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Antimicrobial resistance (AR) is one of the greatest threats to global health and is associated with
higher treatment costs, longer hospital stays, and increased mortality. Current gold standard
antimicrobial susceptibility tests (AST) rely on organism growth rates that result in prolonged
time-to-answer for slow growing organisms. Changes in the cellular transcriptome can be rapid

in the presence of stressors such as antibiotic pressure, providing the opportunity to develop AST
towards transcriptomic signatures. Here, we show that relative quantification of the recA gene is an
indicator of pathogen susceptibly when select species are challenged with relevant concentrations
of ciprofloxacin. We demonstrate that ciprofloxacin susceptible strains of Y. pestis and B. anthracis
have significant increases in relative recA gene expression after 15 min of exposure while resistant
strains show no significant differences. Building upon this data, we designed and optimized seven
duplex RT-qPCR assays targeting the recA and 16S rRNA gene, response and housekeeping genes,
respectively, for multiple biothreat and ESKAPE pathogens. Final evaluation of all seven duplex
assays tested against 124 ciprofloxacin susceptible and resistant strains, including Tier 1 pathogens,
demonstrated an overall categorical agreement compared to microbroth dilution of 97% using

a defined cutoff. Testing pathogen strains commonly associated with urinary tract infections in
contrived mock sample sets demonstrated an overall categorical agreement of 96%. These data
indicate relative quantification of a single highly conserved gene accurately determines susceptibility
for multiple bacterial species in response to ciprofloxacin.

Antimicrobial resistance (AR) is a growing global health crisis. In the United States alone, the economic burden
associated with AR infections is estimated around $20 billion annually'. However, discovery and approval of
clinically relevant novel antibiotics remains perennially under resourced. AR continues to evolve due to drivers
such as overuse of prescription antibiotics, with antibiotic therapy deemed inaccurate in almost 50% of cases?.
This is partly due to the lack of rapid diagnostic tests capable of detecting AR prior to several doses of empiric
treatment’. Novel diagnostic methods that rapidly guide treatment would significantly improve proper antibi-
otic stewardship, reducing this global crisis. These diagnostic deficiencies become even more concerning in the
context of the purposeful deployment of pathogens or biothreat agents of mass destruction. It is imperative that
new tools are developed to identify the susceptibility profile of an organism as rapidly and as close to the site of
dissemination as possible.

Current antimicrobial susceptibility tests (AST) mainly target detectable changes in the physical, morphologi-
cal, or biochemical landscape of bacterial cells in response to antibiotics. Currently, automated broth microdilu-
tion instruments approved by the FDA, such as the MicroScan WalkAway, Vitek-2, BD Phoenix, and Senititre,
measure growth through changes in turbidity or fluorescence to provide reliable and quantitative results in
4-24 h, depending on growth and antibiotic response rate*. Other novel approaches are under development and
use optical imaging and light scattering to determine deviations in cell size, shape and number >, microcan-
tilevers to measure changes in bacterial mass and micromotions®’, flow-cytometry to determine variations in
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morphology, viability changes using dyes'?, and fluctuations in biochemical signatures such as ATP to measure
metabolic activity'>'2. All of these techniques are promising in detecting AR with various pros and cons requir-
ing thorough evaluation prior to clinical use.

Beyond phenotypic changes, clinical labs are rapidly adopting FDA approved genotypic based diagnostics
for AR, such as the FilmArray blood culture identification panel®. These genetic tests use real-time PCR iden-
tification of known AR genes, such as the blaKPC gene found in carbapenem resistant Enterobacteriaceae, to
determine resistance profiles. While these assays can guide therapeutic decisions, antibiotic susceptibility is much
more complex than the presence or absence of the genetic markers'*. Genotypic AST has also been developed to
measure changes in rRNA and DNA signatures to quantify bacterial growth in response to anitbiotics*'®. These
genotypic assays rely on detecting bacterial growth, limiting their effectiveness for slow growing organisms. A
potential mitigation for these issues is the use of RNA transcriptomic signatures to determine susceptibility*®!’.
RNA expression changes have been shown to vary significantly between wild-type and resistant strains leading
to the development of several genotypic ASTs'®-2°. These experiments lay the foundation for rapid molecular
ASTs designed to detect expression changes in genes conserved across bacteria.

Conserved bacterial pathways are required for survival of antibiotic exposure, including generation of resist-
ance conferring SNPs or induction of a metabolically inactive persistence state??2. The bacterial SOS response
is a gene expression pathway activated in response to DNA damage. The fluoroquinolone family of antibiot-
ics inhibit bacterial type II topoisomerases, and thus the bacteria’s ability to control supercoiling, resulting in
double-stranded breaks across the genome®. These breaks lead to transcriptional regulation triggered by RecA
degrading the SOS master repressor, LexA, resulting in the expression of DNA repair and recombination enzymes
(RecA and LexA) and DNA polymerases with high error rates®.. Previously identified SOS signatures have been
shown as potential biomarkers of AR in response to ciprofloxacin;'®-? however, rapid molecular assays lacked
full development and testing across a wide range of organisms.

Fluoroquinolones are considered first-line countermeasures for biothreat agents B. anthracis and Y. pestis, thus
rapid AST is essential to ensure treatments are effective. Similarly, the ESKAPE pathogens made up of Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter spp. are the leading cause of nosocomial infections throughout the world®, and are prone to
multidrug resistance including fluoroquinolones. In this manuscript, we confirmed significant expression changes
in SOS response genes between resistant and susceptible Y. pestis and B. anthracis strains. Consequently, we
designed and fully characterized duplex RT-qPCR assays to quantify recA expression relative to the 16s rRNA
gene for these biothreats as well as several ESKAPE pathogens. Data produced demonstrates RT-qPCR of a single
gene in response to the antibiotic ciprofloxacin indicates strain susceptibility across multiple bacterial species.

