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Utilizing Automated Microscopy Analysis to Detect Heteroresistant Subpopulations
Among P. aeruginosa Susceptible To Ciproﬂoxacin
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AMENDED ABSTRACT
Background: Heteroresistance is deﬁned as resistance to certain antibiotics expressed
by a subset of a microbial population that is generally considered to be susceptible
by traditional in vitro susceptibility testing. Various factors may subsequently lead to
the proliferation of the resistant sub-population and the emergence of a fully resistant
microbial strain. Detecting heteroresistance is challenging with standard culture
based methodologies. Here we have utilized automated microscopy to demonstrate
heteroresistant growth of ciproﬂoxacin-susceptible Pseudomonas aeruginosa in the
presence of 2 μg/mL ciproﬂoxacin.
Methods: A total of 21 clinical P. aeruginosa isolates with MIC < 2 to ciproﬂoxacin by
frozen broth micro-dilution (BMD) testing per CLSI standards were evaluated in this
study. A 0.5 McFarland aliquot of each isolate was diluted 200-fold then introduced into
independent ﬂowcells of a disposable multichannel cassette. Electrokinetic concentration
immobilized cells on the transparent lower surface of each ﬂowcell channel (5 min).
Immobilized cells were challenged with a single concentration of ciproﬂoxacin (2 μg/mL)
prepared in cation-adjusted Mueller Hinton broth with 0.85% agar. Automated microscopy
with image analysis software scanned and analyzed growth rates from changes in the
mass of each progenitor cell as it grew into a clone of daughter cells (4.5 h). A growth
control was also performed. A plot of clone intensity vs time was constructed for each
MIC result deﬁned by BMD.
Results: A time-lapse plot of individual growing clones of ciproﬂoxacin-susceptible P.
aeruginosa exhibited a surprising degree of growth rate dispersion at MIC ≥ 0.5, with
a large percentage of those clones demonstrating continued growth after 4 h in the
presence of 2 μg/mL ciproﬂoxacin.
Conclusion: Automated microscopy was able to demonstrate heteroresistant growth
of susceptible P. aeruginosa in the presence of 2 μg/mL ciproﬂoxacin. Conventional
susceptibility testing does not adequately characterize minority clone expression.
Further studies are required to evaluate the clinical implications of heteroresistance in
an era in which rates of antimicrobial resistance are increasing alarmingly worldwide.

INTRODUCTION
Heteroresistant subpopulations have been observed in both Gram-positive (MRSA,
hVISA) and Gram-negative bacteria (1, 2), but their clinical impact has yet to be
determined. Conventional antimicrobial susceptibility testing for strains with heteroresistant
subpopulations can be problematic (3), and current methods of detection using population
analysis proﬁles are laborious and require days to achieve results (4). Automated
microscopy is a unique method that has previously been shown to detect heteroresistant
subpopulations in MRSA exposed to cefoxitin for 4 h (5). Here we use automated microscopy
to detect heteroresistant growth of ciproﬂoxacin-susceptible Pseudomonas aeruginosa in
the presence of 2 μg/mL ciproﬂoxacin in less than 5 h.
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Figure 1: Process ﬂow including positve blood culture, sample cleanup by automated gel electroﬁltration, automated transfer to the cassette for bacterial immobilization by electrokinetic
concentration, automated imaging, and automated data analysis.

METHODS

RESULTS

A total of 21 ciproﬂoxacin-susceptible P.
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aeruginosa clinical isolates were tested
based on MIC values determined by prescreening using CLSI standard broth microdilution testing. Figure 1 summarizes the
testing procedure. Simulated blood culture
Figure 2: Closeup of one ﬂowcell in
aliquots were diluted in lysis buffer to produce
32-channel ﬂowcell cassette.
an inoculum containing approximately 1 x 106
CFU/mL. A pipetting robot performed sample cleanup using automated gel electroﬁltration.
Brieﬂy, 200 µL of inoculum were run on a 0.5% agarose gel for 20 min. Sample was
recovered from the gel well and diluted to a ﬁnal inoculum of 5 x 105 to 5 x 106 CFU/mL
in L-DOPA buffer.

Time-lapse images of susceptible P. aeruginosa isolates grown in the presence of
ciproﬂoxacin are shown in Figure 3. Data from time-lapse images were converted into
bacterial cell response proﬁles. Examples of bacterial cell response proﬁles corresponding
to different MIC values are shown in Figure 4. In each case, a subpopulation of cells
persist or continue to grow at 4.5 h.

Sample aliquots (20 µL) were pipetted into individual ﬂowcells of a 32-channel disposable
cassette. A 5-min low-voltage electric ﬁeld immobilized bacteria on a poly-cationic coating
on the lower surface of each ﬂowcell. Immobilized bacterial cells were washed with cationadjusted Mueller Hinton broth (CAMHB, BD), then challenged with a 2 µg/mL ciproﬂoxacin
solution prepared in CAMHB with 0.85% agar. Automated microscopy used a custom
engineering prototype (Accelerate Diagnostics, Inc., Tucson, AZ USA) to take dark-ﬁeld
images of each ﬂowcell every 10 min for up to 4.5 h. The microscope scanned 14 ﬁelds
of view in each ﬂowcell channel (Figure 2).
The growth rates of individual bacterial clones were analyzed by image analysis software.
Growth curves for a subset of the individual clones were plotted to observe individual
clone response to the antibiotic.

CONCLUSION
The results of this study demonstrate the feasibility of using automated microscopy to
observe heteroresistant subpopulations. In addition to the short time to result, the ability
to observe individual growing clones provides a more complete picture of bug-drug
interactions not provided by current diagnostic technologies. This could aid in future
studies to characterize the phenomenon of heteroresistance and its clinical implications,
which could assist in preventing the emergence of resistance.
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Figure 3: Time-lapse images of ciproﬂoxacin-susceptible P. aeruginosa clinical isolates with MICs ranging from 0.125 to
1 growing in 2 ug/mL ciproﬂoxacin at 0, 1.5, 3 and 4.5 h. A subpopulation of cells persist at 4.5 h in each case. Images
zoomed in to view individual bacterial clones. Scale bar in the lower right image is 20 µm.
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Figure 4: Bacterial cell susceptibility pattern proﬁles for ciproﬂoxacin-susceptible P. aeruginosa clinical isolates with MICs
ranging from 0.125 μg/mL to 1 μg/mL growing in 2 μg/mL ciproﬂoxacin. Each grey line is the growth curve for an individual
bacterial clone. Solid red lines are the average and dotted red lines are two standard deviations from the average.

