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21 Abstract
22

23 Salmonella enterica serotype Typhimurium (S. Typhimurium) is a leading cause of
24  gastroenteritis and disseminated disease worldwide. Two S Typhimurium strains (SL1344
25 and ATCC14028) are widely used to study host-pathogen interactions, yet genotypic
26  variation results in strains with diverse host range, pathogenicity and risk to food safety. A
27  robust fully parsimonious phylogenetic tree constructed from recombination purged variation
28 in the whole genome sequence of 131 diverse strains of S. Typhimurium revealed population
29  structure composed of two high order clades (o and ) and multiple subclades on extended
30 internal branches, that exhibited distinct signatures of host adaptation and anthropogenic
31 selection. Clade o contained a number of subclades composed of strains from well
32 characterized epidemics in domesticated animals, while clade B predominantly contained
33 subclades associated with wild avian species, with the notable exception of a subclade
34  containing the DT204/49 complex. The contrasting epidemiology of o and B strains was
35 reflected in a distinct distribution of antimicrobial resistance (AMR) genes, accumulation of
36 hypothetically disrupted coding sequences (HDCS), and signatures of functional
37 diversfication associated with invasiveness of host adapted serotypes. Gene flux was
38 predominantly driven by acquisition, loss or recombination of prophage. The acquisition of
39 large genetic islands (SGI-1 and 4) was limited to two recent pandemic clones (DT104 and
40 monophasic S Typhimurium ST34) in clade o. Together, our data are consistent with the
41  view that a broad host range common ancestor of S. Typhimurium diversified with clade o
42  lineages remained largely associated with multiple domesticated animal species, while clade
43 3 spawned multiple lineages that underwent diversifying selection associated with adaptation
44 to various niches, predominantly in wild avian species.
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46 Introduction

47

48 Bacteria of the genus Salmonella are a common cause of foodborne disease. Most of the
49  approximately 2500 serovars cause gastroenteritis in humans and other animals, while some
50 have evolved host adaptation associated with extra intestinal disseminated infections in

51  specific host species *

. For example, Salmonella enterica serotype Typhimurium (S
52  Typhimurium) and S Enteritidis circulate in multiple vertebrate host species and cause food
53  borne infections in the human population resulting in an estimated 75 million cases and 27
54  thousand deaths from gastroenteritis worldwide % S Typhi and S Paratyphi A circulate
55  exclusively in the human population and cause an estimated 2.5 million infections resulting
56 in 65 thousand deaths each year as a result of the disseminated disease typhoid and
57  paratyphoid disease 2. Similarly, other serotypes evolved host adaptation to specific non-
58 human host species, such as S. Galinarum with poultry, S. Dublin with cattle, and S
59  Choleraesuis with pigs, where they are associated with disseminated infections *.

60

61 Although S Typhimurium is considered to be a broad host range serotype, the
62 epidemiologica record of S, Typhimurium phage types identifies several S. Typhimurium
63 pathovariants with distinct host range, pathogenicity and risk to food safety ** The
64 pathovariant commonly associated with this serotype, has a broad host range and is
65 associated with gastroenteritis in the human population. Such broad host range strains of S.
66  Typhimurium account for the majority of those isolated by public health surveillance in
67 England, presumably because they are common in many species of livestock and poultry, the
68 primary zoonctic reservoir for human infections °. The epidemiological record of this

69 pathovariant is characterised by successive waves of dominant clones identified historically

70 by their phage type, that account for up to 60% of all human infections for several years,


https://doi.org/10.1101/804674
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/804674; this version posted December 2, 2019. The copyright holder for this preprint (which 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 available
under aCC-BY-NC-ND 4.0 International license.

71  before being replaced by a subsequent strains °

. Dominant clona groups have been
72  characterized by strains of phage types DT9, DT204/49 complex, DT104, and the current
73 monophasic S Typhimurium (S 4,[5],12:i:-) sequence type 34 (ST34), since around the
74  middle of the last century "', In contrast, some phage types are common in clona groups
75 typically associated with arestricted host range, and in some cases altered pathogenicity. For
76  example, clonal groups of S Typhimurium DT8, DT2 and DT56 circulate in populations of
77  ducks, pigeon, and passerine birds, respectively, and only rarely cause gastroenteritis in the
78  human population ™2, Also, specific clonal groups of S. Typhimurium ST313 are associated
79  with disseminated disease (invasive non-typhoidal Salmonella, INTS) in sub-Saharan Africa
g0 P

81

82 In this study we report the population structure, gene flux, recombination and signatures of
83 functiona diversification in the whole genome sequence of 131 strains of S. Typhimurium
84  with well characterised epidemiology. To assist in our analysis, we also report high quality
85 complete and closed whole genome sequence of six additional reference genomes,
86  representing diversity within the population structure not represented by previously reported
87  sequence.

88

89 Results

90

91 Population structure of S. Typhimurium consists of two high-order clades containing
92 strains with distinct epidemiology. Variant sites (38739 SNPs) in the core genome
93 sequence of 134 S Typhimurium strains representing commonly isolated phage types
94  revealed two diverse phylogroups composed of three strains of ST36 that clustered separately

95 from the remaining 131 Typhimurium isolates (Supplementary Figure 1). The two clusters
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96 were more similar to one another than any other serotype, including the most closely related
97 serotype, S. Heidelberg. Since the mgjority of S. Typhimurium formed a large number of
98 relatively tightly clustered isolates, we focussed on the analysis of the population structure
99 and evolution of this phylogroup. A phylogenetic tree constructed using variant sites (8382
100  SNPs) in the core genome sequence of the 131 S. Typhimurium strains and rooted with S
101 Heidelberg, revealed a‘star’ topology with relatively long internal branches extending from a
102  hypothetical common ancestor, and diversification at the terminal branches (Figure 1). The
103  population structure determined using a three-level hierarchical Bayesian approach
104  resolved S Typhimurium into two maor clades, designated o and 3, and third-level clades (o
105 8-18 and B 1-7) that corresponded to known epidemic clades. Clade B was defined by an
106 internal branch defined by approximately 100 core genome SNPs that originated from a
107  common ancestor of the basal clade c.
108
109 Despite relatively few SNPs distinguishing clade oo and B, these clades exhibited distinct
110  epidemiology characterised by association predominantly with livestock (clade o) or avian
111 species, including wild species (clade B). Strikingly all pig isolates from our sampling were
112  located in clade o. Cattle isolates were in both first order clades (11 in clade oo 7 in clade B ),
113  but in clade B they had a relatively limited distribution with five of the isolates from a
114  subclade containing the DT204/49 complex of strains associated with a cattle associated
115 epidemic in the 1970's 8. Clade o contained strains from several previously described
116  epidemicsin livestock animal species, including in pigs (a12, U288)", two clades associated
117  with recent pandemic clonal groups associated with pigs, cattle and poultry (017,
118  monophasic Typhimurium ST34 and 015, DT104) *¥%, and potentially epidemic clades not

119  previously described in the literature, consisting of isolates from pigs, cattle and poultry (0.8
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120 and all). Clade-B was characterised by many long internal branches, indicative of a
121 relatively high level of sequence divergence, relative to those in Clade-a.. In contrast, clade-3
122  contained severa third-level clades previously described as host-adapted, particularly for
123 avian species such as passerine birds (B5, DT56), duck (B2, DT8) and pigeon (33 DT2) %,
124  and ST313 that includes two sub-clades specifically associated with disseminated disease in
125  sub-Saharan Africa®.

