chpA. Therefore, additional mechanisms are
most likely involved and the role of the chpA for tolerance in P. brenneri is uncertain.

Only a few carbapenem resistance genes have been reported in P. sp. non-aeruginosa but
the number of studies is limited [15,49]. High resistance levels (up to 256 mg/L) have been
explained by the acquisition of carbapenemase genes [15], possibly through transformation,
as P. fluorescens strains are spontaneously transformable at high frequency [50]. Plasmid-
encoded carbapenemase genes have also been reported in Pseudomonas sp. non-aeruginosa
species (Quientiery et al., 2019). No such genes were detected in the present study. Further
studies are needed to determine the role of Pseudomonas spp. as a reservoir and vector for
carbapenem resistance gene transfer to infectious P. aeruginosa [51].

[3-lactam resistance in Pseudomonas spp. may also occur from mutations in the intrinsic
cephalosporinase AmpC (Juan, Torrens, Oliver Review 2017) and the penicillin-binding
protein Pbpla encoded by mrcA. Both ampC and mrcA were present in all 31 genome-
sequenced isolates. Mutations in mrcA have been reported to have a role in increased
ampC-mediated (-lactam resistance in Stenotrophomonas maltophilia [52]. Their role in
-lactam resistance needs to be further elucidated in Pseudomonas spp.

Altered expression/function in RND efflux systems (e.g., TtgABC, MexAB-OprM,
AcrAB-TolC; [15,53]) and porin channels such as OprD [11,17,54,55] have also been reported.
Genes encoding these proteins were all apparent although in different distributions in our
genome-characterized strains. Finding clear correlations between phenotypic resistance
and gene mutations/expression levels of, e.g., OprD can be difficult due to high genetic
diversity in homologous genes within and between Pseudomonas species [15,56].

The frequent occurrence of resistance to carbapenems found in the present and other
studies is worrying because they are considered as last-resort antibiotics for the treatment
of multidrug-resistant human pathogens. Carbapenems have never been licensed for food-
producing animals in any country [57]; nevertheless, carbapenem resistance in foodborne
bacteria is a growing concern. Data combining whole genome analyses, phenotypic
resistance and relevant metadata may be an important further step to unravel these complex
mechanisms of resistance and factors affecting resistance development.

Interestingly, we detected colistin resistance in almost one third of the isolates and
with a higher proportion of resistance among isolates collected almost 30 years ago (in 1991;
Collection 1) compared to the isolates collected in the period 2014-2017. The emerging
transferable plasmid-encoded colistin resistance determinants (1mrc) were, however, not
detected. Colistin resistance is largely unknown in non-aeruginosa Pseudomonas although
both acquired and intrinsic resistance have been reported, including a naturally resistant
Pseudomonas species (P. mallei; [58]). Additional resistance mechanisms include activation
of the regulatory gene operon phoPQ and further activation of arnA, leading to lipid
A modifications associated with colistin resistance [59]. The arnA gene was present in
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30 isolates while the phoPQ operon was present in only nine of the 19 colistin-resistant
WGS isolates according to annotations by Prokka. Overexpression of multidrug efflux
systems (e.g., AcrAB-TolC, NorM, EmrAB) and downregulation of porin OprD have
also been reported as colistin resistance mechanisms (see review by Moubareck [58] and
references therein).

It has been demonstrated that exposure of P. aeruginosa to increasing levels of QAC-
based disinfectants contributed to higher tolerance to polymoxin B, structurally similar
to colistin (polymoxin E; [60]). Exposure to another biocide frequently applied in food
processing environments, sodium hypochlorite, also resulted in a statistically significant
increase in resistance to various antibiotics including both colistin and meropenem [61].
Multidrug efflux mechanisms can be induced by membrane damaging agents [62]. How-
ever, correlations between increased expression of efflux pumps and their contribution to
resistance remain unclear [63]. The phenomenon of heteroresistance with subpopulations
able to multiply in the presence of colistin has also been reported [64]. However, we
observed no “skipped wells” phenomenon (wells with no growth, although growth still
occurs at higher concentrations) in our susceptibility tests. Further studies are needed to
reveal the diverse and complicated mechanisms of colistin resistance in Pseudomonas.

Several genes encoding efflux transporters involved in reduced susceptibility to QACs
were detected, although with low prevalence. This included the emrE (two isolates), and
one isolate each containing gacA, qacC and mdfA. The encoded protein of the latter has been
extensively characterized in E. coli and confers resistance to a broad variety of unrelated
cytotoxic compounds including monovalent and divalent cations, CIP and also neutral
chloramphenicol. The mdfA-containing isolate (MF6776) was the second most resistant
isolate in our study collection, being resistant to five antibiotics. However, this and other
recent studies such as Meng et al. [11] have shown that it is not possible to fully deduce
phenotypic resistance properties to the presence of resistance genes.

