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Abstract
The development of strategies for targeting the asymptomatic carriage of Salmonella Typhi in chronic
typhoid patients has suffered owing to our basic lack of understanding of the molecular mechanisms that
enable the formation of S. Typhi biofilms. Traditionally, studies have relied on cholesterol-attached
biofilms formed by a closely related serovar, Typhimurium, to mimic multicellular Typhi communities
formed on human gallstones. In long-term infections, S. Typhi adopts the biofilm lifestyle to persist in vivo
and survive in the carrier state, ultimately leading to the spread of infections via the fecal-oral route of
transmission. In the present work, we studied S. Typhi biofilms directly, applied targeted as well as genome-
wide genetic approaches to uncover unique biofilm components that do not conform to the CsgD-dependent
pathway established in S. Typhimurium. We undertook a genome-wide Tn5 mutation screen in H58, a
clinically relevant multidrug resistance strain of S. Typhi, in gallstone-mimicking conditions. We generated
New Generation Sequencing libraries based on the ClickSeq technology to identify the key regulators, IraP
and RpoS, and the matrix components Sth fimbriae, Vi capsule and lipopolysaccharide. We discovered that
the starvation sigma factor, RpoS, was required for the transcriptional activation of matrix-encoding genes
in vitro, and for S. Typhi colonization in persistent infections in vivo, using a heterologous fish larval model.
An rpoS null mutant failed to colonize the gall bladder in chronic zebrafish infections. Overall, our work
uncovered a novel RpoS-driven, CsgD-independent paradigm for the formation of cholesterol-attached
Typhi biofilms, and emphasized the role(s) of stress signaling pathways for adaptation in chronic infections.
Our identification of the biofilm regulators in S. Typhi paves the way for the development of drugs against
typhoid carriage, which will ultimately control the increased incidence of gall bladder cancer in typhoid
carriers.
Introduction

Salmonella enterica is a rod-shaped enteric bacterium that easily spreads through contaminated
food or water via the fecal-oral route in poor hygiene conditions. The human-restricted serovar of
Salmonella enterica serovar Typhi (STy), causes typhoid fever and continues to be a dangerous pathogen

throughout the world®. The global incidence of typhoid fever in mostly children, adolescents and older
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adults is between 12 to 27 million and in total 116,815 succumbed to the disease in 2017, In contrast, its
closely related serovar Typhimurium (STm) infects diverse hosts such as humans, cattle, poultry and
reptiles to cause gastroenteritis that is mostly self-limiting in healthy adults.

Upon successful invasion of intestinal epithelial cells, Salmonella is phagocytosed by
macrophages, where it resides in a modified vacuole in a self-nourishing niche called a Salmonella-
Containing Vacuole (SCV) to ultimately reach the systemic sites of liver, spleen and the gall bladder. The
SsrA/B Two-Component Regulatory System (TCRS) is essential for activation of the Salmonella
Pathogenicity Island-2 (SPI-2) regulon genes encoding a type-three secretory system and effectors that are
involved in formation of the SCVE®. Salmonella also resides encased in extracellular matrix as
multicellular communities or biofilms, on intestinal epithelial cellst®, gallstones!™, tumors® and in the large
intestinel®,

Interestingly, SsrB, a response regulator of the SsrA/B TCRS, is essential for switching on the
multicellular lifestyle of S. Typhimurium by relieving H-NS silencing at the csgD promoter®® 11, CsgD is
the master regulator of STm biofilms, and it activates the transcription of extracellular matrix components
including curli fimbriae, cellulose, BapA and O-Antigen®>16, Moreover, the SsrB-CsgD regulatory
pathway drives STm persistence in the heterologous host Caenorhabditis elegans, by enabling the
formation of biofilms, which eventually promotes host life span through the p38-Mitogen-activated Protein
Kinase (p38-MAPK) innate immunity pathway!*"],

Biofilms in the gall bladder are important for maintaining the carrier state of Salmonella Typhi,
allowing it to persist in 2 to 4% of chronic typhoid patients*®2%. STy reservoirs in human carriers, who are
characteristically asymptomatic, play a crucial role in the spread of typhoid in endemic regions, as well as
in its introduction to non-endemic regions. Indeed, such long-term colonization of STy in human carriers,
coupled with the rise of multi-drug resistant strains, for example, those belonging to the H58 haplotype,
prevents effective control of typhoid fever 2231, Unfortunately, all of our understanding of the regulation
of STy biofilms on gallstones has been based on the assumption that it shares a high degree of conservation

with canonical biofilms formed by the closely related serovar, S. Typhimurium( 24,
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Herein, we establish that the components of STy biofilms are fundamentally distinct from STm
biofilms. In particular, CsgD and the STm lifestyle regulator, SsrB, are not required for formation of
multicellular aggregates on surfaces coated with cholesterol that forms the major component of human
gallstones. In order to identify unique components of STy biofilms, we employed a whole genome
transposon mutagenesis approach, Tn-ClickSeq, and identified the starvation sigma factor RpoS as a crucial
determinant of STy biofilms. We discovered that the formation of large STy aggregates was defective in
the absence of rpoS, owing to the down-regulation of extracellular matrix components comprised of Sth
fimbriae, the Vi polysaccharide and the lipopolysaccharide core.

Finally, we developed a heterologous host model, Danio rerio, to investigate STy lifestyles in
persistent infections for visualizing the colonization in real-time by confocal microscopy and measuring
the ensuing effects on host physiology. Zebrafish is a powerful vertebrate model for many human diseases
owing to a high degree of conservation of immuno-signaling pathways and colonization characteristics of
bacterial infections®>2?8l, Previous studies have established that exposure of zebrafish larvae to S.
Typhimurium, Mycobacterium marinum, Shigella flexneri, and Pseudomonas aeruginosa leads to
successful pathogenesis?®%l, Shigella sonnei and S. Typhimurium have also been recently shown to
persistently colonize macrophages in zebrafish®* 1, We infected zebrafish larvae with STy using static
immersions. Intestinal colonization was diminished, and larval survival was greater in the rpoS null,
corroborating a crucial role of RpoS in prolonged STy survival in vivo. Ultimately, we harnessed the
immense imaging potential of the zebrafish model to reveal the absolute requirement of RpoS in enabling
chronic gall bladder colonization.

Results
S. Typhi biofilms employ unique components that differ from S. Typhimurium biofilms

S. Typhi (STy) forms biofilms on gallstones in the gall bladder and this ability is an important
aspect of maintaining its carrier state®2%, It was therefore of interest to examine whether STy employed
similar pathways as STm for biofilm formation. We grew the STy strain H58 under conditions that were

proposed to mimic the gall bladder environment in humans®®, hereafter referred to as gallstone-mimicking
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79 conditions, and observed robust surface-attached communities after two days in cholesterol-coated tubes,
80  asmeasured by a crystal violet staining assay (Fig. 1A). The requirement of such distinct physico-chemical
81  factors to develop biofilms was not specific to H58, as three other isolates including Ty2-b, CT18 and
82  CT117 formed comparable cholesterol-attached biomass after two days of growth (Fig. 1A). Not
83  surprisingly, H58 failed to form the characteristic rough, dry and red (‘rdar’) morphotype as classically
84  observed for the STm wild type strain 14028s (Supplementary Fig. 1A). This failure to develop rdar
85  colonies has also been reported for other STy strainst" 1, Similarly, crystal violet staining of static biofilms
86  formed in the standard ‘Salmonella-conditions’, of 30°C and low osmolality, demonstrated that H58 formed
87  extremely poor biofilms when compared to the STm strain 14028s (Supplementary Fig. 1B). We followed
88  the developmental course of H58 biofilm formation at two, four and six days in cholesterol-coated tubes
89  and observed only a marginal increase in the amount of biofilms at days 4 and 6 compared to day 2
90  (Supplementary Fig. 1C). We therefore focused on understanding STy biofilms at day 2 in our further
91 investigations.
92 The response regulator SsrB plays a dual role in regulating S. Typhimurium lifestyles. For
93  virulence, SsrB~P activates SPI-2 genes, while the unphosphorylated form drives the formation of biofilms
94 Dby de-repressing csgD[® 11 forareview] ‘Hence, we examined whether complete deletions of ssrB and csgD
95  affected the ability of S. Typhi to form cholesterol-attached biofilms. Interestingly, biofilm formation was
96  not affected by the loss of STy homologs encoding either SsrB, the STm lifestyle regulator, or CsgD, the
97  master regulator of STm biofilms, emphasizing the fundamental differences in mechanisms of biofilm
98  formation in these two closely related serovars (Fig. 1B). We also investigated whether other requirements
99  for STm biofilms: csgA (thin aggregative curli fimbriae), and yihO/P adhesion (O-Antigen) were required
100  for STy aggregates to cholesterol-coated surfaces* 4 3%40 We discovered that curli fibers and O-Antigen
101  did not play any role in the formation of cholesterol-attached STy biofilms, strongly establishing that STy
102  biofilms are distinct from the model STm biofilms (Fig. 1B and see Discussion).

