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Abstract

Enterohemorrhagic Escherichia coli O157:H7 (EHEC) is an important food-borne
pathogen that colonizes the colon. Transposon-insertion sequencing (TIS) was used to
identify genes required for EHEC and commensal E. coli K-12 growth in vitro and for
EHEC growth in vivo in the infant rabbit colon. Surprisingly, many conserved loci
contribute to EHEC’s but not to K-12’s growth in vitro, suggesting that gene acquisition
during EHEC evolution has heightened the pathogen’s reliance on certain metabolic
processes that are dispensable for K-12. There was a restrictive bottleneck for EHEC
colonization of the rabbit colon, which complicated identification of EHEC genes
facilitating growth in vivo. Both a refined version of an existing analytic framework as
well as PCA-based analysis were used to compensate for the effects of the infection
bottleneck. These analyses confirmed that the EHEC LEE-encoded type Il secretion
apparatus is required for growth in vivo and revealed that only a few effectors are critical
for in vivo fitness. Numerous mutants not previously associated with EHEC
survival/growth in vivo also appeared attenuated in vivo, and a subset of these putative
in vivo fitness factors were validated. Some were found to contribute to efficient type-
three secretion while others, including tatABC, oxyR, envC, acrAB, and cvpA, promote
EHEC resistance to host-derived stresses encountered in vivo. cvpA, which is also
required for intestinal growth of several other enteric pathogens, proved to be required
for EHEC, Vibrio cholerae and Vibrio parahaemolyticus resistance to the bile salt
deoxycholate. Collectively, our findings provide a comprehensive framework for

understanding EHEC growth in the intestine.
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Author Summary

Enterohemorrhagic E. coli (EHEC) are important food-borne pathogens that infect the
colon. We created a highly saturated EHEC transposon library and used transposon
insertion sequencing to identify the genes required for EHEC growth in vitro and in vivo
in the infant rabbit colon. We found that there is a large infection bottleneck in the rabbit
model of intestinal colonization, and refined two analytic approaches to facilitate
rigorous identification of new EHEC genes that promote fitness in vivo. Besides the
known type Il secretion system, more than 200 additional genes were found to
contribute to EHEC survival and/or growth within the intestine. The requirement for
some of these new in vivo fitness factors was confirmed, and their contributions to
infection were investigated. This set of genes should be of considerable value for future
studies elucidating the processes that enable the pathogen to proliferate in vivo and for

design of new therapeutics.
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Introduction

Enterohemorrhagic Escherichia coli (EHEC) is an important food-borne pathogen that
causes gastrointestinal (Gl) infections worldwide. EHEC is a non-invasive pathogen that
colonizes the human colon and gives rise to sporadic infections as well as large
outbreaks (reviewed in (1-3)). The clinical consequences of EHEC infection range from
mild diarrhea to hemorrhagic colitis and include the potentially lethal hemolytic uremic

syndrome (HUS) (4,5).

The paradigmatic EHEC O157:H7 strain, EDL933, caused the first recognized EHEC
outbreak in 1982 (6), and it's genome shares a common 4.1 Mb DNA backbone with the
non-pathogenic laboratory strain of E. coli K-12, MG1655 (7-9). However, the EDL933
genome also contains 1.34Mb of chromosomal DNA that is absent from K-12, as well as
a 90kb virulence plasmid pO157. EDL933-specific ‘O-islands’ encode genes recognized
as the major EHEC virulence factors and are thought to have been acquired by

horizontal gene transfer; many are encoded within putative prophage elements.

Although there are a variety of EHEC serotypes and the O-island complement in
different EHEC isolates can differ (10), EHEC genomes all contain one or more
prophages encoding Shiga toxins and the Locus of Enterocyte Effacement (LEE)
pathogenicity island (11). These two horizontally acquired elements are critical EHEC
virulence determinants. Shiga toxins contribute to diarrhea and the development of HUS
(4,5,12). The LEE encodes a type lll secretion system (T3SS) and several secreted

effectors. EHEC’s T3SS mediates attachment of the pathogen to colonic enterocytes,
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90 effacement of the brush border microvilli, and the formation of actin-rich pedestal-like

91  structures underneath attached bacteria (reviewed in (13)). Once translocated into the

92  host cell, T3SS effectors, which are encoded both inside and outside the LEE, target

93 diverse signaling pathways and cellular processes (14,15). A functional LEE T3SS is

94  required for EHEC intestinal colonization in animal models as well as in humans

95  (12,13,16-20).

96

97 In addition to the virulence factors that prompt the key symptoms of infection, EHEC

98 also relies on bacterial factors that enable pathogen survival in and adaptation to the

99  host environment. During colonization of the human Gl tract, EHEC encounters multiple
100  host barriers to infection, including, but not limited to stomach acid, bile, and other host-
101  and microbiota-derived compounds with antimicrobial properties (reviewed in (21)).
102  EHEC is known to detect intestinal cues derived from the host and the microbiota to
103  activate expression of virulence genes and to modulate gene expression both
104  temporally and spatially (22—-25). However, comprehensive analyses of bacterial factors
105 that contribute to EHEC survival within the host have not been reported.
106
107  The development of transposon-insertion sequencing (TIS, aka TnSeq, InSeq, TraDis, or
108 HITS) (26-29) facilitated high-throughput and genome-scale analyses of the genetic
109  requirements for bacterial growth in different conditions, including in animal models of
110 infection (30-39). In this approach, the relative abundance of transposon-insertion
111 mutants within high-density transposon-insertion libraries provides insight into loci’s

112 contributions to bacterial fitness in different environments (40,41). Potential insertion sites
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113 for which corresponding insertion mutants are not recovered frequently correspond to
114  regions of the genome that are required for bacterial growth (often termed “essential
115 genes”), although the absence of a particular insertion mutant does not always reflect a
116 critical role for the targeted locus in maintaining bacterial growth (42,43). Comparative
117  analyses of the abundance of mutants in an initial (input) library and after growth in a
118 selective environment (e.g., an animal host) can be used to gauge loci’s contributions to
119 fitness in the selective condition.

120

121 Here, high-density transposon libraries were created in EHEC EDL933 and the
122 commensal E. coli K-12 and used to characterize their respective in vitro growth
123 requirements. The EHEC library was also passaged through an infant rabbit model to
124  identify genes required for intestinal colonization. Our data indicate that during infection
125  of the gastrointestinal tract, EHEC populations undergo a severe infection bottleneck that
126  complicates identification of genes with true in vivo fitness defects. We used two
127  complementary analytic approaches to circumvent the noise introduced by restrictive
128  bottlenecks to identify genes required for colonization of the colon. More than 240 genes
129  were found to contribute to efficient colonization of the rabbit colon. As expected, these
130 included the LEE-encoded T3SS and tir, a LEE-encoded effector necessary for intestinal
131  colonization (44). In addition, 2 non-LEE effectors and many additional new genes that
132  encode components of the bacterium’s metabolic pathways and stress response systems
133  were found to enable bacterial colonization of the colon. Isogenic mutants for 17 loci,
134  including cvpA, a gene necessary for intestinal colonization by diverse enteric pathogens

135 (40,45,46), were constructed, validated in the infant rabbit model and tested in vitro under
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136  stress conditions that model host-derived challenges encountered within the
137  gastrointestinal tract. cvpA was found to be specifically required for resistance to the bile
138 salt deoxycholate and therefore appears to be a previously unappreciated member of the
139  bile-resistance repertoire of diverse enteric pathogens.

140

141 Results and Discussion

142

143  Identification of genes required for EHEC growth in vitro

144  The mariner-based Himar1 transposon, which inserts specifically at TA dinucleotides
145 (reviewed in (47)) was used to generate a high-density transposon-insertion library in a
146  Alacl::aacC1 (gentamicin-resistance cassette inserted at /ac/) derivative of EDL933. The
147  library was characterized via high-throughput sequencing of genomic DNA flanking sites
148  of transposon-insertion. To map the reads, we used the most recent EDL933 genome
149  sequence (8) and annotation (NCBI, February 2017). Since this genome, unlike the

150 initial EHEC genome (7), has not been linked to functional information (e.g., the EHEC
151 KEGG database, KEGG reviewed in (48)), we generated a correspondence table in

152  which the new genome annotations (RS locus tags) are linked to the original “Z

153  numbers” (Table S1). This correspondence table enabled us to utilize historically

154  valuable resources as well as the updated genomic sequence and should also benefit
155 the EHEC research community. 137,805 distinct insertion mutants were identified,

156  which corresponds to 52.5% of potential insertion mutants with an average of ~21 reads
157  per genotype (Fig S1A). Sensitivity analysis revealed that nearly all mutants were

158  represented within randomly selected read pools containing ~2 million reads. Increasing
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159  sequencing depth to ~3 million reads had a negligible effect on library complexity,

160  suggesting that a sequencing depth of ~3 million reads is sufficient to identify virtually all
161  constituent genotypes within this EHEC library (Fig S1A).

162

163 EHEC’s 6032 annotated genes were binned according to the percentage of disrupted
164  TA sites within each gene, and the number of genes corresponding to each bin was

165 plotted (Fig 1A). As expected for a high-density transposon-insertion library (41), this
166  distribution was bimodal, with a minor peak comprised of genes disrupted in few

167  potential insertion sites (Fig 1A, left), and a major peak comprised of genes that are

168  disrupted in most or all potential insertion sites (Fig 1A, right). Based on the center of
169  the major right-side peak, we estimate that ~70% of non-essential insertion sites have
170  been disrupted in this EHEC library, a degree of complexity that enabled high-resolution
171  analysis of transposon-insertion frequency.

