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Since its emergence in the beginning of the 90’s, multidrug-resistant (MDR) Salmonella enterica subsp. enterica serovar Kentucky has become a significant public health problem, especially in East Africa. This study aimed to investigate the antimicrobial resistance profile and the genotypic relatedness of Salmonella Kentucky isolated from animal sources in Ethiopia and Kenya (n=19). We also investigated population evolutionary dynamics through phylogenetic and pangenome analyses with additional publicly available Salmonella Kentucky ST198 genomes (n=229). All the 19 sequenced Salmonella Kentucky isolates were identified as ST198. Among these isolates, the predominant genotypic antimicrobial resistance profile observed in ten (59.7%) isolates included the aac(3)-Id, aadA7, strA-strB, blaTEM-1B, sul1, and tet(A) genes, which mediated resistance to gentamicin, streptomycin/spectinomycin, streptomycin, ampicillin, sulfamethoxazole and tetracycline, respectively; and gyrA and parC mutations associated to ciprofloxacin resistance. Four isolates harbored plasmid types Incl1 and/or Col8282; two of them carried both plasmids. Salmonella Pathogenicity islands (SPI-1 to SPI-5) were highly conserved in the 19 sequenced Salmonella Kentucky isolates. Moreover, at least one Pathogenicity Island (SPI 1–4, SPI 9 or C63PI) was identified among the 229 public Salmonella Kentucky genomes. The phylogenetic analysis revealed that almost all Salmonella Kentucky ST198 isolates (17/19) stemmed from a single strain that has accumulated ciprofloxacin resistance-mediating mutations. A total of 8,104 different genes were identified in a heterogenic and still open Salmonella Kentucky ST198 pangenome. Considering the virulence factors and antimicrobial resistance genes detected in Salmonella Kentucky, the implications of this pathogen to public health and the epidemiological drivers for its dissemination must be investigated.
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Introduction

Salmonellosis accounts for approximately 25% of all diarrheic infectious diseases in humans, ranging from mild and self-limiting infections to fatal cases (WHO, 2018). Although more than 2,500 different Salmonella enterica serovars have been reported so far, most infections in humans are not caused by those that are highly adapted to humans, such as Typhi and Paratyphi, but rather by serovars capable of infecting a wide range of hosts, also known as non-typhoid Salmonella serovars, including Salmonella Kentucky (Issenhuth-Jeanjean et al., 2014).

The patterns of occurrence of non-typhoid Salmonella serovars among host species change over time and these dynamics depend on epidemiological and evolutionary aspects involved in host adaptation (Jajere, 2019). In the last few decades, there has been an increasing occurrence of Salmonella Kentucky in broilers and chicken products, as well as in pigs (Mahindroo et al., 2019).

Two sequence types (STs) of Salmonella Kentucky are known to play a role in public health: ST152, which is mainly reported in poultry and dairy flocks, and ST198, which is mainly associated with human infections in Africa, South Asia, Middle East and Europe (Park et al., 2020), as well as commonly reported in poultry and cattle in these regions (Haley et al., 2019). The burden is especially related to multidrug-resistant Salmonella Kentucky strains, as they can cause hard-to-treat infections (NARMS, 2017). Salmonella Kentucky strains that are resistant to quinolones, cephalosporins, carbapenems, and sulfonamides have been isolated from poultry flocks in Africa (Abd-Elghany et al., 2015). In Europe, there are reports of recurrent enteric diseases caused by Salmonella Kentucky in patients that had recently returned from African countries (Seiffert et al., 2014).

In the present study, we conducted a genomic characterization focusing on antimicrobial resistance determinants and SPIs investigation of Salmonella Kentucky isolated from livestock in East Africa in order to provide evolutionary and epidemiological insights into this serovar. We also investigated the evolutionary dynamics through phylogenetic and pangenome analyses with public genomes of 229 Salmonella Kentucky.



Materials and Methods


Bacterial Strains and Study Design

Nineteen isolates of Salmonella Kentucky originated from pig (12) and cattle (3) feces, and from chicken (2), pig (1) and cattle (1) tissues were isolated from Ethiopia and Kenya. Samplings were performed between 2005 (15 isolates) and 2013 (4 isolates). Briefly, samples were pre-enriched in buffered peptone water (37°C; 18 hours) and then enriched in both Rappaport Vassiliadis (1:100) and tetrationate broth (1:10) for 24 hours at 42°C and 37°C, respectively. Afterwards, samples were streaked onto brilliant green (BG) and XLT-4 agar dishes. Presumptive Salmonella spp. colonies per plate were tested biochemically by means of urea, triple sugar iron (TSI) and lysine iron (LIA) agar slants. Salmonella isolates were confirmed by slide agglutination test using poly-O antisera. Only one isolate from each sample was considered for whole genome sequencing in this study.

The isolates were deposited in the bacterial collection of the Infectious Disease and Molecular Epidemiology Laboratory (IDMEL), Ohio State University (OSU). Detailed information on Salmonella Kentucky isolates is shown in Table 1.


Table 1 | Salmonella enterica serovar Kentucky ST198 isolates (n=19) cultured from animal sources in Ethiopia and Kenya.



For comparative genomics and evolutionary analysis, we also used all public genomes of Salmonella Kentucky ST198 (n=229) that were available at Enterobase (Zhou et al., 2020) as of April 2020. These public isolates from cattle, swine, and poultry were collected across Africa, Asia and both North and South Americas. Accession numbers, metadata, as well as plasmid and SPI profiles, and genotypic antimicrobial resistance patterns of these isolates are presented in Table S1.