126

127

128 Antimicrobial resistance genes and plasmid replicons are associated with strains
129 associated with livestock. The presence of multiple third-level clades associated with recent
130 livestock associated epidemic strainsin thefirst level clade o and the relative paucity in clade
131 [ suggested that they may be under differential anthropogenic selection pressure. A key
132  anthropogenic selection pressure on microbia populations circulating in livestock is the
133  widespread use of antimicrobia drugs in animal husbandry. Consistent with their distinct
134  epidemiology, antimicrobial resistance (AMR) genes were common in clades o (mean of 2.7
135  per strain) and relatively rare in B (mean 0.38 per strain) (Figure 1A and Supplementary
136 Table 2). Indeed, AMR genes in clade-} were restricted to strains from DT204/49 complex
137  known to be associated with cattle ® and the ST313 associated with disseminated disease in
138  sub-Saharan Africa commonly treated with antibiotics . AMR genes are commonly present
139  on plasmids and we therefore determined the presence of plasmid replicon sequence in short
140  read sequence data from the 131 strains in clades oo and B. The IncF replicon corresponding
141  to the presence of the virulence plasmid pSLT * was widespread in S. Typhimurium, but
142  notably absent from a number of third-level clades including B5 (DT56), all and ol7

143  (monophasic S. Typhimurium ST34). The IncQ1 plasmid replicon, previously associated with
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144  antibiotic resistance %

, was also widespread, particularly in clade o, associated with
145  domesticated animal species.

146

147 Distinct patterns of genome degradation and signatures of functional divergence and
148 invasivenessin clades a and B. Hypothetically disrupted coding sequences (HDCS) due to
149  frameshift mutations or premature stop codons were determined in high quality finished and
150 closed genome sequence of 11 representative strains from major subclades (Figure 1B and
151  Supplementary Table 3). Representative strains of clade o. generally contained fewer HDCS
152  than those from clade B, with the exception of NCTC13348 (DT104) and SL1344
153 (DT204/49) that had atypically high and low numbers of HDCS, respectively (Figure 1B).
154  However, none of the HDCS in NCTC13348 were in genes previously been implicated in
155 pathogenesis, while SL1344 contained two virulence gene HDCS (IpfD and ratB) (Figure
156 1A). In general, clade o strains had 0-3 HDCS in virulence genes (mean 0.8 SD 0.9), while
157 clade 3 was characterised by multiple lineage containing three or more virulence gene HDCS
158 (mean 5.0 SD 3.2) (Figure 1A and Supplementary Table 4). Isolates in clade B5 (DT56,
159  passerine bird associated **) contained up to eleven virulence gene HDCS (IpfD, ratB, sseK3,
160 diE, siC, ttrB, ssel, gogB, sseK2, fimH and katE). The greatest number of HDCS in clade o
161 were observed in 012 (U288, possibly pig adapted), in which three virulence genes were
162 affected (avrA, sadA and tsr). LpfD was found to be the only HDCS (Supplementary Table 3)
163  that segregated between clade-o. and clade-B. A 10-nucleoctide deletion causing a frameshift
164 mutation in IpfD resulting in a truncation approximately half way into the protein in all
165 isolates of clade-3.

166

167 To quantify the relative level of functional divergence in the proteome of isolates in each

168  clade we used a profile hidden Markov Model approach, delta-bitscore (DBS profiling) 2°
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169 (Figure 1C and Supplementary Table 5). The method assigned a value (bitscore) to peptides
170  of the proteome that indicated how well each sequence fitted the HMM. We determined the
171  differencein bitscore of the proteome of each isolate relative to that of S. Typhimurium strain
172  SL1344 (DBS = hitscore SL1344 proteome - bitscore test proteome). A greater DBS is
173  therefore indicatives of excess of polymorphisms that potentially alter protein function, and
174 most likely a loss of function as it indicates divergence from the profile HMM. Mean DBS
175 was significantly greater (p<0.05, Wilcoxon test) for proteomes of strains in clade-3
176  compared with clade-o. (Figure 1C). In generd, third-level clades in clade-o. exhibited DBS
177 of approximately zero, consistent with limited functional divergence. Notably, despite
178 considerable numbers of HDCS in stran NCTC13348 (o15, DT104), DBS was only
179 moderately elevated in this clade. Proteomes of strains in clade B exhibited mean DBS of
180  0.03 and above with the exception of clades 31 and 2. The proportion of the proteome with
181  any deviationin DBSwas also greater in clade-§ than clade-o. (Figure 1D).

182

183 We also used a machine learning approach to predict the ability of strains to cause
184  extraintestina disease based on the DBS of 196 proteins that were recently determined as the
185 most predictive of the invasiveness phenotype in 13 serotypes (six extra-intestinal pathovars
186 and seven gastrointestinal pathovars) of S enterica subspecies | %% (Figure 1E). The
187 invasiveness index metric is the fraction of decision trees in a random forest algorithm that
188 vote for an invasive phenotype. The invasiveness index was significantly greater (p<0.05,
189  Wilcoxon test) in clade-} than clade-a, consistent with the epidemiology and pathogenicity
190  of theisolates located in these clades **.

191

192 The clade-specific accessory genome is largely driven by acquisition of prophage genes

193 and integrative elements. A pangenome analysis of S Typhimurium (excluding the ST36


https://doi.org/10.1101/804674
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/804674; this version posted December 2, 2019. The copyright holder for this preprint (which 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 available
under aCC-BY-NC-ND 4.0 International license.

194  phylogroup) identified 9167 total gene families. The core genome (present in 99-100% of
195 dtrains) was 3672 genes, soft core genome (95-99%) 388 genes. Shell genome (15-95%) 792
196 genes, and cloud genes (0-15%) 4315 genes (Figure 2A and 2B). We defined gene families of
197 the accessory genome as non-prophage chromosomal, prophage, plasmid and undefined,
198 based on their location and annotation in the complete and closed genomes of eleven
199 reference strains phylogenetically distributed across S. Typhimurium (Table 1). Gene
200 families not present in reference genomes were classified as ‘undefined’. The accessory
201 genome was defined as genes present in 95% or fewer of isolates and thus represents the
202  major source of genetic variation between strains.

