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ABSTRACT 26 

Salmonella enterica subsp. enterica serovars are considered major causes of food poisoning 27 

and we performed this study because Salmonella is a burden in Lebanon. The present study 28 

investigated the ability of genomic information to predict serovar using a collection of 29 

Salmonella isolates from infected humans (n=24) and contaminated food (n=63) in Lebanon. 30 

Further, the phylogenomic relationships of the serovar the predominated in Lebanon (i.e., 31 

S. Enteritidis; n=25) were investigated in comparison with isolates from other countries (n=130) 32 

based on coregenome single nucleotide polymorphisms (SNPs). Genetic elements, specifically 33 

Salmonella pathogenicity islands (SPI), plasmid replicons, and antibiotic-resistance genes were 34 

screened in S. Enteritidis genomes (n=155). Our results revealed that the Salmonella serovars 35 

identification by seroagglutination from the samples isolated in Lebanon (n=87) was highly 36 

correlated with the genomic-based prediction of serovars (80.4-85.0% with SeqSero1 and 93.1-37 

94.2% with SeqSero2). The Salmonella serovars isolated from human and food samples in 38 

Lebanon were mainly Enteritidis (28.7%) and Infantis (26%). To a rare extent, other serovars 39 

included Amager, Anatum, Bredeney, Chincol, Heidelberg, Hofit, Kentucky, Montevideo, 40 

Muenster, Newport, Schwarzengrund, Senftenberg and Typhimurium. In comparison with other 41 

countries, S. Enteritidis samples isolated in Lebanon (56±27 intra-group pairwise SNP 42 

differences) presented a strong phylogenomic relativeness at the coregenome level with 43 

samples, as for example with samples isolated from Syria (65±31 inter-group pairwise SNP 44 

differences). Most of the studied S. Enteritidis genomes encoded 10 SPIs involved in survival in 45 

immune cells (i.e. SPIs 1, 2, 3, 4, 5, 12, 13, 14, 16 and 17). The plasmid replicons IncFIB (S)_1 46 

and IncFII (S)_1 encoding elements involved in virulence were identified in the majority of the 47 

S. Enteritidis genomes (94% and 96%, respectively), the majority exhibiting aminoglycosides 48 

(gene aac(6')-Iaa_1). The IncI_1_Alpha replicon responsible for ampicillin-resistance was only 49 

detected in 2 of 155 Lebanese human clinical strains. Genomic-based risk assessment of 50 
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Salmonella serovars in Lebanon showed that food imported from Syria might be an origin of 51 

the S. Enteritidis human cases in Lebanon. The detection of several SPIs involved in the 52 

survival, plasmid replicons involved in virulence, and aminoglycoside-resistance genes, 53 

emphasizes that S. Enteritidis is of paramount importance for public health in Lebanon and 54 

other countries. 55 

Keywords 56 

Salmonella serovars, Lebanon; Salmonella Enteritidis; phylogenomic relatedness; Salmonella 57 

pathogenicity islands; plasmid replicons; anminoglycoside-resistance genes 58 

1. Introduction 59 

Salmonella enterica subsp. enterica causes infectious diseases in humans and animals 60 

worldwide and is considered as a major foodborne pathogen (Kirk et al., 2015). In fact, 61 

nontyphoid salmonellosis is one of the major foodborne diseases affecting the human 62 

population (Acheson and Hohmann, 2001). It presents as gastroenteritis of sudden fever onset, 63 

abdominal pain, diarrhea, nausea and sometimes vomiting (Acheson and Hohmann, 2001). 64 

More than 2600 serovars of S. enterica subsp. enterica are described (Guibourdenche et al., 65 

2010) that can be used for source tracking. Over the past 100 to 160 million years, the 66 

diversification of Salmonella genus from a common ancestor with Escherichia coli was 67 

accompanied by the acquisition of genes that characterized its virulence and allowed for the 68 

infection of different hosts (Meysman et al., 2013). The clusters of genes related to Salmonella 69 

virulence have been acquired through several horizontal transfer events and are called 70 

Salmonella pathogenicity islands (SPIs) (Rychlik et al., 2009). Twenty-three (23) SPIs have 71 

been described (Hayward et al., 2014; Ilyas et al., 2017; Sabbagh et al., 2010; Shah et al., 72 

2005; Vernikos and Parkhill, 2006) and their related DNA sequences can be retrieved from 73 

reference genomes (Blondel et al., 2009; Chiu, 2005; Fookes et al., 2011; Kérouanton et al., 74 

2015; McClelland et al., 2001; Parkhill et al., 2001; Thomson et al., 2008). These SPIs encode 75 
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genes responsible for adhesion to epithelial cells (SPI-3, 4 and 5), invasion of their Salmonella 76 

containing vacuoles (SCV) (SPI-1 and 14), overcoming the resistance of the intestinal mucus 77 

layer for proper colonization (SPI-6), induction of inflammation and neutrophil recruitment (SPI-78 

1), as well as macrophage survival (SPI-11, 12 and 16) and outer membrane remodeling (SPI-79 

2, 5 and 13) in macrophages (Fookes et al., 2011; Ilyas et al., 2017; Kérouanton et al., 2015). 80 

While SPIs are common in all S. enterica (i.e. SPIs-1, 2, 3, 4 and 5 (Espinoza et al., 2017)), 81 

others are variable between serovars (i.e. SPI-11 (Fookes et al., 2011), 16, 17 (Vernikos and 82 

Parkhill, 2006), 19 (Blondel et al., 2009; Fookes et al., 2011)) or constituted of slightly different 83 

nucleotide sequences (i.e. SPI-6, 9 and 10 (Thomson et al., 2008)). Other SPIs are expected to 84 

be associated with S. Typhi (i.e. SPI-7, 8, 15 and 18 (Fookes et al., 2011)), S. Derby (i.e. SPI-85 

23 (Hayward et al., 2014; Kérouanton et al., 2015)), S. arizonae (i.e. SPI-20 and 21 (Blondel et 86 

al., 2009; Fookes et al., 2011)) or S. bongori (i.e. SPI-22 (Fookes et al., 2011)). Concerning the 87 

common SPIs, the SPI-1 and SPI-2 code for a type III secretion system (T3SS) of different 88 

structure and function (Jennings et al., 2017; Lou et al., 2019). While the T3SS encoded by 89 

