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Abstract

Salmonella Kentucky is commonly found in poultry and rarely associated with human disease. However, a multidrug- resistant 
(MDR) S. Kentucky clone [sequence type (ST)198] has been increasingly reported globally in humans and animals. Our aim here 
was to assess if the recently reported increase of S. Kentucky in poultry in Spain was associated with the ST198 clone and 
to characterize this MDR clone and its distribution in Spain. Sixty- six isolates retrieved from turkey, laying hen and broiler in 
2011–2017 were subjected to whole- genome sequencing to assess their sequence type, genetic relatedness, and presence of 
antimicrobial resistance genes (ARGs), plasmid replicons and virulence factors. Thirteen strains were further analysed using 
long- read sequencing technologies to characterize the genetic background associated with ARGs. All isolates belonged to 
the ST198 clone and were grouped in three clades associated with the presence of a specific point mutation in the gyrA gene, 
their geographical origin and isolation year. All strains carried between one and 16 ARGs whose presence correlated with the 
resistance phenotype to between two and eight antimicrobials. The ARGs were located in the Salmonella genomic island (SGI- 1) 
and in some cases (bla

SHV- 12
, catA1, cmlA1, dfrA and multiple aminoglycoside- resistance genes) in IncHI2/IncI1 plasmids, some 

of which were consistently detected in different years/farms in certain regions, suggesting they could persist over time. Our 
results indicate that the MDR S. Kentucky ST198 is present in all investigated poultry hosts in Spain, and that certain strains 
also carry additional plasmid- mediated ARGs, thus increasing its potential public health significance.
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DATA SUMMARY
Short- read and long- read sequences along with complete genome assemblies generated in this study have been deposited in the 
European Nucleotide Archive (ENA) (http://www.ebi.ac.uk/ena) under BioProject ID PRJNA732654 (DDBJ/ENA/GenBank). 
SRA accession numbers can be found in Table S1 (available in the online version of this article). The phylogeny and associated 
metadata can be found in Fig. 2 and Table S1, respectively.

INTRODUCTION
Salmonella is one of the major causes of food- borne diseases worldwide and the is second most common zoonotic pathogen in 
humans in the European Union (EU) [1]. It usually causes a self- limiting disease, but in case of invasive infections in high- risk 
patients such as children, the elderly and immunocompromised patients, antibiotic treatment may be necessary. Besides its 
direct impact on human health, this pathogen causes considerable economic losses due to the need for healthcare measures and 
treatment implementation [2, 3].

Poultry is one of the main sources of Salmonella, and for this reason there are monitoring and control programmes worldwide 
with the aim of reducing its prevalence and identifying the main serovars present and their antimicrobial resistance phenotypes. 
Typically, predominant serovars in poultry differ depending on the commercial production type:laying hen, broiler and turkey. 
Therefore, control programmes may target different serovars depending on the host [4]. Predominant serovars may also change 
over time, possibly the product of serovar- specific control strategies (i.e. vaccination against S. Enteritidis, control programmes 
for S. Typhimurium and S. Enteritidis in poultry flocks) [5–7] but also the result of the expansion of emergent clones such as S. 
Typhimurium DT104 in the 1990s [8].

Since the 2000s, isolates belonging to the serovar Kentucky have been increasingly detected in travellers, although the proportion 
of S. Kentucky isolates among all human clinical Salmonella isolates reported in the EU has remained stable from 2010 to 2018 
(~0.8 %) [6, 9]. These isolates, typically belonging to sequence type (ST)198, showed high levels of multidrug- resistant (MDR) 
profiles, including resistance to fluoroquinolones, a critically important antimicrobial class [10]. Furthermore, detection of resist-
ance to third- generation cephalosporins has been recently reported in some isolates, and around 20 % of all human S. Kentucky 
isolates notified in the EU in 2017 carried extended- spectrum beta- lactamase (ESBL) genes [1].

While human cases in the EU are still typically associated with international travel (with up to 53.2 % of all travel- associated cases 
caused by this serotype in 2016) [6], broiler and turkey flocks have been identified as a potential reservoir of this MDR clone, 
and there has been an increase in the prevalence of serovar Kentucky in poultry in Europe since 2009 [11–13]. Recent reports 
have demonstrated the presence of isolates belonging to this serotype and showing high levels of resistance in poultry flocks from 
several EU Member States (MSs), suggesting a clonal expansion in poultry populations in Europe [1].

Accelerated dissemination of S. Kentucky in poultry flocks has been attributed to a better ability of this serovar to survive in low 
acid environments, such as the poultry caecum [14], and to the carriage of acquired virulence plasmids (pColV- like) [15], which 
may facilitate colonization of poultry hosts [7, 16]. However, the reasons why this serotype has been traditionally less associated 
with human clinical cases are not clear. It has been suggested that the decreased pathogenicity for humans could be due to the 
lack of certain virulence genes including gvra, sseI, sopE and sodCI [17] or sopD2, pipB2, sspH2 and srfH [18]

Previous studies suggest the S. Kentucky MDR ST198 clone has been emerging globally since the 1990s, and its origin has been 
traced back to Africa [12, 19], where it would have acquired a certain type of Salmonella genomic island (SGI- 1) around 1989, 
probably in Egypt [11, 20]. The SGI harbours several genes conferring its characteristic MDR phenotype (including resistance to 
ampicillin, streptomycin, gentamicin, sulfamethoxazole and tetracycline). In addition, ST198 strains have accumulated various 
SNPs in the quinolone- resistance- determining regions (QRDRs) of genes coding for the DNA gyrase and DNA topoisomerase 
IV enzymes (gyrA and parC, respectively). These chromosomal mutations confer resistance to ciprofloxacin. Moreover, some 
strains have acquired genes encoding carbapenemases and ESBLs transferred by IncC and IncI1 plasmids [21, 22]

