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Abstract
Salmonella enterica causes Salmonellosis, an important infection in humans and other animals. The number of multidrug-
resistant (MDR) phenotypes associated with Salmonella spp. isolates is increasing worldwide, causing public health con-
cern. Here, we aim to characterize the antimicrobial-resistant phenotype of 789 non-typhoidal S. enterica strains isolated 
from human infections in the state of São Paulo, Brazil, along 20 years (2000–2019). Among the non-susceptible isolates, 
31.55, 14.06, and 13.18% were resistant to aminoglycosides, tetracycline, and β-lactams, respectively. Moreover, 68 and 11 
isolates were considered MDR and Extended Spectrum β-Lactamase (ESBL) producers, respectively, whereas one isolate 
was colistin-resistant. We selected four strains to obtain a draft of the Genome Sequence; one S. Infantis (ST32), one S. 
Enteritidis (ST11), one S. I 4,[5],12:i:- (ST19), and one S. Typhimurium (ST313). Among them, three presented at least one 
of the following antimicrobial resistance genes (AMR) linked to mobile DNA: blaTEM-1B, dfrA1, tetA, sul1, floR, aac(6’)-
laa, and qnrE1. This is the first description of the plasmid-mediated quinolone resistance (PMQR) gene qnrE1 in a clinical 
isolate of S. I 4,[5],12:i:-. The S. Typhimurium is a colistin-resistant isolate, but did not harbor mcr genes, but it presented 
mutations within the mgrB, pmrB, and pmrC regions that might be linked to the colistin-resistant phenotype. The virulence 
pattern of the four isolates resembled the virulence pattern of the highly pathogenic S. Typhimurium UK-1 reference strain in 
assays involving the in vivo Galleria mellonella model. In conclusion, most isolates studied here are susceptible, but a small 
percentage present an MDR or ESBL-producer and pathogenic phenotype. Sequence analyses revealed plasmid-encoded 
AMR genes, such as β-lactam and fluoroquinolone resistance genes, indicating that these characteristics can be potentially 
disseminated among other bacterial strains.
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Introduction

Salmonella enterica, a Gram-negative rod belonging to the 
family Enterobacteriaceae, causes Salmonellosis, one of 
the most prevalent foodborne infections in the world. On the 
basis of clinical patterns, S. enterica can be divided into two 
groups: typhoidal (TS) or non-typhoidal (NTS) Salmonella. 
TS is restricted to humans, but many NTS serotypes infect 
humans and food-producing animals. Poultry products, live-
stock, and swine are among the most common sources of 
NTS [1]. As a result, infections caused by NTS have high 
epidemiological impact worldwide. For instance, NTS sero-
types account for 39% of the foodborne diseases in Brazil 
and affect 3.4 million people in Africa [2, 3]. S. enterica 
subsp. enterica serovars Enteritidis and Typhimurium 
(including its flagellar monophasic variant) are among the 
most prevalent NTS serovars associated with human infec-
tions, causing intestinal and extraintestinal infections [4]. 
In particular, S. Enteritidis causes most (87%) human infec-
tions in Europe and underlies 37% of infections in Latin 
America [5]. Other serovars have gained epidemiological 
importance because the number of isolates has increased 
around the world. One example is S. Infantis, which is now 
considered the fourth most common serovar in Europe [6]. 
Another serovar worth mentioning is S. Heidelberg which 
has become one of the most frequently isolated serovars 
associated with human infections worldwide, including in 
Brazil [7].

Fluoroquinolone, β-lactams, and trimethoprim-sul-
famethoxazole are normally prescribed to treat Salmo-
nellosis, but the growing number of multidrug-resistant 
(MDR) strains can hamper the treatment of this illness [8]. 
In this regard, colistin is normally the last treatment choice 
against MDR strains including Salmonella spp. However, 
the rising number of strains carrying plasmid-encoded 
colistin resistance genes is a cause of concern to public 
health and it can curb the treatment against MDR patho-
gens [9].

Bearing the epidemiological importance of NTS sero-
types as human pathogens and the increasing resistance pat-
tern associated with them, we aimed to characterize 789 
Salmonella enterica isolates from human infections in the 
state of São Paulo, Brazil, and to evaluate their resistance 
or susceptibility profile against a panel of antimicrobial 
drugs. On the basis of the resistance profile, we will select 
strains to characterize their genotype and to investigate their 
pathogenic profile by using the in vivo Galleria mellonella 
model. The results presented here will contribute to a better 
understanding of NTS resistance and pathogenic profiles 
in Brazil.

Material and methods

Bacterial isolates

The bacterial isolates employed here belong to the collec-
tion of the Adolfo Lutz Institute (IAL), Regional Labora-
tory Center Campinas III, Campinas, São Paulo, or to the 
University Hospital of the University of São Paulo (USP), 
São Paulo, Brazil. A total of 789 Salmonella enterica iso-
lated between 2000 and 2019 were studied. All isolates 
from the bacteria collection at USP were stored in ultralow 
freezers using glycerol as the cryoprotectant substance. 
Initially, the isolates at Adolfo Lutz Institute were stored 
in nutrient agar at room temperature; posteriorly, they 
were transferred to ultralow freezers in nutrient broth with 
glycerol at the final concentration of 15%. All the sam-
ples were isolated from human infections and previously 
serotyped and isolated by the Laboratories that provided 
the samples. S. Enteritidis (359, 45.50%), S. Typhimurium 
(79, 10.01%), S. Typhimurium flagellar monophasic vari-
ant (66, 8.36%), S. Dublin (30, 3.67%), and S. Saint Paul 
(29, 3.67%) were the most prevalent among the Salmonella 
enterica serovars. Isolates whose antigen O was difficult 
to determine, possibly due to rough Salmonella variants, 
or isolates whose flagellar phase (antigen H) could not be 
determined, were not assigned a serotype; thus, 70 iso-
lates (8.87%) were called Salmonella spp. in Fig. 1. The 
other 156 isolates (19.77%) belong to other serovars as 
described in Fig. 1. The number of isolates per year that 
were provided to us is shown in Fig. 1 and the distribution 
of the most prevalent serovars are displayed in Fig. 1.

Antimicrobial resistance testing

Disk diffusion assay

The antimicrobial resistance profile was assayed by the 
Kirby-Bauer disk diffusion susceptibility test, and the 
samples were classified as susceptible or non-susceptible 
according to the CLSI M02-A12 (2015) [10] instructions. 
The antimicrobials were chosen according to the CLSI 
M100 (2020) [11] guidelines. By following this same CLSI 
document, the susceptibility or non-susceptibility patterns 
were evaluated after incubation at 37 °C for 18 h. The 
antimicrobial disks and the respective concentrations were 
as follows: Penicillins (amoxicillin,10 μg); Cephalospor-
ins (cefoxitin, 30 μg; cefotaxime, 30 μg; and ceftazidime, 
30  μg); Carbapenems (imipenem, 10  μg; meropenem, 
10 μg; and ertapenem, 10 μg); Chloramphenicol (chlo-
ramphenicol, 30 μg); Fluoroquinolones (ciprofloxacin, 
5 μg; and enrofloxacin, 5 μg); Tetracyclines (tetracycline, 
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30 μg); Aminoglycosides (streptomycin, 10 μg; and gen-
tamicin, 10 μg); Sulfonamides/Trimethoprim (trimetho-
prim/sulfamethoxazole, 25 μg), and Polymyxins (colistin, 
10 μg). The Escherichia coli ATCC 25,922 strain was 
used as a reference because it is sensitive to all the tested 
antimicrobials.

AMPC production test

AmpC beta-lactamase production was detected in the bac-
terial isolates by using the double-disk synergy test [12]; 
cefoxitin/cloxacillin (30 μg/200 μg) was employed as previ-
ously described [13]. Only the cefoxitin-resistant bacterial 
isolates were submitted to this test.

ESBL production test

The Extended Spectrum β-Lactamase (ESBL) production 
assay was performed as described in CLSI M100 (2020) 
[11]. Only bacterial isolates characterized as resistant to 
third generation cephalosporins were included. The iso-
lates that were resistant to imipenem, meropenem, or both 
were further assayed to identify carbapenemase producers. 
The inhibition zones around these antimicrobial disks with 

and without EDTA (0.1 M), cloxacillin (75 mg/mL), or 
phenylboronic acid (40 mg/mL) were compared and clas-
sified according to the ANVISA document (2013) [14]. K. 
pneumoniae ATCC 700,603 (Pasteran et al., 2011) [15], an 
SHV-18 producer, was used as the positive control, and E. 
coli 25,922 was applied as a sensitive, non-ESBL producer 
control.

Minimal inhibitory concentration (mic)

The disk diffusion (Kirby-Bauer) test was used as a screen-
ing method to detect possible colistin-resistant samples. 
All 789 samples were assayed by this method. The isolates 
that presented an inhibition zone ≤ 10 mm for colistin were 
selected for further characterization by the Minimal Inhibi-
tory Concentration (MIC) test according to the CLSI M07-
A10 document (2015) [16]. The results were interpreted 
according to the CLSI M100 document (2020) [11].

Genomic sequencing and bioinformatic analyses

Based on the resistance profile, one isolate resistant to 
extended-spectrum β-lactams (520/2008), two MDR isolates 
(NCMO-6928/2005 and 725/2016), and the colistin-resistant 

a)

b)

c)

Fig. 1   Metadata of isolates provided for the present study. A Diversity of Salmonella sp. serovars. B Number of isolates per year. C Distribution 
of the most prevalent serovars per year
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isolate (NCMO-6924/2007) were selected for whole-genome 
sequencing (WGS).