The presence of integrons is of great concern as these elements can capture and
spread antibiotic resistance gene cassettes. Studies have reported over 30% prevalence of
class 1 integrons in Pseudomonas spp. obtained from communal and hospital (treated or
untreated) aquatic effluents [65]. In the present study, only three isolates (1.7%) carried a
class 1 integron intI1 gene, all with empty gene cassettes. The integrons were associated
with a weak promoter and an integron-associated recombination site (attI1; [66]). Empty
integrons have also been found in Gram-negative bacteria from farm animals and fish
farming environments [67,68]. The results indicate a low prevalence of integrons, but
under environmental pressures, these structures could integrate antibiotic resistance gene
cassettes [69].

The relatively stable resistance levels observed over nearly three decades indicate a
low antibiotic selective pressure in the Norwegian chicken meat chain. This is supported by
the very low level of antibiotic usage in the Norwegian broiler production in recent years,
where only few flocks are treated yearly [70,71]. Antibiotic consumption data in poultry
production from earlier years (e.g., 1990s) are more scarce but Grave et al. reported total
usage of phenoxymethylpenicillin (the most commonly used antibiotic in Norwegian poul-
try production) to be 8 kg in 1991, according to sales data [72]. Phenoxymethylpenicillins
and amoxicillin have in recent years been the most commonly applied antibiotics, although
at low levels throughout the study period [71]. Of interest, the observed prevalence of
resistance to aztreonam, imipenem, meropenem and colistin is not likely to be associated
with therapeutic use of these antibiotics in poultry production in Norway. The former three
have never been used on poultry while available data (from 1993) on colistin show no use
of this in animals [73].

5. Conclusions

There is still limited knowledge on the prevalence and mechanisms of antibiotic
resistance in the foodborne microbiota. Pseudomonas is the dominant bacterial genus in
many food processing environments and they are important spoilage organisms in foods
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stored aerobically and cold. The overall increased consumption along with the history of
antibiotic resistance associated with chicken meat implies the relevance of investigating
Pseudomonas spp. and their antibiotic resistance properties in chicken meat products.

The vast majority of Pseudomonas in chicken meat belonged to psychrotolerant species of
the P. fluorescens group. These are rarely associated with human infections, but P. fluorescens
can cause bloodstream infections [74] and are parts of the human microbiota.

Although a significant proportion of the isolates from chicken were resistant to cer-
tain antibiotics (meropenem, imipenem, colistin, aztreonam), a very limited number of
genes encoding resistance to specific antibiotics were detected and transferable resistance
mechanisms were not evident. Only one specific carbapenem resistance gene was detected
in a single isolate. Resistance properties varied according to phylogeny and are likely
dominated by intrinsic mechanisms (e.g., multidrug efflux). Therefore, from the present
study, it seems that Pseudomonas spp. are not significant carriers of resistance determinants
that could be disseminated to pathogens [70]. However, with the increased need to un-
derstand the role of the food chain in antimicrobial resistance, monitoring the presence of
resistance genes and their host organisms in various food chain compartments to outline
strategies to minimize antibiotic resistance dissemination is essential, also in environments
with low antibiotic selection. Understanding potential non-antibiotic selection pressures
affecting the development and dissemination of antimicrobial resistance in the food chain
also merits further studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
607/9/2/207/s1, Figure S1: NDtree of the genome sequenced isolates (n = 31) together with 29
selected representative isolates from NCBI. Table S1: Information and statistics on draft genome
assembly data for 31 Pseudomonas spp. strains. Table S2: List of 28 Pseudomonas genome assemblies
downloaded from the NCBI microbial genome database and used in the NDtree analyses. Table S3:
Species prevalence within the Pseudomonas strain collections 1, 2, 3A, 3B and 4. Table S4. Taxonomy
of isolates in Collection 1. Table S5: Antibiotic susceptibility data and presence/absence of class
1 integrons in 175 Pseudomonas spp. isolates. Table S6. Taxonomic profiling based on ribosomal
Multilocus Sequence Typing (rMLST).

Author Contributions: Conceptualization, S.L., B.M., E.H.; methodology, AWA,, B.M., EH., MS,;
software, B.M.; investigation, A.W.A., B.M.,, E.H., S.L.; writing—original draft preparation, E.H., B.M.,
S.L.; writing—review and editing E.H., BM.,S.L., A‘W.A., M.S.; visualization, B.M., E.H., S.L.; project
administration, E.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Research Council of Norway through the project “Com-
bating antimicrobial resistance in the Norwegian food production chain”, grant number 250212 /E50
and the Norwegian Research Funding for Agriculture and Food Industry, grant no. 262306 /F40.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or supplementary material.