103  Tn-ClickSeq reveals the unique genetic signature of STy biofilms
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104 Transposon-directed insertion site sequencing (TraDIS) has been immensely useful to study the
105  genetic repertoires essential for growth in STy and Escherichia coli, evolution of the invasive STm lineage
106  ST313,and biofilm formation in E. coli and Pseudomonas aeruginosal*-l, We applied a similar approach,
107  Tn-ClickSeq, by combining genome-wide transposon (Tn) mutagenesis with ClickSeq. ClickSeq is
108 advantageous here, since it is a fragmentation-free next-generation sequencing (NGS) library synthesis
109  technique and is capable of generating focused NGS read data upstream of chosen target sites*® 471, These
110 features greatly simplify the digital transposon display protocol and remove artifactual recombination
111  events inherent to common NGS library preparation techniques. Using primers targeting the 3’ or 5’ ends
112  of inserted transposons, Tn-ClickSeq can sensitively and specifically sequence the junctions of a transposon
113  and the adjacent genomic loci of the integration site and thus identify genetic loci involved in forming
114  cholesterol-attached biofilms in vitro (Fig. 2A and Supplementary Fig. 2A). A Tn-library in the S. Typhi
115  strain H58 was kindly provided by Stephen Baker, Cambridge University, UK [48adsee Methods] \A/e grew S,
116  Typhi biofilms for two days using the H58-Tn library in gallstone-mimicking conditions and isolated
117  planktonic and biofilm fractions from a pool of thirty cholesterol-coated tubes. NGS libraries were
118  generated from genomic DNA isolated from each of these sub-populations using the Tn-ClickSeq
119  approach®(Fig. 2A).

120 Since Tn-ClickSeq returns short sequence reads containing a short fragment of the 3* or 5 end of
121  the inserted (known) Tn as well as a fragment of the adjacent genomic DNA, we developed a simple
122 computational pipeline (Supplementary Fig. 2A) that identified and trimmed the Tn-derived sequences from
123 individual reads, and then mapped the remaining fragment to the H58 genome (BioSample ID -
124  SAMEA3110714) using a HISAT2 program®l. The 3’ end of these Tn-mapping reads represents the exact
125  nucleotide junction of the insertion site of the Tn in the genome. With this approach, we identified
126  transposon insertions as 47%, 52% and 20% per million raw reads in the input, planktonic and biofilm sub-
127  populations, respectively (Supplementary Fig. 2B, C and D). Mapping of insertion sites returned genomic
128 locations of the inserted Tn in each dataset, as well as the frequency of these inserts within each original

129  sample. After controlling for PCR duplication using unique molecular identifiers (UMIs) included in the
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130  “Click-Adaptor’™® we assigned insertion indices by dividing the number of Tn-insertions per gene with 1
131  Kbp of gene length (TnClickSeq insertion indices.xIsx). With this approach, gene insertion frequencies in
132 each condition revealed clear differences in the planktonic and biofilm fractions, indicating unique genetic
133 components driving H58 lifestyles in gallstone-mimicking conditions (Fig. 2B). Principal Component
134  Analysis (Fig. 2C) and hierarchical clustering analysis (Fig. 2D) returned distinct clusters of genome
135  insertion sites of the three replicates of Tn-ClickSeq libraries obtained from the input, planktonic and
136  biofilm sub-populations. Overall, we successfully adopted the Tn-ClickSeq approach in S. Typhi to
137  generate a comprehensive view of genetic systems that determine the development of cholesterol-attached
138  biofilms from unattached planktonic cells.

139  Identifying matrix components and regulators of STy biofilms

140 To determine the exact mechanism(s) by which STy forms multicellular communities on
141  cholesterol surfaces in gallstone-mimicking conditions, we compared insertion indices between the
142  planktonic and biofilm fractions. Transposon insertions in biofilm genes likely disrupt functions resulting
143 in the inability of such mutants to form biofilms and would be enriched in the planktonic sub-population.
144  Interestingly, the majority of insertion indices had drastically lower values in the biofilm fraction compared
145  to the planktonic group, these were of immediate interest for validation as STy biofilm targets (TnClickSeq
146  insertion indices.xlsx). We focused on loci having mean insertion indices greater than 100 in the planktonic
147  sub-population and performed Gene Ontology analysis on 1,515 such genes. We identified a significant
148  enrichment in cell membrane components, transmembrane ion transport pathways, and other membrane-
149  related activities (Supplementary Fig. 3). However, it was not possible to perform essentiality analysis using
150 a standard bioinformatics pipeline, because most of these genes had insertion indices equal to zero in the
151  Diofilm fraction (see Methods and Discussion). In the absence of any a priori list of ‘essential’ biofilm
152 components, we narrowed our list of 1,515 genes to the top 300 and sought to investigate some for their
153  roles in STy biofilms. It was noteworthy that genes/operons encoding STm ‘biofilm’ homologs; ssrB,

154  c¢sgDEFG, csgBAC or yihPO did not appear on our list of selected Tn-ClickSeq targets. This established a
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155 strong correlation of our targeted genetic approach (Figure 1B), to our whole genome transposon
156  mutagenesis Tn-ClickSeq approach (Fig. 2A).

157 We next generated precise deletions of selected loci identified by Tn-ClickSeq that might encode
158 the structural components of STy biofilms in our gallstone-mimicking conditions: sthC, part of the Typhi-
159  specific sth fimbrial operon®® 51, waaZ, encoding an enzyme involved in the biosynthesis of the LPS core
160  forming the outer membrane® and tviD, a part of the tviBCDE operon encoding the surface-exposed Vi
161  polysaccharide (which is not encoded in STm); TviA is the regulator of the pathway™3 5. We performed
162  crystal violet staining assays at day 2 and determined that the loss of sthC, waaZ, tviA and tviD led to a
163  decrease in S. Typhi biofilms (Fig. 3A). The double mutant strains, sthC tviD and waaZ sthC, showed a
164  similar reduction, of around 50%, as compared to the wild type parent in forming cholesterol-attached
165  Diofilms. This result indicated a possible functional redundancy or an inter-dependency in biosynthesis in
166  the mature STy biofilms (Supplementary Fig. 4A). For example, an interplay between O-Antigen and K2
167  capsule synthesis has been recently described in extra-intestinal pathogenic E. coli for conferring serum
168  resistancel,

169 Intriguingly, the gene iraP rated highly on our insertion index list (insertion index = 670). It
170  encodes an anti-adapter that inhibits the ClpXP-dependent proteolysis of the starvation master regulator
171  RpoSP8l, We tested the biofilm-forming capabilities of an iraP null H58 strain and observed a substantial
172 reduction in biofilms compared to the wild type parent at 2 days (Fig. 3B). The only known role of IraP is
173  anindirect positive role in activating the RpoS-dependent starvation stress response in enteric bacteria®’],
174  yetthe rpoS insertion index was substantially lower than iraP (25). This was below our arbitrary threshold
175  for selecting Tn-ClickSeq targets (insertion index > 100), thus we had excluded rpoS from our Gene
176  Ontology analysis (TnClickSeq insertion indices.xIsx). It was therefore of interest to examine whether
177  deletion of rpoS affected S. Typhi biofilms. Indeed, the rpoS null strain was inhibited in the formation of
178  cholesterol-attached STy biofilms by over 50% (Fig. 3B). Over-expression of RpoS in trans (a kind gift
179  from Roy Curtiss 11, University of Florida), complemented the defect in biofilm formation of the rpoS null

180  strain (Fig. 3B) and increased biofilms to a level similar to the wildtype. Our discovery of RpoS as an
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181 activator of S. Typhi biofilms was significant and highlighted the divergence between S. Typhi and S.
182  Typhimurium biofilms. In in S. Typhimurium, RpoS impacts biofilms by effects on the master regulator
183  CsgD, whereas S. Typhi biofilms are CsgD-independent. (Fig. 1B). Finally, we ruled out an effect of mere
184  growth differences on biofilm formation in the STy mutants by monitoring the planktonic growth of iraP,
185  rposS, sthC, waaZ and tviD null mutants compared to the wild type H58 parent. We observed similar growth
186 rates among all the strains, indicating that IraP, RpoS, SthC, WaaZ and TviD were necessary for the
187  formation of S. Typhi surface-attached communities (Supplementary Fig. 4B).

188  Cholesterol-attached aggregates of STy biofilm mutants exhibit a poor ultrastructure

189 Our understanding of the CsgD-dependent mechanisms of biofilm formation in S. Typhimurium
190  has been achieved by screening mutant strains for their inability to exhibit the rdar morphotype and high-
191  resolution imaging of biofilm components by fluorescence confocal microscopy!™® ¥ 5861 Unfortunately,
192  neither of these approaches can be applied to unequivocally establish the molecular players that drive the
193  formation of STy biofilms on cholesterol-coated surfaces because of a high level of autofluorescence in the
194  gallstone-mimicking conditions (see above and Discussion). We therefore grew STy biofilms in
195  cholesterol-coated tubes for two days and obtained direct visualization of surface-attached communities by
196  scanning electron microscopy. We observed dense aggregates of the wild type parent having a rich network
197 of extracellular matrix that connected the cells, while the strains defective in rpoS, sthC, waaZ and tviD
198  formed smaller STy aggregates with poor network connections (Fig. 4). Our high-resolution observations
199  of cholesterol-attached STy communities by scanning electron microscopy consolidated our in vitro
200  measurements of the sessile biomass formed by the STy strains by the standard crystal violet staining assay
201  (Fig. 3). Overall, we demonstrated that the Tn-ClickSeq approach enabled the identification of previously
202 unidentified players that drive the formation of atypical STy biofilms.

