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Editorial on the Research Topic
MALDI-TOF MS Application for Susceptibility Testing of Microorganisms

In the present era of multi-/pan-resistant microorganisms, the acceleration of the microbiological
diagnostics is the most pressing task and declared aim of many academic and industrial research
groups. These efforts are of fundamental importance for appropriate antibiotic treatment and
efficient infection control measures. Besides neglected issues of the preanalytical processes, rapid
identification, and rapid susceptibility testing are essential components to be addressed (van
Belkum et al., 2013, 2019; Idelevich et al., 2018a). Conventional standardized methods for
susceptibility testing are usually accurate, but require long incubation times, especially for fungi
(Idelevich and Becker, 2015). In the past decades the primary emphasis was on the development
of nucleic acid-based molecular assays, which are only partially able to meet these demands. In
particular, all DNA-based molecular assays are focused to the respective resistance genes. The
presence of these, however, does not necessarily correspond to the resistance phenotype, nor
is applicable in case of unknown resistance mechanisms. Consequently, universal approaches
are necessary, which allow for (i) rapid and untargeted identification, (ii) fast and mechanism-
independent susceptibility testing and, if needed, (iii) further characterization (e.g., typing) of a
given isolate.

Although being a phenotypic approach, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS)-based analysis of the whole-organism protein mass
spectra offers the closest approximation to the ribosomal sequence information. This method
has been successfully established for the identification and subtyping of bacterial and fungal
microorganisms (Wieser et al., 2012; Clark et al., 2013) and, meanwhile, it has become a routine
method in many diagnostic laboratories contributing enormously to a reduction of the time-
to-result in identification procedures (Idelevich et al., 2019). However, for susceptibility testing,
rapid phenotypic approaches feasible for routine applications are still missing (Schubert and
Kostrzewa, 2017). As shown in this special issue summarizing the results of the respective Frontiers
Research Topic “MALDI-TOF MS Application for Susceptibility Testing of Microorganisms,’
this technology is able to provide solutions for rapid determination of antibiotic susceptibilities
independently of the underlying resistance phenotype.

The review article by Burckhardt and Zimmermann provides an excellent entrance into the
different MALDI-TOF MS approaches for specific or universal determination of antimicrobial
resistances and addresses the question why we do need timely susceptibility testing. This overview
is complemented by a mini-review by Florio et al. about the detection of antifungal resistance by
MALDI-TOF MS. Approaches to determine bacterial and fungal resistances comprise technical
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solutions using (i) defined marker peaks to deduce susceptibility
or resistance, (ii) alterations of antibiotics such as hydrolysis,
decarboxylation or acetylation as read-out, (iii) peak shifts as
read-out by incorporation of 13C, (iv) quantification of the area
under the curve as read-out and, as newest development, (v) the
direct-on-target microdroplet growth assay (DOT-MGA).

The latter approach, originally described by Idelevich et al.
(2018b), is represented in this issue by two articles reporting on
the detection of methicillin resistance in Staphylococcus aureus
by Nix et al. and on the rapid detection of extended-spectrum
p-lactamases and AmpC f-lactamases in Enterobacterales by
Correa-Martinez et al. Instead of targeting specific resistance
mechanisms, it resembles the minimum inhibitory concentration
(MIC) determination by the broth microdilution method by
using MALDI-TOF MS targets directly as incubation device.
Thus, the created layout of the test panel as well as the
interpretation criteria applied follow the criteria of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST).
Both articles demonstrated that these novel phenotypic methods
are able to provide reliable results in a short time.

Dortet et al. present results on another innovative derivative
of the MALDI-TOF MS technology, the so-called MALDIxin
test, which has been recently developed by this group (Dortet
et al, 2018). By directly assessing lipid A modifications in
intact bacteria, this approach is able to identify polymyxin-
resistant isolates in about 15min and owns the capacity
to discriminate between chromosome- and plasmid-encoded
resistance as further advantage. Here, the authors showed their
results of applying the MALDIxin to detect colistin-resistant
Salmonella enterica isolates.

Further articles report on the evaluation of already existing
commercially available MALDI-TOF mass spectrometry Kkits.
Recent EUCAST guidelines for carbapenemase detection
(European Committee for Antimicrobial Susceptibility
Testing of the European Society of Clinical Microbiology
Infectious Diseases, 2017) recommends hydrolysis assays by
MALDI-TOF MS as a useful method for clinical practice.
Several working groups evaluated the performances of the
hydrolysis-based MBT STAR®-Carba IVD assay to detect
carbapenemase-producing bacteria. The study of Cordovana
et al. investigated a huge collection of diverse Italian and
German Klebsiella pneumoniae isolates for the presence of
the Klebsiella pneumoniae carbapenemases (KPC)-related
peak, which has been confirmed in a subset by applying the
MBT STAR®-Carba IVD assay. The confirmation procedure
showed 100% sensitivity and specificity, both from colonies
and from positive blood cultures. Using colony material, the
assay as performed by Anantharajah et al. detected all included
carbapenemase-producing Enterobacteriaceae, Pseudomonas,
and Acinetobacter isolates with sensitivities and specificities of
100%. Of note, performed on positive blood cultures, the assay
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Objective: This study evaluated the capability of a MALDI Biotyper system equipped
with the newly introduced MBT STAR-BL module to simultaneously perform species
identification and p-lactamase-mediated resistance detection in bacteremia -causing
bacteria isolated from cultured isolates and patient-derived blood cultures (BCs).

Methods: Two hundred retrospective cultured isolates and 153 prospective BCs
containing Gram-negative rods (GNR) were collected and subjected to direct bacterial
identification, followed by the measurement of B-lactamase activities against ampicillin,
piperacillin, cefotaxime, ceftazidime, and meropenem using the MBT STAR-BL module.
The results and turnaround times were compared with those of routine microbiological
processing. All strains were also characterized by beta-lactamase PCR and sequencing.

Results: Using the saponin-based extraction method, MALDI-TOF MS correctly
identified bacteria in 116/134 (86.6%) monomicrobial BCs. The detection sensitivities
for B-lactamase activities against ampicillin, piperacillin, third-generation cephalosporin
and meropenem were 91.3, 100, 97.9, and 100% for cultured isolates, and 80.4, 100,
68.8, and 40% for monomicrobial BCs (n = 134) respectively. The overall specificities
ranged from 91.5 to 100%. Furthermore, the MBT STAR-BL and conventional drug
susceptibility test results were concordant in 14/19 (73.7%) polymicrobial cultures.
Reducing the logRQ cut-off value from 0.4 to 0.2 increased the direct detection
sensitivities for p-lactamase activities against ampicillin, cefotaxime and meropenem in
BCs to 85.7, 87.5, and 100% respectively. The MBT STAR-BL test enabled the reporting
of B-lactamase-producing GNR at 14.16 and 47.64 h before the interim and final reports
of routine BCs processing, respectively, were available.

Frontiers in Microbiology | www.frontiersin.org 8

February 2018 | Volume 9 | Article 334


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.00334
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.00334&domain=pdf&date_stamp=2018-02-23
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gilman.siu@polyu.edu.hk
https://doi.org/10.3389/fmicb.2018.00334
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00334/full
http://loop.frontiersin.org/people/483821/overview
http://loop.frontiersin.org/people/288330/overview

Leeetal.

MALDI-TOF MS-based Drug Resistance Test

Conclusion: The MALDI Biotyper system equipped with the MBT STAR-BL module
enables the simultaneous rapid identification of bacterial species and B-lactamase-
mediated resistance from BCs and cultured isolates. Adjustment of the logRQ cut-
off value to 0.2 significantly increased the detection sensitivities for clinically important

drug-resistant pathogens.

Keywords: MBT STAR-BL, MALDI-TOF MS, drug resistance, bacterial, drug hydrolysis test, beta-lactamases,

blood culture

INTRODUCTION

Sepsis is a major cause of infectious disease-associated morbidity
and mortality (Fleischmann et al., 2016). Proper initial antibiotic
therapy is a crucial parameter for improvement of patient
outcomes (Kumar et al., 2006; Dellinger et al., 2008). Empirical
treatment must be administrated at the time of sepsis diagnosis,
and the regimen should be adjusted if necessary when bacterial
identification and drug susceptibility results are available (Kang
et al., 2005; Dellinger et al., 2008; Kumar, 2011). Matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) is particularly useful for direct identification
of causative agents of bacteremia, which can be inducers of
sepsis, within the same day of a positive blood culture (BC)
broth result (Schubert et al., 2011; Wuppenhorst et al., 2012;
Chen et al, 2013; Clerc et al, 2013). However, predictions
of drug susceptibility patterns based on bacterial identification
alone have become inaccurate, given the increasing incidence of
multidrug-resistance among Gram-negative bacteria (Paterson,
2006; Livermore, 2012).

Recent studies demonstrated the feasibility of using MALDI-
TOF MS to predict B-lactam resistance through detection
of hydrolytic B-lactam substrates produced by bacterial
B-lactamases (Burckhardt and Zimmermann, 2011; Hrabak
et al., 2011; Sparbier et al., 2012; Ghebremedhin et al., 2016).
Unfortunately, in the absence of automated analysis software,
previous studies have used either manual calculations (Sparbier
et al., 2012; Ghebremedhin et al, 2016) or self-developed
algorithms with ambiguous cut-off values (Jung et al., 2014) to
analyze the peak patterns. These techniques introduce intra-
and inter-observer variability to the assay and are difficult to
implement in routine diagnostic workflows. Recently, Bruker
Daltonik launched a software module, the MALDI Biotyper™
Selective Testing for Beta-Lactamase Activity (MBT STAR-BL),
for the automatic analysis of drug hydrolysis mass spectra. This
module facilitates the simultaneous bacterial identification and
detection of B-lactamase-mediated resistance toward ampicillin
(AMP), piperacillin (PIP), cefotaxime (CTX), ceftazidime (CAZ),
meropenem (MEM), and ertapenem (ETP).

The present study aimed to evaluate the ability of the MALDI
Biotyper system equipped with the MBT STAR-BL module
to identify bacteremia -causing bacteria and predict p-lactam
resistance from plated isolates, as well as BC broths. The time-
to-results determined using MBT STAR-BL were also compared
with those obtained using a conventional culture-based
method.

MATERIALS AND METHODS

Sample Collection

In the first stage, 200 archived Gram-negative isolates of different
species and various drug susceptibility patterns were collected
and used to evaluate the ability of the MBT STAR-BL to detect
B-lactamase-mediated resistance to all claimed antibiotics except
ertapenem, which was not available locally. All strains were
isolated from BCs previously collected at four different public
hospitals throughout the territory. Escherichia coli strain DH5a
was used as a B-lactamase-negative control strain, whereas ATCC
E. coli strain BAA-2452, a NDM-1 carbapenemase producer, was
used as a positive control in all drug hydrolysis tests.

In the second stage, 153 positive BC broths derived from
patients with Gram-negative bacterial bloodstream infections
were collected prospectively from January to December 2016.
BACTEC™ FEX (Becton Dickson, US) and BacT/Alert FA
(bioMerieux, France) blood culture system are housed in
hospitals. All positive BCs were subjected to direct Gram
staining. If Gram-negative rods were found, a 5-mL aliquot
of culture broth was transported to our laboratory for direct
bacterial identification, followed by the detection of B-lactamase-
mediated resistance using MBT STAR-BL within the same day.

On the following day, MALDI-TOF MS analyses were
repeated using isolated colonies grown on subculture
plates.

Bacterial Identification from BC Broths
Using MALDI-TOF MS

For direct bacterial identification from BC broths, bacterial
proteins were extracted using saponin-based protocol (Chen
etal., 2013). The target plate was then analyzed using the Bruker
Microflex LT system and MALDI Biotyper Compass software
with the V5.0.0.0 spectra library (5989 spectra).