203

204  Some gene families exhibited a distinct distribution in clade o or B, or within individual
205 third-level clades of clade o or B (Supplementary Figure 2). Four non-phage chromosomal
206  genes were specifically associated with clade- strains, STM0038 a putative arylsulfatase,
207  tdcE encoding a pyruvate formate lyase 4, aceF acetyltransferase and dinl a DNA damage
208 inducible protein. A series of plasmid genes in clade 32 corresponded to a region of p2 seen
209 in LO1157-10. This region is likely a transposon as it contains an 1S200 transposase and an
210 integrase. Also, a number of prophage-associated genes were present throughout clade-§ due
211 to apparent recombination in the ST64B prophage. The rate of gene flux in clade o and clade
212 B was determined by computing the number of accessory genes as a function of SNPsin each
213 clade. By this measure, the rate of gene flux was nearly twice as high in clade oo compared to
214  clade B (Supplementary Figure 3).

215

216  Generdly, gene flux in the non-prophage and non-plasmids gene families that were specific
217 to individua third level clades was limited to individual genes or small blocks of genes

218  (Supplementary Figure 2). The exception was two large genetic islands in clades o15 (DT104
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219 complex) and 17 (monophasic S. Typhimurium ST34) corresponding to the presence of
220 SGI1 % and SGI4 %. In addition, a chromosomal block of genes in clade B2 corresponding to
221 an insertion at the Thr-tRNA at 368274 containing a series of hypothetical proteins and a
222  gene with similarity to the trbL gene involved in conjuga transfer (AOA3RODZNG6) and a
223  dite-specific integrase. Some of these genes were also present in isolatesin clades B1 and 33.
224 The greatest contribution to third level clade specific gene families was in the those with
225  predicted functionsin prophage (Figure 2C and Supplementary Figure 2).

226

227

228 Extant prophage repertoire is the result of recombination and infrequent loss of
229 ancestral elements and acquisition of new phage. In order to investigate the flux of
230 prophage genes resulting in clade-specific repertoires, we identified prophage in eleven
231 complete and closed reference genomes of S. Typhimurium sequences. A total of 83
232 complete or partial prophage elements were identified in the eleven reference genomes
233  (Figure 4). Prophage were present at twelve variably occupied chromosomal loci and the
234  number per strain ranged from five in DT2 (strain 94-213) to nine in monophasic S.
235 Typhimurium ST34 (stran SO4698-09) (Table 1). Clustering of gene families in the
236  prophage pangenome identified 23 prophage, although in some cases blocks of genes were
237 replaced resulted in mosaic prophage for example “Salmonella virus ST64BX” and
238 “Salmonella virus GifsylX” (supplementary table 6), and the definition of families of
239 prophage with a high confidence was consequently problematic (Figure 4). Thirteen
240 prophage elements encoded at least one identifiable cargo gene, capable of modifying the
241  characteristics of the host bacterial strain, including eleven genes previously implicated in
242  virulence (Supplementary Table 3). Ten prophage families contained no recognisable cargo

243  genes. The evolutionary history of prophage acquisition and loss was reconstructed based on

10
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244 principles of maximum parsimony. Six prophage (Salmonella viruses “BcepMuX”,
245  “GifsylX”, “Gifsy2X”, “Fels1X”, “ST64BX" and “sal3X”, hereafter referred to as BcepMu,
246  Gifsyl, Gifsy2, Felsl, ST64B and sal3) (supplementary table 6), that together accounted for
247 61 of the prophage in these genomes, were most likely present in the common ancestor of S,
248  Typhimurium. Loss of two of these ancestral prophage by three isolates (NCTC13348,
249  L01157-10 and D23580) represented the only evidence for decrease in prophage repertoirein
250 thedataset.

251

252 A total of 22 additional prophage had a limited distribution within S Typhimurium strains,
253  present in three or fewer genomes Salmonella viruses (“TmEGF’, “TmSEN34", “mTmll”,
254  “mTmV”, BTP1, “TmST104”, “SPN9CC”, Fels2, “TmHPL/ mTmHP1”, BTP5, “TmC3PO",
255 “RE20107, “TmR2D2” and “TmSEN1") (Table 2 and supplementary table 6) and are
256 therefore likely to have been acquired during the evolution of S. Typhimurium (Figure 4).
257 Salmonella virus BTP1 that was reported to be specific to the ST313 strains associated with
258  epidemics of invasive NTS disease in sub-Saharan Africa *, was also present in strain
259 SO7676-03, a strain in clade B5 (DT56 complex) adapted to circulation in wild bird
260 (Passerine) species *2. “Salmonella virus mTmV” of strain SO4698-09, that carries the sopE
261  virulence gene in some monophasic S. Typhimurium ST34 isolates '8, was absent from all
262 other S Typhimurium reference strains. However, a second prophage “Salmonella virus
263  mTmll” with similarity to SJ46 was also in strain SO4698-09, and shared several clusters of
264  genefamiliesin common with mTmV.

265

266  With the notable exception of BcepMu the prophage predicted to be present in the common
267 ancestor of S Typhimurium exhibited considerable variation, potentially due to

268  recombination * (Figure 4). Recombination is a major source of genetic variation in bacteria,

11
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269  athough the level of recombination seen in other bacteria and indeed other Salmonella
270  serovars vary greatly. We identified potential recombination in the genome sequence of the
271 131 S Typhimurium of the main phylogroup by the identification of atypical SNP density.
272  Recombination was almost exclusively present in prophage regions resulting in clade specific
273  sequence variation (Figure 5). Recombination resulted in replacement of large blocks of gene
274  families in ancestral prophage elements. Felsl, sal3 and Gifsy2 were conserved in the most
275 reference strains, with the exception of Felsl in DT104 and Gifsy2 in monophasic S
276  Typhimurium ST34 that had large aternative blocks of gene families. Gifsyl was highly
277 variable in al grains, but retained a core set of genes suggesting common ancestry and
278  frequent recombination. Variation in ST64B was also present in most strains, and variable
279  blocks of genes distinguished strains in first order clades oo from [, and resulted in the
280 acquisition of sseK3 virulence gene by the common ancestor of the latter.

281

282 Discussion

283

284  The population structure of S. Typhimurium consisted of two relatively distantly related
285 clusters comprising strains of ST36 and a second (main) phylogroup the remainder of
286  Typhimurium, but predominantly ST19, consistent with previous reports of two distinct S.
287  Typhimurium phylogroups %%, These two groups were more closely related to each other
288  than to other serotypes of S. enterica subspecies I, including the nearest neighbour, serotype
289 Heidelberg. The main Typhimurium phylogroup exhibited a star shaped phylogeny with
290 multiple deeply rooted branches emerging from a common ancestor, with diversification at
291 the terminal branches in some cases, associated with expansion of epidemic clonal groups.
292  The topology of this phylogroup was similar to that of serotypes of S. enterica subspecies |

293  ** with internal branches radiating from a common ancestor, defined by the accumulation

12
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294  of hundreds of SNPsin S, Typhimurium compared with tens of thousands of SNPs defining
295  lineages of representative strains of S. enterica subspecies | serotypes *.