Antimicrobial Susceptibility Testing

The phenotypic antimicrobial susceptibility of the 19 Salmonella Kentucky isolates was determined by means of the disk diffusion method, according to the documents of the Clinical and Laboratory Standards Institute (CLSI, 2018; CLSI, 2020). For that purpose, we used a panel of 12 antibiotics included in the World Health Organization (WHO) list of critically important and highly important antimicrobials (WHO, 2019): ampicillin 10 µg (AMP), amoxicillin/clavulanic acid 20/10 µg (AMC), ceftiofur 30 µg (CTF), ceftriaxone 30 µg (CRO), cephalothin 30 µg (CEF), chloramphenicol 30 µg (CHL), ciprofloxacin 5 µg (CIP), gentamicin 10 µg (GEN), kanamycin 30 µg (KAN), streptomycin 10 µg (STR), sulfamethoxazole/trimethoprim 23.75/1.25 µg (SUT) and tetracycline 30 µg (TET). Escherichia coli strain ATCC 25922 (CLSI, 2020) was used for quality control purposes. The CLSI document VET01S (CLSI, 2020) was used for the interpretation of CTF breakpoints, while the CLSI document M100-S28 (CLSI, 2018) was used for CIP breakpoints. Human-derived clinical breakpoints for Enterobacteriales listed in CLSI document VET01S (CLSI, 2020) were used for AMP, AMC, CRO, CEF, CHL, GEN, KAN, STR, SUT and TET.



Whole Genome Sequencing

Genomic DNA of the strains was extracted using a commercial kit (QIAmp Fast DNA Tissue, Qiagen, USA). After extraction, DNA integrity was evaluated by means of electrophoresis in 1% agarose gel and quantified in a spectrophotometer (Colibri, Titertek-Berthold, Germany). The genomic libraries were prepared using Nextera XT V2 kit (2 x 250 bp) according to the manufacture’s guidelines and sequenced in a paired-end mode on a MiSeq platform (Illumina, USA).



Downstream Bioinformatic Analyses

Raw reads in Fastq files were analyzed using FastQC version 0.11.7 (Andrews, 2010). Low-quality reads and adapters were removed using Trimmomatic-0.38 (Bolger et al., 2014). The genomes were assembled using SPades (Bankevich et al., 2012). The sequence type (ST) of the strains were determined by MLST 2.0 (Larsen et al., 2012) available at Center of Genomic Epidemiology (CGE).

The annotation of the 19 Salmonella Kentucky genomes was performed by Prokka software (Seemann, 2014), as well as the public genomes of Salmonella Kentucky (n=229) which have already annotated at Enterobase. The genetic structure and pangenome analysis of this group of Salmonella Kentucky isolates were evaluated with Roary (Page et al., 2015) using default parameters. The identification of Salmonella Pathogenicity Islands (SPIs) was performed using SPIFinder (Roer et al., 2016) and results were compared with the Virulence Factors Database (VFDB, 2020) using as threshold 95% of the identity and 60% of the length for each gene integrating the Island. Salmonella enterica serovar Typhimurium LT2 (access number AE006468) was used as a reference strain for BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011).

Additionally, antimicrobial resistance determinants were investigated by means of ResFinder (Zankari et al., 2012) and plasmid profiling determined by PlasmidFinder (Carattoli et al., 2014), both performed with at least 95% of identity and 60% of minimum length, using CGE server. Morpheus online software (2020) was used to generate presence/absence maps, and hierarchical clustering was generated using “one minus Pearson correlation”.



Phylogenetic Analysis

A phylogenetic analysis comprising 248 genome sequences of Salmonella Kentucky was performed by means of the maximum likelihood (ML) method, using RAxML v. 8.2.10 (Stamatakis, 2014) with default parameters. Clade support estimates were calculated using rapid bootstrapping of 1,000 pseudo replicates. GTR+G+I was applied as the best-of-fit model according to the Akaike Information Criterion (AIC) by means of jModeltest v. 2.1.10 (Posada, 2008). The phylogenetic tree was constructed using the core genome generated by Roary tool as input. The sequences derived from the core genome determined by Roary tool were codon aware aligned in PRANK (Löytynoja, 2014). Salmonella Typhimurium LT2 (accession: AE006468) was used as outgroup and to root the tree.



Data Availability And Accession Numbers

The raw data of experimental isolates (n=19) are deposited at the NCBI Sequence Read Archive (SRA) web site, under Bioproject PRJNA275961. Accession numbers are provided in Table 1. Details on the 229 publicly available Salmonella Kentucky genomes from GenBank database are shown in Table S1.




Results


Antimicrobial Susceptibility Testing And Antimicrobial Resistance Determinants

All 19 sequenced Salmonella Kentucky isolates were identified as ST198. High resistance rates were observed for sulfamethoxazole/trimethoprim (18; 94.7%), ciprofloxacin (17; 89.5%), tetracycline (17; 89.5%), streptomycin (16; 84.2%), and gentamicin (16; 84.2%). None of the 19 Salmonella Kentucky showed resistance to amoxicillin/clavulanic acid, ceftriaxone, ceftiofur or chloramphenicol, while only a single isolate was resistant to kanamycin (5.2%). The antimicrobial resistance profiles of 19 Salmonella Kentucky isolates against the tested antimicrobial agents are shown in Table 1.

Among the eleven different resistance profiles, the most frequent one (AMP-STR-SUT-TET-GEN-CIP) was shared by nine (47.4%) isolates, while SUT-CIP and AMP-CIP, and STR-SUT-TET-GEN profiles were identified in one (5.2%) and two (10.52%) isolates, respectively. Seventeen (85%) isolates were resistant to three or more classes of antimicrobials and were considered multidrug-resistant (MDR) Salmonella Kentucky (Table 1).