Preparation of Antibiotic Solutions

Solutions of AMP (3 mg/mL), PIP (0.5 mg/mL), CTX (0.5
mg/mL), CAZ (0.25 mg/mL) and MEM (1 mg/mL) were
prepared in incubation buffer (10 mM ammonium bicarbonate,
10 pg/mL zinc chloride, pH 8-9).

The antibiotics used for MBT STAR-BL measurement
were selected according to the bacterial identification given
by MALDI-TOF MS. If Enterobacteriaceae was identified,
B-lactamase activity against AMP, CTX/CAZ and MEM were
studied. For non-fermentative Gram-negative rods (NFGRs),
including Acinetobacter spp. and Pseudomonas spp., p-lactamase
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activities against PIP, CAZ and MEM were investigated.
B-lactamase activities against to all five B-lactam drugs was
determined if no reliable ID was obtained.

MBT-STAR-BL Measurement

For plated isolates, sample preparation was done according to
Hrabak et al. (2012). For BC broths, a bacterial pellet was isolated
using saponin-based extraction method. Briefly, 1 mL of BC
broth was treated with 5% saponin and subsequently washed
twice with distilled water. After centrifugation, the bacterial
pellet was resuspended in 50 wL of the appropriate antibiotic
solution and incubated at 37°C under agitation (900 rpm) for 2 h,
followed by centrifugation at 2,000 rpm for 2 min to collect the
supernatant.

One microliter of supernatant was applied to the MSP96
target plate (reactions were performed in quadruplicate). The
dried spots were overlaid with 1 pL of MBT STAR-BL
Matrix. Automated mass spectrometric measurements were
performed using the STAR-BL module (RUO version) embedded
in the MALDI Biotyper Compass software. For instrument
calibration, an antibiotic calibration standard (ACS; Bruker
Daltonik) was measured in parallel with the samples in
each run.

The STAR-BL module automatically calculated the
normalized logRQ values for each sample. A value <0.2
indicated negative drug hydrolysis (i.e., reported as susceptible),
whereas a value >0.4 indicated positive B-lactamase activity
(i.e., reported as resistant). Normalized logQR values between
0.2 and 0.4 indicated an indeterminate hydrolysis measurement
requiring retesting. If the repeated test yielded the same logQR
value, the results were reported as indeterminate.

Routine Microbiological Processing

Routine processing of BCs included the subcultivation of positive
broths on Columbia Blood agar. The final identification involved
a MALDI-TOF MS analysis of single isolated colonies grown on
subculture plates.

Interim drug susceptibility patterns were determined by disk
diffusion test directly using positive BC broths, whereas final
drug susceptibilities relied on the disk diffusion testing patterns
obtained from subcultured isolates (Clinical and Laboratory
Standards Institute, 2013). Furthermore, the extended-spectrum
B-lactamase (ESBL) and carbapenemase phenotypes were
confirmed using a combined disk method (Clinical and
Laboratory Standards Institute, 2013; Pournaras et al., 2013).

Strain Characterization

The presence of plasmid-mediated B-lactamases in all identified
p-lactam-resistant Enterobacteriaceae was confirmed using
multiplex PCR assays, followed by amplicon sequencing-based
genotyping (Dallenne et al, 2010; Doyle et al, 2012). PCR
sequencing was used to detect the mutations in the ampC
promoter/attenuator region as well as in ampD and ampR
which are associated with hyperproduction of AmpC in
Enterobacteriaceae (Kaneko et al., 2005; Schmidtke and Hanson,
2006; Peter-Getzlaff et al., 2011). For NFGRs, carbapenemases
were characterized using a dual-tube multiplex PCR (Kazi et al,,

2015), whereas some rare P-lactamases, such as blap,, and
blar,, were detected as previously described (Thaller et al., 2011;
Yang et al., 2014). For cases involving discrepancy between
the phenotypic DST and MBT STAR-BL assays, the minimal
inhibitory concentration (MIC) was determined using an E-
test (bioMérieux, Marcy I'Etoile, France) according to the
manufacturer’s guidelines.

Assessment of the Times-to-Results Using
the MBT STAR-BL and Routine Culture
Methods

The times-to-results were compared based on a subset of
153 monomicrobial BCs (n = 88) collected from a hospital
adjacent to our laboratory that houses the MALDI Biotyper
system with STAR-BL module. BCs that were identified as
positive between 7:00a.m. and 4:00 p.m. were collected at
the hospital. MBT STAR-BL measurements were performed
immediately upon sample arrival in our laboratory. Time-zero
was defined as the time at which the primary Gram staining
result was reported. For MALDI-TOF MS analysis, the time
elapsed between time-zero and the MBT STAR-BL analysis
completion time was considered the “Time-to-MBT STAR-BL.”
For routine microbiological processing, the total time required
to obtain bacterial identification and the results of the direct
(interim) disk diffusion test was defined as the “Time-to-interim
report,” whereas the total time required to obtain the final drug
susceptibility result from subcultured isolates was defined as the
“Time-to-final report” (Figure 1).

RESULTS

MBT STAR-BL Testing on Archived

Cultured Isolates

Among 139 Enterobacteriaceae collected in this study, 103
were AMP-resistant, as determined by phenotypic DST, and
94 (91.3%) exhibited positive hydrolysis in the MBT STAR-BL
module. Notably, 63/66 (95.5%) AMP-resistant E. coli isolates
were correctly identified by MBT STAR-BL with 100% specificity
(Table 1).

MBT STAR-BL successfully identified 47/48 (97.9%) CTX-
resistant and 22/30 (73.3%) CAZ-resistant Enterobacteriaceae
isolates with no false positivity (Table 1). Interestingly, all 26
ESBL-producing Enterobacteriaceae demonstrated positive CTX
hydrolysis, whereas only 3 (11.5%) could hydrolyze CAZ.

Remarkably, all carbapenemase-producing
Enterobacteriaceae (n = 16) isolates were correctly identified by
MBT STAR-BL with 100% specificity (Table 1).

For NFGRs, MBT STAR-BL successfully detected PIP and
MEM hydrolysis in all A. baumannii isolates harboring
blapxa—»3 and blapxa—s1 (n = 28) and all P. aeruginosa isolates
harboring blayyys (n = 3) (Table 1). However, all A. baumannii
isolates harboring blagxa—23 and blapgxs—s; failed to exhibit CAZ
hydrolysis in MBT-STAR-BL.

The characteristics of the bacterial cultures with discrepant
results are shown in Table 4.

Frontiers in Microbiology | www.frontiersin.org

10

February 2018 | Volume 9 | Article 334


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Leeetal.

MALDI-TOF MS-based Drug Resistance Test

Positive Blood culture
(n=153)

Time Zero

Direct Gram staining:
Gram-negative rods

Time Zero

Direct ID from BC bottle by

Subculture to Blood Direct disk diffusion
agar / MAC agar test from BC bottle

@
£
5
H
g MALDI-TOF MS
g I
HP [ 1
sle -
'§ b Enterobacteriaceae Non-fermentative
s GNR
<o
-
Zw
23 MBT STAR-BL MBT STAR-BL
EE AMP/CTX/MEM PIP/CAZ/MEM

Sy 62-3T
Jodal wi3iu| 03 awi]

ID from isolated Interim report for

colonies by MALDI- routine
TOF MS microbiological
processing

from isolated colonies

Disk diffusion test

S1Y 85-TS
yodal |eul 03 dwi |

Final report for
routine
microbiological
processing

STAR-BL and routine microbiological processing.

FIGURE 1 | Diagram of the workflow and turnaround time of bacterial identification and B-lactam resistance detection from positive blood cultures, using MBT

MBT STAR-BL Testing on Monomicrobial
Blood Culture Broths

A total of 153 positive BC bottles, including monomicrobial

(n=134) and polymicrobial cultures (n = 19), were
prospectively collected for this study.

Direct MALDI-TOF MS correctly identified
bacteria in 116/134 (86.6%) monomicrobial BCs, and
achieved species-level identification in 87/134 (64.9%)

(Table S1).

Among 112 monomicrobial BCs harboring AMP-resistant
Enterobacteriaceae, 90 (80.4%) exhibited AMP hydrolysis in
MBT STAR-BL (Table 2). False negative results were mainly
obtained from species that harbored inducible chromosomal
ampC (Table4). For E. coli, 58/63 (92.1%) AMP-resistant
cultures were correctly identified by MBT STAR-BL, with the
specificity of 92.9% (Table 5).

In addition, MBT STAR-BL successfully detected CTX
resistant Enterobacteriaceae in 22/32 (68.8%) BCs (Table 2).
Notably, of 28 ESBL-producing Enterobacteriaceae, 20 (71.4%)
demonstrated positive CTX hydrolysis (Table 2). The false
negative MBT STAR-BL results did not correlate with CTX-M

genotypes or MIC levels (Table4). Moreover, eight BCs
containing CTX-susceptible Enterobacteriaceae yielded false
positive hydrolysis results, resulting in a specificity of 91.5%
(Table 5).

Unfortunately, no carbapenem-resistant Enterobacteriaceae
were collected from BCs in this study.

For NFGRs, four BCs were resistant to PIP and CAZ
as determined by phenotypic DST. MBT STAR-BL correctly
predicted PIP resistance for all of them, but none of the
BCs showed detectable CAZ hydrolysis in MBT STAR-BL. In
addition, among 5 NFGRs that haboured carbapenemase genes
and exhibited MEM resistance in phenotypic DST, MBT STAR-
BL only detected MEM hydrolysis in 2 (40%) of the BCs
(Table 2).

The characteristics of the BCs with discrepant results are
shown in Table 4.

MALDI-TOF MS analyses were repeated for each sample
using plated isolates subcultivated from BCs on the following day.
The diagnostic sensitivities and specificities of MBT STAR-BL
for the subcultured plates resembled those obtained from the
archived cultured isolates (Tables 2, 5).
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TABLE 1 | Performance of the MBT STAR-BL module for the detection of -lactamase-mediated resistance in cultured isolates.

Bacterial species and No. of No. of resistant isolates confirmed by disk diffusion test Positive hydrolysis detected by MBT STAR BLP
B-lactamase genes isolates

AMP/PIP2 CTX CAZ MEM AMP/PIP CTX CAZ MEM
Escherichia coli
None 35 0 0 0 0 0 0 0 0
TEM-1b/1c 28 28 0 0 28 0 0 0
CTX-M-13 (ESBL) 7 7 2 0 7 7 1 0
CTX-M-14 (ESBL) 13 13 13 5 0 13 13 1 0
TEM-72 (ESBL 1 1 0 0 1 1 0 0
TEM-1b + OXA-15 3 3 3 0 0 3 3 0 0
(ESBL)
Hyper AmpC® 4 4 2 2 0 1 1 0 0
CMY-2 AmpC 1 1 1 1 0 1 1 0 0
NDM-5 6 6 6 6 6 6 6 6 6
KPC-2 3 3 3 3 3 3 3 3 3
Klebsiella pneumoniae
SHV-1/11 16 16 0 0 0 13 0 0 0
SHV-1 + CTX-M-24 1 1 1 0 1 1 0 0
(ESBL)
SHV-1 + OXA (ESBL) 1 1 1 1 0 1 1 1 0
SHV-1 + DHA-1 AmpC 1 1 1 1 0 1 1 1 0
SHV-1 4 NDM-1 1 1 1 1 1 1 1 1 1
Klebsiella oxytoca
SHV-1 + IMP-8 3 3 3 3 3 3 3 3 3
Proteus mirabilis
TEM-1b 6 6 0 0 0 6 0 0 0
Salmonella spp.
None 1 0 0 0 0 0 0 0 0
Citrobacter freundii
Inducible AmpC + 1 1 1 1 1 1 1 1 1
NDM-1
Enterobacter cloacae
Inducible AmpCd 3 3 0 0 0 0 0
Inducible AmpC + 2 2 2 2 0 2 2 2 0
CMY-2 AmpC
Inducible AmpC + IMP-1 2 2 2 2 2 2 2 2 2
Total Enterobacteriaecae 139 103 48 30 16 94 47 22 16
Pseudomonas aeruginosa
Inducible AmpC 30 0 ND 0 0 0 ND 0 0
Inducible AmpC + VIM-4 3 3 ND 3 3 3 ND 3 3
Acinetobacter baumannii
OXA-23, —51 28 28 ND 20 28 28 ND 0 28
Total NFGR 61 31 ND 23 31 31 ND 3 31
Total organisms 200 134 48 53 47 125 47 25 47

a An AMP hydrolysis assay was applied to Enterobacteriaceae isolates, whereas a PIP hydrolysis assay was used for all NFGRs, including Pseudomonas spp. and Acinetobacter spp.
b |solates were considered resistant only when the logRQ value was >0.4 in the MBT STAR-BL module.
¢ Hyper AmpC refers to E. coli strains with insertions of 1 or 2 bases between the 35 and 10 boxes of the ampC promoter region, which were shown to cause ampC hyperexpression

(Peter-Getzlaff et al., 2011).

