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Abstract 29 

Salmonella enterica subspecies enterica serotype Typhimurium phage type DT104 (DT104) can 30 

infect both humans and animals and is often multidrug-resistant (MDR). Previous studies have 31 

indicated that, unlike most S. Typhimurium, the overwhelming majority of DT104 strains 32 

produce a pertussis-like toxin, ArtAB, via prophage-encoded artAB; however, DT104 that lack 33 

artAB have been described on occasion. Here, we identify a MDR DT104 lineage circulating 34 

among humans and cattle in the United States, which lacks artAB (i.e., the “U.S. artAB-negative 35 

major clade”; n = 42 genomes). Unlike most other bovine- and human-associated DT104 strains 36 

from the U.S. (n = 230 total genomes), which harbor artAB on prophage Gifsy-1 (n = 177), 37 

members of the U.S. artAB-negative major clade lack Gifsy-1, as well as anti-inflammatory 38 

effector gogB. The U.S. artAB-negative major clade was predicted to have lost artAB, Gifsy-1, 39 

and gogB circa 1985-1987 (95% highest posterior density interval 1979.0-1992.1), in close 40 

temporal proximity to a predicted rapid increase in the U.S. DT104 effective population size 41 

(circa 1983-1989). When compared to DT104 genomes from other world regions (n = 752 total 42 

genomes), several additional, sporadic artAB, Gifsy-1, and/or gogB loss events among clades 43 

encompassing ≤5 genomes were observed. In phenotypic assays that simulate conditions 44 

encountered during human and/or bovine digestion, members of the U.S. artAB-negative major 45 

clade did not differ from closely related Gifsy-1/artAB/gogB-harboring U.S. DT104 strains 46 

(ANOVA raw P > 0.05); thus, future research is needed to elucidate the roles that artAB, gogB, 47 

and Gifsy-1 play in DT104 virulence in humans and animals.  48 

 49 

 50 
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Impact Statement 52 

Multi-drug resistant (MDR) Salmonella enterica serotype Typhimurium phage type DT104 53 

(DT104) was responsible for a global epidemic among humans and animals throughout the 54 

1990s and continues to circulate worldwide. Previous studies have indicated that the vast 55 

majority of DT104 produce a pertussis-like toxin, ArtAB, via prophage-encoded artAB. 56 

However, here we identify a DT104 lineage circulating among cattle and humans across ≥11 57 

U.S. states, which lacks the ability to produce ArtAB (i.e., the “U.S. artAB-negative major 58 

clade”). The common ancestor of all U.S. artAB-negative major clade members lost the ability to 59 

produce ArtAB in close temporal proximity to the global MDR DT104 epidemic; however, the 60 

reason for this loss-of-function event within this well-established pathogen remains unclear. The 61 

role that ArtAB plays in DT104 virulence remains elusive, and phenotypic assays conducted here 62 

indicate that members of the U.S. artAB-negative major clade do not have a significant 63 

advantage or disadvantage relative to closely related Gifsy-1/artAB/gogB-harboring U.S. DT104 64 

strains when exposed to stressors encountered during human and/or bovine digestion in vitro. 65 

However, ArtAB heterogeneity among DT104 suggest clade-specific selection for or against 66 

maintenance of ArtAB. Thus, future studies querying the virulence potential of the U.S. artAB-67 

negative major clade are needed. 68 

 69 

Data Summary. The authors confirm all supporting data, code and protocols have been 70 

provided within the article or through supplementary data files. 71 

  72 
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INTRODUCTION 73 

 Prophages, which are viruses located within the genomes of bacteria, play important roles 74 

in the evolution of their microbial hosts [1-4]. In addition to possessing machinery that is 75 

antagonistic to host cell survival (e.g., virion production, lysis of host cells), many prophages 76 

encode accessory genes, which may provide the host with a selective advantage [1, 3, 5], 77 

including stress tolerance, resistance to antimicrobials and phage, biofilm formation, increased 78 

virulence, and evasion of the host immune system [1, 2, 4-8]. While they may persist within a 79 

lineage through vertical transmission [5, 6, 9], prophages can undergo gain and loss events 80 

within a population over time [1, 3]. Furthermore, integrated prophages can be hotspots for 81 

horizontal gene transfer (HGT) and genomic recombination, allowing their bacterial hosts to 82 

gain, lose, and exchange genetic information [4]. Thus, prophage-mediated HGT may confer 83 

novel functions, which allow the bacterial host to survive and compete in its environment, 84 

potentially contributing to the emergence of novel epidemic lineages [4, 10]. 85 

Salmonella enterica subsp. enterica serotype Typhimurium (S. Typhimurium) is among 86 

the Salmonella serotypes most commonly isolated from human and animal salmonellosis cases 87 

worldwide [11, 12] and is known to host a range of prophages within its chromosome [10]. Of 88 

particular concern is S. Typhimurium phage type DT104 (DT104), a lineage within S. 89 

Typhimurium that is known for its typical ampicillin-, chloramphenicol-, streptomycin-, 90 

sulfonamide-, and tetracycline-resistant (ACSSuT) phenotype, although its antimicrobial 91 

resistance (AMR) profile may vary [13]. Multidrug-resistant (MDR) DT104 is predicted to have 92 

emerged circa 1972 [13] and rapidly disseminated around the world in the following decades 93 

[13-15], culminating in a global epidemic among animals and humans in the 1990s [13-15]. 94 
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However, despite its rapid global dissemination, DT104 does not appear to be more virulent than 95 

non-DT104 S. Typhimurium in a classical mouse model [16]. 96 

 In addition to its characteristic MDR phenotype, DT104 is notable for its ability to 97 

produce ArtAB, a pertussis-like toxin that catalyzes ADP-ribosylation of host G proteins [17-19]. 98 

Treatment of various cell lines with purified ArtAB from DT104 recapitulates some of the 99 

phenotypes established for pertussis toxin cytotoxicity [20-22], such as the characteristic “cell 100 

clustering” phenotype in CHO-K1 cells [23], increased levels of intracellular cAMP in RAW 101 

264.7 macrophage-like cells [18], and increased serum insulin levels (e.g., insulinemia); further, 102 

intraperitoneal injection of purified toxin in neonatal mice was fatal [18]. artAB, which encodes 103 

ArtAB, shares a strong association with DT104 relative to other S. Typhimurium lineages, as the 104 

overwhelming majority of DT104 possess artAB [18]. However, occasionally, DT104 strains that 105 

lack artAB and, thus, the ability to produce ArtAB toxin, have been described [18]; artAB is 106 

located on prophages within the DT104 genome [18, 19], indicating that it may be possible for 107 

artAB to be lost or gained as a prophage integrates or excises from a genome, or via HGT within 108 

an integrated prophage. 109 

 In a previous study of S. Typhimurium isolated from dairy cattle and human clinical 110 

cases in New York State (United States; U.S.), we identified three bovine- and human-associated 111 

DT104 strains, which did not possess artAB (referred to hereafter as “artAB-negative” strains) 112 

[24]. Interestingly, these three artAB-negative strains were closely related and formed a clade 113 

within the largely artAB-positive New York State DT104 phylogeny [24]. Here, we investigate 114 

this lineage further: using (i) 230 human- and bovine-associated DT104 genomes collected 115 

across the U.S., plus (ii) 752 DT104 genomes collected from numerous sources worldwide, we 116 

identify a major DT104 lineage circulating among cattle and humans across the U.S., which lost 117 
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artAB, as well as a co-occurring anti-inflammatory effector encoded by gogB, via a Gifsy-1 118 

prophage loss event that occurred in close temporal proximity to the global MDR DT104 119 

epidemic.  120 

 121 

METHODS 122 

Acquisition of U.S. DT104 genomic data and metadata. Genomic data from human- and 123 

bovine-associated DT104 isolates from the U.S. were acquired as described previously [24]. 124 

Briefly, paired-end Illumina short reads associated with 223 S. Typhimurium genomes meeting 125 

the following criteria were downloaded via Enterobase (accessed November 29, 2018) [25, 26] 126 

and the Sequence Read Archive (SRA) Toolkit version 2.9.3 [27, 28]: (i) genomes were 127 

serotyped as S. Typhimurium in silico using the implementation of SISTR [29] in Enterobase; 128 

(ii) the country of isolation was the United States; (iii) the isolation source was reported as either 129 

“Human” or “Bovine” in the “Source Niche” and “Source Type” fields in Enterobase, 130 

respectively; (iv) genomes had an isolation year reported in Enterobase; (v) genomes were 131 

assigned to the same well-supported cluster within the larger bovine- and human-associated U.S. 132 

S. Typhimurium phylogeny using RhierBAPS [30] and clustered among known DT104 genomes 133 

from other countries (see Supplementary Figures S2 and S5 of Carroll, et al.) [24]. These 134 

genomes were supplemented with an additional 14 S. Typhimurium genomes from bovine and 135 

human sources in New York State (U.S.) that belonged to the same DT104 cluster (members of 136 

the S. Typhimurium Lineage III cluster described in Supplementary Figures S2 and S5 of 137 

Carroll, et al.) [24]. Trimmomatic version 0.36 [31] was used to trim low quality bases and 138 

Illumina adapters from all read sets using the default settings for paired-end reads, and SPAdes 139 

version 3.13.0 [32] was used to assemble all genomes using default settings plus the “careful” 140 
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option. FastQC version 0.11.5 [33] and QUAST version 4.0 [34] were used to assess the quality 141 

of each read pair set and assembly, respectively, and MultiQC version 1.6 [35] was used to 142 

aggregate all FastQC and QUAST results. Trimmed paired-end read sets/assemblies that were 143 

flagged by MultiQC as meeting any of the following conditions were excluded: (i) Illumina 144 

adapters present after trimming (n = 2), (ii) an abnormal per sequence GC content distribution (n 145 

= 3), (iii) an assembly with over 200 contigs (n = 11), and (iv) a sequence quality histogram 146 

flagged as poor quality (n = 2). After excluding genomes that met these conditions, a set of 219 147 

DT104 genomes was produced for use in subsequent steps (Supplementary Tables S1 and S2). 148 

Acquisition of global DT104 genomic data and metadata. To contextualize the 219 U.S. 149 

bovine- and human-associated DT104 genomes identified via the initial genome search (see 150 

section “Acquisition of U.S. DT104 genomic data and metadata” above) within the larger global 151 

DT104 population, genomic data associated with the following studies were downloaded via 152 

Enterobase: (i) Illumina reads associated with 243 bovine- and human-associated DT104 isolates 153 

from a study of between-host transmission within Scotland [36] (referred to hereafter as the 154 

“Scottish DT104” data set); genomes were pre-processed and assembled as described above (see 155 

section “Acquisition of U.S. DT104 genomic data and metadata” above); (ii) assembled genomes 156 

associated with 290 DT104 isolates from a variety of sources and countries from a study 157 

describing the global spread of DT104 [13] (referred to hereafter as the “global DT104” data set; 158 

Supplementary Table S1). Overall, these searches resulted in two data sets, which were used in 159 

subsequent steps: (i) a 230-genome human- and bovine-associated U.S. DT104 data set (i.e., 219 160 

genomes identified in this study, plus 11 additional U.S. bovine- and human-associated DT104 161 

strains from the 290-genome “global DT104” data set, which did not have metadata available in 162 

Enterobase at the time and were thus not included in the initial set of bovine- and human-163 
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associated U.S. DT104 genomes; see section “Acquisition of U.S. DT104 genomic data and 164 

metadata” above); (ii) a 752-genome data set, composed of genomes from all three data sets (i.e., 165 

219 genomes identified in this study, 243 Scottish DT104 genomes, and 290 global DT104 166 

genomes, referred to hereafter as the “combined DT104” data set; Supplementary Tables S1 and 167 

S2). QUAST version 4.5 was used to assess the quality of all 752 genomes (Supplementary 168 

Tables S1 and S2). 169 

In silico detection of antimicrobial resistance genes, plasmid replicons, virulence factors, 170 

and prophage. To identify putative prophage regions in all 752 genomes, each assembly was 171 

submitted to the PHASTER web server via the URL API [37, 38] with the “contigs” option set to 172 

“1”. ABRicate version 0.8 [39] was used to detect antimicrobial resistance (AMR) genes, 173 

plasmid replicons, and virulence factors in each assembled DT104 genome using NCBI’s 174 

National Database of Antibiotic Resistant Organisms (NDARO) [40], the PlasmidFinder 175 

database [41], and the Virulence Factor Database (VFDB) [42], respectively, using minimum 176 

nucleotide identity and coverage thresholds of 75 and 50%, respectively (all databases accessed 177 

December 10, 2020; Supplementary Table S3). The aforementioned ABRicate analyses were 178 

repeated, using a minimum coverage threshold of 0% (e.g., to confirm that virulence factors 179 

discussed in the manuscript were absent from genomes in which they were not initially detected). 180 

Each assembled genome was additionally queried for the presence of selected virulence 181 

factors, which have previously been associated with prophage in Salmonella [43]: (i) artAB 182 

(NCBI Nucleotide Accession AB104436.1), (ii) gogA (European Nucleotide Archive [ENA] 183 

Accession EAA7850902.1), (iii) gtgA (ENA Accession PVI70081.1), and (iv) gipA (ENA 184 

Accession CAI93790.1). Assembled genomes were queried for selected virulence factors using 185 

the command-line implementation of nucleotide BLAST (blastn) version 2.11.0 [44], using 186 
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default settings plus a minimum coverage threshold of 40% (Supplementary Table S3). To 187 

confirm that the aforementioned genes were absent from genomes in which they were not 188 

initially detected, all genomes were queried again (i) as described above, with the coverage 189 

threshold lowered to 0%; (ii) using translated nucleotide BLAST (tblastx; e.g., to confirm that all 190 

genomes in the U.S. artAB-negative major clade did not possess remote artAB and gogB 191 

homologs; Supplementary Tables S4 and S5). 192 

Variant calling and maximum likelihood phylogeny construction within the U.S. DT104 193 

data set. Core SNPs were identified among genomes within the 230-genome human- and 194 

bovine-associated U.S. DT104 data set using the default pipeline implemented in Snippy version 195 

4.6.0 [45] and the following dependencies: BWA version 0.7.17-r1188 [46, 47], Minimap2 196 

version 2.23-r1111 [48], SAMtools version 1.14 [49], BEDtools version 2.30.0 [50, 51], 197 

BCFtools version 1.14 [52], FreeBayes version 1.3.2-dirty [53], vcflib version 1.0.0-rc0-349-198 

g45c6-dirty [54], vt version 0.5 [55], SnpEff version 5.0e [56], samclip version 0.4.0 [57], seqtk 199 

version 1.3-r106 [58], and snp-sites version 2.5.1 [59]. For the 219 U.S. genomes initially 200 

identified in this study, the trimmed Illumina paired-end reads associated with each genome were 201 

treated as input; for the remaining genomes, the assembled contigs were used as input (see 202 

sections “Acquisition of U.S. DT104 genomic data and metadata” and “Acquisition of global 203 

DT104 genomic data and metadata” above; Supplementary Tables S1 and S2). The closed 204 

DT104 chromosome (NCBI Nucleotide Accession NC_022569.1) was treated as a reference. 205 