Genomic DNA was extracted and purified by using Wiz-
ard® Genomic DNA Purification (Promega, USA); the 
manufacturer’s guidelines were followed. The DNA libraries 
were prepared by using the Nextera™ XT DNA kit (Illumina 
Inc., Hayward, CA), and the sequences were obtained by the 
100-bp paired-end-read strategy in the Illumina HiSeq2500 
(Illumina Inc., San Diego, CA) platform. All these steps 
were performed at the Central Laboratory of High-Perfor-
mance Technologies (LaCTAD) of the University of Campi-
nas (UNICAMP).

The assemblies were obtained with SPAdes v3.15.2 
[17] and Newbler 3.0 (unpublished) in collaboration with 
LaCTAD and the National Laboratory of Scientific Com-
puting. The scaffolds were annotated by using the prokar-
yotic genome automatic annotation pipeline (PGAAP) 
available at NCBI. Downstream analyses available at the 
Center for Genomic Epidemiology (https://​cge.​cbs.​dtu.​dk/​
servi​ces/) were used to confirm the multi-locus sequence 
typing, serotype, presence of plasmids, and antimicrobial 
resistance genes. Additionally, CARD V3.0.8 [18] was used 
to investigate other antimicrobial resistance genes. The 
PHASTER [19] program setup with the default parameters 
was employed to detect phage sequences. Virulence fac-
tor sequences were obtained from Virulence Factor Data-
base (VFDB 2019) [20] and compared to our isolates and 
the reference strains S. Typhimurium LT2 and UK-1. The 
integrity of the most well-characterized Salmonella Patho-
genicity Islands (SPI-1/2/3/4/5/6) was evaluated using the 
S. Typhimurium LT2 as a reference. Plasmid sequences of 
the 725/2016 strain were compared to the NCBI prokary-
otic database by using the BLASTn tool to confirm whether 
mobile elements and resistance genes were shared with ref-
erence plasmids. Sequence alignment of plasmids and SPIs 
was performed using the MAUVE 2.1 program adjusted to 
the default parameters [21].

Galleria mellonella killing assay

The pathogenic profiles of the bacterial strains selected for 
WGS (the 725/2016, 520/2008, NCMO-6924/2007, and 
NCMO-6928/2005 strains) were also assayed; the in vivo 
Galleria mellonella model was applied. The S. Typhimurium 
UK-1 strain, a highly pathogenic strain, donated by Professor 
Roy Curtis III (College of Veterinary Medicine, University 
of Florida, USA), and Escherichia coli HB101 were used 
as pathogenic and non-pathogenic control strains, respec-
tively. An additional negative control group consisting of G. 
mellonella larvae inoculated with phosphate-buffered saline 
(PBS-10 mM) was also included.

The assay was performed by following the instructions 
of a previous study [22]. Larvae weighing approximately 

250  mg without signs of illness or melanization were 
selected for the test. The injections contained 10 μL of each 
bacterium at 104 CFU/larvae (10 larvae/strain), and the 
same volume was used for the PBS-injected larvae (5 larvae/
experiment). The larvae were scored for survival every 24 h 
for 96 h and were considered dead if they were inert. The 
experiments were repeated three times, independently, and 
the results are expressed as the means of the Kaplan–Meier 
curves.

Results

Antimicrobial resistance profile

Disk diffusion assay

Table 1 lists the number and percentage of resistant bacte-
rial isolates observed in this study. As seen in the columns, 
we categorized the data on the basis of the percentage (and 
number between parenthesis) of resistant isolates of sero-
vars. The last column presents the results obtained for each 
drug; the total number of evaluated isolates (789) is consid-
ered, irrespective of the serovar. Therefore, the last column 
represents the overall resistance profile of the bacterial iso-
lates. We verified the highest percentage of non-susceptible 
isolates for streptomycin (29.27%), tetracycline (14.07%), 
and amoxicillin (12.67%). Among the tested isolates, 339 
(42.96%) were resistant to at least one antimicrobial, and 
68 (0.86%) were resistant to three or more classes of anti-
microbials, which classifies them as MDR according to 
Magiorakos et al. (2012) [23]. When we considered only 
the MDR isolates, most of them were typed as Typhimurium 
(16, 23.53% of the MDR), Typhimurium flagellar monopha-
sic variant (15, 22.05% of the MDR), and Enteritidis (13, 
19.11% of the MDR). Thus, although Enteritidis was the 
most frequent serovar in this study, Typhimurium and its 
flagellar monophasic variant were the most representative 
for the MDR phenotype, corresponding to almost 50% of 
the isolates characterized as MDR.

When we considered only the Enteritidis isolates, which 
were the most frequent serovar (45.5%), resistance to amoxi-
cillin (11.42%) was the most common. The Enteritidis 
520/08 strain was resistant to cefotaxime and ceftazidime 
(third generation cephalosporins) as well as meropenem 
(carbapenem). The isolates of Typhimurium and its flagellar 
monophasic variant, which together accounted for over 18% 
of the isolates, had similar antimicrobial resistance profiles 
and were resistant to streptomycin. Regarding resistance 
against cephalosporins, among the Typhimurium isolates, 
two were resistant against third generation cephalospor-
ins, two against cefotaxime, and one against ceftazidime. 
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Moreover, two 4,[5],12:i:- isolates were resistant to cefoxi-
tin, a second generation cephalosporin.

ESBL phenotypic detection

We evaluated all the isolates resistant to carbapenems or 
cephalosporins by the double-disk synergy test, which 
detects ESBL producers. Table 2 summarizes information 
about the 11 samples that we considered ESBL producers 
according to these analyses. None of the samples tested posi-
tive for carbapenemase production, whereas three isolates 
presented a profile that correlated with ampC production 

(resistant to cefoxitin and inhibited by cloxacillin). Further-
more, eight isolates showed resistance to third generation 
cephalosporins and were inhibited by clavulanic acid. These 
results indicated that these isolates were ESBL producers, 
but further analyses are needed to identify which type or 
types of ESBL are produced by each isolate.

Minimal inhibitory concentration (mic)

We selected 17 isolates classified as colistin-resistant accord-
ing to the disk diffusion method to confirm this phenotype 
through the MIC test. We only confirmed one Typhimurium 

Table 1   Strain ID, year of isolation, Source, MLST, resistance phenotype, antimicrobial resistance genes, intact prophages, and plasmid repli-
cons of the WGS isolates

1 SXT sulfamethoxazole/trimethoprim

Antibiotic Class Enteritidis Typhimurium Monophasic Dublin Other serovars Total
%(n) %(n) %(n) %(n) %(n) %(n)

Amoxicillin Penicillins 11.42% (41) 21.52% (17) 21.21% (14) 20% (6) 8.63% (22) 12.67% (100)
Cefotaxime 3rd Cephalosporins 0.28% (1) 2.53% (2) 0% (0) 0% (0) 0.78% (2) 0.63% (5)
Cefoxitin 2nd Cephalosporins 0% (0) 0% (0) 3.03% (2) 3.33% (1) 0% (0) 0.38% (3)
Ciprofloxacin Fluoroquinolones 0.28% (1) 1.27% (1) 1.52% (1) 0% (0) 0% (0) 0.38% (3)
Chloramphenicol Chloramphenicol 2.23% (8) 16.46% (13) 15.15% (10) 3.33% (1) 3.53% (9) 5.20% (41)
Ceftazidime 3rd Cephalosporins 0.28% (1) 1.27% (1) 0% (0) 0% (0) 0.78% (2) 0.51% (4)
Enrofloxacin Fluoroquinolones 2.79% (10) 5.06% (4) 3.03% (2) 6.67% (2) 5.49% (14) 4.05% (32)
Ertapenem Carbapenems 0% (0) 0% (0) 0% (0) 0% (0) 0% (0) 0% (0)
Imipenem Carbapenems 0% (0) 0% (0) 0% (0) 0% (0) 0.39% (1) 0.12% (1)
Gentamycin Aminoglycosides 4.18% (15) 11.39% (9) 16.67% (11) 6.67% (2) 4.70% (12) 6.21% (49)
Streptomycin Aminoglycosides 9.47% (34) 56.96% (45) 46.97% (31) 43.33% (13) 42.35% (108) 29.27% (231)
Meropenem Carbapenems 0% (0) 0% (0) 0% (0) 0% (0) 0% (0) 0% (0)
SXT1 Sulfonamides 2.51% (9) 17.72% (14) 12.12% (8) 10% (3) 5.49% (14) 6.08% (48)
Tetracycline Tetracyclines 7.24% (26) 26.58% (21) 28.79% (19) 40% (12) 12.94% (33) 14.07% (111)
Total 100% (359) 100% (79) 100% (66) 100% (30) 100% (255) 100% (789)

Table 2   Meta-data of ESBL-
producer isolates according to 
double disk synergy test results

AML amoxicillin, C chloramphenicol, CAZ ceftazidime, CLA clavulanic acid, CLO cloxacillin, CN gen-
tamycin, CT colistin, CTX cefotaxime, ENR enrofloxacin, FOX cefoxitin, IPM imipenem, S streptomycin, 
SXT sulfamethoxazole+ trimethoprim, TE tetracycline

Strain Source Year Serovar Inhibitor Resistance Phenotype

NCMO-6974 Feces 2000 Enteritidis CLA CAZ/CTX
NCMO-7025 Feces 2006 Enteritidis CLA AML/CTX
NCMO-7017 Blood 2007 1,4,5,12:i:- CLO AML/FOX/S/SXT/TE
NCMO-7027 Feces 2007 Typhimurium CLO AML/CT/C/FOX/ENR/CN/S/TE
NCMO-7028 Blood 2007 Dublin CLA CTX/CAZ/S
520 Feces 2008 Enteritidis CLA CTX/CAZ/IPM/CN/S
1061 Feces 2009 Typhimurium CLA AML/CTX/C/S/TE
1139 Feces 2009 Typhimurium CLA AML/CTX/C/S/TE
NCMO-7124 Blood 2012 Typhimurium CLO FOX/TE
709 Feces 2015 Muenchen CLA AML/CTX/CAZ/CN/S/TE
382 Blood 2017 S. sp CLA AML/CTX
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strain (NCMO-6924/2007) as colistin-resistant, with an MIC 
of 8 μg/mL. This strain was isolated from a fecal sample, 
which also exhibited resistance to aminoglycosides.

