
Acknowledgments
We acknowledge the contributions of genome  
sequences from other laboratories to GISAID  
(https://www.gisaid.org). We thank the Australian 
Cancer Research Foundation Cancer Genomics  
Facility, and Microbiological Diagnostic Unit Public 
Health Laboratory for their helpful discussions.

About the Author
Dr. Leong is a senior medical scientist at SA Pathology. 
His research interests include pathogen genomes in public 
health, epidemiology, and infection outbreaks.

References
  1. Miller IF, Becker AD, Grenfell BT, Metcalf CJE. Disease  

and healthcare burden of COVID-19 in the United States.  
Nat Med. 2020;26:1212–7. https://doi.org/10.1038/ 
s41591-020-0952-y

  2. Speake H, Phillips A, Chong T, Sikazwe C, Levy A, Lang J,  
et al. Flight-associated transmission of severe acute  
respiratory syndrome coronavirus 2 corroborated by  
whole-genome sequencing. Emerg Infect Dis. 2020;26: 
2872–80. https://doi.org/10.3201/eid2612.203910

  3. Zhou F, Li J, Lu M, Ma L, Pan Y, Liu X, et al. Tracing  
asymptomatic SARS-CoV-2 carriers among 3,674  
hospital staff: a cross-sectional survey. EClinicalMedicine. 
2020;26:100510. https://doi.org/10.1016/j.eclinm.2020.100510

  4. Rambaut A, Holmes EC, O’Toole Á, Hill V, McCrone JT,  
Ruis C, et al. A dynamic nomenclature proposal for  
SARS-CoV-2 lineages to assist genomic epidemiology.  
Nat Microbiol. 2020;5:1403–7. https://doi.org/10.1038/
s41564-020-0770-5

  5. Lemoine F, Blassel L, Voznica J, Gascuel O. COVID-Align: 
accurate online alignment of hCoV-19 genomes using a  
profile HMM. Bioinform. 2020;btaa871. https://doi.org/ 
10.1093/bioinformatics/btaa871

  6. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ.  
IQ-TREE: A fast and effective stochastic algorithm for  
estimating maximum likelihood phylogenies. Mol Biol  
Evol. 2015;32:268–74. https://doi.org/10.1093/molbev/
msu300

  7. Elbe S, Buckland-Merrett G. Data, disease and diplomacy: 
GISAID’s innovative contribution to global health.  
Glob Chall. 2017;1:33–46. https://doi.org/10.1002/ 
gch2.1018

  8. Endo A, Abbott S, Kucharski AJ, Funk S. Estimating the 
overdispersion in COVID-19 transmission using outbreak 
sizes outside China. Wellcome Open Res. 2020;5:67.  
https://doi.org/10.12688/wellcomeopenres.15842.3

  9. van Dorp L, Richard D, Tan CCS, Shaw LP, Acman M, 
Balloux F. No evidence for increased transmissibility 
from recurrent mutations in SARS-CoV-2. Nat Commun. 
2020;11:5986. https://doi.org/10.1038/s41467-020-19818-2

Address for correspondence: Lex Leong, Public Health and 
Epidemiology, Microbiology and Infectious Disease, SA 
Pathology, Frome Rd, Adelaide 5000, South Australia, Australia; 
email: lex.leong@sa.gov.au

Linezolid- and Multidrug- 
Resistant Enterococci in  
Raw Commercial Dog Food, 
Europe, 2019–2020

Ana R. Freitas,1,2 Liliana Finisterra, Ana P. Tedim,2 
Bárbara Duarte, Carla Novais,1,2 Luísa Peixe,1,2  
from the ESCMID Study Group on Food- and  
Water-borne Infections (EFWISG)
Author affiliations: Instituto Universitário de Ciências da Saúde 
(IUCS) Departamento de Ciências, Cooperativa de Ensino  
Superior Politécnico e Universitário (CESPU), CRL, Gandra,  
Portugal (A.R. Freitas); UCIBIO, Faculdade de Farmácia,  
Universidade do Porto, Porto, Portugal (A.R. Freitas, L. Finisterra, 
B. Duarte, C. Novais, L. Peixe); Hospital Universitario Rio  
Hortega/Instituto de Investigación Biomédica de Salamanca, 
Valladolid/Salamanca, Spain (A.P. Tedim)