All the 17 (89.5%) isolates showing phenotypic resistance to aminoglycosides harbored the genes aac(3)-Id [gentamycin (accession: AB114632)], while the gene aadA7 [streptomycin/spectinomycin (accession: 161 AF2247)], and the genes strA [streptomycin (accession: AF321551)] + strB [streptomycin (accession: M96392)] were found in 16 (84.2%) and 13 isolates (68.4%), respectively. The genes sul1 [sulfamethoxazole (accession: U12338)] and tet(A) [tetracycline (accession: AJ517790)] encoding for resistance to sulfonamides and tetracyclines were found respectively in 18 (94.7%) and 17 (89.5%) isolates. blaTEM-1B [ampicillin (accession: JF910132)] was the only ß-lactamase-encoding gene detected among the isolates (n=11; 57.9%). Accumulation of mutations in both GyrA (S83F/D87G) and ParC (T57S/S80I) conferring resistance to ciprofloxacin was found in 17 (89.5%) isolates, while two susceptible isolates (11589 and 11584) showed only single amino acid changes in both GyrA (S83F) and ParC (T57S). No plasmid-mediated quinolone resistance genes (PMQR) were identified among the 19 isolates. In terms of genotypic resistance, a total of six profiles were observed. Ten (52.6%) isolates presented the profile aac(3)-Id, aadA7, strA, strB, blaTEM-1B, sul1, tet(A), while four isolates (21.1%) had the profile aac(3)-Id, aadA7, sul1, tet(A).

Discordant genotypic and phenotypic resistance profiles were observed in isolates 11579 (harboring the aac(3)-Id gene) and 11585 (harboring the aadA7 gene) that were susceptible to gentamycin and streptomycin, respectively. Moreover, neither aminoglycosides nor β-lactam resistance determinants were respectively found in the genome sequences of the phenotypically resistant isolates 11586 (AMP and STR) and 11588 (AMP and KAN).

The comparative genomic analysis including the other 229 Salmonella Kentucky ST198 genomes (Table S1) demonstrated the presence of the gene aac(6’)-laa in all of them. The genes tet(A) and sul1 were found in 44% and 28.4% of isolates, respectively, whereas blaTEM-1B gene was detected in 14.8% of isolates (Figure 1 and Table S1). A total of 99 (43.2%) genomes harbored antimicrobial resistance determinants against three or more drug classes and were considered multidrug-resistant genomes.




Figure 1 | Antimicrobial resistance profile, pathogenicity islands and plasmid detected in both 19 Salmonella Kentucky isolates from the African Horn region and 229 publicly available Salmonella Kentucky genomes. The isolates were clustering according to the presence/absence of pathogenicity islands and plasmid, and antimicrobial resistance determinants as well.





Presence of SPI and Plasmids

We further evaluated the presence of Salmonella pathogenicity islands among the newly sequenced Salmonella Kentucky isolates (Figures 1 and 2A), as well as in the public 229 strains (Figure 1 and Table S1). All 19 sequenced isolates carried five islands (SPIs 1, 2 and 5 showed 100% nucleotide identity, while SPIs 3 and 4 showed 82.7% and 92.5% nucleotide identity, respectively). Additionally, the 229 Salmonella Kentucky strains from the Enterobase database showed at least one pathogenicity island (SPI 1–5, SPI 9, or C63PI). The 19 isolates from Ethiopia and Kenya demonstrated high conservation of genes among SPIs (Figure 2A). The main differences were mainly found in the first 4kb of SPI-3, which harbors genes related to cytoplasmatic proteins (Figure 2B). However, the integration site related to the tRNA-selC appears to be conserved among all 19 Salmonella Kentucky isolates.




Figure 2 | (A) BLAST ring image of the Pathogenicity islands detected in 19 Salmonella Kentucky isolates from the African Horn region. Color intensities represent the percentage of identity (> 90%) with the reference strain Salmonella Typhimurium LT2, while blank areas indicate no identity with the reference. The figure is shown in order from inside to outside, starting from the isolates in the left column. (B) The ~4kb-spanning region from SPI-3 that is absent in the 19 Salmonella Kentucky isolates.



Plasmid amplicons were detected in the draft genomes of four experimental isolates (20.1%). Two different plasmid types were predicted: incompatibility group I1 [IncI1-Iγ – pR64 (accession: AP005147)] and colicinogenic factor [Col8282 - pMG828-3 (accession: DQ995353)]. Three isolates (15.8%) carried a single plasmid, while two isolates carried both plasmids IncI1-Iγ and Col8282 (Table 2). Among public isolates, we detected the Incl1-Iγ plasmid in 55 isolates (24%), while other plasmids, such as Col8282 (7.6%) and ColpVC (7.2%) were also detected at lower frequencies. One isolate from Nigeria was predicted to carry four distinct plasmids (IncX3, IncP6, Col440ll, and Col8282).


Table 2 | Antimicrobial resistance determinants, mutations in GyrA and ParC (amino acid changes) and plasmids detected in silico in nineteen Salmonella Kentucky isolated from livestock in Ethiopia and Kenya.





Pangenome and Phylogenetic Analysis

The pangenome analysis revealed that all 248 Salmonella Kentucky ST198 genomes harbored a total repertoire of 8,104 different genes (4,144 core genes, 122 soft core genes, 647 shell genes, and 3,191 cloud genes). The plateau zone observed in the curves for the core, unique and new genes (Figure 3), indicates that the core genome set has been already reached. However, the core and the accessory gene curves suggest that the pangenome of this group of isolates is still open (Figure 3).




Figure 3 | Pangenome analysis of 248 Salmonella Kentucky ST198 originated from farm animals. Including the genomes of 19 isolates originated from animal sources in the African Horn region (this study) and 229 additional genomes publicly available in the GenBank.