Results

Evaluation of recA and SOS gene expression of B. anthracis and Y. pestis in response to
ciprofloxacin

We evaluated the timing and expression changes of SOS genes in response to ciprofloxacin for select surrogate
biothreat pathogens, including Yersinia pestis and Bacillus anthracis ciprofloxacin resistant (Cipro®) and sus-
ceptible (Cipro®) strains, to determine AR gene targets. Differential gene expression was determined using RNA
sequencing of strains after the addition of corresponding susceptible breakpoint concentrations of ciprofloxacin,
as determined by Clinical Laboratory Standards Institute (CLSI) at various timepoints (Supplemental Figure S1
and S2). Previous literature identified SOS genes as potential markers of AR in Y. pestis strains'®~?; therefore,
we focused on genes regulated by the LexA transcription factor as this pathway is evolutionarily conserved and
known to turn on rapidly in response to DNA damage. Using RegPrecise, we identified 16 Y. pestis and 13 B.
cereus, a close neighbor to B. anthracis, genes regulated by a LexA SOS “box*” For Y. pestis, all 16 predicted genes
demonstrated an increase in gene expression 60 min postexposure to ciprofloxacin (Fig. 1A, B). Several genes,
including lexA, recA, and recN, showed a greater than twofold change in gene expression by 20 min. Similarly,
for B. anthracis, genes lexA and recA showed greater than twofold expression changes 20 min after ciprofloxacin
addition (Fig. 1C, D). Unlike Y. pestis, 50% of the predicted B. anthracis SOS genes had no expression change.
Cipro® strains demonstrated little to no expression changes in LexA regulated genes after 60 min for either
organism (Fig. 1).

We validated relative recA expression changes in strains of B. anthracis and Y. pestis utilizing a duplex RT-
qPCR assay targeting recA as well as the 16s rRNA gene to serve as an internal, universal housekeeping control.
We challenged Cipro® strains with corresponding susceptible breakpoint concentrations of ciprofloxacin and
measured relative fold changes over a two-hour time course (Fig. 2). Amplification efficiencies for each duplex
RT-qPCR assay were used to determine relative fold changes using a modified AACq*. The AACq method cal-
culates relative gene expression from Cq values obtained from real-time PCR experiments. In this case, relative
recA fold changes were determined using Cq values obtained from samples treated with and without antibiotics.
B. anthracis and Y. pestis showed statistically significant relative fold changes of recA, 4.0 and 1.91 respectively,
within 15 min of ciprofloxacin addition, which peaked approximately 60 min after exposure (Fig. 2A, B). Tradi-
tional ASTs measure growth rate in the presence and absence of antibiotics and can take several days to produce
results. We therefore compared relative recA fold expression to optical density changes over time in B. anthracis
and Y. pestis representing a fast and slower growing organism, respectively (Fig. 2A, B). Minimal OD600 changes
0f 0.2 and 0.0 were seen for B. anthracis and Y. pestis after 2 h, compared to rapid increases in relative recA expres-
sion (Fig. 2A, B). To determine if these expression changes were specific to susceptible strains, we challenged
Cipro® and Cipro® strains with breakpoint concentrations of ciprofloxacin and measured relative expression after
60 min. Indeed, Cipro® B. anthracis and Y. pestis strains demonstrated statistically different average recA fold
changes of 1.0 and 0.99, compared to Cipro® averages of 13.86 and 7.72 (Fig. 2C, D).
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Figure 1. Transcriptomic changes of LexA regulated genes in Y. pestis and B. anthracis in response to
ciprofloxacin. RNA sequencing data shown as a heat map of Log, fold changes in predicted LexA regulated
genes for Cipro® and Cipro® strains of (A) Y. pestis and (B) B. anthracis, as well as XY plots of Log, fold changes
of lexA and recA against time after 0.25 pug/mL ciprofloxacin exposure. Data points and error bars represent the
average and standard deviation respectively of at least three biological replicates.

While insult with ciprofloxacin directly results in the creation of double-stranded breaks within DNA, other
clinically relevant antibiotics result in the activation of other stress pathways?”%. We tested clinically relevant
antibiotics penicillin, doxycycline, gentamicin, and chloramphenicol on susceptible strains of B. anthracis and
Y. pestis (Fig. 3) to determine if recA is upregulated in response to these various antibiotic families. We showed
no significant relative recA fold changes in response to penicillin, gentamicin, and chloramphenicol over a two-
hour time course; however, doxycycline induced significant changes to recA expression. We observed a sevenfold
relative change after 30 min with a peak relative fold change after 90 min. These results suggest doxycycline as
another antibiotic to evaluate for future testing.

Design of real-time RT-qPCR assays to measure relative fold changes of recA gene in multiple
bacterial species

The SOS pathway is not 100% conserved throughout bacteria, suggesting regulatory and response genes vary
from species to species®. Along with the B. anthracis and Y. pestis assays described above, we designed duplex
RT-qPCR assays targeting the recA gene for several ESKAPE pathogens to determine conservation of relative
recA expression across multiple species (Table 1). Optimization of these assays, as well as prior B. anthracis and Y.
pestis assays, included linearity testing, efficiency calculations, and reproducibility at defined assay concentrations
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Figure 2. Relative quantification of recA in B. anthracis and Y. pestis in response to ciprofloxacin. Cipro® strains
of (A) B. anthracis and (B) Y. pestis were treated with and without 0.25 pg/mL ciprofloxacin. Fold change of recA
(left y-axis, circles) was measured at each timepoint relative to the corresponding no antibiotic control timepoint
and the 16S rRNA gene. Optical density (right y-axis, squares) was measured in 10-min intervals across the 2-h
time course and data was baseline adjusted to the time 0 timepoint. Data points and error bars represent the
average and standard deviation of at least three biological replicates. Asterisks represent statistical significance
for recA experiments only at indicated timepoints between antibiotic and no antibiotic controls using unpaired t
tests. Figure legend in (A) is representative of all figures.

(Table 2). Assay efficiencies represent the ability of an assay to double the number of targets during each cycle
of replication, therefore a 100% efficient assay has an amplification factor of 2. The average amplification fac-
tor across all organisms, calculated from serially diluted extracted nucleic acid, were 2.03 and 1.92 for the recA
and 16S rRNA gene respectively. Furthermore, nucleic acid extracted from a defined assay concentration of 0.5
McFarland showed comparable means, standard deviations, and coefficients of variance across 60 replicates for
each organism (Table 2).