172

173 Further analysis of insertion site distribution was performed using a hidden Markov

174  model-based analysis pipeline (EL-ARTIST, see methods and (40) for detail), that

175  classifies loci with a low frequency of transposon-insertion across the entire coding

176  sequence as ‘underrepresented’ (often referred to as ‘essential’ genes) or across a

177  portion of the coding sequence as ‘regional’ (Fig 1B). All other loci are classified as

178  ‘neutral’. Of EHEC’s 6032 genes, 895 genes were classified as underrepresented, 407
179  as regional, and 4,730 as neutral (Fig 1A, Table S2). In general, neutral genes (blue)
180  were disrupted in a higher percentage of TA sites than underrepresented genes (red) or

181 regional genes (purple), which displayed low and intermediate percentage of TA site
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182  disruption, respectively (Fig 1B). Neutral genes are considered to be dispensable for
183  growth in LB, whereas non-neutral genes (regional and underrepresented genes

184  combined) likely have important functions for growth in this media or are otherwise

185  refractory to transposon insertion (42,43).

186

187  We identified Z Numbers (Table S1) and the linked Clusters of Orthologous Groups

188  (COG) (49,50) and KEGG pathways associated with the 1302 genes classified as non-
189  neutral (underrepresented and regional). Although some loci have no COG assigned,
190 714 genes were assigned a COG functional category (Table S2). Each COG category
191  was plotted against its “COG Enrichment Index”, which is calculated as the percentage
192 of non-neutral genes in each COG category divided by the percent of the whole genome
193  with that COG (51). A subset of COGs, particularly cell cycle control, translation, lipid
194  and coenzyme metabolism, and cell wall biogenesis were associated with non-neutral
195 genes at a frequency significantly higher than expected based on their genomic

196  representation (Fig S2A). Collectively, the COG and a similar KEGG analysis (Table S3)
197 revealed that EHEC genes with non-neutral transposon-insertion profiles are associated
198  with pathways and processes often linked to essential genes in other organisms (52).
199

200  Non-neutral genes comprise ~22% of EHEC’s annotated genes, a proportion of the

201  genome that is substantially larger than the 8% and 9% observed in analogous TIS-
202  based characterizations of Vibrio cholerae and Vibrio parahaemolyticus (40,45). Of the
203 1,302 non-neutral EHEC genes, only 760 are homologous to a gene in E. coli K-12

204  MG1655 (>90% nucleotide identity or >90% amino acid identity across 90+% of gene
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205 length) (Table S2, column M); thus, EDL933-specific loci comprise a high proportion
206 (~42%) of EHEC’s underrepresented loci. The enrichment of underrepresented loci

207 among EHEC-specific genes, many of which were acquired by horizontal gene transfer,
208  may reflect factors that can limit transposon-insertion other than fitness costs.

209

210  Previous analyses revealed that nucleoid binding proteins such as HNS, which binds to
211  DNA with low GC content, can hinder Himar1 insertion (42). Consistent with this

212 observation, genes classified as non-neutral have a lower average GC content than

213  genes classified as neutral (Fig S2B; blue vs red distributions). The disparity in GC

214  content between neutral and non-neutral loci is particularly marked for EHEC genes that
215 do not have a homolog in K-12 (divergent; Fig 1C), although there is also a significant
216 difference between the GC content of neutral and non-neutral loci with a K-12 homolog
217  (homolog; Fig 1C). These analyses suggest that there is an association between GC
218 content and transposon-insertion frequency in EHEC, as in other organisms, and that
219 the prevalence of underrepresented loci among divergent loci may in part stem from the
220 lower average GC content of these loci (Fig S2C). Additional studies are necessary to
221  determine if the association between low GC content and reduced transposon-insertion
222 is due to HNS-binding, other nucleoid-associated proteins, or as yet unidentified fitness-
223 independent transposon insertion biases.

224

225 TIS-based comparison of EHEC and E. coli in vitro growth requirements

226  To evaluate whether the abundance of non-neutral loci was specific to EHEC or was

227  characteristic of additional E. coli strains, a high-density transposon-insertion library was

10
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228  constructed in a Alacl::cat (chloramphenicol-resistance cassette inserted at /ac/)

229  derivative of E. coli K-12 MG1655. EL-ARTIST analysis of the high-density K-12 library
230 (Fig S1B) was implemented with the same parameters as those for the EHEC library
231 analysis and classified 24% of genes as underrepresented (786 underrepresented, 300
232 regional and 3397 neutral; Fig 1D, Table S4). Comparison of the gene classification of
233 homologous loci (Table S2 vs Table S4) revealed substantial concordance between the
234 sets of genes with non-neutral insertion profiles in EHEC and K-12: 83% (629/760) of
235  the non-neutral EHEC genes with homologs in K-12 were likewise classified as non-
236 neutral in the E. coli K-12 strain (Fig 1E). Thus, analyses of non-neutral loci suggest
237  either that the majority of ancestral loci make similar contributions to the survival and/or
238  proliferation of EHEC and K-12 strains in LB or that they are similarly resistant to

239  transposon-insertion.

240

241  We further explored the 131 underrepresented EHEC loci (Table S5) that were

242  classified as neutral (able to sustain insertions) in E. coli K-12. Most of these genes

243 have are linked to KEGG pathways for metabolism, particularly metabolism of

244  galactose, glycerophospholipid, and biosynthesis of secondary metabolites (Table S5,
245  Fig 1F). While this divergence could reflect the laboratory adaptation of the K-12 isolate,
246  gene acquisition during EHEC evolution may have heightened the pathogen’s reliance
247  on metabolic processes that are not critical for growth of K-12. Such ancestral genes
248 may be useful targets for antimicrobial agents, as they might antagonize EHEC growth
249  without disruption of closely related commensal Enterobacteriaceae populations.

250

11
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251 Comparison of TIS and deletion-based gene classification

252  The sets of genes classified as underrepresented or regional in EHEC and K-12

253  transposon libraries were compared to the 300 genes classified as essential in the K-12
254  strain BW25113 based on their absence from a comprehensive library of single gene
255  knockouts (53-55). 98% of these genes (294/300) were also classified as

256  underrepresented or regional in EDL933 and MG1655 (Table S2 and S4). The few loci
257  previously classified as essential but not found to be underrepresented or regional in
258 our analysis include several small genes, whose low number of TA sites hampers

259  confident classification. One gene in this list, kdsC, was found to have insertions across
260 the gene in both EDL933 and MG1655 (Fig S2D). kdsC knockouts have also been

261  reported previously (56), confirming that this locus is not required for K-12 growth

262  despite the absence of an associated mutant within the Keio collection. Thus,

263  underrepresented and regional loci encompass, but are not limited to, loci previously
264 classified as essential.

265

266  Several factors likely account for over-estimation of loci as underrepresented or

267  regional. First, loci can be classified as underrepresented even when viable mutants are
268 clearly present within the insertion library (Fig 1A); insertions simply need to be

269  consistently less abundant across a segment of the gene than insertions at other

270  (neutral) sites. Loci may also be classified as underrepresented due to fitness-

271 independent insertion biases, as discussed above (42,43). Additional evidence that loci
272  categorized as non-neutral by transposon-insertion studies are not necessarily essential

273  for growth was provided by a recent study of essential genes in E. coli K-12 (57).

12
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274  However, the more expansive non-neutral classification can provide insight into loci that
275  enable optimal growth, in addition to those that are required.

276

277 ldentification of EHEC genes required for growth in vivo

278  To identify mutants deficient in their capacity to colonize the mammalian intestine, the
279  EHEC transposon library was orogastrically inoculated into infant rabbits, an established
280  model host for infection studies (12,44,58,59). Transposon-insertion mutants were

281 recovered from the colon at 2 days post-infection, and the sites and abundance of

282  transposon-insertion mutations were determined via sequencing, as described above.
283  The relative abundance of individual transposon-insertion mutants in the library

284  inoculum was compared to samples independently recovered from the colons of 7

285 animals to identify insertion mutants that were consistently less abundant in libraries
286  recovered from the colon. Under ideal conditions, this signature is indicative of negative
287  selection of the mutant during infection, reflecting that the disrupted locus is necessary
288  for optimal growth within the intestine.

289

290  Sequencing and sensitivity analyses of the 7 passaged libraries revealed that they

291  contained substantially fewer unique insertion mutants than the library inoculum (23-
292 38% total mutants recovered, ~30,000 of 120,000) (Fig S1C-J). These data are

293  suggestive of population constrictions that could have arisen from 2 distinct but not

294  mutually exclusive causes: 1) negative selection, leading to depletion of mutants

295  deficient at in vivo survival or intestinal colonization; and/or 2) infection bottlenecks,

296  population constrictions that lead to stochastic reductions in the average number of

13
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297 insertions per gene, independent of genotype or selective pressures. We binned genes
298 according to the percentage of TA sites disrupted within their gene sequences and

299 plotted the number of genes corresponding to each bin for both the inoculum (Fig 2A-
300 top) and a representative rabbit-passaged sample (Fig 2A-bottom). The passaged

301 sample exhibited a marked leftward shift relative to the inoculum, a signature indicative
302  of population constriction due to an infection bottleneck (41,60).

