




















4.4 Microscopic visualization of isolates exposed to ciprofloxacin
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Figure 4.6 Confocal imaging of S. Typhimurium D23580 over 24 h of ciprofloxacin exposure.
S. Typhimurium D23580 was treated with ciprofloxacin at 0x, 1x, 2x, or 4x MIC and imaged at
2 h intervals over 24 h using an Opera Phenix with a 63x objective. Bacteria were stained with
CSA-Alexa-647 (bacterial membrane, red), DAPI (nucleic acids, blue), and SYTOX Green (dead
cells, green). Six of the 12 time points are shown; images are from one representative experiment (of
three).
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from 10 h onwards and 2x MIC treated bacteria from 18 h onwards. However, overall, we
observed more elongation in S. Typhimurium D23580 bacteria treated with ciprofloxacin
compared to S. Typhimurium D23580 bacteria not treated with ciprofloxacin (Figure 4.6).
As these images were of bacteria fixed at individual time points rather than being tracked by
live imaging over 24 h, it was not possible to determine whether individual bacteria were
elongating and subsequently shrinking or whether a subpopulation of bacteria remained
as shorter forms. We subsequently sterile-filtered the media from the above experiments
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Figure 4.7 Confocal microscopy of ciprofloxacin sustainability after 24 h. S. Typhimurium
D23580 was inoculated in previously used media containing 0x, 1x, 2x, or 4x MIC ciprofloxacin and
imaged at 3.5, 6, and 8 h post-inoculation using an Opera Phenix with a 63x objective. Bacteria were
stained with CSA-Alexa-647 (bacterial membrane, red), DAPI (nucleic acids, blue), and SYTOX
Green (dead cells, green). Images from one replicate.

and reinoculated this filtered media with S. Typhimurium D23580 and imaged growth in
these reinoculated samples using the Opera Phenix. Images were captured at 3.5, 6, and 8
h post-inoculation to have enough bacteria for imaging (Figure 4.7). Salmonella bacteria
grown in the spent medium behaved similarly to those grown in fresh medium, concurring
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with our observations in the S. Typhimurium D23580 TKC using spent medium (Figure 4.4
A).

An image analysis pipeline was developed using the Perkin Elmer Harmony software associ-
ated with the Opera Phenix system to capture various morphological parameters associated
with single S. Typhimurium, as previously described in Chapter 3. As a first step, the
pipeline used as input the images taken over 24 h of S. Typhimurium treated with different
concentrations of ciprofloxacin. Initially the images in each well were analysed to determine
numbers of bacteria over the 24 h in the four treatment conditions, and across three biological
replicates. We found that while there were some outliers at certain time points, there were
relatively consistent numbers of S. Typhimurium bacteria identified by the software at each
imaging time point and across treatments (Figure 4.8). The number of S. Typhimurium
D23580 single bacteria per well across all time points and treatments from three replicates
averaged 1173 (sd ± 1985). The number of S. Typhimurium VNS20081 single bacteria per
well across all time points and treatments from three replicates averaged 1640 (sd ± 1913).
It was not surprising to see this level of variability across three biological replicates and all
time points and treatments.

After determining bacterial numbers across replicates and between time points and treatments,
we analysed the change in bacterial length over 24 h (Figure 4.9). Consistent with the images
(Figure 4.6), we determined an initial overall increase in average length of the bacteria
treated with ciprofloxacin but then a reduction in average length over time. The higher the
ciprofloxacin concentration, the longer it took for the average bacterial length to reduce.
Despite the trend that the average length of treated bacteria diminished over time to levels
more similar to the non-treated (0x) bacteria, there was a significant difference (p < 0.05)
in bacterial length between treated and non-treated S. Typhimurium D23580 at 24 h, with
the exception of 1x and 2x MIC-treated D23580 bacteria. For S. Typhimurium VNS20081,
there was also a significant difference (p < 0.05) in length between all except the 1x and 2x
MIC-treated bacteria at 24 h. Given that the most determined variability occurred in the 4x
MIC treatment, we further scrutinized this population by comparing differences between
the three replicates over 24 h (Figure 4.9 B, D). We found that in S. Typhimurium D23580,
there was significant variance in average length between replicates, especially from 16 h
onwards. This mirrored the stochastic behaviour observed in the 24 h TKC (Figure 4.3 C,
D). In contrast, S. Typhimurium VNS20081 4x MIC replicates, while heterogeneous, did
not display the same degree of differences at later time points. Based on the growth imaging
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Figure 4.8 Single bacteria per well over 24 h of ciprofloxacin exposure. Numbers of single S.
Typhimurium D23580 (A) and S. Typhimurium VNS20081 (B) per well over 24 h were plotted for
three replicate experiments with bacteria exposed to 0x, 1x, 2x, or 4x ciprofloxacin MIC. Each point
represents the number of single bacteria per well (two replicate wells per time point and condition, 6
wells total per time point across three replicates).