Core SNPs identified in regions of the DT104 chromosome predicted to belong to phage were 206 

masked (see section “In silico detection of antimicrobial resistance genes, plasmid replicons, 207 

virulence factors, and prophage” above). Gubbins version 2.4.1 [60] was used to identify and 208 
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remove recombination events among all genomes using default settings, and snp-sites was used 209 

to query the resulting recombination-free alignment for core SNPs (i.e., using the “-c” option).  210 

A maximum likelihood (ML) phylogeny was constructed with IQ-TREE version 1.5.4 211 

[61], using (i) the resulting core SNPs as input, (ii) the optimal nucleotide substitution model 212 

determined using Bayesian information criteria (BIC) values produced with ModelFinder [62] 213 

(i.e., the K3Pu+I model) [63], (iii) an ascertainment bias correction to account for the use of 214 

solely variant sites (corresponding to constant sites identified relative to the DT104 reference 215 

chromosome; -fconst 1092869,1195194,1193287,1094079), and (iv) 1,000 replicates of the 216 

ultrafast bootstrap approximation [64, 65].  217 

TempEst version 1.5.3 [66] was used to assess the temporal structure of the resulting 218 

unrooted ML phylogeny, using the best-fitting root and the R2 function (R2 = 0.33, slope = 219 

3.05×10-7 substitutions/site/year, X-intercept = 1988.1). The unrooted ML phylogeny was 220 

additionally rooted and time scaled using LSD2 version 1.4.2.2 [67] and the following 221 

parameters: (i) tip dates corresponding to the year of isolation associated with each genome; (ii) 222 

an estimated substitution rate; (iii) constrained mode (-c), with the root estimated using 223 

constraints on all branches (-r as); (iv) variances calculated using input branch lengths (-v 1); (v) 224 

1,000 samples for calculating confidence intervals for estimated dates (-f 1000); (vi) a sequence 225 

length of 4,500,000. The resulting rooted, time-scaled ML phylogeny was viewed using FigTree 226 

version 1.4.4 [68] (Supplementary Data). 227 

Variant calling and maximum likelihood phylogeny construction within the combined 228 

DT104 data set. Parsnp and HarvestTools version 1.2 [69] were used to detect core SNPs among 229 

all 752 assembled DT104 genomes within the combined DT104 data set (see section 230 

“Acquisition of global DT104 genomic data and metadata” above; Supplementary Tables S1 and 231 
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S2), using the closed DT104 chromosome as a reference (NCBI Nucleotide Accession 232 

NC_022569.1) and Parsnp’s implementation of PhiPack [70] to filter recombination. Core SNPs 233 

detected among all 752 assembled genomes were supplied as input to IQ-TREE version 1.5.4, 234 

which was used to construct a ML phylogeny as described above (the corresponding 235 

ascertainment bias correction here was “-fconst 1181208,1285673,1280769,1179580”; see 236 

section “Variant calling and maximum likelihood phylogeny construction within the U.S. DT104 237 

data set” above). The resulting ML phylogeny was rooted and time-scaled using LSD2 as 238 

described above (see section “Variant calling and maximum likelihood phylogeny construction 239 

within the U.S. DT104 data set” above). A range of 1900-2017 was supplied for four genomes, 240 

which were part of the global DT104 data set, but did not have a reported year of isolation. The 241 

resulting time-scaled ML phylogeny was annotated using the Interactive Tree of Life (iTOL) 242 

version 6 webserver (https://itol.embl.de/; accessed March 7, 2022) [71].  243 

U.S. DT104 Bayesian time-scaled phylogeny construction. Due to the overrepresentation of 244 

genomes of DT104 strains reportedly isolated in 2007 from bovine sources in Washington state 245 

within the 230-genome human- and bovine-associated U.S. DT104 data set (Figure 1 and 246 

Supplementary Table S1), all aforementioned SNP calling and phylogeny construction steps 247 

were repeated among genome sets downsampled to (i) 25, (ii) 10, and (iii) 5 randomly selected 248 

bovine DT104 genomes collected in Washington state in 2007 (n = 161, 146, and 141 total 249 

genomes in each downsampled genome set, respectively; see section “Variant calling and 250 

maximum likelihood phylogeny construction within the U.S. DT104 data set” above, 251 

Supplementary Data). For each of the three downsampled U.S. DT104 data sets, BEAST2 252 

version 2.5.1 [72, 73] was used to construct a tip-dated phylogeny using core SNPs detected 253 

among the genomes within the respective data set as input (see section “Variant calling and 254 
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maximum likelihood phylogeny construction within the U.S. DT104 data set” above), an initial 255 

clock rate of 2.79×10-7 substitutions/site/year [13], and an ascertainment bias correction to 256 

account for the use of solely variant sites [74]. bmodeltest [75] was used to infer a substitution 257 

model using Bayesian model averaging, with transitions and transversions split. A relaxed 258 

lognormal molecular clock [76] and a coalescent Bayesian skyline population model [77] were 259 

used, as these models have been selected as the optimal clock/population model combination for 260 

DT104 previously [13]. A log-normal distribution with a mean of 4.6×10-7 and standard 261 

deviation of 1 (median of 2.79×10-7) was used as the prior on the uncorrelated log-normal 262 

relaxed molecular clock mean rate parameter (ucld.mean; Supplementary Data). 263 

For each of the three downsampled U.S. DT104 data sets, five independent BEAST2 runs 264 

were performed, using chain lengths of at least 100 million generations, sampling every 10 265 

thousand generations. For each downsampled data set, LogCombiner-2 was used to aggregate the 266 

resulting log and tree files with 10% of the states treated as burn-in, and TreeAnnotator-2 was 267 

used to produce a maximum clade credibility (MCC) tree using Common Ancestor node heights 268 

(Supplementary Data). The resulting phylogenies was displayed and annotated using R version 269 

4.1.2 [78] and the following packages: ggplot2 version 3.3.5 [79], ggtree version 3.2.1 [80, 81], 270 

phylobase version 0.8.10 [82], and treeio version 1.18.1 [83].  271 

All three downsampled U.S. DT104 data sets resulted in similar BEAST2 parameter 272 

estimates (Supplementary Figure S1, Supplementary Table S6, and Supplementary Data). Thus, 273 

the final Bayesian time-scaled phylogeny and associated parameter estimates reported in the 274 

main manuscript correspond to those obtained using the U.S. DT104 data set, which was 275 

downsampled to 10 randomly selected bovine DT104 genomes collected in Washington state in 276 

2007 (n = 146 genomes, Figures 2 and 3). Results are available for the U.S. DT104 data sets 277 
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downsampled to 25 and 5 bovine DT104 genomes collected in Washington state in 2007 278 

(Supplementary Figures S2-S5, Supplementary Table S6, and Supplementary Data). 279 

artAB ancestral state reconstruction. To estimate ancestral character states of internal nodes in 280 

the (i) U.S. DT104 and (ii) combined DT104 data set phylogenies as they related to artAB 281 

presence/absence (i.e., whether a node in the tree represented an ancestor that was more likely to 282 

be artAB-positive or artAB-negative), the presence or absence of artAB within each genome was 283 

treated as a binary state. The following phylogenies were each used as input: (i) the BEAST2 284 

time-scaled Bayesian U.S. DT104 phylogenies (n = 161, 146, and 141 total genomes in each 285 

downsampled data set; see section “U.S. DT104 Bayesian time-scaled phylogeny construction” 286 

above); (ii) the LSD2 time-scaled ML combined DT104 data set phylogeny (n = 752; see section 287 

“Variant calling and maximum likelihood phylogeny construction within the combined DT104 288 

data set” above). Stochastic character maps were simulated on each phylogeny using the 289 

make.simmap function in the phytools version 1.0-1 R package [84] and the all-rates-different 290 

(ARD) model in the ape version 5.6-1 package. For each phylogeny, either (i) equal root node 291 

prior probabilities for artAB-positive and artAB-negative states (i.e., P(artAB present) = 292 

P(artAB-absent) = 0.5), or (ii) estimated root node prior probabilities for artAB-positive and 293 

artAB-negative states obtained using the make.simmap function were used. For each root node 294 

prior/phylogeny combination (eight total combinations of two root node priors and four 295 

phylogenies), an empirical Bayes approach was used, in which a continuous-time reversible 296 

Markov model was fitted, followed by 10,000 simulations of stochastic character histories using 297 

the fitted model and tree tip states. The resulting phylogenies were plotted using the densityMap 298 

function in the phytools R package. For the U.S. DT104 data set, the final ancestral state results 299 

reported in the main manuscript correspond to those obtained using the U.S. DT104 data set, 300 
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which was downsampled to 10 randomly selected bovine DT104 genomes collected in 301 

Washington state in 2007 (n = 146 genomes, Figure 2). Results are available for the U.S. DT104 302 

data sets downsampled to 25 and 5 bovine DT104 genomes collected in Washington state in 303 

2007 (Supplementary Figures S6-S10 and Supplementary Data). 304 

Pan-genome characterization. Prokka version 1.13.3 [85] was used to annotate all 752 DT104 305 

genomes, using the “Bacteria” database (see section “Genomic comparison of U.S. DT104 to the 306 

global DT104 population” above; Supplementary Tables S1 and S2). GFF files produced by 307 

Prokka were supplied as input to Panaroo version 1.2.7 [86], which was used to identify core- 308 

and pan-genome orthologous gene clusters among (i) the 230 U.S. DT104 genomes and (ii) all 309 

752 DT104 genomes in the combined data set, using the following parameters: (i) “strict” mode 310 

(--clean-mode strict); (ii) MAFFT as the sequence aligner (--aligner mafft) [87, 88]; (iii) a core 311 

genome threshold of 98% (i.e., genes present in at least 98% of genomes were considered to be 312 

core genes; --core_threshold 0.98); (iv) a protein family sequence identity threshold of 70% (-f 313 

0.7, the default). The LSD2 time-scaled ML phylogenies for the (i) 230-genome U.S. DT104 and 314 

(ii) combined DT104 data sets (see sections “Variant calling and maximum likelihood phylogeny 315 

construction within the U.S. DT104 data set” and “Variant calling and maximum likelihood 316 

phylogeny construction within the combined DT104 data set” above) were supplied as input to 317 

Panaroo’s “panaroo-img” and “panaroo-fmg” commands, which were used to estimate the pan-318 

genome size under the Infinitely Many Genes (IMG) [89, 90] and Finite Many Genes (FMG) 319 

models (with 100 bootstrap replicates) [91], respectively (Supplementary Figure S11). Reference 320 

pan-genome coding sequences (CDS) identified by Panaroo for both the (i) U.S. and (ii) 321 

combined DT104 data sets underwent functional annotation using the eggNOG-mapper version 2 322 

webserver (http://eggnog-mapper.embl.de/; accessed July 24, 2022) using default settings [92, 323 
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93]. Among genomes within the U.S. DT104 data set (n  = 230), the “table” function in R was 324 

used to identify genes associated with (i) Gifsy-1 presence/absence (Supplementary Table S7) 325 

and (ii) major clade membership (Supplementary Table S8); the “fisher.test” function in R’s stats 326 

package was used to conduct two-sided Fisher’s exact tests, and the “p.adjust” function was used 327 

to control the false discovery rate (i.e., p.adjust method = “fdr”) [94].  328 

The treewas version 1.0 R package [95] was additionally used to identify potential gene-329 

host associations among the 230-genome U.S. DT104 data set (i.e., whether a gene identified 330 

with Panaroo was human- or bovine-associated while accounting for population structure), using 331 

the following: (i) the isolation source treated as a discrete phenotype (i.e., a vector of “human” or 332 

“bovine”, supplied to the treeWAS function’s “phen” argument; phen.type = “discrete”); (ii) 333 

unique gene presence/absence profiles of genes detected in ≥10 and ≤220 of 230 total U.S. 334 

DT104 genomes, treated as the genotypes to test (supplied to the treeWAS function’s “snps” 335 

argument); (iii) the time-scaled ML phylogeny constructed using LSD2 for the treeWAS 336 

function’s “tree” argument (see section “Variant calling and maximum likelihood phylogeny 337 

construction within the U.S. DT104 data set” above); (iv) the number of simulated loci for 338 

estimating the null distribution set to five million (i.e., n.snps.sim = 5000000); (v) ancestral state 339 

reconstruction performed using ML methods (i.e., snps.reconstruction = “ML”, 340 

snps.sim.reconstruction = “ML”, and phen.reconstruction = “ML”); (vi) a P-value significance 341 

threshold of 0.1, after controlling the FDR (p.value.correct = "fdr"). The analysis was re-run, 342 

using parsimony approaches in place of ML approaches for ancestral state reconstruction. 343 

Regardless of approach, no genes were found to be significantly associated with isolation source 344 

via any of the treeWAS association tests (FDR-corrected P > 0.1). 345 
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Strain selection for phenotypic stress assays.  Thirteen DT104 strains isolated from a previous 346 

study of S. Typhimurium in New York State [24], which were each available in the Cornell 347 

University Food Safety Laboratory (CUFSL) culture collection [96], were additionally 348 

characterized separately so that Gifsy-1/artAB/gogB-positive and -negative DT104 strains from 349 

bovine and human sources in the U.S. could be selected to undergo phenotypic characterization 350 

(Supplementary Table S9). Parsnp and HarvestTools version 1.2 [69] were used to identify core 351 

SNPs among all 13 assembled genomes, using the closed DT104 chromosome as a reference 352 

(NCBI Nucleotide Accession NC_022569.1) and Parsnp’s implementation of PhiPack [70] to 353 

remove recombination. IQ-TREE version 1.5.4 was used to construct a ML phylogeny, using (i) 354 

the resulting core SNPs as input, (ii) an ascertainment bias correction, based on the GC content 355 

of the DT104 reference chromosome (-fconst 1182070,1287912,1283169,1180480), (iii) the 356 

optimal nucleotide substitution model (-m MFP), selected using ModelFinder (i.e., the TIM+I 357 

model) , and (iv) 1,000 replicates of the ultrafast bootstrap approximation (-bb 1000). Prokka 358 

version 1.13 was used to annotate each genome (using the “Bacteria” database), and the resulting 359 

GFF files were supplied to Roary version 3.13.0 [97], which was used to identify orthologous 360 

gene clusters among the 13 DT104 genomes (using default thresholds, e.g., 95% BLASTP 361 

identity). 362 

The New York State DT104 isolates differed little in terms of their core and pan-genome 363 

compositions (Supplementary Figure S12 and Supplementary Table S9). A total of 336 core 364 

SNPs were identified among the 13 DT104 genomes; pairwise core SNP distances between all 365 

13 genomes ranged from 12-113 core SNPs (median and mean of 85 and 80.8 core SNPs, 366 

respectively, calculated using the “dist.gene” function in the ape R package). Based on gene 367 

presence/absence of pan-genome elements, the Jaccard distance between all 13 genomes ranged 368 
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from 0.0036-0.0820 (median and mean of 0.0359 and 0.0380, respectively; calculated in R using 369 

the “vegdist” function in vegan version 2.5-7) [98].  370 

All available Gifsy-1/artAB/gogB-negative strains in the CUFSL culture collection were 371 

selected to undergo phenotypic testing (n = 3, two human isolates and one bovine isolate; 372 