303

304 The TIS data was further analyzed using the Con-ARTIST pipeline. Con-ARTIST uses
305 iterative simulation-based normalization to compensate for experimental bottlenecks to
306 facilitate discrimination between stochastic reductions in genotype abundance and

307 reductions attributable to bona fide negative selection (mutants for which there was a
308 fitness cost in the host environment) (40). The Con-ARTIST analysis protocol and

309 subsequent gene classification is schematized in Figure 2B. For libraries recovered

310 from each rabbit, we used this workflow to classify genes as ‘conditionally depleted’

311 (red, CD), ‘queried’(blue) or ‘insufficient data’ (black) (Fig 2B) compared to the inoculum
312 library. CD genes contain sufficient insertions for analysis (see methods) and meet a
313  standard of a 4-fold reduction in read abundance that is consistent across TA sites in a
314 gene (Fig 2B). Queried genes contained sufficient insertions for analysis but failed to
315  meet this criterion. Genes classified as insufficient do not contain sufficient insertions for
316  analysis. The output of gene categorization using these thresholds is displayed for a
317  single rabbit in Fig 2C (additional animals in Fig S3A-G) and summarized for all animals
318 in Fig 2D.

319

14
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320  The restrictive bottleneck and animal to animal variation led to differences in the

321 numbers of genes classified as CD in different rabbits (Fig 2D). Due to this variability,
322 an additional criterion that genes be classified as CD in 5 or more of the 7 animals

323  analyzed was imposed to create a consensus cutoff. In contrast to the >2000 genes
324 classified as conditionally depleted in one or more animals, only 243 genes were

325 classified as conditionally depleted across 5 or more animals (Fig S3H, Table S6).

326 These relatively stringent standards were imposed in order to identify robust candidates
327  for genes that facilitate EHEC intestinal growth, despite the limitations of the infection
328  bottleneck in this experimental model. Therefore, we do not conclude that genes

329 classified as “Queried” (3860) or “Insufficient Data” (1926) are not attenuated relative to
330 the wild type strain in vivo; it is likely that the list of CD loci (Table S6) is incomplete.
331

332 Using our Z correspondence table (Table S1), 89% (217/243) genes classified as

333  conditionally depleted were assigned to a COG functional category. CD genes were
334  frequently associated with amino acid and nucleotide metabolism, signal transduction,
335 and cell wall/envelope biogenesis, but only amino acid metabolism reached statistical
336  significance after correction for multiple hypothesis testing (Fig 2E). These genes are
337 also associated with KEGG metabolic pathways (particularly amino acid metabolism),
338 several two-component systems, including gseC, which has previously been implicated
339 in EHEC virulence gene regulation, and lipopolysaccharide biosynthesis (22) (Table S7,
340 Fig 2F). 33 of the 243 CD genes are EHEC specific, whereas the remaining 210 have
341 homologs in K-12 (Table S6), highlighting the importance of conserved metabolic

342  pathways in the pathogen’s capacity to successfully colonize its colonic niche. Similar

15


https://doi.org/10.1101/563007
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/563007; this version posted February 27, 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 4.0 International license.

343  metabolic pathways were also found to be important for V. cholerae growth in the infant
344  rabbit small intestine (40,61), and raising the possibility of targeting metabolic pathways
345  such as those for amino acid biosynthesis with antibiotics (62—65).

346

347  The stochastic loss of individual insertion mutants in severely bottlenecked data can
348  hinder Con-ARTIST-based identification of CD genes. In particular, meeting the

349  pipeline’s consistency threshold as measured by the Mann Whitney U (MWU) p-value
350 (Fig 2B) is difficult because severe bottlenecks drastically decrease the number of

351 individual transposon-insertion mutants per gene; therefore, the mutant replicates

352 needed to demonstrate consistency are not present. Queried genes often did not meet
353 the MWU p-value cut-off, even though fold change information may suggest marked
354 attenuation. To reclaim some of the mutants that were not classifiable by Con-ARTIST,
355 we also used Comparative TIS (CompTIS), a principal components analysis (PCA)-

356 based framework (66), to compare the 7 libraries recovered from rabbit colons. PCA is a
357 dimensional reduction approach used to describe the sources of variation in multivariate
358 datasets. Recently, we found that PCA is useful for identifying genes whose inactivation
359 leads to mutant growth phenotypes that are consistent across TIS replicates (66). Here,
360 we applied CompTIS as an alternative approach to identify genes with phenotypic

361  consistency (inability to colonize the rabbit colon) in all 7 rabbit replicates.

362

363 To perform CompTIS, the fold change of each gene from the seven colon libraries was
364  subjected to gene level PCA (gIPCA) (see methods and (66)), with each library

365 recovered from a rabbit colon representing a replicate. gIPC1 describes most of the
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366  variation in the animals (Fig S3I) and reports a weighted average of the fold change

367 values for each gene across the 7 animals (Table S6). The signs and magnitudes of
368 PC1 were all similar (Fig S3J), indicating that each rabbit contributes approximately

369 equally to PC1, as expected for biological replicates. The distribution of gIPC1 scores is
370  continuous (Fig 2G) and describes each gene’s contribution to EHEC intestinal

371  colonization. Most genes have a gIPC1 score close to zero (average PC1=0),

372  suggesting that they do not contribute to colonization. However, the distribution includes
373  aleft tail beginning at PC1 scores of approximately -900 that encompassed the lowest
374  10% of scores (Fig 2G, Fig S3K), which likely correspond to genes contributing to

375 colonization. This list of 541 genes included nearly all (85%) of the genes classified as
376  CD by the more conservative Con-ARTIST analysis outlined above (Fig 2B). This

377 method allows for identification of additional candidate genes required for

378  survival/growth in vivo. For example, the PCA approach captured genes such as ler
379  (PC1 =-2290), a critical activator of the LEE T3SS (67), which was classified as queried
380 by Con-ARTIST due to the relative paucity of unique insertion mutants.

381

382  Analyses of the requirement for T3SS and its associated effectors in colonization
383 To begin to assess the accuracy of our gene classifications using the Con-ARTIST

384  consensus approach and CompTIS, we examined classifications within the LEE

385  pathogenicity island, which encodes the EHEC T3SS and plays a critical role in

386 intestinal colonization (12,16—19). The LEE is comprised of 40 genes, including genes
387 encoding the structural components of the T3SS, some of the pathogen’s effectors, their

388 chaperones, and Intimin (encoded by eae), the adhesin that binds to the translocated
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389  Tir protein. In infant rabbits, previous studies using single deletion mutants revealed that
390 tir, eae, and escN, the T3SS ATPase, were all required for colonization (12,44). We

391 observed a marked reduction in the abundance of insertions across nearly the entire
392 LEE in the samples from the rabbit colons relative to the simulation-normalized input
393  reads (Fig 3A). The 3 genes previously found to be required for colonization (tir, eae
394  and escN) were classified as CD using the Con-ARTIST consensus approach,

395 enhancing confidence in this scheme. Furthermore, 8 additional LEE-encoded genes
396  critical for T3SS activity, including translocon T3SS components (espB, espD, and

397 espA) and structural components (escD, escQ, escV, escl, and escC) were also

398 classified as CD using this scheme (Fig 3AB, Table S6) (16,68—72). Our findings

399  provide additional strong evidence that the LEE T3SS is critical for EHEC proliferation in
400 the intestine. However, many LEE-encoded genes had insufficient data to enable

401 classification via the Con-ARTIST consensus approach.

402

403  In contrast to Con-ARTIST analytic approach, with the PCA-based CompTIS analysis,
404  we were able to assess the contribution of all of the genes in the LEE and identify

405 several more genes likely to be important for in vivo colonization. With this approach,
406 most LEE genes had gIPC1 scores in the bottom 10% of the distribution (Table S6, Fig
407  3B). Notably, the genes that were not in this portion of the distribution included 4

408 effectors (espF, map, espH, espG). Previous studies in infant rabbits showed that espG
409 and map were dispensable for colonic colonization and that espH and espF mutants
410 only had modest colonization defects (44), lending credence to PCA-based

411  classification.
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412

413 EHEC has a large suite of non-LEE encoded effectors (Nle), many of which reside

414 within prophage elements. Only 2 of 43 Nle genes (nleA, espM1) were classified as CD
415 by Con-ARTIST or were found within the bottom 10% of gIPC1 scores by CompTIS
416  (Fig3B, Table S6), suggesting that only a small subset of EHEC effectors are critical for
417  colonization, while other effectors likely play auxiliary roles. NleA was previously

418 reported to be important for colonic colonization by a related enteric pathogen,

419  Citrobacter rodentium (73), and is thought to suppress inflammasome activity (74), while
420 EspM1 is thought to modulate host actin cytoskeletal dynamics (75,76). Additional

421  studies are warranted to confirm and further explore how these 2 effectors play pivotal
422  roles promoting intestinal colonization.