SPI-1 is involved in non-phagocytic cell invasion and pro-inflammatory responses, that 90 

encoded by SPI-2 is required for intracellular survival (Tanner and Kingsley, 2018). The SPI-3 91 

is also necessary for intracellular survival and promotes bacterial growth during the systemic 92 

phase of the disease as it encodes a magnesium transporter under low Mg2+ environments 93 

(Soto et al., 2006). The SPI-4, on the other hand, is involved in epithelial cell adhesion, survival 94 

in the macrophage and secretion of toxins, while the SPI-1 and SPI-5 are required for 95 

enteropathogenesis because they are involved in inflammation and chloride secretion (Soto et 96 

al., 2006). This SPI-5 also encodes the stimulation of SPI-1 and SPI-2 (Sabbagh et al., 2010). 97 

Salmonella is one of the most prevalent Gram-negative pathogens and its presence is 98 

correlated with the use of antibiotics (Olesen et al., 2018). The acquisition of antimicrobial 99 

resistance (AMR) genes by Salmonella and other bacteria is due to acquisition of mobile 100 
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genetic elements, especially transmissible plasmids, enabling rapid adaptation to antibiotic-101 

resistance (Douarre et al., 2020).  Classification of plasmids can be based on genomic-based, 102 

replication-gene-typing (Carattoli et al., 2014), plasmid-mobilization (MOB) genes  (Orlek et al., 103 

2017; Robertson and Nash, 2018), and by serovar-specific-virulence genes and plasmid size 104 

(Rychlik et al., 2006).  105 

Given the importance of Salmonella for public health, the purpose of this study was to: (i) 106 

investigate the genomic-based prediction of serovars isolated in Lebanon, (ii) estimate the 107 

phylogenomic relationships of the serovars predominating in Lebanon in comparison with other 108 

countries, and (iii) screen genetic elements of interest (i.e. SPIs, plasmid replicons, AMR 109 

genes). 110 

2. Materials and methods 111 

2.1. Analytical strategy 112 

Overall, 87 strains of Salmonella were isolated from food and clinical specimens in Lebanon 113 

between 2017 and 2018 (Supplementary data 1). In parallel to the next generation sequencing 114 

(NGS) and de novo assembly, the serovars of these strains were identified by 115 

seroagglutination based on Kauffmann-Le Minor scheme (Grimont, 2007) in comparison with 116 

genomic-based prediction tools (i.e. SeqSero1 and SeqSero 2). Given the serovar mostly 117 

isolated in Lebanon (i.e. S. Enteritidis), the collection of NGS data from strains isolated in 118 

Lebanon was completed with NGS data from other countries based a curated version of 119 

Enterobase (Alikhan et al., 2018). This S. Enteritidis curated version (16 928 records) of 120 

Enterobase (34 714 records in January 2019) allowed standardization of complete records (i.e. 121 

BioProject, ENA ID, Host, sample Matrix, serovar, source niche, source origin, source details, 122 

country, and collection years). Respecting a high diversity of countries and a balanced data set 123 

in terms of sources and collection years, 134 paired-end reads labelled as Salmonella serovar 124 

Enteritidis were downloaded from the European Nucleotide Archive (ENA) (Harrison et al., 125 
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2018). The NGS data from ENA were also de novo assembled to check the serovar 126 

identification and used to perform a phylogenomic reconstruction of S. Enteritidis isolated in 127 

Lebanon and other countries. The scaffolds from S. Enteritidis de novo assemblies were used 128 

to detect genetic elements of interest including SPIs, plasmid replicons, and AMR genes. 129 

2.2. Quality assessment of genomic DNA and NGS/WGS data 130 

Salmonella strains were isolated and grown on Salmonella-selective media (XLD or BHI). 131 

Then, the genomic DNA was extracted using the "KingFisherTM Duo Prime" protocol. The 132 

quantity, purity, and integrity of the extracted DNA were assessed using a Qubit, a Nanodrop, 133 

and agarose gels, respectively. NGS data were although produced by the “Institut du Cerveau 134 

et de la Moelle Epinière” (ICM - Hôpital Pitié Salpêtrière, Paris). The NGS libraries were 135 

prepared using the Nextera XT DNA Library Prep Kit and paired-end sequenced (2 x 150 136 

bases) with an Illumina Nextseq500 sequencer. The quality assessment of NGS and WGS 137 

data was supported by detecting the intra-species contamination with ConFindr (Low et al., 138 

2019), checking the assembly sizes and fragmentation with MultiQC (Ewels et al., 2016) and 139 

ggplot2 (Wickham, 2009, p. 2), as well as controlling the depth and breadth of mapping 140 

coverage during variant-calling analysis performed with iVARcall2 (Felten et al., 2017). The 141 

non-parametric tests related to WGS data quality assessment (i.e. Kolmogorov-Smirnov (KS) 142 

and Wilcoxon rank-sum (WS)) were performed with the R Stats package (R Development Core 143 

Team, n.d.). 144 

2.3. de novo assembly, scaffolding and assembly metrics 145 

The in-house workflow ARTwork (Vila Nova et al., 2019) performed coverage control of reads 146 

(i.e. > 20X) with Bbmap (Bushnell, 2014), read normalization (i.e. 100X) with Bbnorm (Xu et al., 147 

2015), control of read quality with FastQC (Andrews, 2018), read trimming (i.e. > 20 of Quality 148 

Check) with Trimmomatic (Bolger et al., 2014), de novo assembly of contigs with SPAdes 149 

(Bankevich et al., 2012), selection of the closely related reference genomes with MinHash 150 
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among an in-house collection of reference circular genomes (Ondov et al., 2016), scaffolding 151 

with MeDuSa (Bosi et al., 2015), gap filling with GMcloser (Kosugi et al., 2015), trimming of 152 

small scaffolds (i.e. < 200 bases) with Biopython (Cock et al., 2009), annotation of genes with 153 

Prokka (Seemann, 2014) and synthesis of assembly metrics with QUAST (Gurevich et al., 154 