RT-qPCR recA duplex assay performance in culture and contrived complex samples
We used these optimized and characterized assays to determine initial performance metrics in broth culture
medium as well as contrived complex samples. We challenged 124 Cipro® and Cipro® organisms, including Tier 1
agents (Supplementary Table S1), with corresponding breakpoint concentrations of ciprofloxacin: 12 Acinetobac-
ter baumannii, 12 Enterobacter cloacae, 11 Escherichia coli, 12 Staphylococcus aureus, 12 Klebsiella pneumoniae, 46
Bacillus anthracis and 19 Yersinia pestis strains (Table 3, Supplemental Figure S3). For Cipro® strains, relative recA
fold changes were highly variable between species. For instance, Y. pestis Cipro® strains had an average relative
expression of 3.29 while E. coli Cipro® strains showed an average of 25.56 (Table 3). In contrast, the relative fold
change for Cipro® strains was consistently near 1. When combined, the average fold change for Cipro® and Cipro®
strains was 7.83 and 1.12 respectively (Table 3). To define initial performance metrics, major errors (ME) were
defined as false-resistant calls while very major errors (VME) were defined as false-susceptible calls. The total
number of susceptible and resistant strains were used as the denominator for ME and VME rates. Error rates
were determined based on a universal relative recA fold change threshold of 1.54. This threshold was optimized
to obtain the greatest balance between sensitivity and specificity based on the current dataset. Because no training
set was used to calculate a threshold, a larger independent sample set would be required for final determination
of diagnostic metrics. Using a cutoff of 1.54 across all species resulted in overall categorical agreement of 97%
when compared with micro-broth culture and ME rates of 1.6% and VME rates of 4.9%.

To test the use of these assays beyond broth culture, we explored testing directly from a complex matrix with
high bacterial burdens. Until recently, fluoroquinolones were considered a first-line treatment option for simple
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Figure 3. Relative fold change of recA in response to clinically relevant antibiotics. B. anthracis and Y. pestis
were treated with and without 0.5 pg/mL penicillin, 1 pg/mL doxycycline, 4 ug/mL gentamicin, and 8 pg/

mL chloramphenicol. Fold change of recA (left y-axis, circles) was measured at each timepoint relative to the
corresponding no antibiotic control timepoint and the 16S rRNA gene. Data points and error bars represent the
average and standard deviation of at least three biological replicates. Asterisks represent statistical significance at
indicated timepoints between antibiotic and no antibiotic controls using unpaired t tests.

Organism Gene Primer F Primer R Probe Quencher
Bacillus anthracis recA CCGTGTTGCGGAAGTTGAT | CACCGCTCTTTTGAACGATATC | AACGTCTACAGCTTCGTAAA | MGB
Yersinia pestis recA COCTICTGTACGTTTGGA CTCCCCACGACCACATCAC | CGTATTGGTGCAGTAAA MGB
Acinetobacter baumannii recA AAATACGGTTATGCGTCTTGG %CA%QQGTTAAAGAACCTGT ACTGTTCAAGCAGTTGAA MGB
Staphylococcus aureus recA Q??g TTGGTGTTATGTTCGGT g¥gGTCCTTGTTTAAGCTGTT ACTACACCAGGTGGACGTG MGB
Klebsiella pneumoniac recA GCGGCGCGTATGATGAG AAGATCAGCAGCGTGITGGA | TGGCGGGTAACCTG MGB
Escherichia coli recA CCTATCGACGAAAACAAACAG | CATCCATGGAACGGTCTTCAC | TTGGCGGCAGCACT MGB
Enterobacter cloacae recA GGACGAAAACAAACAGA TGATGGAGCCTTTACCGAATTG | TTGGCGGCAGCACT MGB
Universal®® 168 CCTACGGGDGGCWGCA GGACTACHVGGGTMTCTAATC | CAGCAGCCGCGGTA MGB

Table 1. Primers and Probes used throughout manuscript.

cystitis urinary tract infections (UTT), and are still used in complicated UTIs and as second line therapy in cases
of first-line resistance®’. We tested isolates of common UTI organisms directly from overnight growth in urine
without secondary culture to test if the duplex RT-qPCR recA assays could determine susceptibility directly from
complex matrix. In total, testing 24 strains including 12 E. coli and 12 K. pneumoniae resulted in only one false
susceptibility call (Table 3). Of these 24 strains, 12 were replicated from broth culture testing above. Comparison
of these strains between the two experiments demonstrated a Pearson’s value of 0.91, indicating high correla-
tion between experiments and strains (Supplemental Fig. S4). These results suggest susceptibility calls can be
performed from primary samples after dilution in broth culture, eliminating the need for secondary culture,
significantly reducing time-to-answer compared to gold-standard growth assays.
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Amplification
factor Assay efficiency recA confirmation 168 confirmation
Organism recA 16S recA (%) 16S (%) # Cq mean Cqstd CqCV (%) # Cq mean Cqstd Cq CV (%)
Bacillus anthracis 2.10 1.92 110 92 60/60 30.82 0.27 0.87 60/60 20.39 0.21 1.0
Yersinia pestis 2.03 1.93 103 93 60/60 22.99 0.09 0.39 60/60 12.33 0.49 4.0
Acinetobacter baumannii 2.01 1.93 101 93 60/60 25.14 0.05 0.22 60/60 13.21 0.12 0.88
Staphylococcus aureus 2.01 1.96 101 96 60/60 25.11 0.44 1.8 60/60 15.71 0.45 2.8
Klebsiella pneumoniae 2.02 1.85 102 85 60/60 26.47 0.35 1.3 60/60 13.45 0.38 2.8
Escherichia coli 2.03 1.94 103 94 60/60 25.23 0.52 2.1 60/60 13.34 0.71 5.4
Enterobacter cloacae 2.03 1.96 103 96 60/60 23.62 0.08 0.32 60/60 11.86 0.32 2.7
Table 2. Results from verification of duplex RT-qPCR assays.