423

424  Validation of colonization defects in non-LEE encoded genes classified as

425 conditionally depleted

426  We performed further studies of 17 conditionally depleted genes/operons that had not
427  previously been demonstrated to promote EHEC intestinal colonization. The Con-

428 ARTIST consensus approach and CompTIS classified all of these genes as

429  conditionally depleted except one, hupB, which was classified as queried by Con-

430  ARTIST but within the bottom 10% of gIPC1 scores (Fig 4A). Mutants with in-frame

431  deletions of either single loci (agaR, cvpA, envC, htrA, hupB, mgtA, oxyR, prc, SSpA,
432  sufl, tolC, and RS09610, a hypothetical gene of unknown function) or operons with one
433 or more genes classified as conditionally depleted (acrAB, clpPX, envZompR, phoPQ,

434  tatABC) were generated. Then, each mutant strain was barcoded with unique sequence
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435  tags integrated into a neutral locus in order to enable multiplexed analysis. The in vitro
436  growth of the barcoded mutants was indistinguishable from that of the WT strain (Fig
437  S4A), suggesting that the transposon mutants’ in vivo attenuation is not explained by a
438  generalized growth deficiency.

439

440 The barcoded mutants, along with the barcoded WT EHEC, were co-inoculated into
441 infant rabbits to compare the colonization properties of the mutants and WT. The

442  relative frequencies of WT and mutant EHEC within CFU recovered from infected

443  animals was enumerated by deep sequencing of barcodes, and these frequencies were
444  used to calculate competitive indices (ClI) for each mutant (i.e., relative abundance of
445  mutant/WT tags in output normalized to input). 14 of the 17 mutants tested had ClI

446  values significantly lower than 1, validating the colonization defects inferred from the
447  TIS data (Fig 4). In aggregate, these observations support our experimental and

448  analytical approaches and suggest that many of the genes classified as CD by the Con-
449  ARTIST consensus approach and/or have low PC-1 scores may also contribute to

450  intestinal colonization.

451

452  Many conditionally depleted loci exhibit reduced T3SS effector translocation

453  and/or increased sensitivity to extracellular stressors

454  The many new genes implicated in EHEC colonization by the TIS data could contribute
455  to the pathogen’s survival and growth in vivo by a large variety of mechanisms. Given
456  the pivotal role of EHEC’s T3SS in intestinal colonization, as well as previous

457  observations that factors outside the LEE can regulate T3SS gene expression and/or
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458 activity (reviewed in (67)), we assessed whether T3SS function was impaired in the 11
459  mutants with Cls <0.3 (Fig 4). Translocation of EspF (an effector protein) fused to a
460 TEM-1 beta-lactamase reporter into HelLa cells was used as an indicator of T3SS

461  functionality (77). An AescN mutant, which lacks the ATPase required for T3SS

462  function, was used as a negative control.

463

464 Deletions in three protease-encoded genes, clpPX, htrA, and prc, were associated with
465 reduced EspF translocation (Fig 5A). Both CIpXP and HtrA have been implicated in
466  T3SS expression/activity in previous reports (78—81). The ClpXP protease controls LEE
467  gene expression indirectly by degrading LEE-regulating proteins RpoS and GrIR (82).
468  The periplasmic protease HtrA (aka DegP) has been implicated in post-translational
469  regulation of T3SS as part of the Cpx-envelope stress response (80,81). Interestingly,
470  prc, which also encodes a periplasmic protease (82), also appears required for robust
471  EspF translocation. Prc has been implicated in the maintenance of cell envelope

472  integrity under low and high salt conditions in E. coli K-12 (83). Consistent with this

473  observation, in high osmolarity media a Aprc EHEC mutant exhibited cell shape defects
474  (Fig S4B). Deficiencies in the cell envelope associated with absence of Prc may impair
475  T3SS assembly and/or function, perhaps also by triggering the Cpx-envelope stress
476  response. Together, these observations suggest that in vivo these three proteases

477  modulate T3SS expression/function, thereby promoting EHEC intestinal colonization.
478

479  We also investigated the capacity of each of the 11 mutant strains to survive challenge

480  with three stressors — low pH, bile, and high salt (osmotic challenge) — that the
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481 pathogen may encounter in the gastrointestinal tract. Relative to the WT strain, all but
482  one (sufl) of the mutant strains exhibited reduced survival following one or more of
483  these challenges (Fig 5BC), suggesting that exposure to these host environmental

484  factors may contribute to the in vivo attenuation of these mutants. Many of the EHEC
485  mutants exhibited sensitivities to external stressors that are consistent with previously
486  described phenotypes in other organisms and experimental systems. For example, the
487  EHEC AacrAB locus, which was associated with bile sensitivity in EHEC (Fig 5B), is
488  known to contribute to a multidrug efflux system that can extrude bile salts, antibiotics,
489  and detergents (84). Our observation that mutants lacking the oxidative stress response
490 gene oxyR are sensitive to bile and to acid pH is also concordant with previous reports
491 linking both stimuli to oxidative stress (85—87). Furthermore, the heightened sensitivity
492  to bile, acid, and elevated osmolarity of EHEC lacking the two-component regulatory
493  system EnvZ/OmpR is consistent with previous reports that EnvZ/OmpR is a critical
494  determinant of membrane permeability, due to its regulation of outer membrane porins
495  OmpF and OmpC. Mutations that activate this signaling system (in contrast to the

496  deletions tested here) have been found to promote E. coli viability in vivo and to

497  enhance resistance to bile salts (88).

498

499  The EHEC AtatABC mutant exhibited a marked colonization defect and a modest

500 increase in bile sensitivity. The twin-arginine translocation (Tat) protein secretion

501 system, which transports folded protein substrates across the cytoplasmic membrane
502 (reviewed in (89,90)), has been implicated in the pathogenicity of a variety of Gram-

503 negative pathogens, including enteric pathogens such as Salmonella enterica serovar
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504  Typhimurium (91-93), Yersinia pseudotuberculosis (94,95), Campylobacter jejuni (96),
505 and Vibrio cholerae (97). Attenuation of Tat mutants can reflect the combined absence
506 of a variety of secreted factors. For example, the virulence defect of S. enterica

507  Typhimurium tat mutants are likely due to cell envelope defects caused by the inability
508 to secrete the periplasmic cell division proteins AmiA, AmiC and Sufl (92). Notably,

509  single knock-outs of any of these genes did not cause attenuation (92), but altogether
510 their absence renders the cell-envelope defective and more sensitive to cell-envelope
511  stressors, such as bile acids (93).

512

513 In EHEC, the Tat system has been implicated in Stx1 export (98), but since Stx1 was
514 not a hitin our screen and is not thought to modulate intestinal colonization (12), it is not
515  likely to explain the marked colonization defect of the EHEC AtatABC mutant. The suite
516 of EHEC Tat substrates has not been experimentally defined, although putative Tat
517  substrates can be identified by a characteristic signal sequence (89,90). A few

518 substrates, including Sufl, OsmY, OppA, MgIB, and H7 flagellin, have been detected
519  experimentally (98). sufl, interestingly, was also a validated hit in our screen and is the
520 only Con-ARTIST defined CD gene that has a predicted Tat-secretion signal. However,
521 the Asufl mutant did not display enhanced bile sensitivity, suggesting that attenuation of
522 this mutant, and perhaps of the AtatABC mutant as well, reflects deficiencies in other
523  processes. Sufl is a periplasmic cell division protein that localizes to the divisome and
524  may be important for maintaining divisome assembly during stress conditions (99,100).
525  E. coli tat mutants have septation defects (101), presumably from loss of Sufl at the

526  divisome. Interestingly, envC, another validated CD gene, encodes a septal murein
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527  hydrolase (102) that is required for cell division, and the AenvC mutant also displayed
528 increased bile sensitivity. Consistent with this hypothesis, in high osmolarity media, the
529  Asufl, AenvC, and AtatABC mutants exhibited septation or cell shape defects (Fig S4B).
530 Collectively, these data suggest that an impaired capacity for cell division may reduce
531 EHEC's fitness for intraintestinal growth, and that at times this may reflect increased
532  susceptibility to clearance by host factors such as bile.

533

534  CvpA promotes EHEC resistance to deoxycholate

535  We further characterized EHEC AcvpA because other TIS-based studies of the

536  requirements for colonization by diverse enteric pathogens (Vibrio cholerae, Vibrio

537  parahaemolyticus and Salmonella enterica serovar Typhimurium) also classified cvpA
538 as important for colonization, but did not explore the reasons for the colonization

539  deficiency of the respective mutants (40,45,46).

540

541  cvpA encodes a putative inner membrane protein and has been linked to colicin V

542  exportin E. coliK-12 (103) as well as curli production and biofilm formation in UPEC
543  (104). The EHEC AcvpA mutant did not exhibit an obvious defect in biofilm formation or
544  curli production (Fig S5AB), suggesting that cvpA may have a distinct role in EHEC
545  pathogenicity.

546

547  To further characterize the sensitivity of EHEC AcvpA mutant to bile, we exposed the
548  mutant to the two major bile salts found in the gastrointestinal tract, cholate (CHO) and

549  deoxycholate (DOC) (Fig 6AC) (85,105). Cholate is a primary bile salt, produced in the
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550 liver and released into the biliary tract, while deoxycholate is a secondary bile salt that is
551 generated from cholate by intestinal bacteria in the colon. In contrast to WT EHEC,

552 which displayed equivalent sensitivity to the two bile salts in MIC assays (MIC = 2.5%
553  for both), the AcvpA mutant was much more sensitive to DOC than to CHO (MIC=

554  0.08% versus 1.25%). The AcvpA mutant’s sensitivity to deoxycholate was present both
555 inliquid cultures and during growth on solid media (Fig. 6ABC).