2013). 155 

2.4. Genomic-based prediction of serovars 156 

The identified Salmonella serovars by seroagglutination based on Kauffmann-Le Minor scheme 157 

(Grimont, 2007) were compared with genomic-based predictions of serovars. To achieve this 158 

goal, the genomic-based prediction tools SeqSero1 (Zhang et al., 2015) and SeqSero2 (S. 159 

Zhang et al., 2019) were applied on assembled contigs and scaffolds produced by the workflow 160 

ARTwork (Vila Nova et al., 2019). SeqSero1 and SeqSero2 were used to predict the 161 

Salmonella serovars based on databases of Salmonella determinants (i.e. rfb gene clusters, 162 

fliC and fljB alleles). In order to support the genomic-based prediction of serovars, the 163 

sequence types (ST) were also identified from the scaffolds using the workflow mlst (version 164 

2.16.1: https://github.com/tseemann/mlst) and the PubMLST database (Jolley and Maiden, 165 

2010). The comparisons of serovars identified by seroagglutination and predicted by genomic 166 

tools were performed with Venn diagrams produced by Venny 167 

(http://jvenn.toulouse.inra.fr/app/index.html) (Bardou et al., 2014). 168 

2.5. Mapping-based variant calling analysis and phylogenomic reconstruction 169 

Following the Genome Analysis ToolKit (GATK) (McKenna et al., 2010), the in-house workflow 170 

iVARcall2 (Felten et al., 2017; Vila Nova et al., 2019) performed trimming of reads (i.e. > 30 of 171 

Quality Check) with Trimmomatic (Bolger et al., 2014), reads alignment with BWA (Li, H. and 172 

Durbin, R., 2010) against the reference genome of the S. Enteritidis strain EC20090193 173 

(CP007321-1) (Rehman et al., 2014), read sorting with Samtools (Li et al., 2009), as well as 174 

duplication removal, realignment around insertion/deletions (InDels) and HaplotypeCaller-175 
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based variant calling (SNPs and small InDels) with GATK (McKenna et al., 2010). The 176 

pseudogenomes were produced with the script “VCFtoPseudoGenome” and correspond to the 177 

reference genome where the genotypes of detected coregenome variants were replaced in 178 

each genome (Felten et al., 2017). Based on these pseudogenomes, the phygenomic 179 

reconstruction was performed with IQ-Tree by selecting the most appropriated model of 180 

evolution based on Bayesian Information Criterion (BIC) and Akaike (AIC) (Kalyaanamoorthy et 181 

al., 2017), producing consensus trees considering all possible Nearest-Neighbor-Interchanges 182 

(NNIs) (Nguyen et al., 2015), and searching in the tree space from a BIONJ tree (Nguyen et al., 183 

2015) with an improved version (Hoang et al., 2018) of the ultrafast bootstrap (UFBoot) (Minh 184 

et al., 2013) (1000 iterations). UFBoot convergences were checked after the IQ-Tree 185 

computation (Nguyen et al., 2015). Samples of the closely related serovar Dublin (1SD0102, 186 

1SD0107, SRR5583067) were used as an outgroup to root the tree of the serovars Enteritidis 187 

(Felten et al., 2017). The pseudogenomes were also used as input to analyse the pairwise 188 

SNP differences intra- and inter-countries based on a modified version of the R package 189 

harrietr (https://github.com/andersgs/harrietr) (Palma et al., 2020) and ggplot2 graphical 190 

representations (Wickham, 2009, p. 2). 191 

2.6. Detection of genetic elements of interest (i.e. SPIs, plasmid replicons and AMR genes)  192 

The SPIs, plasmid replicons, and AMR genes were detected from the assembled scaffolds with 193 

Abricate (version 0.8.10: https://github.com/tseemann/abricate). While the SPIs were detected 194 

(80% identity and 80% coverage for all related genes) based on in-house Abricate databases 195 

of each SPI genes detected with Prokka (Seemann, 2014) (Table 1), the plasmid replicons and 196 

AMR genes were detected following recommended settings of PlasmidFinder (Carattoli et al., 197 

2014) and ResFinder (Zankari et al., 2012), respectively. The presence of complete SPIs was 198 

considered when 90% of SPI genes were detected. The presence/absence patterns of SPIs, 199 
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plasmid replicons, and AMR genes were presented with the phylogenomic reconstruction using 200 

the version 5.5.1 of iTOL (Letunic and Bork, 2019, 2016, 2011, 2007) 201 

2.7. Data availability 202 

The previously developed script called iVARCall2 (Felten et al., 2017) and ARTwork (Vila Nova 203 

et al., 2019) can be downloaded from the repository https://github.com/afelten-204 

Anses/VARtools/tree/master/iVARCall2 and the corresponding open source package is now 205 

available in Conda (https://anaconda.org/itsmeludo/repo and https://conda.io/docs/). 206 

Sequencing data is available in the BioProject PRJEB37595 of the European Nucleotide 207 

Archive (ENA) (https://www.ebi.ac.uk/ena/browser/view/PRJEB37595). 208 

3. Results 209 

3.1. Quality of genomic data 210 

Out of 92 strains of Salmonella from Lebanon, five strains were excluded from the present 211 

study because of exogenous DNA contamination and low quality of the assembly in terms of 212 

scaffold number and total assembly length (data are not shown). Considering all the remaining 213 

NGS data (n=221), the Confindr-based exogenous DNA contamination (Low et al., 2019) 214 

ranged from 0 to 8 single nucleotide variants (SNVs) and was estimated at 0.40±0.59 SNVs 215 

(Supplementary data 1). Similar extremely low levels of exogenous DNA contamination were 216 

observed comparing NGS data from the present study (0.25±0.39 SNVs) to ENA 217 

(0.50±0.71 SNVs). As recently demonstrated, these levels of exogenous DNA contamination 218 

lower than 10 SNVs are appropriate for phylogenomic reconstruction based on coregenome 219 

SNPs (Pightling et al., 2019). The de novo assemblies performed in the present study present 220 

a low fragmentation (from 1 to 19: 4.59±3.48 scaffolds higher than 1000 bp), as well as 221 

expected total assembly length (from 4.27 to 5.06 Mb: 4.76±0.07 Mb) and GC% (from 51.8 to 222 