Whole‑genome sequencing

Antimicrobial resistance genotype

We selected the isolates that were resistant to colis-
tin (NCMO-6924/2007), fluoroquinolone (725/2016), 
and meropenem (520/2008) as well as one MDR isolate 
(NCMO-6928/2005) for WGS. Table 3 details the antimi-
crobial resistance genes detected in these strains. Despite 
the MDR phenotype, the Infantis NCMO-6928/2005 strain 
only presented the aac(6′)-Iy gene, which is correlated 
with resistance to aminoglycosides and was also detected 
in Enteritidis 520/2008. This Enteritidis strain exhibited 
mutations in the gyrA gene, which encodes the DNA gyrase 
protein A subunit, a characteristic that can be associated 
with resistance to quinolone. However, we only evaluated 
the resistance to fluoroquinolone of the strains. We also 
found mutations in gyrA in the flagellar monophasic variant 
725/2016 strain, which showed a fluoroquinolone resist-
ance profile. In this case, the 725/2016 strain carried an 
additional quinolone resistance gene called qnrE1, which 
might explain its fluoroquinolone-resistant phenotype. 
The qnrE1 gene is a plasmid-associated gene that was first 
described in Argentina [24]. Comparing the gene context 
of the 725/2016 strain with the bacterial strain where qnrE1 
was originally described (K. pneumoniae Q1130), sequence 
similarity was high. The exception was ahp genes, which 
probably encoded proteins of different sizes (Fig. 2). In 
addition, the flagellar monophasic strain (725/2016), which 
is resistant to amoxicillin, presented the blaTEM-1 gene asso-
ciated with resistance to β-lactam. Within this strain, we 
also detected two genes associated with resistance to ami-
noglycosides, aadA1 and aac(6′)-Iaa. We also detected the 
latter gene in the Typhimurium NCMO-6924/2007 strain. 
Additionally, we detected the gene sul1, which is associ-
ated with resistance to sulfonamide, in the 725/2016 strain; 
the trimethoprim resistance gene dfrA1; one tetracycline 
resistance gene tetA; and one chloramphenicol resistance 
gene floR.

The colistin-resistant Salmonella Typhimurium NCMO-
6924/2007 strain did not present any of the mcr genes 
described to date, so we investigated chromosomal mutations 
linked with resistance to colistin. Mutations in phoPQ, pmr-
CAB, and mgrB have been linked with resistance to colistin 
[26–28]; therefore, we aligned these regions by using Salmo-
nella Typhimurium LT2 as a reference. The results showed 
mutations in mgrB (Val1Met), pmrB (Val1Met), and pmrC 
(Leu128Pro) in the NCMO-6924/2007 strain.

The Enteritidis 520/2008 strain, which presented a cefo-
taxime, ceftazidime, and meropenem resistance phenotype, 
did not harbor any ESBL-producing genes with ≥ 95% 
identity according to CARD. Nevertheless, this strain 
showed 91% sequence identity in the ampH gene accord-
ing to CARD analyses. ampH is intrinsic to the family 
Enterobacteriaceae and, when overexpressed, can result 
in resistance to beta-lactam. Thus, we decided to investi-
gate this gene in all the sequenced isolates. Comparing the 
Salmonella Typhimurium LT2 ampH sequence with the 
sequence of all four strains obtained by BLASTp analyses, 
only the Infantis NCMO-6928/2005 and Enteritidis 520/08 
strains presented mutations within the region. The Infantis 
strain presented two mutations (Arg112His and Ile282Thr), 
whereas the Enteritidis strain presented three mutations—
the same two mutations detected in NCMO-6928/2005 and 
an additional one (Met224Ile). Given that ampH has a cer-
tain degree of polymorphism, we were unable to associate 
the allelic variation observed herein with a specific resist-
ance phenotype.

Presence of mobile genetic elements

We investigated the genome of the strains sequenced 
herein for the presence of mobile elements such as plas-
mids and prophages. The results are depicted in Table 3. 
The Enteritidis 520/2008 and Typhimurium NCMO-
6924/2007 strains carried plasmids belonging to two 
(IncFII and IncFIB) incompatibility groups. We detected 
three different types of plasmid replicons (IncFIA, IncHI2, 
and IncHI2A) in the 725/2016 strain, the flagellar mono-
phasic variant strain. As for prophages, all the strains car-
ried at least one intact sequence (Table 3). We detected the 
Sal-3 prophage in both the Enteritidis and Typhimurium 
strains, whereas the Infantis strain harbored L-413C, a 
prophage found in Yersinia spp. We found the lambdoid 
Gifsy-1 and Gifsy 2 prophages in the genome of the fla-
gellar monophasic variant and Enteritidis strains, respec-
tively, and we found both phages in the genome of the 
Typhimurium strain. However, the flagellar monopha-
sic variant 725/2016 did not harbor the intact Gifsy-2 
sequence.

Phage sequences are frequently related to virulence. 
Therefore, we searched for the presence of phage-associ-
ated virulence genes by BLASTn analyses. Gifsy-1 harbors 
the gogB, gogA, and gipA virulence genes, and we detected 
gogB in the 725/2016 and NCMO-6924/2007 strain. We 
found sodC-1, a virulence factor encoded by a gene of the 
Gifsy-2 prophage, in Enteritidis 520/2008, Typhimurium 
NCMO-6924/2007, and the flagellar monophasic variant 
725/2016 strains even though the latter strain only presented 
a partial sequence of the Gifsy-2 prophage.
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Galleria mellonella in vivo assay and virulence genes

All the G. mellonella larvae inoculated with the E. coli 
HB101 (104 CFU/larvae) strain and with PBS survived dur-
ing the experiment, which lasted 96 h. We expected these 
results because E. coli is a non-virulent strain used as nega-
tive control. However, for the NCMO-6924/2007, 725/2016, 
520/2008, and NCMO-6928/2005 strains (104 CFU/larvae), 
we verified 100% death within 24 h, as observed for the 
highly pathogenic S. Typhimurium UK-1 strain (Fig. 3).

All isolates presented intact SPI-1/2/4/5 regions when 
aligned with S. Typhimurium LT2. The S. Infantis isolate did 
not present the gene rhuM from SPI-3. The S. Typhimurium 
and S. monophasic variant isolates presented an intact SPI-6, 
whereas S. Enteritidis did not present rhsDE and presented a 
smaller vgrS (501 bp) compared to the same gene of S. LT2 
(2190 bp). The S. Infantis isolate only presented a deletion 
of the rhsE gene.

The VFDB database was compared to all isolates from 
this study as well as the reference strains S. Typhimurium 
LT2 and UK-1. The spvABCDR and pefABCD operons and 
the gene rck were only found in the S. Enteritidis 520/08 and 
S. Typhimurium 6924/2007 isolates. The isolate S. Typhimu-
rium 6924/2007 also possessed the gene invA from Yersinia 
species, which is also harbored by S. monophasic variant 
725/16. Strain 725/16 was the only strain to harbor the genes 
ibeB and gtrA. In addition to the aforementioned genes, there 
were minor differences between fimbrial adherence deter-
minants, which are expected among isolates from different 
serotypes. Overall, the isolates presented similar virulence 
determinants when compared to S. Typhimurium LT2 and 
UK-1.

Discussion

The Salmonella isolates studied here are mostly resist-
ant to streptomycin (29.27%), tetracycline (14.07%), and 
amoxicillin (12.67%). According to a study conducted by 
the Brazilian National Health Surveillance Agency, Salmo-
nella spp. isolated from fowls present elevated resistance 
to streptomycin (89.3%), an aminoglycoside; sulfonamides 
(72.4%); and ampicillin (44.8%), a type of penicillin [29]. 
The high percentage of aminoglycoside- and penicillin-
resistant (streptomycin and amoxicillin, respectively) 
strains reported here corroborates the results reported 
by the Brazilian National Health Surveillance Agency. 
The prominent resistance to tetracyclines and penicillins 
described in this work endorses the results reported in a 
meta-analysis study evaluating the antimicrobial resistance 
phenotype of Salmonella spp. from poultry and clinical 
isolates [30]. That study reported 36.9 and 23.6% tetra-
cycline- and ampicillin-resistant isolates, respectively. 