analysis, it appeared that the two S. Typhimurium isolates investigated were able to adapt to
high levels of ciprofloxacin exposure and that there may be resistant subpopulations driving
this phenotype. However, the two isolates had slightly differing responses, which may be
explained by their genetic backgrounds.
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Figure 4.9 S. Typhimurium bacterial length over 24 h in total single cell and 4x MIC treated
population. S. Typhimurium D23580 (A, B) and S. Typhimurium VNS20081 (C, D) were imaged
over 24 h and single bacterium data was analysed. Comparison of all four treatments (0x, 1x, 2x,
4x ciprofloxacin MIC) was plotted from one representative experiment (A, C), and a comparison of
the 4x MIC treatment across 24 h was plotted from the three replicates (B, D). A one-way ANOVA
was used to compare treatments at 24 h, and Tukey’s HSD method was used to compare individual
treatment means. All experiments, with the exception of the S. Typhimurium D23580 22 h time point,
were performed in triplicate.
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Figure 4.10 Scanning electron microscopy of S. Typhimurium D23580 at 2 and 8 h, 0x or 2x
ciprofloxacin MIC exposure. SEM was conducted on S. Typhimurium D23580 at two time points (2
and 8 h) post-treatment with 0x or 2x ciprofloxacin MIC. White arrows indicate blebbing or shedding
from ciprofloxacin-treated bacteria after 8 h.
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4.5 Generation of spontaneous gyrA mutations in D23580 and SL1344

To explore other options for imaging variation within the bacterial populations, we next
performed scanning electron microscopy on S. Typhimurium D23580 bacterial colonies at 2
and 8 h post-exposure to 2x ciprofloxacin MIC and compared to non-treated bacteria (Figure
4.10). We had previously noted that after growth of S. Typhimurium ST313 isolates under
biofilm-forming conditions, we could visualise sectored colonies, indicating some sort of
population variation in these isolates176. Moreover, transcriptomic studies have shown an
involvement of outer membrane proteins of the omp family in ciprofloxacin resistance441.
Interestingly, but in concordance with our prior image analysis, we found considerable
variability in length of both the ciprofloxacin-treated and non-treated S. Typhimurium D23580
bacteria. At 2 h post-treatment, it was difficult to distinguish between the treated and non-
treated bacterial populations. However, at 8 h, from the images, there appeared to be multiple
phenotypes associated with ciprofloxacin treatment. In the 2x MIC-treated population, there
were some S. Typhimurium D23580 bacteria with no obvious difference (8 h top panels)
from similar non-treated cells, while on some treated bacteria we could visualise small
blebs (white arrow), and yet others appeared to be shedding materials from the bacterial
cell surface (white arrow). A similar phenotype has been previously documented in other
organisms442–444. Thus, the SEM analysis indicated that some individual bacteria were
undergoing morphological changes after exposure to ciprofloxacin, but there did not appear
to be a uniform response.

