
https://drive.google.com/drive/folders/1nhmr6yJB-dfclPGkI9yCFTeo8xnRBe4T




6.1 Introduction

Figure 6.1 Sequencing strategy for TraDIS. Bacterial DNA containing transposon insertions linked
to an antibiotic marker is sheared and prepared with an adapter prior to sequencing in short read,
single-end sequencing and subsequent mapping and analysis. Adapted from Van Opijnen and Camilli,
2013494.
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function. The underrepresentation of these genes in the ciprofloxacin-treated pool indicates
that these genes are required for survival in sub-inhibitory ciprofloxacin environments. In
contrast, genes associated with reduced ciprofloxacin susceptibility (greater enrichment of
mutants in treated compared to untreated pool) included several carbohydrate metabolism
genes (pfkA, tviC); gene regulators (slyA, emrR, envZ); membrane-associated proteins (ompF,
emrD); redox-associated; nucleoid associated; and others. Interestingly, while there was an
enrichment of mutants in the ciprofloxacin-treated pool, the log2 fold change values above the
untreated pool did not go above 3.2. It would be useful to know whether the degree of change
increases with a higher dosage of ciprofloxacin to reflect more realistic treatment dosage
based on our understanding that S. Typhimurium can withstand above-MIC concentrations
of ciprofloxacin.

Similarly, Willcocks et al. recently used TraDIS on a Y. pseuodotuberculosis transposon
mutant library of ∼ 40,000 unique insertion mutants under sub-inhibitory exposure to
ciprofloxacin. Although the specific genes identified in their study differed, they noted a
requirement of genes associated with DNA replication and repair (specifically dksA and hda),
SOS response (including recN), LPS and outer membrane structure, core biosynthesis, and
efflux transporters for tolerance to ciprofloxacin502. Conversely, they observed an increase in
insertion mutants in emrA and emrB, which is perhaps surprising, as these genes are involved
in multidrug efflux, although Turner et al. documented a similar result of more insertions
in emrD. They hypothesized that the loss of emrD may induce an alternative ciprofloxacin
exporter426,502.

Such studies have not yet been conducted using S. Typhimurium ST313 D23580, though
TraDIS libraries of D23580 have been investigated in other contexts. Canals et al. used a
D23580 TraDIS library grown in LB, SPI-2-inducing medium, and in murine macrophages
to identify genes involved in fitness in these different growth environments. They found that
there was a disproportionately low percentage of insertions in the pBT1 plasmid, perhaps
signifying an underappreciated role for pBT1 in carriage of essential genes503. To understand
D23580 fitness in an alternative context, Ondari et al. used a D23580 transposon mutant
library to study genes required for survival in human serum. They found a requirement for
genes associated with LPS and common antigen synthesis, iron transport and binding for
survival in serum. In total, they identified 555 genes whose loss increased serum susceptibility
and 82 genes whose loss decreased serum susceptibility181.
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6.2 S. Typhimurium D23580 transposon mutant library quality control

While the studies mentioned above have begun to fill gaps in our knowledge of the bacterial
response to ciprofloxacin and gene requirements of S. Typhimurium ST313 D23580 in
specific contexts, there remains an incomplete understanding of how D23580 responds to
ciprofloxacin. Our previous work has begun to elucidate some of the phenotypic changes
linked to ciprofloxacin exposure, but it has been challenging to link those to the genotype.
Therefore, we sought to perform TraDIS on a ciprofloxacin-treated D23580 transposon
mutant library. We performed time kill curves at 2x ciprofloxacin MIC using an existing
D23580 transposon mutant library and chose three time points (2 h, 10.25 h, and 24 h) at
which to sequence the non-treated (NT) and treated libraries to distinguish between genetic
requirements during early growth phase, the growth rebound phase, and stationary phase
under ciprofloxacin exposure181. We hypothesized that at 2 h post-exposure, there would
be a strong requirement for genes involved in the SOS response and DNA repair. We
further hypothesized that at 10.25 h and 24 h post-exposure, we would see a shift in the
genetic requirement to more drug efflux-associated genes, and that there would be significant
overlap in genes required at ∼ 10 h and 24 h post-exposure. We subsequently performed an
independent experiment looking at the gene requirement of D23580 in intestinal organoid
infection. Not only did we seek to increase our general knowledge of D23580 behaviour in
varied contexts, we were also curious to observe the overlap in genes required in an invasion
compared with a drug stress context. Here, we hypothesized that we would see a different
spectrum of genes required in organoid invasion compared to ciprofloxacin survival.