Due to the spread of the MDR ST198 clone in broiler production in the EU, France included this serotype among the target 
regulated serovars for poultry in 2016 [6, 23], and it has been proposed as a candidate target serovar for inclusion in national 
control programmes for breeding flocks in other EU MSs [6]. In Spain, the analysis of Salmonella isolates obtained in the 
antimicrobial resistance (AMR) surveillance programmes in poultry during 2011–2017 revealed that MDR S. Kentucky strains 
were recovered from all hosts considered (turkeys, broilers and laying hens) since 2011–2012, although their relative frequency 
was much higher in turkeys compared to broilers and especially to laying hens [24]. Moreover, MDR isolates belonging to this 
serotype have also been detected in wildlife in Spain, suggesting other species may be involved in its epidemiology [25]. However, 
the genetic diversity and potential carriage of ARGs among the S. Kentucky strains currently circulating in Spanish poultry flocks 
is currently unknown.

Thus, the aim of this study was to evaluate the genetic diversity among Spanish S. Kentucky strains circulating in poultry in the 
period 2011–2017 to establish if MDR strains recovered from the different poultry hosts belong to the ST198 emergent clone, 

http://www.ebi.ac.uk/ena
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along with their genetic relatedness and the presence of possible molecular mechanisms conferring AMR or increased virulence. 
This study can help to understand the transmission dynamics of MDR Salmonella in poultry and to inform enhanced prevention 
and control strategies to mitigate their potential impact.

METHODS
Study population
The study population was formed by all (n=228) S. Kentucky isolates included in the Salmonella AMR surveillance programme 
in poultry flocks (laying hen, broiler and turkey) in Spain between 2011 and 2017 and and were part of a larger panel of 3047 
Salmonella isolates analysed in a previous study [24]. Isolates included in the AMR surveillance programme are selected at 
random (laying hen) and occasionally by convenience sampling (broiler and turkey) among those retrieved through official 
and auto- control checks performed in poultry flocks according to national and European legislation [26–28]. Therefore, the 
proportion of isolates of each serotype may not be representative of their actual distribution in the sampled populations (and 
hence of the Salmonella- positive farms) as previously discussed [24], but because no information on their resistance phenotype 
is available before their inclusion in the AMR surveillance programme, their phenotypes can be considered representative of the 
underlying serotype- specific population.

Information on their antimicrobial susceptibility profile for eight antibiotics (ciprofloxacin, nalidixic acid, gentamycin, ampicillin, 
sulfamethoxazole, tetracycline, chloramphenicol, colistin) determined using the two- fold broth microdilution method (ISO 
20776- 1 : 2006) was transformed into dichotomous variables (wild type, here referred to as susceptible, and non- wild type or 
resistant from here on) using the epidemiologic cut- offs (ECOFFs) indicated by the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) (Table S2). Isolates were classified as presenting or not presenting a certain MDR profile, 
including resistance to quinolones plus ampicillin, gentamycin, sulfamethoxazole and tetracycline (AGSuT), similar to the ASSuT 
profile [29–31] but replacing the aminoglycoside streptomycin (not available in our panel) by another aminoglycoside for which 
results were available, gentamicin (Table 1).

Sixty- six out of the total 228 S. Kentucky isolates were included in the study (Table S3) so that all hosts (laying hen, broiler or 
turkey), years (2011–2017) and AMR profiles (AGSuT/non- AGSuT) were represented (Table S3). Eleven (16.7 %), 27 (40.9 %) 
and 28 (42.4 %) isolates were retrieved from laying hen, broiler and turkey, respectively, roughly representing the proportions 
of isolates from each host among the 228 isolates [24]. The farms of origin of 56 isolates (no information was available for ten 
isolates) were in 21 provinces of Spain, with most laying hen and turkey farms being in the South and East of the country while 
broiler farms were more scattered (Fig. 1), in agreement with the overall distribution of the poultry farms from each production 
type in Spain based on farms sampled in the frame of the national Salmonella control programme (Fig. 1). Most isolates (n=44) 
originated from flocks coming from different farms, while six farms contributed two to four isolates collected from different 
flocks housed in different years (only two out of these six farms contributed two isolates in the same year, which originated from 
different flocks).

Among the selected isolates, 5/11, 11/27 and 17/28 presented the AGSuT phenotype (representing 45.5, 40.7 and 60.7 % of the 
AGSuT S. Kentucky isolates from each host in the original collection). The remaining 33 isolates included in the selection were 
resistant to two to five antimicrobials and were also included to assess their genetic relatedness with the AGSuT isolates (Table 1, 
Table S3).

Impact Statement

The emergence of a multidrug- resistant (MDR) Salmonella enterica Kentucky ST198 clone has been reported worldwide in the 
last decade, typically associated with cases in travellers. In addition, MDR S. Kentucky strains have been increasingly reported 
from poultry in several EU countries. In this article, we present a comprehensive analysis of the genomes from a large collection 
of isolates of this serotype obtained through the antimicrobial resistance surveillance programme in poultry flocks in Spain that 
confirms that this MDR clone is present in broiler, laying hen and turkey Spanish populations. Our results show that several of 
the strains analysed carry (in addition to the resistance traits characteristic of this MDR clone) a high number of antimicrobial 
resistance genes (ARGs) in mobile (plasmid and integron) structures. These MDR strains were retrieved from different locations 
and animal hosts over the years studied, suggesting their potential for persistence, and showed a high genetic similarity with 
sequences described in isolates from other countries and sources. The presence of ARGs in these mobile structures and the 
dynamics of establishment of this clone in the poultry population studied indicate that given its public health significance this 
serotype should be closely monitored in the future.
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The strains were recovered from frozen stocks (kept at −80 °C) by culture in Columbia 5 % sheep blood agar (bioMérieux) for 
24±3 h at 37 ± 1°C and submitted to the Laboratorio Tecnológico Agrario de Castilla y León (ITACYL) for whole- genome 
sequencing analysis.