296

297  The nested phylogenetic structure, rooted with the S Heidelberg outgroup, was characterised
298 by two high order clades (o. and B), in which clade oo was basal to clade . Severa deeply
299  rooted lineages of clade o contained isolates ailmost entirely from livestock. A single lineage
300 originating from the common ancestor of the main S. Typhimurium phylogroup gave rise to
301 the common ancestor of clade B and diversification into multiple lineages was accompanied
302 by apparent host adaptation to diverse host species, but notably many more avian species,
303 compared with clade o. Indeed some B subclades such as those associated with the DT56,
304 DT2 and DT8 complexes that are well characterized host adapted clonal groups 22
305 contained exclusively isolates from avian species, and were present on relatively extended
306 internal branches. This general phylogenetic topology is consistent with that described for
307 distinct collections of S. Typhimurium strains from North America and Asia *'.

308

309 Isolates in clades oo and 3 appeared to be under distinct anthropogenic selection pressure for
310 the acquisition and maintenance of AMR, that correlated with their distribution in livestock
311  or wild avian species *. Clade o isolates that were predominantly from livestock contained
312  severa lineages with multiple AMR genes, while most clade B isolates contained few or no
313 AMR genes. Differentia selection pressure for acquisition and maintenance of AMR genesis
314 consistent with the idea that some S Typhimurium genotypic variants are adapted to
315 circulation in specific host populations that exert different selection pressure for the
316  acquisition and maintenance of AMR genes. Antimicrobials have been used widely to control
317 infection or as growth promoters in livestock, but wild animals are unlikely to encounter

318 therapeutic levels of these drugs *. However, S. Typhimurium strains of DT56 and DT40

13
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319 that wereport are present in clade 3, known to be associated with passerine birds, and lacking
320 AMR genes have aso been reported in cattle where they may be subject to selection for
321  antimicrobial resistance “°, and we might therefore expect to find AMR genes in these strains
322  aso. One possibility isthat DT56 and DT40 strains from clade B may transiently colonise the
323 cattle host, but are unable to circulate in this population and do not transmit back to the avian
324  population with high frequency. Host adaptation to avian species therefore appears to create
325 an effective barrier to circulation in livestock. Two clade 3 lineages did contain strains with
326 multiple AMR genes, but in each case, they were atypical for this clade in that they were
327  associated with an epidemic in cattle (DT204/49 complex) or invasive NTS in people in sub-
328  Saharan Africa (ST313) "%, and therefore were likely to be under selection for AMR.

329

330 The molecular basis of the barrier to circulation of several clade of the 3 isolates in livestock
331 isnot known, but likely the result of genotypic changes affecting functional diversification of
332 the proteome. The proteome delta bitscore (DBS) of clade B isolates exhibited elevated
333 divergence from profile HMMs of protein families in gamma proteobacteria, compared to
334 clade o isolates, potentialy resulting in loss or altered protein function % Similarly,
335 divergence was reported in the S. Gallinarum proteome, a serotype highly host adapted to
336 poultry where it is associated with fowl typhoid . B subclades also exhibited an elevated
337 invasiveness index, the fraction of decision trees using random forests that vote for the
338 invasive (extraintestinal) disease outcome, a predictive score of host adaptation to an
339 extraintestinal lifestyle. In our analysis DBS of 300 protein families most predictive of
340 disseminated disease in S Typhi, S Patatyphi A, S Gallinarum, S Dublin and S
341 Choleraesuis, also predicted an extraintestina lifestyle in S, Typhimurium B subclades,
342  consistent with the epidemiological data . The pattern of functional divergence in some S.

343  Typhimurium B subclades may therefore at least in part be by a process of convergent
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344  evolution with that observed as a result of the evolution of several extraintestinal serotypes S.
345 enterica, including S. Typhi, S Patatyphi A, S Gallinarum, S. Dublin and S Choleraesuis .
346

347 Host adaptation of bacteria is commonly associated with the accumulation of HDCS,
348 potential pseudogenes that contribute to genome degradation “**2. A total of 24 genes
349  previously implicated in virulence, adhesion or multicellular behaviour were HDCS in one or
350 more clade B isolates. Notably, 15 of these genes (63%) were also HDCS in highly host
351 adapted S Typhi or S Paratyphi A, serotypes that are restricted to humans and cause a
352  disseminated disease™. HDCS were especially common in strains of DT56/DT40 complex
353 (clade B5), that are reported to be highly host adapted to passerine birds, in which eleven
354 HDCS were observed. In S. Paratyphi A, many mutations and gene flux that occurred was
355  reported to be neutral, indicated by their sporadic distribution within clades, and frequent loss
356 from the population by purifying selection *. In S Typhimurium, we also observed some
357 examples of potential neutral mutations, but in many cases HDCS in virulence genes were
358 present in multiple related strains from the same subclade, indicating that they were likely
359 under selection, and stably maintained in the population (Figure 1). In contrast to clade j3,
360 genome degradation affecting virulence-associated genes was less frequent in isolates clade
361 . Just three virulence gene HDCS had a clade phylogenetic signature, avrA, tsr and sadA, in

362 10, 01l and o12. Subclade 12 (U288 complex) was the only clade to contain al of these
363 HDCS, consistent with the U288 complex exhibiting apparent host-adaption to pigs *"*°.
364 Therefore, the presence of HDCS in virulence associated genes was almost exclusively
365 associated with subclades containing strains with strong epidemiological evidence of host
366 adaptation *. Despite the S. Typhimurium DT104 complex strain NCTC13348 (clade o.15)
367 exhibiting a high level of genome degradation that was uncharacteristic for o. subclades and

368 the broad host range epidemiology of the clona group *, no virulence or multicellular

15


https://doi.org/10.1101/804674
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/804674; this version posted December 2, 2019. The copyright holder for this preprint (which 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 available
under aCC-BY-NC-ND 4.0 International license.

369  behaviour genes were HDCS “°. Furthermore, the mean DBS for the proteome of strains from
370 clade 015 was similar to that of other o, subclades, suggesting that functional divergence as a
371  whole was not atypical from that of other clade o isolates.