6.2 S. Typhimurium D23580 transposon mutant library
quality control

The D23580 transposon library used in our study was a subset of that used by Ondari et al.,
and it contained ∼ 98,000 unique transposon mutants181. Under our growth conditions, the
sequence length per unique insertion site (UIS) across the chromosome was ∼ 55 meaning
that there was an insertion every 55 bp across the genome. Analysis of TraDIS data was
conducted using the Bio-TraDIS pipeline. We initially used the default mapping parameters,
but upon scrutiny, we found that the percentage of reads matched and reads mapped was lower
than expected. We hypothesized that this might be improved by allowing for mismatches
when matching the transposon tag. We therefore changed the mapping parameters to allow
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for 1 mismatch with the transposon tag, which slightly improved the percentage of reads
matched and mapped (Figure 6.2). However, in some cases, particularly the treatment
conditions, the percentage of reads mapped remained quite low, and this could be a result of
SNPs arising due to ciprofloxacin treatment, or imperfect mapping parameters used for the
reference genome. Further fine adjustments of mapping parameters may strengthen the data
analysis.
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Figure 6.2 Difference in coverage of matched reads of transposon library with known transpo-
son tag depending on the mismatch threshold used. A visual comparison of the BAM coverage
plots between the analysis of the data using a mismatch filter of 0 (A) or 1 (B).

The initial stock library (prior to growth in liquid medium) had ∼92,000 total unique insertion
sites in the chromosome. Upon overnight growth in liquid medium, the input library that was
used for all experiments, contained ∼82,000 total unique insertion sites—a loss of ∼ 10,000
unique insertion sites. We identified 24 genes that exhibited evidence of some depletion
during the overnight growth phase, and the majority of these belonged to genes linked to
metabolism, biosynthesis, or redox pathways. There was a small number of genes involved
in other pathways: 5 putative or hypothetical genes and one encoding an ABC transporter
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6.3 Required genes in S. Typhimurium D23580 after exposure to ciprofloxacin

domain protein. As these genes were lost during growth in medium, it was not possible to
assay for them within the time kill curve or organoid experiments.

The output libraries from the time kill curve assays had upwards of 17,500 total unique
insertion sites. While a richer mutant library would have been optimal, we determined
that there was sufficient library density to identify genes of interest. Consequently, we
identified 612 genes which were under-represented, similar to the 591 deemed essential by
Canals et al.503. Genes were deemed under-represented if they contained 0 or 1 insertions,
indicating that mutants containing mutations in those genes were not viable, based on criteria
established by Langridge et al.498. Differences in the exact number of essential genes may
be due to sequencing differences, library size, experimental conditions or library quality.
We mapped the essential genes to known metabolic pathways in D23580 using BioCyc to
determine the baseline pathways of the library prior to perturbation and did not observe
any enrichment of particular pathways (Figure 6.3A)504,505. We also mapped the essential
chromosomal genes along the entirety of the genome to see where they were and whether
there were any distinct clusters of essential genes (Figure 6.3B). We could not observe any
particular genomic regions that had unusually high clusters of essential genes. Based on our
assessment that the library was sufficiently dense and that the list of essential genes reflected
previous understanding of D23580, we were able to progress with an analysis on the D23580
transposon mutant library under ciprofloxacin-perturbation.

6.3 Required genes in S. Typhimurium D23580 after
exposure to ciprofloxacin

To assess which genes are required for survival under ciprofloxacin exposure, we decided
to perform time kill curves with the S. Typhimurium D23580 transposon mutant library,
choosing three time points at which to harvest bacteria for sequencing. Bacteria were either
treated with 2x MIC ciprofloxacin or non-treated (NT) and harvested at 2 h, 10.25 h, and 24
h post-exposure. The choice of these time points was determined based on growth dynamics.
In particular, the 10.25 h time point was chosen because this was when the bacterial cultures
began to rebound in the ciprofloxacin medium. At each time point, the bacterial cultures
were harvested, and genomic DNA was extracted for sequencing (Figure 6.4).
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Figure 6.3 Assessment of S. Typhimurium D23580 essential genes based on TraDIS. A. Essential
genes involved in metabolic pathways mapped on BioCyc cellular map of S. Typhimurium D23580.
B. Chromosomal essential genes (blue) mapped on the S. Typhimurium D23580 chromosome. The +
strand (outer circle) and – strand (inner circle) are represented separately.