Short-read sequencing
DNA from the 66 isolates was extracted and purified using commercial kits [32]. Libraries were prepared using the Nextera XT kit 
by standard protocols [33]. Extracted DNA was sequenced in the MiSeq Illumina platform using v3 reagents with 2×300 cycles.

The bioinformatics analysis was based on the Tormes pipeline (v 1.2) [34]. This included several steps (details and versions/
parameters provided in Table S4): first, adaptors were removed and low- quality raw reads were filtered out with Trimmomatic 
[35]. Reads that passed the quality control were classified taxonomically using Kraken2 [36]. Genomes were assembled with 
SPAdes [37], and the quality of the assemblies was evaluated with QUAST [38] (contigs <200 bp long were discarded). Then, 
assembled contigs were annotated using PROKKA. Multilocus sequence typing (MLST) was performed with the mlst software 
(T. Seemann, https://github.com/tseemann/mlst). Assemblies were screened for the presence of antimicrobial resistance genes 
(ARGs) using the blast- based ResFinder software [39, 40] and for virulence genes using ABRicate (T. Seemann, Abricate Github, 
https://github.com/tseemann/abricate) and the Virulence Factors Database (VFDB) [41]. The identification of plasmid replicons 

Table 1. AMR profile of the 66 selected isolates depending on the host

Resistotype Laying hen Broiler Turkey % Isolates (n)

2 Cip, Nal 1 2 2 7.6 % (5)

3 Cip, Nal, Amp – 2 1 4.5 % (3)

Cip, Nal, Tet 1 – – 1.5 % (1)

Cip, Nal, Gen – 2 1 4.5 % (3)

Cip, Amp, Chl – 1 – 1.5 % (1)

4 Cip, Nal, Gen, Smx 1 2 1 6.1 % (4)

5 Cip, Nal, Gen, Amp, Smx 1 5 3 13.6 % (9)

Cip, Nal, Gen, Smx, Tet 2 2 3 10.6 % (7)

6* Cip, Nal, Gen, Amp, Smx, Tet 4 8 9 31.8 % (21)

7* Cip, Nal, Gen, Amp, Smx, Tet, Chl – – 2 3.0 % (2)

Cip, Nal, Gen, Amp, Smx, Tet, Tmp – 2 2 6.1 % (4)

8* Cip, Nal, Gen, Amp, Smx, Tet, Tmp, Chl 1 1 4 9.1 % (6)

Total 11 27 28 66

*Isolates presenting the AGSuT phenotype: resistance to ampicillin, gentamicin, sulfamethoxazole and tetracycline.
Ampicillin (Amp), chloramphenicol (Chl), ciprofloxacin (Cip), gentamicin (Gen), nalidixic acid (Nal), sulfamethoxazole (Smx), tetracycline (Tet) and 
trimethoprim (Tmp).

Fig. 1. Maps indicating the total number of farms sampled in the frame of the Salmonella national control programmes during 2011–2017 per province 
in Spain (source: Ministry of Agriculture, Food and Fisheries). Colour indicates poultry production (orange: laying hen; green: broiler; blue: turkey) 
and colour intensity the number of farms. The number of farms from which isolates used in this study originated are indicated inside the relevant 
provinces.

https://github.com/tseemann/mlst
https://github.com/tseemann/abricate
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was carried out using PlasmidFinder [42] with a coverage threshold of >90 %, and point mutations associated with AMR were 
identified using PointFinder [43]. Serotyping analysis was performed using SISTR [44] for Salmonella. The raw reads generated 
in this study have been deposited in the European Nucleotide Archive (ENA: PRJNA732654).

Phylogenetic analysis
Thirteen S. Kentucky already sequenced and described in previous studies [11] were selected in order to include strains from 
different world regions [Europe (n=3), Africa (n=7) and Asia (n=2)], hosts (animal and human) and tree clades (linked to point 
mutations in the gyrA and parC genes) (Table S1). Reads from the isolates sequenced in this study and the above- mentioned 
downloaded sequences were mapped and aligned to the reference genome sequence 201001922 (CP028357.1) using bwa [45] with 
default parameters. The resulting SAM files were sorted and compressed into bam files using SAMtools [46]. SNPs were called 
using the ‘mpileup’ and ‘call’ commands from BCFtoools, excluding those with a coverage threshold lower than 10 and an average 
base quality (Phred score) lower than 30. SNPs selected were output in vcf (variant calling format) files to be parsed and examined.

Phage regions for the reference genome were found using the PHAST web server tool [47] and SNPs within such regions 
were masked using a custom python script. Consensus genome sequences from each strain were created by BCFtools from the 
corresponding vcf file and the reference sequence. All consensus sequences were aligned with MAFFT [48], and then Gubbins 
[49] was used to filter out polymorphic sites from the resulting multiple alignment file.

A maximum- likelihood phylogenetic tree was built in RAxML [50] using the general time- reversible substitution evolutionary 
model with gamma correction (GTR+Γ) and 10 000 rapid bootstrap replicates to correct for variability between positions in the 
genome. The tree was then rooted using one of the sequences downloaded from GenBank (SRR2124413) and visualized using 
FigTree (FigTree https://github.com/rambaut/figtree/releases) and iTol editor [51]. The presence of clusters of isolates in the 
phylogeny was evaluated by analysing the SNP alignment with RhierBAPs [52] in R.

Identification of SGI sequences
To characterize the sequence of SGI- 1 in the 66 sequenced strains, assembled contigs were ordered against the S. Kentucky 
reference genome CP028357 using Abacas [53] and queried for the presence of SGI- l sequences with blast using the SGI1- K 
sequence (reference AY463797.8) as the target. Contigs in which alignments with an e- value lower than 0.01 and alignment length 
greater than 500 bp were found were extracted. Artemis ACT [54] was used to visualize the results.