Supplementary Table S9); all three strains were members of the U.S. artAB-negative major clade 373 

(discussed in detail below). Considering both core and pan-genome distances relative to all three 374 

available Gifsy-1/artAB/gogB-negative strains, three Gifsy-1/artAB/gogB-positive DT104 strains 375 

were additionally selected to undergo phenotypic testing (one from human and two from bovine 376 

sources; Supplementary Figure S12 and Supplementary Table S9). The three selected Gifsy-377 

1/artAB/gogB-positive DT104 strains differed from the three available Gifsy-1/artAB/gogB-378 

negative strains by (i) 64-83 (HUM_TYPH_NY_04_S5_0370), 74-93 379 

(BOV_TYPH_NY_99_A4_0023), and 65-84 (BOV_TYPH_NY_99_S3_0910) core SNPs and 380 

(ii) Jaccard distances (based on pan-genome element presence/absence) of 0.0148-0.0610 381 

(HUM_TYPH_NY_04_S5_0370), 0.0174-0.0622 (BOV_TYPH_NY_99_A4_0023) and 0.0163-382 

0.0620 (BOV_TYPH_NY_99_S3_0910; Supplementary Figure S12). 383 

Phenotypic assays. All strain stocks (Supplementary Table S9) were maintained in 384 

CRYOBANK® tubes (Mast Ltd., Reinfeld, Germany) at -80°C. Strains were streaked out from 385 

stocks on tryptic soy agar (TSA; Merck KGaA, Darmstadt, Germany) and incubated overnight at 386 

37°C. Single colonies from those plates were inoculated in 5 mL of tryptic soy broth (TSB; 387 

Merck KGaA, Darmstadt, Germany) and incubated for 16 - 18 h at 37°C with shaking at 200 388 

rpm. The resulting overnight cultures were diluted 1/100 into 5 mL of fresh, pre-warmed TSB, 389 

followed by incubation at 37°C with shaking at 200 rpm to allow cultures to reach mid log phase 390 

(defined as OD600 of 0.4; 1-2 x108 CFU/mL). These cultures were used as input into the three 391 
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different phenotypic assays (exposure to ruminal fluid, acid stress, and bile stress; discussed in 392 

detail below). Bacterial enumeration before and after stress exposure was performed by direct 393 

colony counts of tilt plates according to Kühbacher et al. [99]. 394 

To evaluate exposure to ruminal fluid (RF), approximately 2 L of RF was acquired from 395 

a Jersey cow with a ruminal fistula on each experimental day prior to the experiments (same 396 

collection time was used for each experiment). The RF was immediately filtered through a 397 

cellulose filter (Labsolute® Type 80, Th. Geyer GmbH& Co. KG., Renningen, Germany) to 398 

remove any large debris, and the pH was measured, ranging from 7.20 to 7.62. Mid-log phase 399 

cultures were prepared and inoculated into the RF at two different concentrations. One hundred 400 

µl of culture suspensions were inoculated into 5mL of the RF at final concentrations of 108 401 

(high) and 105 (low) CFU/mL and incubated for 1 h at 37°C without shaking with enumeration 402 

by direct colony counting on XLT-4 agar (Oxoid Ltd., Basingstoke, UK) prior and after RF 403 

exposure (Supplementary Table S10). The absence of Salmonella in the RF at the start of the 404 

experiments was confirmed by plating on XLT-4 agar.  405 

Acid stress resistance of the different strains at pH 3.5 with and without prior adaption 406 

was tested using an adopted protocol from Horlbog et al. [100]. The pH of the TSB was adjusted 407 

with hydrochloric acid solution (1M and 6 M HCL; Merck KGaA, Darmstadt, Germany) 408 

immediately prior to the experiment. 1 mL aliquots of mid log phase cultures were transferred to 409 

reaction tubes and centrifuged at 14,000 x g for 10 min. For the non-adapted acid stress 410 

experiments, the pellets were resuspended in 1mL TSB pH 3.5 and incubated for 1 h at 37°C 411 

without shaking. For acid adaption, 1 mL of the same cultures were pelleted, resuspended in 1 412 

mL TSB adjusted to pH 5.5 and incubated for 1h at 37°C (without shaking). Afterwards, the 413 

cultures were centrifuged again, resuspended in 1mL TSB pH 3.5, and incubated for 1 h at 37°C 414 
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without shaking. Bacteria enumeration was performed before and after the one-hour incubation 415 

at pH 3.5 (Supplementary Table S11). 416 

Susceptibility to bile salts (cholic acid and deoxycholic acid in a mixture of 1:1, Bile 417 

Salts No.3, Thermo Fisher Scientific Inc., Waltham, USA) was tested in two different 418 

concentrations: 14.5 mmol/L corresponding to 0.6% [101] and 26.0 mmol/L corresponding to 419 

1.1% [102] were chosen to represent reasonable physiological states in the duodenum. Bile salts 420 

were added, and the pH of the TSB was adjusted to 5.5 (TSB-bile) immediately prior to the 421 

experiment. Mid log phase cultures were centrifuged, resuspended in TSB-bile, incubated for 1h 422 

37°C without shaking, and enumerated by direct colony counting prior and after bile exposure 423 

(Supplementary Table S12).  424 

For each stress assay, base-ten logarithmic fold change (FC) values were calculated as 425 

follows: FC = log CFU/g at the start of the experiments – log CFU/g after the stress assay. 426 

Analysis of Variance (ANOVA) for the interpretation of the phenotypic assays were conducted 427 

using the “aov” function in R’s “stats” package, with the FC values for the respective assay 428 

treated as a response. Figures were designed using the ggplot2 package. 429 

Data availability. Strain metadata, genome quality metrics, and Enterobase accession numbers 430 

for all publicly available genomes queried in this study are available in Supplementary Table S1. 431 

Strain metadata, genome quality metrics, Food Microbe Tracker IDs, and NCBI BioSample 432 

accession numbers for the 13 NYS DT104 strains queried in this study (including those queried 433 

via phenotypic assays) are available in Supplementary Table S2. LSD2 results (for the U.S. and 434 

combined DT104 data sets) and BEAST2 results (for the U.S. DT104 data set) are available as 435 

Supplementary Data. 436 

 437 
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RESULTS 438 

Human- and bovine-associated DT104 from the U.S. harbor artAB on prophage Gifsy-1. 439 

Within the set of 230 human- and bovine-associated DT104 genomes derived from strains 440 

isolated in the U.S. (62 and 168 genomes from human and bovine sources, respectively; Figure 441 

1A) [24], artAB was present in over 75% of genomes (177 of 230, 77.0%; Figure 2, Table 1, and 442 

Supplementary Figures S2-S4). artAB presence and absence was strongly associated with the 443 

presence and absence of anti-inflammatory effector gogB (two-sided Fisher’s Exact Test raw P < 444 

2.2×10-16, infinite odds ratio [OR]), as co-occurrence was observed in all 177 artAB-harboring 445 

genomes (100.0%; Figure 2, Table 1, and Supplementary Figures S2-S4). Additionally, artAB 446 

and gogB presence was strongly associated with the presence of prophage Gifsy-1 (NCBI 447 

Nucleotide Accession NC_010392.1; two-sided Fisher’s Exact Test raw P < 2.2×10-16, infinite 448 

OR; Figure 2, Table 1, and Supplementary Figures S2-S4). Subsequent investigation confirmed 449 

that, for all 177 artAB-harboring U.S. DT104 genomes, artAB was located within the Gifsy-1 450 

prophage region (classified as “intact” via PHASTER; Table 2 and Supplementary Table S5).  451 

gogB was largely harbored within regions annotated as Gifsy-1 (126 of 180 gogB-452 

harboring genomes; 70.0%), although only 51 of these Gifsy-1 regions were annotated as intact 453 

prophage (via PHASTER, 28.3% of gogB-harboring genomes; Table 2 and Supplementary Table 454 

S5). Occasionally, gogB was detected elsewhere in the genome: three genomes harbored gogB 455 

within regions annotated as prophage Gifsy-2 (3 of 180 gogB-harboring genomes, 1.7%; Table 2 456 

and Supplementary Table S5), while gogB was detected outside of annotated prophage regions 457 

within the remaining 51 gogB-harboring genomes (28.3% of gogB-harboring genomes; Table 2 458 

and Supplementary Table S5).  459 
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Only three genomes (bovine-associated BOV_TYPH_Washington_2007_SRR1519881, 460 

BOV_TYPH_Minnesota_2010_SRR1089590, and 461 

BOV_TYPH_Minnesota_2008_SRR1177378) possessed an intact Gifsy-1 prophage but did not 462 

possess artAB (1.7% of genomes in which an intact Gifsy-1 was detected), although all three 463 

genomes possessed gogB (gogB was detected within an incomplete Gifsy-1 prophage region in 464 

the two genomes from Minnesota, while the genome from Washington did not harbor gogB 465 

within an annotated prophage region; Figure 2, Tables 1 and 2, Supplementary Figures S2-S4, 466 

and Supplementary Table S5). Of the 168 bovine-associated DT104 genomes from the U.S., 150 467 

(89.3%) possessed artAB, gogB, and Gifsy-1, while 153 (91.1%) possessed gogB and Gifsy-1 468 

(Figure 2, Table 1, and Supplementary Figures S2-S4). Interestingly, of 62 human-associated 469 

genomes, only 27 (43.5%) possessed artAB, gogB, and Gifsy-1 (Figure 2, Table 1, and 470 

Supplementary Figures S2-S4), indicating that Gifsy-1/artAB/gogB may share a negative 471 

association with human-associated DT104 from the U.S. (two-sided Fisher’s Exact Test raw P < 472 

4.1×10-12, OR = 10.6; Table 1); however, no genes within the U.S. DT104 pan-genome shared a 473 

significant association with bovine or human host when accounting for population structure 474 

(treeWAS FDR-corrected P > 0.10).  475 

 Overall, 90 genes within the U.S. DT104 pan-genome were associated with Gifsy-1 476 

presence or absence (two-sided Fisher’s exact test FDR-corrected P-value < 0.05; Supplementary 477 

Figure S11 and Supplementary Table S7). The presence and absence of 30 genes shared a perfect 478 

association with Gifsy-1 presence and absence (i.e., these genes were absent from all U.S. 479 

DT104 genomes that did not possess Gifsy-1 and were present in all U.S. DT104 genomes that 480 

did possess Gifsy-1; FDR-corrected P < 0.05 and OR of infinity); in addition to gogB, these 481 

genes included numerous phage-associated proteins (Supplementary Table S7). 482 
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A MDR DT104 lineage circulating among cattle and humans across the U.S. lost prophage 483 

Gifsy-1 in close temporal proximity to a period of rapid DT104 population growth in the 484 

1980s. To gain insight into the evolutionary relationships of artAB-negative U.S. DT104 strains, 485 

a time-scaled phylogeny was constructed using human- and bovine-associated U.S. DT104 486 

genomes (Figure 2 and Supplementary Figures S2-S4). The common ancestor shared by all 487 

MDR U.S. bovine- and human-associated DT104 isolates included in this study was predicted to 488 

have existed circa 1975 (estimated node age 1974.9, node height 95% highest posterior density 489 

[HPD] interval [1958.1, 1986.4]; Figure 2 and Supplementary Figures S2-S4), which is 490 

consistent with observations in previous studies [13, 103], in which DT104 was predicted to have 491 

acquired its MDR phenotype in the 1970s. The mean evolutionary rate estimated for the U.S. 492 

DT104 queried here was 1.75×10-7 substitutions/site/year (95% HPD interval [1.38×10-7, 493 

2.11×10-7]), which is similar to evolutionary rates estimated in previous studies of DT104 494 

isolates from other world regions [13, 36] (Supplementary Figure S1, Supplementary Table S6, 495 

and Supplementary Data). 496 

Notably, over 75% of all U.S. DT104 artAB-negative genomes (42 of 53 artAB-negative 497 

genomes, 79.2%) were members of a single, well-supported clade (posterior probability = 1.0, 498 

referred to hereafter as the “U.S. artAB-negative major clade”; Figure 2 and Supplementary 499 

Figures S2-S4). In addition to lacking artAB, all members of the U.S. artAB-negative major 500 

clade lacked Gifsy-1 and 50 additional genes, which were present in over half of U.S. DT104 501 

genomes not included in the U.S. artAB-negative major clade, including gogB, a chitinase, and 502 

many phage-associated proteins (Figure 2, Supplementary Figures S2-S4, and Supplementary 503 

Table S8). Strains within the U.S. artAB-negative major clade were reported to have been 504 

isolated between 1997 and 2018 (the most recent year included in this study) from at least 11 505 
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different states across the U.S. (for two isolates, the U.S. state in which the strain was isolated 506 

was unknown; Figures 1B and 2 and Supplementary Figures S2-S4). Most strains within the U.S. 507 

artAB-negative major clade were isolated from human clinical cases (n = 30 of 42 U.S. artAB-508 

negative major clade strains, 71.4%), and nearly half of all U.S. DT104 strains isolated from 509 

human sources were members of this clade (n = 30 of 62 U.S. DT104 strains from human 510 

sources, 48.4%); bovine strains within the U.S. artAB-negative major clade were isolated from 511 

bovine clinical cases or beef products (n = 12 of 42 strains, 28.6%; Figure 2, Supplementary 512 

Figures S2-S4, and Supplementary Table S1). 513 

Based on results of ancestral state reconstruction using artAB presence/absence, the loss 514 

of Gifsy-1, artAB, gogB, and other Gifsy-1-associated genes among members of the U.S. artAB-515 

negative major clade was estimated to have occurred between 1985 and 1987 (estimated node 516 

ages 1985.0 and 1987.2, node height 95% HPD intervals [1979.0, 1990.2] and [1981.7, 1992.1], 517 

respectively; Figure 2 and Supplementary Figures S6-S8). Interestingly, this predicted loss event 518 

occurred in close temporal proximity to a rapid increase in the effective population size of U.S. 519 

DT104, which occurred in the mid-to-late 1980s (Figure 3 and Supplementary Figure S5). 520 

Following this predicted rapid increase in the 1980s, the U.S. DT104 effective population size 521 

was predicted to have increased again in the mid-to-late 1990s, peaking circa 2000 (Figure 3 and 522 

Supplementary Figure S5). 523 

Loss of artAB and gogB within the global DT104 population occurs sporadically. The 524 

absence of Gifsy-1, artAB, and/or gogB among DT104 strains was not strictly a U.S. 525 

phenomenon: Gifsy-1, artAB, and gogB were not detected in 19 and three genomes out of (i) 290 526 

DT104 strains collected from numerous sources around the world [13] and (ii) 243 DT104 527 

strains isolated from cattle and humans in Scotland [36], respectively (representing 6.6% and 528 
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1.2% of strains in their respective study that were included in our analysis here; Figure 4 and 529 

Supplementary Figures S9 and S10). However, the Gifsy-1/artAB/gogB loss event associated 530 

with the U.S. artAB-negative major clade represented the single largest Gifsy-1/artAB/gogB loss 531 

event (n = 42; Figure 4 and Supplementary Figures S9 and S10). 532 

 Among all 752 DT104 genomes queried here, the presence and absence of artAB and 533 

gogB was correlated with that of Gifsy-1 (two-sided Fisher’s Exact Test raw P < 2.2×10-16 for 534 

each, ORs of 2069.8 and infinity, respectively), as well as each other (two-sided Fisher’s Exact 535 