Upon sequencing of the bacteria, analysis was conducted using the Bio-TraDIS software
suite, mirroring the analysis protocols of Turner et al.377,426. Analysis using the Bio-TraDIS
toolkit gave us the log2 fold change (l2fc) differences between treated and non-treated
bacteria at each time point, which represents the difference in the number of sequence reads
in a given gene. Thus, a negative l2fc in the treated condition (fewer reads relative to the
control) indicated that the gene was required for survival in ciprofloxacin, thus contributing
to decreased ciprofloxacin susceptibility when functional. Whereas a positive l2fc (higher
reads relative to the control) in the treated condition indicated that the gene was not required
for survival in the presence of the drug, therefore contributing to increased susceptibility to
ciprofloxacin when functional. For analysis, a threshold of > 2.75 was set for the log counts
per million (log CPM) to ensure that genes with a low number of reads were not included,
and a threshold of 2 ≥ l2fc ≤ -2 was used to identify only genes that were considerably
different between treatment and non-treated498. Additionally, a p-value cut-off of < 0.05 and
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6.3 Required genes in S. Typhimurium D23580 after exposure to ciprofloxacin

2 h 10.25 h 24 h

NT

2x MIC 
cipro�oxacin

Transposon 
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Time kill curves

Bacteria harvested at 3 time points
and DNA extracted for TraDIS

Figure 6.4 Schematic of experiment measuring exposure of S. Typhimurium D23580 transpo-
son mutant library to 2x MIC ciprofloxacin. The transposon mutant library was grown overnight
and then inoculated in medium containing no ciprofloxacin or 2x MIC ciprofloxacin. Bacteria were
grown shaking and harvested at 3 time points for TraDIS.

a q-value cut-off (p-value adjusted for the false discovery rate) of 0.05 were used to discard
genes that had a lower statistical probability of contributing to ciprofloxacin susceptibility.

Using this level of stringency, we were only able to identify one gene (dksA) that contributed
to decreased ciprofloxacin susceptibility (l2fc ≤ -2) at 2 h post-exposure; however, there
were 13 genes identified in the 10.25 h pool and 117 in the 24 h pool, two of which (cbiE

and ybgJ) were shared between those two time points (Figure 6.5 A). It is possible that there
were so few genes identified that contributed to decreased ciprofloxacin susceptibility at 2
h because this was too early post-treatment to result in the loss of many insertion mutants.
dksA has been implicated in greater resistance of S. Typhimurium to nitric oxide and the
sensing of oxidative and nitrosative stress506,507. As the early SOS response is critically
important for bacterial survival against ciprofloxacin, it would make sense that dksA might
reduce susceptibility to ciprofloxacin. However, at 10.25 h, only the transposon mutants
capable of surviving for a longer period in ciprofloxacin medium would remain. Interestingly,
there were significantly more genes required for decreased ciprofloxacin susceptibility at 24
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h than at either 2 h or 10.25 h. We hypothesized that this may be due to a requirement for
more genes to sustain longitudinal survival in ciprofloxacin.

1

115

11
0

0 2

0

2 h
10 h

24 h

16

2

349
96

0 13

49

2 h
10 h

24 h

STMMW_23621
����
����
����
���
STMMW_04291
���
����
����
����
��

����

����
����

����������������������
�	���
��������������������������

����������������������
�	���
��������������������������


	 �	

Figure 6.5 Venn diagrams of genes required for increase or decrease of ciprofloxacin suscepti-
bility in S. Typhimurium D23580 at 2, 10.25, or 24 h post-exposure. A. The number of genes
required for decreased ciprofloxacin susceptibility. B. The number of genes required for increased
ciprofloxacin susceptibility.