Acknowledgments: We thank Charlotte Nilsen and Merete Rusas Jensen for excellent technical
assistance and Annette Fagerlund for support in WGS data analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

1. Peix, A.; Ramirez-Bahena, M.-H.; Velazquez, E. Historical Evolution and Current Status of the Taxonomy of Genus Pseudomonas.
Infect. Genet. Evol. 2009, 9, 1132-1147. [CrossRef] [PubMed]

2. Peix, A.; Ramirez-Bahena, M.H.; Velazquez, E. The Current Status on the Taxonomy of Pseudomonas Revisited: An Update.
Infect. Genet. Evol. 2018, 57, 106-116. [CrossRef] [PubMed]

3. Chakravarty, S.; Anderson, G. The Genus Pseudomonas; Informa UK Limited: London, UK, 2015; pp. 321-344.


https://www.mdpi.com/2076-2607/9/2/207/s1
https://www.mdpi.com/2076-2607/9/2/207/s1
http://doi.org/10.1016/j.meegid.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19712752
http://doi.org/10.1016/j.meegid.2017.10.026
http://www.ncbi.nlm.nih.gov/pubmed/29104095

Microorganisms 2021, 9, 207 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Hilgarth, M.; Lehner, EM.; Behr, J.; Vogel, R.E. Diversity and Anaerobic Growth of Pseudomonasspp. Isolated from Modified
Atmosphere Packaged Minced Beef. |. Appl. Microbiol. 2019, 127, 159-174. [CrossRef] [PubMed]

Jeukens, J.; Freschi, L.; Kukavica-Ibrulj, I.; Emond-Rheault, J.-G.; Tucker, N.P.; Lévesque, R. Genomics of Antibiotic-Resistance
Prediction in Pseudomonas Aeruginosa. Ann. N. Y. Acad. Sci. 2017, 1435, 5-17. [CrossRef] [PubMed]

Hinton, A.; Cason, J.; Ingram, K.D. Tracking Spoilage Bacteria in Commercial Poultry Processing and Refrigerated Storage of
Poultry Carcasses. Int. J. Food Microbiol. 2004, 91, 155-165. [CrossRef]

Morales, P.A.; Aguirre, ].S.; Troncoso, M.R.; Figueroa, G.O. Phenotypic and Genotypic Characterization of Pseudomonas spp.
Present in Spoiled Poultry Fillets Sold in Retail Settings. LWT 2016, 73, 609-614. [CrossRef]

Lee, H.S.; Kwon, M.; Heo, S.; Kim, M.G.; Kim, G.-B. Characterization of the Biodiversity of the Spoilage Microbiota in Chicken
Meat Using Next Generation Sequencing and Culture Dependent Approach. Food Sci. Anim. Resour. 2017, 37, 535-541. [CrossRef]
Sundheim, G,; Sletten, A.; Dainty, R.H. Identification of Pseudomonads from Fresh and Chill-Stored Chicken Carcasses. Int. J. Food
Microbiol. 1998, 39, 185-194. [CrossRef]

Lalucat, J.; Mulet, M.; Gomila, M.; Garcia-Valdés, E. Genomics in Bacterial Taxonomy: Impact on the Genus Pseudomonas. Genes
2020, 11, 139. [CrossRef]

Meng, L.; Liu, H.; Lan, T.; Dong, L.; Hu, H.; Zhao, S.; Zhang, Y.; Zheng, N.; Wang, J. Antibiotic Resistance Patterns of Pseudomonas
spp. Isolated from Raw Milk Revealed by Whole Genome Sequencing. Front. Microbiol. 2020, 11, 1005. [CrossRef]

Quintieri, L.; Fanelli, F.; Caputo, L. Antibiotic Resistant Pseudomonas Spp. Spoilers in Fresh Dairy Products: An Underestimated
Risk and the Control Strategies. Foods 2019, 8, 372. [CrossRef] [PubMed]

Moretrg, T.; Langsrud, S. Residential Bacteria on Surfaces in the Food Industry and Their Implications for Food Safety and
Quality. Compr. Rev. Food Sci. Food Saf. 2017, 16, 1022-1041. [CrossRef] [PubMed]

Amos, G.C.A,; Carter, A.; Hawkey, PM.; Gaze, W.H.; Wellington, E. The Hidden Resistome of Retail Chicken Meat. . Glob.
Antimicrob. Resist. 2015, 3, 44-46. [CrossRef] [PubMed]

Wong, M.H.-Y.; Chan, EW.C.; Chen, S. Isolation of Carbapenem-Resistant Pseudomonas spp. from Food. J. Glob. Antimicrob. Resist.
2015, 3, 109-114. [CrossRef] [PubMed]