556

557  Growth of the AcvpA mutant in the presence of deoxycholate was partially restored by
558 introduction of cvpA under the control of an inducible promoter, confirming that

559  sensitivity is linked to the absence of cvpA (Fig. 6A). cvpA lies upstream of the purine
560 biosynthesis locus purfF, and some AcvpA mutant phenotypes have been attributed to
561 reduced expression on purf due to polar effects (103,106). The growth of the EHEC
562  AcvpA mutant was not impaired in the absence of exogenous purines (Fig S5C),

563  suggesting the cvpA deletion does not adversely modify purF expression.

564

565  Bile sensitivity has been associated with defects in the bacterial envelope or with

566  reduced efflux capacity (reviewed in (105)). We assessed the growth of the AcvpA

567 mutant in the presence of a variety of agents that perturb the cell envelope to assess
568 the range of the defects associated with the absence of cvpA. The MICs of WT and

569  AcvpA EHEC were compared to those of an AacrAB mutant, whose lack of a broad-
570  spectrum efflux system provided a positive control for these assays. Notably, the AcvpA
571  mutant did not exhibit enhanced sensitivity to any of the compounds tested other than

572  bile salts. In marked contrast, the AacrAB mutant displayed increased sensitivity to all
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573 agents assayed (Fig 6C). These observations suggest that the sensitivity of the cvpA
574 mutant to DOC is not likely attributable to a general cell envelope defect in this strain. V.
575  cholerae and V. parahaemolyticus AcvpA mutants also exhibited sensitivity to DOC (Fig
576  S5D), implying a similar role in bile resistance in these distantly related enteric

577  pathogens.

578

579 A variety of bioinformatic algorithms (PSLPred, HHPred, Phobius, Phyre2) suggest that
580 CvpA is an inner membrane protein with 4-5 transmembrane elements similar to small
581 solute transporter proteins (Fig 6D). Phyre2 and HHPred reveal CvpA’s partial similarity
582  to inner membrane transporters in the Major Facilitator Superfamily of transporters

583  (MFS) and the small-conductance mechanosensitive channels family (MscC). Additional
584  protein classification schemes group CvpA with proteins involved in solute transport. For
585 example, the PFAM database groups CvpA (PF02674) in the LysE transporter

586  superfamily (CL0292), a set of proteins known to enable solute export. In conjunction
587  with findings presented above, these predictions raise the possibility that CvpA is

588 important for the export of a limited set of substrates that includes DOC. Additional

589  studies to confirm this hypothesis and to establish how CvpA enables export are

590  warranted, particularly because this protein is widespread amongst enteric pathogens.
591

592  Conclusions

593  Here, we created a highly saturated transposon library in EHEC EDL933 to identify

594  the genes required for in vitro and in vivo growth of this important food-borne pathogen

595  using TIS. This approach has transformed our capacity to rapidly and fairly
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596  comprehensively assess the contribution an organism’s genes to growth in different
597  environments (41,107,108). However, technical and biologic issues can confound

598 interpretation of genome-scale transposon-insertion profiles. For example, we found
599 that EHEC genes with low GC content or those without homologs in K-12 were less
600 likely to contain transposon-insertions (Fig S2BC, Fig1C). Many of these genes were
601 likely acquired during EHEC evolution via lateral gene transfer; they constitute some of
602 the ~1.4MB of DNA that distinguishes EHEC from K-12 strains. Unexpectedly, more
603  than 100 of the genes conserved between EHEC and K-12 appear to promote the

604  growth of the pathogen in rich media but not that of K-12 (Table S5), suggesting that the
605 ~1.4MB of laterally acquired DNA that distinguishes EHEC and K-12 has enabled

606 divergence of the metabolic roles of ancestral E. coli genes in these backgrounds.

607

608 In animal models of infection, bottlenecks that result in marked stochastic loss of

609 transposon mutants can severely constrain TIS-based identification of genes required
610 forin vivo growth. Analysis of the distributions of the EHEC transposon-insertions in
611 vitro and in vivo (Fig. 2) revealed that there is a large infection bottleneck in the infant
612  rabbit model of EHEC colonization. Both Con-ARTIST, which applies conservative

613 parameters to define conditionally depleted genes (Fig 2B), and a PCA-based

614 approach, CompTIS, were used to circumvent the analytical challenges posed by the
615 severe EHEC infection bottleneck. These approaches should also be of use for similar
616 bottlenecked data that often hampers interpretation of TIS-based infection studies.

617  Validation studies, which showed that 14 of 17 genes (82%) classified as CD were

618 attenuated for colonization, suggest that these approaches are useful. Besides the LEE-
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619 encoded T3SS, more than 200 additional genes were found to contribute to EHEC

620  survival and/or growth within the intestine. This set of genes should be of considerable
621 value for future studies elucidating the processes that enable the pathogen to proliferate
622  in vivo and for design of new therapeutics.

623

624  Materials and Methods

625

626  Ethics statement

627  All animal experiments were conducted in accordance with the recommendations in the
628  Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
629 and the Animal Welfare Act of the United States Department of Agriculture using

630 protocols reviewed and approved by Brigham and Women'’s Hospital Committee on
631  Animals (Institutional Animal Care and Use Committee protocol number 2016N000334
632 and Animal Welfare Assurance of Compliance number A4752-01)

633

634  Bacterial strains, plasmids and growth conditions

635  Strains, plasmids and primers used in this study are listed in Supplementary Tables 8
636 and 9. Strains were cultured in LB medium or on LB agar plates at 37°C unless

637 otherwise specified. Antibiotics and supplements were used at the following

638  concentrations: 20 uyg/mL chloramphenicol (Cm), 50 ug/mL kanamycin (Km), 10 ug/mL
639  gentamicin (Gent), 50 ug/mL carbenicillin (Carb), and 0.3 mM diaminopimelic acid

640 (DAP).

641
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642 A gentamicin-resistant mutant of E. coli O157:H7 EDL933 (Alacl::aacC1) and a

643  chloramphenicol-resistant mutant of E. coli K-12 MG1655 (Alacl::cat) were used in this
644  study for all experiments, and all mutations were constructed in these strain

645  backgrounds except where specified otherwise. The Alacl::aacC1 and Alacl::cat

646  mutations were constructed by standard allelic exchange techniques (109) using a

647  derivative of the suicide vector pCVD442 harboring a gentamicin resistance cassette
648 amplified from strain TP997 (Addgene strain #13055) (110) or a chloramphenicol

649  resistance cassette from plasmid pKD3 (Addgene plasmid #45604) (53) flanked by the
650 5 and 3’ DNA regions of the /acl gene. Isogenic mutants of EDL933 Alacl::aacC1 were
651 also constructed by standard allelic exchange using derivatives of suicide vector pDM4
652  harboring DNA regions flanking the gene(s) targeted for deletion. E. coli MFDApir (111)
653  was used as the donor strain to deliver allelic exchange vectors into recipient strains by
654  conjugation. Sequencing was used to confirm mutations.

655

656 A AcvpA strain was also constructed using standard allelic exchange in a streptomycin-
657  resistant mutant (SmR) of V. parahaemolyticus RIMD 2210633. A cvpA::tn mutant was
658 used from a Vibrio cholerae C6706 arrayed transposon library (112).

659

660 Transposon-insertion library construction

661  To create transposon-insertion mutant libraries in EHEC EDL933 Alacl::aacC1,

662  conjugation was performed to transfer the transposon-containing suicide vector pSC189
663  (113) from a donor strain (E. coli MFDApir) into the EDL933 recipient. Briefly, 100 pL of

664  overnight cultures of donor and recipient were pelleted, washed with LB, and combined
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665 in 20 uL of LB. These conjugation mixtures were spotted onto a 0.45 um HA filter

666  (Millipore) on an LB agar plate and incubated at 37°C for 1 h. The filters were washed in
667 8 mL of LB and immediately spread across three 245x245 mm? (Corning) LB-agar

668  plates containing Gent and Kn. Plates were incubated at 37°C for 16 h and then

669 individually scraped to collect colonies. Colonies were resuspended in LB and stored in
670  20% glycerol (v/v) at -80°C as three separate library stocks. The three libraries were
671  pooled to perform essential genes analysis, and one library aliquot was used to as an
672  inoculum for infant rabbit infection studies.

673

674  To create TIS mutant libraries in E. coli K-12 MG1655 Alacl::cat, conjugation was

675 performed as above. 200 uL of overnight culture of the donor strain (E. coli MFDApir
676  carrying pSC189) and the recipient strain (MG1655 Alacl::cat) were pelleted, washed,
677 combined and spotted on 0.45 um HA filters at 37°C for 5.5 hours. Cells were collected
678  from the filter, washed, plated on selective media (LB Kan, Cat), and incubated

679 overnight at 30°C. Colonies were resuspended in LB and frozen in 20% glycerol (v/v).
680  An aliquot was thawed and gDNA isolated for analysis.

