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Background: The pet industry is expanding worldwide,
particularly raw meat-based diets (RMBDs). There are
concerns regarding the safety of RMBDs, especially
their potential to spread clinically relevant antibiotic-
resistant bacteria or zoonotic pathogens. Aim: We
aimed to investigate whether dog food, including
RMBD, commercially available in Portugal can be a
source of Salmonella and/or other Enterobacteriaceae
strains resistant to last-line antibiotics such as colistin.
Methods: Fifty-five samples from 25 brands (21 inter-
national ones) of various dog food types from 12 sup-
pliers were screened by standard cultural methods
between September 2019 and January 2020. Isolates
were characterised by phenotypic and genotypic
methods, including whole genome sequencing and
comparative genomics. Results: Only RMBD batches
were contaminated, with 10 of 14 containing poly-
clonal multidrug-resistant (MDR) Escherichia coli and
one MDR Salmonella. One turkey-based sample con-
tained MDR Salmonella serotype 1,4,[5],12:i:- ST34/
cgST142761 with similarity to human clinical isolates
occurring worldwide. This Salmonella exhibited typical
antibiotic resistance (bla_,, +strA-strB+sulz +tet(B))
and metal tolerance profiles (pco+sil+ars) associ-
ated with the European epidemic clone. Two sam-
ples (turkey/veal) carried globally dispersed MDR E.
coli (ST3997-complexST10/cgST95899 and ST297/
cgST138377) with colistin resistance (minimum
inhibitory concentration: 4 mg/L) and mcr-1 gene on
IncX4 plasmids, which were identical to other IncX4
circulating worldwide.
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Conclusion: Some RMBDs from European brands avail-
able in Portugal can be a vehicle for clinically relevant
MDR Salmonella and pathogenic E. coli clones carrying
genes encoding resistance to the last-line antibiotic
colistin. Proactive actions within the One Health
context, spanning regulatory, pet-food industry and
consumer levels, are needed to mitigate these public
health risks.

Introduction

The pet industry has evolved in recent decades due to
increasing pet populations, stronger human—pet bonds
and demand for high-quality pet food products [1,2].
Processed pet food manufactured with various pro-
cessing methods (e.g. grinding, cooking, extrusion and
dehydration) has traditionally been considered micro-
biological safe and nutritionally suitable for feeding
pets [1,3]. However, since some pet owners consider
unprocessed food healthier, raw meat-based diets
(RMBDs) for dogs have gained popularity [1,2,4]. The
RMBDs are mainly composed of uncooked or minimally
processed meat, bones and organs, with freezing as
the primary treatment, and are considered to be more
natural than conventional processed pet food [1,5].
Nevertheless, the scientific evidence supporting RMBD
benefits is scarce, and many veterinary professional
organisations (e.g. the World Small Animal Veterinary
Association) and international public health agencies
(e.g. the United States (US) Centers for Disease Control
and Prevention (CDC)) view them as potential health
hazards for both animals and humans [1,5]; awareness
of this issue appears less evident in Europe [6]. The
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KEY PUBLIC HEALTH MESSAGE

What did you want to address in this study and why?

Raw meat-based diets (RMBDs) are increasingly popular among pet owners. However, the potential role
of RMBDs has been neglected as a new source of bacteria resistant to last-resort antibiotics which could
affect people co-living with pets. We wanted to analyse if dog food from brands sold in the European Union
represents a possible source of Salmonella or other bacteria resistant to the important antibiotic colistin.

What have we learned from this study?

Conventionally processed pet food is a safer option than RMBDs. This is because RMBDs of European brands
can carry multidrug-resistant bacteria, including globally disseminated pathogenic Salmonella and E. coli
harbouring genes encoding resistance to colistin, an antibiotic critically important for human medicine.
These hazards are frequent in food-animal production and are causing infections in humans worldwide.

What are the implications of your findings for public health?

The detection in RMBDs of a predominant pandemic Salmonella clone and pathogenic E. coli carrying mobile
colistin resistance genes may pose a potential risk of human exposure. This can occur through handling
of pet food and/or environmental release by pets. These findings indicate a need for proactive actions

involving the pet industry, food safety agencies, and pet owners to mitigate risks for public health.

—

safety concerns associated with RMBDs are related
to the potential contamination of raw ingredients with
zoonotic pathogenic bacteria and parasites [1,3,4].
Such contamination could lead to the spread of these
pathogens to both pets and humans cohabitating with
pets, through direct contact with the pet or its feed,
or indirectly through contact with contaminated house-
hold surfaces or hands during feed preparation.