9 Inducible AmpC refers to bacterial species that harbored an inducible chromosomal ampC gene with intact regulatory elements (i.e., no ampD and ampR mutations).

MBT STAR-BL Testing on Polymicrobial

Blood Culture Broths

Direct MALDI-TOF MS correctly identified at least 1 bacterial

species in 16/19 (84.2%) polymicrobial BCs (Table 3).
Additionally, MBT STAR-BL successfully detected AMP

hydrolysis in all 10 BCs containing AMP-resistant E. coli strains.

Among the 7 polymicrobial BCs containing ESBL-producing
Enterobacteriaceae, 5 (71.4%) exhibited CTX hydrolysis in an
MBT STAR-BL test (Table 3).

Full concordance was yielded between the MBT STAR-BL and
phenotypic DST in prediction of PIP resistance in polymicrobial
BCs containing NFGRs (Table 3). For the BCs containing two
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TABLE 2 | Performance of the MBT STAR-BL module in the detection of B-lactamase-mediated resistance in prospectively collected monomicrobial blood cultures.

Bacterial Species No. of No. of resistant isolates True and (false) positive True and (false) positive hydrolysis
and p-lactamase cultures confirmed by disk diffusion test hydrolysis detected from blood detected from subcultured
genes culture broths by MBT STAR BL isolates by MBT STAR BL

AMP/PIP2  CTX/CAZ® MEM  AMP/PIP?2 CTX/CAZ® MEM  AMP/PIP?  CTX/CAZP MEM

Escherichia coli

None 14 0 0 o) o(1) o(1) 0 0
TEM-1b/1c 38 38 0 0 35 0@ 0 37 0 0
CTX-M-13 (ESBL) 10 10 10 0 8 6 02 10 10 0
TEM-1b + CTX-M-13 4 4 4 0 4 3 0 4 4 0
(ESBL)

TEM-1b + CTX-M-14 7 7 7 0 7 5 0 7 7 0
(ESBL)

SHV-1 + CTX-M-39 1 1 1 0 1 1 0 1 1 0
(ESBL)

CMY-2 AmpC 2 2 2 0 2 0 0 2 1

DHA-1 AmpC 1 1 1 0 1 1 0 1 1 0
Klebsiella pneumoniae

SHV-1 27 27 0 0 17 0 (4) 0 22

SHV-1 + CTX-M-14 4 4 4 0 4 3 0 4 4 0
(ESBL)

DHA-1 AmpC 1 1 1 0 1 1 0 1 1 0
Klebsiella oxytoca

SHV-1 1 1 0 0 1 0 0 1 0 0
Proteus mirabilis

TEM-1b/1c 3 3 0 0 2 0 0 3 0 0
TEM-1b + CTX-M-14 2 2 2 0 2 2 0 2 2

(ESBL)

Salmonella spp.

TEM-1b 1 1 0 0 1 0 0 1 0 0
Morganella morganii

Inducible AmpCd 2 2 0 0 1 0 0 1 0 0
Enterobacter cloacae

Inducible AmpCd 2 2 0 0 0 0 0 0 0 0
Citrobacter freundii

Inducible AmpCd 3 3 0 0 3 o(1) 0 3 0 0
Pluralibacter gergoviae

Inducible AmpCd 1 1 0 0 0 0 0 0 0 0
Raoultella ornithinolytica

Inducible AmpCd 2 2 0 0 0 0 0 2C 0 0
Total 126 112 32 0 90 (1) 22 (8) 0@ 102 31
Enterobacteriaceae

Acinetobacter baumannii

None 2 0 0 0 0 0 0 0 0 0
OXA-23, —51 2 2 2 2 2

Pseudomonas aeruginosa

Inducible AmpCd 1 0 0 0 0 0 0 0 0 0
Pseudomonas otitidis

POM-1 1 0 0 1 0 0 0 0 0 1
Stenotrophomonas maltophilia

MBL L1 2 2 2 2 2

Total NFGRs 8 4 4 5 4 0 2 4 0 5
Total organisms 134 116 36 5 94 (1) 22 (8) 2(3) 106 31 4

a An AMP hydrolysis assay was applied to Enterobacteriaceae, whereas a PIP hydrolysis assay was used for all NFGRs, including Pseudomonas spp. and Acinetobacter spp.

b A CTX hydrolysis assay was applied to Enterobacteriaceae, whereas a CAZ hydrolysis assay was used for all NFGRs.

¢ The subcultured isolates of R. ornithinolytica failed to hydrolyze AMP after a 2-h incubation. However, the hydrolysis became positive when the incubation time was extended to 4 h.
9 Inducible AmpC refers to bacterial species that harbored an inducible chromosomal ampC gene with intact requlatory elements (i.e., no ampD and ampR mutations).
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A. baumannii strains harboring blapxa—23&51, MBT STAR-BL
successfully identified MEM hydrolysis in both the BC broths and
subcultured isolates (Table 3). Overall, the B-lactam resistance

patterns predicted by MBT STAR-BL were concordant with the
phenotypic DST in 14/19 (73.7%) polymicrobial BCs. Details of
the mismatches are shown in Table 4.

TABLE 4 | The characteristics of bacterial strains with discrepant results from the phenotypic drug susceptibility test and MBT STAR-BL analysis.

Bacterial Species B-lactamase genes No. of Source MIC range MBT STAR-BL from blood MBT STAR-BL from isolates
strains (ng/ml), S/R culture
logRQ value Results logRQ value Results
range range
MISMATCHES FOR AMP SUSCEPTIBILITY
E. coli Hyperexpressed AmpCb 3 Retrospective isolates 64 to >256, R NA NA 0.21t00.29 |
E. coli TEM-1b/1c 3 Monomicrobial BC >256, R -0.23t00.21 S/ 0.27 t0 0.47 I'R
E. coli CTX-M-13 2 Monomicrobial BC >256, R 0.14t0 0.24 S/l 0.82to 1.12 R
K. pneumoniae SHV-1 3 Retrospective isolates >256, R NA NA —0.1t00.23 S/l
K. pneumoniae SHV-1 10 Monomicrobial BC 128t0 >256,R  -0.41t00.27 S/ —-0.3to1.17 S/I/R
K. pneumoniae SHV-1 2 Polymicrobial BC >256, R -0.34 S 1.02t01.15 R
P mirabilis TEM-1c 1 Monomicrobial BC 128, R 0.02 S 0.34 |
E. cloacae Inducible AmpC 3 Retrospective isolates 128 to 256, R NA NA —-0.24100.28 S/
E. cloacae Inducible AmpC 2 Monomicrobial BC 128, R —-0.11t00.15 S —0.3t00.37 S
E. cloacae Inducible AmpC 1 Polymicrobial BC 128, R 0.29 | —0.31 S
E. cloacae Derepressed AmpC® 1 Polymicrobial BC 256, R 0.29 | 0.25 |
M. morganii Inducible AmpC 1 Monomicrobial BC 256, R -0.16 S 0.24 |
M. morganii Inducible AmpC 2 Polymicrobial BC 128 to 256, R —0.431t00.23 S/ —-0.52t0 -0.44 S
P, gergoviae Inducible AmpC 1 Monomicrobial BC 256, R -0.35 S 0.32 |
R. ornithinolytica Inducible AmpC 2 Monomicrobial BC 128 to 256, R —0.24t0 0.1 S 0.4t01.33 Ra
MISMATCHES FOR CTX SUSCEPTIBILITY
E. coli Hyperexpressed AmpCb 1 Retrospective isolates >16, R NA NA 0.15 S
E. coli CTX-M-13 4 Monomicrobial BC >16, R -0.13t00.36 S/ 0.44t00.96 R
E. coli TEM-1b 4+ CTX-M-13 1 Monomicrobial BC >16, R 0.21 | 0.51 R
E. coli TEM-1b + CTX-M-14 2 Monomicrobial BC >16, R 0.18 t0 0.31 S/l 0.56 to 0.67 R
E. coli CTX-M-14 1 Polymicrobial BC >16, R 0.13 S 0.67 R
E. coli CTX-M-24 1 Polymicrobial BC >16, R 0.21 | 1.04 R
E. coli CMY-2 AmpC 2 Monomicrobial BC >16, R 0.10t0 0.20 S/ —0.083t00.56  S/R
K. pneumoniae SHV-1 + CTX-M-14 1 Monomicrobial BC >16, R 0.12 S 0.52 R
E. cloacae Derepressed AmpC°© 1 Polymicrobial BC >16, R 0.33 | 0.28 |
MISMATCHES FOR CAZ SUSCEPTIBILITY
E. coli CTX-M-13 1 Retrospective isolates 16 to >256, R NA NA —-0.32t0 -0.04 S
E. coli CTX-M-14 4 Retrospective isolates 16 to >256, R NA NA —0.23t00.08 S
E. coli Hyperexpressed AmpCb 2 Retrospective isolates 32, R NA NA —-0.03t00.15 S
E. coli CMY-2 AmpC 1 Retrospective isolates 128, R NA NA -0.13 S
A. baumannii OXA-23, —51 28  Retrospective isolates >256, R NA NA —0.43t00.16 S
A. baumannii OXA-23, —51 2 Monomicrobial BC >256, R —-0.45t0 -0.55 S -0.53t0 -0.18 S
A. baumannii OXA-23, —51 2 Polymicrobial BC >256, R -0.95 S -0.17 S
S. maltophila MBL L1 2 Monomicrobial BC >256, R —-163t0o -025 S -2.28t0-0.13 S
MISMATCHES FOR MEM SUSCEPTIBILITY
A. baumannii OXA-23, —51 2 Monomicrobial BC >32, R 0.21-0.25 | 0.68-0.77 R
P, otitidis POM-1 1 Monomicrobial BC 4,R 0.32 | 0.83 R

@ The subculture isolates of R. ornithinolytica failed to hydrolyze AMP after a 2-h incubation. However, the hydrolysis became positive when the incubation time was extended to 4 h.

b Hyper AmpC refers to E. coli strains that harbored insertions of 1 or 2 bases between the 35 and 10 boxes in the ampC promoter region, which were shown to cause ampC
hyperexpression (Peter-Getzlaff et al., 2011).

