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7.4 Assessment of two distinct biofilm morphotypes in S. Typhimurium ST313 lineages.
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Figure 7.10 Principal component analysis of morphological parameters of 5 S. Typhimurium
ST313 isolates with “intermediate” ciprofloxacin susceptibility following four different
ciprofloxacin treatments. A. Principal component plot of the 5 S. Typhimurium ST313 “inter-
mediate” isolates after growth for 2 h without ciprofloxacin treatment. B. Principal component plot of
the 5 S. Typhimurium ST313 “intermediate” isolates after growth for 2 h in 0.06 µg/ml ciprofloxacin.
C. Principal component plot of the 5 S. Typhimurium ST313 “intermediate” isolates after growth
for 2 h in 0.25 µg/ml ciprofloxacin. D. Principal component plot of the 5 S. Typhimurium ST313
“intermediate” isolates after growth for 2 h in 1.0 µg/ml ciprofloxacin. Analysis was performed on
combined three biological replicates, the first three principal components were plotted, and each
isolate was depicted in a different colour.

mechanisms clustered distinctly from all the other isolates and each other. This may imply that
the unknown mechanism of DCS in gha113289 is unique from the known ones found in the
other isolates and results in distinct morphological changes to the bacteria. Identification of
SNPs found uniquely in gha113289 compared against the other “intermediate” susceptibility
isolates could help narrow down a potential DCS mechanism, for instance the putative drug
efflux protein discussed earlier.

While the image analysis and subsequent principal component analyses did not identify
any genetic mechanisms involved in ciprofloxacin susceptibility, they exposed some finer
differences between the organisms that would not otherwise be obvious from genomic
analysis and MIC testing.

7.4 Assessment of two distinct biofilm morphotypes in S.
Typhimurium ST313 lineages.

Our final analysis in this line of study looked at the biofilm morphotypes of a set of 10
S. Typhimurium ST313 isolates. Previous work by Van Puyvelde et al. has shown the
distinct biofilm morphotypes of isolates found on specific branches of ST313 lineage II and
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isolates with a range of ciprofloxacin susceptibilities
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Figure 7.11 Colony morphotypes of S. Typhimurium bacteria grown under biofilm-forming
conditions across ST19, ST313 lineage II, and ST313 lineage II.1. S. Typhimurium ST19 isolates
grown under biofilm-forming conditions develop a distinct colony morphology known as “red, dry,
and rough”. S. Typhimurium lineage II isolates grown under the same conditions display red and
smooth colony morphology, while ST313 lineage II.1 isolates display white and smooth colony
morphology. Adapted from Van Puyvelde et al., 2019176.

connected the distinct biofilm morphotype to a 1-nucleotide gap in the poly-A stretch of the
promoter of csg, the amyloid curli master regulator (Figure 7.11)176,434.

We wanted to investigate these bacterial morphologies in greater depth using scanning
electron microscopy (SEM) following biofilm growth conditions to determine whether there
were discernible differences between isolates within colonies based on our pre-existing
knowledge of the genetic factor and consequent biofilm morphology (Figure 7.12). Using
ST313 lineage II reference isolate D23580 as a baseline, we compared nine isolates found in
four different blocks across the phylogenetic tree. The isolates were chosen for their biofilm
morphotypes of either red or white, both of which are found with ST313 lineage II isolates
and distinct from the characteristic ST19 “red, dry, and rough” (RDAR) morphotype of ST19
isolates (Figure 7.11)434.

The phylogenetic clusters were further chosen because of the observation of similar phylo-
genetic sub-structure within ST313 lineage II, which may imply some deeper similarities
between these branches (Figure 7.12 B). We were able to compare five white colonies against
five red colonies for SEM. We first looked for gross differences between the red (red box) and
white (white box) morphotype isolates. It appeared that the red colonies were more likely to
have a coat-like structure around them and seemed to be smaller and rounder, while the white

184 Sushmita Sridhar



7.4 Assessment of two distinct biofilm morphotypes in S. Typhimurium ST313 lineages.

biofilm morphotype isolates appeared to be slightly more elongated and had more fimbriae.
However, these distinctions were not uniform as isolate 6549_3 (red, 10 on the phylogenetic
tree) showed bacterial length more similar to the white morphotypes and also appeared to
have considerable fimbriae. Interestingly, isolate 8429_3 (white, 8 on the phylogenetic tree)
lacks the csgD promoter gap, although we could not immediately link this information to the
isolate’s bacterial morphology.