203  RposS activates transcription of STy biofilm matrix genes

204 We next wanted to determine the possible role of RpoS in regulating the expression of STy biofilm
205  components, including: SthC, WaaZ and the Vi capsule. We first investigated if the expression of rpoS,

206  sthC, waaZ and tviB (the tviBCDE operon mediates biosynthesis of Vi-polysaccharide®), were up-
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207  regulated in biofilm-inducing conditions. We isolated planktonic and biofilm sub-populations from the wild
208  type strain grown in cholesterol-coated tubes and measured steady state transcript levels by reverse
209 transcription quantitative real-time PCR (RT-qPCR). Indeed, we detected an increase in the transcription
210  of rpoS (~20-fold), sthC (~4-fold), waaZ (~200-fold) and tviB (~10-fold) in biofilms formed by the H58
211  parentin gallstone-mimicking conditions (Fig. 5A).

212 In order to investigate the exact role of RpoS in driving the biofilm lifestyle, we grew the wild type
213 parent H58 and its rpoS null derivative in cholesterol-coated tubes in vitro and isolated total RNA from the
214  biofilm fractions after two days. We then compared the transcription of matrix-encoding genes waaZz, sthC
215 and tviB by RT-gPCR and observed a positive effect of RpoS at each of these loci (Fig. 5B). Transcription
216  of the matrix-encoding genes was clearly down-regulated when RpoS was absent, ~ 60% for waaZ, ~40%
217  for tviB and ~20% for sthC (Fig. 5B). This result established a molecular link between the stress sigma
218  factor, RpoS, and development of STy cholesterol-attached biofilms.

219 Further, since the binding sites for RpoS have been previously mapped for several stress responsive
220  genes in E. coli® 541 we analyzed the regulatory regions of waaz, sthC and tviA (the regulator of the
221  tviBCDE operon) in silico and found a high degree of conservation of classical RpoS recognition sequences
222  for waaZ and tviA and a partial conservation for sthC (Supplementary Fig. 5A). Interestingly, binding of
223 RpoS to the waaZ promoter has also been reported in E. coli®!. To investigate direct binding, we amplified
224 Dbiotinylated fragments of these regulatory regions and tested the formation of DNA-protein complexes by
225  electrophoretic mobility shift assays using purified His-tagged RpoSI®l. We detected RpoS binding by
226  visualizing slower migrating DNA-protein complexes of waaZ, sthC, tviA and tviB (Fig. 5C). Binding was
227  specific, as confirmed by a decrease in the amount of DNA-protein complexes formed in the presence of
228  excess non-biotinylated promoter fragments as competitor DNA. Thus, RpoS directly binds and activates
229  the formation of extracellular matrix in gallstone-mimicking conditions. RpoS binding affinity may be
230 enhanced by the adapter protein, Crl (insertion index = 154), which was also present in our total of 1,515
231  Tn-ClickSeq targets (Supplementary Fig. 3; TnClickSeq insertion indices.xlsx)(see Discussion). A

232 proposed global role of RpoS in enabling lifestyle transitions in STy is also supported by the enrichment of

10
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233 Tninsertions in several RpoS-regulated genes such as gadC, osmB, bolA, dps, mscL, uspA, uspB and bfr®*
234 ®lin the planktonic fraction as compared to the biofilm fraction (Supplementary Fig. 5B and Discussion).
235  RposS regulates long-term infection outcomes in zebrafish larvae

236 Since the formation of STy biofilms plays a crucial role in enabling persistence in human carriers,
237  we investigated the role of RpoS in persistent infections in a zebrafish model. We replicated the natural
238  mode of Typhi entry by employing static immersions of zebrafish larvae in tank water contaminated with
239  specific doses of S. Typhi strains. We exposed zebrafish larvae 5 days post-fertilization (dpf) to 102 cfu/ml
240  of mCherry-expressing wild type and the isogenic rpoS null mutant in system water for 24 h. After 24 h,
241  the larvae were shifted to plain system water and monitored for six days under standard conditions of
242 zebrafish husbandrydaeted from 301 Control larvae were exposed to an equal volume of PBS. We discovered
243 that S. Typhi colonization of infected larvae was reduced when RpoS was absent, as evident from both
244 Dbacterial load measurements (Fig. 6A), as well as real-time visualizations at 2, 4 and 6 dpi using confocal
245  fluorescence microscopy (Fig. 6B). At longer times of 4 and 6 dpi, wild type S. Typhi clearly persisted in
246  the intestine (Fig. 6A, B), as also observed in a mouse model of STm persistence!®”). Finally, persistence
247  was strongly correlated with pathogenesis outcomes, as larvae infected with the rpoS null strain survived
248 infections at 6 dpi in significantly greater numbers than the wild type (Fig. 6C). The percentage survival of
249  larvae infected with an rpoS mutant was similar to the uninfected PBS control from 1 to 6 dpi, strongly
250  emphasizing the requirement of RpoS for enabling STy survival in long term infections. Monitoring
251  infected larvae beyond 6 dpi is challenging, owing to a greater requirement of live food (Paramecia), which
252  masks pathogen-driven physiological effects®8 adsee Discussion] ‘1 conclusion, zebrafish infections revealed a
253  role for RpoS in chronic STy infections and for persistence in vivo.

254  RposS is essential for STy to persist in the gall bladder

255 We were then able to address the ultimate question: was RpoS necessary to colonize the
256  hepatobiliary system? This is of importance because adaptation of STy to the gall bladder niche forms the
257  basis for long-term transmission in humans, and increases the risks of developing hepatobiliary carcinomas.

258  We infected zebrafish larvae with mCherry-tagged wild type H58 and rpoS null strains via static
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259  immersions at 5 dpf and performed whole-mount immunohistochemistry against mCherry at 6 dpi. We
260  observed the gall bladder region by confocal fluorescence microscopy and detected anti-mCherry antibody
261  staining in chronic infections of the H58 parent (Fig. 7, middle right zoomed-in image). Uninfected larvae
262  were clear of any fluorescent signals in the hepatobiliary region and served as negative controls.
263  Remarkably, we did not detect the presence of STy in the hepatobiliary system in infections using the rpoS
264  null strain, emphasizing an essential role of RpoS in enabling persistent gall bladder colonization. The rpoS
265  null strain was poorly visible in the intestine at 6 dpi, in complete agreement with results described above
266  (Fig. 6A and B), further emphasizing the essentiality of RpoS signaling in hepatobiliary persistence. Since
267  the Vi-polysaccharide capsule is also a component of the STy biofilm matrix (Fig. 4), we also performed
268  whole-mount immunohistochemistry against the Vi polysaccharide at 6 dpi and detected clusters of
269  bacteria, presumably in vivo STy communities, in the hepatobiliary region of zebrafish larvae infected with
270  the wild type parent (Supplementary Fig. 6). Overall, this work provides an excellent tool, the zebrafish
271  persistent infection model, for future investigations to unravel the exact nature of STy lifestyles in the gall
272 Dbladder.

273  Discussion

274 The dangerous transmission of S. Typhi from seemingly healthy, but chronically infected
275  individuals is well documented, and the first cases in the United States of Mary Mallon, ‘Typhoid Mary’,
276  and Mr. N in the United Kingdom, were reported in the early 1900s® ", Since then several epidemiological
277  studies have established that persistent colonization of STy in the gall bladders of asymptomatic patients
278  forms the basis for typhoid carriagel™viewed in 18 24711 Despite clear evidence of the role of STy biofilms in
279  spreading the disease, previous studies have failed to delineate any genetic mechanisms that regulate the
280  development of gallstone biofilms in STy. This is chiefly because biofilms formed by S. Typhimurium have
281  been employed as a surrogate for understanding the multicellular behavior of S. Typhil’>74. In the present
282  work, we studied STy biofilms directly, and discovered that the pathways for biofilm formation in STy and
283  STm were distinct. Our observations that STy failed to form biofilms in the standard laboratory conditions

284  of low osmolality and lower temperatures (RT or 30°C) routinely employed for studying STm biofilms
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285  were in clear agreement with previous studies that observed an inability of typhoidal strains to exhibit the
286  rdar morphotype, a hallmark of biofilm capability in the non-typhoidal Salmonella strainst®” 1. More
287  importantly, CsgD, the master regulator of STm surface-attached communities, was entirely dispensable
288  for the formation of STy sessile aggregates on cholesterol-coated surfaces. As a result, matrix production
289  in STy biofilms did not require curli fibers or biosynthesis of O-Antigen via the yihO/P system (Fig. 1B).
290  The YihO/P permeases were previously known to transport the O-Antigen subunits for LPS biosynthesis
291  in E. coli and Salmonellae®® %I pbut are now classified in sulfoquinovose catabolism in E. coli™® 7,

292  Elucidating the mechanism of STy biofilm formation

293 In order to identify the players that drive STy biofilms, we grew a transposon library in the STy
294  parent strain H58 as biofilms in vitro in gallstone-mimicking conditions and developed Tn-ClickSeq
295  analysis to map the transposon genome junctions enriched in the planktonic and biofilm sub-populations.
296  We found Tn-genome junctions in 47% and 20% of total sequencing reads from the planktonic and biofilm
297  fractions, respectively. These differences indicated that inactivating transposon insertions were presumably
298 tolerated in only a low number of genes in biofilms, which correlated with their enrichment in the planktonic
299 fraction. Also the technical challenges of isolating genomic DNA with high efficiency from STy cells
300 attached to cholesterol-coated surfaces may affect the total sequencing yields, leading to very low insertion
301 indices in biofilms. Nevertheless, our Tn-ClickSeq analysis generated novel insights by identifying Sth
302 fimbriae, Vi capsule and the lipopolysaccharide core as structural components and IraP as a regulator of
303 STy cholesterol-attached biofilms. Notably, Sth fimbriae belongs to a different fimbrial class than curli
304 fimbriae and are not present in STm strains®™ 51, Our comprehensive analysis of the STy biofilms also
305 opens up exciting new directions for mapping the complete genetic signature of STy carriage.