Nevertheless, resistance to sulfonamide was the most 
common resistance phenotype (46.4%) described in that 
study [30]. Here, we only tested sulfonamide combined 
with trimethoprim, but we did not verify high frequency of 
resistant isolates (6.42%). The high frequency of resistance 
to aminoglycosides, tetracyclines, and penicillins among 
bacteria might be associated with excessive use of these 
compounds to promote growth in farm animals [31].

Regarding compounds that are clinically important for 
the treatment of Salmonellosis, e.g., quinolone and fluoro-
quinolones, our isolates show low resistance (in percent-
age) to enrofloxacin (3.95%) and ciprofloxacin (0.37%). 
These results contrast with the findings of studies from 
other countries showing increased resistance to fluoroqui-
nolone/quinolone among Salmonella spp. [32–34]. Despite 
the low percentage of resistance to fluoroquinolone veri-
fied herein, understanding the mechanisms of resistance 
among the resistant samples is essential, so that mitigation 
strategies can be adopted to prevent strains from dissemi-
nating. Bearing this in mind, we selected the 725/2016 iso-
late, resistant to ciprofloxacin and enrofloxacin, for WGS.

We detected the qnrE1quinolone resistance gene, medi-
ated by plasmids (PMQR), in the 725/2016 isolate. This 
gene, originally called qnrB88, was described for the first 
time in a Klebsiella pneumoniae (GenBank accession no. 
KY781949) isolated from humans in 2007 in Argentina 
[24]. Since then, studies have reported that this quinolone 
resistance gene is present in K. pneumoniae strains iso-
lated from a domestic bird [35], a domestic cat [36], 
and an Amazonian fish [37], S. Typhimurium from food 
sources [38], clinical isolates of S. Enteritidis, S. Newport, 
and S. Infantis isolated from humans [39], S. Typhimurium 
obtained from food products [40, 41], S. I.4,5,12:i: from 
swine [42], and Enterobacter cloacae and K. pneumoniae 
isolated from chicks [43]; all aforementioned qnrE-1 posi-
tive strains were isolated in Brazil. This gene was also 
reported in E. coli isolated from livestock in Uruguay [44]. 
Despite the apparent prevalence of this resistance gene in 
Latin America, there are reports of its presence in Salmo-
nella spp in China [45], Enterobacter asburiae in Thailand 
[46], and Enterobacter cloacae in Japan [47].

It is worth mentioning that in 2009 quinolones were 
banned as growth-promoters in Brazilian food-producing 
animals [48]. Notwithstanding this prohibition, AMR genes 
against quinolones are still being disseminated among clini-
cal and non-clinical isolates, similar to the isolate from 2016 
reported here (725/2016) as well as the Brazilian qnrE1 
studies mentioned above which mostly report samples iso-
lated after 2009.

Compared to the genetic surroundings of qnrE1 detected 
in the 725/2016 strain, S. Typhimurium isolates obtained 
from food in Brazil [40] present the highest similarity. As 
shown in Fig. 2, the flagellar monophasic variant 725/2016 
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Fig. 2   Structure and arrangement of the qnrE1 gene and flanking observed in the S. enterica flagellar monophasic variant strain 725/16 (a) com-
pared to that od K. pneumoniae Q1130 (accession number KY073238) (b). Gene alignments were constructed using ViPTre version 2.0 [25]

Table 3   Strain ID, year of isolation, Source, MLST, resistance phenotype, antimicrobial resistance genes, intact prophages, and plasmid repli-
cons of the WGS isolates

AML amoxicillin, C chloramphenicol, CAZ ceftazidime, CIP ciprofloxacin, CN gentamycin, CT Colistin
a P2-like prophages, bLambda group, CTX cefotaxime, ENR enrofloxacin, MEM meropenem, S streptomycin, SXT sulfamethoxazole+ trimetho-
prim, TE tetracycline

Isolate/Year Source MLST Resistance Phenotype* Resistance Genotype Prophage Plasmid

Enteritidis NCMO-
520/2008

Feces ST11 CTX/CAZ/MEM/CN/S gyrA/ aac(6’)-ly Sal3ª/Gifsy-2b  IncFIB/IncFII 

Infantis NCMO-
6928/2005

Feces ST32 AML/S/SXT/TE aac(6’)-ly Yersinia L-413Cª  -

Monophasic NCMO-
725/2016

Feces ST19 AML/CIP/ENR/C/CN/S/
SXT/TE

blaTEM-1/aadA1/aac(6’)-
laa/gyrA/qnrE1/dfrA1/s
ul1/floR/tetA

Gifsy-1b  IncFIA/IncHI2/IncHI2A

Typhimurium NCMO-
6924/2007

Feces ST313 CT/S aac(6’)-laa Gifsy 1-2b/Sal3ª IncFIB/IncFII

Fig. 3   Galleria mellonella 
Kaplan-Meier survival curve 
obtained by using E.coli 
HB-101, S.Typhimurium 
UK-1, S. 4,5,12:i:- 725/16, S. 
Typhimurium NCMO-6924/07, 
S. Enteritidis 520/08, and S. 
Infantis NCMO-6928/05 at 104 
CFU/larvae for 96 h. The graph 
shows a representative result of 
three independent experiments
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exhibits a downstream protein called ahp, which is the same 
size (1035 bp) as the Brazilian S. Typhimurium strains [40], 
whereas other studies revealed a 5’-truncated ahp down-
stream of the qnrE1 gene [24, 35, 39]. In addition, the Bra-
zilian S. Typhimurium strains [40] present the same IncH/
IncF plasmid replicon type as the 725/2016 strain, which 
also differs from strains showing a 5’-truncated ahp because 
they only present IncM1 plasmids. Therefore, the qnrE1 
gene might be associated with different types of mobile ele-
ments. The 725/2016 strain harbors the same AMR genes as 
the qnrE1-positive S. Typhimurium strains reported previ-
ously [38, 40]. Hence, the same plasmid could be respon-
sible for disseminating several AMR genes. During IncH/
IncF plasmid assembly in our strain, many assembly strate-
gies indicated that the qnrE1 gene is part of the IncH/IncF 
plasmid. This result indicated that the qnrE1 gene is in the 
IncH/IncF plasmid. To the best of our knowledge, no previ-
ous studies have shown that the qnrE1 gene is disseminated 
by IncH/IncF plasmids in Brazilian clinical isolates of Sal-
monella spp.

In addition to sharing a similar qnrE1 genetic context, 
the aforementioned S. Typhimurium strains from food also 
belong to the same ST of our isolate, the ST19. Additionally, 
they were isolated in a similar period of time; the 725/2016 
was isolated in 2016 whereas the S. Typhimurium from food 
were isolated in 2015 [40]. The S. Typhimurium ST19 is 
considered the most frequently isolated sequence type in 
gastroenteritis patients worldwide and is also the most preva-
lent Salmonella spp. ST in Brazil [40, 49].

Cephalosporins and carbapenems are the usual choice to 
treat MDR fluoroquinolone-resistant Salmonella spp. iso-
lates [50]. Overall, our samples are highly susceptible to 
extended-spectrum β-lactams, with only 11 samples being 
considered ESBL producers. None of the isolates present the 
KPC-producer phenotype. Following the functional classifi-
cation scheme [51], three isolates present the phenotype of 
group-1 cephalosporinase, whereas the other eight isolates 
show characteristics of group-2 cephalosporinase. Cephalo-
sporins were banned as performance-enhancing substances 
and food-preservatives in Brazilian livestock starting from 
2009 to avoid cross-resistance between clinical and food iso-
lates [48], but our study shows (Table 2) that even after this 
period, EBLSs are still being disseminated in public health. 
Therefore, epidemiological studies should be encouraged to 
understand the spread and possible causes of this resistance 
phenotype. Cephalosporinases are commonly found among 
bacterial isolates from the food industry and clinical isolates, 
and they have been reported in continents such as Africa 
[52], North America [53], South America [54], and Europe 
[55]. Given the variety of β-lactamases, molecular studies 
are needed to characterize the molecular mechanism under-
lying the detected phenotypes.

The double-disk synergy test revealed that the cephalo-
sporin-resistant Enteritidis 520/2008 presents an ESBL-
producer phenotype and because of that we selected this 
isolate for WGS. Analyzing the MLST of the Enteritidis 
520/08 strain, ST11 was detected; this sequence type is 
widely distributed globally and is the most frequent S. 
Enteritidis sequence type. In Brazil, ST11 has been isolated 
from human-associated Salmonellosis as well as non-human 
sources [56]. Regarding the resistance genotype, in silico 
analyses showed that it does not contain any known ESBL 
genes associated with mobile elements. However, this isolate 
bears three amino acid substitutions in a gene that is com-
monly distributed in the family Enterobacteriaceae, the so-
called ampH, which encodes a protein that binds and hydro-
lyzes β-lactams, including cephalosporin C, penicillin G, 
and cefoxitin. Overexpression of this gene is associated with 
a cephalosporin resistance phenotype [57–59]. Therefore, 
ampH expression levels in Enteritidis 520/2008 must be 
investigated to confirm whether overexpression of this gene 
is associated with the cephalosporin resistance phenotype.