Organism Antibiotic, pyg/mL | AMR # strains ‘ Mean ‘ Std. dev ‘ Min ‘ Max ‘ Lower 95% CI | Upper 95% CI ‘ VME?* ‘ ME?
Cell culture

Susceptible | 6 11.2 4.01 6.03 |16.71 6.95 15.4 0 0
Klebsiella pneumoniae 1

Resistant 6 1.10 0.17 0.94 1.39 0.93 1.28 0 0

Susceptible 6 5.90 1.73 3.53 7.86 4.09 7.72 0 0
Staphylococcus aureus 1

Resistant 6 1.11 0.30 0.68 1.51 0.79 1.42 0 0

Susceptible | 6 25.6 20.4 9.94 |55.5 9.94 55.5 0 0
Escherichia coli 1

Resistant 6 1.11 0.14 0.91 1.31 0.91 1.31 0 0

Susceptible 3 8.58 1.06 7.56 9.68 5.94 11.2 0 0
Acinetobacter baumannii 1

Resistant 9 1.06 0.29 0.55 1.25 0.83 1.28 0 0

Susceptible 6 14.6 10.4 552 |328 3.66 25.4 0 0
Enterobacter cloacae 1

Resistant 6 1.15 0.28 0.74 1.47 0.86 1.44 0 0

Susceptible 27 5.16 2.67 1.56 0.67 4.10 6.21 0 0
Bacillus anthracis 0.25

Resistant 19 1.18 0.42 12.1 2.42 0.98 1.38 2 0

Susceptible 11 3.29 1.67 0.69 5.87 2.16 4.41 0 1
Yersinia pestis 0.25

Resistant 8 1.08 0.34 0.60 1.57 0.79 1.36 1 0

Susceptible | 63 7.83 8.17 0.69 | 55.5 4.73 7.28 3 0
Total Variable

Resistant 61 1.12 0.31 0.55 2.43 1.01 1.21 0 1
Contrived mock urine culture

Susceptible | 5 14.8 8.73 3.35 | 264 3.96 25.7 0 0
Escherichia coli 1

Resistant 7 0.95 0.17 0.61 1.15 0.79 1.11 0 0

Susceptible 6 6.62 1.7 4.32 9.43 4.75 8.48 0 0
Klebsiella pneumoniae 1

Resistant 6 1.37 0.68 1.03 2.76 0.66 2.09 1 0

Table 3. Assay performance in culture and contrived complex samples. *VME and ME based on cutoff
threshold of relative recA fold-change of 1.54.

Discussion
Molecular methods targeting genetic elements, such as resistance genes, have gained popularity; however, the
presence or absence of genes does not always correlate with resistance'®. Culture methods are labor intensive
with significant variations in time-to-answer due to variable organism growth rates. Automated broth microdi-
lution instruments significantly reduce hands-on time; however, these instruments are large and not conducive
for point-of-need settings. It is imperative to develop rapid ASTs that are functional as close to point-of-need as
possible, especially in the context of AR biothreat pathogens. In this manuscript we focus on the development
of molecular ASTs to determine fluoroquinolone susceptibility given the recommended guidance for clinical
management of biothreat agents in the event of an intentional release. Specifically, a 60-day oral treatment regi-
men of ciprofloxacin for cutaneous anthrax, a multi-drug combination for systemic anthrax syndromes®, and
a 7 day course for postexposure prophylaxis for Y. pestis®!. In the biothreat space, the continued development
of novel AST methods ensures we have effective countermeasures towards priority pathogens; however, in a
broader context, AST methods that expand beyond these pathogens are needed to help combat the rise in AR.
Bacteria have evolved several signaling pathways that respond rapidly to cellular stressors such as antibiotics®’.
For instance, the envelope stress response is activated in the presence of cell wall and protein synthesis inhibit-
ing antibiotics, such as glycopeptides and aminoglycosides”, while the oxidative stress pathway responds to the
production of reactive oxygen species created in the presence of bactericidal antibiotics such as $-lactams, amino-
glycosides, and quinolones®. Another conserved® stress pathway, the SOS response and its chief regulator RecA,
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is activated in the presence of excessive single-stranded DNA originating from endogenous or exogenous factors,
such as stalled replication forks or UV light and antibiotics, respectively?’. Fluoroquinolones activate the SOS
response by directly inhibiting DNA gyrase and topoisomerase IV, resulting in double-stranded DNA breaks'”°.
To highlight the conservation of the SOS pathway, when challenged with ciprofloxacin we saw increases in rela-
tive recA fold changes across seven different bacterial species, and 62 of the 63 total susceptible strains tested
within this manuscript. We also tested other relevant antibiotics as the creation of reactive oxygen species via
sublethal concentrations of bactericidal antibiotics has been shown to activate the SOS pathway*'*2*. We saw
no significant change in recA induction for B. anthracis and Y. pestis strains when challenged with bactericidal
antibiotics penicillin or gentamicin; however, doxycycline, a bacteriostatic protein synthesis inhibitor, resulted
in a drastic relative fold change in B. anthracis. While not exhaustive, these results indicate differential regula-
tion of the SOS response across multiple antibiotic classes and should be further explored as potential targets
for AST development.

While highly conserved, functionality of the RecA protein and SOS system in response to stimuli is not pre-
served throughout bacterial species. For instance, organisms like Neisseria gonorrhoeae have functional RecA
proteins but lack an SOS system®. Even if activated, our data show highly variable relative expression across
bacterial species (Table 3) complicating the use of transcriptomic signatures for AST development. These varia-
tions likely result from species-specific factors including differential expression of influx/efflux pumps, presence
or absence of various stress pathways, or even differences in primary target®. For example, it has been shown that
fluoroquinolones mostly target DNA gyrase in gram-negative organisms, while topoisomerase IV is the preferen-
tial target in gram-positive organisms*. Beyond inter-species variation, our data also demonstrate reproducible
strain-to-strain variations in relative recA expression levels. For instance, E. coli strain AR0069 demonstrated a
reproducible 2x increase in expression compared to strain AR0089 (Supplemental Figure S4). While both are
sensitive to ciprofloxacin, these strains have differential susceptibility profiles to other antibiotics that could affect
the global stress response and thus recA expression.

Differences in MICs may also play a significant role in intra-species variations. We evaluated susceptible
breakpoint concentrations within this manuscript; however, three breakpoint concentrations including suscep-
tible, resistant, and intermediate®, are listed within the CLSI guidelines. While we evaluated a range of MICs,
none were within the intermediate range; therefore, assay performance remains unknown. No strong correlation
was identified when comparisons between MICs and relative fold changes were evaluated (Supplemental Fig. S4);
however, a more in-depth analysis with more strains at or near the various breakpoints is warranted. In totality
these data highlight that several factors need to be considered, not just species-to-species, but strain-to-strain,
when developing molecular AST targeting transcriptional changes.