Decimo, M; Silvetti, T.; Brasca, M. Antibiotic Resistance Patterns of Gram-Negative Psychrotrophic Bacteria from Bulk Tank Milk.
J. Food Sci. 2016, 81. [CrossRef] [PubMed]

Estepa, V.; Rojo-Bezares, B.; Torres, C.; Sdenz, Y. Genetic Lineages and Antimicrobial Resistance in Pseudomonasspp. Isolates
Recovered from Food Samples. Foodborne Pathog. Dis. 2015, 12, 486—491. [CrossRef]

Breidenstein, E.B.; De La Fuente-Nunez, C.; Hancock, R.E. Pseudomonas Aeruginosa: All Roads Lead to Resistance. Trends
Microbiol. 2011, 19, 419-426. [CrossRef]

EFSA (European Food Safety Authority) and ECDC (European Centre for Disease, Prevention and Control). The European Union
Summary Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and Food in 2017/2018.
EFSA . 2020, 18. [CrossRef]

European Medicines Agency, European Surveillance of Veterinary Antimicrobial Consumption, 2020. Sales of Veterinary
Antimicrobial agents in 31 European Countries in 2018. (EMA /24309 /2020). Available online: https://www.ema.europa.eu/
en/veterinary-regulatory/overview /antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-
esvac (accessed on 20 December 2020).

Staff, T.P.O.; Staff, P.O. Correction: Occurrence and Characterization of Quinolone Resistant Escherichia Coli from Norwegian
Turkey Meat and Complete Sequence of an IncX1 Plasmid Encoding qnrS1. PLoS ONE 2019, 14, e0217321. [CrossRef]
NORM/NORM-VET. Usage of Antimicrobial Agents and Occurence of Antimicrobial Resistance in Norway; Norwegian Veterinary
Institute/University Hospital of North Norway: Tromse/Oslo, Norway, 2014.

NORM/NORM-VET. Usage of Antimicrobial Agents and Occurence of Antimicrobial Resistance in Norway; Norwegian Veterinary
Institute/University Hospital of North Norway: Tromse/Oslo, Norway, 2015.

NORM/NORM-VET. Usage of Antimicrobial Agents and Occurence of Antimicrobial Resistance in Norway; Norwegian Veterinary
Institute/University Hospital of North Norway: Tromse/Oslo, Norway, 2016.

Mo, S.S.; Sunde, M.; Ilag, H.K,; Langsrud, S.; Heir, E. Transfer Potential of Plasmids Conferring Extended-Spectrum-Cephalosporin
Resistance in Escherichia coli from Poultry. Appl. Environ. Microbiol. 2017, 83. [CrossRef]

Sunde, M. Prevalence and Characterization of Class 1 and Class 2 Integrons in Escherichia Coli Isolated from Meat and Meat
Products of Norwegian Origin. J. Antimicrob. Chemother. 2005, 56, 1019-1024. [CrossRef] [PubMed]

Aronesty, E. Command-Line Tools for Processing Biological Sequencing Data. 2011. Available online: https://scholar.google.
com/citations?user=RzuLHK501r2QJ&hl=en (accessed on 20 December 2020).

Bankevich, A; Nurk, S.; Pyshkin, A.V,; Sirotkin, A.V.; Vyahhi, N.; Tesler, G.; Alekseyev, M.A.; Pevzner, P.A.; Antipov, D.; Gurevich,
A.A; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012,
19, 455-477. [CrossRef] [PubMed]

Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality Assessment Tool for Genome Assemblies. Bioinformatics 2013, 29,
1072-1075. [CrossRef] [PubMed]

Seemann, T. Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 2014, 30, 2068-2069. [CrossRef] [PubMed]

Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K,; Reuter, S.; Holden, M.T.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J. Roary:
Rapid Large-Scale Prokaryote Pan Genome Analysis. Bioinformatics 2015, 31, 3691-3693. [CrossRef]


