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d Universidade Federal de São Paulo (UNIFESP), Laboratório Especial de Microbiologia Clínica (LEMC), Division of Infectious Diseases, Department of Internal Medicine, 
Escola Paulista de Medicina (EPM), São Paulo, SP, Brazil

A R T I C L E  I N F O

Keywords:
Genomic surveillance
Gram-negative bacilli
Enterobacterales
One Health
Resistome
Carbapenemases

A B S T R A C T

The occurrence of carbapenemases encoding genes in Providencia rettgeri is a critical public health concern since 
this species has intrinsic resistance to several antimicrobials, including polymyxins. The identification of this 
multidrug-resistant (MDR) pathogen outside the hospital setting has become increasingly frequent, and raises an 
alert for the global health agencies, as they indicate a possible spread of such pathogens. Herein, we described 
three MDR P. rettgeri isolates carrying a diversity of antimicrobial resistance genes (ARGs) isolated from stool 
samples of swine and bovine in Brazil. Molecular analysis revealed that all isolates belonged to the same clone. 
The whole genome sequencing (WGS) of a representative isolate (PVR-188) was performed by MiSeq Illumina® 
platform, while the assembling and annotation was achieved using SPAdes and Prooka, respectively. The WGS 
analyses indicated the presence of ARGs that confer resistance to β-lactams (blaNDM-1, blaCTX-M-2), quinolones 
(qnrD1), aminoglycosides (aadA2, aadA1, aph(3′)-Via), phenicol (catB2), sulfonamides (sul1, sul2), and 
trimethoprim (dfrA12, dfrA1). The presence of three plasmid replicons (Col3M, IncQ1, and IncT) was detected, 
but no phage sequences were found. The phylogenetic analyses confirmed the genomic relationship of the PVR- 
188 with P. rettgeri isolates recovered from animals and humans in the USA and Malaysia. In conclusion, we 
report the occurrence of MDR P. rettgeri clone colonizing the gut microbiota of food-producing animals in Brazil, 
revealing the spread of this pathogen beyond hospital boundaries.

Providencia rettgeri is a Gram-negative bacillus (GNB) belonging to 
the Enterobacteriales order and Morganellaceae family [1,2]. Although 
this enterobacteria is considered an opportunistic pathogen, being 
mainly associated with urinary tract infections [3], it can also be an 
etiologic agent of other infections, such as bacteremia [4], traveler’s 
diarrhea [5,6], and eye infections [7]. In recent years, reports of 
multidrug-resistant (MDR) P. rettgeri strains have emerged worldwide In 

most cases, this phenomenon has been attributed to the acquisition of 
the blaNDM-1 [1,8–14].

The production of carbapenemases by P. rettgeri is worrisome due to 
its intrinsic resistance to penicillins, first-generation cephalosporins, 
tetracyclines, nitrofurantoin, and polymyxins [9]. To date, most studies 
reporting the occurrence of carbapenemase-producing P. rettgeri have 
been limited to clinical strains, and this phenomenon is rarely described 
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outside the hospital environment [1,8–14]. It is noteworthy that, in 
recent years, it has become clear that the dissemination of AMR involves 
a multifactorial chain within the context of a one health, thus demon
strating the importance of carrying out surveillance studies that include 
environmental and animal samples, to assist in understanding the spread 
of these multidrug-resistant strains that are impacting the clinical 
environment.

Herein, we describe the occurrence of MDR P. rettgeri isolates 
recovered from the gut microbiota of food-producing animals in Brazil. 
The isolates PVR-188, PVR-191, and PVR-231 were recovered during a 
national antimicrobial resistance surveillance study at the human- 
animal interface carried out in 2020. The P. rettgeri isolates were 
recovered from stool samples of swine (n = 2) and cattle (n = 1) from 
two rural properties nearby the city of Dourados, located in the Mato 
Grosso do Sul state, Midwestern Brazilian Region.

