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Investigation of transcriptional response of Salmonella Typhimurium under ciprofloxacin
exposure
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Figure 5.12 Light microscopy of S. Typhimurium D23580 separated by density fractionation.
NT bacteria were found predominantly within the 50% sucrose fraction. Ciprofloxacin-treated bacteria
separated into three distinct fractions: within 50% sucrose, within 60% sucrose, and at the interface
between the 60% and 70% gradients. Bacteria were stained using a Gram-staining protocol and
imaged on a light microscope at 900-1000x magnification.

We next sought to investigate the location and spatial distribution of some of the genes
differentially expressed between the ciprofloxacin-treated 50% gradient relative to the NT,
and between the ciprofloxacin-treated 60% gradient relative to the ciprofloxacin-treated 50%
gradient. As before, we mapped the chromosomal genes and highlighted genes of interest
(Figure 5.14). We saw similar patterns as in the bulk treatment in the ciprofloxacin-treated
50% with the NT (Figure 5.14 A). However, as observed in the Figure 5.14, the landscape
was distinct when comparing the ciprofloxacin-treated bacteria of higher density with those
of lower density (in 50% gradient). It was striking that sulA, a gene that is typically highly
upregulated at 2 h post-treatment, including in Figure 5.14 A, was downregulated in the
ciprofloxacin-treated D23580 in the 60% gradient compared against those in the 50% gradient
(Figure 5.14 D). Additionally, the rec genes were only slightly upregulated, and umuC and
umuD were not discernibly differentially regulated, possibly because they are similarly
upregulated in both conditions relative to NT. In contrast, there was strong downregulation
of genes within the Salmonella Pathogenicity Islands (SPI) 1 and 2 (Figure 5.14 E)485–487.
SPI-1 and SPI-2 are involved in invasion and intracellular replication, respectively, and
downregulation of these functions may suggest that the ciprofloxacin-treated higher-density
bacteria are incapable of effectively invading host cells and surviving intracellularly. In
addition, genes implicated in motility and chemotaxis were downregulated, further suggesting
that the ciprofloxacin-treated higher-density bacteria might not be capable of invasion or an
intracellular lifestyle (Figure 5.14 F).

To clarify the genetic networks involved, we conducted an analysis on the set of downreg-
ulated genes with an l2fc ≤ -2 on the ciprofloxacin-treated 60% gradient relative to the
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5.5 Transcriptional profile of density-separated D23580 upon ciprofloxacin exposure

Figure 5.13 Differential expression of S. Typhimurium D23580 bacteria separated by sucrose
gradients following 2 h growth. A. Differential expression of all genes (p < 0.05) of ciprofloxacin-
treated S. Typhimurium D23580 bacteria in the 50% gradient relative to NT bacteria in the 50%
gradient (NT) (a), ciprofloxacin-treated bacteria in the 60% gradient relative to NT bacteria in the 50%
gradient (b), and ciprofloxacin-treated bacteria in the 60% gradient relative to ciprofloxacin-treated
bacteria in the 50% gradient (c). B. Differential expression of all genes (p < 0.05) of ciprofloxacin-
treated bacteria in the 60% gradient relative to ciprofloxacin-treated bacteria in the 50% gradient (c)
and ciprofloxacin-treated bacteria in the 60-70% interface relative to ciprofloxacin-treated bacteria in
the 50% gradient (d).
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Figure 5.14 Chromosome maps of differentially expressed genes of ciprofloxacin-treated S. Ty-
phimurium D23580 in the 50% sucrose gradient relative to NT bacteria in the 50% gradient
and ciprofloxacin-treated D23580 in the 60% gradient relative to those in the 50% gradient.
All chromosomal genes (p < 0.05) are represented in grey. A-C. Differentially expressed genes of
ciprofloxacin-treated D23580 in the 50% sucrose gradient relative to NT bacteria in the 50% gradient.
Each colour represents different functional groups of genes. D-F. Differentially expressed genes of
ciprofloxacin-treated D23580 in the 60% gradient relative to those in the 50% gradient. Genes are
coloured according to their involvement in pathways or functions of interest: efflux (green), rpoS
(brown), SOS response or DNA damage (yellow), transport (purple), SPI-1 (magenta), SPI-2 (blue),
motility (salmon).
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5.6 Discussion

ciprofloxacin-treated 50% gradient (Figure 5.15). As we had noted by plotting of the genes
along the chromosome, the biggest network of genes was comprised of those involved in
invasion. In addition, there were three small independent clusters of SPI-1 genes, one of
which was centred around SPI-2-encoded transcriptional regulator ssrB486,488. While there is
further analysis to be done to understand the differences between D23580 bacteria of different
densities upon ciprofloxacin exposure, our initial analyses have opened some avenues of
exploration.

Figure 5.15 Network analysis of genes highly downregulated in ciprofloxacin-treated S. Ty-
phimurium D23580 within 60% sucrose gradient relative to 50% sucrose gradient. Genes with
an l2fc ≤ -2 were subjected to pathway analysis using web tool Phenetic. Genes were clustered
according to their location within known S. Typhimurium genetic networks.