Statistical analysis
The correlation between the number of antimicrobials against which the strains were resistant (phenotypical resistance) and 
the number of ARGs present in the strains was assessed using the Kendall rank correlation tau.b, and a Kruskal–Wallis test 
was applied to assess differences in the number of AMR genes of isolates depending on their BAPS clade (A, B, C; see below). 
Fisher’s exact test was used to compare frequencies of isolates presenting a certain minimum inhibitory concentration (MIC) to 
fluoroquinolones (<256 or ≥256 mg l−1 for nalidixic acid, <16 or ≥16 for ciprofloxacin) and specific quinolone- resistance point 
mutations in gyrA (D87N/D87Y) (Table S5). Fisher’s exact test was also used to compare frequencies of isolates from certain 
hosts, regions and period of isolation depending on the BAPS informed clades. A P- value cut- off of 0.05 was used to determine 
significance in all statistical analyses. All statistical tests were performed in R [55]

Long-read sequencing analysis
Following short- read analysis, a selection of isolates presenting plasmid replicons belonging to the IncHI2 and IncI1 groups and 
ARGs for more than four antimicrobial classes or harbouring mcr genes were further studied using MinION (Oxford Nanopore 
Technology) long- read sequencing. These included 13 isolates harbouring more than five aminoglycoside resistance genes, other 
specific resistance genes (mcr- 9, dfrA1, blaSHV- 12, catA1, cmlA), and/or certain plasmid replicons (IncHI2, IncI1) (see Results). The 
selected strains were recovered from frozen stocks (kept at −80 °C) and cultured in Columbia 5 % sheep blood agar (bioMérieux) 
for 24±3 h at 37±1 °C, followed by liquid cultures in LB broth at 37 °C. DNA extraction and purification were performed using 
commercial kits (DNeasy Blood and Tissue Kit; Qiagen). The sequencing library was prepared with the Ligation Sequencing 
Kit (SQK- LSK109) and the Native Barcoding Expansion (EXP- NBD104 and EXP- NBD114) protocols from Oxford Nanopore 
Technologies (ONT). Sequencing was performed in a 9.4 MinION flowcell (FLO- MIN106) for 24 h. Local base calling and 
demultiplexing were performed with Guppy, available via the ONT community site (https://community.nanoporetech.com). 
Porechop (https://github.com/rrwick/Porechop) was used to remove the adapters from the reads. Reads with an average read 
quality score lower than 10 or a read length lower than 500 bases were filtered out with NanoFilt [56]. A hybrid assembly of 
combined MinION and Illumina Hi Seq reads was performed with Unicycler [57]. The hybrid assemblies were again screened 
with ResFinder and then explored to verify the genomic context (chromosomal or plasmid) of the identified ARGs (Table S6).

Once the genomes were assembled, plasmid and chromosome sequences were examined separately. To characterize the plasmid 
sequences, plasmid type was confirmed by PlasmidFinder, and MOB suite [58] was used to provide relaxase typing and prediction 

https://github.com/rambaut/figtree/releases
https://community.nanoporetech.com
https://github.com/rrwick/Porechop
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conjugation potential (Table S7). Complete plasmid sequences were compared among them using blast n and then blasted against 
the NCBI database (only hits with at least 90 % sequence identity and 90 % coverage were selected) (Table S7). Core genes of the 
plasmids were identified with Roary using PRANK [59] and after exclusion of hypothetical proteins with an in- home pipeline 
a multiple alignment file was created with MAFFT to determine sequence variation between plasmids. The same methodology 
was followed to align and compare the chromosomal content of the strains.

The content of integrons in the consensus sequences of hybrid assemblies was determined using a sequence identity approach. 
Additionally, plasmid visualization was performed using blast Ring Image Generator (BRIG) [60]

RESULTS
One of the 66 isolates (retrieved from a turkey) was excluded from the analysis due to the low quality of the reads (<20×) (Table 
S1). In silico serotyping and MLST confirmed the identity of the remaining 65 isolates as S. Kentucky ST198 (Table S1).

According to the phylogenetic analysis based on the SNP multi- alignment (812 bp length) of the 79 selected isolates (65 from 
this study and 13 external), four BAPS clades were identified, three of which included all the strains from this study (A, B and C), 
while the fourth (‘external’) included three strains whose genome was downloaded from GenBank (SRR2124413, SRR6898552, 
SRR6898566) (Fig. 2). All three hosts were represented in clades A, B and C, but isolates from farms in provinces in the West 
and Southeast of Spain were significantly (P<0.001) associated with clade C, while those coming from provinces in the North 
belonged more often to clades A and B (Table 2). Isolates from the initial years (2011–2015) mostly belonged to clade C, while 
those retrieved in 2016–2017 were more evenly distributed between all three clades.

AMR determinants
Different determinants conferring resistance against quinolones, aminoglycosides, beta- lactams, colistin, phenicols, sulphona-
mides, tetracyclines and trimethoprim were found in the sequenced strains (Tables S1 and S5). Each isolate harboured between 
one and 16 ARGs (median=6), and there were no significant differences (P<0.0001) in the number of ARGs depending on the 
clade (Table 2). The number of resistance genes found was highly correlated with the number of phenotypical resistances per 
isolate, as expected (tau=0.92, P<0.001).