¢ The E. cloacae strain was found to harbor a truncated ampD gene, which was previously shown to fully derepress AmpC activity (Schmidtke and Hanson, 2006).
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Assessment of the Times-to-Results Using
MBT STAR-BL and Routine Microbiological

Processing

The times-to-results based on MBT STAR-BL and routine
microbiological ~ processing were investigated for 88
monomicrobial BCs (Table 6). Among the BCs, the average
time to MBT STAR-BL was 5.2h. For Enterobacteriaceae, the
MALDI-TOF MS-based workflow allowed the laboratory to
identify bacterial species and B-lactamase-mediated resistance
to B-lactams at averages of 13.5 and 47.5h before the interim
and final reporting of the routine processing, respectively. For
NFGRs, the MBT STAR-BL assay enabled the reporting of
bacterial identification and MEM hydrolysis at 23.0 and 49.9h
before the interim and final routine processing, respectively.

DISCUSSION

In this study, we evaluated the practicality of MALDI-TOF
MS using the 5989 spectra library, followed by MBT STAR-
BL as a diagnostic workflow, for the identification of bacterial
species and B-lactamase-mediated resistance in cultured isolates
and patient-derived BCs. In contrast to previous studies
that mainly investigated origin of carbapenem resistance in
Enterobacteriaceae (Hrabak et al, 2011, 2012; Papagiannitsis
et al., 2015; Ghebremedhin et al., 2016; Monteferrante et al., 2016;
Oviano et al., 2017), this study identified the susceptibilities of a
wide spectrum of bacterial species harboring different enzymes.
To the best of our knowledge, this is the most comprehensive
evaluation of the MBT STAR-BL module since its official launch
in 2016.

AMP is used as a surrogate marker of resistance to
aminopenicillins in E. coli and other Enterobacteriaceae, such as
Proteus mirabilis, Salmonella spp. and Shigella spp. In this study,
AMP resistance was detected in E.coli from cultured isolates
and BCs at detection sensitivities of 95.5 and 92.1%, respectively
(Table 5), consistent with Jung et al. (2014). Although we did
not observe a correlation between the logRQ values and MIC
levels, we noted that all the strains with high MIC level but
low logRQ value are those harboring mutations associated
with hyperproduction of AmpC (Table 4). An analysis of the
respective mass spectra revealed that the peaks corresponding to
hydrolyzed AMP were weak and coexistent with the molecular
peaks of intact antibiotics, indicating incomplete drug hydrolysis
(Figure 2). We repeated this assay for all chromosomal ampC
carriers after extending the incubation time to 4 h. Unfortunately,
only two R. ornithinolytica isolates yielded logRQ values > 0.4
whereas most others had values of 0.2-0.4.

Both CTX and CAZ could be used as indicator drugs for
the MBT STAR-BL testing of resistance to third-generation
cephalosporin. Consistent with a previous study (Mackenzie
etal., 2002), the CAZ hydrolysis assay in our study yielded a high
false negative rate in both cultured isolates and BCs, indicating
that it might not be appropriate for predicting phenotypic drug
resistance. Conversely, the CTX hydrolysis assay successfully
identified 100% of ESBL- and 83.3% of AmpC-producing
bacterial isolates, suggesting that CTX is a better surrogate

TABLE 5 | The overall diagnostic performances of drug hydrolysis assays for cultured isolates and blood cultures at logRQ cut-off values of 0.4 and 0.2.

Drug hydrolysis assay
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TABLE 6 | Assessment of the times to results, based on MBT STAR-BL and routine microbiological processing.

Organisms No. of Average time to Time to interim report by routine Time to final report by routine
isolates? MBT STAR-BL (h)b microbiological processing (h)¢ microbiological processing (h)d
Average (h) A Time to Result © p-value Average (h) A Time to Result® p-value
Enterobacteriaceae 82 5.2 18.72 13.52 <0.0001 52.68 47.48 <0.0001
ESBL producers 21 5.2 18.97 13.77 <0.0001 54.25 49.05 <0.0001
Non-ESBL producers 61 5.2 18.02 12.82 <0.0001 48.15 42.95 <0.0001
NFGR 6 5.2 28.17 22.97 <0.0001 55.08 49.88 <0.0001
Pseudomonas spp. 3 5.2 27.33 2213 <0.0001 52 46.8 <0.0001
A. baumannii 3 5.2 29 23.8 <0.0001 58.17 52.97 <0.0001
All organisms 88 5.2 19.36 14.16 <0.0001 52.84 47.64 <0.0001

@ Only monomicrobial BCs with concordant results between the MBT STAR-BL and routine microbiological processing were included in the time to results assessment.

b The time to MBT STAR-BL refers to the time elapsed between the reporting of the primary Gram stain result and the completion of the MBT STAR-BL analysis (including the pending
time before collection, transportation time, and times used for protein extraction, antibiotic incubation and MADLI-TOF MS measurement).

¢ The time to interim report refers to the time required to obtain bacterial identification and the results of a direct disk diffusion test of inoculates of BC broths in a clinical microbiology
laboratory.

9 The time to final report refers to the time required to obtain bacterial identification and the results of the final diisk diffusion test of inoculates from colonies isolated from subcultured
plates in a clinical microbiology laboratory.

€ This column indlicates the differences in the times to results between MBT STAR-BL and the interim and final reports of routine microbiological processing.

A T T T B 30 F T 1
40 25 -+
5 S 0+
2w 2
- ¢ 15F
=2 o
? 2 104+
10 s o
0 0 e
0 300 400 500 0 300 400 500
miz m/z
C som ., T T T T T . T
4000 +
£ 3000
T ]
2000 +
I
1000
0 Fopunndinnds, -.-L-q-—‘-q‘

0 300 400 500
miz

FIGURE 2 | Mass spectra of (A) a complete AMP hydrolysis obtained from a positive control strain (ATCC BAA-2452, NDM-1-producing E. coli) incubated with AMP
for 2 h, (B) an incomplete AMP hydrolysis obtained from an E. coli strain that hyperexpressed ampC, and (C) non-hydrolyzed AMP from a negative control strain
(DH5a). Red lines indicate the hydrolyzed antibiotic peaks, and green lines indicate intact antibiotic peaks (non-hydrolyzed).

marker for the detection of ESBL- and plasmid-mediated AmpC  logRQ values of 0.2-0.4. We note that antibiotic therapy prior
pB-lactamase activity. However, the direct detection of ESBL from  to BC collection might also contribute to the occurrence of false
BCs yielded a CTX hydrolysis sensitivity of only 71.4%, lower  negativity in a drug hydrolysis assay. At least two patients from
than that reported by Jung et al. (2014). We attribute this =~ whom the ESBL producers were not detected from BCs by MBT
disagreement to the different logRQ cut-off values used in the = STAR-BL were receiving carbapenem treatment, which might
two studies (>0 in Jung et al. vs. >0.4 in this study). In fact,  have reduced the viable number of bacterial cells in the BC broths
5/7 ESBL producers with false negative results in this study had  and led to suboptimal CTX and AMP hydrolysis.
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Many previous studies involving the mass spectrometric
detection of P-lactamase excluded NFGRs, as permeability-
and efflux-based resistance mechanisms play major roles in
drug resistance in these species (Kumar and Schweizer, 2005).
However, NFGRs are important pathogens, and data regarding
the ability of MBT STAR-BL to detect drug-resistant NFGR
would be useful for routine diagnostic purposes. In our study,
the PIP hydrolysis assay correlated perfectly with the phenotypic
resistance test for all cultured isolates and BCs. Regarding the
MEM hydrolysis assay, MBT STAR-BL correctly identified all
carbapenem-resistant NFGRs in cultured isolates. However, in
direct BCs, the results for two A. baumannii strains harboring
blapxa—23,—51 and one P. otitidis strain harboring blapoy—1 were
interpreted as indeterminate (logRQ: 0.2-0.4). We attributed
the low logRQ values to the low recovery of bacterial cells
after extraction and the reported low cell permeability of NFGR
(Van Looveren et al., 2004). A previous report suggested that
the inclusion of 0.005% SDS in the incubation buffer might
have enhanced drug hydrolysis by perforating the membranes of
NFGRs (Oviano et al., 2017).

This study also features the unique inclusion of polymicrobial
BCs in a full clinical evaluation. The MBT STAR-BL module
correctly predicted B-lactam resistance in 14/19 BCs, including
those containing ESBL-producing Enterobacteriaceae and
carbapenemase-producing NFGRs. These results indicate that
the module could help to select the most appropriate antibiotic
therapy for patients with polymicrobial bacteremia.

Using the current MBT STAR-BL setting, logRQ values of 0.2—
0.4 indicate ambiguous drug hydrolysis and should be reported
as indeterminate. However, our findings demonstrate that three
AmpC-hyperproducing E. coli isolates, six Enterobacteriaceae
harboring blacrx—m and three carbapenemase-producing
NFGRs in BCs had logRQ values within this range. A reduction
of the cut-off value to 0.2 could increase the detection sensitivities
and identify these clinically important organisms, although the
specificities would be slightly compromised. This cut-oft value
reduction led to increases in the sensitivities of the AMP
(E. coli only), CTX and MEM hydrolysis assays from 92.1,
68.8, and 40% to 95.2, 87.5, and 100%, respectively, for BCs
(Table 5). Regarding patient safety, the test aims to rapidly
provide information that will lead to effective antibiotic therapy.
Accordingly, the sensitivity of the test is more important than
the specificity. We therefore recommended eliminating the
indeterminate range and setting the logRQ cut-off value at 0.2.

We additionally modified the manufacturer’s protocol by
using 5% saponin instead of the MALDI Sepsityper kit for BC
extraction in MBT STAR-BL test. This is the first study to apply
this protocol to the direct detection of p-lactamase-mediated
resistance in BCs. Our method yielded similar sensitivities and
specificities for AMP, CTX and MEM hydrolysis assay as those
reported in previous studies using the Sepsityper kit, if the same
logRQ cut-off value was applied (Jung et al., 2014; Oviano et al,,
2017). Additionally, the use of 5% saponin (<US$1) is a less
expensive option for extraction, compared with the Sepsityper kit
(US$17).

In this study, the MBT STAR-BL module was not installed
in a clinical laboratory, but rather in an adjacent research

laboratory. The time required for sample collection and
transportation led to longer turnaround times for MBT STAR-
BL measurements in this study (5.2h) than the value claimed
by the manufacturer (2.5h). Nevertheless, the assay still greatly
reduced the turnaround times required to identify B-lactamase-
producing organisms in patient-derived BCs. Particularly, drug
hydrolysis assays could confirm the presence of ESBL-producing
Enterobacteriaceae and carbapenemase-producing NFGRs in
BCs at an average of 14 and 48h before the interim and
final reports of routine microbiological processing, respectively,
were made available. It should be noted that the time
saved by MBT STAR-BL might not be as pronounced as
we described for laboratories where the final antibiogram is
determined by automated microbroth system or disk diffusion
test prepared after short-term incubation (e.g., 6h) on solid
media.

Although MBT STAR-BL cannot provide a full antibiogram,
elevated logRQ values suggest the likelihood of ESBL and
carbapenemase production. On the other hand, owing to high
accuracy in prediction of AMP resistance in E. coli, de-escalation
of antibiotic therapy might be considered when AMP hydrolysis
is negative as determined by MBT STAR-BL. The short assay
turnaround time allows the fine-tuning of antibiotic therapy on
the same day that a positive blood culture is identified.

There were two weaknesses of this study. First, we could
not determine the performance of MBT STAR-BL for the
direct detection of carbapenemase-producing Enterobacteriaceae
(CPE) in patient-derived BCs, as no CPE were isolated from
positive BCs during the study period. Considering that all the
archived KPC-, NDM-, and IMP-producing Enterobacteriaceae
isolates were correctly detected by MBT STAR-BL in the first part
of our study, the analysis module should be capable of identifying
CPE regardless of the enzyme type. Second, as it is the first
evaluation study of MBT STAR-BL in our locality, the test results
were not used to modify the treatment regimen in our hospitals.
Therefore we could not determine the impact of the MBT STAR-
BL on the patient outcome, such as change in hospital stay, sepsis
related mortality, and the cost of care. A large-scale randomized
controlled trial study is reccommended to further investigate how
the implementation of MBT STAR-BL into routine workflow can
benefit the patient management.