681

682 Infant rabbit infection with EHEC transposon-insertion library

683  Mixed gender litters of 2-day-old New Zealand White infant rabbits were co-housed with
684  a lactating mother (Charles River). To prepare the EHEC transposon-insertion library for
685 infection of infant rabbits, 1 mL from one library aliquot was thawed and added to 20 mL
686  of LB. After growing the culture for 3 h at 37°C with shaking, the ODgy, was measured

687  and 40 units of culture at ODgpp=1 (about 8 mL) were pelleted and resuspended in 10
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688 mL PBS. Dilutions of the inoculum were plated on LB agar plates with Gent and Km for
689  precise dose determination. An aliquot of the inoculum was saved for subsequent gDNA
690 extraction and sequencing (input). Each infant rabbit was infected orogastrically with
691 500 pl of the inoculum (1x10° cfu) using a size 4 French catheter. Following inoculation,
692 the infant rabbits were monitored at least 2x/day for signs of illness and euthanized 2
693  days postinfection. The entire intestinal tract was removed from euthanatized rabbits,
694  and sections of the mid-colon were removed and homogenized in 1 mL of sterile PBS
695  using a minibeadbeater-16 (BioSpec Products, Inc.). 200 uL of tissue homogenate from
696  the colon were plated on LB agar + Gm + Km to recover viable transposon-insertion
697 mutants. Plates were grown for 16 h at 37°C. The next day, colonies were scraped and
698  resuspended in PBS. A 5 mL aliquot of cells was used for genomic DNA extraction and
699  subsequent sequencing (Rabbits 1-7).

700

701  Characterization of transposon-insertion libraries

702  Transposon-insertion libraries were characterized as described previously. Briefly, for
703  each library, gDNA was isolated using the Wizard Genomic DNA extraction kit

704  (Promega). gDNA was then fragmented to 400-600 bp by sonication (Covaris E220)
705  and end repaired (Quick Blunting Kit, NEB). Transposon junctions were amplified from
706  gDNA by PCR. PCR products were gel purified to isolate 200-500bp fragments. To

707  estimate input and ensure equal multiplexing in downstream sequencing, purified PCR
708  products were subjected to gPCR using primers against the lllumina P5 and P7

709  hybridization sequence. Equimolar DNA fragments for each library were combined and

710  sequenced with a MiSeq.
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711

712  Reads were first trimmed of transposon and adaptor sequences using CLC Genomics
713 Workbench (QIAGEN) and then mapped to Escherichia coli O157:H7 strain EDL933
714 (NCBI Accession Numbers: chromosome, NZ_CP008957.1; pO157 plasmid,

715  NZ_CP008958.1) using Bowtie without allowing mismatches. Reads were discarded if
716  they did not align to any TA sites, and reads that mapped to multiple TA sites were

717  randomly distributed between the multiple sites. After mapping, sensitivity analysis was
718  performed on each library to ensure adequate sequencing depth by sub-sampling reads
719  and assessing how many unique transposon mutants were detected (Fig S2). Next, the
720  data was normalized for chromosomal replication biases and differences in sequencing
721  depth using a LOESS correction of 100,000-bp and 10,000-bp windows for the

722 chromosome and plasmid, respectively. The number of reads at each TA site was

723  tallied and binned by gene and the percentage of disrupted TA sites was calculated.
724  Genes were binned by percentage of TA sites disrupted (Fig 1A, 1C).

725

726  For essential gene analysis, EL-ARTIST was used as in (45). Protein-coding genes,
727  RNA-coding genes, and pseudogenes were included in this analysis. Briefly, EL-

728  ARTIST classifies genes into one of three categories (underrepresented, regional, or
729  neutral), based on their transposon-insertion profile. Classifications are obtained using a
730  hidden Markov model (HMM) analysis following sliding window (SW) training (p <0.05,
731 10 TA sites). Insertion-profiles for example genes were visualized with Artemis.

732
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733  For identification of mutants conditionally depleted in the rabbit colon as compared to
734 the input inoculum, Con-ARTIST was used as in (114). First, the input library was

735  normalized to simulate the severity of the bottleneck as observed in the libraries

736  recovered from rabbit colons using multinomial distribution-based random sampling

737  (n=100). Next, a modified version of the Mann-Whitney U (MWU) function was applied
738  to compare these 100 simulated control data sets to the libraries recovered from the
739  rabbit colon. All genes were analyzed, but classification as “conditionally depleted” was
740  restricted to genes that had sufficient data (>5 informative TA sites), met our standard of
741  attenuation (mean log, fold change < -2), met our standard of phenotypic consistency
742 (MWU p-value of £0.05), and had a consensus classification in 5 or more of the 7

743  animals analyzed. Genes with >5 informative TA sites that fail to exceed both standards
744  of attenuation and consistency are classified as “queried” (blue), whereas genes with
745  less than 5 informative TA sites are classified as “insufficient data”.

746

747  Gene-level PCA (gIPCA) was performed using CompTIS, a principal component

748  analysis-based TIS pipeline, as described in (66). Briefly, log, fold change values were
749  derived by comparing read abundance in each sample to 100 control-simulated

750  datasets as in Con-ARTIST. These fold change values were weighted to minimize noise
751  due to variability (for details, see (66)). Next, genes that did not have a fold change

752  reported for all 7 animals were discarded. The fold change values were then z-score
753  normalized. Weighted PCA was performed in Matlab (Mathworks) with the PCA

754  algorithm (pca).

755
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756  GC content

757  The GC content of classified genes was compared using a Mann-Whitney U statistical
758  test and a Bonferroni correction for multiple hypothesis correction when more than one
759  comparison was made. A p-value <0.05 was considered significant for one comparison,
760  p<0.025 for two. A Fisher’s exact two-tailed t-test was used to compare ratios of

761  classifications between groups, where a p-value of <0.01 was considered significant.
762

763  In vivo competitive infection

764  Barcodes were introduced into Alacl::aacC1and isogenic mutant strains as described
765  previously (45,115) (46,63) Briefly, a 991bp fragment of cynX (RS02015) that included
766  51bp of the intergenic region between cynX and lacA (RS02020) was amplified using
767  primers that contained a 30 bp stretch of random sequence and cloned into Sacl and
768  Xbal digested pGP704. The resulting pSoA176.mix was transformed into E. coli

769  MFDA\pir. Individual colonies carrying unique tag sequences were isolated and used as
770  donors to deliver pSoA176 barcoded derivatives to EDL933 Alacl::aacC1and each

771  isogenic mutant strain. Three barcodes were independently integrated into EDL933
772 Alacl::aacC1, and three barcodes into each isogenic mutant via homologous

773  recombination in the intergenic region between cynX and /lacA, which tolerates

774  transposon-insertion in vitro and in vivo, indicating this locus is neutral for the fitness of
775  the bacteria. Correct insertion of barcodes was confirmed by PCR and sequencing.
776

777  To prepare the culture of mixed EHEC-barcoded strains for the multi-coinfection

778  experiment, 100 pl of overnight cultures of the barcoded strains were mixed in a flask
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779  and 1 mL of this mix was added to 20 mL LB. After growing the culture for 3 h at 37°C
780  with shaking, the ODgo was measured and 40 units of culture at ODgpe=1 (about 8 mL)
781  were pelleted and resuspended in 10 mL PBS. Dilutions of the inoculum were plated in
782 LB agar plates with Gent and Carb for precise cfu determination. 10 infant rabbits were
783  inoculated and monitored as described above, and colon samples collected. Tissue
784  homogenate was plated, and CFU were collected the following day. gDNA was

785  extracted and prepared for sequencing as in (115).

786

787  The quantification of sequence tags was done as described by (115). In brief, sequence
788  tags were amplified from the inoculum culture and libraries recovered from rabbit

789  colons. The relative in vivo fithess of each mutant was assessed by calculating the

790  competitive index (Cl) as follows.

791

792  We compare two strains (Alacl::aacC1 and isogenic mutant) in a population with

793  frequencies f,; and f,, x respectively where x is one of 17 mutant strains with a deletion
794  in gene x. For simplicity, we assume here that both expand exponentially from a time
795  point tp to a sampling time point tg, their relative fitness (offspring/generation) is

f mut,x,s
f mut,x,0

796  proportional to the competitive index Cl: In = In (CI). Here, f,:pand

f wt,s
f wt,0

797  fautxo are the frequencies of the strains in the inoculum, measured in triplicates, and f;
798  and fyu s describe the frequencies at the sampling time point in the animal host.

799  Because the WT strain was tagged with 3 individual tags and the inoculum was
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th‘S/f o The same

w

800 measured in triplicate, we have 3x3=9 measurements of the ratio
801 s true for all mutant strains, such that we have 9 measurements of the ratio

302 fmut,x,s/

S In total, we therefore have 3x3x3x3= 81 Cl measurements for each

803  mutant per animal. To determine intra-host variance in these 81 measurements, a 95%
804  confidence interval of the Cl in single animal hosts was determined by bootstrapping.
805  For combining the Cls measured across all 10 animal hosts, we performed a random-
806 effects meta-analysis using the metafor package (116) in the statistical software

807 package R (version 3.0.2). The pooled rate proportions and 95% confidence intervals
808  were calculated using the estimates and the variance of Cls in each animal determined
809 by bootstrapping and corrected for multiple testing using the Benjamini-Hochberg

810  procedure.

811

812  In vitro growth

813  Each bacterial strain was grown at 37°C overnight. The next day, cultures were diluted
814  1:1000 into 100 uL of LB in 96-well growth curve plates in triplicate. Plates were left
815 shaking at 37°C for 10-24 hours. Absorbance readings at 600nm were normalized to a
816  blank, and the average of each triplicate was taken as the optical density.

