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Abstract: Salmonella Isangi is an infrequent serovar that has recently been reported in several countries
due to nosocomial infections. A considerable number of reports indicate Salmonella Isangi multidrug
resistance, especially to cephalosporins, which could potentially pose a risk to public health world-
wide. Genomic analysis is an excellent tool for monitoring the emergence of microorganisms and
related factors. In this context, the aim of this study was to carry out a genomic analysis of Salmonella
Isangi isolated from poultry in Brazil, and to compare it with the available genomes from the Pathogen
Detection database and Sequence Read Archive. A total of 142 genomes isolated from 11 different
countries were investigated. A broad distribution of extended-spectrum beta-lactamase (ESBL)
genes was identified in the Salmonella Isangi genomes examined (blaCTX-M-15, blaCTX-M-2, blaDHA-1,
blaNDM-1, blaOXA-10, blaOXA-1, blaOXA-48, blaSCO-1, blaSHV-5, blaTEM-131, blaTEM-1B), primarily in South
Africa. Resistome analysis revealed predicted resistance to aminoglycoside, sulfonamide, macrolide,
tetracycline, trimethoprim, phenicol, chloramphenicol, and quaternary ammonium. Additionally,
PMQR (plasmid-mediated quinolone resistance) genes qnr19, qnrB1, and qnrS1 were identified, along
with point mutations in the genes gyrAD87N, gyrAS83F, and gyrBS464F, which confer resistance to
ciprofloxacin and nalidixic acid. With regard to plasmids, we identified 17 different incompatibility
groups, including IncC, Col(pHAD28), IncHI2, IncHI2A, IncM2, ColpVC, Col(Ye4449), Col156, IncR,
IncI1(Alpha), IncFIB (pTU3), Col(B5512), IncQ1, IncL, IncN, IncFIB(pHCM2), and IncFIB (pN55391).
Phylogenetic analysis revealed five clusters grouped by sequence type and antimicrobial gene distri-
bution. The study highlights the need for monitoring rare serovars that may become emergent due to
multidrug resistance.

Keywords: whole-genome sequencing; nontyphoidal Salmonella; multidrug resistance; ESBL; PMQR;
quinolone; beta-lactamase
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1. Introduction

Nontyphoidal Salmonella (NTS) remains one of the most critical enterobacteria, causing
foodborne gastroenteritis worldwide (WHO, 2022). Salmonella Typhimurium and Salmonella
Enteritidis continue to be the most reported NTS serovars due to their high endemicity in
numerous countries [1,2]. Salmonella enterica encompasses approximately 2610 different
serovars, many of which are rare and neglected [2]. However, the emergence of rare
serovars in human and animal populations should not be ignored. Recently, rare serovars
have emerged in African [3], American [4], and Asian [5] countries, with many exhibiting
multidrug resistance to antimicrobials. Horizontal gene transfer (HGT) plays a crucial
role in these emergences, primarily with plasmids, which can be easily transmitted among
serovars [1]. Therefore, monitoring and surveillance of all Salmonella serovars become
essential to predict and understand the dissemination trends of rare serovars and to develop
prevention measures against emerging pathogens.

Salmonella Isangi is a less-known serovar with few attributed studies. Extended-
spectrum beta-lactamase (ESBL)-producing Salmonella Isangi has become common in South
Africa and has also been reported in several other countries, mainly in association with
nosocomial infections [3,4,6–8]. Notably, Brazil appears to be the only country reporting
Salmonella Isangi in animal production, particularly, poultry [9], which may represent a
new trend in this serovar adaptation in the last few years. The emergence of this serovar in
animal production represents a risk for the One Health approach.

Large-scale genomic analysis has become a fundamental epidemiological tool in col-
lecting and exploring free available complete genomes in several public databases [10–12].
Critical information may go unnoticed when many samples are sequenced for surveillance
purposes, and many genomes remain unexplored. Thus, large-scale genomic analysis can
be a solution to better understand the distribution of genes and topographical character-
istics such as location, species, and primary sources of isolation of pathogens not usually
studied [12–15].

As Salmonella Isangi seems to be emerging and adapting within Brazilian poultry
production, we sought to perform a genomic characterization of a recently sequenced
isolate from poultry production in Brazil. In parallel, we genetically compared it with other
already available Salmonella Isangi genomes in the NCBI database worldwide to bring new
understanding about the genetic epidemiology of this rare serovar.