In conclusion, the MALDI Biotyper system, when equipped
with the MBT STAR-BL module, enables the rapid and
simultaneous identification of bacterial species and p-lactamase-
mediated resistance from BCs and cultured isolates. A reduction
of the logRQ cut-oftf value to 0.2 significantly increased the
detection sensitivities for clinically important pathogens. Finally,
the low reagent costs and short turnaround time suggest that
this test could be used as a tool for early therapeutic guidance
in patients with infection.
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Susceptibility Testing of Bacteria
Using Maldi-Tof Mass Spectrometry

Irene Burckhardt* and Stefan Zimmermann

Department of Infectious Diseases, Medical Microbiology and Hygiene, University of Heidelberg, Heidelberg, Germany

Matrix-assisted laser desorption ionization time-of-fight mass spectrometry
(MALDI-TOF MS) was introduced into the microbiological routine more than 10
years ago. Since then it has almost replaced biochemical identification. It is unrivaled
in terms of accuracy and cost. From a laboratory’s perspective it would be an ideal
method to replace classic susceptibility testing, that is Kirby-Baur agardiffusion or
determination of minimal inhibitory concentrations (MICs). First reports on possible
assays for susceptibility testing are more than 10 years old. However, the developments
during the last 5 years were substantial. This review focuses with some exceptions on
the progress, which was achieved during the last decade.

Keywords: MALDI-TOF MS, susceptibility testing, bacteria, time to report, treatment

BACKGROUND AND AIM OF THE REVIEW: WHY DO WE NEED
SUSCEPTIBILITY TESTING FOR BACTERIA AND WHY IS
TIME-TO-RESULT SUCH AN ISSUE?

According to the World Health Report 2015 infectious diseases cause more than 30% of all deaths
worldwide (WHO, 2015) and rapid and correct antibiotic therapy is the most important single
factor for the survival of patients with bacterial infections (Kumar et al., 2009). However, initial
therapy is based on the experience of the physician, his knowledge about the most common bacteria
causing the disease and its statistically most common susceptibility profile. That means initial
therapy is rapid but guided by experience from past cases not evidence from the actual case. The
choice of empirical therapy can be terribly wrong. Ideally identification and susceptibility testing
could be done shortly after the respective patient samples were taken. In reality bacteria have to
be cultured on agar plates in laboratories specialized in medical microbiology before they can be
identified and tested against antibiotics. In general this takes 1 day for growth and an additional
day for identification and susceptibility testing. During the last 10 years we could witness the
triumph of MALDI-TOF MS over biochemistry for bacterial identification from bacterial cultures
(solid or liquid) (Clark et al., 2013; Patel, 2015; Singhal et al., 2015; Angeletti, 2016; Arca-Sudrez
et al.,, 2017; Tré-Hardy et al., 2017) or directly from patient material (Sandalakis et al., 2017). One
of its main advantages is that identification using MALDI-TOF MS takes minutes. Identification
using biochemistry necessitates growth of bacteria and often takes at least 1 day. However, the gold
standard for susceptibility testing still is the determination of the minimal inhibitory concentrations
(MICs) toward a selection of antibiotics. Again, growth of bacteria is essential and often takes at
least 1 day. Accelerating susceptibility testing is the next big goal in medical microbiology and
MALDI-TOF MS is the promising technology for achieving it. This review will focus on important
technical developments and the progress toward rapid susceptibility testing using MALDI-TOF
MS. Literature published until March 2018 was included into the review (see Table 1 for a list of
references in alphabetical order and organism/resistance studied, spectrometer used, matrix used
and range (m/z) studied).
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TABLE 1 | List of references in alphabetical order and organism/resistance studied, spectrometer used, matrix used and range (m/z) studied.

References Organism/resistance studied Spectrometer Matrix Range studied
(m/2)

Bernardo et al., 2002 S. aureus/methicillin resistance Reflex Il MS$ sinapinic acid 1,000-10,000

Burckhardt and Zimmermann, gram-negative bacteria/carbapenem microflex LTS HCCA* 440-530

2011 resistance

Calderaro et al., 2017 Enterobacteriaceae/carbapenem microflex LT DHB 100-1,200
resistance

Du et al., 2002 S. aureus/methicillin resistance linear MALDI-TOF MS$ 5-chloro-2 mercapto- 600-3,500

benzothialzole
Edwards-Jones et al., 2000 S. aureus/methicillin resistance Kompact MALDI 2 linear 5-chloro-2 mercapto- 500-10,000
TOF Ms* benzothialzole

Griffin et al., 2012 E. faecium/vancomycin resistance microflex LT HCCA 2,000-20,000
(vanB)

Hrabak et al., 2011 gram-negative bacteria/carbapenem microflex LT 2,5-dihydroxybenzoid 360-600
resistance acid (DHB)

Idelevich et al., 2018 K.pneumoniae, P. aeruginosa, microflex LT HCCA 2,000-20,000
meropenem resistance

Johansson et al., 2014a B. fragilis/carbapenem resistance microflex LT HCCA 400-600

Johansson et al., 2014b B. fragilis/carbapenem resistance microflex LT HCCA 400-600

Josten et al., 2014 S. aureus/methicillin resistance Biflex Il MSS HCCA n.a.

Vitek MS&

Jung et al., 2014a P. aeruginosa/carbapenem microflex LT HCCA 2,000-10,000
resistance, aminoglycoside
resistance, quinolone resistance

Jung et al., 2016 gram-negative bacteria/beta-lactam microflex LT HCCA 2,000-20,000
resistance, aminoglycoside
resistance, quinolone resistance

Justesen et al., 2018 B. fragilis, clindamycin, meropenem, microflex LT HCCA 2,000-20,000
metronidazole resistance

Lange et al., 2014 Klebsiella spp./carbapenem microflex LT HCCA 2,000-20,000
resistance

Lau et al., 2014 K. pneumoniae/carbapenem microflex LT HCCA 2,000-20,000
resistance

Nagy et al., 2011 B. fragilis/carbapenem resistance microflex LT HCCA 2,000-20,000

Nakano et al., 2014 E. faecium/vancomycin resistance microflex LT HCCA 2,000-20,000
(vanA)

Oviafio et al., 2016 Enterobacteriaceae, P, aeruginosa, HCCA 300-600
A. baumannii, carbapenem resistance

Papagiannitsis et al., 2015 gram-negative bacteria/carbapenem microflex LT 2,5-dihydroxybenzoid 360-600
resistance acid (DHB)

Pardo et al., 2016 gram-negative bacteria/quinolone Vitek MS HCCA 270-420
resistance

Pranada et al., 2016 S. aureus/methicillin resistance microflex LT HCCA 2,000-20,000

Ramos et al., 2016 Enterobacteriaceae, P, aeruginosa, Vitek MS HCCA 400-600
A. baumannii, carbapenem resistance

Rotova et al., 2017 Enterobacteriaceae, P aeruginosa, microflex LT HCCA, DHB 300-600
carbapenem resistance

Sparbier et al., 2012 gram-negative bacteria/beta-lactam microflex LT HCCA 2,000-20,000
resistance (penicillins,
cephalosporins, carbapenems)

Sparbier et al., 2013 S. aureus/methicillin resistance microflex LT HCCA 2,000-20,000

Szabados et al., 2012 S. aureus/methicillin resistance microflex LT HCCA 2,000-20,000

Smanufactured by Bruker Daltonic GmbH, Bremen, Germany.

*HCCA:a-cyano-4-hydroxycinnamic acid.

$manufactured by Micromass, Waters Corporation, USA.

& manufactured by bioMérieux, Nirtingen, Germany.

#manufactured by Kratos Analytical, Shimadzu Corporation, Japan.

n.a.: not available.
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ASSAYS USING DEFINED MARKER PEAKS
TO DEDUCE SUSCEPTIBILITY OR
RESISTANCE (SINGLE PEAKS, CLUSTER
OF PEAKS, WHOLE SPECTRA)

Methicillin-Resistance-MRSA

At the turn of the millennium the most famous and most
feared bacterium was methicillin-resistant Staphylococcus aureus
(MRSA). Therefore, it is not surprising that the first attempts
to use MALDI-TOF MS for susceptibility testing were made
with S. aureus. The aim was to determine whether a specific
S. aureus isolate was susceptible or resistant toward methicillin,
i.e, MSSA or MRSA. As early as 2000 Edwards-Jones and
colleagues (Edwards-Jones et al., 2000) studied 20 different
staphylococcal strains: 7 MSSA (all reference strains from official
strain collections), 7 MRSA (clinical isolates only) and 6 non-
S. aureus staphylococcal strains (1 clinical isolate and five
reference strains). They analyzed peaks between 500 and 10,000
m/z. With this approach they identified 2 MSSA specific peaks
(2,548 and 2,647 m/z) and 5 MRSA specific peaks (581, 1,140,
1,165, 1,229, and 2,127 m/z). However, the authors did not verify
their findings with a prospective evaluation of clinical samples.

Two years later Du et al. (2002) analyzed 76 clinical
S. aureus strains. They studied a mass range of 600-3,500
m/z. With this method only 74% of the above mentioned 76
S. aureus strains could be identified as S. aureus. However,
clustering of the spectra revealed two main clusters with a good
correlation to susceptibility or resistance, i.e., MSSA or MRSA.
But concordance was not 100%. 7 strains, which were mecA
negative (PCR) clustered into the MRSA group. Unfortunately
the authors did not trace back the differences between MSSA and
MRSA spectra to the individual peaks but published two “typical”
spectra of MSSA and MRSA. A close look at these spectra shows
that one of the different peaks is the peak at 2,413 m/z, which we
now know is related to PSM-mec peptide (Josten et al., 2014).

Again in 2002 Bernardo and colleagues (Bernardo et al., 2002)
studied two well-characterized reference strains, ATCC 29213
(MSSA) and ATCC 43300 (MRSA), and compared their spectra
to clinical isolates. They studied a mass range of 1,000-10,000 m/z
and in contrast to all other studies mentioned in this review they
used the reflector mode not the linear mode of the MALDI-TOF
MS. They could not find an MRSA-specific fingerprint.

Ten years later in 2012 the group of S. Gatermann (Szabados
et al, 2012) studied a pair of isogenic S. aureus strains,
which harbored or lacked a certain SCCmec (staphylococcal
chromosome mec). They did not find evidence for a characteristic
spectrum or peak associated with methicillin-resistance.
Unfortunately the authors neither mentioned the SCC cassette
type present in the resistant strain nor published a peak list for
further reference.

In Josten et al. (2014) screened a very diverse collection of
220 MRSA strains for the presence of a special peak at 2415 m/z.
Using the RNA antisense technology they first established that
the peak at 2,415 m/z in a S. aureus spectrum was correlated with
the expression of PSM-mec. PSM-mec is a small peptide, which
is encoded on three different SCCmec cassette types (i.e., type

IL, III, and VIII). Because PSMmec is encoded on the SCCmec
cassette its expression is associated with a methicillin resistant
phenotype in S. aureus. Afterwards they prepared spectra of
220 strains and visually checked for the presence of a peak
at 2,415 m/z. Their conclusion was that as soon as the peak
was discernible in a spectrum the strain most probably was
an MRSA. However, during analysis they had to realize that
sample preparation was extremely important for the detection
of the peak. As soon as the background of the measurement
was high it was difficult to identify the peak. In Pranada et al.
(2016) used prototype software for automated detection of a
peak between 2,411 and 2,415 m/z in S. aureus spectra generated
during routine identification. They reevaluated 1304 spectra of
S. aureus isolates from their microbiology routine, which had
been acquired from 2011 to 2014. For each of these isolates
the information on methicillin resistance was available (MICs
determined using VITEK2, bioMerieux). Of 211 MRSA strains 49
(23.2%) had a peak at 2,411-2,415 m/z. Importantly none of the
1093 MSSA strains had a peak at 2,411-2,415 m/z, which makes
this peak extremely specific for MRSA (see Figure 1).