306 RposS is akey regulator of STy biofilms

307 The discovery of IraP was significant, because it motivated our subsequent investigations of the
308 downstream starvation-induced sigma factor RpoS during STy biofilm development. The reduction in
309  biofilm formation was similar in the iraP and rpoS deletion strains (Fig. 3B), which suggested that epistatic

310 interactions between IraP and RpoS regulated the development of STy surface-attached communities. The
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311  activation of IraP in low phosphate environmentst’"! provides a regulatory insight on the activation of RpoS
312  in bi. 3Bofilm favoring gallstone-mimicking conditions. The observation that elimination of iraP or rpoS
313  only reduced biofilms by 50% (Fig. 3B) suggests other inputs are also involved and need to be
314  characterized. Strong candidates include the global regulators OxyR, BolA and LeuO and the TCRS
315 RcsC/B.

316 Possible experimental biases in transposon library preparations may have resulted in the exclusion
317  of rpoS from our list of Tn-ClickSeq targets due to its low insertion index (25). For example, the rpoS
318 insertions were deterimental to survival in gallstone-mimicking conditions as shown by a higher insertion
319 index of 65 in our input Tn-ClickSeq library compared to the planktonic sub-population. An alternative
320 approach of serial passage of a transposon library in biofilm favoring conditions to specfically identify
321  genetic systems regulating the development of community behavior might be informative. Nevertheless,
322  we established that the formation of STy biofilms required RpoS and determined its role in activating the
323  transcription of the extracellular matrix components: Sth fimbriae, Vi capsule and lipopolysaccharide (Fig.
324  5B). Other studies have shown that RpoS and the TCRS RcsC/B regulate Vi capsule synthesis under
325  osmotic stress”®, and RpoS was required for the SP1-9-mediated adhesion of STy to epithelial cellsl’®. The
326  mechanisms of biofilm formation in STy are unique, in STm, the starvation response regulator RpoS
327  activates biofilms via CsgD® 8 but we specifically eliminated a role for CsgD and curli in the formation
328  of STy biofilms (Fig. 1B). We propose that RpoS directly binds to the upstream regulatory sequences of
329 STy genes encoding the extracellular biofilm matrix components (Fig. 5C) that are AT-rich and harbor a
330 possible extended -10 promoter element, as previously characterized for the RpoS regulon in E. colif® &4,
331 It is important to note here that the protein sequences of RpoS are highly conserved between E. coli and
332 H58 (99% identical). A complete understanding of RpoS signaling pathways that enable the switch from
333 the planktonic lifestyle to biofilms will require validating the precise oS-recognition sequences, and hence
334  the transcriptional start sites, for waaZ, sthC, tviA and tviB. Further understanding will also require
335  investigating a possible co-regulatory function of Crl in stimulating the RpoS activity to enable

336 transcriptional activation, as determined for other RpoS-responsive genes, including the csg operon, adrA
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337  and ssrAlf6 82841 Qverall, the presence of other quintessential RpoS-regulated genes, such as dps, bolA,
338  uspA and osmB in our Tn-ClickSeq dataset (Supplementary Fig. 5B ) raises an interesting question as to
339  how RpoS coordinates stress signaling and matrix production in gallstone-mimicking conditions.

340  Visualization of STy biofilms by electron microscopy

341 A high degree of autofluorescence and the non-specific binding of fluorescent dyes and antibodies
342  tocholesterol surfaces prevents the visualization of mature STy biofilms using high-resolution fluorescence
343  microscopy techniques. Although some protocols have been developed to improve the fluorescence
344  imaging of STy aggregates in vitro and ex vivo, crucial controls that included STy strains defective in
345  forming biofilms were lacking®®7, Therefore, in order to clearly visualize STy biofilms attached to
346  cholesterol surfaces, we employed scanning electron microscopy and observed distinct aggregates of the
347  wild type H58 parent and substantially reduced aggregate formation in the STy biofilm mutants validated
348  from our Tn-ClickSeq analysis (Fig. 4).

349  Significance of the STy-Zebrafish infection model

350 Our use of zebrafish larvae as a heterologous host for S. Typhi validated the important role of RpoS
351 inenabling S. Typhi colonization in long-term infections. Reducing STy persistence by inactivating rpoS
352  significantly decreased the pathogen load, prolonged host survival and most importantly, abolished
353  hepatobiliary colonization at 6 dpi. Following STy infections beyond 6 dpi may be possible by rearing
354  germ-free zebrafish larvae using established methods®,

355  Possible role of RpoS in the evolution of STy carriage

356 Finally, a strong correlation has been observed between the ability to form biofilms and the duration
357  of STy shedding and carriage in typhoid patients from Pakistan®®!. Most recent phylogenomic analysis has
358  proposed that the ancestral H58 haplotype originated in a chronic carrier from India and evolved to give
359 rise to the three sub-lineages that cause a majority of typhoid infections in Asia and Africal?®. In the light
360 of these results, it is tempting to propose that RpoS contributes to niche adaptation in S. Typhi by activating
361 the formation of biofilms in chronic carriers.

362
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Figure 2: Tn-ClickSeq analysis investigates novel pathways that drive the formation of STy
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planktonic (orange) and biofilm (green) fractions as compared to the input library (blue) and (D) The

number of transposon insertions of each gene was normalized per 1000 bp of gene length and averaged
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gg; Supplementary Figure 2: (A) A flowchart of the bioinformatics pipeline employed for Tn-ClickSeq analysis

ggg depicting the filtering of raw reads containing both primer and partial Tn sequences, the subsequent identification

gg% of genome insertion sites using the reference H58 genome and lastly de-duplexing to remove PCR biases. (B)

ggi Percentages of reads that matched the primer, transposon sequence (IR sequence) and the host genome from left

ggg to right: input, planktonic and biofilm sub-populations. (C) Sequencing yields of the respective input, planktonic

228 and biofilm Tn-ClickSeq libraries in triplicates and of an H58 strain without any transposon insertions as a negative

gsg control and (D) Graphical representation of Tn insertion sites per one million of raw reads showing an average of
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Supplementary Figure 4: (A) Double null mutant derivatives of an H58 parent defective for Sth fimbriae

and Vi-polysaccharide (sthC tviD), and for LPS biosynthesis and Sth fimbriae (waaZ sthC) showed a

reduced ability to form cholesterol-attached biofilms, by around 50%, compared to the wild type parent. N

=3, inat least triplicates, error bars represent Mean + SD, in a crystal violet staining assay. Growth medium

added to cholesterol-coated Eppendorf tubes was used as the control and subtracted from all measurements,

****pn <0.0001 by one-way ANOVA and (B) Biofilm mutants are not compromised in planktonic growth

- Strains deleted of iraP, rpoS, waaZ, sthC or tviD and the wild type H58 strain were grown for 12 hours

in Luria-Bertani broth at 37°C/250 rpm and the absorbance at 600 nm was measured every 2 hours.
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Figure 4: Ultra-structure visualization reveals the loss of dense aggregate formation in STy biofilm

(wt) and strikingly smaller-sized aggregates formed by the strains deleted of rpoS, sthC, waaZ or tviD when

grown in cholesterol-coated Eppendorf tubes in gallstone-mimicking conditions. Scale bar =5 um.
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Figure 5: Steady-state levels of biofilm components are increased in gallstone-mimicking
conditions and RposS is required for direct transcriptional activation of biofilm matrix genes.
Real time RT-qPCR analysis showed (A) a significant increase in transcription of rpoS, sthC, waaZ
and tviB in the cholesterol-attached fraction compared to the planktonic fraction in the wild type H58
parent. (B) In the rpoS null strain, there was a significant decrease of biofilm matrix components waaZz,
tviD and sthC. rrsA transcript levels were used as an internal control. N = 3, in triplicates, error bars
represent Mean + SD, ***p < 0.001 and ****p < 0.0001 by one-way ANOVA and (C) Electrophoretic
mobility shift assays showing free biotinylated DNA, biotinylated DNA-protein complexes in the
presence of RpoS (%) (**) and a decrease in the biotinylated DNA-protein complexes in the presence

of excess amounts of non-biotinylated DNA (*) for waaZ, sthC, tviA and tviB, respectively.
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Supplementary Figure 5: (A) Sequences of upstream regulatory regions of waaZ, sthC and tviA are
shown as snapshots from the IGV genome browser with the RpoS binding sites, an extended -10
element followed by an AT-rich sequence, highlighted as dark blue lines (total conservation) and
cyan lines (partial conservation) and (B) Hierarchical clustering of a subset of Tn-ClickSeq targets
showing an enrichment of RpoS-regulated genes® in the planktonic library. For example, these
include genes that confer acid resistance (gadC), adaptation to osmotic (osmB) and other
environmental stresses (psiF, uspA, uspB), encode stress responsive regulators (bolA and dps), an

iron storage protein (bfr), a toxin (tomB) and a mechanosensitive channel (mscL).
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Figure 6: STy colonizes the intestines of chronically infected zebrafish, and RpoS is required for
persistent colonization in vivo. (A) The number of STy colonies recovered from persistently infected
whole larvae was drastically reduced in the rpoS null strain (magenta bars) compared to the wild type (green
bars) at days 2, 4 and 6 post infection. Control larvae exposed to PBS were void of Salmonella. N = 3, five
infected larvae from each group, error bars represent Mean + SD and ns = not significant, *p < 0.05 and
***p < 0.001 by two-way ANOVA with Sidak’s multiple comparison tests. (B) Representative merged
images (red channel and bright field) of live zebrafish larvae showing the presence of wild type mCherry-
expressing S. Typhi in the gut. There was a stark reduction of bacteria in the infections using the mCherry-
tagged rpoS null strain at 2, 4 and 6 dpi. No fluorescence was detected for the PBS control at all time points.
The cartoon on top depicts an infected zebrafish larva with the highlighted intestinal region and was adapted
from BioRender. 20x magnification, Scale bar = 100 um and (C) Larvae infected with the rpoS null strain
(magenta line) survived longer and showed a significant increase in the percentage of survival at 6 dpi
compared to the wild type H58 (green line). The survival rate of the PBS control is shown as a dotted black
line. N = 3 with 30 to 60 larvae in each group, error bars represent Mean = SD, *p < 0.05 by two-way