Test raw P < 2.2×10-16, infinite OR; Figure 4, Table 1, and Supplementary Figure S9). However, 536 

unlike the 177 artAB-harboring U.S. genomes queried here, artAB were not always detected 537 

within prophage regions annotated as Gifsy-1 in the other genomes (Table 2 and Supplementary 538 

Table S5).  539 

In vitro response to human- and bovine-associated gastrointestinal stress factors is not 540 

correlated with the presence of artAB, gogB, and Gifsy-1 in U.S. DT104. The (i) loss of 541 

Gifsy-1/artAB/gogB associated with the U.S. artAB-negative major clade in close temporal 542 

proximity to a predicted rapid increase in the DT104 effective population size, plus (ii) the over-543 

representation of human strains in this clade led us to hypothesize that ArtAB and/or GogB 544 

production (or some other genomic element harbored on Gifsy-1) may influence the dynamics of 545 

DT104 in the digestive tracks of human and animal hosts. Thus, we used phenotypic assays that 546 

simulate human and/or bovine digestion-associated stress conditions to compare the phenotypes 547 

of Gifsy-1/artAB/gogB-negative members of the U.S. artAB-negative major clade to those of the 548 

most closely related Gifsy-1/artAB/gogB-positive U.S. DT104 strains available (Supplementary 549 

Table S9).  550 
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As the first three compartments of the bovine digestive tract differ massively from that in 551 

the human gut, the phenotype of Gifsy-1/artAB/gogB-positive and -negative strains was 552 

investigated in fresh bovine ruminal fluid (RF) obtained from a donor cow (Supplementary Table 553 

S10). DT104 concentrations were reduced by 3.4 log CFU (SD=0.2) when inoculated into RF at 554 

a final concentration of 105 CFU/mL, whereas DT104 numbers were reduced by 1.3 log CFU 555 

(SD = 0.2) when inoculated at a final concentration of 108 CFU/mL. While the inoculation 556 

density did significantly affect survival (ANOVA raw P < 0.001), the phenotype in RF was not 557 

associated with the presence or absence of Gifsy-1/artAB/gogB (ANOVA raw P > 0.05; Figure 558 

5).  559 

The presence of Gifsy-1/artAB/gogB also did not significantly influence acid stress 560 

survival at pH 3.5 (ANOVA raw P > 0.05; Figure 5 and Supplementary Table S11). While prior 561 

adaptation at an intermediate pH 5.5 significantly increased survival at pH 3.5 as expected 562 

(ANOVA raw P < 0.01), there was no significant difference in acid adaptation between Gifsy-563 

1/artAB/gogB-positive and -negative strains (ANOVA raw P > 0.05; Figure 5). Both groups 564 

showed a concentration-dependent reduction in growth/survival at the two tested bile 565 

concentrations of 0.6% and 1.1% (ANOVA raw P = 0.01 for the difference in fold change at the 566 

two concentrations), but there was no Gifsy-1/artAB/gogB-dependent phenotype in the response 567 

of DT104 strains to bile stress (ANOVA raw P > 0.05; Figure 5 and Supplementary Table S12).  568 

 569 

DISCUSSION 570 

A DT104 lineage distributed across multiple U.S. states lost its ability to produce toxin 571 

ArtAB in close temporal proximity to the global DT104 epidemic. Bacterial ADP-572 

ribosylating toxins play important roles in the virulence of numerous pathogens [19, 104]. While 573 
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the illness caused by Salmonella enterica is not considered to be a toxin-mediated disease in the 574 

classical sense (e.g., as is the case for Clostridium botulinum or Vibrio cholerae) [19], some 575 

Salmonella lineages are capable of producing ADP-ribosylating toxins, allowing them to alter 576 

host immune responses and promote pathogenesis [17, 19, 105-107]. ArtAB is one such toxin 577 

with a variable presence among Salmonella lineages; genes encoding ArtAB have been detected 578 

in at least 45 different serotypes and are correlated with the presence of typhoid toxin genes, 579 

although in DT104 this is not the case [108]. Additionally, in the majority of these serotypes, 580 

artA is predicted to be a pseudogene and the selective advantage of maintaining artB appears to 581 

be related to its use as an alternative binding subunit for the typhoid toxin [19, 109].  582 

A previous study of ArtAB-producing DT104 strains [18] found that ArtAB production 583 

among DT104 appears to be the norm rather than the exception, as 237 of 243 strains (97.5%) in 584 

the study were artAB-positive [18]. We observed similar findings here, as artAB was detected in 585 

678 of 752 DT104 genomes (90.2%). However, we additionally showed that artAB loss events 586 

appear sporadically throughout the DT104 phylogeny (Figures 2 and 4 and Supplementary 587 

Figures S9 and S10). Among U.S. DT104, these loss events usually coincided with Gifsy-1 588 

excision, although not exclusively (i.e., three strains did not possess artAB, but possessed Gifsy-589 

1; Figure 2 and Supplementary Figures S2-S4).  590 

Most notably, we observed a MDR DT104 clade circulating among cattle and humans 591 

across 11 U.S. states, which lost Gifsy-1, along with the ability to produce ArtAB and GogB, 592 

(i.e., the U.S. artAB-negative major clade; Figure 2). The U.S. artAB-negative major clade was 593 

predicted to have lost Gifsy-1/artAB/gogB circa 1985-1987, which is in close temporal proximity 594 

to the predicted rapid increase in the U.S. DT104 effective population size, which occurred in the 595 

mid-to-late 1980s (Figure 3). Our results are consistent with a previous study of DT104 from 596 
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multiple world regions, which also identified periods of dramatic population growth in the 1980s 597 

and 1990s [13]. This rapid increase in population size is notable, as it coincides with the global 598 

MDR DT104 epidemic, which occurred among humans and animals throughout the 1990s [13, 599 

14, 36]. However, it is essential to note that any potential association between the virulence 600 

and/or fitness of MDR DT104 and Gifsy-1/artAB/gogB loss among DT104 is merely speculative 601 

at this point (discussed in detail below); while previous studies of DT104 have shown that 602 

prophage excision and artAB loss occur in response to DNA damage and other stressors [17, 19], 603 

future studies are needed to better understand the roles that Gifsy-1, artAB, and gogB play in 604 

DT104 evolution.  605 

Members of the U.S. artAB-negative major clade do not have a phenotypic advantage 606 

relative to other U.S. DT104 when exposed to ruminal fluid-, acid-, and bile-associated 607 

stressors in vitro. Salmonella enterica encounters numerous stressors within the gastrointestinal 608 

tracts of humans and animals, including (but not limited to) low pH, low oxygen, exposure to 609 

bile, and the host immune system [110-112]. Furthermore, the gastrointestinal environment that 610 

Salmonella enterica encounters can differ between hosts; for example, the first three 611 

compartments of the bovine digestive tract differ massively from those of the human gut, as they 612 

essentially serve as massive microbial fermentation chambers [113]. Here, we evaluated DT104 613 

survival when exposed to three stressors encountered in the human and/or bovine gastrointestinal 614 

tracts: (i) ruminal fluid (RF; bovine rumen), (ii) low pH (bovine abomasum and human stomach), 615 

and (iii) exposure to bile (bovine and human duodenum); we discuss each step in detail below.  616 

In the bovine digestion process, the RF, including the complex community of ruminal 617 

microbiota [114], presents an early line of defense against potential pathogens, like Salmonella 618 

spp. In RF, the kill rate of DT104 strains was dependent on the inoculation density. The high 619 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


 

 

inoculation rate (108 CFU/mL) was chosen to test the ability of the ruminal microbiota to 620 

efficiently kill or impede Salmonella. The lower inoculation rate of 105 CFU/mL was chosen for 621 

its dynamic range to measure either growth or decrease of Salmonella concentration. An 622 

interaction of the complex ruminal microbiota with the inoculated Salmonella is conceivable in 623 

two ways: either the microbiota exhibit strategies to produce antimicrobial compounds against 624 

Salmonella species [115, 116], or through competition for nutrients, e.g., iron [117]. The fact that 625 

the ruminal microbiota was less effective at killing DT104 at the high inoculation rate suggests 626 

that their defense mechanisms against DT104 are limited and/or the system started to be overrun 627 

by the high numbers of DT104.  628 

Gastric acids in the stomach (or abomasum) are the next line of host defense, which 629 

Salmonella must overcome during gastrointestinal passage [118]. Like most enteric pathogens, 630 

Salmonella enterica is well adapted to the acid conditions of the stomach [119]. Our experiments 631 

confirmed that acid adaptation with HCl at pH 5.5 lead to much higher survival rates at pH 3.5. 632 

Well-known mechanisms such as decreased membrane conductivity for H+, increased proton 633 

extrusion or changes in the cell envelope composition [120-122] could be responsible for this. 634 

Upon leaving the stomach, enteric pathogens are confronted with bile. Bile salts show 635 

antimicrobial activity by dissolving membrane lipids, dissociating integral membrane proteins 636 

[123], and lead to general cell damage by misfolding and denaturation of proteins [124, 125] and 637 

DNA damage [126, 127]. Salmonella enterica is able to survive duodenal bile salt concentrations 638 

through DNA repair mechanisms [127], multiple changes in gene expression [128], and 639 

increased production of anti-oxidative enzymes [129]. Here, selected DT104 strains were able to 640 

survive at both tested bile salt concentrations (14.5 mmol/L and 26.0 mmol/L); however, no 641 
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significant differences were observed between strains that harbored Gifsy-1/artAB/gogB and 642 

those that did not (Figure 5).  643 

In summary, all tested strains were able to adapt to and survive in the in vitro 644 

gastrointestinal conditions tested here, while the presence or absence of Gifsy-1/artAB/gogB 645 

showed no fitness effects (Figure 5). However, it is important to note that we have only tested 646 

the most obvious stress conditions associated with the gastrointestinal tract; thus, it is 647 

conceivable that Gifsy-1/artAB/gogB loss among members of the U.S. artAB-negative major 648 

clade confer an advantage in conditions associated with the infection chain that were not tested 649 

here, including interactions with different host cell types.  650 

Future research is needed to understand the roles that Gifsy-1, ArtAB, and GogB play in 651 

DT104 virulence. The results presented here indicate that prophage-mediated ArtAB production 652 

among DT104 can undergo temporal changes. Most notably, we identified the U.S. artAB-653 

negative major clade, the common ancestor of which lost the ability to produce ArtAB in close 654 

temporal proximity to the global MDR DT104 epidemic. However, the ecological and/or 655 

evolutionary significance of this loss-of-function event remains unclear. Although phenotypic 656 

assessments have demonstrated a role for DT104-encoded ArtAB in both cell culture and a 657 

mouse model [18], the true benefit of this toxin in the context of human and bovine 658 

salmonellosis has not been investigated. It has been previously shown that reactive oxygen 659 

species (ROS) induce production of ArtAB [23], which may suggest that artAB is expressed in 660 

response to immune cell derived ROS. Furthermore, as treatment with ArtA increases 661 

intracellular levels of cAMP in macrophage-like cells [18], ArtAB may play a role in delaying 662 

Salmonella clearance by altering the activity of host immune cells [19]. Hence, future studies, 663 
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including in tissue culture and animal models, will be needed to determine whether artAB 664 

presence or absence confers a selective advantage among human- and animal-associated DT104. 665 

The in vitro stress assays performed in this study aimed to mimic the stressors that 666 

DT104 encounters in the gastrointestinal tracts of humans and ruminants. Given the over-667 

representation of human-associated Gifsy-1/artAB/gogB-negative strains observed here, one may 668 

be tempted to speculate that Gifsy-1, artAB, and/or gogB absence may confer members of the 669 

U.S. artAB-negative major clade with a competitive advantage in the human host gastrointestinal 670 

tract; however, no Gifsy-1/artAB/gogB-dependent phenotype of DT104 was observed under the 671 

tested conditions (Figure 5). Despite this, it may be possible that Gifsy-1/artAB/gogB absence 672 

may confer some advantage(s) to U.S. artAB-negative major clade strains in environmental 673 

conditions, which were not tested in this study, including those outside of the host (e.g., high 674 

osmotic pressure and competitive microbiota in manure or wastewater, food safety measures like 675 

disinfectants, antimicrobials and food processing) [111]. However, at the present, this is merely 676 

speculation; future studies are needed to evaluate whether Gifsy-1/artAB/gogB loss among 677 

members of the U.S. artAB-negative major clade is merely coincidental or indicative of some 678 

evolutionarily advantageous phenotype. 679 
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TABLES 

Table 1. Presence and absence of artAB, gogB, and Gifsy-1 among the U.S., Scottish, and global DT104 data sets, plus all data sets 
combined. 
Data Set(s) Host(s) Total # of 

Genomes 
artAB Present (%)a gogB Present (%)a Gifsy-1 Present (%)b 

U.S. c      
 All 230 177 (77.0%) 180 (78.3%) 180 (78.3%) 
 Bovine 168 150 (89.3%) 153 (91.1%) 153 (91.1%) 
 Human 62 27 (43.5%) 27 (43.5%) 27 (43.5%) 
Scottish d      
 All 243 240 (98.8%) 240 (98.8%) 144 (59.3%) 
 Bovine 82 82 (100.0%) 82 (100.0%) 48 (58.5%) 
 Human 161 158 (98.1%) 158 (98.1%) 96 (59.6%) 
Global e      
 All 290 271 (93.4%) 271 (93.4%) 265 (91.4%) 
Combined      
 All 752 678 (90.2%) 681 (90.6%) 579 (77.0%) 
a Identified using nucleotide BLAST (blastn; default settings, with no minimum identity or coverage threshold employed). 
b Identified using the PHASTER webserver; Gifsy-1 regions annotated as “intact”, “incomplete” or “questionable” were considered to 
be “present” in a genome. 
c Refers to the set of 219 U.S. human- and bovine-associated DT104 genomes acquired as described previously [24] and characterized 
here, plus 11 bovine- and human-associated U.S. DT104 genomes from the global DT104 data set. 
d Refers to a set of 243 Scottish human- and bovine-associated DT104 genomes sequenced and characterized previously [36]. 
e Refers to a set of 290 DT104 genomes collected from various sources around the world, which were sequenced and characterized 
previously [13].  
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Table 2. Location of artAB and gogB in DT104 genomes within the U.S., Scottish, and global DT104 data sets, plus all data sets 
combined. 