DOI: https://doi.org/10.3201/eid2708.204933

Raw meat–based diets are increasingly popular 
for feeding dogs, but the extent of antimicrobial-

resistant bacteria in raw dog food is rarely addressed 
globally (1). The Centers for Disease Control and Pre-
vention does not recommend feeding raw diets to pets 
because of frequent contamination with Salmonella and 
Listeria (https://www.cdc.gov/healthypets/publica-
tions/pet-food-safety.html), but awareness about this 
issue is not as evident in Europe. Eating raw meat has 
been considered a risk factor for carriage of clinically 
relevant ampicillin-resistant (AmpR) Enterococcus fae-
cium and optrA-positive linezolid-resistant E. faecalis 
in dogs (2,3), but data for commercial pet food are not 
available. We evaluated multidrug-resistant (MDR) 
Enterococcus in raw-frozen dog food commercialized 
in countries in Europe; we focused on transferable li-
nezolid resistance (LinR) genes because linezolid is a 
last-resort drug to treat gram-positive infections (4).

We purchased 14 raw-frozen dog food samples 
from the 2 commercially available brands in Portugal 
in specialized stores (September 2019–January 2020). 
Brand A (produced in Europe) is available in specialized 
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We describe enterococci in raw-frozen dog food commer-
cialized in Europe as a source of genes encoding resis-
tance to the antibiotic drug linezolid and of strains and 
plasmids enriched in antibiotic-resistance and virulence 
genes in hospitalized patients. Whole-genome sequenc-
ing was fundamental to linking isolates from dog food to 
human cases across Europe.

1These authors were co–principal investigators.
2These authors are active EFWISG members.



stores, brand B (produced in the United Kingdom) in 
specialized stores and online; both are commercial-
ized across different countries in Europe. We enriched 
samples (25 g) in buffered peptone water (1:10), then 
in brain–heart infusion broth with or without different 
antibiotic drugs (ampicillin [16 µg/mL], vancomycin 
[6 µg/mL], chloramphenicol [16 µg/mL]), and plated 
them onto Slanetz-Bartley agar with and without the 
same drug concentrations. We identified isolates with 
different morphologies per plate by PCR. We per-
formed antibiotic susceptibility testing by disk diffusion 
using European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) (5) or Clinical and Labora-
tory Standards Institute (6) guidelines. We used broth 
microdilution for linezolid and Etest for ampicillin. We 
searched acquired LinR genes (optrA/poxtA/cfrA-E) and 

typed representative isolates by multilocus sequence 
typing (n = 20; https://www.pubmlst.org) and whole-
genome sequencing (LinR E. faecalis [n = 6] and AmpR/
LinR E. faecium [n = 5]) using the Hi Seq 2500 Sequenc-
ing System (Illumina, https://www.illumina.com). We 
deposited assemblies (SPAdes version 3.11.1; https://
cab.spbu.ru/software/spades) in GenBank (Bioproject 
PRJNA663240) and characterized them using in silico 
tools (http://www.genomicepidemiology.org) and in-
house databases (7).

All samples carried enterococci resistant to eryth-
romycin, streptomycin, chloramphenicol, and tet-
racycline; 93% resistant to ampicillin, ciprofloxacin, 
and quinupristin/dalfopristin; 79% resistant to gen-
tamicin; and 50% resistant to linezolid. We detected 
acquired LinR genes among 20 MDR isolates from 
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Table. Characterization of Enterococcus isolates obtained from raw dog food samples, Porto, Portugal, 2019–2020* 

Species cgMLST† MLST‡ 
Sample 
(brand)§ 

Antimicrobial drug 
resistance profile# Antibiotic resistance genotype 

MIC 
LIN, 
mg/L 

Transfer 
of LinR 
genes 

E. faecalis CT1206 ST40 Duck (B) ERY, TET, CHL, LIN optrA, fexA, cat, erm(B), Isa(A), 
tet(M), dfr(G)  

8 – 

 CT1207 ST674 Salmon (A) CIP, ERY, TET, STR, 
CHL, LIN 

optrA, cfrD, fexA, cat, ant(6)-Ia, 
aph(3′)-III, erm(B), Isa(A),  

tet(M), tet(L), dfr(G) 

8 ++ 

 CT1205 ST1008 Turkey (A)¶ ERY, TET, GEN,  
STR, CHL 

optrA, poxtA, fexB, cat, aac(6')-
aph(2”), ant(6)-Ia, ant(9)-Ia,  

aph(3′)-III, erm(B), lnu(B), Isa(A), 
Isa(E), tet(M), tet(L), dfr(G) 