During ECCMID 2017 confirmatory data were presented with
a positivity rate for PSM-mec of 15.7% (Timke et al., 2017).

Vancomycin-Resistance: VRE-vanA and

vanB

However, MRSA was not the only focus of work for rapid
susceptibility testing. From a clinical perspective vancomycin-
resistant enterococci (vanA or vanB positive) are in the focus
of infectious disease specialists, too. In 2012 Grifin and
co-workers (Griffin et al., 2012) published a paper on the
discrimination between vanB and non-vanB carrying enterococci
in Australia using MALDI-TOF. The group had collected 67
consecutive vancomycin resistant Enterococcus faecium isolates
(vanB postive, confirmed by PCR) from the beginning of January
2009 to the end of June 2010. Among the controls were 8
strains, which were phenotypically resistant to vancomycin but
were vanB and vanA negative by PCR. The mechanism of
non-susceptibility to vancomycin of the latter strains was not
investigated. Five differentiating peaks were identified using
the program ClinPro Tools version 2.0 (2,211, 4,717, 5,095,
5,946, and 8,328 m/z). For a prospective validation of these
findings reference spectra of vanB positive and negative strains
were added to the database. Phenotypically vancomycin resistant
enterococci not carrying the vanB gene were designated as VRE
negative in the database. Unfortunately the total number of
added spectra was not mentioned in the original publication.
From January 2012 to February 2012 strains from 129 patient
samples were used for validation. Altogether 281 different
colonies were tested. Compared to phenotypic methods 97.5%
were correctly identified and 2.5% were incorrectly identified,
1.1% were false positive and 1.4% false negative.

Two years later the group of Nakano (Nakano et al., 2014)
published a paper on the discrimination between vanA-positive
and vanA-negative Enterococcus faecium. They studied 61 vanA-
positive strains from a surveillance program (rectal swabs and
stool, 2005-2013) and 71 vanA-negative strains from blood

Frontiers in Microbiology | www.frontiersin.org

23

August 2018 | Volume 9 | Article 1744


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Burckhardt and Zimmermann

Susceptibility Testing Using MALDI-TOF MS

ATCC 33591 (Staphylococcus aureus; 2.314; agr-mecA detected)
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FIGURE 1 | MALDI-TOF MS of S. aureus (ATCC33591, MRSA); the peak analysis shows the PSM-mec related peak in the detection window m/z 2411-15 (origin:
DGHM 2016, poster 139, A. Pranada and co-workers “Optimization and Evaluation of MRSA Detection by Peak Analysis of MALDI-TOF Mass Spectra”).

cultures (2009-2013). All but two strains were isolated from
patients from the Kyoto region in Japan during the mentioned
time periods. Using classification models (genetic algorithm,
supervised neural network, QuickClassifier) revealed five peaks
differentiating between the two entities: 3,184, 5,702, 7,415,
7,445, and 12,662 m/z. Unfortunately the authors neither
published typical spectra nor further elaborated which peak was
characteristic for which genotype. Additionally they did not try
to clear up the identity of the peak, i.e., which peptide or protein
caused the peak. This is especially unfortunate because all strains
stem from one region. The discriminating peaks might be an
artifact due to clonality.

Carbapenem-Resistance: MRGN and

B. fragilis

In Lau et al. (2014) studied 38 isolates of Klebsiella pneumoniae,
which carried the pKpQIL plasmid. This plasmid contains
the blaxpc gene, which encodes a carbapenemase called KPC
(K. pneumoniae carbapenemase). KPC causes high carbapenem
resistance. They started by comparing spectra from blaxpc
positive and negative strains as determined by PCR. They worked
with 19 blagpc positive isolates (ATCC BAA-1705 and 18 clinical
isolates from an outbreak in 2011) and 19 blaxpc negative isolates
(ATCC BAA-1706 and 18 clinical isolates). Visual comparison
of the spectra revealed a peak at 11.109 m/z, which was only
present in the blaxpc positive isolates. Using transformation and
additional proteomic methods they could confirm the identity of
the protein causing the peak. Most importantly for laboratory
routine they could show that this peak can be detected directly
from blood-cultures, which had been artificially inoculated with

two different blagpc positive isolates. In 2016 the group of Paolo
Gaibani in Bolognia tested this assay with 34 KPC-producing
K. pneumoniae strains of which 30 (88.2%) were positive for
the 11.109 m/z peak. Further genetic analysis revealed that the
4 strains negative for the 11.109 m/z peak could be explained
by different isoforms of Tn4401. Only TN4401a is commonly
associated with the 11.109 m/z peak (Gaibani et al., 2016). In
2018 the same group published a study on 140 well-characterized
K. pneumoniae strains collected between 2011 and 2017 and
found an overall accuracy of 98%, a positive predictive value of
98% and a negative predictive value of 97% (Gaibani et al., 2018).

In Nagy et al. (2011) from Hungary described the separation of
Bacteroides fragilis strains into two divisions using MALDI-TOF
MS spectra: division I (all strains were cfiA-negative) and division
IT (all strains were cfiA-positive). Clinically these divisions are
of interest because the presence of the cfiA-gene is associated
with carbapenem resistance in B. fragilis. The study included 38
different clinical B. fragilis strains with known cfiA gene status
(determined by PCR) and two reference strains: NCTC 9343
(cfiA negative) and TAL 3636 (cfiA positive). The clinical strains
originated from Europe and the US. Especially in the mass range
between 4,000 and 5,500 m/z they could identify characteristic
differences in the respective spectra using ClinPro Tools v.
2.2. Altogether they identified 20 peaks, which differentiated
between divisions I and II (division I (cfiA-negative): 4,711,
4,817, 5,017, 5,204, 5,268, 7,292, 9,421, 9,631, 10,404, and 10,530
m/z; division II (cfiA-positive): 4,688, 4,826, 5,002, 5,189, 5,282,
7,321, 9,375, 9,649, 10,374, and 10,558 m/z). Unfortunately the
identities of the peaks were not studied. Therefore, we do not
know whether at least one of the peaks is resistance mechanism
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correlated or whether the peak differences are due to clonality. A
further analysis of spectra from 277 clinical samples previously
acquired showed that some of these peaks could be found in
spectra from clinical routine. They correlated 100% with PCR
positivity. Finally the authors generated a specialized database
consisting of 2 MSPs only (cfiA +, cfiA-) and challenged it
with spectra from 9 cfiA-positive and 19 cfiA-negative strains.
Matching was correct in 100%. These findings were confirmed
in 2011 and 2014. A group from Belgium studied 248 isolates
of B. fragilis collected between 2003 and 2011 with very good
differentiation between cfiA-positive and negative strains (Wybo
et al,, 2011) and in 2014 Nagy and co-workers confirmed their
original findings with 60 B. fragilis isolates from polymicrobial
or severe infections (Fenyvesi et al., 2014). From a laboratory
perspective the differentiation between divisions II and I is
interesting, because until today only the division II strains
harbor the cfiA gene. This gene does not correlate 100% with
carbapenem resistance. However, it can serve as an indicator for
the necessity to perform further susceptibility testing. Only cfiA
positive isolates showed imipenem MICs >4 mg/L (EUCAST
cut-off for imipenem resistance). On the other hand from the
data presented it is justified to call division I strains susceptible
to carbapenems without further susceptibility testing. But if this
workflow is implemented one should be aware of the obvious risk
that other carbapenem resistance mechanisms are overlooked.

All of the described methods have the same big advantage
for the clinical routine. All of these peaks can be identified in
the spectra, which are generated during the normal identification
workflow. No additional assay is necessary; no additional
incubation time is needed. The peaks can be detected visually
or by software tools, which already exist but are not routinely
available yet. However, all of the papers (except two) share
the same incompleteness. They do not correlate the peaks with
the peptides or proteins they represent. Therefore, it cannot be
excluded that these peaks are discriminatory only in the strain
collections used and are an artifact from clonality rather than
truly discriminatory worldwide.

Assays Using Alterations of Antibiotics as
Read-Out (Hydrolysis, Decarboxylation,
Acetylation)

The most diverse class of antibiotics is the class of the beta-
lactams. This class contains penicillins, cephalosporins, and
carbapenems. Their spectrum of antibacterial activity is versatile;
however, they share a common feature. They can be inactivated
by hydrolysis. In the clinical setting this hydrolysis is caused
by enzymes produced by bacteria. Thousands of these bacterial
enzymes (i.e., beta-lactamases) have been described and their
number is still rising. The mechanism of hydrolysis is always
exactly the same. The enzymes can break the beta-lactam ring of
the beta-lactams open and a single H, O is linked to the molecule.
Depending on the buffer the resulting hydrolysate is unstable
and a spontaneous decarboxylation can take place. In terms of
susceptibility testing this degradation process can be monitored
with MALDI-TOF. The addition of water increases the original
antibiotic mass by 18 Da and the decarboxylation decreases the

molecular mass by 44 Da. Taken together this results in an
absolute loss of 26 Da (44-18 Da) compared to the original
mass of the antibiotic. To be able to visualize this degradation
a bacterial suspension with the antibiotic in question has to be
prepared and incubated for various amounts of time.

In 2011 two European groups published this phenomenon
simultaneously for the detection of carbapenem degrading
enzymes (i.e., carbapenemases). The group of Burckhardt
and Zimmermann (2011) studied 47 clinical isolates carrying
different carbapenemases (KPC, NDM, IMP, VIM) and
ertapenem resistance (MIC >4 mg/L). They included 30 clinical
strains carrying other resistance mechanisms (ESBL, K1), which
did not cause ertapenem resistance. They studied a mass range
of 440-530 m/z. A spectrum of ertapenem as it is used for
patient therapy showed 4 peaks: 476 m/z (ertapenem without
sodium), 498 m/z (monosodium salt), 521 m/z (disodium salt)
and 450 m/z (hydrolyzed and decarboxylated ertapenem) (see
Figure 2). Depending on the enzyme the mixtures of bacteria
and ertapenem had to be cultivated between 1 and 2.5h. The
read-out they used was total disappearance of the ertapenem
peaks at 476, 498, and 521 m/z. Discrimination between
carbapenemase carrying and non-carrying strains was 100%. In
this proof-of-principle study the authors used a reaction volume
of 1 ml, a 10 plloop full of bacteria, a concentration of 0.5 g/L of
ertapenem in 0.9% NaCl and a-cyano-4-hydroxycinnamic acid as
matrix.