2. Material and Methods
2.1. Bacterial Isolate and Whole-Genome Sequencing

The Salmonella Isangi isolate was obtained from the reference laboratory of enterobac-
teria of the Oswaldo Cruz Institute (LABENT-IOC) Salmonella collection. DNA extraction
was performed using a commercial kit (Dneasy Blood & Tissue, QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions. The genomic DNA of the isolate was
sequenced using the Illumina DNA prep library preparation kit at the Miseq platform
(Illumina, San Diego, CA, USA) with 300 bp paired-end sequencing.

2.2. Acquisition of Complementary Genomic Data

The filtering tools on the Sequence Read Archive (SRA) web browser of the National
Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/
pathogens/ (accessed on 2 August 2022)) were used to select and download raw read
sequences of Salmonella Isangi available as of 2 August 2022. The genomes were selected
according to their quality (i.e., N50 and contig number) and metadata availability (i.e.,
isolation source, collection date, location).

2.3. Genome Assembly and Quality Filtering

Trimmomatic 0.39 [16] was used to trim raw sequence reads and remove poor-quality
bases. FastQC v0.11.9 was employed to assess the quality of trimmed reads and SPAdes
3.15.4 [17] for de novo assembly. The quality of draft genomes was evaluated using QUAST
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v5.2.0.0 [18] and the assembled contigs were ordered using Mauve 2.4.0 [19]. Samtools
1.15.1 was used to estimate the assembled average coverage. All sequences were annotated
using Prokka version 1.14.6 [20].

2.4. In Silico Genome Characterization

SISTR (Salmonella in silico Typing Resource) 1.1.1 [21] software was used to perform in
silico serotyping on all the Salmonella Isangi genomes. Multi-locus sequence typing (MLST)
software 2.19.0 [22] was employed for in silico genotyping. To identify antimicrobial
resistance genes (AMR), plasmid replicons, and virulence factors, ABRicate software 1.0.1
(https://github.com/tseemann/abricate (accessed on 24 January 2023)) was used alongside
the Resfinder [23], Plasmidfinder [24], and Virulence Factor (VFDB) (http://www.mgc.
ac.cn/VFs/ (accessed on 24 January 2023)) databases, respectively. Pointfinder software
0.8.0 [23] was used to identify AMR point mutations conferring potential antimicrobial
resistance within the genomes. A customized pESI database [13] was used to identify
plasmids for emergent Salmonella Infantis on the Salmonella Isangi genomes. Minimum
nucleotide identity and coverage thresholds of 90% and 60%, respectively, were employed
for all analyses.

2.5. Phylogenetic Analysis

The detection and prediction of the effects of whole-genome variants were carried
out using the Rapid haploid variant calling and core genome alignment—Snippy v4.6.0
(https://github.com/tseemann/snippy (accessed on 24 January 2023)). As there is no com-
plete sequence of Salmonella Isangi available as a reference in the public genome repertoires,
we used a complete genome from Salmonella Infantis (Accession number GCA_029592185.1),
which was also our outgroup. Gubbins v2.4.1 was used to identify and exclude recom-
binant regions within the core genome alignment to enhance the accuracy of phyloge-
netic reconstructions. Phastaf v0.1.0 (https://github.com/tseemann/phastaf (accessed on
24 January 2023)) and Barrnap v0.9 (https://github.com/tseemann/barrnap (accessed on
24 January 2023)) were used to identify phage regions and ribosomal RNA for masking
purposes in the reference genome, respectively. The final high-quality core-genome SNPs
were extracted from the alignment file using the software SNP-sites v2.5.1 [25]. Iqtree
v2.0.3 was employed to generate a maximum likelihood phylogeny from this core genome
alignment, using a GTR + F + I + G4 substitution model, with 1000 bootstraps replication
to support the tree nodes.