In the European Union (EU), legal requirements for
the use of animal by-products and derived prod-
ucts not intended for human consumption are estab-
lished, including those to produce processed or raw
pet food, helping to ensure microbiological safety [7].
Nevertheless, since 2020, there have been more than 20
notifications or recalls of pet food and RMBD in the EU
due to the detection of zoonotic pathogens, particu-
larly Salmonella and pathogenic Escherichia coli[8], and
also cases of human infections with Salmonella and
Shiga toxin-producing E. coli (STEC) linked to exposure
to RMBDs [9-11]. Several studies have also established
a correlation between the microbiota of pets and their
owners, including the presence of antibiotic-resistant
strains, with pet food as a potential source [12,13].
However, certain antibiotic-resistant bacteria and
genes of public health concern, such as the mcr gene
conferring resistance to the last-line antibiotic colistin,
have not been extensively studied in pet food and
RMBDs [1,14-16]. Consequently, these antibiotic-resist-
ant strains and genes have not been recognised as
notable food safety issues in the context of the pet
food industry [6]. To address this knowledge gap, we
aimed to investigate the occurrence of and further
characterise Salmonella and other Enterobacteriaceae
resistant to critical antibiotics, such as colistin, in dog

food, including RMBDs, that is available in stores in
Portugal to investigate if they represent a possible
source of these hazards to public health.

Methods

Sampling strategy

We visited physical locations such as major supermar-
kets and pet stores in the Porto metropolitan area and
conducted an online search to gather information on
the primary canine food types and brands commercially
accessible in Portugal. Over 5 months (September 2019
to January 2020), 55 dog food samples (22 wet, 14 raw-
frozen, eight dry, seven treats and four semi-moist),
corresponding to 5o different dog food items (four food
types were acquired 2—3 times) and 25 brands commer-
cialised in Portugal, were collected from 12 retail stores
(eight supermarkets, three specialised stores and one
veterinary clinic) in the Porto region; further details
about the samples are appended in Supplementary
Table S1. Most samples were obtained from brands
marketed globally, including in the EU (21/25). The 14
raw-frozen dog food samples were a combination of
fruits, vegetables and different types of meat (muscle/
viscera). They were categorised into two groups based
on the main meat type: poultry (n=38; chicken, turkey,
duck, goose) and ruminant (n=6; veal, steer, deer)
samples. The RMBDs were from the two international
brands available in Portuguese stores (brand A types
produced in the EU and brand B in the United Kingdom
(UK)). The samples were processed according to their
type, as previously described [17]. For the pre-enrich-
ment step at 37°C for 16—18 h, 25 g of each sample
were homogenised (2 min in a Stomacher blender) with
1:10 buffered peptone water (BPW).
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Detection of non-typhoidal Salmonella
Salmonella detection was performed using the
International Standard Organisation [18] method for
foodstuffs. Briefly, after the pre-enrichment, 0.1 mL
and 1 mL of the BPW were transferred to Rappaport—
Vassiliadis medium with Soya (RVS) and Muller-
Kauffmann tetrathionate-novobiocin (MKTTn) broths,
respectively, for selective enrichment (RVS at 41.5°C
for 24 h and MKTTn at 34-38°C for 24 h). These
broths were then streak-plated on xylose lysine
deoxycholate agar and CHROMagar Salmonella Plus.
Presumptive Salmonella colonies recovered from both
selective agar plates (up to five colonies per plate)
were confirmed by biochemical tests (e.g. API-20 E,
bioMérieux, Marcy I’Etoile, France), by agglutination
with Salmonella O poly antisera and serogroup-specific
antisera (Becton Dickinson, New Jersey, US) and by PCR
for invA gene detection and Salmonella serotypes of
particular concern in the EU (Enteritidis, Typhimurium
and 1,4,[5],12:i:-) [19].

Screening of mcr-carrying Enterobacteriaceae
After BPW enrichment, 100 pL and 10 pL were spread
on Tryptone Bile X-glucuronide agar plates (TBX) and
Simmons citrate agar+inositol (SCAi) with and without
colistin (3.5 mg/L) and incubated (TBX at 37°C for 24 h;
SCAI at 37°C for 48 h) for E. coli and Klebsiella spp.
detection, respectively. From each plate, between one
and five colonies of each morphotype were spread on
a CLED medium for further identification by matrix-
assisted laser desorption-ionisation-time of flight mass
spectrometry (MALDI-TOF VITEK MS, bioMérieux) and
standard PCRsforE. coliand K. pneumoniae [20]. Colistin
resistance genes (mcr-1 to mcr-5 and mcr-6 to mcr-9)
were identified in E. coli, K. pneumoniae and S. enter-
ica isolates using a multiplex PCR published previously
[21]. Amplified simplex PCR products were purified
using the NZYGelpure kit (NZYTech, Lisbon, Portugal)
and sequenced at Eurofins Genomics (Konstanz,
Germany).