Of the 13 genes identified to decrease ciprofloxacin susceptibility at 10.25 h, several of them
were involved in flagellar assembly (flgH, flgI, fliL), several were conserved hypothetical
genes (STMMW_04291, ybeA, ybgJ, ydiA, yfgJ), and interestingly, csgF, a gene encoding a
protein for assembly and transport for curli production. Two of these genes (cbiE and ybgJ)
were also found to decrease ciprofloxacin susceptibility at 24 h. In contrast, we observed a
different profile when looking at the overlap of genes contributing to increased ciprofloxacin
susceptibility at 2, 10.25, and 24 h (Figure 6.4 B). There were far more genes that contributed
to increased susceptibility, and several (49) of these were shared at all three time points
(Table 6.1). These genes included ramR, a repressor of ramA, a gene known to be involved
in the AcrAB-TolC efflux system508. Given our finding in Chapter 4 that ramR may contain
mutations after 24 h of 1x MIC ciprofloxacin exposure, it was encouraging to see that its
presence contributed to increased ciprofloxacin susceptibility in this TraDIS study.

We split the genes into broad categories based on the function of the proteins they encoded,
and we found that the largest group of genes was associated with substrate transport and/or
membrane-associated. While only ramR was directly involved with efflux, it is possible that
the loss of some of these other transport genes inhibits ciprofloxacin entry or enhances its ef-
flux. We were interested to know whether phage genes contributed to increased ciprofloxacin
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6.3 Required genes in S. Typhimurium D23580 after exposure to ciprofloxacin

Table 6.1 Genes associated with increased ciprofloxacin susceptibility in common across time
points.

Gene Function
yieE

Hypothetical protein

yieF
yieM
yieN
yieP
STMMW_20141
STMMW_38301
STMMW_38451
pstA

Membrane-, LPS-, or transport- associated proteins

pstB
pstC
pstS
phoU
trkH
kup (trkD)
ramR
yieG
rbsA
rbsC
rfaP (waaP)
yidY
yieO (putative)
rfaG
acnB

Metabolism

asnA
rffE
mtlD
rfaI (waaI)
trxA
rbsR
STMMW_38441
gidA

Cell division or replication
gidB
recF
STMMW_38311
atpA

Energy

atpB
atpD
atpG
atpH
mioC
R

Phage
S
Q
STMMW_20111
glnC

Others
asnCb
ppiC
thF
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susceptibility. We found four prophage-associated genes to be implicated: R, S, and Q,
encoding prophage BTP1 lysozyme, holin, and anti-terminator proteins, respectively, and
STMMW_20111, a candidate prophage BTP3 holin. We hypothesised that ciprofloxacin may
activate regions of phage genomes or even whole prophages, with some phage genes con-
tributing to a more exacerbated response that may diminish survival in some circumstances.
However, it is as yet unclear what specific role the four identified phage genes play in that
context.

Given that a number of the genes required for increased ciprofloxacin susceptibility in
common between the three time points were associated with metabolism, we wanted to
know which metabolic pathways were implicated in increased ciprofloxacin susceptibility
at each time point. Consequently, we again used BioCyc to map genes encoding proteins
with metabolic functions and compared the differences between the time points (Figure 6.6).
Commensurate with the much larger number of genes with an l2fc ≥ 2 in the 10.25 h time
point, there were also many more metabolism-associated genes at the 10.25 h time point
(Figure 6.6 B). However, we could not detect visually any distinct biosynthetic pathways
specific to a given time point, suggesting that the biggest differences between the bacterial
ciprofloxacin response at these time points are not related to metabolism.