One challenge associated with developing molecular ASTs is how to define a definitive threshold to measure
key diagnostic parameters. We utilized a threshold of 1.54 relative fold change to define preliminary metrics. This
threshold was based on receiver operating curve (ROC) analysis of all datapoints and resulted in optimal sensi-
tivity and specificity metrics. Utilizing all the available datapoints to define a threshold will skew performance
metrics; however, the required number of susceptible and resistant strains essential to define a true threshold
based on a subset, or training set, were not available for testing. Future work on larger sample-sets could more
granularly define a threshold for each species given the clear differential response between resistant and sus-
ceptible strains (Table 3). There is also the potential to maintain the use of a universal threshold based on the
consistent relative recA fold change identified among resistant strains. While susceptible strains demonstrated
high variations, as described above, the mean of all 61 combined resistant strains was 1.12 with a 95% confidence
interval ranging from 1.04 to 1.20, indicating little change in expression (Table 3). Reproducibility and robust-
ness studies would need to be completed before defining a true threshold for diagnostic use; however, based on
the low variability seen in resistant strains, a universal threshold could be applied if adequate strains cannot be
tested to define species specific cutoffs.

The speed and sensitivity of molecular testing compared to traditional methods drove development of several
PCR based assays for susceptibility testing '8-2%-38 Amplification based approaches allow resolution of minute
changes in target copy numbers compared to less sensitive optical density measurements. Novel methods utilizing
high-throughput microscopy, cytometry, or mass spectrometry require complex instrumentation; comparatively,
PCR technologies can be miniaturized, and several instruments are usable in austere settings®***". We limited
the data for this manuscript to reference lab instrumentation; however, bridging experiments would permit
utilization on more point-of-need devices, including portable real-time PCR instruments such as the Biomeme
platform?®*%. Similarly, differential extraction methods or “extractionless PCR” could be utilized to rapidly pre-
pare nucleic acids for amplification. Most importantly for impacting patient treatment, using the amplification
approaches here would allow the identification of molecular changes occurring well before gross phenotypic
variations could be quantified. The continuous advancement in molecular diagnostic technologies combined
with the speed and sensitivity of detection afforded by the described recA assays warrants further exploration
for its use in point-of-need AST development.

Several molecular AST methods quantify changes in gene transcripts as cells grow, mimicking broth micro-
dilution tests**-. Specifically, the MAPt method applies sample directly to micro-agar wells containing serially
diluted antibiotic and measures growth using quantitative PCR. As this method is still based on growth, exposure
times to determine susceptibility for Tier-1 agents are significantly increased for slow-growing organisms®. The
MAPt method, however, is independent of starting bacterial concentrations and thus can be applied directly
to primary samples such as whole blood or environmental samples, forgoing primary enrichment steps. Cur-
rently, the recA assay requires primary enrichment and results in qualitative calls of susceptibility due to the use
of susceptible breakpoint concentrations of antibiotic defined by strict starting cellular concentrations. Future
efforts need to focus on varying concentrations of cell/antibiotic concentrations in complex matrices, especially
from whole blood, to define a molecular MIC and determine if primary enrichment is required. This data would
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contribute to the usefulness of the recA assays in more routine point-of-need settings where complex culture
systems are not present.

Taken together, the data presented demonstrates the feasibility of rapid and reproducible molecular AST
assays utilizing relative quantification of the recA gene across multiple genera including major ESKAPE pathogens
and biothreat agents. Importantly, we demonstrated categorical agreements to broth microdilution methods uti-
lizing the relative quantification of a single highly conserved gene. This conservation could be utilized to develop
recA assays toward conserved nucleic acid regions amplifying multiple genera within select families. For instance,
during assay development, alignment of several Enterobacteriaceae family members demonstrated conserved
nucleic acid regions that could be targeted by a pan-recA assay (Supplemental Fig. S5). In a contrasting strategy,
highly specific assays could be employed that determine susceptibility and classify the organism in a single easy
to use assay. Future efforts should explore expanding assay panels for these applications as well as transitioning
assays toward more point-of-need devices focusing on testing directly from complex matrices.

Material and methods

Bacterial strains and experimental setup

Bacterial strains used in this study are included in Supplementary Table S1. Several strains were acquired from
the CDC and FDA antibiotic resistance isolate bank*! Glycerol stocks were plated on sheep’s blood agar plates
(Thermo Fisher Scientific, Waltham, MA, Catalog #R01200), grown overnight at 37 °C, or 28 °C for Y. pestis, and
selected for recovery the following day in tryptic soy broth (TSB) (Thermo Fisher Scientific, Catalog #R112732).
Cells were recovered in TSB for approximately 3 h then diluted to a McFarland standard of 0.5 using the Densi-
Chek Plus (Biomerieux, Marcy-I'Etoile, France, Catalog #21255). One milliliter of diluted cells with or without
indicated concentrations of ciprofloxacin were incubated in 5 mL Eppendorf tubes (Eppendorf, Hamburg, Ger-
many, Catalog # 0030119401) at 37 °C in a shaking incubator for 60 min (or indicated time). For mock clinical
samples, cells were cultured overnight in urine (BioreclamationIVT, Baltimore, MD). Cultures were normalized
to 0.5 McFarland and diluted 1:10 in TSB for a final volume of 1 mL prior to antibiotic insult. For sequencing
and primary time-course experiments 2 volumes of RNAprotect Bacteria Reagent (Qiagen, Valencia, Ca, Catalog
#76104) was added to each tube and incubated at room temperature for 5 min at indicated time points. For all
reactions tubes were centrifuged at 5000xg for 10 min. The supernatant was decanted, and pellets were extracted
or stored at —80 °C until processing.

Cell lysis and RNA extraction

Cell pellets were extracted by two methods. For sequencing and time course experiments, pellets were resus-
pended in 100uL 1xTE containing 15 mg/mL lysozyme (Sigma-Aldrich, St. Louis, MO, Catalog # 10837059001)
and 10 pL Proteinase K (Qiagen, Catalog #RP107B-1). Suspended pellets were incubated at room temperature
for 10 min. Then, 700 puL of buffer RLT containing 7 uL of B-mercaptoethanol (BME) (Qiagen, Catalog #79216)
was added to suspended pellets along with approximately 100 puL of 0.5 mM glass beads and cells were incu-
bated at 95 °C for 5 min, bead beaten for 10 min, then centrifuged > 8000xg for 30 s. 760 uL of supernatant was
added to new 2 mL Eppendorf tubes containing 590 pL of 80% ethanol. Samples were then extracted utilizing
the RNeasy kit protocol and an on-column DNase treatment according to manufacturer’s protocols (Qiagen,
Catalog #74004). For assay AST experiments cell pellets were resuspended in 500 uL buffer RLT containing 5 L
BME (Sigma-Aldrich, Catalog #444203), 100 uL of 0.5 mM glass beads, and bead beat for 5 min. A total volume
of 400 uL was extracted on the EZ-1 Advanced XL robotic extraction instrument using the Viral RNA mini kit
v2.0 (Qiagen, Catalog #955134) according to manufacturer’s instructions. Purified RNA was stored at —80 °C.