Phenotypic and genotypic characterisation

of Enterobacteriacea

We used disk diffusion to test susceptibility to the fol-
lowing antibiotics: amoxicillin 10 pg, amoxicillin/cla-
vulanic acid 30 pg, cefepime 30 pg, cefoxitin 30 pg,
ceftazidime 30 pg, cefotaxime 30 pg, meropenem 10 pg,
ciprofloxacin 5 pg, pefloxacin 5 pg (only for Salmonella)
nalidixic acid 30 pg, gentamicin 10 ug, streptomycin
10 pg, kanamycin 30 pg, tobramycin 10 pg, chloram-
phenicol 30 pg, tetracycline 30 pg, sulfonamides 300
ug, trimethoprim 5 ug and fosfomycin 200 pg (only
for E. coli). Colistin minimum inhibitory concentration
(MIC) was determined by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) reference
cation-adjusted Mueller—Hinton broth microdilution
method [22]. Escherichia coli ATCC 25922 served as the
control. Interpretation followed the EUCAST guidelines
[23], and for nalidixic acid and tetracycline, we used
the Clinical and Laboratory Standards Institute clini-
cal breakpoints [24]. Multidrug resistance (MDR) was
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defined as resistance to antibiotics from three or more
different families. Phylogenetic groups (PhG) of E.
coli were determined using a standard multiplex PCR
[20]. In addition, Shiga toxin-producing E. coli (STEC)
was assessed by PCR for stxz and stx2 virulence genes

[25].

Whole genome sequencing for characterisation
of Salmonella and mcr-1-carrying Escherichia
coli

We selected one isolate per sam-
ple of Salmonella and mcr-1-posi-
tive Enterobacteriaceae for WGS. We extracted DNA
using the Wizard Genomic DNA purification kit
(Promega Corporation, Madison, US) and measured its
concentration with a Qubit 3.0 Fluorometer (Invitrogen,
Thermo Fisher Scientific, Massachusetts, US). The
HiSeq (2 x 151 bp) Illlumina platform (lllumina, San
Diego, US) was used for sequencing at Eurofins
Genomics. Raw reads quality was assessed with FastQC
vo.11.9  (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc) using default parameters. High-quality
reads were then de novo assembled using SPAdes
v3.15.5  (https://github.com/ablab/spades)  within
Unicycler vo.5.0 (https://github.com/rrwick/Unicycler).
Assembly quality and completeness were assessed
with  QUAST vs.0.2 (https://quast.sourceforge.net)
and BUSCO vs.0.0 (https://github.com/Wenchaolin/
BUSCO-Mod), respectively. Draft genomes were anno-
tated on the RAST server (https://rast.nmpdr.org).
For metal tolerance genes search (arsRD2A2BCA1D1-
arsR1HD1A1A2CBA3D2R2, pcoGE1ABCDRSE2, silESRCF-
BAGP, terFEDCBAZ-terY3Y2XYiW and merEDACPTR),
we used ABRicate vi.0.1 (https://github.com/
tseemann/abricate) with an in-house database.
We used tools from the Centre for Genomic and
Epidemiology (http://www.genomicepidemiology.
org) to evaluate E. coli and Salmonella antibiotic
resistance genes (ResFinder v4.1, https://cge.food.
dtu.dk/services/ResFinder) or known mutations
(PointFinder v4.1, https://bitbucket.org/genomicepi-
demiology/pointfinder_db.git), virulence genes (only
for E. coli, VirulenceFinder v2.0, https://cge.food.
dtu.dk/services/VirulenceFinder), plasmid replicons
(PlasmidFinder v2.1, https://cge.food.dtu.dk/services/
PlasmidFinder), plasmid typing (pMLST v2.0, https://
cge.food.dtu.dk/services/pMLST)  and  Multilocus
Sequence Typing (MLST v2.0, https://cge.food.dtu.dk/
services/MLST). Salmonella serotypes were confirmed
with the Salmonella In Silico Typing Resource (SISTR)
(https://github.com/phac-nml/sistr_cmd) and E.
coli PhGs were validated using ClermontTyper (http://
clermontyping.iame-research.center).