4.5 Generation of spontaneous gyrA mutations in D23580
and SL1344

To further explore the response of S. Typhimurium to ciprofloxacin, we generated sponta-
neous gyrA mutants in the ciprofloxacin sensitive isolates SL1344 and D23580. The rationale
for doing this was to determine how the acquisition of a SNP in gyrA would influence
phenotypic responses to ciprofloxacin. Spontaneous gyrA mutants were selected by growing
S. Typhimurium SL1344 and D23580 on agar plates containing increasing concentrations
of nalidixic acid, a first-generation fluoroquinolone. It was necessary to first grow S. Ty-
phimurium SL1344 and D23580 on nalidixic acid plates because the rate of selection of
spontaneous single-step resistant mutants is considerably higher on nalidixic acid than on
ciprofloxacin for ciprofloxacin-sensitive bacteria445. Any colonies that grew were maintained
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Figure 4.11 Characterization of S. Typhimurium SL1344 and D23580 spontaneous gyrA mu-
tants. Spontaneous gyrA mutations were made in S. Typhimurium SL1344 and D23580, and mu-
tations were verified by Sanger sequencing, showing amino acid changes in GyrA at amino acid
position 87 (A). TKC were performed for SL1344*gyrA and D23580*gyrA at the WT concentration
(B, D, respectively) and new concentration (C, E, respectively). A one-way ANOVA was used to
compare treatments at 24 h, and Tukey’s Honest Significant Difference (HSD) method was used to
compare individual treatment means. All experiments were performed in triplicate (dashed, dotted,
and solid lines).
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over multiple passages on nalidixic acid and then transferred to ciprofloxacin plates and
passaged serially. To verify that any selected mutants did contain a SNP within gyrA, a
portion of gyrA was PCR-amplified, and Sanger DNA sequencing was performed.

Sequences of gyrA regions determined from different candidate nalidixic acid resistant
derivatives were analysed using the Basic Local Alignment Search Tool (BLAST), and
this analysis identified an S. Typhimurium D23580 spontaneous mutant (D23580*gyrA)
with a non-synonymous mutation at amino acid position 87 changing D to G (D87G)446.
Additionally, we identified a SL1344*gyrA derivative, which had a mutation within gyrA

at position 87, changing D to Y (Figure 4.11 A). A brief search in BLAST revealed that
these mutations have previously been documented in other Salmonella isolates. The MIC
of the mutants was assessed, and we found that D23580*gyrA had an MIC to ciprofloxacin
of 0.5 µg/ml, increased from 0.03 µg/ml, and SL1344*gyrA had a new MIC of 1.0 µg/ml,
increased from 0.015 µg/ml. To determine whether these SNPs altered growth dynamics
with or without ciprofloxacin treatment, TKC were performed with the S. Typhimurium gyrA

mutants at the wild-type (WT) MIC and new MIC. We found that neither SL1344 nor D23580
treated at WT MIC levels showed differences in growth between the four concentrations of
ciprofloxacin exposure (p > 0.05) (Figure 4.11 B and D, respectively). In contrast, there
was a stratified response when the gyrA mutant derivatives were exposed to ciprofloxacin
levels at and above the new MIC (Figure 4.11 C and E). This implied that a mutation in
gyrA within the quinolone resistance determining region of S. Typhimurium has a direct and
measurable effect on the MIC, and a significantly higher concentration of ciprofloxacin is
required to inhibit growth of the gyrA mutant derivatives.

4.6 Investigation of SNPs involved in desensitization to
ciprofloxacin

To further understand the changes in bacterial growth over 24 h exposure to ciprofloxacin,
we performed whole genome sequencing of S. Typhimurium D23580 WT bacteria grown at
0x, 1x, 2x, or 4x ciprofloxacin MIC. Bacteria were collected in three separate ways in three
replicates to capture the potential population heterogeneity, and DNA was sequenced (see
section 2.4 and Appendix A). The three methods of bacterial collection were the 24 h liquid

109



Characterization of growth dynamics of S. Typhimurium following ciprofloxacin exposure

cultures, single colonies grown on agar plates from the 24 h cultures, and a plate sweep of
bacterial spread on agar plates from the 24 h cultures. After whole genome sequencing, we
performed a SNP analysis to identify any SNPs arising from ciprofloxacin exposure. SNPs
were analysed using bcftools, and the majority base call was set as presence in a minimum
of 75% of the reads mapping at a given base. While we appreciate that this was a stringent
cut-off and may have been overly strict, this threshold allowed us to examine only dominant
SNPs that were found in a clear majority of sequenced reads.

