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ABSTRACT

MRSA are responsible for a high proportion of infections. Vancomycin resistance in Staphylococcus aureus
is rare although, a decreased susceptibility has been described associated to worse outcome. An ultra-rapid
antimicrobial susceptibility assay able to provide methicillin- resistance status and vancomycin MIC in S.
aureus isolates in 2 h max, was evaluated. A two-sites susceptibility testing of cefoxitin and vancomycin was
performed in 119 S. aureus isolates using reference methods and FASTinov® technology (Porto University
spin-off, Portugal). Bacteria were incubated with a screening concentration of cefoxitin (4 mg/L) for the
detection of methicillin- resistance and a serial concentration of vancomycin for MIC determination; a
fluorescent probe was added to each drug and incubated for 1-hour. Flow cytometric analysis was performed
and the susceptibility result was provided by a dedicated software. Sensitivity, specificity, essential agreement
(EA) and bias were calculated comparing to the reference method using ISO guidelines. Sensitivity and
specificity for detection of resistance to both drugs was 100%. Regarding vancomycin, the EA was 96.6% with
+23.4% of bias. Reproducibility was 100% for both drugs. An ultra-rapid and accurate flow cytometry assay is
described for the screening of methicillin-resistance and vancomycin MIC determination in S. aureus isolates
with excellent correlation with standard reference methods.
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Abbreviations: MRSA: Methicillin-Resistance Staphylococus aureus; HA-MRSA: Hospital-Acquired Methicillin-
Resistant Staphylococcus aureus; CA-MRSA: Community-Associated Methicillin-Resistant Staphylococcus
aureus; MIC: Minimum Inhibitory Concentration; AST - Antimicrobial Susceptibility Test; BMD: Broth
Microdilution; EUCAST: European Committee on Antimicrobial Susceptibility Testing; CLSI: Clinical &
Laboratory Standards Institute; MBC: Minimal Bactericidal Concentration; BC: Blood Cultures; SSC: Side
Scatter; FSC: Forward Scatter; EA: Essential Agreement; MSSA: Methicillin-Susceptible Staphylococcus aureus
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Introduction

Staphylococcus aureus is one of the most common pathogens
causing several infections. These infections are especially relevant
particularly in case of methicillin-resistance, as they are resistant to
all available beta-lactam drugs except ceftaroline and ceftobiprole. [1]
Methicillin resistance S. aureus (MRSA) isolates are associated with
longer hospitalizations, increased morbidity and mortality. Unlike
traditional MRSA residing in hospitals (HA-MRSA), new clones have
emerged in community settings (CA-MRSA) and infect people with-
out predisposing risk factors. [2] Resistance to vancomycin, one of the
most important anti-MRSA antibiotics is rare, although isolates with
decreased susceptibility have been recovered in several geographic
areas. In 1997, Hiramatsu et al. described the first documented case of
infection caused by S. aureus with reduced susceptibility to vancomy-
cin.[3] Reduction on its susceptibility was described as MIC creep and
related with worse outcome. [4] High vancomycin MIC (>1.5 mg/L)
was the only independent risk factor for development of complicated
bacteriemia caused by methicillin-susceptible S. aureus. [5] However,
Diaz et al,, in a systematic review and meta-analysis, did not find ev-
idence of MIC creep phenomenon but clinicians are now much more
alert and often request for quantitative susceptibility result regarding
vancomycin. [6] On the other hand, in conventional routine labora-
tory flow-chart, antimicrobial susceptibility testing (AST) results are
reported after 16-24h from pure colonies using automated methods,
disc diffusion or broth microdilution (BMD), but critical clinical situ-
ations demand faster answers. [7] Flow cytometry has been shown
to be an excellent way to provide rapid AST results from colonies or
even directly from positive blood cultures (BC) mainly as a qualitative
assay but also allowing MIC determination. [8-10] In this study, we
describe a rapid flow cytometry assay for the detection of methicil-
lin resistance and vancomycin MIC determination in S. aureus from
colonies providing results after maximum of 2 h since the initiation
of the test.

Materials and Methods
Bacterial Isolates

A total of hundred and nineteen S. aureus were studied: 59 iso-
lates belonging to the bacterial collection of the Microbiology Depart-
ment of Porto School of Medicine (55 clinical isolates and 4 belong-
ing to American Type Culture Collection-ATCC strains) isolated from
different biological products (blood cultures, respiratory products
and wounds) were tested in FASTinov, Porto, Portugal and 60 isolat-
ed obtained from patients with S. aureus bacteriemia were tested in
the Microbiology department of Ramén y Cajal University Hospital in
Madrid, Spain.