  # of Genes Detecteda  
  Within Gifsy-1b Within Gifsy-2b Within Salmonella 

phage 118970_sal3b 
Outside of 
Annotated 
Prophage 
Regions 
(%)b,c 

Genesa Data Set 
(# of Genomes with Gene/ 
Total # of Genomes; %) 

Intact 
(%)c 

Incomplete 
(%)c 

Intact 
(%)c 

Incomplete 
(%)c 

Intact 
(%)c 

Incomplete 
(%)c 

artAB         
 U.S.d (177/230; 77.0%) 177 

(100.0) 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

 Scottishe (240/243; 98.8%) 21 (8.8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 219 (91.3) 
 Globalf (271/290; 93.4%) 263 (97.0) 0 (0) 0 (0) 0 (0) 2 (0.7) 0 (0) 6 (2.2) 
 Combined (678/752; 90.2%) 451 (66.5) 0 (0) 0 (0) 0 (0) 2 (0.3) 0 (0) 225 (33.2) 

gogB         
 U.S.d (180/230; 78.3%) 51 (28.3) 75 (41.7) 1 (0.6) 2 (1.1) 0 (0) 0 (0) 51 (28.3) 
 Scottishe (240/243; 98.8%) 50 (20.8) 85 (35.4) 0 (0) 0 (0) 0 (0) 0 (0) 105 (43.8) 
 Globalf (271/290; 93.4%) 11 (4.1) 67 (24.7) 2 (0.7) 1 (0.4) 0 (0) 0 (0) 190 (70.1) 
 Combined (681/752; 90.6%) 112 (16.4) 223 (32.7) 3 (0.4) 3 (0.4) 0 (0) 0 (0) 340 (49.9) 

a Identified using nucleotide BLAST (blastn; default settings, with no minimum identity or coverage threshold employed). 
b Identified using the PHASTER webserver; “intact” refers to prophage classified by PHASTER as “intact”, while “incomplete” 
encompasses prophage classified as “incomplete” or “questionable”.  
c Percentages in parentheses were calculated relative to the “# of genomes with gene” value in the “Data Set” column used as a 
denominator. 
d Refers to the set of 219 U.S. human- and bovine-associated DT104 genomes acquired as described previously [24] and characterized 
here, plus 11 bovine- and human-associated U.S. DT104 genomes from the global DT104 data set. 
e Refers to a set of 243 Scottish human- and bovine-associated DT104 genomes sequenced and characterized previously [36]. 
f Refers to a set of 290 DT104 genomes collected from various sources around the world, which were sequenced and characterized 
previously [13].  
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FIGURES 

Figure 1. Geographic and source origins (i.e., human or bovine) of (A) all 230 human- and 

bovine-associated United States (U.S.) DT104 genomes queried in this study, and (B) 42 Gifsy-

1/artAB/gogB-negative genomes assigned to the U.S. artAB-negative major clade. U.S. states 

shown in gray did not contribute any genomes to the respective data set. The U.S. state that 

contributed the most genomes to its respective data set is labeled. The figure was created using 

BioRender (https://biorender.com/) and the “plot_usmap” function in the usmap version 0.6.0 R 

package [130]. 

 

Figure 2. Bayesian time-scaled phylogeny constructed using 146 human- and bovine-associated 

DT104 genomes collected in the United States (U.S.). Tip label colors denote the isolation 

source reported for each genome (human or bovine in pink and blue, respectively). The heatmap 

to the right of the phylogeny denotes the presence and absence of (i) selected virulence factors 

(dark and light pink, respectively) and (ii) prophage (dark and light green, respectively). The 

U.S. artAB-negative major clade is denoted by the bright purple bar; light purple shading around 

the node of the U.S. artAB-negative major clade denotes the 95% highest posterior density 

(HPD) interval, in which Gifsy-1/artAB/gogB were predicted to have been lost. The phylogeny 

was constructed and rooted using BEAST2. Time in years is plotted along the X-axis, while 

branch labels correspond to posterior probabilities of branch support (selected for readability). 

For extended versions of this figure, see Supplementary Figures S2-S4. 
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Figure 3. Coalescent Bayesian Skyline plot constructed using 146 U.S. bovine- and human-

associated S. Typhimurium DT104 genomes. Effective population size and time in years are 

plotted along the Y- and X-axes, respectively. The median effective population size estimate is 

denoted by the solid black line, with upper and lower 95% highest posterior density (HPD) 

interval bounds denoted by gray shading. The interval shaded in light blue and bounded by 

dashed vertical lines denotes the time interval in which Gifsy-1/artAB/gogB were predicted to 

have been lost by the common ancestor of the U.S. artAB-negative major clade (corresponding to 

the years 1985.0 and 1987.2, denoted by turquoise and pink dashed lines, respectively). The 

dotted turquoise and pink vertical lines correspond to the 95% HPD interval lower and upper 

bounds for Gifsy-1/artAB/gogB loss among members of the U.S. artAB-negative major clade 

(corresponding to the years 1979.0 and 1992.1, respectively).  

 

Figure 4. Time-scaled maximum likelihood (ML) phylogeny constructed using the combined 

752-genome DT104 data set. Tip label colors denote the study with which each genome is 

affiliated. The heatmap encompassing the phylogeny denotes the presence and absence of 

selected virulence factors and intact prophage. The ML phylogeny was constructed using IQ-

TREE and rooted and time-scaled using LSD2. Branch lengths are reported in years. For an 

extended version of this figure, see Supplementary Figure S9. 

 

 

 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


 

 

Figure 5. Response of DT104 isolates (n = 6) to environmental stress factors correlated with the 

presence of Gifsy-1/artAB/gogB. Base-ten logarithmic fold change (FC) was calculated as 

follows: FC = log CFU/g at the start of the experiments – log CFU/g after the stress assay. (A) 

(A) Log FC of DT104 inoculated into ruminal fluid at high (108 CFU/mL; “High”) or low (105 

CFU/mL; “Low”) bacterial numbers. (B) Log FC of DT104 isolates exposed to inorganic acid 

stress (pH 3.5) with or without a prior adaption step with an intermediate pH (pH 5.5). (C) Log 

FC of DT104 isolates after exposure to bile salt at two concentrations. 
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U.S. DT104 genomes
(full data set; n = 230)

U.S. artAB-negative
major clade

(n = 42)

A. B.

n = 62 n = 168 n = 30 n = 12

Figure 1. Geographic and source origins (i.e., human or bovine) of (A) all 230 United States (U.S.) DT104 genomes queried in this study, and (B) 42
Gifsy-1/artAB/gogB-negative genomes assigned to the U.S. artAB-negative major clade. U.S. states shown in gray did not contribute any genomes to
the respective data set. The U.S. state that contributed the most genomes to its respective data set is labeled.

25

50

75

Number of Genomes

Washington (n = 99)

25

50

75

Number of Genomes

5.0

10.0

15.0

20.0

Number of Genomes

5.0

10.0

15.0

20.0

Number of Genomes

Pennsylvania
(n = 22)

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


BOV_TYPH_Alaska_2007_SRR1363343

BOV_TYPH_Alaska_2007_SRR1379621

BOV_TYPH_California_2008_SRR3223090

BOV_TYPH_California_2011_SRR2131021
BOV_TYPH_California_2011_SRR2131026

BOV_TYPH_California_2014_SRR3295897

BOV_TYPH_California_2014_SRR3295919
BOV_TYPH_California_2016_SRR5152223

BOV_TYPH_California_2017_SRR5271441

BOV_TYPH_Idaho_2007_SRR1501471

BOV_TYPH_Idaho_2007_SRR1511488

BOV_TYPH_Idaho_2007_SRR1515021

BOV_TYPH_Idaho_2007_SRR1539641

BOV_TYPH_Minnesota_2001_SRR1334368

BOV_TYPH_Minnesota_2001_SRR1346277
BOV_TYPH_Minnesota_2001_SRR1346281

BOV_TYPH_Minnesota_2003_SRR1299391

BOV_TYPH_Minnesota_2003_SRR1556967

BOV_TYPH_Minnesota_2004_SRR1638447

BOV_TYPH_Minnesota_2004_SRR1664808

BOV_TYPH_Minnesota_2005_SRR1752707

BOV_TYPH_Minnesota_2005_SRR1805573

BOV_TYPH_Minnesota_2007_SRR1177215

BOV_TYPH_Minnesota_2007_SRR1177244

BOV_TYPH_Minnesota_2007_SRR1177333

BOV_TYPH_Minnesota_2007_SRR1177561

BOV_TYPH_Minnesota_2008_SRR1177378

BOV_TYPH_Minnesota_2008_SRR1266030

BOV_TYPH_Minnesota_2008_SRR1266065

BOV_TYPH_Minnesota_2008_SRR1266085

BOV_TYPH_Minnesota_2009_SRR1158209

BOV_TYPH_Minnesota_2009_SRR1164551

BOV_TYPH_Minnesota_2009_SRR1266056

BOV_TYPH_Minnesota_2010_SRR1089590

BOV_TYPH_Minnesota_2010_SRR1158084

BOV_TYPH_Minnesota_2011_SRR1067622

BOV_TYPH_Minnesota_2015_SRR2533475

BOV_TYPH_Minnesota_2016_SRR5712120

BOV_TYPH_Montana_2007_SRR1302799

BOV_TYPH_Montana_2007_SRR1346265

BOV_TYPH_Montana_2007_SRR1346288

BOV_TYPH_Montana_2007_SRR1346320
BOV_TYPH_Montana_2007_SRR1346322

BOV_TYPH_NY_1999_A4−0023
BOV_TYPH_NY_1999_S3−0910

BOV_TYPH_NY_2004_S5−0429

BOV_TYPH_NY_2010_R8−7307

BOV_TYPH_NY_2011_R8−8274
BOV_TYPH_NY_2011_R8−8387

BOV_TYPH_NewJersey_2015_SRR3000028

BOV_TYPH_NorthDakota_2018_SRR7823316

BOV_TYPH_Ohio_2017_SRR6309490

BOV_TYPH_Oregon_2006_SRR2533343

BOV_TYPH_Oregon_2007_SRR1511547

BOV_TYPH_SouthDakota_2007_SRR1757783

BOV_TYPH_SouthDakota_2007_SRR1757784
BOV_TYPH_SouthDakota_2007_SRR1757785

BOV_TYPH_SouthDakota_2007_SRR949353

BOV_TYPH_SouthDakota_2012_SRR2131023

BOV_TYPH_Texas_2018_SRR8234004

BOV_TYPH_Virginia_2005_SRR1177276
BOV_TYPH_Virginia_2006_SRR1177543

BOV_TYPH_Virginia_2017_SRR6297851
BOV_TYPH_Virginia_2017_SRR6297979

BOV_TYPH_Washington_2006_SRR1333888

BOV_TYPH_Washington_2006_SRR1334381

BOV_TYPH_Washington_2006_SRR1334786

BOV_TYPH_Washington_2007_SRR1292243

BOV_TYPH_Washington_2007_SRR1334176

BOV_TYPH_Washington_2007_SRR1334289

BOV_TYPH_Washington_2007_SRR1363322
BOV_TYPH_Washington_2007_SRR1501673

BOV_TYPH_Washington_2007_SRR1519881

BOV_TYPH_Washington_2007_SRR1534914

BOV_TYPH_Washington_2007_SRR1539545
BOV_TYPH_Washington_2007_SRR1539605

BOV_TYPH_Washington_2007_SRR1544195

BOV_TYPH_Washington_2017_SRR6008839

BOV_TYPH_Wisconsin_2018_SRR8157450

BOV_TYPH_Wyoming_2012_SRR6475526

BOV_TYPH_Wyoming_2012_SRR6475534
BOV_TYPH_Wyoming_2014_SRR6155019

BOV_TYPH_Wyoming_2015_SRR6129516

BOV_US_NC_2004_35170

HUM_TYPH_Massachusetts_2012_SRR2134683

HUM_TYPH_Minnesota_2001_SRR1575964

HUM_TYPH_NY_2004_S5−0370

HUM_TYPH_NY_2006_R6−0215

HUM_TYPH_NY_2008_R8−0763

HUM_TYPH_NY_2010_R8−5213

HUM_TYPH_NY_2010_R8−6089

HUM_TYPH_NY_2011_R8−8081

HUM_TYPH_NY_2012_R9−0437

HUM_TYPH_NewJersey_2010_SRR6219614

HUM_TYPH_NewYork_2010_SRR949496

HUM_TYPH_NewYork_2013_SRR974687

HUM_TYPH_NewYork_2015_SRR2847929

HUM_TYPH_Ohio_2010_SRR6219565

HUM_TYPH_Pennsylvania_2009_SRR6219160

HUM_TYPH_Pennsylvania_2009_SRR6219306
HUM_TYPH_Pennsylvania_2009_SRR7047483

HUM_TYPH_Pennsylvania_2010_SRR6000376

HUM_TYPH_Pennsylvania_2010_SRR6000471

HUM_TYPH_Pennsylvania_2010_SRR6114353

HUM_TYPH_Pennsylvania_2010_SRR6219310

HUM_TYPH_Pennsylvania_2010_SRR6219313

HUM_TYPH_Pennsylvania_2010_SRR6219316

HUM_TYPH_Pennsylvania_2010_SRR6219326

HUM_TYPH_Pennsylvania_2010_SRR6219531
HUM_TYPH_Pennsylvania_2010_SRR6219543

HUM_TYPH_Pennsylvania_2010_SRR6428559

HUM_TYPH_Pennsylvania_2011_SRR6219635

HUM_TYPH_Pennsylvania_2011_SRR6219636

HUM_TYPH_Pennsylvania_2011_SRR6220196

HUM_TYPH_Pennsylvania_2012_SRR6000470

HUM_TYPH_Pennsylvania_2012_SRR6113232

HUM_TYPH_Pennsylvania_2012_SRR6219378

HUM_TYPH_Pennsylvania_2013_SRR5998800

HUM_TYPH_Pennsylvania_2013_SRR6000472

HUM_TYPH_Pennsylvania_2013_SRR6112868

HUM_TYPH_Pennsylvania_2013_SRR6219314

HUM_TYPH_Pennsylvania_2014_SRR6112869

HUM_TYPH_Pennsylvania_2014_SRR6112872

HUM_TYPH_Unknown_2011_SRR5573076

HUM_TYPH_Unknown_2011_SRR5573084

HUM_TYPH_Unknown_2011_SRR5573092

HUM_TYPH_Unknown_2011_SRR5573108

HUM_TYPH_Unknown_2011_SRR5573120

HUM_TYPH_Unknown_2012_SRR5573044

HUM_TYPH_Unknown_2012_SRR5573058

HUM_TYPH_Unknown_2012_SRR5573132

HUM_TYPH_Unknown_2012_SRR5573135

HUM_TYPH_Unknown_2015_SRR5787162

HUM_TYPH_Unknown_2015_SRR5808893

HUM_TYPH_Unknown_2015_SRR5890465

HUM_TYPH_Unknown_2015_SRR6396491

HUM_US_GA_1994_G7393

HUM_US_ID_2002_J1443

HUM_US_ID_2004_K0433

HUM_US_ID_2005_K2945

HUM_US_KS_1998_AM03504

HUM_US_NY_1995_G10215

HUM_US_OR_2001_AM09646

HUM_US_SC_2000_H9400

HUM_US_TN_1997_H3585

HUM_US_WA_1999_H9144

1

0.69

0.86

0.65

1
1 1

1

1

1
1

1
1

1

1
1

1
1 1

1
1

1

1

0.41
1

1

1
1

1

0.78

0.94
1 1

0.99

1

1

1

1

1
1

1

1

1

1

1
1

1

0.99

1

1

1

1
1

1

1

1
1

1

1

1
1

1

1

1

1
1

1

1
1

1

1
1

1

1
1

1
1

1
1

1

1 1

1

1

1 1

a
rt
A

a
rt
B

g
o
g
B

G
ifs

y
-1

G
ifs

y
-2

1980 1990 2000 2010 2020

factor(source)

a

a

BOV

HUM

value

Virulence Factor Absent

Virulence Factor Present

Prophage Absent

Prophage Present

Tip Labels:

Source

a

a

Bovine

Human

Heatmap

Virulence Factor Absent

Virulence Factor Present

Prophage Absent

Prophage Present

Clade Annotations

U.S. artAB-negative

major clade

Gifsy-1/artAB/gogB

loss event

U.S. artAB-negative

major clade

Year

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


10

100

1000

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Time (Year)

E
ff
e

c
ti
ve

 P
o

p
u

la
ti
o

n
 S

iz
e

U.S. artAB-negative

major clade predicted

Gifsy-1/artAB/gogB

loss event 95% HPD interval

U.S. artAB-negative

major clade predicted

Gifsy-1/artAB/gogB loss event

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


DK 7322952 swine 02-08-01

DK 7621293 swine 27-05-04

DK 2008-10-1872-4 cattle 26-08-08

DK 2007-10-2336-1 pig 16-08-07

DK 7223502 swine 19-09-00

DE 04-01469 poultry 11-05-04

DK 2006-60-1151-1 pig 04-07-06

HUM TYPH Scotland 2005 ERR164777

DE 10-03771 poultry 03-09-10

IE S11-000847 pig 2011

DE 01-01799 poultry 15-06-01

AT 01 00005004 poultry 07-08-01

DE 00-03739 poultry 08-09-00
NL 158 62 human 2006

LU C040857 human 07-05-04
LU F060114 pig 10-07-06

DE 03-03489 poultry 06-08-03

LU C061286 human 03-08-06

DK 2008-60-236-1 pig 05-02-08
DE 06-01070 poultry 13-02-06
DK 7420325 3 swine 25-01-02
DK 7420325 1 swine 25-01-02

DK 7321117 swine 11-04-01
DK 2005-60-323-1 pig 13-04-05

DK 2009-60-2267 swine 06-10-09
DK 2009-60-2267-1 pig 06-10-09DK 7320910 swine 20-03-01DK 7520427 1 swine 11-02-03

DK 2010-60-1525-1 pig 04-05-10DK 7520427 2 swine 11-02-03DK 7422268 swine 08-08-02DK 7421102 swine 12-04-02DK 2006-10-2415-1 cattle 13-10-06DK 2007-60-1463-1 cattle 06-01-07DE 08-01953 humanDK 2005-60-1139-1 pig 03-08-05AT 07 00000590 poultry 16-02-07AT 07 00000595 pig 16-02-07HUM TYPH Scotland 2008 ERR164781
LU C051571 human 27-09-05

FR 02 6245 human 2002
NZ ERL983935 human 19-08-98

NZ ERL98991 human 04-03-98
AT 04 00003390 pig 06-07-04

HUM TYPH Scotland 1997 ERR170609

HUM TYPH Scotland 1996 ERR026116

BOV TYPH Scotland 1993 ERR170633

HUM TYPH Scotland 1995 ERR170594

HUM TYPH Scotland 1992 ERR170580

HUM TYPH Scotland 1996 ERR170603

LU C081387 human 27-07-08

BOV TYPH Scotland 1994 ERR170639

BOV TYPH Scotland 1991 ERR170625

BOV TYPH Scotland 1990 ERR170624

BOV TYPH Scotland 1996 ERR170655

BOV TYPH Scotland 1994 ERR170637

HUM TYPH Scotland 1995 ERR170599

HUM TYPH Scotland 1995 ERR028468

HUM TYPH Scotland 2000 ERR026070

HUM TYPH Scotland 1998 ERR170614

BOV TYPH Scotland 1995 ERR026024

HUM TYPH Scotland 1992 ERR170582

AT 99 00000182 human 13-01-99

HUM TYPH Scotland 1999 ERR026071

HUM TYPH Scotland 1996 ERR164826

HUM TYPH Scotland 1996 ERR026074

HUM TYPH Scotland 1991 ERR026088

DK 9920320 swine 15-01-99

FR 05 2975 human 2005

LU F070186 pig 29-08-07

FR 92-9446 human

AT 03 00000852 human 21-02-03

BOV TYPH Scotland 1993 ERR026077

BOV TYPH Scotland 1993 ERR026155

BOV TYPH Scotland 1991 ERR170626

BOV TYPH Scotland 1994 ERR026066

HUM TYPH Scotland 1992 ERR026092

HUM TYPH Scotland 1998 ERR026120

HUM TYPH Scotland 1994 ERR026162

HUM TYPH Scotland 1994 ERR026078

DK 7720547 swine 09-03-05

DK 7720556 swine 09-03-05

DK 7320270 3 swine 24-01-01

DK 7322791 swine 18-07-01

DK 7320816 swine 09-03-01

DK 7221171 swine 21-03-00

DK 7221432 2 swine 11-04-00

DK 7221375 1 swine 05-04-00

DK 7221228 swine 24-03-00

DK 7221651 swine 26-04-00

DK 7221432 1 swine 11-04-00

DK 7622755 swine 05-11-04

DK 7223503 3 swine 19-09-00

DK 7721362 swine 04-04-00

DE 07 02884 human 25-07-07

DK 2007-60-254-2 pig 30-01-07

DK 2008-10-2205-1 pig 03-10-08

HUM TYPH Scotland 2007 ERR164779

AT 04 00000402 human 29-01-04

HUM TYPH Scotland 2001 ERR170620

BOV TYPH Scotland 1995 ERR026152

HUM TYPH Scotland 1995 ERR170600

HUM TYPH Scotland 1997 ERR170610

HUM TYPH Scotland 1998 ERR170613

DK 2009-60-1015-1 pig 05-05-09

HUM TYPH Scotland 2000 ERR170618

HUM TYPH Scotland 1994 ERR026081

HUM TYPH Scotland 1994 ERR170591

HUM TYPH Scotland 1992 ERR170581

BOV TYPH Scotland 1991 ERR026027

DK 2006-51-1756-1 chicken 22-02-06

DK 2006-51-2276-2 chicken 13-03-06

DK 2006-51-9123-2 chicken 31-10-06

DK 2006-51-2204-1 chicken 08-03-06

LU C111
200 human 22-08-11

NZ ERL11
377 human 04-02-11

HUM TYPH Sco
tla

nd 2005 ERR170671

NL 268.38 human 2010

CH 07 IM
D0891 poultry

 09-10-07

BOV TYPH Sco
tla

nd 1995 ERR170650

BOV TYPH S
co

tla
nd 1995 E

RR026040

BOV TYPH S
co

tla
nd 1995 E

RR170646

BOV TYPH S
co

tla
nd 2004 E

RR026154

HUM TYPH S
co

tla
nd 1996 E

RR164822

AT 05 00000034 human 05-01-05

DK 9724913 sw
ine 22-12-97

BOV TYPH S
co

tla
nd 1992 E

RR170627

HUM TYPH S
co

tla
nd 1992 E

RR164808

BOV T
YPH S

co
tla

nd 1995 E
RR170643

HUM T
YPH S

co
tla

nd 2009 E
RR164783

BOV T
YPH S

co
tla

nd 1994 E
RR026034

BOV T
YPH S

co
tla

nd 1995 E
RR170645

BOV T
YPH S

co
tla

nd
19

95
 E

RR17
06

44

BOV T
YPH S

co
tla

nd
 1

99
6 

ERR02
61

50

HUM
 T

YPH S
co

tla
nd

 1
99

6 
ERR17

06
01

BOV T
YPH S

co
tla

nd
 1

99
6 

ERR02
60

37

HUM
 T

YPH S
co

tla
nd

 1
99

4 
ERR17

05
90

HUM
 T

YPH S
co

tla
nd

 1
99

7 
ERR16

48
15

BOV T
YPH S

co
tla

nd
 1

99
5 

ERR17
06

49

HUM
 T

YPH S
co

tla
nd

 1
99

1 
ERR17

05
78

IL
 9

46
73

 h
um

an
 2

00
5

IL
 1

00
66

8 
hu

m
an

 2
00

6

IL
 6

75
60

 h
um

an
 2

00
1

IL
 11

66
 p

ou
ltr

y 
20

00

IL
 1

07
63

5 
hu

m
an

 2
00

7

HUM
 T

YPH S
co

tla
nd

 1
99

7 
ERR16

48
25

IL
 6

32
34

 h
um

an
 1

99
7

IL
 6

10
32

po
ul

try
 2

00
0

IL
 8

15
43

 h
um

an
 2

00
3

AT
 9

8 
00

00
03

37
 p

ou
ltr

y 
19

-0
1-

98

IL
 2

 p
ou

ltr
y 

19
96

IL
 6

06
32

 h
um

an
 2

00
0

LU
 C

09
03

34
 h

um
an

 0
2-

03
-0

9

LU
 C

07
11

90
 p

ig
 1

6-
07

-0
7

IE
 S

06
 0

00
05

8 
pi

g 
20

06

D
E 

05
 0

31
25

 h
um

an

D
K 

77
20

10
8 

sw
in

e 
13

-0
1-

05

D
K 

75
20

12
3 

sw
in

e 
14

-0
1-

03

AT
 0

4 
00

00
24

54
 p

ou
ltr

y 
07

-0
6-

04

C
Z 

F3
21

4 
hu

m
an

 1
99

8

D
K 

20
07

-1
0-

22
62

-1
 c

at
tle

 0
8-

07
-0

7

H
U

M
 T

YP
H

 S
co

tla
nd

 2
00

3 
ER

R
17

06
22

AT
 0

5 
00

00
23

32
 p

ou
ltr

y 
14

-0
6-

05

AT
 0

9 
00

00
04

55
 p

ou
ltr

y 
20

-0
2-

09

AT
 0

0 
00

00
86

69
 p

ig
 1

0-
10

-0
0

IL
12

9 
hu

m
an

 1
99

9

IL
 7

84
50

 h
um

an
 2

00
2

IL
 1

14
73

2 
hu

m
an

 2
00

8

IL
 9

19
40

 p
ou

ltr
y 

19
99

IL
 2

63
23

 h
um

an
 1

99
8

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
4 

E
R

R
02

84
72

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
1 

E
R

R
02

61
37

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
02

84
73

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
1 

E
R

R
02

60
95

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
0 

E
R

R
02

84
71

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
17

06
05

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
02

61
33

IE
 S

03
 0

00
12

9 
pi

g 
20

03

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
02

60
49

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
17

06
04

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
02

61
51

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
17

06
02

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
3 

E
R

R
02

61
67

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
4 

E
R

R
02

60
20

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
17

06
60

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
02

61
70

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
9 

E
R

R
17

06
17

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
3 

E
R

R
17

05
88

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
3 

E
R

R
17

05
87

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
5 

E
R

R
17

05
95

LU
 C

07
19

08
 h

um
an

 2
6-

10
-0

7

AT
 0

0 
00

00
00

16
 h

um
an

 0
4-

01
-0

0

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
3 

E
R

R
02

61
08

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
4

E
R

R
02

61
22

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
9 

E
R

R
02

61
35

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
02

61
00

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
17

06
16

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
5 

E
R

R
16

48
12

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
02

60
30

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
02

60
87

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
6 

E
R

R
02

60
86

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
5 

E
R

R
02

61
60

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
02

60
76

D
E

 0
9-

00
13

3 
po

ul
tr

y 
08

-0
1-

09

C
H

 1
1 

R
ef

02
28

 c
ow

 0
9-

02
-1

1

D
E

 0
8-

04
63

9 
pi

g 
25

-0
9-

08

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
02

60
47

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
02

60
48

N
L 

10
8 

07
 h

um
an

 2
00

4

C
H

 0
7 

IM
D

08
84

 p
ou

ltr
y 

09
-0

8-
07

N
L 

12
9 

52
 h

um
an

 2
00

5

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
17

06
64

IE
 S

10
 0

00
36

8 
pi

g 
20

10

D
K

 2
00

8-
60

-2
04

1-
2 

ca
ttl

e 
03

-0
9-

08

D
K

 2
00

9-
10

-1
91

2-
1 

ca
ttl

e 
18

-0
8-

09
N

L 
21

5.
51

 h
um

an
 2

00
8

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
02

61
10

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
17

06
08

N
L 

21
3.

67
 p

ig
 2

00
7

N
L 

23
8 

65
 p

ig
 2

00
8

N
L 

25
9.