We did not find any SNPs in the non-treated S. Typhimurium bacteria, suggesting that
spontaneous mutations do not arise when there is no selective pressure. Curiously, there
were also no mutations in the bacteria treated at 4x ciprofloxacin MIC. We hypothesized
that this may be due to the very low level of growth in the 4x ciprofloxacin MIC-treated
cultures across the three replicates. This possibly indicates that 4x ciprofloxacin MIC for S.

Typhimurium D23580 may be a bacteriostatic concentration of ciprofloxacin that is too low
to kill all bacteria but sufficiently high to prevent the formation of viable mutants. In contrast,
we observed three SNPs that arose in some of the replicates of the 1x and 2x ciprofloxacin
MIC treatments.

Interestingly, there was variation in the occurrence of SNPs between replicates and growth
methods. Given the small sample size of three replicates, it was not possible to extrapolate
broadly from this experiment how much variation there is within the whole population.
However, it was interesting that the SNPs differed between replicates, which suggests that
S. Typhimurium D23580 bacteria do not have a fixed response to a given concentration of
ciprofloxacin, Furthermore, there were some variations between the individual colonies that
were selected. This suggests that there might be some degree of genetic heterogeneity within
the population that survives ciprofloxacin exposure for 24 h.

There were three SNPs that arose. The first was a SNP in gyrA, which we only observed in
one replicate of the 2x ciprofloxacin MIC -treated bacteria. Interestingly, upon comparison
of the turbidity of the 24 h cultures, we observed that the replicate with a gyrA mutation
was the only 2x MIC culture that grew to high density on par with the non-treated cultures
(Figure 4.12). The SNP in gyrA conferred an amino acid substitution at position 83 from
serine to tyrosine (S83Y), a common GyrA substitution found in S. Typhimurium clinical
isolates176,190,447. In contrast, neither of the low growth 2x MIC treated culture replicates
had SNPs in gyrA. One replicate, however, did have a SNP in hydA (hypF), which partially
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Figure 4.12 SNP analysis of S. Typhimurium D23580 bacteria grown for 24 h in culture medium
containing ciprofloxacin. S. Typhimurium D23580 bacteria were grown for 24 h in 4 different
concentrations of ciprofloxacin: 0x, 1x, 2x, or 4x MIC. SNPs only found in the 1x and 2x MIC-treated
bacteria. All 1x MIC-treated cultures were noted to be turbid, but only one 2x MIC-treated culture
was turbid (Replicate 3) and had a SNP in gyrA.

encodes [NiFe]-hydrogenase Hyd-5, an enzyme involved in the process of H2 oxidation448.
The subunits comprising Hyd-5 contain a transmembrane domain449. Interestingly, this same
SNP was observed in one of the 1x ciprofloxacin MIC-treated replicates.
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Across the three 1x ciprofloxacin MIC-treated cultures, we observed consistently high turbid-
ity at the end of 24 h growth, suggesting that growth was not impeded by the ciprofloxacin
concentration (Figure 4.12). Interestingly, the SNPs found differed between the replicates.
In the first replicate, there were no SNPs, while in Replicate 2, there was a SNP within ramR,
a tetR-like repressor of ramA450,451. The inactivation of ramR has been shown to confer
MDR in S. Typhimurium through enhanced activity of the AcrAB efflux pump (Abouzeed,
Baucheron, 2008). The same SNP was also found in the third replicate of 1x ciprofloxacin
MIC-treated bacteria, although that population also had a SNP in hydA. It is possible that
the introduction of a SNP in ramR sufficiently increases the efflux of ciprofloxacin to help
bacterial survival at a 1x MIC dosage without the requirement for changes in gyrA. Although
this experiment was small, we were surprised by the consistency of the SNPs found between
biological replicates, suggesting that these SNPs may play a role in modulating survival
during ciprofloxacin exposure. Further analysis of these SNP data to test with altered thresh-
olds for base calling, assessment of SNP heterozygosity within the population, and a greater
number of replicates would help clarify these findings.

4.7 Discussion

In this chapter, we explored the phenotypic response of four clinical S. Typhimurium iso-
lates to perturbation by ciprofloxacin at and above their MIC in vitro. While some degree
of phenotypic characterization has been performed previously on ciprofloxacin-treated S.