Reference Methods

Susceptibility of cefoxitin and vancomycin was performed from
isolated colonies: disc diffusion method regarding cefoxitin and

broth microdilution (BMD) regarding vancomycin MIC determination
(range 0.125-64 mg/L). Results were interpreted according to both
EUCAST and CLSI guidelines. [11-13] Moreover, minimal bactericid-
al concentration (MBC) for vancomycin were also determined for
each isolate. Briefly, an aliquot of 10 pl from the wells with no visible
growth in MIC panels were seeded on blood agar plates. The lower
concentration with no bacterial colonies was considered the MBC.

Molecular Detection of MecA Gene

Both in Porto and Madrid isolates, molecular detection of mecA
gene was carried out by polymerase chain reaction (PCR) using prim-
ers and conditions previously described.

Ultra-Rapid Antimicrobial Susceptibility (FASTinov® Pan-
els)

Flow cytometry assay with cefoxitin was performed to infer
methicillin-resistance and with vancomycin for MIC determination.
Overnight cultures in blood agar plates (BioMériux, France) of S. au-
reus were used. A sub-culture in Brain-hearth broth (Sigma-Aldrich,
US) was performed and incubated at 35+2°C with shake until turbid-
ity (around 1.5h); a centrifugation step follows, and the suspension
adjusted to 0.5 McFarland and diluted (1/2) in filtered Muller-Hinton
broth cation adjusted (MH; Sigma-Aldrich, US). The FASTinov® AST
panel, a conventional microplate with 12 wells including a screening
concentration of cefoxitin (4 mg/L) for detection of methicillin-resis-
tance and vancomycin at serial concentrations similar to a BMD pan-
el, was inoculated adding 100 ul of the bacterial suspension to each
well. A nucleic acid fluorescent probe, that only stain damaged cells,
was added to each well. [8] As quality control, a negative well with
non-treated bacterial cells and a positive control with citric acid, to
assure fluorescent dyes performance, was used. After 1-hour incuba-
tion at 35+2°C with shaking and protected from light, the panel was
analyzed using a flow cytometer, CytoFLEX (Beckman Coulter, US).
Cell fluorescent intensity, number of event as well as morphological
changes were recorded in a FSC (flow cytometer standard) file.

A specific software (BioFAST SW) analysed the FSC files and re-
ported the MIC value as well as the clinical phenotypic category ac-
cording to CLSI or EUCAST criteria. The number of events, the light
scatter values and the fluorescence intensity of each well were incor-
porated on the algorithm to provide results based on cut-off values.
Cut-off values for flow cytometry were previously calculated using
ROC curves and introduced on the dedicated software [14].

Reproducibility

Ten S. aureus isolated were repeated 3 times in independent as-
says on the flow cytometry assay regarding both cefoxitin and van-
comycin determinations and the results between repetitions were
compared.
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Data Analysis

Sensitivity and specificity for the detection of MRSA and vanco-
mycin resistance was determined. Essential agreement (EA) and bias
regarding MIC determination to vancomycin was calculated according
ISO/DIS 20776-2:2021 for the cytometry assay.

Results

Classification of Isolates Regarding Susceptibility to Cefox-
itin

At Ramon y Cajal University Hospital in Madrid, Spain, molecu-
lar results for mecA gene detection were concordant with cefoxitin
phenotypic ones in all the 60 studied isolates; 23 were classified as
MRSA and 37 as MSSA (methicillin-susceptible S. aureus). Moreover,
in Porto isolates (n=55), 33 were classified as MRSA and 20 as MSSA
(Methicillin susceptible S. aureus), while the 2 remaining isolates
were classified as methicillin-resistance by cefoxitin disc screen un-
like the presence of mecA gene was not demonstrated.

Classification of Isolates Regarding Susceptibility to Van-
comycin

The MICs varied between 0.25 and 8 mg/L, the upper range being
obtained with the ATCC 700699 (Mu50) glycopepetide intermediate
S. aureus (GISA) strain.
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Flow Cytometric Results