Fig. 2. Maximum- likelihood phylogenetic tree of 78 S. Kentucky ST198 isolates. Sequences were aligned to genome CP028357.1 (id in red). The coloured 
labels (yellow, blue and purple) indicate the three identified clades (a, b, c). Major internal nodes are labelled with triangles (grey, orange, blue, pink) 
indicating amino acid mutation change in the gyrA gene in each strain. Isolates identified with a star were selected for hybrid assembly analysis (n=8). 
The following information is presented to the left of the isolate IDs: host and year of origin, presence/absence of ARGs, plasmid replicons, and region 
of origin and plasmid group. Bootstrap values (>70 support) are shown in the tree.
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Regarding fluoroquinolone resistance, all isolates were resistant to ciprofloxacin and nalidixic acid, but no plasmid- mediated 
quinolone resistance genes [qnr, aac(6′)- Ib- cr, qepA or oqxAB] were detected in their genomes. However, we found several muta-
tions in the QRDRs previously reported in ST198 MDR S. Kentucky strains: all the isolates had non- synonymous mutations in 
the parC (codon S80I and codon T57S) and gyrA (codon 83 S83F) genes. In addition, the sequenced strains presented one of two 
mutations in codon 87 of the gyrA gene: D87Y was found in 10 isolates (15.4%) and D87N in the remaining 55 isolates (84.6%). 
The D87Y/D87N genotype was associated with the grouping based on the phylogenetic tree: the 11 isolates presenting the D87Y 
substitution were included in clade A, while the D87N substitution was present in the remaining strains in clades B and C. The 
sequences external to this study clustering close to clade C also presented the D87N genotype (Fig. 2).

Similar MICs for nalidixic acid were observed irrespective of the mutation detected (P>0.05), while higher values for ciprofloxacin 
were observed in isolates presenting the D87N mutation (P<0.05) (Table S5).

A total of 10 determinants [aac(6)- Iaa, aac(3)- IIa, aac(3)- VIa, aacC5, aadA1, aadA2, aadA7, aph(3)- Ia, aph(3)- Ib, aph(6)- Id] 
conferring resistance to aminoglycosides were found in the collection, with between one and 10 genes per isolate (Table S1). The 
10 strains susceptible to the only aminoglycoside included in the panel (gentamycin) carried only the aac(6)- Iaa gene, present in 
all 65 isolates. The 55 gentamycin- resistant isolates presented different combinations of genes, with the most frequent one being 
aac(6')- Iaa, aacC5 and aadA7 (34/55).

Up to three beta- lactamase- encoding genes (blaSHV- 12, blaTEM- 1A, blaTEM- 1B) were found in 44 isolates (all resistant to ampicillin), 
of which nine carried blaTEM- 1A, 33 blaTEM- 1B and two blaSHV- 12 (in addition to blaTEM- 1B). The two blaSHV- 12 positive isolates were also 
resistant to cefotaxime (data not shown) and were recovered from a laying hen and a turkey flock in 2015. One ampicillin- resistant 
isolate did not harbour any beta- lactam resistance determinant.

Fifty out of the 52 phenotypically resistant isolates carried resistance genes against sulphonamides: 39 isolates carried only sul1, 
and 11 carried sul1 and sul3 genes. Two isolates were phenotypically resistant in the absence of sulfamethoxazole- resistant genes, 
and one out of the 13 isolates susceptible to sulphonamides carried sul1.

The tet(A) gene was found in 40 isolates, all resistant to tetracycline, while no resistance gene was found in the remaining 25 
tetracycline- susceptible isolates.

Among the less frequently reported resistance genes in ST198 S. Kentucky isolates, only one gene conferring resistance to 
trimethoprim (dfrA1) was found in eight isolates, all of which were phenotypically resistant to trimethoprim. Also, two phenicol- 
resistant genes (catA1, cmlA1) were present in nine isolates, all of which were resistant to chloramphenicol: seven carried only 
cmlA1 and two carried both genes. In addition, two other phenotypically chloramphenicol- resistant isolates did not carry any 
phenicol resistance gene. Finally, the mcr- 9 gene was found in two isolates recovered from broiler samples collected in the same 
province of Spain in 2013 and 2015. Both isolates were only resistant to ciprofloxacin, gentamicin and nalidixic acid, and were 
susceptible to colistin (MICs of 1 and 2 mg l−1).

Table 2. Number of isolates allocated to each of the clades identified in the phylogenetic analysis depending on host, region and year of collection, as 
well as median number of ARGs

Variable Clade A (n=10), 14% Clade B
(n=12), 17%

Clade C
(n=43), 59%

Total
(n=65), 100%

Host Broiler 5 (19 %) 4 (15 %) 18 (67 %) 27

Laying hen 2 (18 %) 1 (9 %) 8 (73 %) 11

Turkey 3 (11 %) 7 (26 %) 17 (63 %) 27

Year range 2011–2013 0 (0 %) 0 (0 %) 9 (100 %) 9

2014–2015 4 (14 %) 3 (10 %) 22 (76 %) 29

2016–2017 6 (22 %) 9 (33 %) 12 (44 %) 27

Region* Northa 7 (41 %) 7 (41 %) 3 (18 %) 17

South- Eastb 3 (13 %) 4 (17 %) 17 (71 %) 24

Westc 0 (0 %) 0 (0 %) 13 (100 %) 13

ARGs Median (range) 6 (2–11) 8 (1–8) 5 (1–16) 6 (1–16)

*No information of origin in 11 isolates (one from clade B and 10 from clade C).
a, Huesca, Teruel, Lleida, Tarragona, Baleares; b, Castellon, Alicante, Murcia, Almeria; c, Asturias, Salamanca, Avila, Segovia, Toledo, Ciudad Real, 
Huelva, Sevilla, Cadiz, Málaga, Jaen, Granada.
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Different SGI- K, Q and P- like structures were detected with the short- read assembly (Table S1). Information on the presence of 
virulence genes is presented in (Fig S1). Most of the 92 virulence genes searched were identified in all isolates, and for the 17 genes 
absent in one or more isolates no clear pattern was observed (i.e. they were not missing specifically in certain regions of the tree).