Forconfirmation of mcr-1 gene location and hypothetical
plasmid reconstructions, we used the MOB-recon tool
v3.1.0 from the MOB-suite package (https://github.
com/phac-nml/mob-suite). If the mcr-1 gene was iden-
tified in a plasmid by MOB-recon or on the same contig
as the replicon, it was considered plasmid-associated.
The PLSDB-plasmid database (https://ccb-microbe.
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TABLE 1

Distribution of Salmonella enterica, Escherichia coli and Klebsiella pneumoniae among samples of commercially available
raw-frozen dog food, Portugal, September 2019-January 2020 (n = 14)

Sample Main ingredients® . Bacteria detected
Food type Brand® . . Collection date . . ,
number (% of the most prevalent ingredients) S. enterica E. coli (mcr-1) K. pneumoniae
6 Sept 2019 - + -
o/ ). o/ ). .
46 A Veal (59 /?), salmon (20%); vegetables; Nov 2019 — N —
salmon oil
Ruminant- 53 Jan 2020 - + -
based 18 . Oct 2019 - + +
A Steer (79%); vegetables; salmon oil
45 Nov 2019 - + -
26 B Deer (80%); vegetables; fruit Nov 2019 - + (mcr-1) -
15 A Chicken (60%); lamb (19%); vegetables Oct 2019 - + -
16 . Oct 2019 - + +
A Chicken (60%); veal (19%); vegetables
55 Jan 2020 - + -
17 Oct 2019 - + -
Poul A Turkey (60%); lamb (20%); vegetables
bou t(;y- 54 Jan 2020 + + -
se
@ 25 B Duck (80%); vegetables; fruit Nov 2019 - + +
51 B ']!'ur.key (50%); goose (30%); vegetables; Jan 2020 _ N .
ruit
Turkey (40%); salmon (20%); white fish _ ) _
52 B (20%); vegetables Jan 2020 + (mcr-1)

—: not detected; +: detected.

2 Raw food samples were from either of two international brands distributed worldwide, here randomly designated as A and B.

® The most prevalent ingredient in each food type is shown in bold.

cs.uni-saarland.de/plsdb) was used for comparative
genomic analysis. Alignment of mcr-1-carrying plasmids
with closely related IncX4 ones was conducted using
the BRIG tool (vo.95) (https://github.com/happykhan/
BRIG).

Comparative genomic analysis

of Salmonella and mcr-1-carrying Escherichia
coli

We conducted a comparative genomic analysis using
core-genome MLST (cgMLST) between our isolates
and genomes queried from Enterobase as well as the
hierarchical clustering of cgMLST (HierCC) (https://
enterobase.warwick.ac.uk). These strains were
used to develop a minimum-spanning tree using
GrapeTree (https://achtman-lab.github.io/GrapeTree/
MSTree_holder.html) and MSTreeV2. Metadata of the
included Salmonella and E. coli isolates were retrieved
from Enterobase (isolate name, cgST, country, year,
source). In addition, we conducted a search of antibiotic
resistance, metal tolerance and virulence genes as
described in the previous section.

Statistical analysis

Occurrence  rates and  antibiotic-resistant  E.
coli variations across food types were assessed using
Fisher’'s exact test (a=0.05). The 95% confidence
intervals (Cl) for proportions were calculated using
Wilson Cl. Both analyses were computed using Prism v
9.1.1 (GraphPad, Boston, Massachusetts, US).

Results

Detection and characterisation of Salmonella

In our study of 55 pet food samples (41 processed and 14
raw), only raw samples tested positive for Gram-negative
bacteria, including the zoonotic pathogen Salmonella,
along with bioindicators E. coli and Klebsiella pneumo-
niae (Table 1). We detected Salmonella in one of the
raw samples (7%; 95% Cl: 1.3-31.5; n=1/14), a raw-
frozen batch (EU, brand A), predominantly containing
turkey (Table 1).

Six Salmonella isolates, all identified as Salmonella
enterica serotype 1,4,[5],12:i:- (Typhimurium
monophasic variant) were successfully isolated from
the same sample. They exhibited the MDR ASSuT
profile conferring resistance to amoxicillin (A, encoded
by the bla ., gene), streptomycin (S, strA-strB), sul-
phonamides (Su, sul2), and tetracycline (T, tet(B)). In
addition, they had an integrative and conjugative ele-
ment (ICE) with copper/silver (pco, sil) and arsenic
(ars) tolerance clusters/operons (Table 2), typical of the
widespread clinically relevant ‘European clone’ [26].