All P. rettgeri isolates were recovered from CHROMagar™ Orienta
tion (Becton Dickson and Company™, New Jersey, USA) plates sup
plemented with 2 μg/mL of meropenem (Sigma-Aldrich, St. Louis, USA) 
and incubated under aerobiosis at 35 ± 2 ◦C overnight. The identifica
tion at species level of the P. rettgeri isolates as was confirmed by MALDI- 
TOF MS using Microflex LT spectrometry and MALDI Biotyper vs. 3.3 
software (Bruker Daltonics, Massachusetts, USA), according to manu
factor’s recommendations. Minimum inhibitory concentrations (MIC) 
were determined by agar dilution for the following antimicrobials 
(Sigma-Aldrich, St. Louis, USA): aztreonam, ceftriaxone, ceftazidime, 
cefepime, ertapenem, imipenem, meropenem, gentamicin, amikacin, 
ciprofloxacin, and levofloxacin (Sigma San Luis, Missouri, USA). The 
susceptibility results were interpreted according to the Brazilian Anti
microbial Susceptibility Testing Committee (BrCAST)/EUCAST guide
lines (https://brcast.org.br/). High resistance rates were observed for 
the 11 antimicrobials tested against the P. rettgeri isolates: aztreonam 
(MICs, ≥128 μg/mL), ceftazidime (MICs, ≥ 256 μg/mL), ceftriaxone 
(MICs 128–256 μg/mL), cefepime (MICs 64–128 μg/mL), ertapenem 
(MICs 128 - >256 μg/mL), imipenem (MICs 64–128 μg/mL), mer
openem (MICs 128–256 μg/mL), amikacin (MICs 128–256 μg/mL), 
gentamicin (MICs 32–64 μg/mL) ciprofloxacin (MICs, >64 μg/mL), and 
levofloxacin (MICs, 64 μg/mL).

The screening for β-lactamase-encoding genes (blaTEM-like, blaSHV- 
like, blaCTX-M-like, blaGES-like, blaKPC-like, blaNDM-like, blaIMP-like, bla
VIM-like, blaSPM-like, blaGIM-like, blaSIM-like, blaOXA-48-like) was per
formed by PCR followed by DNA sequencing using specific primers 
(Thermo Fisher Scientific™, Delaware, EUA), as previously published 
[15,16]. Molecular analysis demonstrated that all P. rettgeri isolates 
carried the blaCTX-M-2 and blaNDM-1 genes. These results corroborate 
previous studies carried out worldwide, which demonstrated that 
resistance to carbapenems in P. rettgeri was strongly associated with the 
production of NDM-1 [1,8–14]. Interestingly, the first description of 
blaNDM-1 in South America occurred in a P. rettgeri clinical isolate 
recovered from a Uruguayan Hospital in 2012 [17]. One year later, a 
NDM-1-producing P. rettgeri isolate was reported in Brazil [18]. Since 
then, the spread of blaNDM-1 in other clinically relevant GNB species has 
been observed in different Brazilian geographic regions [19–21].

The genetic similarity of P. rettgeri isolates was determined by Pulsed 
Field Gel Electrophoresis (PFGE) using the CHEF-DR II system (Bio-Rad 
Laboratories, California, USA) and the restriction enzyme SfiI (New 
England Biolabs, Ipswich, UK). Since the three P. rettgeri isolates showed 
identical PFGE patterns, one representative isolate (PVR-188) was 
randomly chosen for Whole Genome Sequencing (WGS). For this pur
pose, total bacterial DNA was extracted using the QIAamp DNA Mini kit 
(Qiagen, Hilden, Germany), following the manufacturer’s recommen
dations. DNA libraries were prepared using the Nextera® XT kit (Illu
mina® Inc., San Diego, CA) and sequenced at MicrobesNG of University 
of Birmingham (UK) on the Illumina® HiSeq™ 2500 System using 2 ×
250-bp paired-end mode platform. The WGS data obtained were 
assembled using SPAdes software version 3.9.1 [22] and annotation was 
performed using Prokka version 1.12 [23]. The genome assembly metric 