52.2: 52.1±0.1) (Supplementary data 1). Published Salmonella genome sizes range from 3.39 223 

to 5.59 Mbp (Nava M. and Hernandez, 2016) with a GC% estimated at 52.12 ± 0.09 (Vila Nova 224 
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et al., 2019). Concerning the serovars predominating in Lebanon (25 S. Enteritidis among 87 225 

Salmonella), there were no statistical differences in scaffold number (KS=0.494 and 226 

WS=0.417), total length (KS=0.083 and WS=0.587) and deep coverage (KS=0.240 and 227 

WS=0.715) between S. Enteritidis samples from the present study and ENA (n=130 excluding 228 

4 genomes with ambiguous ST and serovars), emphasizing that assembly and mapping of both 229 

provided comparable outcomes (Supplementary data 1 and 2). Small statistical differences in 230 

breadth coverage (KS=1.4x10-10 and WS=7.3x10-8) were observed between samples from the 231 

present study (98.56±0.10%) and ENA (99.09±0.39%), showing that the genomes of the 232 

serovar predominating in Lebanon diverged slightly from the mapped reference genome 233 

(S. Enteritidis strain EC20090193) compared to genomes from the other considered countries 234 

(Supplementary data 2). Otherwise, the total length of genomes (4.73±0.03Mb) corresponding 235 

to the serovar predominating in Lebanon was quite similar to the predicted genome size from 236 

the literature; namely, ranging from 4.6 to 4.8Mb due to the presence or absence of several 237 

mobile elements such as phages and plasmids (Allard et al., 2013). Overall, the quality metrics 238 

of the assembly (number of scaffolds: 2.67±1.54; total length: 4.73±0.03Mb) and mapping 239 

(Breadth coverage: 99.01±0.42%; deep coverage: 80.05±26.12X) are suitable for downstream 240 

analyses related to the serovar mostly isolated in Lebanon (Felten et al., 2017; Vila Nova et al., 241 

2019) (Supplementary data 2).  242 

3.2. Genomic-based serovar prediction 243 

Based on results using the Kauffmann-Le Minor scheme (Grimont, 2007), the Salmonella 244 

strains isolated from Lebanon (n=87) were mainly represented by the serovars Enteritidis 245 

(28.7%) and Infantis (26.4%). Other serotypes, namely Amager, Anatum, Bredeney, Chincol, 246 

Heidelberg, Hofit, Kentucky, Montevideo, Muenster, Newport, Schwarzengrund, Senftenberg 247 

and Typhimurium were also identified by at lower percentages (Supplementary data 1 and 248 

Figure 1A). The serovars identified by seroagglutination of Salmonella samples isolated in 249 
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Lebanon (Grimont, 2007) were highly correlated with the genomic-based prediction of serovars 250 

from SeqSero1 (Zhang et al., 2015) (80.4-85.0%) and SeqSero2 (S. Zhang et al., 2019) (93.1-251 

94.2%) applied on assembled contigs or scaffolds produced by the workflow ARTwork (Vila 252 

Nova et al., 2019). 253 

3.3. Coregenome phylogenomic reconstruction and deep analysis of pairwise SNP 254 

distances 255 

Except five divergent genomes at the root (SRR6844254, SRR7049988, SRR7408396, 256 

SRR4418787, ERR1815494), the robust phylogenomic reconstruction (TVM+F+I converged at 257 

102) divided S. Enteritidis strains (mainly ST 11: Supplementary data 1) into two main clusters. 258 

A first cluster that encompasses the Lebanese strains with other ones mostly isolated in Asia 259 

and Brazil (cluster 1), and a second one that comprises mainly European, North American and 260 

Brazilian strains (cluster 2) (Figure 2). Considering the Lebanese strains (Supplementary data 261 

3), human and avian strains had smaller intra-country pairwise SNP differences (46±12 ranging 262 

from 23 to 67) than human and bovine strains (96±3 ranging from 88 to 101). The intra-country 263 

pairwise SNP distances (Supplementary data 3) were highly variable (Figure 3A) and range 264 

between 48±29 for strains from Taiwan and 358±225 for strain from Ireland with a maximum of 265 

3 220 for strains from United-States (Table 2A). Comparing Lebanon to all the other countries 266 

(Figure 3B), the Lebanese and Syria strains present the lowest inter-country pairwise SNP 267 

distances ranging from 38 to 93 and estimated at 65±31 (Table 3B). More precisely, Lebanese 268 

strains from the S. Enteritidis cluster 1 present closely related pairwise SNP differences with 269 

strains from Syria (SF11 vs SRR1300592: 38 SNPs), Taiwan (SF21 vs SRR7741644: 62 SNPs 270 

and SF21 vs SRR7741644 vs 65 SNPs), Belgium (SF11 vs SRR1763807: 74 SNPs), United 271 

Kingdom (SF21 vs SRR6900948: 78 SNPs) and Ireland (SH4 vs ERR1815489, ERR1815490 272 

and ERR1815488: 80 SNPs). 273 
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3.4. Distributions of SPIs, plasmid replicons and AMR genes 274 

SPIs (Supplementary data 4), plasmid replicons (Supplementary data 5), and AMR genes 275 

(Supplementary data 6) were detected in S. Enteritidis genomes. Most of the S. Enteritidis 276 

genomes harbored 10 SPIs: SPI-1, SPI-2, SPI-3, SPI-4, SPI-5, SPI-12, SPI-13, SPI-14, SPI-16 277 

and SPI-17 (Supplementary data 4). The majority of the genomes (94%) harbored 2 to 3 278 

plasmid replicons such as IncFIB(S)_1 and IncFII(S)_1 (Supplementary data 5). In addition, 279 

two Lebanese human genomes (SH17 and SH25) harbored a plasmid replicon InclI_1_Alpha 280 

which was not detected in other Lebanese S. Enteritidis genomes (Supplementary data 5). 281 

While a strain isolated from food in Lebanon (SF20) was devoid of plasmid replicons, others 282 

harbored plasmid replicons such as Col(Ye4449)_1, ColRNAI_1, and IncX1_1 and others 283 