We then scrutinized the SEM images by phylogenetic cluster to determine whether we
could detect differences between clusters. It was difficult to pull out systematic differences
between the isolates, especially given that there was considerable heterogeneity within a given
bacterial isolate’s image. To the untrained eye, isolate 6549_3 (red, 10 on the phylogenetic
tree) looked most distinct from the rest, given that all the bacteria in the field were oriented
in the same direction and did not display the wrinkled or shedding phenotype that many
of the others had. Isolate 10433_3 (white, 6 on the phylogenetic tree) also looked distinct
in that it did not have any surface decorations. We hypothesized that the substance being
produced or shed could be amyloid curli, the primary component of Salmonella biofilms434.
However, this remains to be confirmed, and we have requested specific anti-curli antibodies
from collaborators.

We attempted to correlate biofilm morphotype to ciprofloxacin MIC, given the known
correlations between these two factors. We found that all the red biofilm morphotype isolates
with measured MICs were between 0.002 and 0.016 µg/ml (18 tested). In contrast, the
white biofilm morphotype colonies had an MIC of 0.023 µg/ml (6 tested). This was a
marginal difference in ciprofloxacin MICs, although we were intrigued by the consistently
lower MICs of the red biofilm morphotype isolates. Given the small sample size in the
overlap of isolates tested for biofilm morphotype and ciprofloxacin MIC, it was difficult to
extrapolate real meaning from this information, and it would be worthwhile assessing the
biofilm phenotype and ciprofloxacin MIC in a larger set of ST313 isolates. While we did not
conduct pairwise SNP analyses of the isolates within each phylogenetic branch, it is possible
that doing so could yield greater insight into how the genetic differences between these
isolates are impacting biofilm formation. Conversely, a SNP analysis may help elucidate
which morphological characteristics are more relevant in the context of biofilm formation.
SEM imaging of the 10 isolates gave us a closer look at the morphological differences
between the biofilm morphotypes contained within distinct phylogenetic clusters, but there is
more work to be done to distil what these morphological characteristics mean.
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Figure 7.12 Scanning electron microscopy and phylogeny of selected S. Typhimurium ST313
lineage II and lineage II.1 isolates grown under biofilm-forming conditions. A. Scanning electron
microscopy images were taken of 5 S. Typhimurium ST313 lineage II (“red and smooth” colony
morphotype) and 5 lineage II.1 (“white and smooth” colony morphotype) isolates grown in biofilm-
inducing conditions. Background box colour indicates whether the isolate has a red or white biofilm
morphotype, and the number next to each isolate corresponds to location on the phylogenetic tree of
African S. Typhimurium. B. Phylogenetic tree of S. Typhimurium with chosen isolates for SEM under
biofilm-forming conditions highlighted in grey. Adapted from Van Puyvelde et al., 2019176.
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7.5 Discussion

In this study, we attempted to gain greater insight into S. Typhimurium ST313 biology and
bacterial response to stress by identifying links between genotype and phenotype. We began
by choosing a representative set of 108 diverse African S. Typhimurium isolates to focus
genomic and phenotypic analysis. On these isolates, we performed pangenomic and SNP-
level analyses to identify potential genes and SNPs that may be implicated in ciprofloxacin
susceptibility. The combination of phenotypic MIC data and SNP sequence data enabled us
to focus on the differences in MIC that could be explained by the genetic basis of an isolate.
While we were able to find some promising candidate SNPs and genes, particularly relating
to drug efflux and hypothetical proteins, a larger set of phenotyped isolates would have given
our pangenomic analyses greater power to discern differences between isolates with different
ciprofloxacin MICs. Esaiassen et al. studied pathogenicity in the Bifidobacterium pangenome
by measuring the MICs of a small set of 15 clinical isolates and then performing pangenomic
analysis on these isolates and sequences from genomically-determined non-invasive and
invasive isolates publicly available in GenBank. This enabled them to phenotype a small
sample of isolates but compare these to a larger set of existing Bifidobacterium sequences559.
However, their analysis did not find any pathogenicity traits associated with invasive isolates,
similar to our lack of any specific genes linked to ciprofloxacin susceptibility or known DCS
determinants. This suggests that a pangenomic analysis would benefit from a greater number
of samples tied to more robust phenotypic data. For instance, Katiyar et al. performed a
pangenomic analysis of phenotyped clinical isolates of S. Typhi, and they were able to find
genes in the core genome linked to metabolism and in the accessory genome linked to AMR
and pathogenesis560. In our analysis, it was essential to have phenotypic (MIC) data where
possible because this allowed us to correlate mechanisms of DCS with the MIC. Performing
pangenomic analysis in the absence of phenotypic data could be a rapid and powerful way of
determining AMR in a large set of sequenced bacterial isolates, as shown by Moradigaravand
et al.; however, this type of analysis paired with phenotypic information could provide greater
insight into AMR differences between related organisms561.