was calculated using QUAST (http://quast.sourceforge.net/). All soft
ware was used with default settings. Resistome analysis was performed 
using ResFinder 4.1 (https://cge.cbs.dtu.dk/services/ResFinder/) and 
plasmid replicons by PlasmidFinder 2.1 (https://cge.cbs.dtu.dk/serv 
ices/PlasmidFinder/), both belonging to the Center for Genomic 
Epidemiology (CGE) platform (http://www.genomicepidemiology.org/
). GyrA and ParC sequences of PR-188 were compared with the reference 
isolate P. rettgeri AR-0082 (GenBank: CP029736.1) using Clustal Omega 
software (https://www.ebi.ac.uk/Tools/msa/clustalo/). The presence 
of phages in the PVR188genome was investigated by using PHASTER 
web server (https://phaster.ca/). A variety of antimicrobial resistance 
genes (ARGs) were observed, in addition to blaNDM-1 and blaCTX-M-2, in 
the genome of PVR-188 isolate, as follows: fluoroquinolones (qnrD1), 
aminoglycosides (aadA2, aadA1, aph(3′)-Via), phenicol (catB2), sulfon
amides (sul1, sul2), and trimethoprim (dfrA12, dfrA1). Additionally, we 
identified chromosomal mutations in the gyrA (F50Y, S83I, E480D, 
D678E, I852N, N854I) and parC (S158N, Y219F, S471A, T585S, D749E, 
T750S) genes. Furthermore, the plasmid replicons Col3M, IncQ1, and 
IncT were also detected. However, no phage sequences were found in its 
genome. The blaNDM-1 gene was within a 6861 bp-sized contig that 
showed 100 % identity and 98 % coverage with larger plasmids from 
several GNB species, such as: Escherichia coli (GI: LR697127.1), Klebsiella 
pneumoniae (GI: CP021962.1), Citrobacter freundii (KP770032.1), 
P. rettgeri (GI: KF295828.1), Acinetobacter cumulans (GI: CP035935.1), 
Acinetobacter bereziniae (GI: KP282691.1), Acinetobacter nosocomialis 
(GI: CP010370.2), and Acinetobacter lwoffii (GI: JQ060896.1). Due to the 
short-read sequencing methodology employed by our study, we were 
not able to assemble the entire genetic context of the blaNDM-1 gene. 
However, it could be observed that upstream blaNDM-1 in PVR-188 
genome there was a copy of ISAba125, corroborating with previous 
studies that reported the mobilization of blaNDM-1 associated with this 
insertion sequence in Tn125 [24–26].

Phylogenetic analysis using the Similar Genome Finder tool of 
Pathosystems Resource Integration Center (PATRIC) platform (https:// 
www.patricbrc.org/) demonstrated that the PVR-188 was related with 
28 other P. rettgeri genomes deposited at GenBank®/NCBI isolates. A 
SNP-based phylogenetic tree using the reference P. rettgeri ATCC® 
29944™ genome was constructed using the CSI Phylogeny v.1.4 tool 
(https://cge.cbs.dtu.dk/). In addition, the visualization and annotation 
of the SNP-based tree were performed with iTol v.6 (https://itol.embl. 
de/). The SNPs values between PVR-188 isolate and others P. rettgeri 
isolates recovered from human and animal sources worldwide varied 
from 226 to 11,781. Additionally, the PVR-188 isolate was grouped into 
a clade (Fig. 1) with three other P. rettgeri clinical isolates isolated in the 
United States [GCA_018068585.1 (5,338) and GCA_015739425.1 (226 
SNPs)] and Malaysia [GCA_004795525.1 (4,936 SNPs)]. Moreover, as 
verified in the PVR-188 isolate, most of P. rettgeri isolates included in the 
phylogenetic analysis carried blaNDM-1 or blaNDM-7, as well as a diversity 
of other ARGs (Fig. 2), showing the potential of this pathogen as a 
reservoir of ARGs to other GNBs.

Virtually, all currently available studies have reported MDR Provi
dencia spp. isolates causing infections in humans. Herein, we have firstly 
shown to the best of our knowledge, the occurrence of MDR P. rettgeri 
isolates carrying a variety of ARGs colonizing the gut microbiota of food- 
producing animals in Latin America. This data is concerning, as the 
presence of these pathogens in animal feces may directly contribute to 
the spread and persistence of antimicrobial resistance genes (ARGs) in 
the environment. [27–29]. Besides, although it is difficult to ascertain 
the common origin of contamination by NDM-1-producing P. rettgeri 
clone in food-producing animals, we believe that the anthropic activities 
may have exerted a key role in this finding.

One possible limitation of the present study is that it examined a 
limited number of isolates from a specific region in Brazil. While the 
findings provide valuable insights, including more diverse samples from 
additional regions could further enhance our understanding of the 
spread and evolution of MDR P. rettgeri clones.
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In conclusion, to the best of our knowledge, this is the first report of 
NDM-1-producing P. rettgeri in food-producing animals in Latin Amer
ica, revealing that these animals can serve as significant reservoirs of 
MDR bacteria. Furthermore, the data presented here emphasize the 
importance of a One Health approach in surveillance studies, as the 
dissemination of antimicrobial resistance is interconnected across 
different ecological niches.
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Fig. 1. SNP-based phylogenetic tree analysis of PVR-188 isolate and 28other 
P. rettgeri genomes recovered from distinct hosts worldwide and deposited in 
the GenBank®/NCBI database until December 2023.

Fig. 2. Heat map of the resistome of P. rettgeri isolates isolated from humans and animals from different geographic regions. NI: not informed.
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