To further evaluate the phylogenetic relationships, we used the 4,144 core genes set of the 248 Salmonella Kentucky ST198. The clades generated by the phylogenetic tree were associated with the geographic source of the genomes (Figure 4). For instance, most swine isolates from Ethiopia formed a clade, closely related to poultry isolates from Nigeria (Figure 4 - clade A). Additionally, isolate 16584 from pig feces in Kenya clustered together with other genomes from Kenya (Figure 4 - clade B). Other swine and cattle isolates from Ethiopia were assigned to a new clade (Figure 4 - clade C). Only one swine isolate (11589) from Ethiopia was closer to isolates from Asia and other African regions than to their Ethiopian counterparts. (Figure 4 - clade D).




Figure 4 | Maximum likelihood phylogenetic tree of 248 ST198 Salmonella Kentucky strains recovered from farm animals. Salmonella Typhimurium LT2 (accession number AE006468) was used as outgroup and to root the tree. The clades support is indicated above or next to each branch as bootstrap values, calculated from 1,000 pseudo replicates. Clades A to D include the nineteen isolates from Ethiopia and Kenya and other Salmonella Kentucky from the database. (Figure S1 shown the detailed phylogenetic tree).






Discussion

In view of the increasing public health threat posed by the global emergence and dissemination of antimicrobial resistant infectious agents, this investigation revealed a high level of both phenotypic and genotypic resistance to different classes of antimicrobials among 19 different strains of Salmonella Kentucky in Ethiopia and Kenya, as well as confirmed resistance to sulfonamides, tetracyclines, streptomycin, and gentamicin as common feature in Salmonella Kentucky serovars, corroborating previous reports (Abd-Elghany et al., 2015; Fernández et al., 2018; Neuert et al., 2018).

Some aspects make Africa a critical region in regard to the emergence of antimicrobial resistance (WHO, 2015), including deficient surveillance programs, production management failures, lack of adequate antimicrobial therapy, and proper regulation of antimicrobial use in food animals. The situation is particularly aggravated in this continent by the relatively large number of populations affected by Acquired Immunodeficiency Syndrome (AIDS), resulting in higher risks associated with co-infections by bacterial pathogens (Gordon et al., 2002).

Reports on the use of antimicrobials in food animals revealed that 14 drug classes have been largely used for non-therapeutic purposes in Africa, especially aminoglycosides, folate pathway inhibitors, ß-lactams, and quinolones, besides macrolides, which is not frequently used in livestock in non-African countries (Kimera et al., 2020). The frequencies of farms using antimicrobials vary between 77.6% in the Republic of Niger to 100% in Cameroon, Egypt, Ghana, Tanzania, and Zambia (Kimera et al., 2020). In Rwanda, the prophylactic use of antimicrobials was observed in about 97% of the farms; and 55.6% of farmers reported using these drugs without veterinary prescription or orientation (Manishimwe et al., 2017).

Overall, the prediction of antimicrobial resistance identified genes encoding for resistance to four different classes of antimicrobials in the 19 experimental isolates, which showed a high resistance rate to quinolones, folate pathway inhibitors, and aminoglycosides. Genes conferring resistance to aminoglycosides were detected in the majority of the Salmonella Kentucky genomes (17/19) and 12 of them harbored four aminoglycoside resistance determinants simultaneously [aac(3)-Id, aadA7, strA, and strB], corroborating Tyson et al. (2017). The disagreement between genotypic and phenotypic profiles for aminoglycoside resistance as observed in isolates 11579, 11585, 11586 and 11588 from our study has been previously observed in Salmonella enterica serovars (Cooper et al., 2020; Sia et al., 2021). The mechanisms associated with these incongruous findings should be further investigated. Regarding the isolate 11579, no difference has been found either in the genetic environment or gene sequence compared with other isolates harboring the same aac(3)-Id gene.The aac(6’)-Iaa gene was detected in all 229 genome sequences from the database. This gene may confer resistance to various aminoglycosides, such as amikacin, kanamycin and tobramycin, by means of the production of aminoglycoside-modifying enzymes (Salipante and Hall, 2003). Other genes encoding resistance to aminoglycosides (aac(3)-Id, aadA7, strA and strB) were commonly identified in the 19 sequenced isolates as well as in the 229 publicly available genomes. Our findings support previous report on the limited clinical use of aminoglycosides in infections caused by Salmonella (Fernández-Martínez et al., 2015). Resistance to sulfonamides and tetracyclines in the sequenced strains were mainly attributed to sul1 and tet(A), respectively. These genes have been frequently found in several Salmonella enterica serovars worldwide (Tyson et al., 2017; Neuert et al., 2018) and might be related to the to the extensive use of sulfonamides and tetracyclines in animal production systems (Mthembu et al., 2019). This is supported by the fact that tetA and sul1 were also the most prevalent resistance genes among the 229 Salmonella Kentucky sequences from the database. The gene sul1 has been highly frequent in Salmonella isolates recovered from retail food in Europe, with potential implications to public health (Maka et al., 2015).

A variety of genes conferring resistance to β-lactams are frequently found in Salmonella enterica (Neuert et al., 2018), including variants conferring resistance to third- and fourth-generation cephalosporins and carbapenems (Neuert et al., 2018; Fernández et al., 2018). Eleven out of the nineteen sequenced isolates in our study harbored the blaTEM-1B gene, similarly to what we found in the other 229 public genome sequences of Salmonella Kentucky. These results support previous findings on the high frequency of blaTEM-1B resistance gene in Salmonella enterica (Zhang et al., 2018). No β-lactam resistance genes were detected in two isolates (11586 and 11588) that were phenotypically resistant to ampicillin. Although not frequently observed, similar findings have been recently reported (Sia et al., 2021).

