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Appendix 

Materials and Methods 

Study Populations 

Determining the genetic variability of S. Muenchen across poultry sectors and 

human clinical cases in Israel (Analysis A) 

Salmonella Muenchen isolates from the broiler production industry, layer hens, poultry 

slaughterhouses and human clinical cases (n = 99) were collected in Israel and were subjected to 

whole genome sequencing (WGS). The isolates were chosen to represent their sector with a 

broad geographic distribution (Appendix 1 Figure 1). Isolates from the broiler production sector 

(n = 60) were obtained as part of the isolate collection for analysis B (see below) between June 

2020 and January 2022. Isolates from layers flocks (n = 9) were recovered as part of the national 

surveillance program by the Egg and Poultry Board (EPB) and the Israeli Veterinary Services in 

2021. Isolates from food sources (n = 9) were recovered from whole chicken carcasses in poultry 

slaughterhouses in 2021 as part of a national surveillance for food safety and were provided by 

the microbiology food safety laboratory at the Kimron Veterinary Institute. Isolates (n = 21) that 

were collected from human clinical cases in 2021 were selected from the frozen (−80°C) isolate 

collection of the national reference laboratory of the Ministry of Health (MOH). These isolates 

were provided without patient data; however, they were chosen by the MOH collaborators to 

represent a broad geographic distribution. 
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Tracing S. Muenchen Transmission in the Broiler Production Industry (Analysis B) 

Salmonella Muenchen isolates collected from broilers (n = 48; further subdivided into 

those descendent from the Positive group (n = 20), Control group (n = 18) and repeat barns (n = 

10); see below), hatcheries (n = 3), breeder flocks (n = 10), breeder pullets (n = 6) and 

grandparent flocks (n = 3), were selected to be included in this analysis. 

Global Distribution of S. Muenchen Harboring pESI (Analysis C) 

Isolates collected from Israel (n = 11, including human (n = 3), broilers (n = 5), a layer (n 

= 1) and food (n = 2)) were chosen from the phylogenetic tree created in analysis A (see above) 

to represent the diversity of S. Muenchen found in Israel. “Global isolates” were S. Muenchen 

strains (n = 125) from other countries that were selected from the 'pathogen detection' database at 

the National Center for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov/pathogens/) according to the criteria: Illumina sequences of 

Salmonella serotypes Muenchen or Virginia collected between 2018 and 2021 from human, 

animal, food or environmental sources. From each location, ten samples from each year were 

randomly selected, or all available samples were taken if sample number was less than ten. In 

addition, we included various S. Muenchen strains known to contain pESI that were previously 

described in Cohen et al. (1). Overall, 140 sequences were downloaded from NCBI and 

considered for inclusion in our study. 

Sample Collection 

Heavy breeders, grandparent and hatchery sampling, Salmonella isolation and 

detection of S. Muenchen: Sampling of heavy breeder, grandparent flocks and hatcheries was 

carried out as part of the National Salmonella active Surveillance program between June 2020 

and January 2022. Environmental samples were collected from the barns and hatcheries using 

Salmonella Drag Swabs (Hylabs, Rehovot, Israel). The samples were processed by the 

Salmonella diagnostic laboratory, EPB, following International Standards Organization (ISO) 

protocol ISO-6579 −1, Amendment 1:2007 (2). Briefly, swabs were transferred to sterile 

containers filled with Buffered Peptone Water (BPW) (Hylabs, Rehovot, Israel) and incubated 

for 24 hours at 37°C. One hundred µl from each sample was applied in three drops to a Modified 

Semisolid Rappaport-Vassiliadis (MSRV) plate (Sigma-aldrich, Maryland, USA) and incubated 

at 41.5°C for 24 hours or 48 hours if insufficient growth was observed after the initial 24 hours. 