ANOVA with Sidak’s multiple comparison tests.
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1099 Figure 7: Chronic colonization in the gall bladder requires RpoS. Representative whole-mount

1100 immunohistochemistry images showing the successful detection of anti-mCherry antibody signal (magenta) in

1101 the gall bladder region of a larva infected with an mCherry-tagged wild type strain at 6 dpi (middle panel). The

1102 hepatobiliary system is highlighted by yellow rectangles in merged images and zoomed-in images show mCherry-

1103 positive fluorescent signals, validating the hepatobiliary colonization of STy in wild type infections at 6 dpi

1104 (middle right panel). In contrast, there was a drastic reduction in fluorescent signals from the gall bladder region

1105 of a larva infected with an mCherry-tagged rpoS null strain, with only a weak fluorescent signal as observed in

1106 the anterior intestine at 6 dpi (lower right panel, zoomed-in image). A low level of background fluorescence was

1107 also detected in the uninfected PBS control (top right panel, zoomed-in image). 20X magnification, Scale bar =

1108 100 um for all images except for zoomed-in images with 10 um scale bars. N = 3 with 5 to 10 larvae analyzed in

1109 each group.
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1151 Supplementary Figure 6: Representative whole-mount immunohistochemistry images showing the successful

1152 detection of anti-Vi-polysaccharide antibody signal (magenta) in the gall bladder region, as marked by a yellow
1153 rectangle in the merged image of a wild type infected larva at 6 dpi (middle right panel). Liver (L) and intestine
1154 (1) are marked in the bright field image on the left to pinpoint the gall bladder (G) position. The presence of Vi-
1155 antigen-positive STy clusters in the gall bladder is highlighted in the respective zoomed-in image (middle right).
1156 The gall bladder region, as marked by a yellow rectangle, of an rpoS null infected larva remained negative for

1157 anti-Vi-antigen antibody staining (lower panel, zoomed-in image on the right). No fluorescence was detected in

1158 the uninfected PBS control (top panel). 20X magnification, Scale bar = 100 um for all images except for zoomed-

1159 in images with 10 um scale bars. N = 3 with 5 to 10 larvae analyzed in each group.
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1177  Methods

1178  Bacterial strains and growth

1179  The bacterial strains and plasmids used in this study are listed in Supplementary Table 1. S. Typhi strains
1180  were routinely grown in Luria-Bertani broth (LB) or Nutrient broth (NB) (BD Difco) medium with shaking
1181  at 275 rpm at 37°C in the presence of 100 ug/mL Ampicillin, 12.5 pg/mL Tetracycline, 25 ug/mL
1182  Chloramphenicol or 50 ug/mL Kanamycin (Millipore Sigma) when necessary. For the growth of STy
1183  cholesterol-attached biofilms, a modified NB medium (NB*) containing 3% w/v NB, 1.75% w/v sodium
1184  chloride, 0.25% wi/v potassium chloride, 1% wi/v sodium choleate and 2% w/v glucose (Millipore Sigma)
1185  was used B8, For observing the rdar morphotype, 40 uL of overnight LB broth cultures of STm wild type
1186  strain 14028s and STy wild type strain H58 were spotted on agar plates containing 1% w/v Tryptone and
1187  0.5% wl/v Yeast Extract (LB broth without salt) supplemented with Congo Red (40 ng/mL) (Millipore
1188  Sigma) and kept at 30°C for two days. Biofilms in 96-well polystyrene plates were grown in LB broth
1189  without salt as described previously™?,

1190 Molecular Biology techniques

1191  All DNA manipulation procedures were carried out according to® using reagents procured from Qiagen,
1192  Millipore Sigma or Invitrogen. All transformations in STy wild type strain H58 were performed by standard
1193 electroporation protocols®. Polymerase chain reactions (PCR) were carried out using oligonucleotides as
1194 listed in the Supplementary Table 2 following standard protocols®l.

1195  Strain construction

1196  The ssrB null mutation in H58 strain was generated by transducing the ssrB::kan allele from the STm strain
1197  DWS85 using standard P22 transduction protocols®. Other gene deletions in the STy wild type strain H58,
1198  as listed in Supplementary Table 1, were generated by the lambda red homologous recombination technique
1199  as described in®2 %, Briefly, plasmids pKD3, pKD4 or the TetRA DNA were used to generate linear DNA
1200 fragments by PCR using gene-specific hybrid primers as listed in Supplementary Table 2. A 10 ml LB broth

1201  culture of H58 transformed with the plasmid pKD46 (containing 100 pg/mL Ampicillin and 20 mM
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1202  Arabinose) was used to electroporate 600 ng to 1 ug of purified PCR product following the protocol as
1203  described inf®2, The cells were recovered for at least 6 h at 275 rpm/30 °C after which the cells were
1204  harvested and plated on respective selective plates. The sthC tviD and waaZ sthC double null strains were
1205  generated similarly except the Kan® cassettes were first removed from the sthC and waaZ null mutant strains
1206 by transforming with the temperature-sensitive plasmid, pCP20], Chromosomal deletions were confirmed
1207 by PCR using flanking primer pairs as listed in Supplementary Table 2.

1208 STy cholesterol-attached biofilms in gallstone-mimicking conditions

1209 STy biofilms were routinely grown following protocols adapted from!®® 39, Sterile 1.5 ml Eppendorf tubes
1210  containing 200 uL of 10 mg/mL cholesterol (Millipore Sigma) in diethyl ether were air dried aseptically
1211 (2-3 h)and 20 uL of STy strains grown overnight in LB/NB* was added to 180 uL. NB* medium. The tubes
1212 were incubated for two days at 275 rpm at 37 °C. Cholesterol-coated tubes containing only 200 uL NB*
1213  medium served as controls in all the experiments. For monitoring the time course of biofilm formation, the
1214  cholesterol-coated tubes were further incubated for four and six days, with fresh 200 uL NB* medium
1215  replaced every two days.

1216  Crystal violet staining assay

1217  The amount of STy cholesterol-attached biofilms in gallstone-mimicking conditions was estimated using
1218  crystal violet staining assays adapted from™® ¥l The supernatant/growth medium was removed, and each
1219  tube was washed once with 400 uL of Phosphate-buffered Saline (PBS). The attached biofilms were then
1220  stained with 200 pL of 0.1 % w/v crystal violet solution (filtered using Whatman Grade 1 filter paper) for
1221 five minutes at room temperature (RT). This was followed by washing once with 400 uL PBS and addition
1222 of 200 uL absolute ethanol. Appropriate dilutions were then measured for absorbance at 595 nm using an
1223  iMark™ Microplate Absorbance Reader. Each experiment was performed in triplicates or pentuplicates.
1224  Generation of H58-Tn library

1225  The TnTMDH5deloriR6K genome library in the S. Typhi wild type strain H58 (H58-Tn) was kindly

1226  provided by Dr. Stephen Baker, University of Cambridge, UK 8. The Tn5 transposon was derived from

37


https://doi.org/10.1101/2023.10.26.564249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.26.564249; this version posted October 7, 2024. 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.

1227 the plasmid EZ-Tn5<R6Kgori/KAN-2> (Epicentre Biotechnologies) as described in the original
1228  referencel®. Briefly, the plasmid was digested in a 10 uL reaction containing 2.5 uL. TnTMDH5deloriR6K
1229  plasmid DNA(10ng/ mL), 1uL 10X NEB4 buffer, 5.5 pL water, 0.5 pL MspAll restriction enzyme and 1
1230 upL BSA, for 2 h at 37 °C. The transposon was PCR amplified using the oligonucleotides (5’-
1231 CTGTCTCTTATACACATCTC CCT and 5-CTGTCTCTTATACACATCTCTTC) and Pfu DNA
1232 polymerase Ultra Fusion Il, (Stratagene). The PCR steps were; 95 °C/ 90 seconds, followed by 30 cycles
1233 of denaturation at 95 °C/10 sec, annealing at 58 °C/20 sec and extension at 72 °C/ 20 sec, and a final
1234  extension at 72 °C/3 min.