The S. 1,4,[5],12:i:- strain belonged to sequence type
ST34 (Table 2), which is commonly observed in Europe,
as evidenced by the data available on EnteroBase
(https://enterobase.warwick.ac.uk/species/index/
senterica). Using the EnteroBase cgMLST scheme, the
pet food isolate was classified as cgST142761, which
grouped into a distinct cluster (Hierarchical Clustering-
HierCC HCs—142761 group) among the globally dis-
persed ST34 clone (Figure 1A). This isolate exhibited
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FIGURE 1

Phylogenetic trees of Salmonella Typhimurium and Escherichia coli isolates from raw pet food samples, Portugal, 2020
(n=3) and related available genomes on EnteroBase up to 8 June 2023 (n=22 Salmonella Typhimurium, n=20 E. coli)

A. Grape tree of Salmonella Typhimurium isolates and the monophasic
variant S. 1,4[5],12:i:- ST34/cgST142761 (HC5-142761)

Country

@ France (n=16)

@ United Kingdom (n = 4)
(O Czechia (n=1)

@ Portugal (n=1)

C. Grape tree of the E. coli ST3997/cgST193139 (HC50-57741) isolates

”Q

Country
.China (n=4)
OPortugal (h=1)
@ Czechia (n=1)

f O

B. Grape tree of E. coli ST297/cgST193137 (HC100-3512) isolates;
inset: pet food isolates and related genomes

& Country
k Q Netherlands (n=2)

Q Germany (n=3)
O Uganda (n=3)

@ Ecuador (n=2)
@ Portugal (n=2)
@ ltaly (n=1)

O Kenya (n=1)

&

[ E—

The core genome minimum spanning tree was created within the EnteroBase pipeline using the MSTreeV2 algorithm and GrapeTree tool. The
cgSTis indicated in each node. The yellow circle highlights the pet food isolate of each Grape tree. For the geographical analysis, the cgST
was annotated using the country data (the number of genomes by country is indicated within parentheses). The scale bar corresponds to

the number of cgMLST allelic differences.

a close genetic relationship (HCs) with 21 isolates of
human origin (Czechia, France and UK; 2018-2022),
with no apparent clustering based on European geo-
graphical location (Figure 1A); Supplementary Table
S2 contains further strain details.

Detection and characterisation of colistin-
resistant Enterobacteriaceae

We detected E. coli (n=59 isolates; none STEC) in all
raw-frozen food samples (100%; 95% Cl: 79—100;
n=14/14). Four of them were also contaminated with K.
pneumoniae (n=s5 isolates) (Table 1). A considerable
percentage (71%; 95% Cl: 45-88; n=10/14) of the
samples carried MDR E. coli isolates, independently
of the main ingredients and PhGs (Table 3). Antibiotic
resistance rates were similar between samples with
poultry or ruminant-based ingredients (p>0.05). More
than half of the samples contained at least one E.
coli with resistance to amoxicillin (79%; 95% Cl:
52-92; n=11/14 samples), ciprofloxacin (50%; 95% Cl:
27-73; n=7/14), nalidixic acid (57%; 95% Cl: 33-79;

n=8/14), streptomycin (71%; 95% Cl: 45—-88; n=10/14),
tetracycline, sulphonamides or trimethoprim (64%;
95% Cl: 39-84; n=9/14 each); For further antibiotic
resistance details, we referto Supplementary Figure S1.

Colistin-resistant E. coli isolates (n=4) were present in
two batches (14%; 95% Cl: 4—40; n=2/14) from the same
pet food brand (UK, brand B), one with deer and the
otherwith turkey as the main ingredient (Table 3). Alliso-
lates carried the mcr-1 gene with MIC=4 mg/L and were
recovered in TBX medium supplemented with colistin.
They were co-resistant to amoxicillin, streptomycin,
ciprofloxacin, nalidixic acid, streptomycin and
sulphonamides. These mcr-1-carrying E. coli isolates
belonged to B1-ST297 and A-ST3997-STi0 complex-
Cplx (Table 2). The ST297 (cgST193137), classified as
an extraintestinal pathogenic E. coli (ExPEC), shared a
common HCio0 cluster (Hierarchical Clustering-HierCC
HC100-3512 group) with 162 genomes and the lowest
number of allelic differences with 13 genomes from
globally dispersed sources and countries (Germany,
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TABLE 3

Characteristics of Escherichia coli recovered from samples of commercially available raw-frozen dog food, Portugal,

September 2019-January 2020 (n = 59 isolates)

Main ingredients? (% of the most
prevalent ingredients)