Colistin is the last-resort antimicrobial when it comes 
to fighting MDR strains resistant to fluoroquinolone and 
ESBL-producers [50]. We detected only one colistin-resist-
ant isolate, S. Typhimurium (NCMO-6924/2007), isolated 
from feces in 2007, which is resistant to only streptomycin 
and colistin. To further investigate the mechanism of resist-
ance and other molecular characteristics in this isolate, we 
performed WGS. This isolate belongs to ST313, which is 
prevalent in sub-Saharan Africa and is commonly isolated 
from systemic infections. Although this ST is rarely reported 
outside of sub-Saharan Africa, it has been isolated in dif-
ferent regions of the world and is present in Brazil [49, 60]. 
Previous studies have indicated differences in phylogenetic 
analyses, virulence and antimicrobial resistance phenotypes 
of ST313 isolated in Brazil and in sub-Saharan Africa; Bra-
zilian isolates showed more susceptibility and a less invasive 
phenotype than African isolates, although data indicated the 
expression of higher levels of pathogenic genes and induc-
tion of inflammation in the mice model of infection [61]. 
Additionally, the African strains are mostly isolated from 
blood, whereas the ST313 Brazilian strains reported to date 
were mostly isolated from feces [49]. This corroborates our 
results considering that strain NCMO-6924/2007 is isolated 
from feces and overall presented a susceptible profile.

Additionally, the S. Typhimurium NCMO-6924/2007 
isolate does not harbor any plasmid-mediated colistin-
resistant genes, so we investigated chromosomal muta-
tions in regions correlated with resistance to polymyxin. 
We detected mutations in the mgrB (Val1Met), pmrB (Val-
1Met), and pmrC (Leu128Pro) regions. A previous study 
that used colistin-supplemented medium to select S. Typh-
imurium LT2 mutants described amino acid substitutions 
linked to resistance to colistin within the pmrAB region [27]. 
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Nevertheless, none of the described mutations corresponded 
to the mutations reported herein. Therefore, we can only 
speculate that the amino acid substitutions found within the 
NCMO-6924/2007 isolate are associated with its colistin 
resistance phenotype, and more studies are needed to con-
firm this result. Although the isolate reported here did not 
harbor plasmid-mediated genes that can be disseminated, it 
is important to stress the importance of studies investigating 
the prevalence of antimicrobial resistance throughout the 
country, especially in the case of colistin, which was only 
banned in 2016 as a growth-promoter in veterinary medicine 
in Brazil [48].

Besides the aforementioned AMR genes, the four strains 
submitted to WGS present at least one streptomycin resist-
ance gene (aac(6′)-ly or aac(6′)-laa), corroborating the phe-
notype detected in the disk diffusion assay. Furthermore, 
the monophasic variant 725/2016 harbors the dfrA1 gene, 
which is associated with resistance to trimethoprim. This 
gene is frequently reported among European isolates [62]. 
Not only the dfrA1 gene has been detected in Brazilian iso-
lates of Salmonella spp.—in fact, other AMR genes have 
also been detected within the 725/2016 strain (tetA, floR, 
sul1, aadA1, and aac(6′)-Iaa) [38, 40]. Their wide distribu-
tion among isolates worldwide could be explained by their 
frequent association with mobile elements, which facilitates 
their spread [62–67]. The genes reported in the monophasic 
variant correspond to the phenotype presented in the disk 
diffusion test.

Despite the multidrug-resistant phenotype of Infantis 
NCMO-6928/2005 isolate, the in silico analyses did not 
detect any plasmid-encoded proteins that could explain the 
tetracycline, sulfamethoxazole + trimethoprim, or amoxi-
cillin resistance phenotype of the isolate. Additionally, we 
did not detect plasmids within this isolate. Thus, its resist-
ance phenotype might be correlated with overexpressed 
efflux pumps or any other additional antimicrobial resist-
ance mechanisms. The S. Infantis strain NCMO-6928/2005 
belongs to a globally distributed sequence type, named 
ST32. This ST is considered the most frequent sequence type 
of S. Infantis worldwide, and its presence has been reported 
in the state of São Paulo from a variety of sources [40, 68].

Despite the differences detected among the four strains 
during the in-silico analysis, all of them present the same 
killing rate in the Galleria mellonella model. We compared 
the virulence phenotype of the four strains to the virulence 
phenotype of invasive Salmonella Typhimurium UK-1 and 
the non-virulent E. coli HB101. As expected, the non-viru-
lent control did not kill any larvae, but all the other strains 
at 104 CFU/larvae killed 100% of the larvae within 24 h. 
Thus, the four strains described herein can be as invasive 
as the UK-1 strain in this model. This ability is correlated 
with different factors, and different hosts require different 
mechanisms. Features associated with pathogenicity include 

virulence factors associated with prophage sequences and 
plasmid-mediated virulence factors.

Analyzing the presence of SPI-1 through 6 within our 
isolates, it was possible to detect almost all of the SPIs fully 
conserved, which might explain the homogenous results of 
G. mellonella among the isolates and reinforces their signifi-
cance to the pathogenicity of the species. SPI-6 presented 
deletions in isolates S. Enteritidis 520/2008 and S. Infantis 
NCMO-6928/2005. The rhsDE region was not fully con-
served in either isolate, and a partial deletion of vgrS, a gene 
homologous to vgrG in Pseudomonas spp., was detected in 
520/2008 when compared to S. LT2. All these genes have 
been associated with competition against the host microbi-
ome and deletions within these regions have been associ-
ated with a less efficient invasion process and an attenuated 
phenotype [69]. Nevertheless, these minor deletions in SPI-6 
did not affect the virulence in G. mellonella larvae of iso-
lates 520/2008 and NCMO-6928/2005 compared to the other 
isolates tested that harbored an intact SPI-6.

With respect to the presence of virulence plasmids, both 
the S. Enteritidis 520/2008 and S. Typhimurium NCMO-
6924/2007 strains have the IncFII and IncFIB plasmid 
types. We did not detect any AMR plasmid-mediated 
genes within these strains, which contrasts with previous 
studies showing various AMR genes being disseminated 
via IncFIB in Salmonella spp. [70, 71]. However, the 
IncFII + IncFIB plasmid types are not only associated with 
antimicrobial resistance but also play an important role in 
virulence. S. Enteritidis and pathogenic E. coli strains fre-
quently harbor virulence plasmids (pSEVs) that are part of 
the IncFII + IncFIB replicon types. The pefABCD, rck, and 
spvABCDR genes are virulence factors commonly detected 
within IncFII + IncFIB pSEV [72]. This corresponds to 
our findings that all the aforementioned virulence fac-
tors are present in the S. Enteritidis (520/2008) and S. 
Typhimurium (NCMO-6924/2007) strains. The presence 
of these genes plays an important role in pathogenicity of 
Salmonella spp.; spvABCDR is known for playing a part 
in intracellular survival and multiplication; the pefABCD 
operon encodes fimbrial genes that adhere to intestinal 
epithelial cells of mice inducing inflammation; and rck has 
been associated with immune evasion [73, 74]. Despite the 
presence of this pSV, also found in S. UK-1, in only two 
isolates, this did not result in differences in larval killing 
rates at 104 CFU/larvae.

Along with pSEVs, prophage sequences contribute to 
the virulence phenotype of bacteria. For instance, previous 
studies described that Gifsy prophages play an important 
role in Salmonella spp. virulence, and that their absence in 
S. Typhimurium can cause an attenuated phenotype in ani-
mal models [75]. Among the virulence factors harbored by 
the Gifsy-1 prophage, gogB was identified in the 725/2016 
isolate and S. Typhimurium NCMO-6924/2007. This 
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virulence factor encodes a protein that modulates the host’s 
immune system, presenting an anti-inflammatory role [76]. 
The Gifsy-2 prophage harbors sodC-1, a gene that encodes 
an antioxidant protein [77] and has been detected in the S. 
Enteritidis 520/2008, S. Typhimurium NCMO-6924/2007, 
and monophasic variant 725/2016 strains. Interestingly, the 
725/2016 strain does not present the intact Gifsy-2 sequence, 
but the detected partial sequence harbors sodC-1. The total 
absence of Gifsy-2 provides an attenuated Salmonella phe-
notype, but when isolates harbor sodC-1 and the intact 
Gifsy-1 sequence, their ability to cause an infection in ani-
mal models remains the same [75]. Therefore, despite the 
lack of an intact Gifsy-2, the 725/2016 strain still presents a 
pathogenic phenotype in the G. mellonella model probably 
due to the presence of sodC1 and Gifsy-1.

In addition to plasmid-encoded and prophage-encoded 
virulence factors, some virulence genes absent in the refer-
ence strains S. Typhimurium LT2 and UK-1 were detected 
within our isolates. The monophasic variant presented 
the genes gtrA and ibeB, which are associated with host 
immune system escape and invasion of brain endothelial 
cells, respectively [78, 79]. Moreover, the strains NCMO-
6924/2007 and 725/2016 harbored the invA gene from Yers-
inia species, which presents homologous virulence factors 
with Salmonella spp., such as invA. This gene is part of the 
type III secretion system playing an important role in the 
host cells invasion in both species [80]. All isolates studied 
presented the invA gene from Salmonella spp., and there is 
no evidence showing advantages of harboring two copies of 
this type of invasin.

Despite the minor differences detected among the four 
strains during the in silico analysis of their virulence geno-
type, overall the isolates presented all mainly Salmonella 
spp. virulence determinants and SPIs, which correspond 
with the results in the Galleria mellonella model where all 
of them present the same killing rate within larvae tested.

It is important to note that the genomic analyses per-
formed here were based on draft genomic sequences. There-
fore, we cannot exclude that the absence of some sequences 
can be caused by lower sequence coverage or incomplete 
assemblies, a common event observed for repeated and 
phage sequences. Thus, the data we presented regarding 
pathogenic and phage sequence traits are preliminary and 
further analyses are required for a complete characterization 
of the pathogenic genotypes of the strains.