1235 The Tn5 amplicons were PCR purified and phosphorylated at their 5° ends in a 80 pL
1236  phosphorylation reaction including 70 pL purified Tn5 amplicons (approximately 50 pg/ml), 8 pL 10X T4
1237  buffer, 1 ul ATP (75 mM, Roche) and 1 pL T4 Polynucleotide Kinase (NEB). The reaction was incubated
1238  at 37 °C/45 min followed by inactivation at 65 °C/20 min. The phosphorylated Tn5 transposons were
1239  purified with a 0.5 volume of a 1:1 mixture of phenol:choloroform and centrifuged at 14,000 g/10 min/ 4
1240  °C. The supernatant was isolated and DNA was precipitated in a 30 uL reaction including 10 pL
1241  supernatant, lpL 3M sodium acetate (pH7.5) and 19 pL absolute ethanol. The mixture was centrifuged at
1242 14,000 g/10 min/4 °C, the supernatant step was discarded and the pellet was rinsed twice with 200 uL.  of
1243 70 % (w/v) ethanol. The pellet was eluted in 10 pL 1X Tris-EDTA (TE) buffer (pH7.5) and stored at
1244  -20°C.

1245 Next, transposomes were prepared using 2 uL. of above purified phosphorylated Tn5 DNA (~70
1246  pg/mL), 4 uL EZ-Tn5 Transposase (Epicentre Biotechnologies), 2 pL 100% glycerol and 4pL 50% v/v
1247  glycerol. The reaction was carried out for 30 min/ RT. 0.2 pL of transposomes were then mixed with 60 pL
1248  electrocompetent cells of STy H58 strain for electroporation. Electrocompetent cell preparations and
1249 electrotransformations were performed exactly as described previously®l. Finally, the kanamycin resistant
1250  colonies were resuspended in 10 % v/v glycerol for storage at -80 °C and each batch of the H58-Tn mutant

1251  library included 10 electrotransformations used to generate approximately 3 x10° mutants.
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1252  Isolation of fractions for Tn-ClickSeq libraries

1253 A1 puL loop of frozen stock of the H58-Tn library was inoculated in 10 mL NB* cultures and incubated
1254  overnight at 275 rpm at 37 °C. This was the ‘input’ fraction, which was used to prepare thirty tubes of
1255  cholesterol-attached biofilms in gallstone-mimicking conditions. After two days, the culture supernatants
1256  were removed and pooled to obtain the ‘planktonic’ fraction. To isolate the ‘biofilm’ fraction, 400 uL of
1257  PBS was added to each tube followed by sonication in a XUB Digital Ultrasonic Bath (Grant Instruments)
1258  for 20 min, maximum power, no leap, at RT. The harvested biomass was pooled, and the sonication step
1259  was repeated thrice. The final pool at the end of four sonication cycles was the ‘biofilm’ fraction.

1260  Genomic DNA isolation for generating Tn-ClickSeq libraries

1261  Planktonic and biofilm fractions were centrifuged at 24,000 g at 4 °C for 1.5 h in a Beckman Coulter Avanti
1262  J-26XP centrifuge. Respective supernatants were discarded, and the pellets were stored on ice. 1 ml of the
1263  input fraction was also centrifuged at 15,500 g at 4 °C for 10 min and the pellet was stored on ice. Each of
1264  the pellet fractions were then resuspended in 600 uL TE buffer (pH 8.0) with 40 uL 10% w/v sodium
1265  dodecyl sulphate, 4 ul of 20mg/mL Proteinase-K (Invitrogen) and 2 pl of 10mg/mL RNaseE (Invitrogen)
1266  and mixed well by vortexing. Samples were incubated at 37 °C for 1 h, after which an equal volume of
1267  Phenol:Chloroform mixture (pH 6.7/8.0) was added, mixed and centrifuged at 15,500 g at 4 °C for 15 min.
1268  The upper agueous phase was added to a fresh tube and an equal volume of chloroform was added, mixed,
1269  and centrifuged at 13,000 rpm at 4 °C for 15 min. The supernatants were removed, 2.5 to 3 volumes cold
1270  absolute ethanol was added, and stored overnight at -20 °C. DNA pellets were obtained by centrifuging the
1271  samples at 15,500 g at 4 °C for 15 min, followed by a 70% ethanol wash. The pellets were air dried, and
1272  DNA was resuspended in 40 pL of nuclease-free water.

1273  Preparation of Tn-ClickSeq libraries

1274  For Tn-ClickSeq, genomic DNA from the input, planktonic and biofilm fractions was reverse transcribed
1275  using a reverse transcriptase (SSIII, Invitrogen) and Azido-NTPs. A Tn-specific reverse primer (3°21-39,

1276  Supplementary Table 2) was designed to the 3’ proximal end, 21 to 39 bp of transposon, with an overhang
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1277  of the reverse complementary sequence of lllumina adapter (Supplementary Figure 4, Supplementary Table
1278  2). 500 ng DNA was mixed with 1 pL of 5 pM primer, and 1 pL of 10 mM AzNTP/dTNP mixture
1279  (AzNTP:dNTP = 1:35). This initial reaction mix was heated at 95 °C for 5 min and then cooled to 50 °C in
1280  gradual steps of 0.1 °C per second. Other reaction components for the reverse transcription reaction were
1281  then added: buffer, DTT, SSIII (as per manufacturer’s protocol), and kept in a thermocycler at 50 °C for 50
1282  min, after which the reaction was terminated at 95 °C for 5 min. This was followed by the standard ClickSeq
1283  protocol as previously described™s ° °I. Briefly, immediately after denaturing, the DNA products were
1284  purified with Solid Phase Reversible Immobilization (SPRI) beads and click-ligated with a 5’-alkyne-
1285  modified adapter including a 12-nucleotide unique molecular identifier (UMI). The click-ligated product
1286  was then purified, barcoded, amplified with 18 to 20 cycles of PCR, and analyzed by agarose gel
1287  electrophoresis. The final Tn-ClickSeq libraries were subjected to pair-end sequencing on a NexSeq 550
1288  platform at the Genomics core, UTMB.

1289  Bioinformatics analysis

1290  We designed a bioinformatics pipeline to process the hybrid reads that originate from the inserted
1291  transposon and extend into the host genome (Supplementary Figure 5). The raw paired-end FASTQ reads
1292  were first pre-processed to trim the Illumina adapter, filter low-quality reads and extract UMIs using
1293  fastp®: -a AGATCGGAAGAGC -U --umi_loc readl --umi_len 14 --umi_prefix umi -1 30. We then used

1294  FASTX toolkit (http://hannonlab.cshl.edu/fastx toolkit/index.html) to reverse complement the R2 reads for

1295  ease of downstream analyses. We filtered the reads that contained the 19 bp primer sequence (targeting the
1296  Tn) with 1 nucleotide mismatch allowance with cutadapt®’: -a cctatagtgagtcgtatta -e 0.1 -O 19 -m 30 --
1297  discard-untrimmed. To obtain the reads containing primer sequences, we further filtered reads that
1298  contained the last 10 nucleotides of the 3” invert repeat (IR) with 0% error rate allowance with cutadapt: -
1299  actgtctctta-e 0-O 10 -m 30 --discard-untrimmed. After trimming the IR sequence, the rest of IR-containing
1300 reads were mapped to the H58 genome

1301 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_001051385.1/) with hisat2!, and then processed

1302  with SAMtools®: view/sort/index. We de-duplexed the data to minimize PCR bias with umi_tools®!:
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1303  dedup --method=unique. Finally, the locations of the transposon insertion sites were extracted with
1304 BEDToolIs[100]: genomeCoverageBed: -3 -bg. Raw sequencing data is available at the Sequence Read
1305  Archive, Project ID, PRINA1029173.

1306  Gene mapping and target analysis

1307  The number of insertion reads at each insertion site revealed by Tn-ClickSeq were ratiometrically
1308  normalized across different samples. This was followed by the assignment of gene names and annotations
1309  within H58 (GCF_001051385.1). We normalized the number of insertions to the length of each annotated
1310 gene (per 1 Kbp length of gene) to obtain the insertion indices for each samples. Matrices of all the
1311 normalized insertion dataset were then processed with DESeq2 to identify genes enriched or depleted in
1312  each conditions and perform Principal component analysis*®. Hierarchical clustering was conducted with
1313  Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/), followed by TreeView
1314  (http://jtreeview.sourceforge.net/) to build the graphic map. Gene ontology analysis was conducted with

1315  GeneOntology web server (http://geneontology.org/) with Salmonella Typhimurium as a reference.

1316  RNA isolation

1317  Planktonic and biofilm fractions were centrifuged at 24,000 g at 4 °C for 1.5 h in a Beckman Coulter Avanti
1318  J-26XP centrifuge. Respective supernatants were discarded, and the pellets were either stored at -80 °C, or
1319  immediately processed for total RNA isolation by the Trizol method!%?. Briefly, the pellets were
1320  resuspended in 1 mL TRIzol reagent (Life Technologies) and incubated at RT for 5 min. 200 uL chloroform
1321 was added, mixed well, and incubated for 3 min at RT. The mixtures were centrifuged at 15,500 g for 15
1322  minincold and 500 uL isopropanol was added to the supernatants. The samples were transferred to -20 °C
1323  overnight, after which the RNA was pelleted by centrifugation at 15,500 g for 15 min in cold. This was
1324  followed by a 75% ethanol wash. The pellets were air dried, and the RNA was resuspended in 20 uL of
1325  nuclease-free water.