The resistance to quinolones in Salmonella Kentucky isolates observed in our study is in line with its occurrence reported in various Salmonella serovars worldwide (Tyson et al., 2017). In contrast to single mutations, the combination of multiple amino acid changes in GyrA (amino acids 83 and 87) and ParC (amino acids 57 and 80) has been reported to confer full ciprofloxacin resistance in Salmonella enterica (Eaves et al., 2004; Neuert et al., 2018). Moreover, all 19 isolates harbored the AcrAB-TolC efflux system related to antimicrobial resistance by substrate transport. Overexpression of this system due to mutations on regulation genes leads to MDR phenotype in Enterobacteriales (Grimsey et al., 2020). However, in our study, no mutation has been identified in acrAB, tolC or ramA genes.

No correlation between resistance genes and SPIs has been found. The antimicrobial resistance genes of the investigated isolates are clustered in a ~14Kb region, which includes genes conferring resistance against aminoglycosides, sulfonamide and tetracyclines, as well as the operon conferring resistance to mercur. However, the blaTEM-1B gene has been found neither inside nor bordering this region, rather in different regions in the genomes that harbor it. Although the backbone of this 14Kb region resembles the Salmonella Genomic Island 1 variant (SGI1-K), typical genes as xis, rep, and orfs A and B have not been found (Doublet et al., 2008; Le Hello et al., 2011; Le Hello et al., 2012).

Salmonella Pathogenicity Islands (SPIs) were found in almost all investigated isolates. Homologs of SPIs 1, 2, 3, 4, 5 and 9 and the pathogenicity island of centisome 63 (C63PI) were detected in all 248 Salmonella Kentucky genomes. The presence of SPIs 1-5 highlights the pathogenicity of the sequenced strains, as these harbor several virulence genes that are crucial to trigger disease in the hosts (Hensel, 2004). SPI-1 harbors highly conserved genes among Salmonella serovars (Ramos-Morales, 2012), such as those responsible for the type III secretion system (T3SS) (Dhanani et al., 2015), which mediates the invasion in the host intestinal epithelium (Mirold et al., 2001). According to Hensel (2004), another T3SS is also encoded by genes present in SPI-2, facilitating the bacteria survival within the phagosome.

Missing regions in SPI-3 was the key difference between the Salmonella Kentucky isolates and the reference Salmonella Typhimurium LT2 strain. Deletion of genes in SPI-3 of different Salmonella serovars has been reported (Delgado-Suárez et al., 2018). All these deletions occurred in the 5’ region, the SPI-3 insertion site, a possible site for integrating new genes (Hensel, 2004).

In Salmonella serovars Typhimurium and Gallinarum, SPI-3 is located in the selC tRNA locus with 17 kb size and approximately ten genes, such as sugR, rhuM, rmbA, misL, fidL, marT, slsA, cigR, mgtB and mgtC, that might play a role in virulence (Blanc-Potard et al., 1999; Rodrigues Alves et al., 2018). The genes from this region, as misL, are involved in the intestinal colonization, including both adhesion and invasion of epithelial cells (Wang et al., 2018). On the other hand, the marT gene has been associated to genomic and functional modifications in the SPI-3 region between different Salmonella serovars, favoring their adaptation to the hosts (Retamal et al., 2010).

SPI-3 also harbors the mgtCB operon, which encodes the MgtC virulence protein responsible for intramacrophage survival and the mgtB gene, a Mg2+ transporter (Retamal et al., 2009). Although deletions of sugR and rhuM genes in the 5’ region of SPI-3 has been reported in different Salmonella serovars (Zou et al., 2011), there is no previous investigation on this aspect in Salmonella Kentucky. In this context, the SPI-3 deletions observed in the 19 sequenced Salmonella Kentucky isolates in our study (Figure 2) may have occurred due to the constant evolution of the sequence distribution with insertions and deletions in the SPI-3 that may vary among serovars. However, gene deletions in these SPIs do not seem to influence the virulence of each Salmonella individually (Rychlik et al., 2009).

Conversely to SPI 3, we found conserved SPIs 4 and 5 in the sequenced Salmonella Kentucky. Considering the analysis of the 248 genomes of Salmonella Kentucky, SPI-4 was observed in 49.2% (122/248). This island represents a 27 kb length sequence which function is to encode the type I secretion system; however, little is known about its role on Salmonella virulence (Hensel, 2004). SPI-4 has been shown to be very conserved among several S. enterica serovars, except for the arrangement of six genes (Hensel, 2004). The loss of SPI-4 resulted in virulence attenuation of Salmonella Typhimurium and Salmonella Enteritidis serovars in mice (Kiss et al., 2007).

Plasmids are of major importance for the acquisition, maintenance, and transfer of antimicrobial resistance determinants (Dhanani et al., 2015). Their presence was investigated in this study, and IncI1-Iγ and Col8282 were found in four out of 19 isolates. IncI1-Iγ is characterized by a well-maintained dorsal skeleton, with a single site for integrating new genes (Johnson et al., 2011). Col type plasmids, on the other hand, have small deletions and/or insertions, except for the operon encoding colicins (Riley and Gordon, 1992), an important mechanism for competition among bacteria.

The IncI1-Iγ plasmid, found in 21.4% of the 248 genomes (Table S1), is frequently associated with the production of relevant β-lactamases, such as blaCMY-2, blaCTX-M-1, and blaTEM-52 (Smith et al., 2015). On the other hand, plasmids Col8282 and ColpVC were less frequent (Table S1). In a recent study, Col plasmids were shown to play a role in Salmonella Heidelberg survival in the poultry house environment (Oladeinde et al., 2018).