Typhimurium, we used a combination of TKC, microscopy, and SNP analysis to provide
a more comprehensive analysis of what may be occurring427–429. We demonstrated here
that while there are measurable differences in the ciprofloxacin response of isolates with
different MICs, they all exhibited a similar trend of an initial kill phase followed by recovery
despite the continued presence of active ciprofloxacin. Importantly, the degree and con-
sistency of this trend differed between isolates, and it appeared that sensitive isolates may
not respond as uniformly to above MIC ciprofloxacin concentrations. This may be because
they are very sensitive to the antimicrobial and even small amounts cause major changes
in the early behaviour and response of individual bacteria. The presence of ciprofloxacin
resistance determinants in S. Typhimurium VNS20081 and 5390_4 may contribute to their
more uniform response to this antimicrobial. We confirmed that the observed rebounding
growth characteristics were not due to the degradation of ciprofloxacin, meaning that the
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bacteria are able to not only survive but grow in sustained and consistent concentrations of
ciprofloxacin.

A study by Pribis et al. evaluated S. Typhimurium at sub-inhibitory concentrations of
ciprofloxacin and found that small subpopulations of bacteria treated with ciprofloxacin had
higher reactive oxygen species (ROS) activity, and the larger subpopulation with higher SOS
response contributed to a bet-hedging strategy that increased bacterial survival331. This may
well be a strategy employed by S. Typhimurium as well, and future work may help elucidate
the role of ROS and the SOS response in our observed phenotype. Pribis et al. also assert that
the elongated cells found in ciprofloxacin-treated cultures bud into smaller resistant daughter
cells. However, our microscopy and image analysis showed that under any treatment, there
is a diversity of bacterial lengths. This suggests that there is an underlying population of
shorter bacteria in ciprofloxacin-exposed cultures, and these may be driving the resistant
phenotype. Work by Bos et al. on E. coli has shown that bacteria treated with ciprofloxacin
at 0.125x MIC results in asymmetric cell division of filamentous bacteria resulting in the
budding off of resistant clones. Interestingly, they did not observe this phenotype at ≥
0.5x ciprofloxacin MIC, which they deemed a concentration of drug that severely impaired
chromosomal integrity433. While we did not investigate chromosomal viability in our study,
we did see surprising resilience of bacteria at ≥ 1x MIC concentrations and the development
of filamentous and non-filamentous cells between 1x and 4x MIC ciprofloxacin exposure.
It would be worthwhile to address chromosomal integrity and the cell fate of filamentous
versus non-filamentous organisms in follow up studies.

Finally, our investigation of nonsynonymous SNPs after 24 hours of ciprofloxacin exposure
revealed that gyrA is not the only gene that may undergo mutation and that there may
variation in SNPs depending on chance and the level of ciprofloxacin exposure. Perhaps
most importantly, we observed that the same genotypes did not arise over three biological
replicates of the same growth conditions, suggesting that the emergence and fixation of these
specific SNPs within the population is stochastic. Given the SNPs we observed, it would
be worthwhile to repeat a large number of 24 h growth cycles with a range of ciprofloxacin
concentrations and specifically assay for these mutations. This would better inform how
often these mutations occur and how they relate to bacterial growth.

While we hypothesized that there might be other SNPs in addition to gyrA that occurred, it
was surprising that there were only two others that occurred, and one of them, hydA, has not
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previously been observed in the context of ciprofloxacin exposure. It was interesting that the
same SNP in ramR arose twice, and this was the only drug efflux gene that had a mutation.
Gravey et al. found that three clinical isolates of Enterobacter hormaechei with elevated
MICs to ciprofloxacin and other antimicrobials had a 16 bp deletion in ramR, with enhanced
expression of RamA, AcrA, AcrB, and TolC452. We did not search for large deletions within
genes of potential interest, but this may be an important further step to probe for additional
changes in the genome. Overall, our data suggest that exposure of S. Typhimurium to 1x
ciprofloxacin MIC may induce SNP changes although not in gyrA. In combination with our
phenotyping data, it appears that ciprofloxacin exposure at MIC and above-MIC dosages
for 24 h effects obvious phenotypic and genotypic changes on S. Typhimurium. Further
analysis of these genes independently and in concert with other experiments will be critical
to understand the full extent of changes wrought on bacteria by ciprofloxacin.
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