Total RNA sequencing and analysis

Extracted RNA was quantified using the Qubit 2.0 Fluorometer and Qubit RNA HS assay (Thermo Fisher Scien-
tific, Catalog #Q32852). RNA was spiked with the ERCC control (Thermo Fisher Scientific, Catalog # 4456740),
an external RNA control, and input into the QIAseq FastSelect—5s/16s/23s kit (Qiagen, catalog #335927) to
remove bacterial ribosomal RNA prior to sequencing. Sequencing libraries were prepared using the QIAseq
Stranded total RNA library kit according to manufacturer’s instructions (Qiagen, Catalog #180745). Libraries
were quantified using the High Sensitivity D1000 kit on the 4200 Tapestation System (Agilent Technologies,
Santa Clara, CA, Catalog # 5067-5585). Four barcoded libraries were combined and diluted to a 4 nM library
pool, denatured with NaOH, and further diluted to a final library concentration of 12 pM prior to sequenc-
ing. Pooled libraries were sequenced using the MiSeq Instrument and MiSeq reagent kit version 3-150 cycles
(Illumina, San Diego CA, Catalog #MS-102-3001). FASTQ files were imported into CLC Genomics workbench
and analyzed using the RNA-Seq Analysis workflow. Paired sequencing reads were mapped to B. anthracis
GCF_000008445.1_ASM844v1_genomic and Y. pestis GCF_000222975.1_ASM22297v1 reference sequences
using the following mapping setting: mismatch cost (2), insertion cost (2), deletion cost (3), length fraction (0.8),
and similarity fraction (0.8). Each timepoint was composed of three independent biological replicates. Paired
reads were counted as two when calculating transcripts per million (TPM). Treated samples were compared to
timepoint 0 untreated controls for differential analysis. Differentially expressed genes and ANOVA analysis were
determined using JMP Genomics 8 (JMP, Campus Drive Cary, NC).

cDNA synthesis and real-time PCR

c¢DNA was made using the SuperScript IV VILO master mix with ezDNase Enzyme kit according to manufac-
turer’s instructions (Thermo Fisher Scientific, Catalog #11756050). Briefly, 8 uL of extracted RNA was added
to 10x ezDNAse buffer and ezDNase enzyme for a final volume of 10 pL. Reactions were incubated at 37 °C for
5 min at which time 4 pL of SuperScript IV VILO master mix was added along with water to a final volume of
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20 pL. Reactions were gently mixed and incubated at 25 °C for 10 min, 50 °C for 10 min, 85 °C for 5 min, and
then held at 4 °C until removal. Reactions were diluted 1:10 with water and then stored at — 20 °C until use.
Primers and TagMan-minor groove binder (MGB) probe pairs, shown in Table 1, were designed using Primer
Express version 3.0.1 (Applied Biosystems, Foster City, CA). Primers and probes were ordered from Thermo
Fisher Scientific. Assay conditions were determined empirically through optimization of primer/probe and MgCl,
concentrations. Final reaction conditions were as follows: 1x buffer with 3 mM final MgCl, concentration (Biofire
Diagnostics, Salt Lake City, UT, Catalog # 1770), 200 nM dNTPs (Biofire, Catalog # 1774), 4.0 uM forward and
reverse recA primers, 4 UM forward and reverse 16S primers*, 0.1 uM recA-FAM probe, 0.1 M BactQuant-VIC
probe, 0.2 pL of Platinum Taq (Thermo Fisher Scientific, Catalog # 15966025), 5 uL cDNA, and water to a final
volume of 25 pL. Assays were run on the LightCycler 480 (Roche Applied Science, Indianapolis, IN) using the
following cycling conditions: 95 °C for 2 min (1 cycle); 95 °C for 15 s, 60 °C for 30 s, 68 °C for 30 s (45 cycles).

Data availability
Sequencing datasets generated and/or analyzed during the current study are available in the Gene Expression
Omnibus (GEO) repository, GSE241489.

Received: 1 August 2023; Accepted: 25 January 2024
Published online: 01 February 2024