817

818 T3SS translocation assays

819  T3SS functionality was assessed by translocation of the known EHEC T3SS effector
820  protein EspF into HelLa cells as described previously (77). Briefly, the plasmid encoding
821 the effector protein EspF fused to TEM-1 beta-lactamase was transformed into each of

822  the bacterial strains to be tested. Overnight cultures of each bacterial strain were diluted
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823  1/50 in DMEM supplemented with HEPES (25mM), 10% FBS and L-glutamine (2mM)
824  and incubated statically at 37°C with 5% CO2 for two hours. This media is known to

825 induce T3SS expression (117). HelLa cells were seeded at a density of 2x10* cells in
826  96-well clear bottom black plates and infected for 30 minutes at an MOI of 100. After 30
827  minutes of infection IPTG was added at a final concentration of 1mM to induce the

828  plasmid-encoded T3SS effector. After an additional hour of incubation, monolayers

829  were washed in HBSS solution and loaded with fluorescent substrate CCF2/AM solution
830 (Invitrogen) as recommended by the manufacturer. After 90 minutes, fluorescence was
831 quantified in a plate fluorescence reader with excitation at 410nm and emission was
832  detected at 450nm. Translocation was expressed as the emission ratio at 450/520nm to
833 normalize beta-lactamase activity to cell loading and the number of cells presented at
834  each well, and then normalized to WT levels of translocation.

835

836  Biofilm, curli production, and purine assays

837  Biofilm and curli production assays were performed as described previously (104). For
838  biofilm assays, bacterial cultures were grown in yeast extract-Casamino Acids (YESCA)
839  medium until they reached an ODggo ~ 0.5 and 1/1000 dilution of this culture was used
840 to seed 96-well PVC plates. The cultures were grown at 30°C for 48 hours and biofilm
841  production was quantitatively measured using crystal violet staining and absorbance
842  reading at 595nm. Relative biofilm production was normalized to the average of three
843  WT samples. To test curli production, bacterial cultures were grown in YESCA medium
844  until they reached an ODggg ~ 0.5 and then were struck to single colonies onto YESCA

845 agar plates supplemented with Congo Red. Red colonies indicate curli production. To
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846  test if our AcvpA deletion had polar effects on purF, the mutant and WT were struck
847  onto minimal media lacking exogenous purines.

848

849  Acid shock assays

850  An adaptation of the acid shock method described in (118) was performed. Briefly,

851  bacterial cultures were grown until mid-exponential phase (ODggo ~ 0.6), then diluted 20-
852  fold in LB pH 5.5 and incubated for 1 hour before preparing serial dilutions and plating
853  each culture to determine the relative percentage of survival in comparison to the wild-
854  type EDL933 strain. The pH of the LB broth was adjusted using sterilized 1mM HCI and
855  buffered with 10% MES. Values are expressed as percent survival normalized to WT.
856

857 MIC assays

858  MIC assays were performed using an adaptation of a standard methodology with

859  exponential-phase cultures (119). Briefly, the different compounds to be tested (see
860  Fig5B, 6B) were prepared in serial 2-fold dilutions in 50 ul of LB in broth in a 96-well
861 plate format. To each well was added 50 ul of a culture prepared by diluting an

862  overnight culture 1,000-fold into fresh LB broth, growing it for 1 h at 37°C, and again
863  diluting it 1,000-fold into fresh medium. The plates were then incubated without shaking
864 for 24 h at 37°C.

865

866  Bile salts survival assays

867  Bile salt sensitivity assays were adapted from (120). For plate sensitivity assays, each

868  bacterial strain was grown at 37°C until they reached mid-exponential phase of growth
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869  (ODgoonm 0Of 0.5) and the culture was serially diluted and spot-titered onto LB agar plates
870  supplemented with either 1% DOC or 1% CHO. Spots were air dried and plates

871 incubated at 37°C for 24 h. For complementation, strains were grown in media and on
872  plates supplemented with 0.2% arabinose. For sensitivity assays done in liquid culture,
873  each bacterial strain was grown at 37°C until it reached mid-exponential phase of

874  growth (ODggonm Of 0.5) and then cultures were split and supplemented with either DOC,
875  CHO or buffer (PBS) and bacterial growth was assessed by absorbance at 600nm.

876

877  Growth in high-salt media

878  Bacterial strains were grown in either LB or LB supplemented with 0.3M NaCl until mid-
879  exponential phase and analyzed by phase microscopy.

880

881 Computational Analysis

882  To enable comprehensive functional/pathway analyses in EHEC we carried out BLAST-
883  based comparisons between the old EHEC genome sequence and annotation system
884  (NCBI Accession Numbers AE005174 and AF074613) and the new sequence and

885  annotation system (NZ_CP008957.1 and NZ_CP008958.1) (Table S1). This

886  comparison links the new annotations (RS locus tags) to the original ‘Z numbers’ from
887  (7) and their associated function and pathway annotation.

888

889  To make the correspondence table (Table S1) between the old EHEC annotation

890 system (Z Numbers) and the new system (RS Numbers), local BLAST was used. First,

891 areference nucleotide database was generated from the newest EHEC sequence and
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892  annotation (NZ_CP008957.1 and NZ_CP008958.1). The EHEC genome sequence

893  containing Z number annotations (AE005174 and AF074613) was used as the query.
894  Best matches were taken as equivalent loci.

895

896  To find the K-12 homolog for EHEC genes (Table S2, column M), local BLAST was also
897  used. A reference nucleotide and amino acid database was generated from MG1655 K-
898 12 (NC_000913.3), and the newest EHEC genome sequence was used as the query.
899  For pseudogenes and genes coding for RNA, >90% nucleotide identity across >90% of
900 the gene length was considered a homolog. For protein coding genes, >90% amino acid
901 identity across >90% of the amino acid sequence was considered a homolog.

902

903 To find KEGG pathways and COG assignments for genes of interest, the Z

904  correspondence table was used to look up the Z number of each gene. The Z number
905 and corresponding functional information was searched on the EHEC KEGG database.
906

907 To determine if COGs were enriched in certain groups of genes (such as conditionally
908 depleted genes), a COG enrichment index was calculated as in (51). The COG

909 Enrichment Index is the percentage of the genes of a certain category (essential genes
910 or CD genes) assigned to a specific COG divided by the percentage of genes in that
911 COG in the entire genome. A two-tailed Fisher’s exact test was used to determine if this
912 ratio was independent of grouping. A Bonferroni correction was applied for multiple

913  hypothesis testing. A p-value of <0.002 was considered to be significant.

914
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915 Sequencing saturation of TIS libraries was determined by randomly sampling 100,000
916 reads from each library and identifying the number of unique mutants in that pool.

917 Libraries are sequenced to saturation when no new mutants are identified as additional
918 reads are added. 2-4 million reads are sufficient to capture the depth of libraries used
919  here.

920

921  Several protein prediction programs (PSLPred, HHPred, Phobius, Phyre2) (121-123)
922  were used to analyze the CvpA amino acid sequence. Protter (124) was used to

923  compile information from several of these searches and generate a topological diagram.
924  PRED-TAT (125) was used to search for tat-secretion signals in the list of CD genes.
925

926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
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1347  Figure Legends

1348

1349  Figure 1: Analysis of essential genes in EHEC EDL933 and comparison to K-12
1350 MG16565.

1351  A) Distribution of percentage TA site disruption for all genes in EHEC EDL933. Genes
1352  are classified by EL-ARTIST as either underrepresented (red), regional (purple), or
1353  neutral (blue).

1354

1355  B) Transposon-insertion profiles of representative underrepresented, regional, and
1356  neutral genes.

1357

1358  C) GC content (%) of EDL933 genes with and without homologs in K-12 MG1655,
1359  classified by TIS classification (neutral or non-neutral). Neutral and non-neutral genes
1360  within each gene type (divergent or homolog) are compared using a Mann-Whitney U
1361  test with a Bonferroni correction. Ratios of neutral to non-neutral genes for each gene
1362  type are compared using a Fisher’s Exact Test; (**) indicates a p-value of <0.01 and
1363  (***) indicate a p-value of <0.001.

1364

1365 D) Distribution of percentage TA site disruption for all genes in K-12 MG1655. Genes
1366  are classified by EL-ARTIST as underrepresented (red), regional (purple), or neutral
1367  (blue) using the same parameters as for the EDL933 library.

1368

1369 E) Genes classified as non-neutral in the ELD933 TIS library were compared to the
1370 MG1655 TIS library and categorized as either lacking a homolog (green), having the
1371  same classification in both libraries (red), or being non-neutral in EDL933 and neutral in
1372 MG1655 (blue).

1373

1374 F) KEGG pathway information for genes that are non-neutral in EDL933 and neutral in
1375  MG1655.

1376

1377  Figure 2: Identification of EHEC genes required for intestinal colonization.

1378  A) Distribution of percentage TA site disruption for all genes in EDL933 in the library
1379  used to inoculate infant rabbits (top) and in a representative library recovered from a
1380  rabbit colon two days after infection (bottom).

1381

1382  B) Schematic of Con-ARTIST classification scheme. Con-ARTIST utilizes iterative
1383  resampling of the inoculum data set to generate 100 simulated control data sets and
1384  compares relative abundance of mutants in these simulated control data sets relative to
1385 the passaged library. Genes with sufficient data (= 5 TA sites disrupted) are then

1386 classified based on a dual standard of attenuation (mean log, fold change < -2) and
1387  consistency (Mann Whitney U p-value <0.05) as either queried (blue) or conditionally
1388  depleted (red).