4 – 

 CT1205 ST1008 Turkey (A)¶ ERY, TET, STR, CHL optrA, poxtA, fexB, cat,  
aac(6')-aph(2”), ant(6)-Ia, ant(9)-Ia, 
aph(3′)-III, erm(B), lnu(B), Isa(A), 

Isa(E), tet(M), tet(L), dfr(G) 

4 – 

 CT1209 ST1008 Chicken + 
lamb (A) 

ERY, TET, STR,  
CHL, LIN 

optrA, poxtA, fexB, cat, aac(6')-
aph(2”), ant(6)-Ia, ant(9)-Ia,  

aph(3′)-III, erm(B), lnu(B), Isa(A), 
Isa(E), tet(M), tet(L), dfr(G) 

8 – 

 CT1208 ST1009 Turkey + 
goose (B) 

ERY, CHL, LIN optrA, cfrD, fexA, cat,  
erm(B), Isa(A), dfr(G) 

8 – 

E. faecium CT106 ST80 Salmon (A) AMP (>256 mg/L), CIP, 
ERY, TET, GEN, STR, 

QD 

aac(6')-aph(2”), ant(6)-Ia,  
aph(3′)-III, erm(B), msr(C), 

 tet(M), tet(L), dfr(G) 

ND  NA 

 CT284 ST25 Beef (A) AMP (32 mg/L), CIP, 
ERY, TET, GEN, STR, 

QD, CHL 

poxtA, fexB, aac(6')-aph(2”), ant(6)-
Ia, ant(9)-Ia, aph(3′)-III, erm(A), 
erm(B), msr(C), Inu(B), Isa(E), 

tet(M), tet(L), dfr(G) 

4 – 

 CT374 ST264 Beef (A) AMP (32 mg/L), CIP, 
TET, STR, QD 

cat, ant(6)-Ia, Inu(G), tet(M),  
tet(L), dfr(G) 

ND NA 

 CT272 ST1091 Duck (B) AMP (>256 mg/L), CIP, 
ERY, TET, STR, QD 

ant(9)-Ia, erm(A), erm(B), msr(C), 
tet(M), tet(L), dfr(G) 

ND NA 

 CT3399 ST1263 Deer (B) AMP, ERY, TET, STR, 
QD, CHL 

poxtA, fexB, cat, ant(6)-Ia,  
ant(9)-Ia, aph(3′)-III, erm(A), msr(C), 

Inu(B), Isa(E), tet(L), dfr(G) 

4 + 

*AMP, ampicillin; cgMLST, core-genome MLST; CIP, ciprofloxacin; CHL, chloramphenicol; CT, complex type; ERY, erythromycin; GEN, high-level 
resistance to gentamicin; LIN, linezolid; LinR, linezolid-resistant; MLST, multilocus sequence typing; NA, not applicable; ND, not done: QD, 
quinupristin/dalfopristin; STR, high-level resistance to streptomycin; ST, sequence type: +, positive (transfer frequency of 10−8); ++, positive (transfer 
frequency of 10−7); –, negative. 
†The E. faecalis CT1205-CT1209 and the E. faecium CT3399 were identified in this study by submitting them to the cgMLST 
database (https://www.cgMLST.org) through Ridom SeqSphere+ version 7.2 software (https://www.ridom.de/seqsphere). 
‡The novel E. faecalis ST1008–ST1009 were submitted to the MLST database (https://www.pubmlst.org). 
§Brand A is produced in Europe; Brand B is produced in the United Kingdom. 
¶These 2 samples correspond to 2 different batches and were acquired at different times (October 2019 and January 2020). 
#QD resistance was tested only against E. faecium isolates. Successful transfer of ampicillin resistance is underlined (AMP) and all transconjugants 
exhibited high values of ampicillin resistance (16–256 mg/L). 

 



64% of samples from both brands and with different 
types of ingredients (Table): optrA (4 E. faecalis, 1 E. 
faecium), poxtA (2 E. faecium), optrA+poxtA (8 E. faeca-
lis, 3 E. faecium) or optrA+cfrD (2 E. faecalis). Of those, 
15 expressed LinR (MIC = 8 mg/L), whereas 5 were 
susceptible (MIC = 4 mg/L) (Table).