References
1. Ventola, C. L. The antibiotic resistance crisis: Part 1: Causes and threats. P T 40, 277-283 (2015).
2. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States, 2013. http://www.cdc.gov/drugr
esistance/threat-report-2013/index.html (2013).
3. Burnham, C. D,, Leeds, J., Nordmann, P.,, O’'Grady, J. & Patel, J. Diagnosing antimicrobial resistance. Nat. Rev. Microbiol. 15,
697-703. https://doi.org/10.1038/nrmicro.2017.103 (2017).
4. Syal, K. et al. Current and emerging techniques for antibiotic susceptibility tests. Theranostics 7, 1795-1805. https://doi.org/10.
7150/thno.19217 (2017).
5. Fredborg, M. et al. Real-time optical antimicrobial susceptibility testing. J. Clin. Microbiol. 51, 2047-2053. https://doi.org/10.1128/
JCM.00440-13 (2013).
6. Choi, J. et al. A rapid antimicrobial susceptibility test based on single-cell morphological analysis. Sci. Transl. Med. 6, 267ral74.
https://doi.org/10.1126/scitranslmed.3009650 (2014).
7. Hayden, R. T. et al. Rapid antimicrobial susceptibility testing using forward laser light scatter technology. J. Clin. Microbiol. 54,
2701-2706. https://doi.org/10.1128/JCM.01475-16 (2016).
8. Longo, G. et al. Rapid detection of bacterial resistance to antibiotics using AFM cantilevers as nanomechanical sensors. Nat.
Nanotechnol. 8, 522-526. https://doi.org/10.1038/nnano.2013.120 (2013).
9. Burg, T. P. et al. Weighing of biomolecules, single cells and single nanoparticles in fluid. Nature 446, 1066-1069. https://doi.org/
10.1038/nature05741 (2007).
10. Alvarez-Barrientos, A., Arroyo, J., Canton, R., Nombela, C. & Sanchez-Perez, M. Applications of flow cytometry to clinical micro-
biology. Clin. Microbiol. Rev. 13, 167-195 (2000).
11. Hojer, H., Nilsson, L., Ansehn, S. & Thore, A. In-vitro effect of doxycycline on levels of adenosine triphosphate in bacterial cultures.
Possible clinical applications. Scand J. Infect. Dis. Suppl. 4, 58-61 (1976).
12. Besant, J. D,, Sargent, E. H. & Kelley, S. O. Rapid electrochemical phenotypic profiling of antibiotic-resistant bacteria. Lab Chip
15, 2799-2807. https://doi.org/10.1039/c51c00375j (2015).
13. MacVane, S. H. & Nolte, E. S. Benefits of adding a rapid PCR-based blood culture identification panel to an established antimicrobial
stewardship program. J. Clin. Microbiol. 54, 2455-2463. https://doi.org/10.1128/JCM.00996-16 (2016).
14. Deekshit, V. K. & Srikumar, S. "To be, or not to be’—The dilemma of “silent” antimicrobial resistance genes in bacteria. J. Appl.
Microbiol. 133, 2902-2914. https://doi.org/10.1111/jam.15738 (2022).
15. Mohan, R. et al. Clinical validation of integrated nucleic acid and protein detection on an electrochemical biosensor array for
urinary tract infection diagnosis. PLoS One 6, €26846. https://doi.org/10.1371/journal.pone.0026846 (2011).
16. Barczak, A. K. et al. RNA signatures allow rapid identification of pathogens and antibiotic susceptibilities. Proc. Natl. Acad. Sci.
USA 109, 6217-6222. https://doi.org/10.1073/pnas.1119540109 (2012).
17. Shifman, O. et al. A rapid antimicrobial susceptibility test for determining Yersinia pestis susceptibility to doxycycline by RT-PCR
quantification of RNA markers. Front. Microbiol. 10, 754. https://doi.org/10.3389/fmicb.2019.00754 (2019).
18. Khaledi, A. et al. Transcriptome profiling of antimicrobial resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother.
60, 4722-4733. https://doi.org/10.1128/ AAC.00075-16 (2016).
19. Heo, A,, Jang, H. ], Sung, J. S. & Park, W. Global transcriptome and physiological responses of Acinetobacter oleivorans DR1
exposed to distinct classes of antibiotics. PLoS One 9, e110215. https://doi.org/10.1371/journal.pone.0110215 (2014).
20. Steinberger-Levy, L. et al. A rapid molecular test for determining Yersinia pestis susceptibility to ciprofloxacin by the quantification
of differentially expressed marker genes. Front. Microbiol. 7, 763. https://doi.org/10.3389/fmicb.2016.00763 (2016).
21. Qin, T. T. et al. SOS response and its regulation on the fluoroquinolone resistance. Ann. Transl. Med. 3, 358. https://doi.org/10.
3978/j.issn.2305-5839.2015.12.09 (2015).
22. Dorr, T., Lewis, K. & Vulic, M. SOS response induces persistence to fluoroquinolones in Escherichia coli. PLoS Genet. 5, e1000760.
https://doi.org/10.1371/journal.pgen.1000760 (2009).
23. Redgrave, L. S., Sutton, S. B., Webber, M. A. & Piddock, L. J. Fluoroquinolone resistance: Mechanisms, impact on bacteria, and
role in evolutionary success. Trends Microbiol. 22, 438-445. https://doi.org/10.1016/j.tim.2014.04.007 (2014).
24. De Oliveira, D. M. P. et al. Antimicrobial resistance in ESKAPE pathogens. Clin. Microbiol. Rev. https://doi.org/10.1128/ CMR.
00181-19 (2020).
25. Novichkov, P. S. et al. RegPrecise: A database of curated genomic inferences of transcriptional regulatory interactions in prokary-
otes. Nucleic Acids Res. 38, D111-118. https://doi.org/10.1093/nar/gkp894 (2010).
26. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45. https://doi.
org/10.1093/nar/29.9.e45 (2001).
27. Dawan, J. & Ahn, ]. Bacterial stress responses as potential targets in overcoming antibiotic resistance. Microorganisms https://doi.
org/10.3390/microorganisms10071385 (2022).
28. Kohanski, M. A., Dwyer, D. ], Hayete, B., Lawrence, C. A. & Collins, J. ]. A common mechanism of cellular death induced by
bactericidal antibiotics. Cell 130, 797-810. https://doi.org/10.1016/j.cell.2007.06.049 (2007).
29. Erill, I, Campoy, S. & Barbe, J. Acons of distress: An evolutionary perspective on the bacterial SOS response. FEMS Microbiol.
Rev. 31, 637-656. https://doi.org/10.1111/j.1574-6976.2007.00082.x (2007).

Scientific Reports |

(2024) 14:2716 | https://doi.org/10.1038/s41598-024-52937-0 nature portfolio


http://www.cdc.gov/drugresistance/threat-report-2013/index.html
http://www.cdc.gov/drugresistance/threat-report-2013/index.html
https://doi.org/10.1038/nrmicro.2017.103
https://doi.org/10.7150/thno.19217
https://doi.org/10.7150/thno.19217
https://doi.org/10.1128/JCM.00440-13
https://doi.org/10.1128/JCM.00440-13
https://doi.org/10.1126/scitranslmed.3009650
https://doi.org/10.1128/JCM.01475-16
https://doi.org/10.1038/nnano.2013.120
https://doi.org/10.1038/nature05741
https://doi.org/10.1038/nature05741
https://doi.org/10.1039/c5lc00375j
https://doi.org/10.1128/JCM.00996-16
https://doi.org/10.1111/jam.15738
https://doi.org/10.1371/journal.pone.0026846
https://doi.org/10.1073/pnas.1119540109
https://doi.org/10.3389/fmicb.2019.00754
https://doi.org/10.1128/AAC.00075-16
https://doi.org/10.1371/journal.pone.0110215
https://doi.org/10.3389/fmicb.2016.00763
https://doi.org/10.3978/j.issn.2305-5839.2015.12.09
https://doi.org/10.3978/j.issn.2305-5839.2015.12.09
https://doi.org/10.1371/journal.pgen.1000760
https://doi.org/10.1016/j.tim.2014.04.007
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1093/nar/gkp894
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.3390/microorganisms10071385
https://doi.org/10.3390/microorganisms10071385
https://doi.org/10.1016/j.cell.2007.06.049
https://doi.org/10.1111/j.1574-6976.2007.00082.x

www.nature.com/scientificreports/

30. Gupta, K. et al. International clinical practice guidelines for the treatment of acute uncomplicated cystitis and pyelonephritis in
women: A 2010 update by the Infectious Diseases Society of America and the European Society for Microbiology and Infectious
Diseases. Clin. Infect. Dis. 52, €103-120. https://doi.org/10.1093/cid/ciq257 (2011).