At the same time the group of Hrabdk et al. (2011)
studied the degradation of meropenem. They used 124 different
strains of which 30 carried carbapenemases (KPC, NDM, IMP,
and VIM). All the other strains were controls carrying other
resistance mechanisms resulting in elevated carbapenem MICs
(55 strains) or were completely susceptible to meropenem and
imipenem (39 strains). They looked at masses from 360 to 600
m/z. The spectrum of meropenem showed three characteristic
peaks: 383 m/z (meropenem without sodium), 405 and 427
m/z (sodium salts). After hydrolysis the following peaks were
discernible: 401, 423, 445, and 468 m/z (sodium salts). They
used 1 ml of a McFarland (McF) 8 bacterial solution, a 0.1 mM
meropenem solution in 20 mM Tris-HCl (pH 6.8) and incubated
in a final reaction volume of 50 wl for 3h. Of the three
different matrices used (a-cyano-4-hydroxycinnamic acid, 2,5-
dihydroxybenzoid acid, DHB and 2,5-dihydroxyacetophenone,
DHAP) DHB worked best under the described circumstances.
Read out was the disappearance of at least one of the following
peaks: 383 or 405 m/z. Their analysis of the strains using the
above mentioned workflow produced one false negative and
two false-positive results. In 2015 the same group published
a modification of their initial method (Papagiannitsis et al.,
2015). Addition of 50 mM NH4HCO3 (pH 7.0) to the original
reaction mix improved detection of OXA-48 producing strains
from 3 of 19 strains to 19 of 19 strains. In 2017 the same
group compared meropenem and imipenem for the detection
of carbapenemases. The imipenem assay achieved a higher
sensitivity (97%) and specificity (100%) for the testing of
P. aeruginosa (250 strains tested), whereas the meropenem assay
achieved a higher sensitivity (99%) and specificity (100%) for
Enterobacteriaceae (124 strains tested) (Rotova et al., 2017). In
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FIGURE 2 | Ertapenem degradation: NDM-1 carrying K. pneumoniae, IMP-1 carrying R aeruginosa, 60 min of incubation at 36°C, NaCl: 0.45%, ertapenem
concentration: 0.5 g/l, x-axis: mass per charge in Dalton (m/z, Da), y-axis: intensity: arbitrary units. Data are representative of more than three independent
experiments. JCM, 2011, 49, 3321-3324, doi: 10.1128/JCM.00287-11, original Figure 1, reproduced with permission from American Society for Microbiology.

2017 another group published results for a slightly modified
meropenem assay testing 1185 enterobacterial strains from Italy,
which carried mainly KPC or VIM enzymes (Calderaro et al,
2017). It showed that the integrity of meropenem is an important
factor in the analysis of the read-out and the mere presence and
absence of meropenem specific peaks is not suitable as the only
read-out.

In Sparbier et al. (2012) published another version of the
beta-lactamase hydrolysis assay. It was extended to ampicillin,
piperacillin, ceftazidime, cefotaxime and imipenem and results
for ertapenem and meropenem were confirmed. In this study
the authors used a reaction volume of 10 pl, a 1 pl loop full of
bacteria and an incubation time of up to 3 h. Concentrations were
different for all substances: ampicillin (10 mg/ml), piperacillin
(1 mg/ml), ceftazidime (0.25 mg/ml), cefotaxime (0.5 mg/ml),
imipenem (0.5 mg/ml), ertapenem (0.5 mg/ml), meropenem (0.5
mg/ml). They studied a mass range between 290 and 600 m/z.
Only 10 different strains were used in this study including E. coli
DH5a and 9 different clinical isolates carrying different beta-
lactamases (AmpC, ESBL and KPC). But they were the first to
use beta-lactamase inhibitors for inhibition of beta-lactamases in
this kind of assay. Interpretation of data was done visually and the
assay was considered positive for the presence of a beta-lactamase
if the intensities of the peaks of the hydrolyzed forms represented
80% or more of the intensities of the non-hydrolyzed plus the
hydrolyzed forms of the respective antibiotic. In 2014 Jung and
co-authors confirmed that the assay works for 3rd-generation

cephalosporins/Enterobacteriaceae and aminopenicillins/E. coli
directly from blood culture (Jung et al., 2014b). In 2016 it
was shown that the hydrolysis assay (imipenem only) works
directly from positive blood cultures for Enterobacteriaceae, P.
aeruginosa and A. baumannii (Oviaio et al, 2016) In 2018
another group successfully used the hydrolysis assay on blood
cultures with ampicillin, piperacillin, cefotaxime, ceftazidime and
meropenem (Lee et al., 2018). Interestingly the hydrolysis assay
seems to be influenced by the agar type used for cultivation of
strains. Strains grown on MacConkey agar tended to give false
negative results in a study in 2016 (Ramos et al., 2016). This effect
was mainly observed for A. baumannii.

In 2014 the ESCMID Study Group on Anaerobic Infections
confirmed that the ertapenem hydrolysis assay worked with ¢fiA
positive B. fragilis strains, too (Johansson et al., 2014a). Johansson
and co-workers studied a group of 28 different B. fragilis strains of
which 16 carried the cfiA gene and had different levels of elevated
ertapenem MICs (>2 mg/L). These elevated ertapenem MICs
correlated in 10/16 cases with elevated imipenem MICs (>2
mg/L). They used the pellet of 1.5ml McF 4 bacterial solutions
and 20 pl of a 10 mM ammonium hydrogen citrate buffer for
incubation with 0.5 mg/mL of ertapenem. All of the 16 cfiA
positive strains hydrolyzed ertapenem after 2.5h of incubation.
This hydrolysis could be blocked by 2,6-Pyridinecarboxylic acid
(DPA), a metallo-beta-lactamase inhibitor. All 12 ¢fiA negative
strains did not show any hydrolysis of ertapenem. The same year
the same group could show that the assay also worked with pellets
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from positive blood culture bottles despite the presence of blood
components (Johansson et al., 2014b).

Beta-lactams are not the only antibiotics, which can be
inactivated by enzymes. The plasmid-encoded acetyltransferase
AAC(6°)-Ib-cr inactivates quinolones via acetylation. In 2016
Pardo and co-workers (Pardo et al, 2016) described a
MALDI-TOF MS based method to detect acetylation of
norfloxacin. Acetylation increases the mass of the acetylated
substance by 42 Da. They studied a collection of 113 ESBL-
producing Enterobacteriaceae of French origin. 102 of these 113
strains were phenotypically resistant to norfloxacin, however,
only 64 strains carried the aac(6')-IB-cr gene. They used a 1 pl
loop full of bacteria and incubated them in 10 pl of a 0.03 or
0.5 mg/mL norfloxacin solution for 4h at 35°C. They studied
the mass region between 270 and 420 m/z. Norfloxacin produced
peaks at 320 m/z (norfloxacin without sodium) and 342 m/z
(mono sodium salt). Acetylation should increase the weight of
the respective substance by 42 Da. And after incubation of
norfloxacin with an AAC(6')-Ib-cr producing strain peaks at
362 m/z (acetylated norfloxacin) and 384 m/z (acetylated mono
sodium norfloxacin) could be seen in the respective spectra. As
read-out they calculated the areas under the curve (AUCs) for the
respective peaks. Optimal cut-offs for positivity were determined
using receiver operating characteristics (ROC) curve analysis.
The lower concentration of norfloxacin (0.03 mg/mL) seemed to
be better suited for the analysis. They authors claimed that their
assay had a sensitivity of 98% and a specificity of 100% for the
detection of AAC(6°)-Ib-cr.

Assays Using Peak Shift as Read-Out

(Incorporation of 13C)

In February 2013 Demirev and co-workers described a
very universal method to determine susceptibility in bacteria
(Demirev et al., 2013). They used two different culture media
to grow bacteria. The two media differed by their carbon
component. One medium contained '2C, in the other medium
98% of all carbon atoms were >, i.e., heavier. The idea was to
monitor whether the bacterium was still capable of growing in the
presence of the antibiotic or not. This could be deduced from the
spectrum generated from bacteria grown in a solution containing
13C and antibiotic. If the bacterium was resistant it could grow
in the presence of the antibiotic and would incorporate '*C and
the spectrum would shift to higher m/z. In theory this principle
could be applied to all antibiotics and should work irrespective of
resistance mechanisms.

In August 2013 Sparbier and colleagues published data created
with S. aureus and media either containing '2C or '3C-labeled
lysine (Sparbier et al., 2013). The authors called this assay MBT-
RESIST (MALDI Biotyper resistance test with stable isotope-
labeled amino acids). They started with 10 MSSA and 10 MRSA
strains and further evaluated their findings with 28 S. aureus
strains from patient samples. As antibiotics they used oxacillin
(60 mg/L) or cefoxitin (40 mg/L). Bacteria were incubated at 37°C
for 3 h in a volume of 100 pl and a final concentration of 3.5 x 10°
cells/mL. Each test consisted of three tubes. Tube 1 contained 12C
medium and no antibiotic. Tube 2 contained '*C medium and no

antibiotic. Tube 3 contained '*C medium and antibiotic. Tube
1 and 2 served as controls. The spectrum created from tube 3
decided whether a strain was rated susceptible or resistant against
the respective antibiotic (see Figure 3).

The spectrum of a resistant strain in tube 3 would resemble
more the spectrum from tube 2 than from tube 1. The spectrum
of a susceptible strain in tube 3 would resemble more the
spectrum from tube 1 than from tube 2. However, depending
on the strain studied the acquired spectra were ambiguous.
Therefore, the authors decided to use automated spectra analysis
for the interpretation of the test. With this workflow one
susceptible strain was falsely considered to be resistant using
the oxacillin set-up. Three strains were wrongly classified using
the cefoxitin set-up. Two main factors were responsible for false
classification; a) the quality of the spectra; a noisy background
led to false classifications; b) growth kinetics of strains; strains
growing slowly were difficult to correctly classify after only 3 h of
incubation.

In November 2013 the same group published that this
approach works not only for S. aureus and oxacillin/cefoxitin but
also for Pseudomonas aeruginosa and meropenem, tobramycin
and ciprofloxacin (Jung et al., 2014a). In contrast to their initial
publication they used a reaction volume of 300 .l and looked at
a mass range of 2,000-1,0000 m/z. The authors used 10 strains of
P. aeruginosa to establish their workflow and validation sets of 30
strains for each antibiotic (15 susceptible and 15 resistant strains
each). To ease the interpretation of the spectra meropenem had
to be added 30 min before the '3C lysine to the reaction tube.
According to the authors even strains with MIC values close to
the breakpoint were classified correctly. Unfortunately neither
sensitivity/specificity nor positive/negative predictive values were
explicitly mentioned in the publication.

Assays Using Quantification of the Area

Under the Curve as Read-Out

In Lange et al. (2014) published a completely new MALDI-TOF
MS method for susceptibility testing of bacteria. The authors
used the abbreviation MBT-ASTRA (MALDI Biotyper antibiotic
susceptibility test rapid assay) for this test. They determined the
susceptibility of 108 Klebsiella spp. isolates (see Figure 4) against
meropenem using relative growth. Each test consisted of two
tubes. Tube 1 contained meropenem and tube 2 did not contain
meropenem. They used meropenem at a concentration of 8 mg/L,
a reaction volume of 200 pl (BHI, 0.5 McFarland solution) and
an incubation time of 1 h. The resulting spectra were normalized
to the maximum peak and the resulting spectrum subdivided
into 100 equally spaced thresholds (relative intensity range). The
number of peaks above each threshold was counted and plotted
against the threshold. The area under this curve, not under the
initial spectrum (AUC) was determined for each measurement.
Finally the relative growth was calculated as follows: AUC
(+meropenem)/AUC (-meropenem). A relative growth of >0.4
was indicative of resistance to meropenem. This protocol was
tested against 94 K. pneumoniae and 14 K. oxytoca strains and
gave five false positive and one false negative result. All other
102 results were correct. The strain, which gave the false negative
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FIGURE 3 | Zoom of MALDI-TOF MS spectra displayed in flexAnalysis (A,B) and ClinProTools (C,D) in the mass range between 6.200 and 7.200 Da of a susceptible
S. aureus strain (A,C) and a resistant S. aureus strain (B,D) after incubation with normal lysine (“normal”), with “heavy” lysine (“heavy”), or with “heavy” lysine and
oxacillin (“heavy + Oxa”). Peaks correspondig to “normal” proteins are highlighted in light gray (A,B). Peaks corresponding to “heavy” proteins are indicated by the
boxes (A,B). y axes give the numbers of multiple measurements (C,D). Intes. [a.u.], intensity [arbitrary units]; Sp.#, spectrum number. JCM, 2013, 51, 3741-3748,
doi: 10.1128/JCM.01536-13, original Figure 1, reproduced with permission from American Society for Microbiology.
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FIGURE 4 | Pseudogel views of the mass range between 3 and 10 kDa of a susceptible (A,B) and a resistant (C,D) K. pneumoniae strain after incubation in the
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Internal standard peaks are marked by arrows. JCM, 2014, 52, 4155-4162, doi: 10.1128/JCM.01872-14, original Figure 1, reproduced with permission from
American Society for Microbiology.