The phylogenetic data revealed that almost all strains of MDR Salmonella Kentucky ST198 stemmed from a single strain that has accumulated ciprofloxacin resistance-mediating mutations. This result may be strongly related to a high selective pressure generated by the overuse and misuse of fluoroquinolones in food animals, especially poultry, which are considered a major reservoir of Salmonella Kentucky strains (Shah et al., 2017). Kentucky ST198 serovar was reported to be susceptible to all antimicrobials until the 90’s (Weill et al., 2006). However, by means of acquisition of mobile elements carrying resistance genes, Salmonella Kentucky has become a widely spread multidrug-resistant serovar posing public health concerns in different regions (Hawkey et al., 2019). It was hypothesized that MDR Salmonella Kentucky strains stemmed from a single lineage that emerged in 1989 in Egypt before disseminating into Northern, Southern, and Western Africa, and then to the Middle East, Asia, and the European Union (Hawkey et al., 2019).

The fact that the pangenome of Salmonella Kentucky is still open suggests that the evolutionary dynamics of genetic variation in this serovar can lead to the emergence of MDR strains worldwide. Considering the increasing public health relevance of this serovar, with special emphasis to the MDR Salmonella Kentucky ST198 in livestock, our findings warrant further investigation to address the mechanisms associated with the emergence of this serovar.



Conclusion

The potential public health burden associated with Salmonella Kentucky, especially in the African continent, is supported by the variety of antimicrobial resistance genes present in both mobile genetic elements and chromosomal DNA. The phenotypic and molecular mechanisms of antimicrobial resistance observed in our study support the hypothesis that the emergence and dissemination of multidrug-resistant Salmonella Kentucky might be associated with the overuse and misuse of antimicrobial agents in food animals, especially regarding (fluoro)quinolones, as the phylogenetic analysis revealed that almost all ciprofloxacin-resistant Salmonella Kentucky ST198 strains stemmed from a single strain that has accumulated ciprofloxacin resistance-mediating mutations. This information shed light on evolutionary and epidemiological aspects of Salmonella Kentucky in the scope of the increasing threat posed by the emergence and dissemination of antimicrobial resistance among zoonotic pathogens.
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Strains
SSSE-01 [Poultry/Thailand]

SSSE-03 [Poultry/Thailand]
NY-N20037 [Poultry/United States]
FL-NRM127 [Poultry/United States]
FSIS1501026 [Poultry/United States]
CFSAN031452 [Swine/Kenya]
CFSAN031450 [Swine/Kenya]
CFSAN031435 [Swine/Kenya]
CFSAN031444 [Swine/Kenya]
CFSAN031447 [Swine/Kenya]
CFSAN031443 [Swine/Kenya]
CFSAN031437 [Swine/Kenya]
CFSAN031445 [Swine/Kenya]
CFSAN031449 [Swine/Kenya]
CFSAN031442 [Swine/Kenya]
CFSAN031456 [Swine/Kenya]
CFSAN031436 [Swine/Kenya]
CFSAN031446 [Swine/Kenya]
CFSAN031451 [Swine/Kenya]
CFSAN031441 [Swine/Kenya]
CFSAN031466 [Swine/Kenya]
CFSAN031468 [Swine/Kenya]
CFSAB031463 [Swine/Kenya!
CFSAN031460 [Swine/Kenya]
ICOPHAI16602 [Swine/Kenya]
FSIS11812979 [Bovine/United States|
ADRDL-NGUA-21 [Poultry/Nigeria]
ADRDL-NGUA-9 [Poultry/Nigeria]
WAPHL_SAL-A00748 [Poultry/United States]
FSIS31901659 [Poultry/United States]
ARS-CC274 [Bovine/United States]
FSIS31801182 [Bovine/United States|
FSIS11808927 [Bovine/United States;
FSIS11808773 [Bovine/United States|
FSIS11812159 [Bovine/United States|
FSIS31800879 [Bovine/United States]
FSIS21822107 [Bovine/United States]
CVM N18S1465 [Poultry/United States]
FSIS1503400 [Bovine/United States]
FSIS11918321 [Bovine/United States|
FSIS1605577 [Bovine/United States]
FSIS11918993 [Bovine/United States!
FSIS1500996 [Bovine/United States]
FSIS31902204 [Bovine/United States|
ADRDL-NGUA-37 [Poultry/Nigeria]
FSIS1504505 [Poultry/United States]
FSIS1504510 [Poultry/United States]
FSIS11816139 [Poultry/United States]
FSIS11807265 [Poultry/United States]
CVM N41913 [Bovine/United States;
FSIS11813705 [Bovine/United States]
FSIS11812040 [Bovine/United States|
CVM N57269F [Bovine/United States]
OSF027516 [Bovine/United States]
FSIS31801064 [Bovine/United States|
FSIS31800807 [Bovine/United States]
FSIS11812311 [Bovine/United States|
FSIS21720347 [Bovine/United States|
ARS-CC273 [Bovine/United States]
FSIS1503432 [Bovine/United States]
FSIS11816502 [Bovine/United States
FSIS21822585 [Poultry/United States]
FSIS11815544 [Bovine/United States|
FSIS11815717 [Poultry/United States]
FSIS11807696 [Poultry/United States]
FSIS31801208 [Bovine/United States|
OSF027526 [Bovine/United States]
FSIS31801149 [Bovine/United States]
FSIS21822251 [Bovine/United States|
FSIS11813932 [Poultry/United States]
FSIS11813912 [Bovine/United States]
OSF005700 [Bovine/United States]
OSF005705 [Bovine/United States]
OSF005713 [Bovine/United States]
FSIS11811103 [Bovine/United States|
OSF027517 [Bovine/United States]
FSIS21821463 [Bovine/United States|
FSIS11926102 [Bovine/United States|
FSIS11706143 [Bovine/United States;
FSIS11924707 [Bovine/United States|
FSIS1608901 [Bovine/United States]
FSIS11922201 [Bovine/United States;
FSIS11921336 [Bovine/United States|
FSIS1607192 [Bovine/United States]
CVM N42453 [Poultry/United States;
FSIS11920317 [Bovine/United States|
NY-19912 [Bovine/United States]
CVM N51290 [Bovine/United States’
NY_IDR1200021873-03 [Bovine/United States]
FSIS31800562 [Bovine/United States
FSIS11704890 [Poultry/United States]
MDH-2013-00178 [Bovine/United States]
FSIS7075044 [Poultry/United States]
NC_SK496 [Poultry/Brazil]
NC_SK497 [Poultry/Brazil]
FSIS11812024 [Bovine/United States!
FSIS1710351 [Bovine/United States]
FSIS1709861 [Bovine/United States]
FSIS1607961 [Bovine/United States]
NC_P03-05GX [Poultry/Uganda]
. Salmonella-Kentucky-P-269 [Poultry/India]
FSIS1703880 [Bovine/United States]
FSIS11927185 [Bovine/United States|
CFSAN031438 [Swine/Kenya]
OSF027525 [Bovine/United States]
FSIS11925063 [Bovine/United States|
FSIS11917550 [Bovine/United States
FSIS11814449 [Bovine/United States|
FSIS11703936 [Bovine/United States|
FSIS1700729 [Poultry/United States]
CFSAN031434 [Swine/Kenya]
FSIS11924862 [Bovine/United States|
[ ] BCW_2040 [Poultry/United States]
FSIS1503053 [Bovine/United States]
FSIS1503932 [Bovine/United States]
FSIS1701023 [Bovine/United States]
FSIS31800661 [Bovine/United States|
FSIS11812795 [Poultry/United States]
FSIS1607555 [Bovine/United States]
FSIS11926273 [Bovine/United States|
s CVM N18S0936 [Poultry/United States]
CVM N18S0935 [Poultry/United States]
UNAM2018133_Sa_AN23 [Bovine/Mexico]
UNAM2018132_Sa_AN22 [Bovine/Mexico]
UNAM2018134_Sa_AN24 [Bovine/Mexico]
UNAM2018137_Sa_AN27 [Bovine/Mexico]
: [ ) [ ) FSIS1503614 [Poultry/United States]
[ ) [ ] NC_P03-20TX [Poultry/Uganda
+ FSIS11812493 [Bovine/United States]
+ CVM N18S1065 [Bovine/United States]
+ FSIS11704051 [Poultry/United States]
YOWE ADRDL-NGUA-23 [Poultry/Nigeria]
444 ADRDL-NGUA-11 [Poultry/Nigeria]