46
 p

ig
 2

00
9

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
7 

E
R

R
02

61
39

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

99
8 

E
R

R
02

61
40

B
O

V
 T

Y
P

H
 S

co
tla

nd
 1

99
5 

E
R

R
02

61
56

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
1 

E
R

R
02

61
59

B
O

V
 T

Y
P

H
 S

co
tla

nd
 2

00
3 

E
R

R
02

60
23

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
3 

E
R

R
02

60
85

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
5 

E
R

R
17

06
72

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
2 

E
R

R
02

61
66

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

0
02

 E
R

R
0

26
10

4
H

U
M

 T
Y

P
H

 S
co

tla
nd

 2
0

09
 E

R
R

1
64

78
2

IE
 S

07
 0

00
31

3 
pi

g 
20

07
H

U
M

 T
Y

P
H

 S
co

tla
nd

 1
9

95
 E

R
R

0
26

09
1

N
L 

21
.3

2 
pi

g 
20

0
0

H
U

M
 T

Y
P

H
 S

co
tla

nd
 1

9
96

 E
R

R
0

26
10

1
H

U
M

T
Y

P
H

 S
co

tla
nd

 2
0

02
 E

R
R

1
70

62
1

B
O

V
 T

Y
P

H
 S

cotland
 1999 E

R
R

026050
H

U
M

 T
Y

P
H

 S
cotland 19

97 E
R

R
0

26124
H

U
M

 T
Y

P
H

 S
cotland 19

99 E
R

R
0

26141
U

S
 ID

 J1443 hu
m

an 18-05-0
2

N
L 86.01 hum

a
n 2003

B
O

V
 T

Y
P

H
 S

cotland
 1993 E

R
R

026064
B

O
V

 T
Y

P
H

 S
cotland

 1993 E
R

R
170630

P
L 1215 11 poultry 29-04-11

P
L 1230 11 poultry 29-04-11

P
L 624 2003 poultry

01-04-03
P

L R
-166A

 poultry 27-02-06
P

L 0086 08 poultry 29-01-08
P

L 1773 04 poultry 01-04-04
P

L 875 07 poultry 30-04-07
P

L 0897 10 poultry 24-03-10
P

L N
116D

 poultry 17-01-05
N

L 296 38 hum
an 2011

P
L 0412 09 poultry 19-02-09

B
O

V
 T

Y
P

H
 S

cotland 2009 E
R

R
164796

B
O

V
 T

Y
P

H
 S

cotland 2008 E
R

R
164795

B
O

V
 T

Y
P

H
 S

cotland 2008 E
R

R
164793

B
O

V
 T

Y
P

H
 S

cotland 2010 E
R

R
164798

B
O

V
 T

Y
P

H
 S

cotland 2005 E
R

R
164789

B
O

V
 T

Y
P

H
 S

cotland 2001 E
R

R
026148

B
O

V
 T

Y
P

H
 S

cotland 2006 E
R

R
164791

H
U

M
 T

Y
P

H
 S

cotland 2008 E
R

R
164780

B
O

V
 T

Y
P

H
 S

cotland 2005 E
R

R
164788

B
O

V
 T

Y
P

H
 S

cotland 2006 E
R

R
164790

H
U

M
 T

Y
P

H
 S

cotland 1999 E
R

R
026143

D
E

 02-02566 poultry 04-07-02

D
K

 9923771 sw
ine 13-10-99

H
U

M
 T

Y
P

H
 S

cotland 1997 E
R

R
026118

H
U

M
 T

Y
P

H
 S

cotland 2003 E
R

R
164824

H
U

M
 T

Y
P

H
 S

cotland 1996 E
R

R
026123

H
U

M
 T

Y
P

H
 S

cotland 1997 E
R

R
026094

P
L 709 2000 poultry 2000

H
U

M
 T

Y
P

H
 S

cotland 1997 E
R

R
026117

H
U

M
 T

Y
P

H
 S

cotland 1998 E
R

R
026109

H
U

M
 T

Y
P

H
 S

cotland 1996 E
R

R
026113

D
K

 2009-51-5861-1 chicken 15-07-09

H
U

M
 T

Y
P

H
 S

cotland 1996 E
R

R
026128

B
O

V
 T

Y
P

H
 S

cotland 1997 E
R

R
026147

B
O

V
 T

Y
P

H
 S

cotland 1999 E
R

R
026157

H
U

M
 T

Y
P

H
 S

cotland 1996 E
R

R
026161

N
L 118.07 pig 2004

H
U

M
 T

Y
P

H
 S

cotland 1999 E
R

R
026134

H
U

M
 T

Y
P

H
 S

cotland 1995 E
R

R
026114

H
U

M
 T

Y
P

H
 S

cotland 1995 E
R

R
026112

H
U

M
 T

Y
P

H
 S

cotland 1994 E
R

R
026098

AT 08 00000084 pig 10-01-08

AT M
R

S
 10 00317 pig 09-02-10

AT 09 00000505 pig 26-02-09

D
E

 11-03381 poultry 12-09-11

LU
 C

010116 pig 15-01-01

C
Z F9093 piglet

C
Z F9013 calf 1995

C
Z F9028 calf 1995

H
U

M
 TY

P
H

 S
cotland 1996 E

R
R

026097

H
U

M
 TY

P
H

 S
cotland 2002 E

R
R

026165

H
U

M
 TY

P
H

 S
cotland 1996 E

R
R

170606

H
U

M
 TY

P
H

 S
cotland 1997 E

R
R

164807

N
L 208 66 hum

an 2007

D
E

 07-01640 poultry 21-05-07

AT 06 00003761 hum
an 18-08-06

D
E

 05-05169 poultry 01-12-05

D
E

 07-00783 pig 02-03-07

H
U

M
 TY

P
H

 S
cotland 1991 E

R
R

026130

H
U

M
 TY

P
H

 S
cotland 1993 E

R
R

170584

H
U

M
 TY

P
H

 S
cotland 1993 E

R
R

026121

H
U

M
 TY

P
H

 S
cotland 1994 E

R
R

028476

H
U

M
 TY

P
H

 S
cotland 1997 E

R
R

170611

D
E 06-01107 pig 22-02-06

AT M
R

S-10 01012 hum
an 28-04-10

AT M
R

S 10 01218 hum
an 11-05-10

AT 07 00000046 hum
an 05-01-07

D
E 01-01930 pig 02-02-01

H
U

M
 TYPH

 Pennsylvania 2014 SR
R

6112872

H
U

M
 TYPH

 Scotland 1991 ER
R

026131

BO
V TYPH

 Scotland 1997 ER
R

170659

BO
V TYPH

 Scotland 1995 ER
R

170651

H
U

M
 TYPH

 Scotland 1996 ER
R

026079

BO
V TYPH

 Scotland 1995 ER
R

170648

BO
V TYPH

Scotland 1992 ER
R

170628

BO
V TYPH

 Scotland 1994 ER
R

170638

BO
V TYPH Scotland 1992 ERR

170629

HUM
 TYPH Scotland 1996 ERR026138

BO
V TYPH Scotland 1996 ERR026057

BO
V TYPH Scotland 1997 ERR026142

BO
V TYPH Scotland 1997 ERR026168

BO
V TYPH Scotland 1996 ERR170654

BO
V TYPH Scotland 1997 ERR026103

BO
V TYPH Scotland 1996 ERR026129

HUM
 TYPH Scotland 1998 ERR028467

HUM
 TYPH Scotland 1997 ERR026089

BO
V TYPH Scotland 1998 ERR026031

BOV TYPH Scotland 1997 ERR026058

BOV TYPH Scotland 1996 ERR170658

BOV TYPH Scotland 1994 ERR026036

BOV TYPH Scotland 1994 ERR026038

HUM
 TYPH Scotland 1994 ERR028466

BOV TYPH Scotland 1994 ERR170635

DE 08-03428 poultry 18-08-08

BOV TYPH Scotland 1996 ERR026056

HUM TYPH Scotland 2004 ERR170623

BOV TYPH Scotland 1996 ERR170656

HUM TYPH Scotland 1995 ERR170597

HUM TYPH Scotland 1999 ERR026136

HUM TYPH Scotland 2000 ERR170619

HUM TYPH Scotland 1999 ERR026075

DK 2011-60-3840-1 pig 13-12-11

HUM TYPH Scotland 1994 ERR026069

BOV TYPH Scotland 1994 ERR170640

IE S08-000923 pig 2008

IE S05-003586 poultry 2005

IE S11-000305 pig 2011

HUM TYPH Scotland 1998 ERR170615

IE S05 002261 poultry 2005

IE S09 001501 pig 2009

HUM TYPH Scotland 1995 ERR170596

HUM TYPH Scotland 1995 ERR170593

BOV TYPH Scotland 1999 ERR170665

BOV TYPH Scotland 1993 ERR170631

BOV TYPH Scotland 1997 ERR170662

BOV TYPH Scotland 1998 ERR026053

BOV TYPH Scotland 1996 ERR170657

BOV TYPH Scotland 1999 ERR170666

BOV TYPH Scotland 2004 ERR170670

HUM TYPH Scotland 2002 ERR026126

NL 161 3 pig 2006

HUM TYPH Scotland 1996 ERR170607

BOV TYPH Scotland 1997 ERR170661

BOV TYPH Scotland 1994 ERR026035

HUM TYPH Scotland 1995 ERR170592

BOV TYPH Scotland 1992 ERR026060

HUM TYPH Scotland 2010 ERR164785

HUM TYPH Scotland 1995 ERR170598

BOV TYPH Minnesota 2009 SRR1164551

BOV TYPH Minnesota 2008 SRR1266085

BOV TYPH Minnesota 2016 SRR5712120

BOV TYPH Minnesota 2007 SRR1177333

BOV TYPH SouthDakota 2007 SRR1757783

BOV TYPH SouthDakota 2007 SRR1757785

BOV TYPH SouthDakota 2007 SRR1757784

HUM TYPH NY 2010 R8-6089

HUM TYPH NY 2011 R8-8081

BOV TYPH Minnesota 2007 SRR1177561

HUM TYPH Minnesota 2001 SRR1575964

BOV TYPH NY 2011 R8-8274

BOV TYPH NY 2011 R8-8387

BOV TYPH Minnesota 2005 SRR1805573

US ID K2945 human 16-11-05

BOV TYPH Idaho 2007 SRR1501471

US ID K0433 human 14-02-04

BOV TYPH Idaho 2007 SRR1511488

BOV TYPH Idaho 2007 SRR1515021

BOV TYPH Oregon 2006 SRR2533343

BOV TYPH Washington 2007 SRR1553863

HUM TYPH NY 2010 R8-5213

BOV TYPH Ohio 2017 SRR6309490

CH 05 N1534 pig 26-08-05

NL 36.14 human 2001

DK 9824426 swine 26-10-98

HUM TYPH Scotland 1991 ERR170579

HUM TYPH Scotland 1995 ERR164802

HUM TYPH Scotland 1994 ERR026082

DK 7520063 turkey 08-01-03

DK 7321026 turkey 02-04-01

HUM TYPH Scotland 1995 ERR026099

DE 04-02598 pig 17-08-04

DE 00-00188 pig 29-12-99

HUM TYPH Scotland 1997 ERR164820

HUM TYPH Scotland 1991 ERR164811

DK 2005-60-2171-1 cattle 20-12-05

DE 01-02121 human 03-08-01

NL 51.17 human 2002

AT 01 00000002 human 02-01-01

HUM TYPH Scotland 2001 ERR164821

IL 93835-2 poultry 1999

IL 88531 human 2004

US WA H9144 human 08-11-99

HUM TYPH Unknown 2012 SRR5573044

BOV TYPH NY 2004 S5-0429

BOV TYPH Minnesota 2003 SRR1299391

CZ F9046 piglet 1995

CZ F9047 pigeon 1995

AT 06 00000178 pig 17-01-06

CZ F9132 piglet 1995

CZ F2312 human 1997

HUM TYPH Scotland 1994 ERR164809

NZ ERL03301 human 23-01-03

TW CC05 011 human 20-03-05
AT 09 00000077 human 13-01-09
TW CH04 060 human 16-10-04
TW NO08 005 human 14-02-08
TW CB10 038 human 02-07-10
TW SQ07 061 human 29-08-07
TW NJ09.007 human 16-03-09
TW NM04.052 human 14-02-02TW FP18481 human 1999TW FP18532 human 2000TW FP11698 human 1998TW NM04.079 human 27-04-01TW CA06.023 human 03-04-06TW MS31740 human 28-04-03DE 05 00346 pig 04-01-05BOV TYPH Washington 2007 SRR1576578

BOV TYPH Washington 2007 SRR1553818
BOV TYPH Washington 2007 SRR1554518
BOV TYPH Washington 2007 SRR1553803
BOV TYPH Washington 2007 SRR1553729