Suspect colonies were streaked onto Xylose Lysine Deoxycholate (XLD) and Brilliant Green 
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(BG) plate (Divided petri dish, Hylabs, Rehovot, Israel) and inoculated into a Hy-Enterotest® 

(Hylabs, Rehovot, Israel), to confirm the presence of Salmonella. Sero-grouping was carried out 

using the Slide Agglutination method using appropriate commercial antibodies (Becton 

Dickinson Company, USA; Staten Serum Institute, Denmark). For the purpose of this study, all 

Salmonella Group C isolates (those that agglutinated with specific O antisera for group C (O: 

6,7,8)) were brought to the laboratory of Veterinary Public Health at the Koret Veterinary School 

on Luria Bertani (LB) agar plates to be screened for the presence of S. Muenchen using a 

multiplex PCR-assay (3). 

Breeder and descendent broiler cohort selection: Thirteen heavy breeder flocks where 

S. Muenchen had been detected on at least two successive collections between May and July 

2021 were selected as the Positive group. Nine heavy breeder flocks that had at least three 

successive negative results to Salmonella between May and July 2021 were selected to be the 

Control group (Appendix 2 Table 1). Newly hatched broiler flocks, descendent from the Positive 

and Control heavy breeder flocks and representing a wide geographic range were identified and 

sampled for detection of S. Muenchen (sample collection from those flocks is described below). 

Overall, 78 broiler flocks were tested: 43 with flocks descendent from the Positive group, and 35 

with flocks descendent from the Control group. This sample size was sufficient to estimate the 

national prevalence of S. Muenchen in broiler flocks (n = 750) - the minimal sample size 

required for estimating prevalence with a 95% confidence that the result will be no more than 

10% from the true prevalence, given an estimated prevalence of 30% is 77 flocks (4–6). 

Repeat Broilers: Fifteen to twenty months after the initial broiler sampling, ten of the 

barns where S. Muenchen was previously detected, and which continued to house broiler flocks 

were resampled (hereafter: “repeat broilers”). These 10 barns were chosen to represent the 

geographic distribution and included farms with multiple broiler barns. These barns had 

undergone several periods where the broiler flocks had been marketed (i.e., sent to the 

slaughterhouse at the end of the growing period – ranging between 35 and 42 days of age), the 

barn cleaned and restocked with new flocks. 

Broiler sampling, Salmonella isolation, detection of S. Muenchen: Similar to the 

national surveillance program, samples were obtained by using either environmental drag swabs 

inside the barn (interior swabs) or around the exterior of the barn (exterior swabs), or by using 
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chick samples collected at the farm. For each barn that housed a broiler flock, at least one of 

these methods was used (Appendix 2 Table 1). For the Repeat broiler sampling, all barns were 

sampled with interior and exterior swabs only. 

Chick sampling was conducted independently of this study as part of routine procedures 

carried out by attending veterinarians at the EPB for detection of Salmonella, according to 

protocol ISO 6579–1:2017(E) (2). For each new broiler flock, ten chicks up to the age of 2.5 

weeks, were sent to the EPB diagnostic laboratories for postmortem examination and bacterial 

detection from the heart, spleen, liver and intestines. 

Environmental sampling of the barns was carried out by the researcher (TR, JP) or the 

farmer using Salmonella Drag Swabs (Hylabs, Rehovot, Israel). Samples were processed for 

isolation of group C Salmonella at the EPB and brought to the laboratory of Veterinary Public 

Health, Koret veterinary school, for detection of S. Muenchen (as described above in “Heavy 

breeders, grandparent and hatchery sampling, Salmonella isolation and detection of S. 

Muenchen”). Seventy of the S. Muenchen samples isolated were subsequently selected to 

undergo WGS (as described in the “Materials and methods” section of the manuscript, Analysis 

B). 

Whole genome sequencing: All isolates were cultivated on LB agar plates locally or 

brought plated to the Laboratory of Veterinary Public Health at the Koret Veterinary School, 

Rehovot. DNA was extracted using the DNeasy Blood & Tissue kit (QIAGEN, Venlo, 

Netherlands) and quantified with a NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific, USA). Samples were sent to the Center for Genomic Technologies at the Hebrew 

University (Jerusalem, Israel) or to SeqCenter (Pittsburgh, PA, USA) for sequencing. In both 

centers, library preparation was performed using the tagmentation-based Illumina DNA Prep kit 

(https://www.illumina.com/products/by-type/sequencing-kits/library-prep-kits/illumina-dna-

prep.html). Paired-end reads of 150 bp were generated using the NextSeq platform (Illumina, 

San Diego, CA). 