1389

1390  C) Distribution of percentage TA site disruption for all genes in the inoculum library (top)
1391 and a representative library recovered from the rabbit colon (bottom) overlaid with the
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1392  classifications described in panel B. Genes with insufficient data are removed from the
1393  bottom panel.

1394

1395 D) Distribution of Con-ARTIST gene classifications (insufficient data (ID, black), queried
1396 (Q, blue), conditionally depleted (CD, red)) in each library recovered from seven infant
1397  rabbit colons two days post infection as compared to the inoculum.

1398

1399  E) Conditionally depleted genes (defined by Con-ARTIST consensus approach) by
1400  Clusters of Orthologous Groups (COG) classification. COG enrichment index (displayed
1401  as log2 enrichment) is calculated as the percentage of the CD genes assigned to a
1402  specific COG divided by the percentage of genes in that COG in the entire genome. A
1403  two-tailed Fisher's exact test with a Bonferroni correction was used to test the null

1404  hypothesis that enrichment is independent of TIS classification. (***), p-value <0.0001.
1405

1406 F) KEGG pathways of EHEC genes classified as conditionally depleted by Con-ARTIST
1407 consensus approach.

1408

1409  G) Distribution of PC1 scores across all EHEC genes. Red bins fall within the lowest
1410  10% of PC1 scores.

1411

1412 Figure 3: Con-ARTIST and CompTIS-based classification of LEE genes and T3SS
1413  effectors.

1414  A) Artemis plots of reads in the LEE pathogenicity island in the control-simulated

1415  inoculum library (top) and a representative library recovered from the rabbit colon

1416  (middle). The genes in the LEE are displayed at the bottom. The color of the gene

1417  corresponds to its classification. Maroon genes were categorized as conditionally

1418  depleted by Con-ARTIST consensus and fell in the bottom 10% of gIPC1 scores by
1419  CompTIS; red genes had a gIPC1 score in the bottom 10% of the distribution, but not
1420 classified as CD by Con-ARTIST. Gray genes did not meet the gIPC1 cutoff and were
1421  not classified by Con-ARTIST.

1422

1423 B) Schematic showing classification of the LEE genes and non-LEE-encoded effectors.
1424  Color symbols as above. Orange indicates the gene was identified as CD by Con-

1425  ARTIST and had a gIPC1 score above 10%. LEE-encoded effectors, non-LEE encoded
1426  effectors, chaperones/substrate selection proteins, and regulators are indicated in

1427  boxes.

1428

1429

1430  Figure 4: Validation of colonization defects in selected mutants.

1431  A) Competitive indices of indicated mutants vs wild type EHEC. Bar-coded mutants
1432 were co-inoculated with bar-coded wild-type EHEC into infant rabbits and recovered two
1433 days later from the colons of infected rabbits. Relative abundance of each mutant was
1434  determined by sequencing the barcodes. (**) p-values < 0.01 and (***) p-value <0.001.
1435  AhupB, which had a gIPC1 score in the bottom 10%, but was not classified as CD by
1436  Con-ARTIST, is highlighted in blue.

1437
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1438

1439  Figure 5: Effector translocation and survival in response to various gastro-

1440 intestinal stressors by mutants defective in colonization.

1441  A) Normalized effector translocation of mutants compared to WT. AescN, a mutant that
1442  abrogates T3SS activity, was used as a control. Mutants were tested for their ability to
1443  translocate EspF-TEM1 into HelLa cells, as measured by a shift in emission spectra
1444  from 520 to 450 nm. Fluorescence was normalized to WT levels. Geometric means and
1445  geometric standard deviations are plotted.

1446

1447  B) MIC for NaCl (osmotic stress) and crude bile for the indicated mutants. Bold text
1448  highlights values differing from the wild-type.

1449

1450 C) Normalized acid resistance. Mutants were tested for their ability to survive low acid
1451  shock. Survival is shown as a percentage of the acid resistance of the WT. Geometric
1452  mean and geometric standard deviation are plotted.

1453

1454  Figure 6: CvpA promotes EHEC resistance to deoxycholate.

1455

1456  A) Dilution series of WT, AcvpA mutant, and AcvpA mutant with arabinose-inducible
1457  cvpA complementation plasmid plated on LB, LB 1% deoxycholate (DOC), LB 1%

1458  cholate (CHO), or LB 1% DOC + 0.2% arabinose.

1459

1460  B) Optical density of WT and AcvpA grown in LB and two concentrations of DOC, added
1461  at the indicated arrow. The average of three readings is plotted with errors bars indicate
1462  standard deviation.

1463

1464  C) MIC of antimicrobial compounds for WT and AcvpA and AacrAB mutants. Units are
1465 mg/mL unless specified otherwise. Bolded values are those different than the wild-type.
1466

1467 D) Predicted CvpA topology diagram.

1468

1469

1470  Supplementary Figure Legends

1471

1472 $1: Sequencing saturation of TIS libraries

1473  Reads were randomly sampled from each library and the percentage of TA sites

1474  disrupted in each randomly selected pool were plotted for the EDL933 library (A),

1475  MG1655 library (B), the inoculum library used to infect infant rabbits (C), and the

1476 libraries recovered from 7 rabbit colons (D-J).

1477

1478  S2: Assessment of non-neutral EHEC EDL933 genes.

1479  A) Non-neutral genes (defined by EL-ARTIST as either regional or underrepresented)
1480 by Clusters of Orthologous Groups (COG) classification. COG enrichment index

1481 (displayed as log2 enrichment) is calculated as defined in (51) as the percentage of the
1482  CD genes assigned to a specific COG divided by the percentage of genes in that COG
1483  in the entire genome. A two-tailed Fisher’s exact test with a Bonferroni correction was
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1484  used to test the null hypothesis that enrichment is independent of TIS status. p-values
1485  considered to be significant if <0.002. Single asterisks (*) indicates p-value <0.002,
1486  double asterisks (**) indicate p-value <0.001, and triple asterisks (***) indicate p-value
1487  <0.0001.

1488

1489 B) GC content (%) of EDL933 genes classified as either neutral (blue) or non-neutral
1490 (regional + underrepresented; red) by TIS. Distributions are compared using a Mann-
1491  Whitney U non-parametric test; (***) p-value of <0.0001.

1492

1493  C) GC content (%) of EDL933 genes classified as either having homologs in MG1655
1494  (homolog) or lacking homologs (divergent). Distributions are compared using a Mann-
1495  Whitney U test; (***)p-value of <0.0001.

1496

1497 D) TA insertions across kdsC in EDL933 (left) and MG1655 (right).

1498

1499 S3: Con-ARTIST and CompTIS classification of genes important for colonization
1500 A-G) Distribution of percentage TA site disruption in libraries recovered from 7 rabbit
1501  colons. These distributions are overlaid with Con-ARTIST classification (queried, blue;
1502  CD (conditionally depleted), red) as described in Figure 2B.

1503 H) CD genes were grouped by consensus across animals. Many genes are CD in only
1504  one rabbit; fewer are classified as CD across all 7 animals. A standard of consensus of
1505 5 or more animals was chosen to determine the list of CD genes, indicated with an
1506  asterisk (*).

1507

1508 ) Variance explained by each gene-level (gl) principal component for gIPCA performed
1509 across the 7 rabbit screens.

1510

1511  J) Gene-level principal component 1 (gIPC1) coefficients for each rabbit dataset.

1512

1513  H) Heatmap of the log2 fold change for each gene with a gIPC1 score that falls within
1514  the bottom 10% of the distribution. Each column represents genes from a separate
1515 rabbit replicate. Genes are ordered by PC1 score, lowest at the top of the heatmap and
1516  highest at the bottom.

1517

1518  S4: In vitro growth and morphology of mutants.

1519  A) 17 mutant strains plus the wild-type were grown in LB and turbidity measured by
1520  optical density. The average of three readings with the standard deviation is plotted.
1521

1522 B) Cell-shape defects of Asufl, AenvC, AtatABC, and Aprc mutants in high osmolality
1523  media. Morphology in LB (top) or LB supplemented with 0.3M NaCl (bottom) is shown.
1524

1525  S5: Characterization of AcvpA.

1526  A) Biofilm production in WT and AcvpA using crystal violet staining and absorption.
1527  Levels were normalized to a percent of the WT value; three samples were analyzed and
1528 the geometric means and geometric standard deviation are plotted. The differences
1529  between the two groups were not significant (n.s.) by Mann-Whitney U.
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1530

1531  B) WT and AcvpA struck to single colonies on an agar plate made with YESCA media
1532  supplemented with Congo Red to detect curli fibers.

1533

1534 C) WT and AcvpA struck to single colonies on an agar plate containing minimal media
1535  with no exogenous purines.

1536

1537 D) Dilution series of Vibrio cholerae C6706 WT and cvpA::tn plated on LB and LB 1%
1538  deoxycholate (DOC).

1539

1540  E) Dilution series of Vibrio parahaemolyticus WT and AcvpA plated on LB and LB 1%
1541  deoxycholate (DOC).

1542

1543  Supplementary Tables Captions:

1544  S1) RS to Z Annotation

1545 S2) EHEC EL-ARTIST

1546  S3) EHEC Non-Neutral KEGG

1547 S4) K12 EL-ARTIST

1548  S5) EHEC Unique Non-Neutral

1549  S6) Con-ARTIST and CompTIS

1550 S7) EHEC CD Genes KEGG

1551  S8) Strains

1552 S9) Oligos

1553

1554
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Figure 6

Antimicrobial Compound
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