http://doi.org/10.1111/jam.14249
http://www.ncbi.nlm.nih.gov/pubmed/30865361
http://doi.org/10.1111/nyas.13358
http://www.ncbi.nlm.nih.gov/pubmed/28574575
http://doi.org/10.1016/S0168-1605(03)00377-5
http://doi.org/10.1016/j.lwt.2016.06.064
http://doi.org/10.5851/kosfa.2017.37.4.535
http://doi.org/10.1016/S0168-1605(98)00002-6
http://doi.org/10.3390/genes11020139
http://doi.org/10.3389/fmicb.2020.01005
http://doi.org/10.3390/foods8090372
http://www.ncbi.nlm.nih.gov/pubmed/31480507
http://doi.org/10.1111/1541-4337.12283
http://www.ncbi.nlm.nih.gov/pubmed/33371605
http://doi.org/10.1016/j.jgar.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27873650
http://doi.org/10.1016/j.jgar.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27873658
http://doi.org/10.1111/1750-3841.13250
http://www.ncbi.nlm.nih.gov/pubmed/26910385
http://doi.org/10.1089/fpd.2014.1928
http://doi.org/10.1016/j.tim.2011.04.005
http://doi.org/10.2903/j.efsa.2020.6007
https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-esvac
https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-esvac
https://www.ema.europa.eu/en/veterinary-regulatory/overview/antimicrobial-resistance/european-surveillance-veterinary-antimicrobial-consumption-esvac
http://doi.org/10.1371/journal.pone.0217321
http://doi.org/10.1128/AEM.00654-17
http://doi.org/10.1093/jac/dki377
http://www.ncbi.nlm.nih.gov/pubmed/16239286
https://scholar.google.com/citations?user=RzuLHK5Or2QJ&hl=en
https://scholar.google.com/citations?user=RzuLHK5Or2QJ&hl=en
http://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://doi.org/10.1093/bioinformatics/btt086
http://www.ncbi.nlm.nih.gov/pubmed/23422339
http://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
http://doi.org/10.1093/bioinformatics/btv421

Microorganisms 2021, 9, 207 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef] [PubMed]

Jolley, K.; Bliss, C.M.; Maiden, M.C.].; Bennett, ].S.; Bratcher, H.B.; Brehony, C.; Colles, EM.; Wimalarathna, H.; Harrison, O.B.;
Sheppard, S.K.; et al. Ribosomal Multilocus Sequence Typing: Universal Characterization of Bacteria from Domain to Strain.
Microbiology 2012, 158, 1005-1015. [CrossRef]

Joensen, K.G.; Scheutz, F;; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M.; Aarestrup, EM. Real-Time Whole-Genome Sequencing
for Routine Typing, Surveillance, and Outbreak Detection of Verotoxigenic Escherichia Coli. J. Clin. Microbiol. 2014, 52,
1501-1510. [CrossRef]

Kaas, R.S.; Leekitcharoenphon, P; Aarestrup, EM.; Lund, O. Solving the Problem of Comparing Whole Bacterial Genomes across
Different Sequencing Platforms. PLoS ONE 2014, 9, e104984. [CrossRef]

Leekitcharoenphon, P; Nielsen, E.M.; Kaas, R.S.; Lund, O.; Aarestrup, EM. Evaluation of Whole Genome Sequencing for Outbreak
Detection of Salmonella enterica. PLoS ONE 2014, 9, e87991. [CrossRef]

Handley, J.A.; Park, S.H.; Kim, S.A_; Ricke, S. Microbiome Profiles of Commercial Broilers Through Evisceration and Immersion
Chilling during Poultry Slaughter and the Identification of Potential Indicator Microorganisms. Front. Microbiol. 2018, 9, 345.
[CrossRef] [PubMed]

Chen, S.H.; Fegan, N.; Kocharunchitt, C.; Bowman, J.P; Duffy, L.L. Changes of the Bacterial Community Diversity on Chicken
Carcasses through an Australian Poultry Processing Line. Food Microbiol. 2020, 86, 103350. [CrossRef] [PubMed]

Rouger, A.; Moriceau, N.; Prévost, H.; Remenant, B.; Zagorec, M. Diversity of Bacterial Communities in French Chicken Cuts
Stored under Modified Atmosphere Packaging. Food Microbiol. 2018, 70, 7-16. [CrossRef] [PubMed]

Lerma, L.L.; Benomar, N.; Mufioz, M.D.C.C.; Galvez, A.; Abriouel, H. Antibiotic Multiresistance Analysis of Mesophilic and
Psychrotrophic Pseudomonas spp. Isolated from Goat and Lamb Slaughterhouse Surfaces throughout the Meat Production Process.
Appl. Environ. Microbiol. 2014, 80, 6792-6806. [CrossRef] [PubMed]

Kumar, H.; Franzetti, L.; Kaushal, A.; Kumar, D. Pseudomonas Fluorescens: A Potential Food Spoiler and Challenges and
Advances in its Detection. Ann. Microbiol. 2019, 69, 873—-883. [CrossRef]

Tran, Q.T.; Nawaz, M.S.; Deck, J.; Nguyen, K.T.; Cerniglia, C.E. Plasmid-Mediated Quinolone Resistance in Pseudomonas
putidalsolates from Imported Shrimp. Appl. Environ. Microbiol. 2010, 77, 1885-1887. [CrossRef]

Hernandez, A.; Sanchez, M.B.; Martinez, J.L. Quinolone Resistance: Much More than Predicted. Front. Microbiol. 2011, 2,
22. [CrossRef]