Next, we wanted to explore the genomic landscape of selected mutants at each time point,
so we mapped the genes with an l2fc of ≤ -2 or ≥ 2 to see where they were in the genome
(Figure 6.7). We were interested to find that at 2 h, the TraDIS landscape looked somewhat
similar to the 2 h transcriptional landscape discussed in the previous chapter with the genes
in similar regions required for increased ciprofloxacin susceptibility. We wondered whether
this was because many of these genes are in prophage regions, and thus whether certain
prophage genes (with l2fc ≥ 2 over control) could be detrimental to survival early on during
ciprofloxacin exposure. There was, however, a clear shift in the pattern at 10.25 h, where
there were far more genes required for decreased ciprofloxacin susceptibility. Some of these
overlapped with those at 2 h, towards the end of the genome (Figure 6.7 A-B). While some
of these were also represented at 24 h, there were far fewer genes overall, as previously
discussed. At each time point, there were some hypothetical genes, which will require further
investigation to determine their roles and importance in the S. Typhimurium D23580 response
to ciprofloxacin.
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Figure 6.6 Metabolic pathways implicated by genes required for S. Typhimurium D23580 in-
creased ciprofloxacin susceptibility at 2, 10.25, and 24 h post-exposure. Metabolism-associated
genes required for increased ciprofloxacin susceptibility using BioCyc. Arrangement of pathways is
intended to mimic the bacterial cellular spatial arrangement. A. Genes with l2fc ≥ 2 at 2 h highlighted
in red. B. Genes with l2fc ≥ 2 at 10.25 h highlighted in purple. C. Genes with l2fc ≥ 2 at 24 h
highlighted in yellow.
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Figure 6.7 Chromosome maps of S. Typhimurium D23580 genes implicated in increased and
decreased susceptibility to 2x MIC ciprofloxacin using TraDIS. Genes in blue are those with l2fc
≥ 2 (increased ciprofloxacin susceptibility), and genes in red are those with l2fc ≤ -2 (decreased
ciprofloxacin susceptibility). A. Genes implicated at 2 h post-treatment. B. Genes implicated at 10.25
h post-treatment. C. Genes implicated at 24 h post-treatment.
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6.4 S. Typhimurium D23580 genes required for the
invasion of intestinal organoids

We subsequently investigated which S. Typhimurium D23580 genes were required for survival
and/or invasion of intestinal organoids. This was performed as an exploratory experiment
to evaluate the potential of a TraDIS assay in organoids and identify genes involved in
organoid infection. To trial this, we microinjected the S. Typhimurium D23580 transposon
mutant library that had been grown overnight in LB into the lumen of intestinal organoids
and left the bacteria injected organoids for 1.5 h. Subsequently, organoids were broken
apart, and the intact epithelial cells were treated with gentamicin to kill extracellular bacteria,
using a modified gentamicin protection assay509. Cells were then lysed, and bacteria were
enumerated and harvested after growth on L-agar plates, as previously established by Lees
et al. (Figure 6.8)378. Analysis for this experiment was performed as for the ciprofloxacin
time kill curve experiments using the Bio-TraDIS software.

Transposon 
mutant 
library

Micro-inject organoids 
with library

Lyse organoids and
grow bacteria on agar

Bacteria invade cells Harvest enriched
bacteria for TraDIS

Figure 6.8 Schematic of organoid invasion experiment using S. Typhimurium D23580 transpo-
son insertion library. Bacteria from the transposon mutant library were grown overnight in LB and
micro-injected into intestinal organoids. Organoids were disrupted and treated with gentamicin to
kill extracellular bacteria. Epithelial cells were lysed, and bacteria were plated for enumeration and
TraDIS.

Bacteria invading organoids may face considerable bottlenecks before entering the organoid
cells. Approximately 105 bacteria were injected into the organoid lumen, and 1.5 x 103

CFU were recovered post-invasion, a 100-fold loss of bacteria510. This was likely due to
extracellular killing, including both host factors such as defensins and gentamicin. As the
inoculum used for organoid infections is low, this may also prevent a fully representative
transposon mutant library from entering the organoid, thus limiting the number of mutants
exposed to a given organoid. Thus, a significant bottleneck may be occurring even before
bacteria invade the cells. We assessed the number of unique insertion sites in the output
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library and compared it to the input library (∼90,000 as discussed above). We found that
the number of unique insertion sites had diminished to ∼6000, indicating that there was a
significant bottleneck in organoid invasion. As a result of these bottlenecks, we could not
confidently determine the genes required for organoid invasion because it is not possible to
distinguish between mutants depleted due to extracellular killing, invasion, or absence in the
pool. Thus, we could only comment on genes not required for organoid invasion (genes with
l2fc ≥ 2 compared to control).