372

373

374  While genes encoding components of the type 111 secretion systems (T3SS) 1 and 2 apparatus
375 were never HDCS, several genes encoding effector proteins secreted by them were (ssel,
376 sseK2, sseK3, awvrA, ssel, ssel and gtgE). The ssel gene is inactivated in ST313 due to
377 insertion of a transposable element, and results in hyper dissemination of these strains to
378  systemic sites of the host via CD11b" migratory dendritic cells . The sseK2, ssek3, awrA
379 and sseL genes each encode effectors that inhibit the NFxB signalling pathway thereby
380 modulating the proinflammatory response during infection . Furthermore, these effectors
381 are commonly absent or degraded in serotypes of Salmonella serotypes associated with
382  disseminated disease ***, suggesting that altered interaction with the macrophage is essential
383 for disseminated disease in diverse Salmonella variants and hosts. In addition, several genes
384  encoding components of fimbrial or afimbrial adhesin systems (sadA, ratB, IpfD, stfD, stbD,
385 safC, fimH, siiC and siiE), or anaerobic respiration (ttrB), and chemotaxis (tsr) were HDCS
386 in one or more isolates. Many of these genes have been implicated in intestinal colonisation
387 °*%8 suggesting that their inactivation in host adapted variants may be associated with a loss
388 of selection for functions no longer required in a reduced host range or where intestinal
389 colonisation is no longer critical to transmission. The sadA and katE, genes are involved in
390 multicellular behaviour, biofilm formation and catalase activity that protects against oxidative
391 stress during high density growth functions, respectively, and are commonly affected by
392  genome degradation in host adapted pathovars of Salmonella **%.

393
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394  The only virulence-related HDCS that segregated clades oo and 3 resulted from a 10 bp
395 insertion in the IpfD gene of al clade B isolates. Within the host S. Typhimurium
396 preferentially colonises Peyer’'s patches (PPs) ®, due to long-polar fimbriae Lpf binding to
397  M-cells ®. Similarly, Ipf genesin E. coli pathotypes are required for interaction with Peyer's
398 patches and intestinal colonisation ®. Despite the disruption of IpfD in the clade B isolate
399  SL1344, deletion of Ipf reduced colonisation on the surface of chicken intestinal tissue, ®,
400 suggesting that long polar fimbriae retain function. Differences in intestina architecture of
401 avian species that have the lymphoid organ the bursa of Fabricius containing numerous M
402  cells compared with mammalian species that have Peyer’s patches with relatively scarce M
403  cells ®% may explain the pattern of IpfD HDCS in S. Typhimurium. The function of long
404  polar fimbriae expressing full length LpfD in clade o isolates has not been investigated, but
405 its distribution in isolates from livestock and human infections mark it as of potentia
406 importance to human health.

407

408 Bacterial genome diversity is largely driven by the flux of genes resulting from acquisition by
409  horizontal genetransfer and deletion, rather than alelic variation ®. The accessory genome of
410 S Typhimurium revealed few genes that segregated clade o and B, but distinct forms of
411 ST64B prophage resulting from recombination that replaced a large block of genes were
412  present in clade oo and B, and resulted in the presence of sseK3 specificaly in clade B. The
413  accessory genome contributed significantly to genetic variation that distinguished third order
414  subclades in both clade o and [, especially phage and plasmid genes. Non-phage
415 chromosomal genes exhibited relatively little clade specific accessory genome suggesting
416 that the mgority was the result of deletions or gene acquisition on small mobile genetic
417  elements that were neutral and subsequently lost, as observed previously in S Paratyphi .

418 However, three large genetic elements were acquired on the chromosome in o15 (DT104) or
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419 «al7 (monophasic S. Typhimurium ST34), the two most recent dominant MDR pandemic
420 clona groups that together account for over half of all S. Typhimurium infections in the
421 human population Europe in the past 30 years. The acquired genes corresponded to SGI1 %
422  inthe DT104 complex, and SGI4 and a composite transposon in monophasic S. Typhimurium
423 ST34 8% highlighting the likely importance of horizontal gene transfer in the emergence of
424  epidemic clones.

425

426  Variable prophage repertoires are a major source of genetic diversity in Salmonella %

, and
427 may contribute to the emergence and spread by impacting the fithess during intra-niche
428  competition due to lytic killing or lysogenic conversion of competing strains °. This view
429  was supported by the considerable phage-associated gene flux observed in S Typhimurium.
430 Importantly, the phage component of the accessory genome in S. Typhimurium had a strong
431  correlation with the third level clade, suggesting that although transfer was frequent, the
432  acquisition or loss of prophage elements was not transient, consistent with selection within
433  each clona group *. Reconstruction of the evolutionary history of prophage elements in the
434 main S Typhimurium phylogroup indicated that the common ancestor likely contained six
435 prophage, Gifsyl, Gifsy2, Felsl, ST64B, sal3 and BcepMu, that were well conserved during
436  subsequent diversification. Just two of these ancestral prophage, Felsl and Gifsyl, were lost
437  from the genome, on three occasions in different lineages. The maority of the prophage flux
438 was from the acquisition of between one to three prophage in each lineage, with the
439  exception of alineage containing clade 33 (DT2), that only contained the ancestral prophage
440  repertoire.

441

442  Together, our analyses are consistent with the view that the common ancestor of the main S,

443  Typhimurium phylogroup was a broad host range pathogen with little genome degradation
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444  capable of circulating within multiple species of livestock. The age of the common ancestor
445 of S Typhimurium is not known and previous attempts to calculate this using Bayesian
446  approaches have been frustrated by aweak molecular clock signal *. However, the common
447  ancestor of S Paratyphi A was estimated to have existed approximately 500 years ago and
448  provides a frame of reference *. The main S. Typhimurium phylogroup exhibited greater
449  genetic diversity than reported for S. Paratyphi A, an estimated maximum root to tip SNP
450 accumulation of approximately 750 and 250, respectively. Therefore, the common ancestor
451  of the main S Typhimurium phylogroup is likely to have existed substantialy before that of
452 S Paratyphi A. However, the S. Typhimurium MRCA is unlikely to have predated the

453  domestication of livestock, that began around ten thousand years ago "

, raising the
454  possibility that the emergence of this phylogroup was linked to the anthropogenic selection
455  provided by the domestication of species for livestock. Subsequent to the emergence of the
456 common ancestor of this phylogroup, a single lineage appears to have spawned multiple
457  lineages, some of which have become highly host adapted to various wild avian species, by a
458  process of convergent evolution with that observed in host adapted serotypes of Salmonella
459 suchasS Typhi.