BOV TYPH Washington 2007 SRR1554508

BOV TYPH Washington 2007 SRR1576559

BOV TYPH Washington 2007 SRR1555370

BOV TYPH Washington 2007 SRR1553844

BOV TYPH Washington 2007 SRR1519459

BOV TYPH Washington 2007 SRR1576554

BOV TYPH Washington 2007 SRR1553854

BOV TYPH Washington 2007 SRR1544205

BOV TYPH Washington 2007 SRR1379616

BOV TYPH Washington 2007 SRR1379622

BOV TYPH Washington 2007 SRR1346302

BOV TYPH Washington 2007 SRR1292243

BOV TYPH Washington 2007 SRR1346274

BOV TYPH Washington 2007 SRR1334563

CA s2029-51.6 pig 30-08-06

CA s14144-30.4 pig 17-03-08

CA 2005-16656-4 cow 24-07-05

CA A411-1-TM1 cow 28-05-99

BOV TYPH Washington 2007 SRR1346287

BOV TYPH Washington 2007 SRR1544166

BOV TYPH Washington 2007 SRR1346316

BOV TYPH Washington 2007 SRR1333883

BOV TYPH Washington 2007 SRR1334174

BOV TYPH Washington 2007 SRR1544296

BOV TYPH Washington 2007 SRR1537512

BOV TYPH Washington 2007 SRR1334788

BOV TYPH Washington 2007 SRR1334130

BOV TYPH Washington 2007 SRR1559012

BOV TYPH Washington 2007 SRR1333887

BOV TYPH Washington 2006 SRR1334381

BOV TYPH Washington 2007 SRR1537511

BOV TYPH Washington 2007 SRR1501673

BOV TYPH Washington 2007 SRR1501662

BOV TYPH Washington 2007 SRR1395306

BOV TYPH Washington 2007 SRR1553870

BOV TYPH Washington 2007 SRR1379613

BOV TYPH Washington 2007 SRR1379620

BOV TYPH Washington 2007 SRR1363322

BOV TYPH Washington 2006 SRR1334786

BOV TYPH Washington 2007 SRR1395324

BOV TYPH Washington 2007 SRR1334633

BOV TYPH Washington 2007 SRR1501618

BOV TYPH Washington 2007 SRR1334665

BOV TYPH Washington 2007 SRR1363353

BOV TYPH W
ashington 2007 SRR1346255

BOV TYPH W
ashington 2007 SRR1363305

BOV TYPH W
ashington 2007 SRR1363319

CA 961 TM pig 10-07-00

BOV TYPH Alaska 2007 SRR1379621

BOV TYPH W
ashington 2007 SRR1292277

BOV TYPH W
ashington 2007 SRR1534913

BOV TYPH W
ashington 2007 SRR1333882

BOV TYPH W
ashington 2007 SRR1334562

BOV TYPH W
ashington 2007 SRR1379614

CA s8111
-108.4 pig 14-09-07

BOV TYPH M
innesota 2011

 SRR1067622

BOV TYPH W
ash

ington 2007 SRR1534897

BOV TYPH W
ash

ington 2006 SRR1333888

BOV TYPH W
ash

ington 2007 SRR1528504

BOV TYPH
Wash

ington 2007 SRR1539605

BOV TYPH W
ash

ington 2007 SRR1539545

BOV TYPH W
ash

ington 2007 S
RR1528476

BOV TYPH W
ash

ington 2007 S
RR1544235

BOV TYPH W
ash

ington 2007 S
RR1528501

BOV TYPH W
ash

ington 2007 S
RR1501461

BOV TYPH W
ash

ington 2007 S
RR1539584

BOV TYPH W
ash

ington 2007 S
RR1528498

BOV TYPH W
ash

ington 2007 S
RR1534867

BOV TYPH Id
aho 2007 S

RR1539641

BOV T
YPH W

ash
ington 2007 S

RR1363280

BOV T
YPH W

ash
ington 2007 S

RR1334487

BOV T
YPH W

ash
ington 2007 S

RR1346272

BOV T
YPH W

ash
ington 2007 S

RR1534882

BOV T
YPH A

las
ka

 20
07

 S
RR13

63
34

3

BOV T
YPH W

as
hin

gt
on

 2
00

7 
SRR13

34
13

3

NZ E
RL1

04
36

0 
hu

m
an

 1
6-

12
-1

0

BOV T
YPH W

as
hin

gt
on

 2
00

7 
SRR15

15
95

8

BOV T
YPH W

as
hin

gt
on

 2
00

7 
SRR15

44
19

5

BOV T
YPH W

as
hin

gt
on

 2
00

7 
SRR13

63
32

7

BOV T
YPH M

inn
es

ot
a 

20
01

 S
RR13

46
28

1

BOV T
YPH M

inn
es

ot
a 

20
01

 S
RR13

46
27

7

BOV T
YPH M

inn
es

ot
a 

20
03

 S
RR15

56
96

7

BO
V T

YPH M
on

ta
na

 2
00

7 
SRR13

46
26

5

BO
V T

YPH M
on

ta
na

 2
00

7 
SRR13

46
32

2

BO
V T

YPH M
on

ta
na

 2
00

7 
SRR13

02
79

9

BO
V T

YPH M
on

ta
na

 2
00

7 
SRR13

46
32

0

BO
V T

YPH M
on

ta
na

 2
00

7 
SRR13

46
28

8

BO
V T

YPH W
as

hi
ng

to
n 

20
07

 S
RR15

34
86

4

BO
V T

YPH W
as

hi
ng

to
n 

20
07

 S
RR13

34
63

4

BO
V T

YPH W
as

hi
ng

to
n 

20
07

 S
RR15

39
58

9

BO
V T

YPH W
as

hi
ng

to
n 

20
07

 S
RR15

39
59

0

BO
V T

YPH W
as

hi
ng

to
n 

20
07

 S
R

R15
37

51
0

H
U

M
 T

YPH
 N

Y 
20

12
 R

9-
04

37

BO
V T

YPH
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
39

58
1

BO
V 

TY
PH

 C
al

ifo
rn

ia
 2

01
1 

SR
R

21
31

02
1

BO
V 

TY
PH

 C
al

ifo
rn

ia
 2

01
1 

SR
R

21
31

02
6

BO
V 

TY
PH

 M
in

ne
so

ta
 2

00
8 

SR
R

12
66

03
0

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
15

53
80

1

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
13

34
28

9

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
13

63
32

1

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
15

11
52

6

BO
V 

TY
PH

 O
re

go
n 

20
07

 S
R

R
15

11
54

7

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
15

53
73

0

BO
V 

TY
PH

 W
as

hi
ng

to
n 

20
07

 S
R

R
15

53
79

0

BO
V 

TY
PH

 N
Y 

19
99

 A
4-

00
23

B
O

V
 T

Y
P

H
 N

Y 
19

99
 S

3-
09

10

U
S

 G
A 

G
73

93
 h

um
an

 2
4-

08
-9

4

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

9 
S

R
R

11
58

20
9

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

9 
S

R
R

12
66

05
6

B
O

V
 T

Y
P

H
 T

ex
as

 2
01

8 
S

R
R

82
34

00
4

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

13
46

31
0

B
O

V
 T

Y
P

H
 C

al
ifo

rn
ia

 2
01

4 
S

R
R

32
95

89
7

B
O

V
 T

Y
P

H
 C

al
ifo

rn
ia

 2
01

7 
S

R
R

52
71

44
1

B
O

V
 T

Y
P

H
 C

al
ifo

rn
ia

 2
01

4 
S

R
R

32
95

91
9

B
O

V
 T

Y
P

H
 C

al
ifo

rn
ia

20
16

 S
R

R
51

52
22

3

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
12

 S
R

R
55

73
13

2

H
U

M
 T

Y
P

H
 S

co
tla

nd
 2

00
3 

E
R

R
02

61
64

H
U

M
 T

Y
P

H
 N

Y
 2

00
4 

S
5-

03
70

H
U

M
 T

Y
P

H
 N

ew
Yo

rk
 2

01
5 

S
R

R
28

47
92

9

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
34

91
4

B
O

V
 T

Y
P

H
W

as
hi

ng
to

n 
20

07
 S

R
R

15
53

83
2

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
37

50
4

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

13
34

17
6

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

13
34

29
0

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
44

30
1

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
34

85
0

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

07
 S

R
R

15
44

34
8

B
O

V
 T

Y
P

H
 V

irg
in

ia
 2

01
7 

S
R

R
62

97
97

9

B
O

V
 T

Y
P

H
 V

irg
in

ia
 2

01
7 

S
R

R
62

97
85

1

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
13

 S
R

R
61

12
86

8

H
U

M
 T

Y
P

H
P

en
ns

yl
va

ni
a 

20
13

 S
R

R
60

00
47

2

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
61

14
35

3

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
12

 S
R

R
62

19
37

8

H
U

M
 T

Y
P

H
 N

Y
 2

00
8 

R
8-

07
63

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
31

6

H
U

M
 T

Y
P

H
 O

hi
o 

20
10

 S
R

R
62

19
56

5

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
12

 S
R

R
61

13
23

2

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
12

 S
R

R
60

00
47

0

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
14

 S
R

R
61

12
86

9

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
60

00
37

6

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

7 
S

R
R

11
77

21
5

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

4 
S

R
R

16
38

44
7

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

5 
S

R
R

17
52

70
7

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
11

 S
R

R
55

73
10

8

B
O

V
 T

Y
P

H
 N

Y
 2

01
0 

R
8-

73
07

U
S

 T
N

 H
35

85
 h

um
an

 2
5-

04
-9

7

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

4 
S

R
R

16
64

80
8

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
00

8 
S

R
R

12
66

06
5

B
O

V
 T

Y
P

H
 M

in
ne

so
ta

 2
01

5 
S

R
R

25
33

47
5

B
O

V
 T

Y
P

H
 S

ou
th

D
ak

ot
a 

20
12

 S
R

R
21

31
02

3

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
09

 S
R

R
62

19
16

0

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
09

 S
R

R
70

47
48

3

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
09

 S
R

R
62

19
30

6

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
54

3

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
53

1

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a

20
13

 S
R

R
62

19
31

4

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
32

6

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
64

28
55

9

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
31

0

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
12

 S
R

R
55

73
05

8

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
11

 S
R

R
62

19
63

6

H
U

M
 T

Y
P

H
 N

ew
Je

rs
ey

 2
01

0 
S

R
R

62
19

61
4

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
11

 S
R

R
62

19
63

5

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
60

00
47

1

B
O

V
 T

Y
P

H
 W

as
hi

ng
to

n 
20

17
 S

R
R

60
08

83
9

H
U

M
 T

Y
P

H
 N

Y
 2

00
6 

R
6-

02
15

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
10

 S
R

R
62

19
31

3

B
O

V
 T

Y
P

H
 W

is
co

ns
in

 2
01

8 
S

R
R

81
57

45
0

H
U

M
 T

Y
P

H
 M

as
sa

ch
us

et
ts

 2
01

2 
S

R
R

21
34

68
3

H
U

M
 T

Y
P

H
 P

en
ns

yl
va

ni
a 

20
13

 S
R

R
59

9
88

00

U
S

 K
S

 A
M

03
50

4 
hu

m
an

 0
3-

0
6-

98

B
O

V
 T

Y
P

H
 N

or
th

D
a

ko
ta

 2
01

8 
S

R
R

78
23

3
16

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
15

 S
R

R
5

78
71

62

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
12

 S
R

R
5

57
31

35

H
U

M
 T

Y
P

H
 U

nk
no

w
n 

20
15

 S
R

R
5

89
04

65
H

U
M

 T
Y

P
H

 U
nk

no
w

n 
20

15
 S

R
R

5
80

88
93

B
O

V
 T

Y
P

H
 N

ew
Je

rs
ey

 2
01

5 
S

R
R

30
00

0
28H

U
M

 T
Y

P
H

 U
nknow

n 20
11 S

R
R

55
73120

H
U

M
 T

Y
P

H
 S

cotland 20
02 E

R
R

1
64814

H
U

M
 T

Y
P

H
 U

nknow
n 20

11 S
R

R
55

73076

B
O

V
 T

Y
P

H
 V

irginia 2005
 S

R
R

117727
6

B
O

V
 T

Y
P

H
 V

irginia 2006
 S

R
R

117754
3

U
S

 S
C

 H
9

400 hum
an 06-0

3-00

H
U

M
 T

Y
P

H
 P

ennsylva
nia 2011 S

R
R

62
20196

H
U

M
 T

Y
P

H
 N

ew
Y

ork 2010 S
R

R
949496

U
S

 N
Y

 G
10215 hum

an 15-01-95

U
S

 N
C

 35170 cattle 07-04

H
U

M
 T

Y
P

H
 N

ew
Y

ork 2013 S
R

R
974687

B
O

V
 T

Y
P

H
 M

innesota 2010 S
R

R
1158084

B
O

V
 T

Y
P

H
 M

innesota 2007 S
R

R
1177244

H
U

M
 T

Y
P

H
 U

nknow
n 2011 S

R
R

5573084

B
O

V
 T

Y
P

H
 W

yom
ing 2015 S

R
R

6129516

B
O

V
 T

Y
P

H
 W

yom
ing 2014 S

R
R

6155019

B
O

V
 T

Y
P

H
 W

yom
ing 2012 S

R
R

6475534

B
O

V
 T

Y
P

H
 W

yom
ing 2012 S

R
R

6475526

U
S

 O
R

 A
M

09646 hum
an 19-01-01

B
O

V
 T

Y
P

H
 S

outhD
akota 2007 S

R
R

949353

B
O

V
 T

Y
P

H
 M

innesota 2001 S
R

R
1334368

H
U

M
 T

Y
P

H
 U

nknow
n 2015 S

R
R

6396491

U
S

 N
C

 30146 chicken 2003

B
O

V
 T

Y
P

H
 W

ashington 2007 S
R

R
1501486

D
K

 7720209 3 sw
ine 25-01-05

D
K

 7720209
7 sw

ine 25-01-05

D
K

 7621614 cattle 30-06-04

D
K

 2005-60-102 cattle 15-03-05

D
K

 2006-60-1004-1 cattle 06-07-06

A
T

 08 00000049 hum
an 08-01-08

D
K

 7420740 sw
ine 11-03-02

D
K

 7322994 4 sw
ine 08-08-01

D
K

 7324022 sw
ine 14-11-01

D
K

 7322994 6 sw
ine 08-08-01

D
E

 02-00747 pig 24-01-02

D
K

 2011-60-1692-1 pig 01-06-11

H
U

M
 T

Y
P

H
 S

cotland 1993 E
R

R
170583

P
L 801 2001 poultry 2001

P
L 3 2002 poultry 2002

C
Z

 F
2188 hum

an 1997

H
U

M
 T

Y
P

H
 S

cotland 1997
E

R
R

164803

N
L 130 66 pig 2005

N
Z

 E
R

L021967 hum
an 16-04-02

N
L 51.8 pig 2002

LU
 C

100981 hum
an 06-07-10

F
R

 02-1837 hum
an 2002

C
H

 08 IM
D

0204 pig 03-07-08

C
H

 08 IM
D

0620 pig
06-03-08

H
U

M
 T

Y
P

H
 S

cotland 2001 E
R

R
026163

N
Z

 E
R

L072517 hum
an 21-08-07

B
O

V
 T

Y
P

H
 C

alifornia 2008 S
R

R
3223090

N
L 87.25 pig 2003

C
H

 10 IM
D

1455 pig 15-10-10

C
H

 10 IM
D

1959 pig 12-10-10

D
K

 7420512 cattle 19-02-02

D
K

 7420038 sw
ine 03-01-02

D
K

 7320155 cattle 15-01-01

D
E

 03 01337 pig 19-05-03

D
E

 99 00116 pig 10-12-98

D
K

 9910366 calf 19-01-99

D
K

 7221880 cattle 10-05-00

D
K

 7522071 cattle 02-09-03

D
K

 9923667 cattle 06-10-99

H
U

M
 TY

P
H

 S
cotland 1998 E

R
R

164823

H
U

M
TY

P
H

 S
cotland 1998 E

R
R

170612

H
U

M
 TY

P
H

 S
cotland 1993 E

R
R

170586

H
U

M
 TY

P
H

 S
cotland 2003 E

R
R

028469

N
L 244.44 hum

an 2009

D
E

 98 00117 pig 19-12-97

LU
 C

082324 pig 10-12-08

FR
 93-5646 hum

an 30-07-93

M
A TM

 81 1837 hum
an 24-11-81

AT 99 00001256 poultry 05-03-99

AT 02 00011102 pig 26-11-02

H
U

M
 TYPH

 Scotland 1998 ER
R

028470

AT 98 00000007 hum
an 07-01-98

N
L

36 72 pig 2001

H
U

M
 TYPH

 Scotland 1992 ER
R

164810

H
U

M
 TYPH

 Scotland 1990 ER
R

170577

D
K 9820334 sw

ine 27-01-98

H
U

M
 TYPH

 Scotland 1999 ER
R

164805

H
U

M
 TYPH

 Scotland 1998 ER
R

164806

H
U

M
 TYPH

 Scotland 1990 ER
R

026068

H
U

M
 TYPH

 Scotland 1990 ER
R

026125

HUM
 TYPH

 Scotland 1992 ERR164804

HUM
 TYPH Scotland 1999 ERR026144

BO
V TYPH M

innesota 2008 SRR1177378

BO
V TYPH M

innesota
2010 SRR1089590

BO
V TYPH W

ashington 2007 SRR1519881

NL 20 27 hum
an 2000

AT 02 00000020 hum
an 03-01-02

HUM
 TYPH Scotland 1995 ERR164817

HUM
 TYPH Scotland 1995 ERR164816

HUM
 TYPH Scotland 1993 ERR164818

HUM
 TYPH Scotland 1993 ERR170585

HUM
 TYPH Scotland 1994 ERR164819

AR 519107 hum
an 14-3-07

AR 2106 hare m
eat 02-01-06

AR 814107 hum
an 23-04-07

AR 1767105 hum
an 05-08-05

AR 1256105 hum
an 20-05-05

AT 98 00000008 hum
an 07-01-98

HUM
 TYPH Scotland 1992 ERR164801

HUM TYPH Scotland 1998 ERR164800

TH SH 1632 94 human 23-05-94

TH SH 789 95 human 07-02-95

TH SH 429 90 human 06-02-90

DK 2010-60-5423-1 pig 28-09-10

DK 2006-60-2120-1 pig 07-11-06

DK 2007-51-7944-1 chicken 30-10-07

DK 2010-60-5161-3 broiler 21-09-10

FR TM 75 406 human 18-01-75

MA TM 75 339 human 06-03-75

ES TM 761 108 human 08-10-76

HUM TYPH Scotland 2011 ERR164786

FR 09 3600 human 2009

BOV TYPH Scotland 1991 ERR026062

FR TM 69 703 human 24-09-69

HUM TYPH Scotland 1994 ERR026107

HUM TYPH Scotland 1994 ERR026111

HUM TYPH Scotland 1992 ERR026073

BOV TYPH Scotland 1993 ERR026019

HUM TYPH Scotland 1992 ERR026072

TH H.879 90 human 09-03-90

HUM TYPH Unknown 2011 SRR5573092

TH SH.224 97 human 06-02-97

TH SH.1677 98 human 20-05-98

TH SH.1209 97 human 19-05-97

TH SH 181 01 human 29-01-01

19
4019

4519
5019

5519
6019

6519
7019

7519
8019

8519
9019

9520
0020

0520
1020

15

ar
tA
B

go
gB

G
ifs

y-
1

G
ifs

y-
2

11
89

70
_s

al
3

Ye
ar

Tree scale: 10

artAB

Absent

Present

gogB

Absent

Present

Gifsy-1

Absent

Present

Tip Labels: Study

Gifsy-2

Absent

Present

U.S. (This study)

Scotland

Salmonella phage
118970_sal3

Absent

Present

Global

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/


A. B. C.
Prior Adaptation

Gifsy-1/artAB/gogB Gifsy-1/artAB/gogB Gifsy-1/artAB/gogB

Lo
g 

Fo
ld

 C
ha

ng
e 

(F
C

)

Lo
g 

Fo
ld

 C
ha

ng
e 

(F
C

)

Lo
g 

Fo
ld

 C
ha

ng
e 

(F
C

)

Ruminal Fluid Acid Stress Bile Stress

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 26, 2022. ; https://doi.org/10.1101/2022.04.06.487395doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.487395
http://creativecommons.org/licenses/by/4.0/