(Supplementary data 5). Elsewhere, AMR genes were detected for six antibiotic-resistance 284 

gene families: aminoglycoside (aac(3)-Vla_1, aac(6')-Iaa_1, ant(3)-Ia_1, aph(3)-Ib_5, aph(6)-285 

Id_1), beta-lactamase (blaTEM-116_1), phenicol (cat(pC194)_1), trimethoprim (dfrA1_10, 286 

dfrA25_1), quinolone (qnrB2_1) and sulphonamide (sul1_5, sul2_2). Almost all studied 287 

S. Enteritidis genomes harbored a single AMR gene (Supplementary data 6). The most 288 

common AMR gene detected was aac(6')-Iaa_1 responsible for aminoglycoside-resistance. 289 

Two Lebanese strains recovered from human infections (SH17 and SH25) carried an additional 290 

plasmid replicon (IncI_1_Alpha), harbor also an additional AMR gene (blaTEM-1B_1). Five 291 

human clinical and avian strains isolated from other countries (SRR5160664, SRR7741600, 292 

SRR7741613, SRR7741630; SRR1258572) exhibited resistance to more than three antibiotic 293 

families (Supplementary data 6) and are consequently considered as multiple drug resistance 294 

(MDR) strains (Magiorakos et al., 2012). 295 
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4. Discussion 296 

4.1. Avian origin of S. Enteritidis isolated from human in Lebanon 297 

S. Enteritidis is the most prevalent serovar in Lebanon as it had already been reported by the 298 

Lebanese laboratories participating in PulseNet, the network for the monitoring of foodborne 299 

diseases (Fadlallah et al., 2019). This observation was confirmed in our study since 300 

S. Enteritidis was the major serovar identified and was prevalent in 25 samples (28.7%) among 301 

87 ones isolated in Lebanon between 2017 and 2018 (Figure 1A). The estimated correlations 302 

between seroagglutination and genomic-based serovar prediction (80.4-85.0% for SeqSero1 303 

(Zhang et al., 2015) and 93.1-94.2% for SeqSero2 (S. Zhang et al., 2019) (Figure 1B) were in 304 

agreement with other authors estimating that Seqsero1 and Seqsero2 are correlated at 95% 305 

and 98%, respectively (Diep et al., 2019). In agreement with our observations (Figure 2) and as 306 

previously observed in comparison with the clonal serovars phylogenetically associated with 307 

cattle (Dublin) and avian (Pullorum and Gallinarum), the serovar Enteritidis is considered as a 308 

multi-host (Felten et al., 2017; Langridge et al., 2015) and presents a panmictic population 309 

regarding its isolated animal source (Sheppard et al., 2018). Supporting the theory that humans 310 

(Retamal et al., 2015) and poultry (Barrow, 1991) are especially susceptible to S. Enteritidis, 311 

we observed that genetic differences between human and avian strains isolated in Lebanon 312 

(Supplementary data 3) (46±12 SNPs) are smaller than those between human and bovine 313 

strains (96±3 SNPs). Indeed, S. Enteritidis is known for its strong association with poultry and 314 

its ability to infect chicken ovaries asymptomatically (Y. Zhang et al., 2019). Based on our 315 

results (Figure 2 and Supplementary data 3), the strong phylogenetic relatedness between 316 

human and avian S. Enteritidis strains shows that salmonellosis in Lebanon is likely due to 317 

poultry sources. This has been demonstrated for 20 years, since the first outbreak of 318 

S. Enteritidis in chicken meat in Lebanon (Barbour et al., 1999). And indeed, the disease 319 

caused by the serovar Enteritidis is one of the 25 major poultry diseases in Lebanon such as 320 
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colibacillosis, infectious bursal disease, necrosis of the femoral head, malabsorption, and the 321 

syndrome of egg drop (Barbour et al., 1997). 322 

4.2. Geographical origin of S. Enteritidis isolated in Lebanon 323 

This phylogenomic study of S. Enteritidis strains from different geographic sources shows that 324 

Lebanese strains are closely related with strains from Syria (38 SNPs), Taiwan (62-65 SNPs), 325 

Belgium (74 SNPs), United Kingdom (78 SNPs) and Ireland (80 SNPs) (Figure 3B and 326 

Supplementary data 3). This result is consistent with the fact that the meat sector in Lebanon 327 

contains products that originate from various sources (e.g. Australia, Brazil, Paraguay, France, 328 

New Zealand, China, Canada, Uruguay, Argentina, United States, Poland, Denmark, Porto 329 

Rico, Netherlands, South Africa) (Darwish, 2013). The Syrian strain from plants presenting the 330 

most closely related coregenome to Lebanese avian strains could highlight inter-country 331 

contamination, which remains hypothetical at this stage of the investigation. It is estimated that 332 

Lebanon imports annually about 25,000 tons of chicken breast meat from Syria and that in turn 333 

imports meat, thighs, and chicken drumsticks from Lebanon (Darwish, 2013). Nevertheless, the 334 

limited amount of S. Enteritidis genomes from Lebanon (n=25) and other 14 countries (n=130) 335 

compared in the present study does not exclude the possibility that genomes from non-336 

sequenced samples and/or other countries may be genetically more related to those isolated in 337 

Lebanon. The present study that is performed with limited computing and storage capacities, 338 

will contribute to the international systems of foodborne pathogens’ control like Pathogen 339 

Detection from NCBI integrating today genomic data for 286 015 Salmonella isolates. 340 

4.3. SPIs of S. Enteritidis 341 

To our knowledge, the present study proposes for the first time a DNA sequence database of 342 

the 23 known SPIs (Table 1). The studied S. Enteritidis genomes harbor 10 SPIs among the 23 343 

known (i.e. SPIs 1, 2, 3, 4, 5, 12, 13, 14, 16 and 17). As expected, the studied S. Enteritidis 344 

genomes do not harbor the SPIs supposed to be associated with S. Typhi (i.e. SPI-7, 8, 15 and 345 
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18 (Fookes et al., 2011)), S. Derby (i.e. SPI-23 (Hayward et al., 2014; Kérouanton et al., 346 