Plasmid replicons
Plasmid replicons belonging to five different plasmid types were detected in 38 strains of the collection. Replicons from long 
plasmids (>50000 bp, IncI1 and IncHI2) were present in 17 isolates, while short plasmid replicons [<7000 bp, ColpVC, Col156, 
Col(MG828)] were found in 27 isolates. (Table S1). The presence of long plasmids [IncI1 (n=3) or IncHI2 (n=10) replicon] was 
associated with specific resistance genes: isolates harbouring the mcr- 9 gene or isolates with more than five aminoglycoside 
resistance genes plus resistance genes against phenicols, trimethoprim and/or the blaSHV- 12 gene.

Hybrid assembly analysis
Eight isolates carrying a particularly high number of aminoglycoside genes (eight or nine), blaTEM- 1A, sul1, sul3, tetA, dfrA and 
cmlA1 (in six out of the eight isolates), along with IncHI2 plasmid replicons were selected for long- sequencing analysis (n=8). In 
addition, two isolates carrying the mcr- 9 gene and IncHI2 replicons and three harbouring five aminoglycoside genes, blaTEM- 1B, 
sul1, sul3 dfrA1, tetA and blaSHV- 12 (in two out of the three) along with IncI1 plasmid replicon were also included. High- quality 
reads and subsequent hybrid assembly were obtained and completed for 12 out of the 13 selected isolates (all but one carrying 
IncHI2, isolate ZTA19/00842). In all cases, at least two contigs were differentiated after hybrid assembly, one of ~4 800 000 bp 
representing the bacterial chromosome, and another of between 111 000 and 390 000 bp representing the plasmid sequence.

The nine IncHI2 plasmids that characterized sequences retrieved from the selected isolates were clustered into four groups 
(IncHI2a, IncHI2b, IncHI2c and IncHI2d) based on presence/absence of shared genes and sequence similarity (identity and 
coverage). All nine plasmids shared 23 of the total 139 genes identified in their sequences, with plasmids in the same groups 
sharing the same genes (Table S6, Fig. 3a, b), and having very similar sequences (>99.98 % identity and 100 % coverage) (Table S8). 
The IncHI2a group included three plasmids (isolates ZTA19/00814, ZTA19/00831 and ZTA19/00847) with 11 resistance genes 
(six aminoglycoside resistance genes plus cmlA1, sul1, sul3, tetA and dfrA). These plasmids were found in isolates from different 
flocks (two turkey flocks and one broiler flock) housed in three different years (2015, 2016 and 2017) in the same farm in the 
southeast of Spain. The IncHI2b group contained two plasmids (isolates ZTA19/00816 and ZTA19/00830) retrieved from different 
turkey farms in the same region in 2015 and 2016 and with the same resistant genes identified in the IncHI2a group (except one 
aminoglycoside gene, aadA2). The IncHI2c group included two plasmids found in isolates (ZTA19/00785 and ZTA19/00789) 
from turkey and laying hen samples collected in 2015 and 2016 (no geographical location information available, same ARGs as 
IncHI2a, IncHI2b groups plus catA1). Finally, the IncHI2d group contained the two plasmids carrying the mcr- 9 gene. Plasmid 
sequences from this subgroup presented 69 unique genes and were very different (<53 % coverage) from plasmids of the IncHI2a, 
IncHI2b and IncHI2c groups. These two plasmids also contained aadA1 and aac(3)- VIa resistance genes (Fig. 3b).

Fig. 3. Alignment of the identified plasmids in strains selected for hybrid analysis. Incompatibility group and number of plasmids per group are 
indicated in the top- middle of each panel. The inner ring in each group is used as a reference for the alignment (size indicated in the bottom- middle of 
each panel). Plasmid names (coloured key) refer to the strain of origin. Annotation of ARGs is shown on the outermost ring. ARGs in red are detected 
in all the plasmids of the group. ARGs in dark/soft grey are found in one/some of the plasmids, respectively. (a) IncHI2 plasmids (n=7, groups IncHI2a, 
IncHI2b and IncHI2c). (b) IncHI2 plasmids (n=2, group IncHI2d). (c) IncI1 plasmids (n=3, group IncI1).
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The three IncI1 plasmid sequences only shared 83–95 % of their sequences, but all harboured the same resistance aminoglycosides 
and sulphonamide resistance genes, plus the beta- lactamase gene blaSHV- 12 and the tetA gene in two of them (Fig. 3c).

The chromosomal structure of isolates with IncHI2 plasmids was very similar. All strains in group 1 carried four aminoglycoside 
resistance genes [aacC5, aac(6)- Iaa, aadA7 and sul1] in the chromosome, while all the remaining genes, aforementioned, were 
found in the plasmids. The chromosomal resistance genes were located in the SGI- 1 sequence, which presented a similar structure 
and content for all isolates, with an In4‐type complex integron on which aacC5, aadA7 and sul1 genes were encoded, and trans-
poson Tn21 on which the mercury resistance operon (merEDACPTR) was encoded. Core genomes of the chromosomic contig 
of these seven isolates differed by 20–76 SNPs. Chromosomal structures of isolates carrying the IncHI2d plasmid group were 
also similar, differing only in 53 SNPs. In contrast, and similar to what was observed in the plasmid analysis, the three isolates 
carrying IncI1 plasmids were more different, presenting between 115 and 582 SNPs (Table S8).

Plasmids from the 12 strains were predicted as being conjugative according to MOBtyper. Seven IncHI2 plasmids (IncHI2a, 
IncHI2b and IncHI2c groups) presented MOBH relaxase type, two carrying the mcr- 9 gene (IncHI2d) had both MOBH and 
MOBP relaxases, and all three IncI1 plasmids presented MOBP type (Table S6).