Strand, L.; Jenkins, A.; Henriksen, LH.; Allum, A.G.; Grude, N.; Kristiansen, B.-E. High Levels of Multiresistance in Quinolone Re-
sistant Urinary Tract Isolates of Escherichia Coli from Norway; A Non Clonal Phenomen? BMC Res. Notes 2014, 7, 376. [CrossRef]
Ruiz-Roldén, L.; Rojo-Bezares, B.; De Toro, M.; Lépez, M.; Toledano, P.; Lozano, C.; Chichén, G.; Alvarez-Erviti, L.; Torres, C.;
Sdenz, Y. Antimicrobial Resistance and Virulence of Pseudomonas spp. Among Healthy Animals: Concern about Exolysin ExIA
Detection. Sci. Rep. 2020, 10, 1-11. [CrossRef]

Jorth, P.; McLean, K.; Penewit, K.; Waalkes, A.; Singh, PK; Salipante, S.; Ratjen, A.; Secor, P.R.; Bautista, G.E.; Ravishankar, S.;
et al. Evolved Aztreonam Resistance Is Multifactorial and Can Produce Hypervirulence in Pseudomonas Aeruginosa. mBio 2017,
8. [CrossRef]

Clark, S.T.; Sinha, U.; Hwang, D.M.; Zhang, Y.; Wang, PW.; Donaldson, S.L.; Coburn, B.; Waters, V.J.; Yau, Y.C.; Tullis, D.E.; et al.
Penicillin-Binding Protein 3 is a Common Adaptive Target Among Pseudomonas Aeruginosa Isolates from Adult Cystic Fibrosis
Patients Treated with B-lactams. Int. |. Antimicrob. Agents 2019, 53, 620-628. [CrossRef] [PubMed]

Arslan, S.; Eyi, A,; Ozdemir, F. Spoilage Potentials and Antimicrobial Resistance of Pseudomonas spp. Isolated from Cheeses. |.
Dairy Sci. 2011, 94, 5851-5856. [CrossRef] [PubMed]

Poirel, L.; Palmieri, M.; Brilhante, M.; Masseron, A.; Perreten, V.; Nordmann, P. PEM-Like Enzymes Are a Novel Family of Subclass
B2 Metallo-& (3;-Lactamases from Pseudomonas synxantha Belonging to the Pseudomonas fluorescens Complex. Antimicrob.
Agents Chemother. 2019, 64. [CrossRef]

Nielsen, K.M.; Smalla, K.; Van Elsas, J.D. Natural Transformation of Acinetobactersp. Strain BD413 with Cell Lysates of
Acinetobacter sp., Pseudomonas fluorescens, and Burkholderia Cepaciain Soil Microcosms. Appl. Environ. Microbiol. 2000, 66,
206-212. [CrossRef]

Peter, S.; Oberhettinger, P.; Willmann, M.; Schuele, L.; Dinkelacker, A.; Vogel, W.; Dérfel, D.; Bezdan, D.; Ossowski, S.; Marschal,
M.; et al. Genomic Characterisation of Clinical and Environmental Pseudomonas Putida Group Strains and Determination of
their Role in the Transfer of Antimicrobial Resistance Genes to Pseudomonas Aeruginosa. BMIC Genom. 2017, 18, 1-11. [CrossRef]
Oliver, A.; Torrens, G.; Gonzalez-Nicolau, M.; Oliver, A. Diversity and Regulation of Intrinsic & [3;-lactamases from Non-
Fermenting and other Gram-Negative Opportunistic Pathogens. FEMS Microbiol. Rev. 2017, 41, 781-815. [CrossRef]

Tacao, M.; Correia, A.; Henriques, I. Low Prevalence of Carbapenem-Resistant Bacteria in River Water: Resistance Is Mostly
Related to Intrinsic Mechanisms. Microb. Drug Resist. 2015, 21, 497-506. [CrossRef]

Fang, Z.-L.; Zhang, L.-Y,; Huang, Y.-M.; Qing, Y.; Cao, K.-Y,; Tian, G.-B.; Huang, X. OprD Mutations and Inactivation in
Imipenem-Resistant Pseudomonas Aeruginosa Isolates from China. Infect. Genet. Evol. 2014, 21, 124-128. [CrossRef]