2015)), S. arizonae (i.e. SPI-20 and 21 (Blondel et al., 2009; Fookes et al., 2011)) or S. bongori 347 

(i.e. SPI-22 (Fookes et al., 2011)). In addition, the studied S. Enteritidis were not shown to 348 

harbor SPIs known to be variable between S. enterica serovars (i.e. SPI-11 and 19 (Blondel et 349 

al., 2009; Fookes et al., 2011) or constituted of different nucleotide forms (i.e. SPI-6, 9 and 10 350 

(Fookes et al., 2011; Thomson et al., 2008)). Among the SPIs detected in the studied 351 

S. Enteritidis, the first 5 SPIs (SPI-1 to SPI-5) were expected because they are common in all 352 

Salmonella enterica (Espinoza et al., 2017). Among them, the SPI-2 is considered to be the 353 

most important for virulence because it possesses all necessary genes for the survival of the 354 

bacterium in macrophages (Ilyas et al., 2017). The detected SPI-12, SPI-13, SPI-14, SPI-16, 355 

and SPI-17 have a role during infection in various serovars. For instance, the SPI-12 has been 356 

detected in various serovars such as Choleraesuis, Typhimurium (Ilyas et al., 2017), Typhi 357 

(Deng et al., 2003), Enteritidis, Gallinarum, and Choleraesuis (Fookes et al., 2011). The SPI-12 358 

encodes a remnant phage including genes involved in the survival of Salmonella in 359 

macrophages and is controlled by the SsrB regulator through the sspH2 promoter 360 

(Tomljenovic-Berube et al., 2013). This sspH2 virulence factor secrets effector proteins of 361 

T2SS increasing the rate of actin polymerization in infected cells (Satyanarayana et al., 2019). 362 

Among these effector proteins of the SPI-12, the oafA gene encodes an acetylase of the LPS 363 

O antigen that confers beneficial antigenic variation for pathogenesis and immune evasion 364 

(Ilyas et al., 2017). A previous study demonstrated by a screening of S. Gallinarum mutants 365 

that the detected SPI-13 and SPI-14 promoted the colonization of chicken spleen (Shah et al., 366 

2005). Besides, the SPI-13 in S. Enteritidis genomes impaired infection of murine 367 

macrophages, without modified infection of avian macrophages (Elder et al., 2016). The in vitro 368 

specificity of these two SPI-13 and SPI-14 during avian infection would explain their detection 369 

in the serovar S. Enteritidis that is considered to have an affinity for avian diseases. Otherwise, 370 
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the detected SPI-16 and SPI-17 are supposed to be present in all Salmonella serovars except 371 

S. bongori and S. arizonae, as well as S. bongori, S. arizonae and S. Typhimurium, 372 

respectively (Vernikos and Parkhill, 2006). The SPI-16 and SPI-17 identified in the studied 373 

S. Enteritidis genomes, appear to belong to the same phage family, similar to bacteriophage 374 

P22, and are involved in seroconversion because of the presence of the gtrA and gtrB genes 375 

that mediate the glycosylation of the O antigen and the variation of the cell surface (Sabbagh et 376 

al., 2010). 377 

4.4. Plasmid replicons of S. Enteritidis 378 

IncFIB(S)_1 and IncFII(S)_1 are the plasmids replicons predominantly detected in the studied 379 

S. Enteritidis genomes. They belong to the family of IncF which is widely distributed and 380 

restricted to the Enterobacteriaceae family, in particular Salmonella enterica, Shigella and 381 

Escherichia coli (Villa et al., 2010). These IncF plasmid replicons contributed to the bacterial 382 

ability by providing determinants of virulence including AMR, bacteriocins, siderophores, 383 

cytotoxins and adhesion factors (Villa et al., 2010). For instance, IncF plasmids have been 384 

associated with the sudden worldwide emergence of clinically relevant extended spectrum 385 

beta-lactamases (ESBLs), such as the CTX-M-15 gene, but also with the spread of ampC 386 

genes (blaCMY and blaDHA) and the resistance to quinolone and aminoglycosides encoded by 387 

the aac(6')-Ib-cr, qnr, qepA, armA and rmtB genes (Carattoli et al., 2014; Villa et al., 2010). An 388 

aminoglycoside resistance that is encoded by the aac(6 ')-Iaa_1 gene was detected in all the 389 

S. Enteritidis genomes, which differs from the resistance genes generally present on IncF 390 

plasmid replicons (Villa et al., 2010). The lack of plasmid replicons in some S. Enteritidis 391 

genomes from aminoglycoside-resistant strains, could be due to the fact that the aac(6')-Iaa_1 392 

gene can be carried by the chromosome. Furthermore, the plasmid replicons IncI_1_Alpha 393 

detected in two strains isolated from Lebanese human (SH17 and SH25), are probably 394 

responsible for the resistance to ampicillin, because these are the only strains among the 395 



17 
 

Lebanese ones carrying the ampicillin resistance gene BlaTEM-1B_1. As previously described, 396 

plasmids belonging to the incompatibility group I1 (IncI1) detected in Escherichia coli and 397 

Salmonella carry ampicillin resistance genes (Carattoli, 2009; García-Fernández et al., 2008). 398 

On the other hand, the observation of ampicillin-resistant strains without IncI plasmid replicons 399 

implies that this resistance can be carried by other plasmid families such as small-sized Col 400 

plasmids and IncX plasmids which encode resistance genes blaTEM (Ahmed et al., 2017; 401 

Johnson et al., 2012). 402 

4.5. AMR genes of S. Enteritidis 403 

S. Enteritidis has become increasingly resistant to multiple antibiotics by accumulating 404 

resistance genes to different types of antibiotics. In the present study focusing on the 405 

Salmonella serovar mostly isolated in Lebanon (i.e. Enteritidis), we observed a high frequency 406 

of aminoglycoside resistance coded by the aac(6')-Iaa gene comprising the enzyme aac(6') 407 

that inactivates, by acetylation, tobramycin, kanamycin and amikacin (Salipante, 2003). Several 408 

studies have been conducted on the AMR of S. Enteritidis from different countries. Concerning 409 