In addition, we characterized the integron content of the 12 strains sequenced with both Illumina and MinION technologies 
(Fig. 4). We identified four types of class 1 integrons in the 12 closed genomes, with seven strains containing three of them 
simultaneously (Fig. 4a). Together, these integrons contained eight resistance genes against seven different antimicrobials, namely 
chloramphenicol, trimethoprim, sulphonamides, quaternary ammonium compounds, and the aminoglycosides gentamycin, 
streptomycin and tobramycin (Fig. 4b). As mentioned previously, one of them (IC1) is in the chromosomal genomic island SGI- 1. 
The other three (IP1, IP2 and IP3) are located in the IncHI2 and IncI1- type plasmid

DISCUSSION
Historically, Salmonella isolates belonging to serotype Kentucky have been rarely associated with human illness [61]. However, the 
recent emergence of the ciprofloxacin- resistant S. Kentucky ST198 clone has highlighted the potential of this serotype to become 
a public health concern [6]. The recent reports describing MDR S. Kentucky isolates circulating in livestock in several EU MSs 
[1] suggest the possible establishment of this clone in the European food animal production systems. However, the usefulness 
of serotype- based identification for epidemiological purposes is limited because it may lead to the clustering of highly unrelated 
strains [62]. For this reason, we performed the present study based on whole genome sequencing (WGS) analysis in an attempt 
to assess the genetic relatedness between S. Kentucky strains circulating in poultry species in Spain, given the recent reports of 
the presence of MDR isolates belonging to this serotype [24].

The WGS results confirmed that all the sequenced isolates belonged to ST198 and were, in fact, related to the described emerging 
clone, including those resistant phenotypically to a low (two or three) number of antimicrobials (non- AGSuT). Although the 
limited variability observed within the isolates analysed in this study hampers the assessment of their genetic relationship (as 
evidenced by the low bootstrapping values obtained in the internal branches of the phylogenetic tree, Fig. 2), at least three 
well- separated clades were identified (A, B, C). If only the mutations in the QRDRs in the parC and gyrA genes are considered, 
two groups were differentiated by the mutation in codon 87 of the gyrA gene, in agreement with previous studies describing two 
distinct phylogenetic groups based on that SNP [20]. Divergence of these two groups was dated to around the 2000s and different 
geographical distributions for each of them have been described, although all have been detected in European countries [11]. 
In our study, both genotypes were found in isolates coming from the three sampled hosts, but strains with the least represented 
genotype (D87Y) (classified in clade A) were predominantly retrieved from farms located in the North and to a lower extent in 
the South- east of Spain and during the last few years (2016–2017), while strains with the alternative D87N genotype originated 
from all sampled regions and were retrieved throughout the whole study period, being the only ones found in the first few years 
(Table 2). This may indicate a different spatial and temporal distribution of the D87N/D87Y genotypes in Spain, as previously 
described at a larger scale [11], suggesting more than one successful introduction of different ST198 S. Kentucky strains in the 
Spanish poultry population, as was also hypothesized in China based on the genetic diversity of isolates from human and food 
sources, indicating that multiple introductions of strains with different origins could have occurred [63].

The high number of resistance genes found in most isolates was expected since they were selected because of their MDR pheno-
type, and is largely in agreement with previous reports describing several resistance genes against multiple antimicrobial classes in 
this clone [11, 63, 64]. Although we had no information on phenotypic resistance to streptomycin, 16 isolates carried several genes 
conferring resistance to this antimicrobial [e.g. aph(3)- Ib and aph(6)- Id], suggesting a resistant phenotype as previously described 
for ST198 S. Kentucky isolates. However, several strains presented in addition an unusually high number of aminoglycoside 
resistance genes and/or genes conferring resistance to other antimicrobial classes less commonly reported in S. Kentucky ST198, 
such as phenicols (catA, cmlA1), trimethoprim (dfrA1) or polymyxins (mcr- 9) (Fig. 1). Hybrid assembly analysis demonstrated 
that these genes were primarily associated with IncHI2 and IncI1 plasmids. Among the phenicol resistance genes, cmlA1 and catA1 
had been occasionally reported before in S. Kentucky ST198 in plasmids [11, 63] but always at frequencies below 5 % compared 
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with 9/66 in this study, and they had not been reported together. The trimethoprim dfrA1 gene, present in 8/66 of our strains 
(along with phenicol genes), had been reported only in one ST198 strain before together with an IncI1 plasmid replicon [64]. 
In contrast, other resistance genes to these antimicrobial classes previously reported (always at low frequencies) such as floR or 
dfrA12 were not found in our collection.

The high content of antimicrobial resistance genes in our strains was also associated with the presence of integrons. Integrons 
are major elements in AMR because they mobilize and stockpile more than 130 different resistance genes [65] and provide 
their bacterial host with adaptation on demand [66, 67]. All strains selected for MinION sequencing for their high resistance 
profile (12) possessed at least one integron, and the majority (seven) had three (Fig. 4). Our analysis illustrates the relevance of 
horizontal transfer of integrons, as their presence and content did not correlate with the genetic relationship of the isolates based 
on the phylogenetic analysis (Fig. 2). Even for the same integron we found variations between strains (Fig. 4a). Rearrangements 
mediated by insertion sequences (IS6 family) are known to disrupt integrons in clinical isolates [68] and seem to be at the basis of 
major rearrangements in the IncHI2 plasmid groups (Fig. 4a). It is important to note that AMR genes against almost all clinically 
relevant antimicrobial families have been identified in these genetic structures [65], emphasizing the importance of the correct 
identification and characterization of these platforms.