5.6 Discussion

In this study, we sought to characterize the transcriptional landscape of S. Typhimurium
after exposure to ciprofloxacin. While the transcriptional study of ciprofloxacin-perturbed S.

Typhimurium is not novel, our choice of isolates and conditions was unique and revealed some
novel insight into S. Typhimurium response to ciprofloxacin. Our first analysis comparing four
isolates of S. Typhimurium exposed to 2x ciprofloxacin MIC demonstrated that the response
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to ciprofloxacin is time- and isolate-specific. Future analysis could link the similarities and
differences in transcription between the isolates with their genetic background. In particular,
the response of ST34 VNS20081 was overlapping but distinct from the other three isolates,
and this may be due to the chromosomal architecture and genetic differences. In addition,
there were several interesting aspects of the genome that we would like to further analyse
in future work. A significant one is the prophage regions of the chromosome, which had
amongst the greatest relative upregulation under ciprofloxacin exposure, and it would be
worth exploring in greater depth the placement and specific involvement of these genes in
response to ciprofloxacin. Additionally, there were several genes annotated as “intergenic
regions” within the chromosome that we did not include in our analysis of chromosomal
genes. However, a brief analysis of these regions has shown that some of them are non-
coding RNAs, some are potentially small RNAs, and others are poorly-annotated genomic
regions, many of which are phage-associated. Furthermore, our analyses did not include
plasmid genes, which may play a significant role in the adaptation to ciprofloxacin pressure.
Such analysis would be important to perform in the future. Lastly, we chose two distinct
time points at which to study the four isolates, and it was clear that there were significant
differences in the transcriptional response at each time point. This suggests the need for
greater investigation of the temporal response to ciprofloxacin, and future work should
incorporate additional time points to follow the changes in transcription.

Our subsequent transcriptional analysis of D23580 subjected to a variety of chemical stressors
revealed important differences between the response to distinct drugs. An important finding of
this analysis was that there was a strong difference in the degree of response between D23580
bacteria treated with a sub-inhibitory (0.5x MIC) and above-MIC (2x MIC) ciprofloxacin
dosage. While we have conducted many of our experiments using 2x MIC of ciprofloxacin,
many studies in the literature have focused on sub-inhibitory concentrations331,426,433,469,489.
Given that bacteria are likely exposed to above-MIC concentrations of ciprofloxacin in a
clinical context, it is important to evaluate the bacterial response to diverse ciprofloxacin
concentrations, and future work should consider this. In addition, our analysis demonstrated
that exposure to DNA damage-inducing drug Mitomycin C, while similar in some regards to
ciprofloxacin exposure, did have a unique transcriptional signature. Even more importantly,
exposure to azithromycin, a drug with a different mechanism of action, triggered a completely
distinct transcriptional response. While not unexpected, this was important in recognizing
that the transcriptional response of S. Typhimurium D23580 to ciprofloxacin appears to be
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5.6 Discussion

specific. However, it would be useful to expand the group of chemical perturbations to further
elucidate how S. Typhimurium responds to each class of antimicrobials.

Alongside this analysis, we were able to demonstrate that a gyrA mutant of D23580 has a
distinct transcriptional signature to D23580 WT and that perturbation with a sub-inhibitory
concentration of ciprofloxacin has almost no effect on it. Further investigation into the
factors driving this and response to higher concentrations of ciprofloxacin are warranted. In
addition, an isogenic gyrA mutant is an important tool for understanding the development of
ciprofloxacin resistance, and there are many transcriptomic and other experiments that could
be undertaken with this strain.

Lastly, we investigated the transcriptional response of S. Typhimurium bacteria that had been
density-separated. Given our prior knowledge that a batch culture of ciprofloxacin-exposed
D23580 contained bacteria of different lengths (far more so than non-treated bacteria), we
wanted to determine transcriptional differences between these populations. Density fraction-
ation proved to be a successful technique to separate the different bacterial populations for
sequencing, as has been shown previously, and we, too, were able to glean insight from the
different populations490. This analysis revealed that there was considerable difference in tran-
scription between higher and lower density bacteria that had been exposed to ciprofloxacin.
While others have used fluorescence activated cell sorting and imaging to study the differ-
ences between elongated and non-elongated bacteria upon ciprofloxacin-exposure this had
not previously been done in S. Typhimurium using density fractionation and with above-
MIC ciprofloxacin concentrations331,433. Importantly, there was strong downregulation of
SPI-1 and SPI-2 genes in the higher density ciprofloxacin-treated bacteria, suggesting a
decreased ability to invade and replicate within hosts. Future work should pursue the invasion
capabilities of bacteria of different densities.

Our initial analyses may be an important step towards understanding how S. Typhimurium
bacteria are able to cope with and overcome ciprofloxacin exposure. Given the prevalence of
ciprofloxacin usage, it is essential to better understand how bacteria are responding to this
pressure, and these studies begin to elucidate some of the genes and networks that may be
involved.
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