S. Enteritidis isolated from eggs in India, resistance to ampicillin, kanamycin, nalidixic acid, 410 

neomycin, polymixin, and tetracyclin had been observed (Suresh et al., 2006). Two studies 411 

were carried out with S. Enteritidis isolated in Italy (2004): the first with strains isolated from 412 

humans, animals and food showed resistance to treptomycin, sulphonamide, nalidixic acid and 413 

tetracycline (Busani et al., 2004), and the second with strains isolated from poultry, showed 414 

resistance to tetracycline, ampicillin, trimethoprim-sulfamethoxazole, gentamicin and 415 

kanamycin (Pezzella et al., 2004). On the other hand, a study carried out with S. Enteritidis 416 

isolated from poultry, eggs and humans in Turkey, showed no resistance to antibiotics from the 417 

family of aminoglycoside, quinolone and carbapenem, while resistance was evident from all 418 

isolated strains to Class II cephem, tetracycline, and beta-lactamase (Íçgen, 2002). The low 419 

frequency of aminoglycoside-resistance of S. Enteritidis strains, suggests that the recent 420 
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increase in aminoglycoside use in human medicine has not yet had an impact. The aac(6')-Iaa 421 

gene codes for resistance to different antibiotics (tobramycin, kanamycin, amikacin), but this 422 

does not allow us to consider the Lebanese strains as MDR because the latter possess a 423 

resistance to at least three antibiotic families (Magiorakos et al., 2012). S. Enteritidis strains 424 

isolated in Lebanon, therefore do not show resistance to the majority of the dedicated 425 

antibiotics for this serovar and their resistance involves only certain antibiotics of the 426 

aminoglycoside family, as well as resistance to ampicillin. Finally, few S. Enteritidis genomes 427 

from other countries are MDR with AMR genes corresponding to different antibiotic families 428 

(aminoglycoside, beta-lactamase, phenicol, trimethoprim, quinolone and/or sulphonamide). 429 

5. Conclusions 430 

Foodborne bacterial diseases are a growing challenge for human health worldwide. Among 431 

them, salmonellosis can cause high morbidity in the developed and industrialized countries. 432 

The causative agent Salmonella can induce simple infections such as gastroenteritis or 433 

invasive infections such as bacteremia and systemic disease. Salmonella enterica subsp. 434 

enterica serovar Enteritidis, the main serovar isolated in Lebanon between 2017 and 2018, has 435 

become the second leading cause of Salmonella infection in humans, after the serovar 436 

Typhimurium. S. Enteritidis has a wide range of hosts but seems strongly related to poultry and 437 

egg products. In the present study, we observed that the classical seroagglutination procedure 438 

for identifying Salmonella serovars was highly correlated with genomic-based predictions. The 439 

phylogenomic study of S. Enteritidis performed in the present study showed a strong similarity 440 

between Lebanese strains and strains from several countries, especially Syria, which may 441 

potentially highlight inter-countries contamination of imported food. The observation of close 442 

phylogenomic relationships between human and avian strains in Lebanon showed that the 443 

major cause of infection by this serovar is probably the avian products. S. Enteritidis genomes 444 

harbor 10 SPIs: SPI-1, SPI-2, SPI-3, SPI-4 SPI-5, SPI-12, SPI-13, SPI -14, SPI-16 and SPI-17, 445 
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involved in colonization and infection of host cells. Concerning the plasmid replicons, the 446 

predominantly detected replicons (IncFIB(S)_1 and IncFII(S)_1) affect the virulence of this 447 

serovar but are not involved in the aminoglycosides-antibiotic resistance because of the 448 

absence of the gene aac (6')-Iaa_1 that appears to be localized on the chromosome. On the 449 

other hand, we found that the resistance of strains (SH17 and SH25) to ampicillin is probably 450 

harbored by the plasmid replicon IncI_1_Alpha. Finally, the studded S. Enteritidis showed 451 

resistance to antibiotics belonging to the family of aminoglycosides, especially tobramycin, 452 

amikacin and kanamycin, with resistance to ampicillin detected in few samples. Most of the 453 

studded S. Enteritidis are not MDR because most of the samples showed resistance to a single 454 

family of antibiotics. In summary, S. Enteritidis is a serovar possessing several virulence 455 

factors, as well as AMR genes, that improve its survival in the host organism. To reduce the 456 

infection rate caused by S. Enteritidis, it is necessary to analyze imported products to 457 

determine their microbiological qualities, while carefully handling antibiotic usage in a way that 458 

prevents excess application, especially in the livestock sector to avoid the emergence of new 459 

AMR. 460 
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FIGURE LEGENDS 815 

Figure 1: Genomic-based predictions of Salmonella serovars (A) isolated from human 816 

(n=24) and food (n=63) in Lebanon between 2017 and 2018 (A) and corresponding 817 

prediction consistencies in comparison with seroagglutination based on Kauffmann-Le 818 

Minor scheme (B). The genomic-based predictions 1, 2, 3 and 4 where performed using 819 

contigs (i.e. Spades) or scaffolds (i.e. Spades+Medusa+GapCloser from the workflow 820 

ARTwork) as input of SeqSero 1 or 2. 821 

Figure 2: Coregenome SNP-based phylogenomic tree by maximum likelihood (TVM+F+I 822 

converged at 102) of Salmonella Enteritidis isolated from human and food in Lebanon 823 

between 2017 and 2018 (n=25), as well as other countries (n=130). The variant calling 824 

analysis and maximum likelihood were performed with the workflows iVARCall2 and IQ-Tree, 825 

respectively. The source-type, country and isolation dates are represented. Bootstrap values 826 

higher than 90 are marked by black circles and the tree was rooted with Dublin serovar as an 827 

external branch (sample identifiers 1SD0102, 1SD0107, SRR5583067). 828 

Figure 3: Pairwise SNP differences between intra- (A) and inter-groups of countries (B) 829 

at the coregenome scale of Salmonella Enteritidis isolated in Lebanon between 2017 and 830 

2018 (n=25), as well as reads from international Archives (n=130). Mapping-based variant 831 

calling was performed with the workflow iVARCall2. The paired-end reads corresponding to the 832 

most prevalence serovar in Lebanon (i.e. S. Enteritidis) were mapped with the variant calling 833 

workflow iVARCall2 against the reference genome of the S. Enteritidis strain EC20090193 834 

(CP007321-1). The intra-groups of countries include at least two samples same the same 835 

countries. The inter-groups of countries are compared against the country Lebanon. 836 

 837 









 

 

Table 1: Database of all known Salmonella Pathogenicity Islands (SPIs). The reference SPI 

sequences were retrieved from the PAthogenisity Island DataBase (PAIdb) and National Center 

for Biotechnology Information (NCBI). 