460

461 Materialsand Methods

462

463 Bacterial strains and culture. S Typhimurium isolates and Illumina short read sequence
464  used in this study have been described previously 3, selected based on phage type determined
465  during routine surveillance by Public Health England (PHE) and the Animal and Plant Health
466  Agency (APHA) in order to represent the diversity S. Typhimurium phage types as a proxy

467 for genetic diversity. A strain collection of 134 S. Typhimurium or monophasic variant

468 isolates was composed of 2 to 6 randomly selected strains from the top ten most frequent
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469  phage types from PHE and the top 20 most frequent phage types from APHA surveillance,
470  from 1990-2010 (2-5 strains of each) were used in this analysis. In addition, commonly used
471  lab strain SL1344 ™, two reference strains of ST313 (D23580 and A130)™ and three DT2
472  strains isolated from pigeon " were included. For routine culture, bacteria were stored in
473  25% glycerol at -80°c and recovered by culture on Luria Bertani agar plates, and single
474  colonies were selected to inoculate LB broth that was incubated at 37 °c for 18 hours with
475  shaking.

476  Short-read de novo assembly. Illumina generated fastq files were assembled using an in-
477  house pipeline adapted from that previously described ”’. For each paired end reads, Velvet ™
478  (1.2.08) was used to generate multiple assemblies varying the k-mer size between 31 and 61
479  using Velvet Optimiser ”° and selecting the assembly with the longest N50. Assemblies were
480  then improved using Improve Assembly software ¥ that uses SSPACE (version 3.0) ® and
481  GapFiller (version 1.0) ¥ to scaffold and gap-fill. Ragout was used to order contigs * based
482  on comparison to the long-read sequences. The finished genomes were then annotated using
483  Prokka (version 1.11) ®.

484 Long-Read sequencing using Pacbio and sequence assembly. DNA for long-read
485 sequencing on the Pachio platform was extracted from 10 ml of cultured bacteria as
486  previously described . Data were assembled using version 2.3 of the Pachio SMRT analysis
487 pipeline (https://smrt-analysis.readthedocs.io/en/latest/ SMRT-Pipe-Reference-Guide-v2.2.0/
488 ). The structure of the initial assembly was checked against a parallel assembly using
489  Miniasm % which showed general agreement. The Pacbio best practice for circularizing
490 contigs was followed using Minimus % and the chromosomal contiguous sequence in each
491  assembly was re-orientated to begin at the thrA gene. [llumina short read sequence data were

492 used to correct for SNPs and indels using iCORN2 (http://icorn.sourceforge.net/). The

493  finished sequences were then annotated using Prokka **.
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494  Phylogenetic reconstruction and population structure analysis. The paired-end sequence
495 files for each strain were mapped to the SL1344 reference genome (FQ312003) ™ using the
496 Rapid haploid variant calling and core SNP phylogeny pipeline SNIPPY (version 3.0)

497  (https://github.com/tseemann/snippy). The size of the core genome was determined using

498  snp-sites (version 2.3.3) ¥, outputting monomorphic as well as variant sites and only sites
499 containing A,C,T or G. Variant sites were identified and a core genome variation multifasta
500 alignment generated. The core genome of 134 S Typhimurium (3686476 nucleotides)
501 (Supplementary Table 2) contained 17823 variant sites. The core genome (3739972
502 nucleotides) of 131 S Typhimurium non-ST36 contained 8382 variant sites. The sequence
503 aignment of variant sites was used to generate a maximum likelihood phylogenetic tree with
504 RAXML using the GTRCAT model implemented with an extended majority-rule consensus
505 tree criterion ®. The genome sequence of S Heidelberg (NC_011083.1) was used as an
506 outgroup in the analysis to identify the root and common ancestor of al S. Typhimurium
507 strains. HierBaps (hierarchical Bayesian analysis of Population Structure) *® was used to
508 estimate population structure using three nested levels of molecular variation and 10
509  independent runs of the optimization algorithm as reported previously . The input for this
510 analysis was the same SNP variant matrix for the 131 strains with reference to SL1344 that
511 was used to generate the GTRCAT phylogeny above.

512 In-silico genotyping. The presence of antibiotic resistance, virulence and plasmid replicon
513 genesin short-read data was determined by the mapping and local assembly of short reads to
514  data-bases of candidate genes using Ariba ®. The presence of candidate genes from the
515 resfinder !, VFDB % and PlasmidFinder * databases was determined. Reads were mapped
516 to candidate genes using nucmer with a 90% minimum alignment identity. This tool was also
517 used to determine the presence of specific genes or gene alelic variants. The results of the

518 ARIBA determination of the presence or absence of the IpfD gene were confirmed using
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519 SRST2 * setting each alternative form of the gene as a potential allele. SRST2 was also used
520 to verify the ARIBA findings of the VFDB data set, as the presence of orthologous genes in
521 the genome was found to confound the interpretation of results.

522  Hypothetically disrupted coding sequences (HDCS). HDCS were identified in high-quality
523 finished Pachio sequences and previously published reference sequences by identifying
524  putative atered open reading frames using the RATT annotation transfer tool *. The S.
525  Typhimurium strains SL1344 annotation (accession no. FQ312003) was transferred to each
526  assembled sequence and coding sequences identified as having altered length were manually
527  curated by comparison of aligned sequences visualised using Artemis comparison tool (ACT)
528 % Genes that contained either a premature stop codon or a frameshift mutation were
529 classified as HDCS. The identified HDCS were used to construct a database that could be
530 used as areference for SRST2 (above) to detect presence or absence in short-read sequence
531 data Alleles were called based on matching to 99% sequence identity and allowing one miss-
532  match per 1000 nucleotides.

533 Delta bitscore. Illumina short-read sequences were mapped to the SL1344 reference genome
534  and annotated using PROKKA and then analysed in a pairwise fashion against SL1344 using
535  delta-hit-score (DBS), a profile hidden Markov model based approach % with Pfam hidden
536 Markov Models (HMMs) %, The mean DBS per genome and percentage of genes with
537 mutations in Pfam domains (non-zero DBS) are reported.

538 Invasiveness Index. The invasiveness index % for each strain was calculated to scan for
539 patterns of mutation accumulation common to Salmonella lineages adapted to an invasive
540 lifestyle. To calculate the invasiveness index, Illumina reads were mapped to a core-genome
541  reference using the snippy pipeline above, and annotated using PROKKA. Protein sequences
542  were then screened using phmmer from the HMMER3.0 package * to identify the closest

543  homologs to the 196 predictive genes used by the invasiveness index model. These genes
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544  were then scored against profile hidden Markov models (HMMs) for these protein families
545  from the eggNOG database ° using hmmsearch %, to test for uncharacteristic patterns of
546  sequence variation. Bitscores produced in the comparison of each protein sequence to its
547  respective protein family HMM were then used as input to the model.

548 Phage location and cargo in long-read strains. The location of prophage elements in
549 assembled long-read sequences and published reference genome was determined using
550  Phaster *, which identified regions as being intact, questionable or incomplete. This yielded
551 atotal of 83 potential complete and partial sequences across the 11 representative strains.
552  Prophage segquences were annotated using PROKKA that identified terminase, tail fibre,
553 recombinase/integrase proteins capsid proteins, phage related proteins, and hypothetical
554  proteins.