Sample ID

Food type el

PhG (number
of isolates)

MDR
(sample
D)E

mcr-1 gene
detection

Antibiotic resistance profile®

A(2) AML (STR, SUL, TMP) - + (53)
6, 46,53 |Veal (59%); salmon (20%); B1(8) - - -
(A) vegetables; salmon oil B2 (2) - - -
) D (1) - - -
Ruminant-
based 18, 45 (A) Steer (79%); vegetables; salmon AQ@ (AML, STR, CHL, TET, SUL, TMP) - + (45)
’ oil B1(4) (AML, STR, NAL, TET) - + (18)
AQ@ TET - -
26 (B) Deer (80%); vegetables; fruit (AML, AMC, CIP, NAL, STR, CHL,
B1 (4) COL, TET, SUL, TRP) * +
Chicken (60%); lamb (19%); AML, TET, SUL, TMP (AMC, CHL,
15(A) | egetables B1 (4) CIP, NAL, STR, KAN) - *
(AML, CIP, NAL, STR, TET, SUL,
. A (10) TMP - +
16, 55 (A) Chicken (60%); veal (19%); )
’ vegetables @ AML, CIP, NAL, STR, TET, SUL, _ + (55)
TMP (FOX) i
B1 (2) - - -
17, 54 (A) Turkey (60%); lamb (20%); STR, TET, SUL, TMP (AML, CIP,
’ vegetables D (2) o IED > ( » — + (17)
NAL)
) AQ - - -
Poultry-based 25 (B) Duck (80%); vegetables; fruit
B1 (1) - - -
Turkey (50%) (30%) A@1) NAL, TET - -
urkey (50%); goose (30%);
51 (B) vegetabies; fruit B1(7) CIP, NAL, TET (AML, GEN, STR, _ .
KAN, TOB, CHL, SUL, TRP)
AML, AMC, STR, TET (CIP, NAL,
KAN, GEN, COL, SUL, TRP)
2 (@) Turkey (40%); salmon (20%); A(3) + +
5 white fish (20%); vegetables AML, AMC, CIP, NAL, GEN, STR,
TET, SUL, TRP
B1 (1) - +

—: not detected; +: detected; AMC: amoxicillin +clavulanic acid; AML: amoxicillin; CHL: chloramphenicol; CIP: ciprofloxacin; COL: colistin;
FOX: cefoxitin; GEN: gentamicin; ID: identification number; KAN: kanamycin; MDR: multidrug resistance; NAL: nalidixic Acid; PhG: E.
coli Phylogenetic Group; STR: streptomycin; SUL: sulphonamides; TET: tetracycline; TOB: tobramycin; TRP: trimethoprim.

2 The most prevalent ingredient in each food type is represented in bold.
b Variable presence of antibiotic resistance is presented in brackets. (-) indicates isolates susceptible to all tested antibiotics.
¢ The sample ID number is indicated only when more than one food sample type was analysed.

Italy, the Netherlands, Ecuador, Kenya and Uganda;
2014-2021), including from a Portuguese poultry farm
(Figure 1B); Supplementary Table S3 provides further
strain details. The ST3997-STio0 Cplx (cgST193139)
presented virulence genes associated with avian
pathogenic E. coli (APEC) and shared a single cluster at
the HCso level with five isolates from humans in Europe
(Czechia, 2020) and Asia (China, 2017) (Figure 1-C);
for further strain details we refer to Supplementary
Table S4. Whole genome sequencing revealed that
in both E. coli strains from the same pet food brand,
the mcr-1.1 gene was located on similar IncX4 plasmids
(99.89% identity). These plasmids shared a common
genetic environment near the mcr-1 cassette, con-
tained the papz gene (membrane-associated lipid
phosphatase) and lacked the ISApl1 element [16].
Comparative genomics revealed that these IncX4 plas-
mids were similar to others (MOB-recon; mash dis-
tance: 0.000780658-0.00126265) and are circulating
among diverse hosts (humans, pig, poultry) and the
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environment in many different countries, including
Portugal (Figure 2); Supplementary Table S5 provides
further plasmid details.