In addition, one isolate from the broiler samples (Br19), as representative of a core 

genome from our cohort of isolates, and a distinctive AMR profile, was selected to create a 

hybrid assembly to be used as a reference genome. For this isolate, in addition to the Illumina 

short-read sequencing described above, DNA was extracted using the Blood and Cell Culture 
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DNA Midi kit (QIAGEN, Venlo, Netherlands) and sent to SeqCenter, where long-read 

sequencing performed using the Oxford Nanopore platform (Oxford, UK) created 178,292 reads 

with mean read length of 4,203bp. 

Genetic analysis: Illumina raw reads were trimmed and checked for quality control using 

FastP v0.23.4 (7). Snippy v4.6.0 (8) with default settings was used to align all sequences to the 

relevant reference genome (in each analysis). Phage regions within the reference genome were 

found using PHASTER (9,10) and masked using a previously described script 

(https://git.io/vSiBA (11)). Recombination regions were detected and masked using Gubbins 

v3.3.5 (12). The alignment consisted of 1,227 SNP sites (between 0 and 69 pairwise SNPs, 

median = 31). Maximum- likelihood trees were reconstructed using RAxML v8.2.12 (13) and 

rooted to a S. Muenchen ST112 outgroup strain (SRR6222324) for analyses A and B, and a S. 

Braenderup (SRR5874793) outgroup strain for analysis C. Branch support for the trees were 

assessed using 10,000 bootstrap replicates. The trees were visualized using FigTree v1.4.4 (14) 

and displayed using R packages: ggtree v3.6.2 (15), treeio v1.22.0 (16), tidytree v0.4.2 (17) and 

tidyverse v2.0.0 (18). 

De-novo genome assemblies were conducted using ‘SPAdes’ de novo assembler v3.12.0 

(19) with the “careful” option to reduce short indels and minimize the number of mismatches in 

the final assembly. The quality of the assemblies was used as a threshold for sequences inclusion 

in the final analyses: i) The assemblies N50 were evaluated using QUAST v5.2.0 (20), and 

assemblies with N50 lower than 30,000 nt were excluded from the analyses. ii) Genome indexing 

was performed using bowtie2 v2.4.5 (21,22) and samtools v16.1 (23) and the average coverage 

depth of each assembly was calculated using BBmap v39.06 (24). Only sequences with average 

coverage depth greater than 20 were included in the analyses. 

In addition, contigs were used as an input for: (a) detection of antimicrobial resistance 

genes, point mutations, virulence and stress response genes using AMRFinderPlus v3.12.8 with 

database version 2024–01–31.1 (25) that were uploaded and run on a local server. Default 

settings for detection threshold of minimum 50% coverage and 90% identity were used; (b) 

PlasmidFinder v2.1.6 (26) with the database updated on 2024–03–07 was used locally for in 

silico detection and typing of plasmids with default detection settings of 60% coverage and 90% 

identity; (c) A Basic Local Alignment Search Tool (BLAST) (27) was used on a local server to 
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assess the presence of a 559bp target sequence as described by Cohen et al, 2022 (1), as a marker 

for the pESI plasmid (please refer to the manuscript for the detailed criteria used for pESI 

identification); (d) In-silico serotyping using the Salmonella In Silico Typing Resource (SISTR) 

platform v1.1.1 (28) and (e) MLST v2.23.0 (https://github.com/tseemann/mlst) was used for 

multilocus sequence typing using the PubMLST database (29). 

A hybrid assembly of strain Br19 was built combining the Oxford Nanopore long-reads 

with short-reads from the Illumina sequencing using Unicycler v0.5.0 (30) and was visualized 

with Bandage v0.8.1 (31). The location of known antimicrobial resistant genes and plasmid 

sequences were identified using a built-in BLAST (in Bandage). 