Intriguingly, we identified only two genes across the entire chromosome that were not
required for organoid invasion—srfA and ftsY. Effector protein SrfA has previously been
implicated in cytotoxicity to mammalian cells upon secretion into the host cell cytoplasm
after infection, and has been noted to cause apoptosis of HeLa cells511,512. Lei et al. found
that the loss of srfA results in a lower induction of NF-κB in infected macrophages512. While
ftsY does not appear to have been well-studied in Salmonella, studies in E. coli have shown
protein FtsY to function as a signal recognition particle receptor. It appears to bind to the
cellular membrane, but further investigation is warranted to understand its role in organoid
invasion513,514.

6.5 Discussion

In this study, we wanted to explore the genes potentially involved in decreased or increased
ciprofloxacin susceptibility at different points post-exposure and the genes required for
intestinal organoid invasion. While these were two vastly different conditions, the overarching
goal was to develop a deeper understanding of the genetic requirements of S. Typhimurium
D23580 in two distinct stressful contexts with a focus on gaining insight into the unique
response to ciprofloxacin. As exposure to ciprofloxacin and invasion of organoids are
two extremely different conditions, it was clear that there were vastly different genes and
pathways required for survival under these conditions. Treatment with ciprofloxacin at three
distinct time points (2, 10.25, and 24 h) revealed a changing genetic requirement over 24
h, with the most diverse response occurring at 10.25 h post-treatment. To our knowledge,
this was the first time TraDIS has been used to study the temporal response of bacteria to
ciprofloxacin, which made it difficult to compare directly to other studies. Moreover, we
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used ciprofloxacin at 2x MIC, which is far higher than the sub-inhibitory dosages used by
others assaying transposon mutant libraries exposed to ciprofloxacin426,502,515.

However, we could identify some overlapping patterns of genes required for increased
ciprofloxacin susceptibility when comparing our data with that of Turner et al. Overlap-
ping genes that were implicated in metabolism were waaI (rfaI), a lipopolysaccharide
1,3-galactosyltransferase and mtlD, a mannitol-1-phosphate dehydrogenase, although there
were others in parallel pathways426. The phosphate transport system regulator phoU was
also found in common, as was trkH, the gene encoding the trk system potassium uptake
protein TrkH, and gidA, which encodes glucose-inhibited division protein GidA. This was
further validated by another study by Turner et al. finding that an E. coli transposon mutant
library treated with fosfomycin implicated phosphate transport systems in differential suscep-
tibility495. Importantly, although there was not an exact overlap between our data and that of
Turner et al. looking at S. Typhi, both data sets had genes in similar functional groups, with
two of the biggest groups being membrane-associated and metabolism-associated genes426.
There was also some overlap in the genes we found to have more insertions than expected
(genes required for increased ciprofloxacin susceptibility) and those found by Pickard et al.

in investigating bacteriophage-treated attenuated S. Typhi516. This suggests that Salmonella

might actively modulate some membrane and metabolism pathways and functions to better
survive in the presence of ciprofloxacin and associated stressors.

One caveat of comparing S. Typhimurium D23580 with S. Typhi used by Turner et al. is that
the organisms, while similar, are not identical, nor are the TraDIS libraries and experiments.
Thus, we also compared our data to the findings of Ondari et al., who performed TraDIS on
the S. Typhimurium D23580 transposon mutant library after exposure to human serum181.
They identified 82 genes with an l2fc ≥ 2, meaning that they contributed to increased serum
susceptibility, several of which were associated with the membrane. We compared this set of
genes against our set of genes with l2fc ≥ 2 found at all three time points, and we found genes
trkH, rbsC, and ramR in common. trkH encodes for potassium uptake protein TrkH, and
the loss of trkH has previously been found to decrease aminoglycoside uptake and enhance
its resistance in Salmonella Typhimurium and E. coli517–519. trkH has not previously been
implicated in ciprofloxacin susceptibility, and the fact that it was found in our TraDIS analysis
and in that of Turner et al. suggests that it may have an unappreciated role in multidrug
resistance. rbsC encodes a membrane component of the ribose transporter, and although it
has been well-characterized in E. coli, it does not appear to have been associated previously
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with a change in ciprofloxacin susceptibility520–522. It has been found that mutations in
ATP-binding cassette transporter proteins can lead to multi-drug resistance, and the same
may occur for the ribose transporter520,523.