Discussion

This study investigated the presence and character-
istics of Salmonella and other Enterobacteriaceae in
55 dog food samples, with a focus on colistin-
resistant strains. These samples comprised various
types of meat and were obtained from different
suppliers and international brands in Portugal. We
found Enterobacteriaceae, including Salmonella and
MDR isolates, only in samples from raw pet food, in
contrast to a parallel study in the same samples [17],
where Enterococcus spp. was detected across all sample
types, including dry and wet. Current regulations in
the EU propose counting Enterobacteriaceae (and
including Salmonella detection) as a hygiene criterion
for all categories of pet foods [7]. Numerous studies
have demonstrated contamination levels exceeding the
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FIGURE 2

Circular maps of mcr-I-harbouring IncX4 plasmids in Escherichia coli isolated from Portuguese pet food, September 2019-
January 2020 (n = 2) and closely related ones from different sources and geographical regions

PMFDS1300.1_X4
32,738 bp

Noires

vidgy  Virg2

1uXR eexN

~virB9

Accession number Source (host) Country Mash distance

punnamed4 NZ_CP016550.1 Faeces Netherlands 0.00126265 (R26_1_100)

(Homo sapiens) 0.00210772 (R52_8)

I 100% identity

70% identity

50% identity
pMUB-MIN12-MCR
B 100% identity

70% identity

NZ_CP069661.1 | Wound

(Homo sapiens)

Poland 0.00175922 (R26_1_100)

0.000705841 (R52_8)

50% identity
pMCR-1-IHIT35346
I 100% identity

70% identity

NZ_KX894453.1 Faeces

(Sus scrofa)

Italy 0.00152214 (R26_1_100)

0.000780658 (R52_8)

50% identity
pCFSAN061769_01

7 100% identity

CP042970.1 Raw milk 0.00146992 (R26_1_100)

0.000780658 (R52_8)

Egypt

cheese
70% identity
50% identity

PMCR-1_MsC

NZ_MK172815.1 | Urine

(Homo sapiens)

Russia 0.00136596 (R26_1_100)

100% identity 0,000855821 (R52_8)
70% identity
50% identity

PMFDS51300.1

W 100% identity

. 70% identity

NZ_MK875285.1 | Chichen meat South Korea 0.0011089 (R26_1_100)

from Brazil 0.000385581 (R52_8)

(Gallus gallus)
50% identity
pR52_8

100% identity

This study Raw-frozen

dog food

Portugal 0,00113443 (R26_1_100)
70% identity
50% identity
pR26_1_100
W 100% identity
[T 70% identity

50% identity

W cps

This study Raw-frozen

dog food

Portugal 0.00113443 (R52_8)

Alignment of R26_1_100 of 33789 bp and R52_8 of 32534 bp (Portugal, 2020) against others. Black inner ring: plasmid used as a reference
for the alignment; name and size of the reference indicated in the middle of the panel. Genes are represented by black arrows (indicating the
position and direction of transcriptional open-reading frames) in the outer circle, with mcr-1.1 and pap genes highlighted in red.

EU limits (i.e. Salmonella: absence in 25 g and Enteroba
cteriaceae < 5 x 103 CFU/g) in RMBDs [4,5,14,15,27]. Our
results strongly suggest that conventionally processed
pet food is a safer option, emphasising the critical role
of heat treatment in pet food production for effectively
mitigating microbiological hazards [1,2].

Although the overall prevalence of Salmonella in
the RMBDs samples in this study was low (one of
14 batches produced in the EU had unsatisfactory
microbiological quality), other studies from Europe
also detected Salmonella: 4% of raw pet food samples
in Switzerland, 20% in the Netherlands and 71% in Italy
[14,16,27]. The Salmonella enterica detected in this
study was of the serotype 1,4,[5],12:i:- and belonged
to ST34, which has emerged as the predominant
pandemic genotype in recent decades, particularly in
food animal production and human infections in the
EU [26,28]. Their MDR features (ASSuT+ICE) may have
facilitated the adaptation of this serotype to environ-
ments with extensive usage of antibiotics and heavy
metals, such as pig and poultry farms [26,28,29],
whose raw animal by-products are the sources of the
pet food industry. Since food animals are asympto-
matic carriers of Salmonella, these bacteria can spread
easily at slaughterhouses through cross-contamination
events between flocks or animal by-products or at pet

food production plants, in various types of meat, ani-
mal species and geographical places of origin [6,19,30].
Notably, we showed genetic similarities between S.
1,4,[5],12:i:- from RMBDs and public genomes from
human clinical cases from different European coun-
tries, suggesting a role of raw pet food as a potential
vehicle for the transmission of this serotype consid-
ered of human health significance in the EU and car-
rying a MDR profile. Some studies consistently show a
significant difference in Salmonella excretion in faeces
between dogs fed with RMBDs and those fed with dry
food, highlighting the microbiological risk associated
with RMBDs [3,31,32]. This risk extends not only to
dogs but also to pet owners handling RMBD and dog
faeces, as well as to the environment, as documented
by recent Salmonella outbreaks where WGS confirmed
a connection between pets, pet food and human
disease [10,11,33,34].