Phenotypic Antimicrobial Resistance: Antimicrobial resistance was assessed using 

Sensititre susceptibility plates suitable for non-fastidious gram-negative isolates (plate 

CMV4AGNF, Thermo Scientific, West Sussex, UK, 2019). Plates contained a panel of 14 

antimicrobials (i.e., amoxicillin-clavulanic acid, ampicillin, azithromycin, cefoxitin, ceftriaxone, 

chloramphenicol, ciprofloxacin, gentamicin, meropenem, nalidixic acid, streptomycin, 

sulfamethoxazole-trimethoprim, sulfisoxazole, and tetracycline). Microdilution plates were 

manually inspected and interpreted according to the Clinical and Laboratory Standards Institute 

(CLSI) cutoffs for Salmonella strains described in the guidelines (32). Azithromycin has no 

CLSI breakpoint therefore the National Antimicrobial Resistance Monitoring System (NARMS) 

cutoffs were used (33). Human cutoffs were used for the data to be relevant to the public health 

risk. 

Risk factors for positivity in the broiler population: Data regarding the barn, flock and 

sampling results were provided by the EPB. Membership in large poultry integration 

distinguished broiler farms that were contracted by a company that owns breeder farms, 

hatcheries, feed mills and transportation, from those that were not. 

Data summary and statistical analysis: Data was arranged and analyzed using R studio 

v4.2.0 (34), Microsoft Excel was used for frequency tables, and WINPEPI v11.65 (35) was used 

for Pearson chi square and odds ratio (OR) and confidence intervals of 95% (CI95%) 

calculations. Location of samples was mapped using ArcGIS Pro 3.2.2 (ESRI, Redlands, CA, 

USA). Metadata and accession numbers from sequenced isolates and those downloaded from 

NCBI database can be found in Appendix 2 Table 4. 
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Results 

i) Genetic Variability of S. Muenchen in Poultry and Humans (Analysis A) 

Appendix 1 Figure 1 shows the geographic distribution of samples used in the study. 

The identification of pESI plasmid in all S. Muenchen isolates, except one human isolate, 

and the association between the presence of qnrB19 gene and Col (pHAD28) plasmid, were 

further verified using the 'Br19' hybrid assembly. This isolate was chosen for its unusual pattern 

of acquired AMR genes, with the aim to investigate the presence of plasmids and the location of 

these AMR genes. The assembly included a 4,856,828bp circular chromosome (CP175968) and 

six circular plasmids (size range 2,960 to 273,967bp). The largest plasmid (CP175969) was 

blasted against the pESI plasmid (285,167bp; CP088902.1) (36), with a query match of 96% 

coverage and 100% identity. This plasmid contained the dfrA14 and tetA genes, however the sul1 

gene, commonly found in pESI, was not identified. The smallest plasmid contained the qnrB19 

gene and the Col (pHAD28) plasmid replicon (CP175974). Sul2, tetM, dfrA12, floR, qacL, cmlA, 

aadA1 and aadA2 genes were found on a 111,917bp IncFIB (AP001918) plasmid (CP175970). 

On phenotypic analysis of 15 broiler isolates, all were resistant to tetracycline and sulfisoxazole 

(detailed MIC values are presented in Appendix 2 Table 2). Overall, the resistance patterns 

aligned with those expected from the genotype (Table 2), with the following exceptions: i) One 

isolate (Br04) was sensitive to ciprofloxacin despite harboring the qnrB19 gene, ii) An isolate 

(Br08) was resistant to tetracycline, streptomycin and sulfisoxazole although relevant AMR 

genes were not identified, iii) Br12 was resistant to sulfamethoxazole-trimethoprim, 

chloramphenicol and ampicillin without relevant genes being identified and iv) Br57 was 

resistant to sulfamethoxazole-trimethoprim without relevant resistance genes. 

ii) S. Muenchen Transmission in the Broiler Production Industry (Analysis B) 

Prevalence in the different production sectors - The S. Muenchen prevalence of 64.0% 

(412/644) found in samples collected as part of the Salmonella active surveillance program from 

heavy-breeder flocks in 2021 in Israel, represented 80.8% (412/510) of the Salmonella serogroup 

C isolates from the heavy-breeder flocks. Salmonella serogroup C isolates detected in the less 

frequent surveillance scheme from hatcheries and grandparents (stock and pullets) were tested 

for the presence of S. Muenchen with 9/18 (50%) and 77/102 (75.5%) testing positive 

respectively. Of the total Salmonella serogroup C isolated from commercial broiler farms, 80/98 
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(81.6%) from the original sampling, and a further 15/17 (88.2%) from repeat sampling, were 

identified as S. Muenchen. 