31. Adalja, A. A,, Toner, E. & Inglesby, T. V. Clinical management of potential bioterrorism-related conditions. N. Engl. J. Med. 372,
954-962. https://doi.org/10.1056/NEJMra1409755 (2015).

32. Miller, C. et al. SOS response induction by beta-lactams and bacterial defense against antibiotic lethality. Science 305, 1629-1631.
https://doi.org/10.1126/science.1101630 (2004).

33. Kohanski, M. A., DePristo, M. A. & Collins, J. J. Sublethal antibiotic treatment leads to multidrug resistance via radical-induced
mutagenesis. Mol. Cell 37, 311-320. https://doi.org/10.1016/j.molcel.2010.01.003 (2010).

34. Black, C. G,, Fyfe, ]. A. & Davies, J. K. Absence of an SOS-like system in Neisseria gonorrhoeae. Gene 208, 61-66. https://doi.org/
10.1016/s0378-1119(97)00653-7 (1998).

35. CLSI. Performance Standards for Antimicrobial Susceptibility Testing; Twenty-First Informational Supplement. Vol. 31. No. 1 CLSI
Document M100-S21. 1-162 (Clinical and Laboratory Standards Institute, 2011).

36. Rotem, S. et al. Rapid antibiotic susceptibility testing of tier-1 agents Bacillus anthracis, Yersinia pestis, and Francisella tularensis
directly from whole blood samples. Front. Microbiol. 12, 664041. https://doi.org/10.3389/fmicb.2021.664041 (2021).

37. Aloni-Grinstein, R., Shifman, O., Gur, D., Aftalion, M. & Rotem, S. MAPt: A rapid antibiotic susceptibility testing for bacteria in
environmental samples as a means for bioterror preparedness. Front. Microbiol. 11, 592194. https://doi.org/10.3389/fmicb.2020.
592194 (2020).

38. Maxson, T., Blancett, C. D., Graham, A. S., Stefan, C. P. & Minogue, T. D. Rapid antibiotic susceptibility testing from blood culture
bottles with species agnostic real-time polymerase chain reaction. PLoS One 13, €0209042. https://doi.org/10.1371/journal.pone.
0209042 (2018).

39. Voelker, C. R. et al. Evaluating sensitivity and specificity of the Biomeme Franklin three9 real-time PCR device and SARS-CoV-2
go-strips assay using clinical samples. J. Clin. Virol. 146, 105046. https://doi.org/10.1016/j.jcv.2021.105046 (2022).

40. Frimpong, M. et al. Multi-centric evaluation of biomeme Franklin mobile gPCR for rapid detection of Mycobacterium ulcerans in
clinical specimens. PLoS Negl. Trop. Dis. 17, €0011373. https://doi.org/10.1371/journal.pntd.0011373 (2023).

41. CDC. CDC & FDA Antibiotic Resistance Isolate Bank (2021).

42. Liu, C. M. et al. BactQuant: an enhanced broad-coverage bacterial quantitative real-time PCR assay. BMC Microbiol. 12, 56. https://
doi.org/10.1186/1471-2180-12-56 (2012).

Acknowledgements

This work was supported by the Defense Threat Reduction Agency (DTRA). We would like to thank David Kulesh
and Laurie Hartman for their preliminary work on the B. anthracis and Y. pestis recA assays. The opinions, inter-
pretations, conclusions, and recommendations contained herein are those of the authors and are not necessarily
endorsed by the U.S. Army. All data and human subjects research were gathered and conducted for this publi-
cation under Institutional Review Board approved determinations FY16-21 as defined by 32 CFR 219.102(f).

Author contributions

C.P.S. wrote the main manuscript, designed assays, conducted experiments, analyzed the results, and prepared all
figures. C.D.B. and K.A.H. conducted experiments and optimized assays. All authors contributed to experimental
design and planning and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-52937-0.

Correspondence and requests for materials should be addressed to C.P.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2024

Scientific Reports |

(2024) 14:2716 | https://doi.org/10.1038/s41598-024-52937-0 nature portfolio


https://doi.org/10.1093/cid/ciq257
https://doi.org/10.1056/NEJMra1409755
https://doi.org/10.1126/science.1101630
https://doi.org/10.1016/j.molcel.2010.01.003
https://doi.org/10.1016/s0378-1119(97)00653-7
https://doi.org/10.1016/s0378-1119(97)00653-7
https://doi.org/10.3389/fmicb.2021.664041
https://doi.org/10.3389/fmicb.2020.592194
https://doi.org/10.3389/fmicb.2020.592194
https://doi.org/10.1371/journal.pone.0209042
https://doi.org/10.1371/journal.pone.0209042
https://doi.org/10.1016/j.jcv.2021.105046
https://doi.org/10.1371/journal.pntd.0011373
https://doi.org/10.1186/1471-2180-12-56
https://doi.org/10.1186/1471-2180-12-56
https://doi.org/10.1038/s41598-024-52937-0
https://doi.org/10.1038/s41598-024-52937-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Relative quantification of the recA gene for antimicrobial susceptibility testing in response to ciprofloxacin for pathogens of concern
	Results
	Evaluation of recA and SOS gene expression of B. anthracis and Y. pestis in response to ciprofloxacin
	Design of real-time RT-qPCR assays to measure relative fold changes of recA gene in multiple bacterial species
	RT-qPCR recA duplex assay performance in culture and contrived complex samples

	Discussion
	Material and methods
	Bacterial strains and experimental setup
	Cell lysis and RNA extraction
	Total RNA sequencing and analysis
	cDNA synthesis and real-time PCR

	References
	Acknowledgements