A high percentage of our samples carried
MDR E. coli isolates, regardless of the raw food types
tested, similar to a recent parallel study focused
on MDR Enterococcus in dog food in Portugal [14].
Resistance to commonly used veterinary antibiot-
ics such as B-lactams, fluoroquinolones, tetracycline
and sulphonamides was especially pronounced, mir-
roring trends seen in other European studies on pet
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food samples of diverse origins [14,35]. The use of
these antibiotics, particularly in poultry production,
has been associated with increased E. coli resistance
rates [29], suggesting that raw meat-based ingredients
might be introducing MDR strains in pet food, which
then can persist until they reach humans and their
pets [32]. While the percentage of samples containing
MDR and mcr-carrying E. coli isolates was relatively
low, in line with findings from other studies [14,16],
it underscores the importance of employing antibiot-
ics judiciously within the livestock industry. This is
needed to curb the co-selection of genes conferring
resistance to colistin, a “highest priority critically
important antimicrobial” for human medicine among
various bacterial species [20,21]. In fact, E. coli ST297
(EXPEC) and ST3997-ST10 Cplx (APEC) identified in this
study have been detected worldwide in various animal,
food, environmental and human sources, and have
been linked to numerous human infections (https://
enterobase.warwick.ac.uk/species/index/ecoli), which
highlights their capacity to be transmitted to humans
through the food chain. In Portugal, the MDR E.
coli ST297 lineage is predominant in many food sources
[20,36] and has now been detected in raw pet food in
our study. Meanwhile, in Asia, E. coli ST3997-ST10 Cplx
isolates found in poultry, the environment and humans
also carried mcr-1 associated with diverse plasmid
backgrounds [37]. Notably, both E. coli strains obtained
in this study from the same pet food brand carried
the mcr-1.1 gene on similar IncX4 plasmids. These
findings, along with the similarity of these plasmids
to globally distributed ones, suggest possible cross-
contamination events and/or diverse origins of pet
food contamination arising from ingredients or human
handling at the production plant.

In this study, RMBDs were identified as a potential
vehicle of MDR zoonotic-related pathogenic bacteria,
with some carrying genes such as mcr-1 conferring
resistance to last-line antibiotics. Despite the EUss
efforts to reduce antibiotics such as colistin in livestock
production and the successful colistin restrictions on
EU farms [20,21], the introduction of colistin-resistant
bacteria through imported animal by-products (e.g.
from non-EU countries with different antibiotic prac-
tices and regulations), raw vegetables (common in
most samples) or wildlife (e.g. deer as the main ingre-
dient in one batch with mcr-carrying E. coli) cannot be
excluded. Continuous vigilance is essential to address
these potential pathways and mitigate the spread of
antibiotic-resistant bacteria. Furthermore, most man-
ufacturers do not provide information on food safety
practices (e.g. handwashing, safe handling) for han-
dling raw pet food [38], including on labels found
on the raw pet food samples obtained for this study.
Appropriate hygiene measures and safe handling prac-
tices should be observed when dealing with pets and
raw pet food to mitigate the risk of MDR bacterial infec-
tions in humans.
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Finally, we acknowledge the study’s limitations. Firstly,
the results should be interpreted considering our con-
venience-based sampling strategy, which exclusively
captured dog food types and brands available on the
Portuguese pet food market, primarily in four cities in
the Porto metropolitan area. Consequently, the results
may not be extrapolated to pet food products avail-
able from other suppliers. Secondly, the small sample
size and the uneven distribution among suppliers and
various canine food items may have introduced unin-
tended selection bias. Moreover, additional studies,
encompassing brands available in every region in the
world, along with local risk assessment investigations,
are required to discern the broader implications of pet
food on public health.

Conclusion

This study demonstrates that RMBDs from European
brands available in Portugal can be a vehicle for MDR
clinically-relevant Salmonella and E. coli carrying
genes encoding resistance to the last-resort antibiotic
colistin. Promoting awareness of potential risks linked
to RMBDs and providing guidance to pet owners on
proper handling and feeding practices are crucial
steps in minimising potential health risks. Identifying
environmental transmission routes of pathogenic
and MDR bacteria to pet food and the continuous
microbiological monitoring (pathogens and antibiotic-
resistant bacteria/genes) of ingredients and processes
used in the fast-growing pet food industry needs to
be addressed in future One Health studies to mitigate
public health risks.
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