Fig. 4. (a) Integron content, strain distribution and variation among strains. (b) Schematic representation of the structure and content of integrons (IC: 
integron on the chromosome; IP: integron on a plasmid).
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Most of the isolates carrying IncHI2 plasmids and integrons, and the catA1, cmlA1 and/or dfrA1 genes were also those with 
the highest number of aminoglycoside resistance genes (7/9). These isolates were retrieved from all hosts but predominantly 
from turkey (5/7), a species often associated with higher levels of MDR Salmonella infection [6, 24]. Interestingly, very similar 
plasmid sequences (100 % of coverage and >99.9 % of identity) were retrieved from isolates coming from flocks housed in the 
same farm over different years, and from flocks housed in different farms and sampled in different years (Table S1). Given that 
the chromosome sequences from the isolates harbouring these highly similar plasmids differed in 20–40 SNPs, it could be 
hypothesized that these S. Kentucky ST198 plasmids themselves were able to persist in the farm from which they were recovered 
over three different years. An alternative hypothesis would be that multiple introductions of strains carrying the plasmid from a 
contaminated source occurred, which could explain its presence in other farms in different years. The IncHI2 plasmids retrieved 
here shared ~99 % identity and between 96 and 99 % coverage with plasmid sequences harboured by Escherichia coli O157:H7 
strains retrieved during a foodborne outbreak in the UK in 2012 [69] and from E. coli isolated from poultry meat in Italy [70]. 
These plasmids also carried a set of resistance genes against aminoglycosides, phenicol (cmlA1), trimethoprim (dfrA1) and 
other antimicrobial classes (Table S7), and were associated with increased fitness under certain environmental conditions in 
the O157:H7 strains and potentially linked to increased transmissibility/persistence of the carrier bacterial isolates [69], thus 
highlighting their clinical relevance. Given the role that IncHI2 plasmids can have in the acquisition and dissemination of ARGs 
in Salmonella and other Enterobacteriaceae [71], their detection in an already highly resistant Salmonella clone such as ST198 
is a worrying finding since it could lead to decreased susceptibility to other antimicrobial classes, as hypothesized in China, 
where the circulation of ST198 S. Kentucky isolates harbouring IncHI2 plasmids that carried additional ARGs has also been 
described [63].

Despite the high frequency of resistance genes found in our collection, we did not find any of the carbapenem- resistance genes 
(blaOXA48 and blaNDM- 1) previously reported in S. Kentucky clinical isolates from African countries [72, 73]. Similarly, only two 
out of 65 isolates carried ESBL genes (blaSHV- 12), in contrast to what has been described for S. Kentucky isolates from turkey in 
Poland (carrying blaCTX- M- 25) [21]. Similarly blaCTX- M- 14b, found in a clone increasingly reported in humans in Europe [64] and in 
isolates from animal sources in Europe, Africa and Asia [64, 74, 75], was not detected in our study. The two isolates carrying the 
blaSHV- 12 gene (in a very similar IncI1 plasmid) were genetically distinct (>600 SNPs), phenotypically resistant to cefotaxime and 
originated from turkey farms located in different provinces sampled in 2015. Plasmid sequences harbouring the blaSHV- 12 gene 
were similar (>97 % coverage and >99 % identity) to other plasmids described in E. coli isolates from a German poultry farm in 
2011 [76] and a Belgian broiler farm in 2013 [77, 78] (Table S7), thus suggesting its circulation in poultry populations in Europe 
and occasional carriage of ESBL genes [76].

The mcr9 gene found in two isolates in IncHI2 plasmids did not seem to confer phenotypic resistance to colistin even when 
exposed to increasing concentrations of this antimicrobial (data not shown), in agreement with previous results that suggest that 
its presence is not necessarily associated with a resistant phenotype [79–81].

In our panel, multiple variants of SGI- K, Q and P were observed in agreement with previous studies [11, 82], with strains with a 
less resistant phenotype presenting large deletions in this segment of the bacterial chromosome. Reorganization of SGI elements 
in this serotype did not impose an increased fitness cost under nutrient- limited conditions in Salmonella infection studies in 
an animal model, suggesting an adaptative advantage of this MDR strain [83]. In contrast, limited variability in the presence of 
virulence genes was found in our collection (Fig. S1) and most of T3SS (Type 3 Secretion System)- associated genes [84] were 
detected in all our strains, as commonly reported in isolates from this serotype. The reduced virulence of this serotype has been 
partially attributed to the absence of determined virulence genes such as sspH2 [18, 85], missing in the isolates analysed here. 
However, we found other virulence genes related to human infection (sopE, sopD2, pipB2, sseK2) [17, 18]. Therefore, the existence 
of poultry isolates carrying these genes deserves attention due to its potential ability to cause human infections.

From these data it is not possible to directly quantify the proportion or the underlying spatial distribution of S. Kentucky- positive 
farms in Spain, since isolates included in this study were part of the panel of Salmonella isolates tested in the frame of the AMR 
surveillance programme, which in turn is formed by a selection of isolates recovered through the national Salmonella control 
programmes, of which approximately half are selected by convenience sampling. Nevertheless, a previous study found no signifi-
cant differences between the relative distribution of serotypes in Salmonella- positive farms in the routine auto- control checks 
and those included in the AMR surveillance panel [24]. Given that we analysed through WGS here between 25 and 38 % of all S. 
Kentucky isolates available from laying hen, broiler and turkey, our results probably approximate well the genetic variability in 
circulating S. Kentucky strains in poultry in Spain.

Our results indicate that the MDR S. Kentucky ST198 is present in all the investigated hosts in Spain, and that certain strains 
also carry additional plasmid and integron- mediated AMR genes, thus increasing its potential public health significance. Several 
isolates from poultry originating from other countries as well as from human and wildlife sources were genetically similar to the 
isolates sequenced in this study, demonstrating the dynamic and global transmission cycle of the ST198 clone and the involvement 
of multiple species in its epidemiology. The presence of MDR strains/plasmids in different flocks housed in the same or different 
farms over the years suggests that these may persist in the environment and/or be reintroduced from contaminated sources, 
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possibly facilitated by a high antimicrobial selective pressure. Additional studies to clarify the epidemiology of this important 
serovar are needed in order to design preventive and mitigation measures.
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