44 NC_P03-10TB [Poultry/Uganda]
+44 NC_P03-12TX [Poultry/Uganda|
)OO NC_P03-11TX [Poultry/Uganda]
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NC_P03-07GX [Poultry/Uganda]
NC_P03-14TX [Poultry/Uganda]
NC_P03-13TX [Poultry/Uganda]
+44 NC_P03-18TB [Poultry/Uganda]
>4 : . . . CVM N57791F [Poultry/United States]
WAPHL_SAL-A00405 [Poultry/United States]
44 NY-30440 [Poultry/United States]
YOS CVM N57869F [Swine/United States]
PODE CVM N56562 [Poultry/United States]

+44 CVM N56563 [Poultry/United States]
+ 44 CVM N56564 [Poultry/United States]
44 CFSAN032018 [Swine/United States]
44 FSIS1710361 [Poultry/United States]
44 CVM N57805F [Poultry/United States]

CVM N19S0510 [Poultry/United States]
[ ] 16584 [Poultry/Kenya]

11582 [Swine/Ethiopia]

11576 [Poultry/Ethiopia]

11577 [Bovine/Ethiopia]

11578 [Poultry/Ethiopia]

11579 [Swine/Ethiopia]

11580 [Swine/Ethiopia)

11581 [Swine/Ethiopia]

11583 [Swine/Ethi

11584 [Swine/Ethi

11589 [Swine/Ethiopia]

i 16846 [Bovine/Ethiopia]

$4449044444

16845 [Bovine/Ethiopia]
16847 [Bovine/Ethiopia]
11586 [Swine/Ethiopia)
11585 [Swine/Ethiopia]
11587 [Swine/Ethiopia]
11588 [Swine/Ethiopia)
11590 [Swine/Ethiopia;
: s ADRDL-NGUA-16 [Poultry/Nigerial
ADRDL-NGUA-4 [Poultry/Nigeria]
CFSANO064 [Poultry/Nigeria]
ADRDL-NGUA-39 [Poultry/Nigeria
28042_4#32 [Poultry/Nigeria]
ADRDL-NGUA-28 [Poultry/Nigeria
28042_4#98 [Poultry/Nigeria]
ADRDL-NGUA-20 [Poultry/Nigeria
ADRDL-NGUA-1 [Poultry/Nigeria]
ADRDL-NGUA-7 [Poultry/Nigeria]
CFSAN064253 [Poultry/Nigeria]
CFSAN064208 [Swine/Nigeria]
ADRDL-NGUA-18 [Poultry/Nigeria
ADRDL-NGUA-32 [Poultry/Nigeria
29627_1#236 [Poultry/Nigeria|
28522_3#122 [Poultry/Nigeria
28042_4#175 [Poultry/Nigerial
28522_3#146 [Poultry/Nigeria|
29627_1_64 [Poultry/Nigeria]
29627_1_347 [Poultry/Nigeria|
29627_1_336 [Poultry/Nigeria|
29627_1_191 [Poultry/Nigeria
CFSAN064207 [Swine/Nigeria]
BCW_2726 [Wild Animal/Nigeria]
29627_1_201 [Poultry/Nigeria
ADRDL-NGUA-30 [Poultry/Nigeria]
kentucky_AK_584 [Bovine/Nigeria]