555 Determination of recombination. Recombination was inferred by identifying regions of
556  high SNP density from whole genome alignments of short-read data to SL1344, using
557  Gubhins '®. The results were visualised using Phandango '™ and related to the predicted
558  prophage locations in the SL1344 genome. Similar results were obtained using maximum
559 likelihood inference using clonal frame '%.

560 Determination of the S. Typhimurium pangenome. The annotated assemblies of 131
561 predominantly S. Typhimurium ST19 isolates were used as the input to the pangenome
562 pipeline ROARY %, The presence or absence of genes was determined without splitting
563 orthologues. In order to characterise the contribution of prophage and plasmids to the
564  pangenome, genes were assigned to one of four categories, non-prophage genes located on
565 the chromosome, prophage genes, plasmid genes and undefined genes, based on the
566 similarity to annotated genes of complete and closed whole genome sequence of eleven

567 reference strains. Orthologous genes were identified based on > 90% nucleotide sequence
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568 identity using nucmer ®. A core-genome reference sequence (genes present in at least 99%
569  of reference strains), was also constructed and used to determine the invasiveness index.

570 Estimation of gene flux rates. Genes were assigned a score based on their presence in
571 strains within a specific clade. The clade gene score was compared to the score determined
572  for strains outside of the clade to determine whether the gene was more prevalent within the
573 clade than without. Genes were classed as associated with the clade if their score was greater
574  than the mean plus two standard deviations of the non-cladal score (corresponding to the top
575  95% in anormal distribution).

576  The number of clade associate genes was compared with the number of SNPs associated with
577 aclade (this gives a measure of evolutionary time) to determine the level of gene flux for the
578 clade. Thelevel of gene flux in the two first-level clades was then compared.

579 Prophage classification. PHASTER® curated prophage sequences were classified into
580 species and genus-level groupings based on the current criteria used by the Bacteria and
581  Archaeal Viruses Subcommittee of the International Committee on Taxonomy of Viruses
582  (ICTV)'. At the species level, genomes were clustered at 95% nucleotide identity over the
583 whole genome length, meaning that two genomes belong to two different species if they
584  differ in more than 5% of their genome. Clustering was performed with CD-HIT-EST at 95%
585 nucleotide identity over 95% of the alignment length (99% of alignment length of shorter

106

586 sequence) " and with Gegenees, a pairwise nucleotide comparison tool, using the accurate

587  settings of 200 bp fragment size and 100 bp step size™®”

. The Gegenees output was used in
588  combination with vConTACT2'® to classify the prophage sequences into new or existing
589 genera Briefly, coding sequences were predicted with PROKKA® and transformed into a
590 table linking genomes and their encoding proteins. This table was used as input into

591  vConTACT along with the Viral RefSeq database v85'®. vConTACT then used Diamond™°,

592  Markov clustering MCL™" and ClusterONE™? to predict viral clusters based on shared
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593 protein content. The output was visualised using Cytoscape™®. Genera were defined as
594  vConTACT viral clusters which shared a significant (>50%) nucleotide identity. The clusters
595 were then compared to the current and pending ICTV taxonomic classification
596 (ictvonline.org) using blast and vConTACT viral cluster output containing reference genomes
597 and all prophage sequences were assigned to new or existing taxa.

598

599

600
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Table 1. Characteristics of complete and closed whole genome sequence of S. Typhimurium reference strains.

strain ST PT? accesson  clade chrom pSLT® P1° P2 ECC®’ CDS' SNPS Prophage’  tota Spec.
no. size® HAC'  HAC
S09207-07 19 DT170B PRJEB34598 oll 492 - - - 0 4592 973 7(5:1:1) 48 7
S01960-05 19 U288 PRJEB34597 ol2 4.90 154.4 194 182 3 4832 1272 8 (5:2:1) 57 16
NCTC13348 19 DT104 HF937208.1 alb 493 94.0 - - 1 4751 1083 9(5:3:1) 63 25
S04698-09 34 DT193 PRJEB10340 17 5.04 - - - 0 4754 1010 9(6:2:1) 43 7
SO7676-03 19 DT56 PRJEB34599 B5 4.88 - - - 0 4570 797 6 (4:1:1) 75 26
S09304-02 19 DT41 PRJEB34596 B4 5.05 1174 322 3 4685 943 8(5:2:1) 78 15
SL1344 19 DT44 FQ312003.1 B1 4.88 93.8 86.9 8.7 3 4771 0 9(4:3:2) 42 2
LO1157-10 19 DT8 PRJEB34595 B2 4.86 93.8 239 222 3 4706 1101 7 (4:2:1) 62 19
D23580 313 - FN424405.1 B1 4.88 1170 846 - 2 4790 901 7 (5:2:0) 57 9
A130 313 DT56v PRJEB3459%4 B1 493 166.9 - - 1 4812 901 8(5:2:1) 62 13
94-213 98 DT2 HG326213.1 B3 4.82 93.8 - - 1 4598 903 5(3:1:1) 66 20

% Phage type / Sequence type, Chromosome size (Mbp), © contig size (Kbp), “extra chromosomal contigs (ECC), putative plasmid sequences
Number of predicted coding sequences, " number of SNPs with reference to SL 1344, ¢ Number of prophage (mtact incomplete, candidate), "
total number of pseudogenes with reference to SL1344 alele, ' number of clade-specific pseudogenes (Table S1), ' mean delta bitscore (DBS)
with reference to SL1344 protein orthologue
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Figure L egends

Figure 1. Phylogenetic reationship of the ST19 Salmonella Typhimurium phylogr oup.
(A) Maximum likelihood phylogenetic tree and based on sequence variation (SNPs) in the
core genome with reference to S. Typhimurium strain SL1344. The root was identified using
S. Heidelberg (accession number NC_011083.1) as the outgroup. 1% (o and B) and 3 (011-
19 and B1-7) areindicated (vertical bars). Phage type complexes associated with the third-
level clusters areindicated (bold type) colour coded with the lineages and representative
strains from third level clusters (italicized type). The source of each isolatein the treeis
indicated by filled boxes colour coded asindicated in the inset key (arrow). The presence of
replicon sequence (grey box), antimicrobial resistance genes (blue box) and hypothetically
disrupted coding sequence (HDCS) of virulence related genes (red box) in short read
sequence data are indicated. (B) Bars indicate the number of ancestral (black), phage or
insertion sequence elements (grey), chromosomal gene (colour coded with lineages in Figure
1A) HDCS in the genome of representative strains from each third level clade. (C) Box plots
indicate the mean dbitscore (DBS: bitscore SL 1344 — test strain bitscore) of proteomesin
third level clades. (D) Box plot indicates the percentage of the proteome of the proteome of
isolates from each third level clade with a non-zero bitscore (bitscore SL1344 —test strain
bitscore >0 or <0) as an estimate of function divergence. (E) Box plots indicate the mean
invasiveness index per genome, the fraction of random forest decision trees voting for an
invasiveness phenotype based on training on the DBS of a subset of the proteome of ten

gastrointestinal and extraintestinal pathovar serotypes.