3. Results
3.1. Data Collection and MLST Distribution

A total of 141 raw sequences of Salmonella Isangi were downloaded from the SRA
web browser. By utilizing the SISTR software, we confirmed that all genomes were Isangi
serovar. The genomes were obtained from strains isolated from 11 different countries:
South Africa (n = 65); Uganda (n = 1); United Kingdom (n = 35); United States of America
(n = 16); Brazil (n = 15); Germany (n = 1), India (n = 2), Netherlands (n = 1), Ireland
(n = 2), Indonesia (n = 1), and Taiwan (n = 1) (Supplementary Table S1). Our analysis com-
prised 142 genomes, including the newly sequenced Salmonella Isangi genome (Sal08932019
Accession: JARETA000000000) from Brazil. Regarding the sources, 109 genomes came
from human isolates, three were from animals, three from food, seven from feed, six from
the environment, and 14 were not identified. We identified that genomes belonged to
nine different sequence types (ST): ST216 (n = 62); ST335 (n = 59); ST1994 (n = 8); ST2261
(n = 1); ST369 (n = 1); ST3101 (n = 1); ST3390 (n = 1); ST5028 (n = 1); and ST7036 (n = 2)
(Supplementary Table S1).

3.2. Resistome

The 142 genomes presented a resistome that included the following repertoire of
antimicrobial genes: aminoglycoside [aac(3)-Iia_1, aac(3)-Iid, aac(3)-Via, aac(6’)-Iaa, aac(6’)-
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Ib-cr, aadA1, aadA2,aadA5, ant(3”)-Ia, aph(3”)-Ib, aph(3”)-Ib, aph(3’)-Ia, aph(6)-Id], sulfon-
amide [sul1, sul2, sul3], macrolide [mph(A), mph(E)], tetracycline [tet(A)], trimethoprim
[dfrA12, dfrA14, dfrA15, dfrA17, dfrA1, dfrA23], phenicol [floR], beta-lactams [blaCTX-M-15,
blaCTX-M-2, blaDHA-1, blaNDM-1, blaOXA-10, blaOXA-1, blaOXA-48, blaSCO-1, blaSHV-5, blaTEM-131,
blaTEM-1B], chloramphenicol [catA1, catB3], and quaternary ammonium [qacE] (Supplemen-
tary Table S1). We identified a wide distribution of extended-spectrum beta-lactamase
(ESBL) genes among the genomes from South Africa and the United Kingdom (Figure 1).
ESBL genes were also identified in Salmonella Isangi isolated from Ireland (blaTEM-1B) and
the United States (blaCTX-M-2). Furthermore, we detected 83 genomes exhibiting plasmid-
mediated quinolone resistance (PMQR) genes (Supplementary Table S1). The PMQR
qnrB1 (n = 47) was the most common quinolone resistance gene observed, followed by
qnrB19 (n = 36) and qnrS1 (n = 2). All 47 genomes carrying the qnrB1 gene co-produced at
least one ESBL gene (blaCTX-M-15, blaDHA-1, blaNDM-1, blaOXA-10, blaOXA-1, blaOXA-48, blaSCO-1,
blaSHV-5, blaTEM-131, blaTEM-1B), with many of them co-producing more than one. Ten of the
genomes carrying the qnrB19 gene co-produced ESBL gene (blaCTX-M-2) and were isolated
from the United States, whereas the others were positive only for qnrB19. All genomes
carrying qnrS1 were positive for qnrB19 and co-produced ESBL genes (blaLAP-2, blaTEM-1B).
Our sequenced genome (Sal08932019 Accession: JARETA000000000) presented only the
plasmid-mediated quinolone resistance gene qnrB19, a characteristic shared with the other
Salmonella Isangi isolated from Brazil [9]. The PMQR qnrB19 was identified in genomes
isolated from Brazil (n = 14), the United Kingdom (n = 11), the United States (n = 10),
and Ireland (n = 1). The qnrB1 was primarily identified in South Africa (n = 46) and the
United Kingdom (n = 1). The qnrS1 was identified in genomes isolated from Ireland (n = 1)
and the United Kingdom (n = 1). Regarding the determination of quinolone resistance,
10 isolates presented a single mutation in the genes gyrAD87N, gyrAS83F, and gyrBS464F,
which conferred resistance to ciprofloxacin and nalidixic acid. These genomes were all
isolated from South Africa (Table 1). Seven genomes isolated from the United Kingdom
(n = 6) and India (n = 1) presented a single mutation in the gene parCT57S; however, there
was no predicted phenotype.