1326 RT-gPCR
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1327 1 ug of total RNA extracted from the biofilm fraction of two days old cholesterol-attached biofilms was
1328  used for a reverse transcription reaction with iScript Supermix (Bio-Rad) according to the manufacturer’s
1329  protocol. This was followed by amplifying 50 ng cDNA by real-time gPCR (RT-qPCR) using SsoFast
1330  EvaGreen Supermix (Bio-Rad) and internal primers specific for rpoS, sthC, waaZ and tviB; rrsA was used
1331  asanormalization control (Supplementary Table 2). The annealing temperature for all the primer pairs was
1332 56 °C. All experiments were performed in triplicates with at least three independently isolated RNA
1333  preparations. Relative expression was determined using the 244%r (Livak) method as described in®%? and
1334  plotted using the GraphPad Prism 10 software.

1335  Scanning electron microscopy

1336 STy cholesterol-attached biofilms were grown in gallstone-mimicking conditions for two days and after
1337  removal of the growth medium were fixed in a primary fixative containing 2.5% w/v formaldehyde (made
1338  from paraformaldehyde), 0.1% v/v glutaraldehyde, 0.01% v/v trinitrophenol and 0.03% w/v CaCl; in 0.05M
1339  sodium cacodylate buffer (pH 7.3). Samples were post-fixed in 1% w/v OsOs in cacodylate buffer,
1340  dehydrated in ethanol and infiltrated with hexamethyldisilazane (HMDS) to prevent cracking during drying.
1341  After air drying, the conical parts of the Eppendorf tubes were cut into strips, mounted on SEM specimen
1342  holders (metal stubs) and sputter-coated with iridium in an Emitech K575X (Emitech, Houston, TX) sputter
1343  coater for 30 seconds at 20 mA, at the Electron Microscopy Laboratory, Department of Pathology, UTMB.
1344  The samples were examined in a JEOL JSM-6330F Scanning electron microscope at the Texas Center for
1345  Superconductivity, University of Houston, at 4 uA and 2 kV.

1346  Zebrafish husbandry

1347  All the protocols used for zebrafish experiments were approved by the University of Texas Medical Branch
1348  Institutional Care and Use Committee. Adult and larval zebrafish were maintained using standard
1349  husbandry procedurest® at our in-house satellite facility. The wild type AB line was used for lifespan
1350 analysis and Typhi load measurements and the casper line was used for visualizing mCherry-tagged STy

1351  strains in infected larvae by confocal fluorescence imaging. Eggs were obtained by the natural spawning
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1352  method™® and kept at 28 °C in embryo medium containing methylene blue for two days. At 2 days post-
1353  fertilization (dpf), the larvae were shifted to an embryo medium containing 25 pg/mL gentamicin for 6 h,
1354  after which they were transferred to a sterile embryo medium at 28 °C. Fresh embryo medium was replaced
1355  daily.

1356  Static immersions of zebrafish larvae

1357  All infections were performed using mCherry-tagged STy strains, as listed in Supplementary table 2. For
1358  static immersions, 1 ml of an overnight LB broth culture of mCherry-tagged STy strains was inoculated in
1359 10 ml LB broth containing 100 ug/mL ampicillin and grown for 4.5 hours at 275 rpm at 37 °C. Growth was
1360 normalized by measuring absorbance at 600 nm. The strains were harvested by centrifugation at 4,200 g
1361  for 15 min at RT and resuspended in 500 ul sterile embryo medium. Ten larvae 5 dpf were added to 8 ml
1362  embryo medium in a 6-well polystyrene plate, followed by the addition of 80 ul of harvested STy cultures
1363  (10°ccfu/mL). Equal infection doses across strains were verified using aliquots of the harvested STy cultures
1364 by the total viable counting method. Larvae exposed to equal volume of PBS served as controls. After
1365 24 h, the larvae were transferred to fresh embryo medium in a 6-well plate. Fresh embryo medium was
1366  replaced daily. The larvae were fed Sparos Zebrafeed (<100 u) once daily from 9 dpf, as adopted from a
1367  delayed initial feeding model previously described®!. Typically, infections were performed with thirty to
1368  sixty larvae in each group.

1369  Bacterial load estimates from infected larvae

1370  For enumerating the STy load at 2, 4 and 6 dpi, infected larvae were isolated and added to embryo medium
1371  containing 60 to 100 ug/mL buffered Tricaine. The anesthetized larva was transferred to a 1.5 ml Eppendorf
1372  tube containing 200 pl PBS and homogenized well with a motorized micropestle. The homogenate was
1373  serially diluted and colony forming units (cfu) were estimated by the total viable counting method on LB
1374  agar plates containing 100 ug/ml ampicillin. For each time point, five larvae were used from each group.
1375  PBS control larvae remained sterile. The experiment was repeated at least three times.

1376  Lifespan analysis
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1377  Infected larvae were checked daily under a dissection microscope, and the percentage survival was scored.
1378  Larvae that did not show any heart beats were considered dead.

1379  Confocal fluorescence imaging

1380  Five to ten larvae from each group were withdrawn at 2, 4 and 6 dpi and anesthetized in an embryo medium
1381  containing 60 to 100 pug/mL buffered Tricaine. These were then mounted on 35 mm glass-bottomed dishes
1382  with a drop of 0.8% low melting point agarose (supplemented with 60 to 100 ug/ml buffered tricaine).
1383  Images were acquired on an Olympus SpinSR-10 Yokogawa spinning disk confocal microscope fitted with
1384  an ORCA Fusion SCMOS camera (Hamamatsu) using a 20x objective (NA 0.8, Olympus), 561 CSU (or
1385  using 640 CSU for anti-mCherry IHC, below) and a step size of 1.5 u in the Z-dimension. Images were
1386  analyzed using Image J software.

1387  Whole-mount immunohistochemistry (IHC) of zebrafish larvae

1388  Todetect STy colonization in the gall bladder we performed immunofluorescence of whole zebrafish larvae
1389  at 6 dpit®l. Briefly, AB larvae infected with wild type H58 and rpoS null strains were fixed in 4%
1390  paraformaldehyde in PBS (pH 7.4) overnight at 4°C, washed thrice with PBS for 5 minutes and treated with
1391  a mixture of 3% hydrogen peroxide and 0.5% potassium hydroxide for 30 mins at RT to remove
1392  pigmentation. After three PBS washes, dehydration was performed using a graded methanol/PBS series of
1393  25%, 50%, 75% and 100% with each step of 5 mins. Larvae were then kept in 100% methanol for overnight
1394  at 4°C. Rehydration steps involved a graded methanol/PBS series of 75%, 50% and 25%, with each step of
1395 5 mins, followed by three washes with PBS containing 0.1% Tween-20 (PBS-T). For antigen retrieval, the
1396 larvae were transferred to a Tris buffer (150 mM Tris-HCI, pH 9.0) for 15 min at 70°C, washed twice with
1397  PBS-T and thrice with milli-Q water on ice. Specimens were then incubated in 100% acetone stored at
1398  -20°C for 20 mins, followed by washes with milli-Q water and PBS-T. In case of IHC using the anti-
1399  mCherry primary antibody (abcam AB213511), an additional step of treatment with 0.3% v/v Triton-X 100
1400  for 10min/RT was included at this step. Samples were washed twice with PBS-T for 5 min before blocking

1401 in 10% BSA in PBS-T for 2h at RT, washed with PBS-T and kept overnight in 1% BSA solution in

44


https://doi.org/10.1101/2023.10.26.564249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.26.564249; this version posted October 7, 2024. 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.

1402  PBS-T containing a 1:100 dilution of anti-mCherry antibody or 1:500 dilution of anti-rabbit-Vi-
1403  polysaccharide antibody (BD BioSciences) overnight at 4°C. Subsequently, four PBS-T washes of 15 min
1404  each were performed, and the larvae were incubated in a secondary antibody solution containing 1% BSA
1405 in PBS-T and 1:1000 donkey-anti-rabbit 647 (for o-mCherry primary antibody) or 1:1000 goat-anti-rabbit-
1406  Alexa Fluor 555 antibody (for a-Vi-capsule primary antibody, Invitrogen) for overnight at 4°C. Final
1407  washes included four PBS-T washes and one PBS wash at RT. The larvae were then mounted on agarose
1408 and imaged on an Olympus SpinSR-10 Yokogawa spinning disk confocal microscope as described in the
1409  section on confocal imaging.

1410  Purification of His-RpoS protein

1411  Hise-tagged RpoS protein was purified from an E. coli DH5a strain transformed with the plasmid pUHE21-
1412 lacl9:rpoS® (expresses RpoS from STm 14028s strain which is 100% identical to RpoS from STy H58)
1413  following the protocol as described in Kim et al., Front Microbiol, 2021, with the following modifications:
1414 A 30 ml culture was grown in LB broth containing 100 pg/mL ampicillin till 0.6 ODego and induced with
1415  0.05 mM isopropyl-B-D-1-galactopyranoside (IPTG) for 7 hours. After sonication cells were resuspended
1416 in a lysis buffer (Buffer A) containing 50 mM NaH,PO4 and 300 mM NaCl, pH 8.0. A Nickel-
1417  Nitrilotriacetic acid (Ni-NTA, GOLDBIO) column was washed with water and equilibrated in Buffer A
1418  containing 30 mM imidazole. The cell lysates were incubated in Ni-NTA resin for an hour, pelleted and
1419  washed thrice with Buffer A containing 30 mM imidazole. Protein fractions were eluted in Buffer A
1420  containing 300 mM imidazole and dialyzed using a 6 to 8K MWCO dialysis tubing at 4 °C in a buffer
1421  containing 20mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.1mM EDTA, 5mM dithiothreitol and 20% v/v
1422  glycerol for 2 to 3 hours. The dialyzed protein was quantified by measuring the absorbance at 280 nm using
1423  a NanoDrop (Thermo Fisher Scientific) and aliquots were stored at -20 °C for immediate use or at -80 °C
1424  for future use.