Figure 2. The pan genome of 131 S. Typhimurium isolates. Gene families were identified
based on sequence alignment with a cut off of 90% sequence identity and assigned to non-

prophage chromosomal (red), prophage (green), plasmid (blue), or undefined (grey), based on
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their genome context in eleven annotated reference genomes from each third level clade. (A)
Number of genome familiesin the core, softcore, shell and cloud components of the
pangenome. (B) Number of genome families of each pan genome component in isolates from
each S Typhimurium third level clade. (C) Accessory genome (shell and cloud) in each
isolate. Gene families present in more than 130 or less than 5 strains were excluded.
Maximum Likelihood tree based on variation (SNPs) in the core genome with reference to S.
Typhimurium SL1344. Third-level clades are indicated in colour coded in common with the

phylogeny vertical bars.

Figure 3. Genome alignment and phylogenetic r elationship of complete and closed
reference strains of S. Typhimurium or used in this study. Sequence with >90%
nucleotide sequence identity are indicated where thisis direct alignment (green) or reverse
and complement (red). The location of prophage sequence (red bars) or integrative elements
(blue bars) are indicated. A maximum likelihood tree based on sequence variation (SNPs) in
the core genome with reference to S. Typhimurium strain SL1344 (left) is annotated with the
most likely order of acquisition (black arrow) or loss (red arrow) of prophage and integrative

elements, based on the principle of parsimony.

Figure 4. Clustering of prophage genes based on sequence identity indicatesrelated
families and potential recombination. Genes from all prophage identified in complete and
closed whole genome sequence of eleven reference strains of S. Typhimurium were assigned
to families based on sequence identity (>90% identity). Prophage genes (columns) were
clustered to identify related prophage. The presence of ageneisindicated with abox
predicted function based on in silico annotation are colour coded based on annotation,

terminase (black), capsid (green), recombinase/integrase (purple), tail fibre (blue), other
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phage associated (red), and hypothetical protein (grey). A cladogram showing the

relationship of prophage is based on the pattern of gene presence or absence is indicated

(top).

Figure 5 Recombination inferred by high SNP density in 131 S. Typhimurium strains.
Regions of high SNP density (red) are indicated for each of the 131 isolatesin the S.
Typhimurium ST19 cluster with reference to the S Typhimurium strain SL 1344 genome.
Recombination is shown with reference to the population structure and phylogeny of
Typhimurium shown in figure 1. The position of predicted prophage (blue) inthe S

Typhimurium strain SL1344 genome are indicated (top).

Supplementary Figure 1. Phylogenetic relationship of S. Typhimurium and diverse S.
enterica serotypes. Mid-point rooted maximum likelihood phylogenetic tree based on the
variation (SNPs) in the core genome of 18 strains of Salmonella Typhimurium and 14
representative strain of diverse S. enterica subspecies enterica serotypes, with referenceto S.
Typhimurium strain SL1344 genome sequence. S. Typhimurium strains (red lineages and
text) are present in two clusters, composed of 15 strains with isolates that are ST19, ST34,
ST313, ST98 and ST568 and three more divergent isolates of ST36. The phylogeny is rooted
with respect to S. Heidelberg and was calculated using SL1344 as a reference to create a

core-genome variant-site alignment and the GTRCAT model in RAXML.

Supplementary figure 2. Accessory genome with strong clade association. Gene families
with astrong clade association in clade aor b (A), or in one of the third level clades (B).
Maximum likelihood phylogenetic tree and based on sequence variation (SNPs) in the core

genome with reference to S. Typhimurium strain SL1344 (left). Third-level clades are
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indicated and colour coordinated with that in Figure 1. Genes in each clade were assigned a
score based on the number of strains containing the gene within the clade. This score was
also calculated for the strains outside the clade. Clade associated genes were defined as genes
that had scores greater than the mean plus two SD of the score for all other clades. Genes are
colour coded based assignment to non-prophage chromosomal (red), prophage (green),

plasmid (blue), or undefined (grey).

Supplementary Figure 3. Gene flux rate metrics determined for non-singleton gene families

first-level clades.

Supplementary Table Legends

Supplementary Table 1. S. Typhimurium strain collection used in this study related to
deter mine population structures. Table can be viewed at

https:.//www.dropbox.com/sh/dh84yycatguirw3/AABnbbrSPtqEC| GY 61 R6GggLa?dI=0

Supplementary Table 2. Presence of plasmid operons, AMR genes (Resfinder) and
virulence genes (VFDB) determined by in-silico genotyping using ARIBA software. The
identifier column corresponds to the study-identifier column in Supplementary Table 1.
Presence of genes are indicated by ‘1. Table can be viewed at

https.//www.dropbox.com/sh/dh84yycatguirw3/AABnbbrSPtqEC| GY 61R6GggLa?dI=0

Supplementary Table 3. Genome degradation in long-read r eference strains. Potential

hypothetically disrupted coding sequences (HDCS) were identified in reference genomes

though anomalies in annotation transfer from the SL1344 reference sequence using RATT
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software and manual curation to exclude false positive HDCS. Table can be viewed at

https://www.dropbox.com/sh/dh84yycatgui rw3/AABnbbrSPtgEc| GY 61R6GggLa?dI=0

Supplementary Table 4. Summary of HDCSin S. Typhimurium main phylogroup. The
presence of HDCS alleles was determined in-silico using SRST2 reported in Figure 1. The
study identifier refers to isolates in Supplementary Table 1. Alleles are specified as wild-type
(WT) or HDCS. In some cases, multiple HDCS forms were determined to be present and
these are denoted as HDCS1 or HDCS2 etc. Table can be viewed at

https:.//www.dropbox.com/sh/dh84yycatguirw3/AABnbbrSPtgEC| GY 61R6GggLa?dI=0

Supplementary Table 5. Summary of DBS and | nvasiveness I ndex analysis. Isolate
identifier corresponds to the identifier column in Supplementary Table 1. The mean delta
bitscore (DBS) for the proteome of each strain, the number of proteins with a DBS greater
than ten. Invasiveness index for each isolate is indicated. Table can be viewed at

https:.//www.dropbox.com/sh/dh84yycatguirw3/AABnbbrSPtqEC|GY 61R6GggLa?dI=0

Supplementary Table 6. Characteristics of prophage elements present in complete and
closed whole genome sequence of S. Typhimurium reference strains. Table can be viewed

at https://www.dropbox.com/sh/dh84yyc4tguirw3/AABnbbrSPtgEC|GY 61R6GggLadl=0
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