Table 1. Features of Salmonella Isangi (n = 15) displaying point mutation in gyrA and parC genes,
conferring resistance to ciprofloxacin and nalidixic acid.

Isolate ID Location Year of
Isolation Resistome Gene Mutation Predicted

Phenotype

ERR4399363 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4400265 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4400834 Tawain 2007 gyrA (S83F) TCC→TTC
(S→F)

ciprofloxacin I/R,
nalidixic acid

ERR4400884 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4401297 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4401298 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4401299 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid

ERR4401598 South Africa 2001

aac(3)-IIa, ant(3′′)-Ia, aph(3′′)-Ib, aph(6)-Id,
ARR-3, blaOXA-10, blaSCO-1, blaTEM-63,

cmlA1, dfrA23, floR, gyrA (D87N), qacE, sul1,
sul2, tet(A)

gyrA (D87N) GAC→AAC
(D→N)

ciprofloxacin I/R,
nalidixic acid
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Table 1. Cont.

Isolate ID Location Year of
Isolation Resistome Gene Mutation Predicted

Phenotype

ERR6806075 South Africa 2020 aac(3)-IIa, aph(3′′)-Ib, aph(6)-Id, blaCTX-M-15,
blaTEM-1B, catB3, gyrB (S464F), sul2 gyrB (S464F) TCT→TTC

(S→F) ciprofloxacin I/R

SRR1106479 Unknown gyrA (S83F) TCC→TTC
(S→F)

ciprofloxacin I/R,
nalidixic acid

SRR1264936 India 2011 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR13633613 United Kingdom 2021 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR13633625 United Kingdom 2021 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR13633627 United Kingdom 2021 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR13633629 United Kingdom 2021 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR13645903 United Kingdom 2021 parC (T57S) parC (T57S) ACC→AGC
(T→S) None

SRR3002515 United States 2009 parC (T57S) parC (T57S) ACC→AGC
(T→S) None
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3.3. Virulome

The analyzed genomes presented the core virulence genes responsible for Salmonella’s
pathogenicity (Supplementary Table S1). Moreover, three genomes from South Africa (n = 2)
and the United States (n = 1) presented the yersiniabactin siderophore (ybtAPQSTUX, fyuA,
irp1, and irp2), which increases iron uptake. We also evaluated the presence of pESI
using a customized database with the pESI backbone genes. A single genome from India
presented 99 out of 113 genes from the pESI core genome. This genome did not display any
antimicrobial resistance genes or other essential genes that make up the pESI megaplasmid.
Beforehand, we ruled out the hypothesis that this genome had a specific pESI structure.

The most frequent plasmid incompatibility group identified among the analyzed
Salmonella Isangi was IncC [n = 66], followed by Col(pHAD28) [n = 39], IncHI2 [n = 37],
IncHI2A [n = 28], IncM2 [n = 12], ColpVC [n = 6], Col(Ye4449) [n = 5], Col156 [n = 5], IncR
[n = 5], IncI1(Alpha) [n = 4], IncFIB (pTU3) [n = 3], Col(B5512) [n = 2], IncQ1 [n = 2], IncL
[n = 2], IncN [n = 2], IncFIB(pHCM2) [n = 1], and IncFIB (pN55391) [n = 1].

All genomes carrying the PMQR qnrB19 mapped to the Col(pHAD28) incompatibility
group, with different distributions of other incompatibility groups [Col(Ye4449), ColpVC,
and IncL] (Supplementary Table S2). Among the genomes that co-produced the ESBL
gene blaCTX-M-2, we identified the incompatibility groups IncHI2, IncHI2A, and IncQ1. All
genomes carrying the PMQR qnrB1 displayed the IncC incompatibility group, with different
distributions of other incompatibility groups [IncCM2, IncHI2, IncHI2A, IncI1(Alpha), IncL,
and IncFIB (pHCM2)]. The genomes carrying the qnrS1 displayed the same distribution of
incompatibility groups as the genomes carrying the qnrB19 gene (Supplementary Table S2).