444444

44444444
+44

kentucky_AK_617 [Bovine/Nigeria]
kentucky 1D_100 [Bovine/Nigeria]
29627_1_179 [Poultry/Nigeria
28042_4#219 [Poultry/Nigeria
28522_3#344 [Poultry/Nigeria]
28042_4#308 [Poultry/Nigeria
28042_4#69 [Poultry/Nigeria]
28522_3#33 [Poultry/Nigeria]
28522_3#86 [Poultry/Nigeria]
29627_1#232 [Poultry/Nigeria]
28522_3#126 [Poultry/Nigeria|
[ ] CFSAN031279 [Poultry/Ethiopia]
29627_1_328 [Poultry/Nigeria|
28042_4#369 [Poultry/Nigeria|
28042_4#166 [Poultry/Nigeria
28042_4#320 [Poultry/Nigeria|
28522_3#98 [Poultry/Nigeria]
28042_44#223 [Poultry/Nigerial
28522_3#33 [Poultry/Nigeria]
28042_4#296 [Poultry/Nigeria|
CFSAN031557 [Bovine/Ethiopia]
CFSAN031558 [Poultry/Ethiopia]
28522_3#138 [Poultry/Nigeria|
29627_1#245 [Poultry/Nigerial
28042_4#288 [Poultry/Nigeria|
29627_1_188 [Poultry/Nigeria
28042_4#138 [Poultry/Nigerial
29627_1#145 [Poultry/Nigeria|
28042_4#57 [Poultry/Nigeria]
28522_3#102 [Poultry/Nigeria]
28042_4#272 [Poultry/Nigeria|
CFSAN031278 [Bovine/Ethiopia]
CFSAN031277 [Bovine/Ethiopia]
28042_4#16 [Poultry/Nigeria]
CFSAN031280 [Poultry/Ethiopia]
FSIS21925978 [Bovine/United States]
[ ] NC_WHO_S462 [Bovine/Lebanon]
KS 6 [Poultry/Nigeria]
Salmonella-Kentucky-P-231 [Poultry/India]
Salmonella-Kentucky-P-145 [Poultry/India]
Salmonella-Kentucky-P-207 [Poultry/India]
Salmonella-Kentucky-P-208 [Poultry/India]
Salmonella-Kentucky-P-261 [Poultry/India]
Salmonella-Kentucky-P-8 [Poultry/India]
Salmonella-Kentucky-P-225 [Poultry/India]
Salmonella-Kentucky-P-299 [Poultry/India]
28042_44#284 [Poultry/Nigeria]
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+
+
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4
+
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28522_3#154 [Poultry/Nigeria]
o [ ] Salmonella [Poultry/Zimbabwe]

8 NC_P03-03GX [Poultry/Uganda]
NC P03-16TX [Poultry/Ugandal
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OEBPS/Images/table1.jpg
Isolate ID  Accession Number® Isolation date Isolate Source Host species Origin Antimicrobial Resistance Profile® Clade
16584° SRR2534093 11/20/2013  Feces Swine Nairobi, Kenya SUT- CIP B
11582° SRR3027717 01/01/2005  Carcass Swine Addis Ababa, Ethiopia AMP-CIP A
11576 SRR3027712 01/01/2005  Chicken Carcass Poultry Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11577 SRR3027719 01/01/2005  Beef Bovine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11578 SRR3027706 01/01/2005  Chicken Carcass Poultry Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11679 SRR3027714 01/01/2005  Cecal contents Swine Addis Ababa, Ethiopia AMP-STR-SUT-TET- CIP A
11580 SRR3027721 01/01/2006  Cecal contents Swine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11581 SRR3027711 01/01/2005  Mesenteric lymph nodes =~ Swine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11583 SRR3027707 01/01/2006  Mesenteric lymph nodes  Swine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP A
11584 SRR3027716 01/01/2005  Liver Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN A
11589 SRR3027715 01/01/2005  Carcass Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN D
16846 SRR3115978 12/27/2013  Feces Bovine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP (¢}
16845 SRR3115968 12/27/2013  Feces Bovine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP (¢}
16847 SRR3115987 12/27/2013  Feces Bovine Addis Ababa, Ethiopia AMP-STR-SUT-TET-GEN-CIP (¢}
11586 SRR3027710 01/01/2005  Cecal contents Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN-CIP A
11585 SRR3027723 01/01/2005  Tongue Swine Addis Ababa, Ethiopia SUT-TET-GEN-CIP A
11687 SRR3027720 01/01/2005  Liver Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN-CIP A
11588 SRR3027708 01/01/2006  Mesenteric lymph nodes  Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN-KAN-CIP C
11590 SRR3027722 01/01/2005  Tongue Swine Addis Ababa, Ethiopia STR-SUT-TET-GEN-CIP C

“Accession number of sequences from GenBank;
YIsolates with no multidrug resistance profie.

°AMP, ampicillin (10 ig); CIP, ciprofloxacin (5 1ig); GEN, gentamicin (10 1ig); KAN, kanamycin (30 ug); STR, streptomycin (10 1ig); SUT, sulfamethoxazole/trimethoprim (23.75/1.25 ug);

TET, tetracycline (30 ug).