The E. faecium isolates (n = 39)  were mostly MDR 
(70%), expressing resistance to tetracycline (85%), qui-
nupristin/dalfopristin (72%), erythromycin (64%), cip-
rofloxacin (59%), streptomycin (57%), ampicillin (56%), 
gentamicin (23%), chloramphenicol (21%), or linezolid 
(10%). We compared selected dog food AmpR E. fae-
cium genomes with 7,660 available GenBank E. faecium 
genomes by complex types (CTs) through core-genome 
multilocus sequence typing (Ridom SeqSphere+ ver-
sion 7.2, https://www.ridom.de/seqsphere). Those 
data (Figure) and data from single-nucleotide poly-
morphisms (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/27/8/20-4933-App1.pdf) showed 
different clusters grouping related isolates obtained 
from dog food and hospitalized patients (sequence 
type [ST] 80/CT106; ST264/CT374) or from pet food 
and livestock or wastewaters (ST1091/CT284; ST1263/
CT3399) in different countries. Dog food E. faecium 
was enriched in acquired antibiotic-resistant and viru-
lence genes as strains from different sources (Appendix 
Figure 1). ST80 E. faecium from brand A was phyloge-
netically related to other strains from Germany and 
Netherlands; ST1091 and ST1263 from brand B were 
phylogenetically related to UK strains (Figure). By filter- 
mating (8), we found that 3 (ST25, ST80, ST1263) of 5 
AmpR E. faecium isolates transferred a chromosomal ge-
netic platform containing pbp5 to GE1 E. faecium strain 

(Table). Following our previous description of a large 
transferable pbp5-containing platform in a clinical isolate 
(8), we partly identified highly similar genetic platforms 
carrying different adaptive features including virulence 
genes (e.g., sgrA) in ST80 and ST1263 dog food AmpR E. 
faecium (Appendix Figure 2). ST1263 E. faecium was able 
to transfer poxtA by conjugation (Table).

The E. faecalis isolates (n = 52) recovered were 
mostly MDR (75%), resistant to chloramphenicol 
(83%), tetracycline (79%), erythromycin (75%), strep-
tomycin (63%), gentamicin (31%), linezolid (21%), or 
ciprofloxacin (10%). ST40, ST674, ST1008, and ST1009 
sequences corresponded to novel complex types car-
rying antimicrobial resistance (aac(6’)-aph(2″)/ant(6)-
Ia/aph3″-III/erm(B)/tet(M),tet(L),dfr(G)) and virulence 
(ace/gelE/elrA) genes linked to clinically relevant MDR 
lineages (Table) (7,9). ST674 E. faecalis carried optrA on 
a pheromone-responsive plasmid (pAPT110) identi-
cal to others from non–clonally related E. faecalis in 
hospitalized patients in Spain and China (Appendix 
Figure 3). Similarly to pAPT110 in this study transfer-
ring optrA in high rates (Table), pEF10748 (China) is 
an optrA highly transferable plasmid with a complete 
sex-pheromone response module (10).

In conclusion, the diversity and rate of E. faecium 
and E. faecalis with linezolid-resistance genes (optrA/
poxtA/cfrD) we identified were unexpectedly high. 
Our data suggest that raw dog food could be a senti-
nel of emerging antimicrobial resistance traits because 
this type of food may accumulate raw ingredients of 
different origins, namely from animals associated 
with intensive farming, adding a new concern to the 
global health burden of antimicrobial resistance.
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Figure. Minimum-spanning 
tree based on the core-
genome multilocus sequence 
typing (cgMLST) data from 
Enterococcus faecium isolates 
(n = 15) from different sources 
in Europe. The tree is based on 
cgMLST (1,423 genes) analyses 
made with Ridom SeqSphere+ 
version 7.2 software (https://
www.ridom.de/seqsphere). Each 
circle represents 1 allele profile. 
The numbers on the connecting 
lines represent the number 
of cgMLST allelic differences 
between 2 isolates. Sequence 
types are shown in colored 
circles (see key); numbers in 
circles are isolate identifications. 
Gray shading around nodes 
indicates clusters of closely 
related isolates (<20). CK, chicken; DE, Denmark; DF, dog food; HP, hospitalized patient; PT, Portugal; ST, sequence type; SW, 
swine; UK, United Kingdom; WW, wastewater.
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