3.4. Phylogenetics and Characterization of Salmonella Isangi Lineages

We conducted a whole-genome variant detection on the set of 142 Salmonella Isangi
genomes. The phylogenetic tree that was generated showed five well-defined clusters,
mostly grouped according to country, ESBL gene distribution, and MLST (Figure 2). Cluster
1 included a single genome isolated from India (ST2261) with no antimicrobial resistance
gene. Cluster 2 differed from the other clusters by 13,601 SNPs and consisted of six genomes:
one from the United States and five from the United Kingdom. Cluster 3 differed from
the other clusters by 22,877 SNPs and was composed of three genomes: one from the
United States (ST3059) and two from the United Kingdom (ST7036). Cluster 4 comprised
eight genomes within the ST1994 and differed from the other clusters by 28,422 SNPs.
Three came from the United States, two from the United Kingdom, and one from each of
India, Ireland, and Indonesia. Cluster 5 was defined on each from ST216 and ST335, the
most frequent MLST among the studied genomes, and differed from the other clusters by
22,877 SNPs. They were grouped by country, and the ESBL distribution also contributed
to the genome clustering. All the genomes from South Africa presented at least one ESBL
gene, with blaCTX-M-15 being the most frequent. A single ST335 genome from the United
Kingdom was grouped with South African genomes and did not present the ESBL gene.
The ST216 genomes from the United States were grouped beside and presented blaCTX-M-2.
The ST216 genomes from South Africa showed the ESBL genes blaOXA-10 and blaTEM-1B. All
the genomes from Brazil belonged to the ST216 and possessed no ESBL genes. However,
Brazilian genomes, including ours, presented the qnrB19 quinolone resistance gene.
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Figure 2. Maximum-likelihood SNP-based phylogeny of 142 Salmonella Isangi genomes using, as
reference, Salmonella Infantis (accession number GCA_029592185.1). The circular representation of the
phylogeny was obtained using iTOL (http://itol.embl.de/ (accessed on 8 February 2023)), ignoring
branch lengths. Colors of the isolates’ ID indicate different countries of origin. Colored squares
indicate the genome sequence type (MLST) and the beta-lactam resistance gene presence. Isolates
from Brazil are detached.

4. Discussion

Our literature review identified very few studies on Salmonella Isangi in Brazil and world-
wide [3,4,9,26,27]. Recently, this serovar has been associated with foodborne disease outbreaks
in China and nosocomial infections in the United States and South Africa [3–5,9,26,27], partic-
ularly those caused by Salmonella Isangi with ESBL genes. The emergence of rare serovars
with antimicrobial resistance or multidrug resistance poses a risk to public health, as they
tend to be neglected due to inadequate monitoring and prevention efforts. In this study, we
performed genomic characterization of a Salmonella Isangi strain isolated from poultry in
Brazil in association with other Salmonella Isangi genomes available in the NCBI database,
to provide new insights from a global perspective.

The majority of the genomes analyzed in this study were isolated from South Africa
(Figure 2). According to the Enteric Diseases Reference Unit of the National Institute for
Communicable Diseases in South Africa, there has been an increase in Salmonella Isangi
infections in the country since 2000 [6], which explains this high prevalence. We identi-
fied genomes isolated from 2001 to 2020, proving that the widespread dissemination of
Salmonella Isangi is still occurring in the country. It is worth noting, however, that our re-
sults are limited to genomes that have been sequenced and deposited in the NCBI database.
Nevertheless, these results may reflect a broader reality of emergence of Salmonella Isangi

http://itol.embl.de/


Antibiotics 2023, 12, 1309 8 of 13

in South Africa. South Africa has the most significant number of HIV-positive patients
worldwide [28], who tend to develop severe non-typhoidal Salmonella infection due to their
immunodeficient status [29]. The high demand for last-choice antimicrobials, including
extended-spectrum cephalosporins [6] to treat these severe infections, may contribute to
the emergence of ESBL-positive Salmonella Isangi in the South African population.