In conclusion, despite the high percentage of susceptible 
isolates, our study reports an important small percentage of 
MDR or ESBL-producer and pathogenic phenotypes. The 
in silico analyses revealed plasmid-encoded AMR genes, 
such as β-lactam and fluoroquinolone resistance genes, indi-
cating that these characteristics can be potentially dissemi-
nated among other bacterial strains. Moreover, our study 
shows that WGS is important for understanding not only 

antimicrobial resistance mechanisms, but also virulence fac-
tors underlying pathogenic phenotypes.

Acknowledgements  We would like to thank Cynthia Maria de Campos 
Prado Manso and the American Journal Experts for reviewing this 
manuscript for English language.

Author contribution  All the authors contributed to this study concep-
tion and design. Bioinformatic analyses were performed by Aline Paro-
lin Calarga, Luiz Gonzaga Paula de Almeida, Ana Tereza Ribeiro de 
Vasconcelos, and Leandro Costa Nascimento. Material preparation, 
data collection, in vivo assays, and analysis were performed by Aline 
Parolin Calarga, Marco Tulio Pardini Gontijo, Taíse Marongio Cotrim 
de Moraes Barbosa, Thalita Mara de Carvalho Perri, Silvia Regina 
dos Santos, Eneida Gonçalves Lemes Marques, and Cleide Marques 
Ferreira. The first draft of the manuscript was written by Aline Parolin 
Calarga and Marcelo Brocchi. All the authors commented on previous 
versions of the manuscript and read and approved the final manuscript.

Funding  This work was funded by FAPESP research grants 
(2014/13412–8 and 2017/10051–2), Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPq) Research Fellowships 
(309380/2019–7 and 309800/2015–3), and Coordenação de Aper-
feiçoamento de Pessoal de Nível Superior (CAPES) Master fellowship.

Declarations 

Ethics approval  This study was approved by the UNICAMP ethics com-
mittee (CAAE number 91276318.2.0000.5404) and by the co-partici-
pant institutions: The University of São Paulo (91276318.2.3002.0076) 
and Adolfo Lutz Institute (91276318.2.3001.0059).

Conflict of interest  The authors declare no competing interests.

References

	 1.	 Crump J, Sjölund-Karlsson M, Gordon M, Parry C (2015) Epide-
miology, clinical presentation, laboratory diagnosis, antimicrobial 
resistance, and antimicrobial management of invasive Salmonella 
infections. Clin Microbiol Rev 28(4):901–937 (American Society 
for Microbiology)

	 2.	 MacFadden D, Bogoch I, Andrews J (2016) Advances in diagno-
sis, treatment, and prevention of invasive Salmonella infections. 
Curr Opin Infect Dis 29(5):453–458 (Lippincott Williams and 
Wilkins)

	 3.	 Ritter A, Tondo E (2014) Foodborne illnesses in Brazil: control 
measures for 2014 FIFA World Cup travellers. J Infect Dev Coun-
tries 8(3):254–257 (Journal of Infection in Developing Countries)

	 4.	 Hendriksen R, Vieira A, Karlsmose S, Wong LF, D., Jensen, A., 
Wegener, H., et al (2011) Global monitoring of salmonella sero-
var distribution from the world health organization global food-
borne infections network country data bank: results of quality 
assured laboratories from 2001 to 2007. Foodborne Pathog Dis 
8(8):887–900

	 5.	 Eng S, Pusparajah P, Ab Mutalib N, Ser H, Chan K, Lee L (2015) 
Salmonella: a review on pathogenesis, epidemiology and antibi-
otic resistance. Frontiers in Life Science 8(3):284–293

	 6.	 EFSA/ECDC (2015) European Food Safety Authority, European 
Centre for Disease Prevention and Control. The European Union 
summary report on trends and sources of zoonoses, zoonotic 
agents and food-borne outbreaks in 2014. EFSA J 13:4329

1259Brazilian Journal of Microbiology (2022) 53:1249–1262



1 3

	 7.	 Melo RTD, Galvão NN, Peres PABM, Fonseca BB, Profeta R, 
Azevedo VADC, ..., Rossi DA (2021) Molecular characterization 
and survive abilities of Salmonella Heidelberg strains of poultry 
origin in Brazil. Front Microbiol 12:1461

	 8.	 Burke L, Hopkins KL, Meunier D, de Pinna E, Fitzgerald-Hughes 
D, Humphreys H, Woodford N (2014) Resistance to third-genera-
tion cephalosporins in human non-typhoidal Salmonella enterica 
isolates from England and Wales, 2010–12. J Antimicrob Chem-
other 69:977–981

	 9.	 Apostolakos I, Piccirillo A (2018) A review on the current situ-
ation and challenges of colistin resistance in poultry production. 
Avian Pathol 47(6):546–558 (Taylor and Francis Ltd.)

	10.	 CLSI. (2015). M02-A12 performance standards for antimicrobial 
disk susceptibility tests; Approved standard-twelfth edition.

	11.	 CLSI. (2020). M100 Performance standards for antimicrobial 
susceptibility testing a CLSI supplement for global application. 
Performance standards for antimicrobial susceptibility testing 
performance standards for antimicrobial susceptibility testing.

	12.	 Ruppé E, Bidet P, Verdet C, Arlet G, Bingen E (2006) first detec-
tion of the ambler class C 1 AmpC-lactamase in Citrobacter fre-
undii by a new, simple double-disk synergy test. J Clin Microbiol 
44(11):4204–4207

	13.	 Thean Y, Ng L, He J, Tse H, Li Y (2009) Evaluation of screening 
methods to detect plasmid-mediated AmpC in Escherichia coli, 
Klebsiella pneumoniae, and Proteus mirabilis. Antimicrob Agents 
Chemother 53(1):146–149

	14.	 Brasil. Agência Nacional de Vigilância Sanitária (ANVISA) 
(2013) Medidas de prevenção e controle de infecções por Entero-
bactérias multiresistentes. Nota Técnica 1:1–22

	15.	 Pasteran F, Veliz O, Rapoport M, Guerriero L, Corso A (2011) 
Sensitive and specific modified Hodge test for KPC and met-
allo-beta-lactamase detection in Pseudomonas aeruginosa by use 
of a novel indicator strain, Klebsiella pneumoniae ATCC 700603. 
J Clin Microbiol 49(12):4301–4303

	16.	 CLSI. (2015). M07-A10 methods for dilution antimicrobial sus-
ceptibility tests for bacteria that grow aerobically; Approved 
standard-tenth edition.

	17.	 Bankevich A, Nurk S, Antipov D, Gurevich A, Dvorkin M, 
Kulikov A et al (2012) SPAdes: a new genome assembly algo-
rithm and its applications to single-cell sequencing. J Comput 
Biol 19(5):455–477

	18.	 Alcock B, Raphenya A, Lau T, Tsang K, Bouchard M, Edalat-
mand A et al (2020) CARD 2020: antibiotic resistome surveil-
lance with the comprehensive antibiotic resistance database. 
Nucleic Acids Res 48(D1):D517–D525

	19.	 Arndt D, Grant J, Marcu A, Sajed T, Pon A, Liang Y et al (2016) 
PHASTER: a better, faster version of the PHAST phage search 
tool. Nucleic Acids Res 44(W1):W16–W21

	20.	 Liu B, Zheng D, Jin Q, Chen L, Yang J (2019) VFDB 2019: a 
comparative pathogenomic platform with an interactive web 
interface. Nucleic Acids Res 47(D1):D687–D692. https://​doi.​
org/​10.​1093/​nar/​gkv12​39

	21.	 Darling A, Mau B, Blattner F, Perna N (2004) Mauve: multiple 
alignment of conserved genomic sequence with rearrangements. 
Genome Res 14(7):1394–1403

	22.	 Hornsey M, Wareham DW (2011) In vivo efficacy of glyco-
peptide-colistin combination therapies in a Galleria mellonella 
model of Acinetobacter baumannii infection. Antimicrob Agents 
Chemother 55(7):3534–3537

	23.	 Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas 
ME, Giske CG, ..., Monnet DL (2012) Multidrug-resistant, 
extensively drug-resistant and pandrug-resistant bacteria: an 
international expert proposal for interim standard definitions 
for acquired resistance. Clin Microbiol Infect 18(3):268–281

	24.	 Albornoz E, Tijet N, De Belder D, Gomez S, Martino F, 
Corso A et al (2017) QnrE1, a member of a new family of 

plasmid-located quinolone resistance genes, originated from 
the chromosome of enterobacter species. Antimicrob Agents 
Chemother 61(5):1

	25.	 Nishimura Y, Yoshida T, Kuronishi M, Uehara H, Ogata H, Goto 
S (2017) ViPTree: the viral proteomic tree server. Bioinformatics 
33(15):2379–2380

	26.	 Jovčić B, Novović K, Filipić B, Velhner M, Todorović D, Matović 
K, ..., Kojić M (2020) Genomic characteristics of colistin-resistant 
salmonella enterica subsp. Enterica serovar infantis from poultry 
farms in the Republic of Serbia. Antibiotics 9(12):886

	27.	 Sun S, Negrea A, Rhen M, Andersson DI (2009) Genetic analysis 
of colistin resistance in Salmonella enterica serovar Typhimurium. 
Antimicrob Agents Chemother 53(6):2298–2305

	28.	 Kim S, Woo JH, Kim N, Kim MH, Kim SY, Son JH, ..., Lee JC 
(2019) Characterization of chromosome-mediated colistin resist-
ance in Escherichia coli isolates from livestock in Korea. Infect 
Drug Resist 12:3291

	29.	 Brasil. (2008), Relatório do monitoramento da prevalência e do 
perfil de suscetibilidade aos antimicrobianos em Enterococos 
e Salmonelas isolados de carcaças de frango congeladas com-
ercializadas no Brasil. ANVISA. http://​antigo.​anvisa.​gov.​br/​
docum​ents/​33916/​395481/​Relat%​C3%​B3rio+​Preba​f+-+​Progr​
ama+​Nacio​nal+​de+​Monit​orame​nto+​da+​Preval%​C3%​AAncia+​
e+​da+​Resist%​C3%​AAncia+​Bacte​riana+​em+​Frang​o+-+​2008/​
04658​e9f-​7ca6-​4e4b-​b4fe-​0fb7e​f54a0​4e. Accessed 20 April 2020.