1425  Electrophoretic mobility shift assay (EMSA)
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1426  Electrophoretic mobility shift assays were performed using the LightShift™ Chemiluminescent EMSA Kit
1427  (Thermo Fisher Scientific) according to the manufacturer’s protocol. Primers used for amplifying the
1428  upstream regulatory regions of waaZ, sthC, tviA and tviB are described in Supplementary Table 2.
1429  Biotinylated forward primers were used for generating respective biotinylated DNA fragments by PCR.
1430  Each 20 pl binding reaction contained 1 ng DNA, 2 uL binding buffer, 1 ul 1ug/uL poly dI.dC, 1 uL 50%
1431 glycerol, 1 uL 1M KCl and 1 pL 1% w/v NP-40. 1.4 uM purified RpoS, 125 ng non-biotinylated waaZ or
1432  sthC DNA and 160 ng non-biotinylated tviA and tviB were added when appropriate.

1433  Statistics

1434  The Prism 10 software was used to plot all graphs and perform statistical analyses.
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1451
1452 Supplementary Table 1: List of bacterial strains and plasmids
1453
Strain or plasmid Description Source or Reference
14028s Salmonella enterica serovar Lab collection
Typhimurium
HS58 (“wild type’ in this study) | Salmonella enterica serovar Stephen Baker, Cambridge
Typhi University, UK
Ty2-b Salmonella enterica serovar Salmonella Genetic Stock Center,
Typhi strain SGSC 2408 University of Calgary, CA
CTi18 Salmonella enterica serovar Salmonella Genetic Stock Center,
Typhi strain SGSC 4072 University of Calgary, CA
CT117 Salmonella enterica serovar Stephen Baker, Cambridge
Typhi University, UK
ssrB H58 (ssrB::kan) This study
csgD H58 (csgD::cat) This study
CSgA H58 (csgA::kan) This study
yihO H58 (yihO::kan) This study
yihP H58 (yihP::kan) This study
yihO yihP H58 (AyihO yihP::kan) This study
iraP H58 (iraP::kan) This study
rpoS H58 (rpoS::kan) This study
sthC H58 (sthC::kan) This study
waaZ H58 (waaZ::kan) This study
tviA H58 (tviA::cat) This study
tviB H58 (tviD::kan) This study
sthC tviD H58 AsthC (tviD::kan) This study
waaz sthC H58 AwaaZ (sthC::cat) This study
rpoSc H58 (rpoS::kan, pBR322::rpoS) This study
pUHE21-lacl9::rpoS pPUHE21-lacl%construct Kim et al., 202162
expressing Hiss-RpoS from
14028s
pBR322::rpoS plasmid rpoS cloned between EcoRI and Roy Curtiss 111, University of
Scal sites in pPBR322 Florida, USA
pFPV::mCherry plasmid mCherry cloned between Xbal Olivia Steele-Mortimer (Addgene
and Sphl sites in pFPV plasmid # 20956
http://n2t.net/addgene:20956;
RRID:Addgene 20956
1454
1455
1456 Supplementary Table 2: List of oligonucleotides
1457
Primers Sequence
Tn-ClickSeq
3'21-39 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAATACGACTCACTATAGG

[Black = lllumina p7 adapter, red = Tn-specific]

Gene deletions
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csgD knockout
forward

GCAGCTGTCAGATGTGCGATTAAAAAAAGTGGAGTTTCATCATGTTTAATGT
GTAGGCTGTAGCTGCTTC

csgD knockout
reverse

CTCTGCTGCTACAATCCAGGTCAGATAGCGTTTCATGGCCTTACCGCCTGCCT
CCTTAGTTCCTATTCCG

csgA knockout
forward

CACCCAACGCTAATACCGTTACGACTTTTAAATCAATCAATCCGGTGTAGGC
TGGAGCTGCTTC

csgA knockout
reverse

AGGGCTTATGCCCTGTTTTTTTATTAGCGCAGACGCTAAACATATGAATATCC
TCCTTAG

yihO knockout
forward

ATGTCTAATCATGATCCGCTAACGCTAAAGTTGAGCCTGCGTGTAGGCTGGA
GCTGCTTC

yihO knockout
reverse

TTAATTATTTACAGTAGAAATACTTTGTTTATTATTAGTTCATATGAATATCCT
CCTTAG

yihP knockout
forward

GAGAAGAATAATGAGTCAAACATCTGTGTAGGCTGGAGCTGCTTC

yihP knockout
reverse

GTTATATTTTATTGTTGTTAAACCGTATGCATATGAATATCCTCCTTA

iraP knockout

ATGAAAAATCTCATAGCAGAGTTGTTGCTTAAGCTAGCCC

forward GTGTAGGCTGGAGCTGCTTC
iraP knockout TTAGTGCCGGGGGTGTCTCAGCAACTTTTTTACATATTGG
reverse CATATGAATATCCTCCTTAG
rpoS knockout ATGAGTCAGAATACGCTGAAAGTTCATGATTTAAATGAAG
forward GTGTAGGCTGGAGCTGCTTC
rpoS knockout TTACTCGCGGAACAGCGCTTCGATATTCAGCCCCTGCGTC
reverse CATATGAATATCCTCCTTAG
tviA knockout | ATGAGGTTTCATCATTTCTGGCCTCCGAATGATATCTATTGTGTAGGCTGGAG
forward CTGCTTC
tviA knockout | TTACAGTAAAGTAACTGAATCCGGCAATAACAGATAGCGCCATATGAATATC
reverse CTCCTTAG
tviD knockout | ATGAATTTAATGAAATCGTCAGGGATGTTTACGCTTACAGGTGTAGGCTGGA
forward GCTGCTTC
tviD knockout | TTACGACTTCCCTGATGTATTTTTTTGTAATGCGGTTATGCATATGAATATCCT
reverse CCTTAG
waaZ knockout ATGGGCAGCGTTAACTTCATAACTCACGCCGATGTTCTGC
forward GTGTAGGCTGGAGCTGCTTC
waaZ knockout CTAGACAATTTTATCGTAATATTTCATCTTCAAGTTCCGA
reverse CATATGAATATCCTCCTTAG
sthC knockout TTGATCGCCGACCCGCGAGAATTCGTCCCTACCAGCAAAT
forward GTGTAGGCTGGAGCTGCTTC
sthC knockout TCACTGGCATTGCTCGTGTAAGATTTCTACGCCAGAAGCG
reverse CATATGAATATCCTCCTTAG
csgA forward CACCCAACGCTAATACCGTT
CSgA reverse AGGGCTTATGCCCTGTTTTT
csgD forward CAGCTGTCAGATGTGCGATT
csgD reverse TCTGCTGCTACAATCCAGGT

yihO forward

TGCGGGGCGTTTTGAGAGGCGA

yihO reverse

TGAATAAAGCGGCAAGCGTCG
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yihP forward

GTTGCGATTGGACGCTGTACCTG

yihP reverse

GTAATATGCAGGCATCCCGAGTTC

iraP forward

AGTGATAACGTCACCCTGGAAC

iraP reverse

AGTAACGTTATAACAACTGTGT

rpoS forward CAGTCTGTCGACTGGCCTTT
rpos reverse CTAGTTCCGTCAAGGGATCA
tviA forward AGGTTATTTCAGCATAAGGA
tviA reverse TGTCCGTGTTTTACTCAATA
tviD forward CTCGGTATAACTACTCACTT
tviD reverse TTCCTAGTGCAGCTAACT
waaZ forward GACATACTTGAGAGAATTTG
waaZ reverse TGCGTGCCGAAGCAACGCAA
sthC forward ACCGGCTGGATTTAGCGATC
sthC reverse CATGATGCCAGACCCGTGAA
RT-gPCR
rrsA internal GCACCGGCTAACTCCGTGCC
forward

rrsA internal
reverse

GCAGTTCCCAGGTTGAGCCCG

rpos internal CCTGCGTCTGGTGGTAAA
forward
rposS internal TTCTCGACTGCACGGATAAG

reverse

waaZ internal
forward

CCGCTATTCAGGTTGCCTATTC

waaZ internal
reverse

AGGGCTGGTAGATTCGTCATAG

sthC internal
forward

GATGAAGACGACGATACGGAAG

sthC internal
reverse

CGTCTTTCGCGGAGTTCATA

tviB internal TGTGGTAAAGGAACTCGGTAAA
forward
tviB internal GACTTCCGATACCGGGATAATG
reverse
EMSA
Biotin-waaZpro Biotin - GCTGACTGACTTTTATTTGC
forward
waaZpro reverse ACTCGTATGTTTATCATGCA
waaZpro GCTGACTGACTTTTATTTGC
forward
Biotin-sthCpro Biotin - ACTTCCCCGAGCTTAAAAAT
forward
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sthCpro reverse CGCGATTTGAGGGATCGCTA

sthCpro forward ACTTCCCCGAGCTTAAAAAT
Biotin-tviApro Biotin - CGTTAGTACTATTAAAATTAGG
forward
tviApro reverse CTCCTTATGCTGAAATAACCTAA
tviApro forward CGTTAGTACTATTAAAATTAGG

Biotin-tviBpro Biotin-GTACGGTTATACGTTTTCAT
tviBpro reverse CACTCTTATTAATCCTTTACT
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