Of the South African genomes analyzed, 54 (83.1%) displayed the blaCTX-M-15 gene.
Salmonella Isangi containing this resistance gene [4] has been previously reported in a
hospital outbreak in the United States. Initially, blaCTX-M-15 was associated exclusively
with E. coli and Klebsiella spp. in the human population. However, recent epidemiolog-
ical studies have reported the CTX-M-15 variant as one of the most widely dominant
CTX-M β-lactamases [30,31]. The pandemic dissemination of CTX-M-15 among Enterobacte-
riaceae originated from a highly virulent E. coli O25:H4-ST131 [32,33], and their widespread
occurrence is linked to the insertion element ISEcpI responsible for the mobilization of
bla genes [34]. We evaluated the presence of ISEcpI in the South African genomes with
blaCTX-M-15. All presented this mobile element, confirming that the horizontal gene transfer
ability among the Salmonella Isangi is already established in the South African popula-
tion. The blaCTX-M-15 gene is currently associated with the blaTEM-1 and blaOXA-1 resistance
genes [32], and was also detected in most South African genomes (Figure 1). Although
this association is often related to plasmids belonging to the IncF group [32], we observed
a strong association of these genes with the IncC group in our study. Previous research
conducted on E. coli demonstrated that the IncF CTX-M-15 plasmid is better adapted to
this species due to its lower fitness cost compared to the IncC CTX-M-15 plasmid [31].
However, selective pressure may have been the crucial factor for the rapid adaptation of
IncC plasmid among bacteria [31], and may have occurred in Salmonella Isangi genomes
from South Africa.

Genomes belonging to ST335 presented qnrB1 that confers low-level quinolone resis-
tance [35]. The Qnr family of proteins is known to protect DNA gyrase and topoisomerase
from quinolone antimicrobial activity [35] and to facilitate the selection of high-level
quinolone-resistant mutants [35]. The presence of PMQR genes such as qnrB1 has raised
concerns among health authorities in recent years precisely because of their potential to
increase resistance among bacteria. Because they are plasmodial genes, their spread is
facilitated by horizontal gene transfer [36]. Therefore, active surveillance of these genes
is essential to prevent the spread and emergence of serovars, such as Salmonella Isangi,
which are not commonly associated with severe infection episodes. The high incidence
of ST335 in South Africa, with multiple ESBL genes alongside the PMQR, may justify its
endemic status across Africa. We also identified Salmonella Isangi ST335 in Uganda and
the United Kingdom, which were positive for ESBL genes and more closely related to the
South African genomes (Figure 1). These results reiterate the possibility of rare serovars
becoming epidemic and that, therefore, they should not be neglected.

ST216 was the most widespread sequence type in the United States, the United King-
dom, South Africa, and Brazil. This sequence type has recently been found in Africa and
Asia [5,37]. Among the 62 ST216 genomes, 56.5% (35) presented the PMQR gene qnrB19.
The presence of qnrB19 dated from 2012 is relatively recent compared to genomes isolated
before (2001–2008) (Supplementary Table S1). These results are compatible with the first
description of qnrB19 in E. coli isolated from pigs in China in 2008 [38]. Quinolone is a
widespread group of antimicrobials used to treat human and livestock animal infection [39].
Therefore, the cross-transfer of resistance genes from animals to humans could be facilitated.
Several studies have linked the presence of qnrB19 to the increase of quinolone resistance in
some South American countries, the United States, and Europe [40–42]. Salmonella Isangi
presenting this PMQR gene in Brazil has been already studied [9], although the presence of
qnrB19 in other Salmonella serovars has also been reported [43–45]. Among the ST216, only
the Brazilian genomes were isolated from poultry or poultry environment. Our sequenced
genome (Sal08932019 Accession: JARETA000000000) displayed the same genotype as the
other genomes previously sequenced from Brazil, indicating that Salmonella Isangi in Brazil
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is likely emerging recently from abroad. The presence of qnrB19 in Salmonella Isangi is a con-
cern for health authorities and threatens One Health maintenance. The gradual reduction
of endemic Salmonella, such as S. Typhimurium and S. Enteritidis, in animal production as
a result of vaccination may have created opportunities for the emergence of rare Salmonella
serovars, such as Salmonella Isangi, in the food production chain, as observed in Brazil.
Hence, monitoring resistance genes and plasmids is strategic to prevent and control their
emergence in rare serovars.