SPI Sequence accession Genome origin 
Sequence 

origin 

DNA 

sequence 

size (bases) 

Gene 

number 
Reference 

SPI-1 NC_003197_P3 Typhimurium LT2 PAIdb 44279 47 (McClelland et al., 2001) 
SPI-2 NC_003197_P2 Typhimurium LT2 PAIdb 40071 46 (McClelland et al., 2001) 
SPI-3 NC_003197_P4 Typhimurium LT2 PAIdb 16616 15 (McClelland et al., 2001) 
SPI-4 NC_003197_P5 Typhimurium LT2 PAIdb 23411 6 (McClelland et al., 2001) 
SPI-5 NC_003197_P1 Typhimurium LT2 PAIdb 9069 9 (McClelland et al., 2001) 
SPI-6 NC_003198_P1 Typhi CT18 PAIdb 58666 59 (Parkhill et al., 2001) 
SPI-7 NC_003198_P9 Typhi CT18 PAIdb 133638 152 (Parkhill et al., 2001) 
SPI-8 NC_003198_P6 Typhi CT18 PAIdb 6885 10 (Parkhill et al., 2001) 
SPI-9 NC_003198_P4 Typhi CT18 PAIdb 15696 4 (Parkhill et al., 2001) 
SPI-10 NC_003198_P10 Typhi CT18 PAIdb 32934 33 (Parkhill et al., 2001) 
SPI-11 NC_006905_P2 Choleraesuis SC-B67 PAIdb 15686 15 (Chiu, 2005) 
SPI-12 NC_006905_P4 Choleraesuis SC-B67 PAIdb 11075 12 (Chiu, 2005) 

SPI-13 
NC_003197.2:3276387-
3280545 

Typhimurium LT2 NCBI 4159 5 (McClelland et al., 2001) 

SPI-14 
NC_003197.2:926613-
932916 Typhimurium LT2 NCBI 6304 6 (McClelland et al., 2001) 

SPI-15 
AL513382.1:3054094-
3059809 Typhi CT18 NCBI 5716 7 (Parkhill et al., 2001) 

SPI-16 
AE006468.2:613596-
617725 Typhimurium LT2 NCBI 4130 7 (McClelland et al., 2001) 

SPI-17 AL513382.1:2460793-
2465770 

Typhi CT18 NCBI 4978 4 (Parkhill et al., 2001) 

SPI-18 AL513382.1:1455055-
1456801 

Typhi CT18 NCBI 1747 2 (Parkhill et al., 2001) 

SPI-19 
AM933173.1:1110982-
1150641 

Gallinarum 287/91 NCBI 39660 37 (Thomson et al., 2008) 

SPI-20 
NC_010067.1:2617346-
2651626 

arizonae 62:z4,z23 NCBI 34281 31 (Blondel et al., 2009) 

SPI-21 
NC_010067.1:2504768-
2560524 

arizonae 62:z4,z23 NCBI 55757 52 (Blondel et al., 2009) 

SPI-22 
NC_015761.1:1349885-
1369393 

bongori NCTC 12419 NCBI 19509 16 (Fookes et al., 2011) 

SPI-23 LAZB00000000 Derby 07CR553 NCBI 36540 36 (Kérouanton et al., 2015) 
 



 

 

Table 2: Statistical metrics of pairwise SNP differences between intra- (A) and inter-

groups of countries (B) at the coregenome scale of Salmonella Enteritidis isolated in 

Lebanon between 2017 and 2018 (n=25), as well as reads from international Archives 

(n=130). Mapping-based variant calling was performed with the workflow iVARCall2. The paired-

end reads corresponding to the most prevalence serovar in Lebanon (i.e. S. Enteritidis) were 

mapped with the variant calling workflow iVARCall2 against the reference genome of the 

S. Enteritidis strain EC20090193 (CP007321-1). The intra-groups of countries include at least 

two samples same the same countries. The inter-groups of countries are compared against the 

country Lebanon. N/A stands for not applicable in case of less than three samples. The present 

comparison does not include all publicly available data at NCBI Pathogen detection. 

 Countries Mean 
Standard 
deviation 

Quantile 
(50%) 

Quantile 
(25%) 

Quantile 
(75%) 

Minimum Maximum 

A France 16 N/A 16 16 16 16 16 

 Turkey 119 N/A 119 119 119 119 119 
 Canada 110 116 110 3 216 3 216 

 Brazil 235 208 430 32 434 0 445 

 Taiwan 48 29 41 28 64 0 106 

 Ireland 358 225 461 94 486 0 615 

 Lebanon 56 27 54 37 65 0 110 
 Denmark 87 49 114 66 116 1 119 

 Singapore 35 NA 35 35 35 35 35 

 United-States 268 578 91 59 213 0 3220 

 United-Kingdom 527 508 462 136 483 46 1668 

B Iran 101 2 101 100 101 99 102 

 Syria 65 31 65 39 91 38 93 

 France 481 6 482 478 485 464 490 

 Turkey 443 6 444 440 449 425 454 

 Canada 517 9 520 510 524 490 530 
 Brazil 240 153 121 115 426 96 438 

 Taiwan 99 8 99 94 105 62 116 

 Ireland 95 13 92 87 98 76 124 

 Belgium 82 4 83 79 84 74 88 

 Paraguay 119 5 122 116 123 105 127 
 Argentina 431 6 433 428 434 415 439 

 Singapore 117 5 116 114 122 105 127 

 United-States 513 22 518 508 525 409 542 

 United-Kingdom 193 171 99 91 115 78 501 

 