Combining SNP-based analyses with pangenomic analysis could yield yet more information
on the relatedness between organisms and genetic factors contributing to a phenotype because
it is possible to look for changes within genes in addition to their presence or absence. In
our exploratory study of 82 S. Typhimurium ST313 isolates, it was feasible to compare the
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limited number of SNPs because the organisms are highly related, which meant that we could
more easily look for differences that might be associated with ciprofloxacin MICs. A study
of E. faecalis and E. faecium showed that SNP-based analysis could differentiate between
human-specific and human-associated isolates. Also, combining in silico and phenotypic
antimicrobial resistance profiling was able to more precisely pinpoint genetic diversity in
the organisms562. Similarly, Fashae et al. used a combined approach of MIC phenotyping
and SNP-based analysis to distinguish between Salmonella species obtained from cattle
and humans563. Our analysis of SNPs within genes of different functional groups gave us
some insight into which pathways and cellular compartments were different between our
82 isolates of interest. However, it was still difficult to determine which SNPs and genes
might be most relevant to investigate in greater detail to discover meaningful phenotypic
differences.

An exploratory approach to studying genotype-phenotype interactions is to perform high-
content phenotyping of organisms and then extract genes or SNPs from the genomic data that
correspond to the phenotype. In recent years, high-content phenotyping has become more
feasible, although this has not yet been used widely in screening bacteria for AMR profiles.
We were interested in using such an approach to differentiate between a set of isolates
treated with different levels of ciprofloxacin, and our imaging yielded multiple interesting
findings. First, it appeared that 2 h treatment with ciprofloxacin might not be long enough
to easily distinguish between dosages for a given isolate; second, there was considerable
variability between isolates when looking at individual morphological parameters; and third,
combined analysis of all morphological parameters may be able to help distinguish between
isolates of differing ciprofloxacin susceptibility and phylogenetic relatedness. Shi et al.

developed a method for rapid high-throughput imaging and analysis of bacterial collections
using single-cell microscopy, which could be used for screening bacterial mutant libraries or
cells grown in a variety of conditions564. Conceivably, the analysed output of their screen
could be integrated with genomic data for the screened isolates to inform the link between
genotype and phenotype. However, their screening platform did not integrate automated
analysis of morphological features, which would be useful in extracting information about the
imaged bacteria. Others have similarly developed high-throughput phenotyping protocols and
methodologies, but these have not yet been applied in the context of large-scale phenotype-
genotype studies565–567. While Grosheva et al. recently used high-throughput screening to
demonstrate the impact of microbial factors on intestinal barrier function and integrity, their
study did not image at single-cell bacterial resolution to distinguish bacterial morphologies
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that could influence barrier function568. A similar screening approach but looking at infection
dynamics of a group of ST313 isolates and identifying morphological differences between
them could be an important next step in understanding differences between ST313 isolates
and relevance in infection.

Importantly, our high-content imaging and analysis illustrated the utility of image analysis
in distinguishing differences between bacterial isolates that were not readily apparent. This
was particularly true in trying to differentiate between the 10 ST313 isolates grown under
biofilm-forming conditions because we could not objectively analyse minute morphological
differences between isolates by eye. It would be beneficial to follow up our initial morpholog-
ical studies of the biofilm morphotypes by high-content imaging analysis of bacteria grown
in biofilm-forming conditions. It is possible that we would then be able to detect differences
between the isolates on discrete branches of ST313 lineage II that display the white biofilm
morphotype. Furthermore, despite evidence suggesting a link between reduced biofilm for-
mation and ciprofloxacin resistance, we could not detect any strong correlation in our small
set of isolates. Once again, high-content imaging of the interesting biofilm morphotypes
under ciprofloxacin treatment might produce previously unexplored morphological insights
that could connect the two.

Overall, in this study, we investigated a set of African S. Typhimurium isolates with the
objective of interrogating their genomes and morphological properties for greater insight
into differences in ciprofloxacin susceptibility and biofilm formation. We used a combined
approach of phylogenetics and high-content imaging to search for differences and similarities
across isolates. Although we did not immediately find any obvious genes or SNPs implicated
in ciprofloxacin susceptibility, we did learn that the type of QRDR mutation may play a
significant role in the bacterial response to ciprofloxacin, and that there may be some putative
drug efflux proteins that could be implicated in ciprofloxacin susceptibility. We further found
that a high-content imaging approach to screen large numbers of bacteria is not only feasible
for this type of analysis but may add considerable insight to our understanding of highly
related organisms under antimicrobial or other pressures. In addition, we found that the
agnostic approach of automated image analysis may be significantly better at recognizing
important morphological differences between bacteria than we can by eye. Given the
reduction in cost and feasibility of whole genome sequencing as well as the ease and
robustness of high-content imaging and analysis, it could be beneficial in the future to more
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systematically integrate genomic and morphological analyses for understanding antimicrobial
resistance patterns, infection dynamics, and other bacterial characteristics.

190 Sushmita Sridhar