On-farm transmission - Based on the phylogenetic tree (Figure 3), in barns where chicks 

and at least one other sample (interior or exterior swab) was sequenced, the isolate from the 

chick shared a clade with at least one of the swab isolates in 5/8 (62.5%) of the cases. Moreover, 

in cases where more than one barn on the same farm was sampled (five farms), the isolates from 

different barns were closely related in three farms. On two of these farms, isolates differed by 

two SNPs confirming direct transmission between barns. 
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Appendix 1 Figure 1. Map of Israel showing sampling locations of poultry isolates chosen for whole 

genome sequencing. Insert showing regional context. Isolates from different stages of the broiler 

production sector including grandparent breeding stock, pullets and hatcheries (n = 12), parent breeders 

(n = 10) and commercial broilers (n = 38) are shown in shades of blue, poultry processing plants (n = 9, 

yellow), and layer chicken farms (n = 9, green). Isolates from commercial broiler barns which underwent 

repeat sampling are shown here marked with a red circle (n = 10). 
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Appendix 1 Figure 2. Maximum-likelihood tree reconstructed using whole-genome sequences of 

Salmonella Muenchen isolates collected from broilers (n = 60), layers (n = 9), food products of poultry 

origin (whole chicken carcasses sampled in poultry slaughterhouses; n = 9), and humans (n = 21) in 

Israel during June 2020–January 2022. We used a hybrid assembly of S. Muenchen ST82 (Br19) strain 

as a reference genome. S. Muenchen ST112 (SRR6222324) was used to root the tree (not shown). The 

analysis included 1,227 SNPs in the alignment (0–69 pairwise SNPs, median = 31). Because isolates 

Hu19 and Br35 were duplicates of isolate Br16, we removed them from the analysis. Tip colors indicate 
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sector. Asterisks (*) indicate nodes with >70% bootstrap support. Scale bar represents SNP difference. 

The caret symbol (^) indicates isolates in which antimicrobial sensitivity was tested in vitro (see results in 

Table 2 and Appendix 2 Table 2). The heatmap includes (i) the presence of acquired antimicrobial 

resistance genes and point mutations conferring resistance to aminoglycoside, beta lactam, sulfonamide, 

tetracycline, trimethoprim, quinolone, florfenicol, and disinfectant agents; (ii) the presence of a pESI 

genetic marker ‘hyp_pESI’ and the most prevalent plasmid replicons (present in >1 isolate).  

 

 

Appendix 1 Figure 3. Maximum-likelihood tree reconstructed using whole-genome sequences (WGS) of 

a selection of Salmonella enterica serovar Muenchen isolates that were chosen to represent the different 

sources and genetic diversity of Salmonella Muenchen in Israel (n = 11) and from publicly available 

Salmonella Muenchen whole-genome sequencing through the National Center for Biotechnology 

Information (n = 125) in study of Salmonella Muenchen in poultry and humans, Israel, June 2020–June 

2023. We used a hybrid assembly of Salmonella Muenchen sequence type 82 (Br19) strain as a 

reference genome and used Salmonella Braenderup (National Center for Biotechnology Information 

Sequence Read Archive accession no. SRR5874793) to root the tree (not shown). The analysis included 

58,030 single-nucleotide polymorphisms (SNPs) in the alignment (1–26,142 pairwise SNPs, median 394). 

Asterisks (*) indicate nodes with >70% bootstrap support. Data shown in the heatmap: 1) the year of 

sample collection, 2) the country of sample collection, 3) the source of the sample, 4) the presence or 

absence of pESI, and 5) multilocus sequence type. Scale bar represents SNP difference. 
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