Previous studies have identified an increased phenotypic and genotypic resistance
to quinolones in Salmonella Isangi isolated from poultry [9,46]. Most of the analysis re-
lates the quinolone resistance to two determinants: multiples point mutations on the
quinolone resistance-determining region (QRDR) of DNA gyrase (gyrA) and the topoiso-
merase C (parC) (predicted to provide ciprofloxacin and nalidixic acid resistance) [47], and
PMQR. In our study, only 10 of the analyzed genomes presented QNDR point mutations
(gyrAD87N, gyrAS83F, and gyrBS464F), all of which were isolated from South Africa in 2001.
In contrast, seven genomes from the United Kingdom and India presented point mutation
(parCT57S) and were isolated in recent years, indicating that this specific point mutation is
more widespread within recent Salmonella Isangi. No relation between QRDR and PMQR
was observed.

Eight Salmonella Isangi genomes from the United States belonging to ST216 displayed
blaCTX-M-2. In the United States, blaCTX-M-producing Salmonella Isangi were associated
with hospital outbreaks [4]. However, to our knowledge, this is the first report of blaCTX-M-2
in Salmonella Isangi isolated from the United States. The genomes described in this study
were available in 2015, but, so far, we have not identified studies concerning the CTX-M-2
in Salmonella spp. in the United States. However, several recent studies in Brazil, Colombia,
and South Africa have identified CTX-M-2 in various Salmonella serovars associated with
the poultry industry [48–51]. As reviewed by Bevan et al. (2017) [30], CTX-M-2 enzyme
was the primary genotype in South America and was the only one identified before the
1990s [52]. This incidence remains high in the Americas, as evidenced by studies conducted
mainly in E. coli [53–55]. CTX-M-2 seems to be highly associated with the poultry industry,
which may pose a field condition for their rapid spread among other countries through
horizontal gene transfer. Our results demonstrate the importance of constantly monitoring
genomes deposited in databases such as the NCBI.

Salmonella Isangi genomes were grouped based on the country and ST profile (Figure 2).
The phylogenetic analysis revealed five different clades. The main difference among
these clades is the distribution of beta-lactam resistance genes, which we observed to be
more widespread in the South African population. The most phylogenetically distant
genome was from India and was clustered alone in Cluster 1. It displayed a differentiated
distribution of virulence genes, with 99 out of 113 genes from the pESI megaplasmid
core genome. According to Hall et al. (2022) [56] forming megaplasmids such as pESI
requires the imposition of selective pressure from different niches until the megaplasmid
is developed, allowing the bacteria to survive in this challenging environment. Although
our analysis demonstrated no pESI in the Indian genome, these results suggest only the
beginning of the acquisition of genes, due to the different selective pressures imposed in
the Indian isolate. Further genomic studies are required to corroborate this hypothesis.

Regarding virulence genes, three genomes from South Africa (2020) and the United
States (2010) presented the complete yersiniabactin siderophore (ybtAPQSTUX, fyuA, irp1,
and irp2) that increases iron uptake. These genes are part of the Yersinia High Pathogenicity
Island (HPI) [57], which is commonly found in Yersinia, Salmonella spp., and E. coli [57,58].
The presence of HPI in enterobacteria has been shown to increase environmental persis-
tence and fitness [59]. This study suggests that the acquisition of HPI may be a determinant
for Salmonella Isangi dissemination and persistence across these countries and the estab-
lished population.
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5. Conclusions

In summary, our study highlights the endemic success of Salmonella Isangi in South
Africa and how it could be related to the acquisition of multiple ESBL genes associated with
PMQR genes, mainly qnrB1. These results reaffirm the need to constantly monitor Salmonella
Isangi and other rare serovar dissemination across continents, as MDR Salmonella spp.
pose a significant risk to public health. Moreover, the presence of antimicrobial-resistant
Salmonella Isangi in the Brazilian poultry industry could significantly impact One Health,
given the international importance of Brazil in the production and export of poultry
products and their potential risk of transmission to humans. Lastly, our results highlight
the importance of large-scale genomic analysis as an epidemiological and monitoring tool
for the surveillance of Salmonella and other microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics12081309/s1, Supplementary Table S1: Features of all analyzed
Salmonella Isangi (n = 142), comprising information about location, isolation source, isolation type,
year of isolation, SNPcluster, AMR genotype and predicted phenotype, plasmids, cgMLST, and
virulence genes’ presence and absence (number 1 represents presence and 0 represents absence);
Supplementary Table S2: Features of Salmonella Isangi, displaying PMQR genes and distribution of
their incompatibility groups.
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