Flow cytometer results are in Figure 1, that shows the result ob-
tained with ATCC strain 29213 (MSSA; vancomycin MIC of 1 mg/L)
and ATCC strain 700699 (MRSA; vancomycin MIC of 8 mg/1) incubat-
ed during 1-hour with cefoxitin at screening concentration and with
different vancomycin concentrations. No changes on the size (SSC) or
complexity (FSC) of the cells were evident after 1- hour incubation
with both drugs, although a clear increase of the intensity of fluo-
rescence (shift of the population to the right) could be observed on
the susceptible strain. The sensitivity and specificity of the flow cy-
tometry test for detecting MRSA was 100% comparing to phenotypic
reference assay. Overall, the essential agreement (EA) of the flow cy-
tometry test for determination of vancomycin MIC was 96.6%. Vanco-
mycin MIC results of tested isolates determined by broth microdilu-
tion (BMD) and by flow cytometry assay are represented in Figure 2.
The bias calculation is represented on Figure 2, representing how the
flow cytometry results differ from the reference method and in which
direction. The bias was +23.4% (Table 1) which is considered accept-
able according the determined range for the bias calculation (-30% to
+30%). [15] The minimum bactericidal concentrations (MBC) values
for vancomycin were equal or one dilution above the MICs (only two
strains had a difference of two dilutions above MIC value).
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S. aureus ATCC 29213 susceptible to cefoxitin (MSSA) and with vancomycin MIC of 1mg/L and
S. aureus ATCC 700699 resistant to cefoxitin (MRSA) and with vancomycin MIC of 8mg/L.

Cells exposed to 4mg/ L of cefoxitin (breakpoint concentration according EUCAST and CLSI);
Cells exposed to vancomycin MIC, the first concentration that shows an effect. SSC - side scatter (cell size), FSC - forward scatter (cell

complex1ty) IF - intensity of fluorescence at log scale. A drift of the population to the right means an increase of the IF.
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Figure 2: Correlation between vancomycin MIC determination by FASTinov® technology and reference method in 119 Staphylococcus aureus
isolates. MICs within essential agreement (within #1 dilution of reference MIC) are highlighted in grey and MIC identical in both tests are within
boxes. EUCAST and CLSI breakpoints are shown as lines: MIC < 2mg/ L means susceptible for both protocols, MIC > 2mg/ L is resistant regarding
EUCAST; according CLSI, MIC between 4-8mg/L are intermediate and MIC > 16mg/L are considered resistant.

Table 1: MIC doubling dilution difference distribution to determine EA and bias. Cells highlighted in grey represented those that are in essen-

tial agreement.

<-2 -1 0 +1 >+2 EA
0 13/119 65/119 37/119 4/119 115/119
X 11% 54.6% 31.1% 3.3% 96.6%
Y -' BIAS=+23.4% ,—
11% 34.4%
Reproducibility say will be adequate if results can be offered in a short period of time.

The reproducibility was 100% for both drugs.
Discussion

We described here a rapid flow cytometry assay for the detection
of methicillin-resistance and vancomycin MIC values in S. aureus iso-
lates. Detection of methicillin-resistance is crucial facing an infection
due to S. aureus. It is of note that the time to perform flow cytometry
assay is comparable to rapid molecular methods but, as it is a pheno-
typic assay, it could be more informative regarding patient treatment
than molecular assay. Comparing with disc diffusion, flow cytometry
assay is quite faster and gives the same phenotypic information. The
main limitation of the described technology for the detection of meth-
icillin resistance is the fact that it cannot be used directly on a polymi-
crobial sample such as a nose swab, respiratory secretions or a cuta-
neous wound. On that case, namely, to investigate for MRSA carries, a
molecular assay is preferred whereas from colonies a phenotypic as-

Molecular methods have been developed for mecA gene detection and
more recently for mecC gene. Other unusual mec genes, such as mecB
and mecD, and other homologues have been described also confer-
ring methicillin- resistance. So, the absence of mecA or even mecC
gene in a molecular assay, do not guarantee methicillin-susceptibility.
[2] Two of the studied strains showed phenotypic result of resistance
although negative for mecA. On phenotypic assays, cefoxitin has been
proved to be the most sensitive drug to evaluate the susceptibility to
methicillin in S. aureus. [16] Although the effectiveness of vancomycin
in S. aureus infectious is supported by more than 5 decades of use,
several challenges persist including the potential impact of the higher
vancomycin MIC values and heteroresistance. Nevertheless, MIC val-
ues on S. aureus could be different according to the method used and
heteroresistance is difficult to evaluate. [17] Due to mechanism of ac-
tion of cefoxitin and vancomycin, cells must be at exponential growth
phase, explaining the need for a broth incubation of 1.5-2 hours be-
fore incubation with the drugs.
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Conclusion

In our study, flow cytometry has shown to be an excellent tool
regarding a rapid evaluation of antimicrobial susceptibility from colo-
nies providing not only the susceptibility phenotype to both drug but
also vancomycin MIC values. Flow cytometry is a promising technolo-
gy that could eventually change the microbiology diagnosis paradigm.
An ultra-rapid phenotypical susceptibility assay could be performed
directly from colonies but it also might be possible from positive
blood cultures. [8,9,10,18] A fast and accurate susceptibility assay is
here described for the phenotypic detection of methicillin-resistance
and vancomycin MIC determination in S. aureus with excellent cor-
relation with the conventional reference test saving almost one day.
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