	30.	 Voss-Rech D, Potter L, Vaz CSL, Pereira DIB, Sangioni LA, Var-
gas AC, de Avila Botton S (2017) Antimicrobial resistance in 
nontyphoidal Salmonella isolated from human and poultry-related 
samples in Brazil: 20-year meta-analysis. Foodborne Pathog Dis 
14(2):116–124

	31.	 Silva, B. C. U. (2015). Resíduos de antibióticos e antiparasitários 
em alimentos de origem animal. Senior thesis. Universidade 
Estadual Paulista – Júlio de Mesquita‖. Araraquara. São Paulo. 
Brasil.

	32.	 Veldman K, Cavaco L, Mevius D, Battisti A, Franco A, Bot-
teldoorn N et al (2011) International collaborative study on the 
occurrence of plasmid-mediated quinolone resistance in Salmo-
nella enterica and Escherichia coli isolated from animals, humans, 
food and the environment in 13 European countries. J Antimicrob 
Chemother 66(6):1278–1286

	33.	 Kuang D, Zhang J, Xu X, Shi W, Chen S, Yang X, ..., Meng J 
(2018) Emerging high-level ciprofloxacin resistance and molecu-
lar basis of resistance in Salmonella enterica from humans, food 
and animals. Int J Food Microbiol 280:1–9

	34.	 Karp B, Campbell D, Chen J, Folster J, Friedman C (2018) 
Plasmid-mediated quinolone resistance in human non-typhoidal 
Salmonella infections: an emerging public health problem in the 
United States. Zoonoses Public Health 65(7):838–849

	35.	 Cunha MP, Davies YM, Cerdeira L, Dropa M, Lincopan N, Knöbl 
T (2017) Complete DNA sequence of an IncM1 plasmid bearing 
the novel qnrE1 plasmid-mediated quinolone resistance variant 
and blaCTX-M-8 from Klebsiella pneumoniae sequence type 147. 
Antimicrob Agents Chemother 61(9):1

	36.	 Sartori L, Sellera FP, Moura Q, Cardoso B, Fontana H, Côrtes LA, 
..., Lincopan N (2020) Genomic features of a polymyxin-resistant 
Klebsiella pneumoniae ST491 isolate co-harbouring blaCTX-M-8 
and qnrE1 genes from a hospitalised cat in São Paulo, Brazil. J 
Glob Antimicrob Resist 21:186–187

	37.	 Cerdeira L, Monte DF, Fuga B, Sellera FP, Neves I, Rodrigues L, 
..., Lincopan N (2020) Genomic insights of Klebsiella pneumo-
niae isolated from a native Amazonian fish reveal wide resistome 
against heavy metals, disinfectants, and clinically relevant antibi-
otics. Genomics 112(6):5143–5146

	38.	 Almeida F, Seribelli A, Cazentini Medeiros M, Rodrigues D, De 
MelloVarani A, Luo Y et al (2018) Phylogenetic and antimicro-
bial resistance gene analysis of Salmonella Typhimurium strains 

1260 Brazilian Journal of Microbiology (2022) 53:1249–1262

https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1093/nar/gkv1239
http://antigo.anvisa.gov.br/documents/33916/395481/Relat%C3%B3rio+Prebaf+-+Programa+Nacional+de+Monitoramento+da+Preval%C3%AAncia+e+da+Resist%C3%AAncia+Bacteriana+em+Frango+-+2008/04658e9f-7ca6-4e4b-b4fe-0fb7ef54a04e
http://antigo.anvisa.gov.br/documents/33916/395481/Relat%C3%B3rio+Prebaf+-+Programa+Nacional+de+Monitoramento+da+Preval%C3%AAncia+e+da+Resist%C3%AAncia+Bacteriana+em+Frango+-+2008/04658e9f-7ca6-4e4b-b4fe-0fb7ef54a04e
http://antigo.anvisa.gov.br/documents/33916/395481/Relat%C3%B3rio+Prebaf+-+Programa+Nacional+de+Monitoramento+da+Preval%C3%AAncia+e+da+Resist%C3%AAncia+Bacteriana+em+Frango+-+2008/04658e9f-7ca6-4e4b-b4fe-0fb7ef54a04e
http://antigo.anvisa.gov.br/documents/33916/395481/Relat%C3%B3rio+Prebaf+-+Programa+Nacional+de+Monitoramento+da+Preval%C3%AAncia+e+da+Resist%C3%AAncia+Bacteriana+em+Frango+-+2008/04658e9f-7ca6-4e4b-b4fe-0fb7ef54a04e
http://antigo.anvisa.gov.br/documents/33916/395481/Relat%C3%B3rio+Prebaf+-+Programa+Nacional+de+Monitoramento+da+Preval%C3%AAncia+e+da+Resist%C3%AAncia+Bacteriana+em+Frango+-+2008/04658e9f-7ca6-4e4b-b4fe-0fb7ef54a04e


1 3

isolated in Brazil by whole genome sequencing. PLoS ONE 
13(8):e0201882

	39.	 Soares F, Camargo C, Cunha M, de Almeida E, Bertani A, 
Carvalho E et al (2019) Co-occurrence of qnrE1 and blaCTX-
M-8 in IncM1 transferable plasmids contributing to MDR 
in different Salmonella serotypes. J Antimicrob Chemother 
74(4):1155–1156

	40.	 Monte D, Lincopan N, Berman H, Cerdeira L, Keelara S, Thakur 
S et al (2019) Genomic features of high-priority Salmonella 
enterica serovars circulating in the food production chain, Brazil, 
2000–2016. Sci Rep 9(1):1

	41.	 Monte DF, Lincopan N, Cerdeira L, Fedorka-Cray PJ, Landgraf M 
(2019) Early dissemination of qnrE1 in Salmonella enterica sero-
var Typhimurium from livestock in South America. Antimicrob 
Agents Chemother 63(9):e00571-e619

	42.	 Possebon FS, Alvarez MVN, Ullmann LS, Araújo JP Jr (2021) 
Antimicrobial resistance genes and class 1 integrons in MDR Sal-
monella strains isolated from swine lymph nodes. Food Control 
128:108190

	43.	 Coppola N, Cordeiro NF, Trenchi G, Esposito F, Fuga B, Fuentes-
Castillo D, ..., Vignoli R (2021) Imported one-day-old chicks as 
Trojan horses for multidrug-resistant priority pathogens harbor-
ing mcr-9, rmtG, and extended-spectrum β-lactamase genes. Appl 
Environ Microbiol 88(2):e01675-e1721

	44.	 Coppola N, Freire B, Umpiérrez A, Cordeiro NF, Ávila P, Trenchi 
G, ..., Vignoli R (2020) Transferable resistance to highest priority 
critically important antibiotics for human health in Escherichia 
coli strains obtained from livestock feces in Uruguay. Front Vet 
Sci 7:940

	45.	 Lyu N, Feng Y, Pan Y, Huang H, Liu Y, Xue C, ..., Hu Y (2021) 
Genomic characterization of Salmonella enterica isolates from 
retail meat in Beijing, China. Front Microbiol 12:784

	46.	 Kerdsin A, Deekae S, Chayangsu S, Hatrongjit R, Chopjitt P, 
Takeuchi D, ..., Hamada S (2019) Genomic characterization of an 
emerging blaKPC-2 carrying Enterobacteriaceae clinical isolates 
in Thailand. Sci Rep 9(1):1–7

	47.	 Uwamino Y, Kubota H, Sasaki T, Kosaka A, Furuhashi M, Uno 
S, ..., Hasegawa N (2019) Recovery of FRI-5 carbapenemase at a 
Japanese hospital where FRI-4 carbapenemase was discovered. J 
Antimicrob Chemother 74(11):3390–3392

	48.	 Rabello RF, Bonelli RR, Penna BA, Albuquerque JP, Souza RM, 
Cerqueira AM (2020) Antimicrobial resistance in farm animals 
in Brazil: an update overview. Animals 10(4):552

	49.	 Panzenhagen PHN, Paul NC, Junior CAC, Costa RG, Rodrigues 
DP, Shah DH (2018) Genetically distinct lineages of Salmonella 
Typhimurium ST313 and ST19 are present in Brazil. Int J Med 
Microbiol 308(2):306–316

	50.	 Bassetti M, Peghin M, Vena A, Giacobbe D (2019) Treatment of 
infections due to MDR Gram-negative bacteria. Front Med 6:6

	51.	 Bush K, Jacoby GA (2010) Updated functional classification of 
β-lactamases. Antimicrob Agents Chemother 54(3):969–976