Wolter, D.J.; Lister, PD. Mechanisms of Beta-Lactam Resistance Among Pseudomonas Aeruginosa. Curr. Pharm. Des. 2013, 19,
209-222. [CrossRef]


http://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://doi.org/10.1099/mic.0.055459-0
http://doi.org/10.1128/JCM.03617-13
http://doi.org/10.1371/journal.pone.0104984
http://doi.org/10.1371/journal.pone.0087991
http://doi.org/10.3389/fmicb.2018.00345
http://www.ncbi.nlm.nih.gov/pubmed/29552001
http://doi.org/10.1016/j.fm.2019.103350
http://www.ncbi.nlm.nih.gov/pubmed/31703868
http://doi.org/10.1016/j.fm.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/29173642
http://doi.org/10.1128/AEM.01998-14
http://www.ncbi.nlm.nih.gov/pubmed/25172860
http://doi.org/10.1007/s13213-019-01501-7
http://doi.org/10.1128/AEM.01176-10
http://doi.org/10.3389/fmicb.2011.00022
http://doi.org/10.1186/1756-0500-7-376
http://doi.org/10.1038/s41598-020-68575-1
http://doi.org/10.1128/mBio.00517-17
http://doi.org/10.1016/j.ijantimicag.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30664925
http://doi.org/10.3168/jds.2011-4676
http://www.ncbi.nlm.nih.gov/pubmed/22118075
http://doi.org/10.1128/aac.01700-19
http://doi.org/10.1128/AEM.66.1.206-212.2000
http://doi.org/10.1186/s12864-017-4216-2
http://doi.org/10.1093/femsre/fux043
http://doi.org/10.1089/mdr.2015.0072
http://doi.org/10.1016/j.meegid.2013.10.027
http://doi.org/10.2174/138161213804070311

Microorganisms 2021, 9, 207 19 of 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

Chevalier, S.; Bodilis, ].; Jaouen, T.; Barray, S.; Feuilloley, M.; Orange, N. Sequence Diversity of the OprD Protein of Environmental
Pseudomonas Strains. Environ. Microbiol. 2007, 9, 824-835. [CrossRef]

Bonardi, S.; Pitino, R. Carbapenemase-Producing Bacteria in Food-Producing Animals, Wildlife and Environment: A Challenge
for Human Health. Ital. ]. Food Saf. 2019, 8, 7956. [CrossRef] [PubMed]

Moubareck, C.A. Polymyxins and Bacterial Membranes: A Review of Antibacterial Activity and Mechanisms of Resistance.
Membranes 2020, 10, 181. [CrossRef] [PubMed]

Ahmed, M.A.E.-G.E.-S.; Zhong, L.-L.; Shen, C.; Yang, Y.; Doi, Y.; Tian, G.-B. Colistin and its Role in the Era of Antibiotic Resistance:
An Extended Review (2000-2019). Emerg. Microbes Infect. 2020, 9, 868-885. [CrossRef] [PubMed]

Kim, M.; Weigand, M.R.; Oh, S.; Hatt, ] K.; Krishnan, R.; Tezel, U.; Pavlostathis, S.G.; Konstantinidis, K.T. Widely Used
Benzalkonium Chloride Disinfectants Can Promote Antibiotic Resistance. Appl. Environ. Microbiol. 2018, 84. [CrossRef] [PubMed]
Nasr, A.M.; Mostafa, M.S.; Arnaout, H.H.; Elshimy, A.A.A. The Effect of Exposure to Sub-Inhibitory Concentrations of Hypochlo-
rite and Quaternary Ammonium Compounds on Antimicrobial Susceptibility of Pseudomonas Aeruginosa. Am. J. Infect. Control.
2018, 46, e57-e63. [CrossRef]

Li, X.-Z.; Plésiat, P,; Nikaido, H. The Challenge of Efflux-Mediated Antibiotic Resistance in Gram-Negative Bacteria. Clin.
Microbiol. Rev. 2015, 28, 337—418. [CrossRef]

Dumas, J.-L.C.; Van Delden, C.; Perron, K.; Kéhler, T. Analysis of Antibiotic Resistance Gene Expression in Pseudomonas
Aeruginosaby Quantitative Real-Time-PCR. FEMS Microbiol. Lett. 2006, 254, 217-225. [CrossRef]

Jeannot, K.; Bolard, A.; Plésiat, P. Resistance to Polymyxins in Gram-negative Organisms. Int. ]. Antimicrob. Agents 2017, 49,
526-535. [CrossRef]

Devarajan, N.; Kohler, T.; Sivalingam, P.; Van Delden, C.; Mulaji, C.; Mpiana, P.T.; Ibelings, B.W.; Poté, ]. Antibiotic Resistant
Pseudomonas spp. in the Aquatic Environment: A Prevalence Study under Tropical and Temperate Climate Conditions. Water Res.
2017, 115, 256-265. [CrossRef]

Jové, T.; Da Re, S.; Denis, F.; Mazel, D.; Ploy, M.-C. Inverse Correlation between Promoter Strength and Excision Activity in Class
1 Integrons. PLoS Genet. 2010, 6, €1000793. [CrossRef]

Heuer, H.; Binh, C.T.T.; Jechalke, S.; Kopmann, C.; Zimmerling, U.; Krogerrecklenfort, E.; Ledger, T.; Gonzalez, B.; Top, EM.;
Smalla, K. IncP-1& ¢ Plasmids are Important Vectors of Antibiotic Resistance Genes in Agricultural Systems: Diversification
Driven by Class 1 Integron Gene Cassettes. Front. Microbiol. 2012, 3, 2. [CrossRef] [PubMed]