Interestingly, rfaP, which encodes lipopolysaccharide core biosynthesis protein RfaP, was
found in our analysis to contribute to increased ciprofloxacin susceptibility, while it and
related gene rfaH were found to decrease serum susceptibility in S. Typhimurium D23580
by Ondari et al. and in Klebsiella pneumoniae by Short et al.181,500. Loss of rfaP has
previously been implicated in increased susceptibility of S. Typhimurium to polymyxin, and
thus it is surprising that we found that loss of rfaP decreased ciprofloxacin susceptibility in
our hands524,525. However, modifications in LPS have been known to alter antimicrobial
susceptibility, and it may be that this is a case of a differential response to antimicrobial and
serum exposure289,526–528.

We also compared the genes implicated in decreased ciprofloxacin susceptibility found at
10.25 h to the genes found implicated in decreased serum sensitivity by Ondari et al.. There
was considerable overlap, including with csgF, the gene encoding curli production transport
and assembly protein CsgF. In addition, the flagellar genes flgH, flgI, and fliL were all impli-
cated in decreased ciprofloxacin susceptibility and decreased serum sensitivity181. These
similarities suggest that there could be multiple genes and pathways that S. Typhimurium
D23580 uses to combat various forms of stress. Interestingly, when we compared the genes at
10.25 h implicated in decreased ciprofloxacin susceptibility with those from a study analysing
TraDIS of an MDR (including ciprofloxacin) clone of Klebsiella pneumoniae exposed to
ciprofloxacin, there were no direct overlaps and only one potentially related gene ydiA in our
analysis that could be similar to ydiE found by Jana et al.515. It may be that there was so
little overlap between these studies because the K. pneumoniae clone they used was resistant
to ciprofloxacin, whereas S. Typhimurium D23580 is not. The lack of consistency between
our study and others suggests that there is high variability between how individual isolates
respond to ciprofloxacin, and the baseline resistance level of an isolate is an important
determinant of the response.

In assessing the genes required for organoid invasion, there were no direct comparisons
to make with the literature, as this was the first time, to our knowledge, that TraDIS was
performed on a transposon mutant library after invasion of organoids. However, the closest
comparisons could be made with in vivo studies of mice and in vitro studies with macrophages.
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6.5 Discussion

A study by Canals et al. of an S. Typhimurium D23580 transposon mutant library in murine
macrophages found that 87% of genes were considered required503. However, we were not
able to determine genes required for organoid invasion due to the significant bottlenecks.
One problem with comparing in vitro and in vivo infection models for TraDIS is that the
bottlenecks in vivo such as survival in stomach acid and in the face of an immune response
are different from those faced in vitro. Vohra et al. found that loss of SPI-1 and SPI-2 genes
conferred loss of fitness in bovine ileum and mesenteric lymph nodes, and there was a total
of 1289 genes required for survival in either compartment499.

While we gleaned some interesting insight into some S. Typhimurium D23580 genes required
for survival during ciprofloxacin exposure and invasion of intestinal organoids, we recognize
that there is considerable work yet to be done. There were some interesting candidate genes
implicated in increased ciprofloxacin susceptibility, including several encoding hypothetical
proteins, and it would be beneficial to make single gene knock outs of these genes to
better understand their individual contribution to ciprofloxacin susceptibility. In addition, it
would be valuable to more closely analyse each gene that was implicated in ciprofloxacin
susceptibility at each time point to better characterize the differences in the bacterial response
at discrete time points. Furthermore, future experiments could use a more sophisticated
approach to TraDIS experiments to gain further insight. For example, Hassan et al. used cell
sorting on a transposon mutant library of Acinetobacter baumanii to target investigation of
differences in efflux systems between ethidium bromide-treated and non-treated libraries529.
Such an approach would be feasible for a ciprofloxacin-treated transposon mutant library
given the morphological changes that ciprofloxacin-treated bacteria undergo, and this could
cast light on genes involved in differential growth and survival. In addition, our study focused
solely on ciprofloxacin-treated S. Typhimurium D23580, but it would be useful to understand
how genes involved in fitness differ between different antimicrobial treatments. To better
understand what occurs intracellularly in the context of antimicrobial treatment, it would also
be feasible to use a transposon mutant library to look at the interaction of cellular invasion
and antimicrobial treatment, which has not previously been investigated.
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