	52.	 Saravanan M, Ramachandran B, Barabadi H (2018) The preva-
lence and drug resistance pattern of extended spectrum β–lacta-
mases (ESBLs) producing Enterobacteriaceae in Africa. Microb 
Pathogen 114:180–192

	53.	 CDC (2014) National Salmonella surveillance annual report, 
2012. Atlanta, GA. Retrieved from http://​www.​cdc.​gov/​ncezid/​
dfwed/​pdfs/​salmo-​nella-​annual-​report-​2012-​508c.​pdf. Accessed 
20 Apr 2020

	54.	 Sampaio JLM, Gales AC (2016) Antimicrobial resistance in Enter-
obacteriaceae in Brazil: focus on β-lactams and polymyxins. Braz 
J Microbiol 47:31–37

	55.	 Cantón R, Novais A, Valverde A, Machado E, Peixe L, Baquero 
F et al (2008) Prevalence and spread of extended-spectrum b-lac-
tamase-producing Enterobacteriaceae in Europe. Clin Microbiol 
Infect 14:144–153

	56.	 Campioni F, Pitondo-Silva A, Bergamini AM, Falcão JP (2015) 
Comparison of four molecular methods to type Salmonella Ente-
ritidis strains. APMIS 123(5):422–426

	57.	 González-Leiza SM, de Pedro MA, Ayala JA (2011) AmpH, a 
bifunctional DD-endopeptidase and DD-carboxypeptidase of 
Escherichia coli. J Bacteriol 193(24):6887–6894

	58.	 Sun S, Selmer M, Andersson D (2014) Resistance to β-lactam 
antibiotics conferred by point mutations in penicillin-binding pro-
teins PBP3, PBP4 and PBP6 in Salmonella enterica. PLoS ONE 
9(5):e97202

	59.	 Berrazeg M, Jeannot K, Ntsogo Enguéné V, Broutin I, Loef-
fert S, Fournier D et al (2015) Mutations in β-lactamase AmpC 
increase resistance of Pseudomonas aeruginosa isolates to antip-
seudomonal cephalosporins. Antimicrob Agents Chemother 
59(10):6248–6255

	60.	 Almeida F, Seribelli AA, da Silva P, Medeiros MIC, dos Praz-
eres Rodrigues D, Moreira CG, ..., Falcão JP (2017) Multilocus 
sequence typing of Salmonella Typhimurium reveals the presence 
of the highly invasive ST313 in Brazil. Infect Genet Evol 2:41–44

	61.	 Seribelli AA, Ribeiro TRM, da Silva P, Martins IM, Vilela FP, 
Medeiros MIC, ..., Falcao JP (2021) Salmonella Typhimurium 
ST313 isolated in Brazil revealed to be more invasive and inflam-
matory in murine colon compared to ST19 strains. J Microbiol 
59(9):861–870

	62.	 El-Tayeb M, Ibrahim A, Al-Salamah A, Almaary K, Elbadawi Y 
(2017) Prevalence, serotyping and antimicrobials resistance mech-
anism of Salmonella enterica isolated from clinical and environ-
mental samples in Saudi Arabia. Braz J Microbiol 48(3):499–508

	63.	 McMillan EA, Gupta SK, Williams LE, Jové T, Hiott LM, Wood-
ley TA, ..., Tillman GE (2019) Antimicrobial resistance genes, 
cassettes, and plasmids present in Salmonella enterica associated 
with United States food animals. Front Microbiol 10:832

	64.	 Abatcha MG, Effarizah ME, Rusul G (2018) Prevalence, anti-
microbial resistance, resistance genes and class 1 integrons of 
Salmonella serovars in leafy vegetables, chicken carcasses and 
related processing environments in Malaysian fresh food markets. 
Food Control 91:170–180

	65.	 Zhu Y, Lai H, Zou L, Yin S, Wang C, Han X, ..., Chen S (2017) 
Antimicrobial resistance and resistance genes in Salmonella 
strains isolated from broiler chickens along the slaughtering pro-
cess in China. Int J Food Microbiol 259:43–51

	66.	 Adesiji YO, Deekshit VK, Karunasagar I (2014) Antimicrobial-
resistant genes associated with Salmonella spp. isolated from 
human, poultry, and seafood sources. Food Sci Nutri 2(4):436–442

	67.	 Stoll C, Sidhu J, Tiehm A, Toze S (2012) Prevalence of clini-
cally relevant antibiotic resistance genes in surface water sam-
ples collected from Germany and Australia. Environ Sci Technol 
46(17):9716–9726

	68.	 Almeida F, Pitondo-Silva A, Oliveira MA, Falcão JP (2013) 
Molecular epidemiology and virulence markers of Salmonella 
Infantis isolated over 25 years in São Paulo State, Brazil. Infect 
Genet Evol 19:145–151

	69.	 Navarro-Garcia, F., Ruiz-Perez, F., Cataldi, Á., & Larzábal, M. 
(2019). Type VI secretion system in pathogenic escherichia coli: 
structure, role in virulence, and acquisition. Frontiers in Micro-
biology, 10(AUG). Frontiers Media S.A.

	70.	 Park, S., Pham, D., Boinett, C., Wong, V., Pak, G., Panzner, U., 
et al. (2018). The phylogeography and incidence of multi-drug 
resistant typhoid fever in sub-Saharan Africa. Nature Communica-
tions, 9(1).

	71.	 Ladely S, Meinersmann R, Ball T, Fedorka-Cray P (2016) Antimi-
crobial susceptibility and plasmid replicon typing of Salmonella 
enterica serovar kentucky isolates recovered from broilers. Food-
borne Pathog Dis 13(6):309–315

	72.	 García V, Vázquez X, Bances M, Herrera-León L, Herrera-León 
S, Rosario Rodicio M (2019) Molecular characterization of 

1261Brazilian Journal of Microbiology (2022) 53:1249–1262

http://www.cdc.gov/ncezid/dfwed/pdfs/salmo-nella-annual-report-2012-508c.pdf
http://www.cdc.gov/ncezid/dfwed/pdfs/salmo-nella-annual-report-2012-508c.pdf


1 3

salmonella enterica serovar enteritidis, genetic basis of antimicro-
bial drug resistance and plasmid diversity in ampicillin-resistant 
isolates. Microb Drug Resist 25(2):219–226

	73.	 Guiney DG, Fierer J (2011) The role of the spv genes in Salmo-
nella pathogenesis. Front Microbiol 2:129

	74.	 Mambu J, Virlogeux-Payant I, Holbert S, Grépinet O, Velge P, Wiede-
mann A (2017) An updated view on the Rck invasin of Salmonella: 
still much to discover. Front Cell Infect Microbiol 7:500

	75.	 Figueroa-Bossi N, Bossi L (1999) Inducible prophages contribute 
to Salmonella virulence in mice. Mol Microbiol 33(1):167–176

	76.	 Pilar AVC, Reid-Yu SA, Cooper CA, Mulder DT, Coombes BK 
(2012) GogB is an anti-inflammatory effector that limits tissue 
damage during Salmonella infection through interaction with 
human FBXO22 and Skp1. PLoS Pathog 8(6):e1002773

	77.	 Uzzau S, Bossi L, Figueroa-Bossi N (2002) Differential accu-
mulation of Salmonella [Cu, Zn] superoxide dismutases SodCI 
and SodCII in intracellular bacteria: correlation with their relative 
contribution to pathogenicity. Mol Microbiol 46(1):147–156

	78.	 Davies MR, Broadbent SE, Harris SR, Thomson NR, van der 
Woude MW (2013) Horizontally acquired glycosyltransferase 

operons drive salmonellae lipopolysaccharide diversity. PLoS 
Genet 9(6):e1003568

	79.	 Wang S, Shi Z, Xia Y, Li H, Kou Y, Bao Y et al (2012) IbeB is 
involved in the invasion and pathogenicity of avian pathogenic 
Escherichia coli. Vet Microbiol 159(3–4):411–419

	80.	 Gillenius E, Urban CF (2015) The adhesive protein invasin of 
Yersinia pseudotuberculosis induces neutrophil extracellular traps 
via β1 integrins. Microbes Infect 17(5):327–336

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Nucleotide Sequence Accession Numbers  The draft genome sequences 
of our strains were deposited at GenBank under the BioSample 
numbers SAMN19403791 (S. Enteritidis 520/2008), SAMN23072206 
(S. monophasic 725/2016), and SAMN23072404 (S. Typhimurium 
NCMO-6924/2007), SAMN23072208 (S. Infantis NCMO-6928/2005); 
BioProject: PRJNA733451.

1262 Brazilian Journal of Microbiology (2022) 53:1249–1262


	Antimicrobial resistance and genetic background of non-typhoidal Salmonella enterica strains isolated from human infections in São Paulo, Brazil (2000–2019)
	Abstract
	Introduction
	Material and methods
	Bacterial isolates
	Antimicrobial resistance testing
	Disk diffusion assay
	AMPC production test
	ESBL production test
	Minimal inhibitory concentration (mic)
	Genomic sequencing and bioinformatic analyses
	Galleria mellonella killing assay


	Results
	Antimicrobial resistance profile
	Disk diffusion assay
	ESBL phenotypic detection
	Minimal inhibitory concentration (mic)

	Whole-genome sequencing
	Antimicrobial resistance genotype
	Presence of mobile genetic elements
	Galleria mellonella in vivo assay and virulence genes


	Discussion
	Acknowledgements 
	References