Schmidt, A.S.; Bruun, M.S.; Dalsgaard, I.; Larsen, J.L. Incidence, Distribution, and Spread of Tetracycline Resistance Determinants
and Integron-Associated Antibiotic Resistance Genes among Motile Aeromonads from a Fish Farming Environment. Appl.
Environ. Microbiol. 2001, 67, 5675-5682. [CrossRef] [PubMed]

Gillings, M.R. Integrons: Past, Present, and Future. Microbiol. Mol. Biol. Rev. 2014, 78, 257-277. [CrossRef] [PubMed]

Mo, S.S.; Norstrom, M.; Slettemeas, J.S.; Levland, A.; Urdahl, A.M.; Sunde, M. Emergence of AmpC-producing Escherichia
Coli in the Broiler Production Chain in a Country with a Low Antimicrobial Usage Profile. Veter Microbiol. 2014, 171, 315-320.
[CrossRef] [PubMed]

NORM/NORM-VET 2018. Usage of Antimicrobial Agents and Occurrence of Antimicrobial Resistance in Norway; Norwegian Veterinary
Institute/University Hospital of North Norway: Tromse/Oslo, Norway, 2018.

Grave, K,; Kaldhusdal, M.C.; Kruse, H.; Harr, L.M.; Flatlandsmo, K. What has Happened in Norway after the Ban of Avoparcin?
Consumption of Antimicrobials by Poultry. Prev. Veter Med. 2004, 62, 59-72. [CrossRef] [PubMed]

Slettemeas, J.S.; Urdahl, A.M.; Mo, S.S.; Norstrom, M.; Steinbakk, M.; Johannessen, G.S.; Grave, K.; Sunde, M. Imported Food
and Feed as Contributors to the Introduction of Plasmid-Mediated Colistin-Resistant Enterobacteriaceae to a “‘Low Prevalence’
Country. J. Antimicrob. Chemother. 2017, 72, 2675-2677. [CrossRef]

Scales, B.S.; Dickson, R.P.,; Lipuma, ].J.; Huffnagle, G.B. Microbiology, Genomics, and Clinical Significance of the Pseudomonas
Fluorescens Species Complex, An Unappreciated Colonizer of Humans. Clin. Microbiol. Rev. 2014, 27, 927948. [CrossRef]


http://doi.org/10.1111/j.1462-2920.2006.01191.x
http://doi.org/10.4081/ijfs.2019.7956
http://www.ncbi.nlm.nih.gov/pubmed/31316921
http://doi.org/10.3390/membranes10080181
http://www.ncbi.nlm.nih.gov/pubmed/32784516
http://doi.org/10.1080/22221751.2020.1754133
http://www.ncbi.nlm.nih.gov/pubmed/32284036
http://doi.org/10.1128/AEM.01201-18
http://www.ncbi.nlm.nih.gov/pubmed/29959242
http://doi.org/10.1016/j.ajic.2018.04.201
http://doi.org/10.1128/CMR.00117-14
http://doi.org/10.1111/j.1574-6968.2005.00008.x
http://doi.org/10.1016/j.ijantimicag.2016.11.029
http://doi.org/10.1016/j.watres.2017.02.058
http://doi.org/10.1371/journal.pgen.1000793
http://doi.org/10.3389/fmicb.2012.00002
http://www.ncbi.nlm.nih.gov/pubmed/22279444
http://doi.org/10.1128/AEM.67.12.5675-5682.2001
http://www.ncbi.nlm.nih.gov/pubmed/11722922
http://doi.org/10.1128/MMBR.00056-13
http://www.ncbi.nlm.nih.gov/pubmed/24847022
http://doi.org/10.1016/j.vetmic.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24629773
http://doi.org/10.1016/j.prevetmed.2003.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15154685
http://doi.org/10.1093/jac/dkx161
http://doi.org/10.1128/CMR.00044-14

	Introduction 
	Materials and Methods 
	Sample and Strain Collection 
	16S rRNA Gene Analyses 
	16 S rDNA Phylogenetic Analyses 
	Antimicrobial Susceptibility Testing 
	Integron-PCR 
	Whole-Genome Sequencing (WGS) 
	Statistical Analyses 

	Results 
	Overall Identification and 16S rRNA Gene Phylogenetic Analyses of Bacteria from Chicken Samples 
	Phenotypic Antimicrobial Resistance and Presence of Integrons 
	WGS of a Subset of Resistant Pseudomonas spp. 
	Antimicrobial Resistance Determinants in Pseudomonas spp. 

	Discussion 
	Conclusions 
	References