result, was a strain expressing heterogeneous resistance. An  blood culture bottles. 17 of 18 Klebsiella sp. were correctly
explanation for the false positive results could not be given. A classified.

repetition of the assay for these five strains gave the correct Two years later Jung and co-workers published a slightly
results. Additionally this assay worked with artificially inoculated ~ changed version of the MBT-ASTRA for gentamicin,
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ciprofloxacin, cefotaxime and piperacillin-tazobactam (Jung
et al,, 2016). In contrast to the first description of the assay they
used 200 pl of liquid Mueller-Hinton broth (ODggp of 0.007;
5 x 10° cfu/mL) instead of BHI broth and incubated for up to
3 h. First they spiked 30 blood culture bottles (BD BACTEC Plus
Aerobic/F and Anaerobic) with different Enterobacteriaceae
(E. coli, Enterobacter spp., Klebsiella spp. and P. mirabilis)
and used gentamicin (4 mg/L) and ciprofloxacin (1 mg/L) as
antibiotics. In a second step they tested 99 real-time patient
blood-cultures (mainly E. coli and Klebsiella spp.) for non-
susceptibility to ciprofloxacin (1 mg/L), cefotaxime (2 mg/L) and
piperacillin-tazobactam (16/4 mg/L). Both parts of the study
showed that all strains, which were fully susceptible or fully
resistant to any of the tested antibiotics were accurately classified.
Problems with correct classification were seen in case of poor
growth in the tube without antibiotic, too short incubation times
and with strains with MICs near the antibiotic concentration
used in the assay.

In 2018a first study of B. fragilis and MBT-ASTRA was
published (Justesen et al., 2018). In this proof of principle study
the authors demonstrated the suitability of MBT-ASTRA for
the susceptibility prediction for clindamycin, meropenem and
metronidazole.

New Developments

In 2017 the direct-on-target microdroplet growth assay was
described (Idelevich et al, 2018). In this proof-of-principle
study Idelevich and co-workers studied meropenem susceptible
and resistant strains of K. pneumoniae and P. aeruginosa (12
susceptible and 12 resistant strains of each species). Bacterial
suspensions with or without 2 mg/L of meropenem were
applied to a target and incubated for up to 18h on the
target. The subsequent MALDI-TOF MS analysis showed a
successful identification for meropenem-resistant isolates only.
Meropenem-susceptible strains showed spectra with the result
“no identification” (see Figure 5).

What Can We Hope for in the Future?

From a patient’s perspective susceptibility testing should be
accurate and rapidly available. Under ideal circumstances the

time to report for rapid susceptibility testing would be a few
minutes and availability of test results would be 24/7. Accuracy
would mean that the susceptible/intermediate/resistant (SIR)
result had a 100% positive predictive value for successful therapy,
i.e., if an antibiotic is classified susceptible the patient should be
successfully treated with it in 100 of 100 cases.

In reality time to report for susceptibility testing is >18h
for agardiffusion and >6-24h for MIC determination after
successful cultivation of the bacterium. In general test results are
available during daytime and generating large data for positive
predictive values of SIR determination is hardly feasible with
patients.

The fastest possible susceptibility testing with MALDI-TOF
MS is the simultaneous detection of one or more characteristic
“resistance” or “susceptibility” peaks in the spectra generated
for identification of the respective strain. Automated detection
of these peaks is already feasible but what is largely missing
is the identification of the protein behind this/these peak(s).
This set-up would help very much during clinical routine in
cases where for one particular bacterium the susceptibility to
one single antibiotic is needed. Ideally the peak is caused
by a protein causing resistance or at least correlated to
the dominant resistance mechanism (e.g., MRSA and PSM-
mec).

However, what infectious disease specialists wish for are
rapid and reliable antibiograms displaying results for >10
antibiotics comparable to what is available today with MIC
determination. The degradation method could be part of this
set-up if the resistance mechanism to the antibiotic tested is
enzymatic degradation. However, MBT-RESIST and/or MBT-
ASTRA seem to be more suitable to achieve that goal. They
are able to detect non-susceptibility due to different resistance
mechanisms (e.g., efflux, target modification and degradation).
With the lack of new antibiotic substances for therapy the ID
specialist must optimize therapy by using the MIC values. With
the current MIC assays it is possible to report the MIC values
and use them for therapy optimization. Nothing comparable
to an MIC was published for bacteria and susceptibility
testing with MALDI-TOF MS. All assays use a single defined
concentration of an antibiotic. However, for Candida albicans
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FIGURE 5 | Evaluation of the MALDI-TOF MS data (A) Meropenem-resistant isolate, MALDI Biotyper finding: K. pneumoniae. (B) Meropenem-susceptible isolate,
MALDI Biotyper finding: No identification. With permission from Idelevich, E. A., Sparbier, K., Kostrzewa, M., and Becker, K. Rapid detection of antibiotic resistance by
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Marinach and co-workers published the concept of the minimal
profile change concentration (MPCC) (Marinach et al., 2009).
Instead of using a single concentration of fluconazole they
performed a serial dilution from 128 to 0.125pg/mL. The
MPCC was defined as the lowest drug concentration at which
a mass spectrum profile change was detected. This concept
was further evaluated with 16 strains of C. albicans. MICs had
been determined following the CLSI guidelines. MPCC and
MIC results were highly correlated (94-100%). An essential
prerequisite for the success of these assays is their automation,
miniaturization and standardization to make large-scale studies
possible. Aspects that still have to be addressed during these
studies are inoculums, time of incubation, concentration(s)
of antibiotics, optimal matrices, background reduction and
automated interpretation of results. Hopefully cost for all of
these necessary developments will be manageable and the final
test will prove to be cost effective. Cost will be an important
factor determining or even deciding whether MALDI-TOF MS
based susceptibility testing will be the upcoming technique for
susceptibility testing. The main competitor for MALDI-TOF MS
for susceptibility testing currently is the detection of known
resistance determinants using PCR, that is genome based assays
not proteome based assays. Even whole genome sequencing
for “susceptibility testing” is under discussion. Very recently
Greninger published an excellent review covering the pros
and cons, the benefits and pitfalls of diagnostic metagenomics
(Greninger, 2018) and therefore this subject is not further
discussed here.

During the ongoing evaluation of MALDI-TOF MS for
susceptibility testing it will be necessary to reach a broad
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Heterogeneous vancomycin-intermediate Staphylococcus aureus (hVISA) is an emerging
superbug with implicit drug resistance to vancomycin. Detecting hVISA can guide
the correct administration of antibiotics. However, hVISA cannot be detected in most
clinical microbiology laboratories because the required diagnostic tools are either
expensive, time consuming, or labor intensive. By contrast, matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) is a cost-effective and rapid tool that
has potential for providing antibiotics resistance information. To analyze complex MALDI-
TOF mass spectra, machine learning (ML) algorithms can be used to generate robust
hVISA detection models. In this study, MALDI-TOF mass spectra were obtained from
35 hVISA/vancomycin-intermediate S. aureus (VISA) and 90 vancomycin-susceptible
S. aureus isolates. The vancomycin susceptibility of the isolates was determined using
an Etest and modified population analysis profile—area under the curve. ML algorithms,
namely a decision tree, k-nearest neighbors, random forest, and a support vector
machine (SVM), were trained and validated using nested cross-validation to provide
unbiased validation results. The area under the curve of the models ranged from 0.67
to 0.79, and the SVM-derived model outperformed those of the other algorithms.
The peaks at m/z 1132, 2895, 3176, and 6591 were noted as informative peaks
for detecting hVISA/VISA. We demonstrated that hVISA/VISA could be detected by
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Wang et al.
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analyzing MALDI-TOF mass spectra using ML. Moreover, the results are particularly
robust due to a strict validation method. The ML models in this study can provide rapid
and accurate reports regarding hVISA/VISA and thus guide the correct administration of
antibiotics in treatment of S. aureus infection.

Keywords: heterogeneous vancomycin-intermediate Staphylococcus aureus, matrix-assisted laser desorption
ionization (MALDI) mass spectrometry, vancomycin intermediate S. aureus (VISA), machine learning, rapid

detection

INTRODUCTION

Methicillin-resistant Staphylococcus aureus (MRSA)
infection remains an intractable clinical problem (Liu et al,
2011). Although vancomycin was formerly the drug of choice
against MRSA, the unprecedented increase in the number and
spread of organisms with reduced susceptibility to this drug,
including two major phenotypes—vancomycin-intermediate
S. aureus (VISA) and heterogeneous VISA (hVISA)—has
brought this conventional treatment into question (Zhang et al.,
2015). The prevalence of hVISA and VISA was reported in a
systematic review to have increased worldwide from 4.68 and
2.05% (2006) to 7.01 and 7.93% (2014), respectively (Zhang et al.,
2015). In Taiwan, the prevalence of hVISA also increased from
0.7% (2003) to 10.0% (2013) and that of VISA from 0.2% (2003)
to 2.7% (2013) (Huang et al., 2016). Despite adequate doses
of vancomycin, patients with severe hVISA or VISA infection
persistently suffer from bacteremia (Howden et al., 2010). In
particular, hVISA infection is associated with increased risk of
treatment failure (van Hal and Paterson, 2011; Hu et al., 2015).
Longer bacteremia and culture-positive periods lead to longer
hospital stays and durations of vancomycin therapy, establishing
a vicious circle in the growth of staphylococcal resistance to
vancomycin (Sakoulas et al., 2006; Fong et al., 2009). Therefore,
early and accurate detection of potentially non-susceptible
staphylococcal strains is essential for hampering misuse of
vancomycin and directing appropriate antibiotic therapy.

The Clinical and Laboratory Standards Institute defines VISA
as an isolate with a minimal inhibitory concentration (MIC)
of vancomycin between 4 and 8 pg per mL. The MIC of
hVISA is within the susceptible range (<2 pg per mL), but
a subpopulation of the isolate’s cells belong to a vancomycin-
intermediate range (Rybak and Akins, 2001). Clinical physicians
rely largely on antibiotics susceptibility tests (ASTs) to guide
correct administration of antibiotics against S. aureus infection.
However, MIC determination for S. aureus takes around 10h,
agar diffusion necessitates an incubation time of 18-20h. The
long turnaround time of ASTs inevitably delays accurate clinical
decision-making regarding suitable antibiotics. Moreover, hVISA
infection cannot be detected by routine AST methods because
of its low-level vancomycin resistance and a small resistant
fraction of the inoculum. hVISA can be detected by satellite
colonies in the vancomycin inhibition zone and the ETest zone;
it can‘t be reliably detected with automated MIC determination
methods. The screening tests for hVISA are Etest glycopeptide
resistance detection, the Etest macromethod, and brain heart
infusion screening agar plates. These three screening tests

vary in sensitivity and specificity, and single use of any one
test results in poor accuracy (Satola et al., 2011). Population
analysis profile-area under the curve is the gold standard
of determining hVISA, but the process is cumbersome, time
consuming, not commonly used in most clinical microbiology
laboratories, and thus impractical for laboratory diagnosis
(Chang et al., 2015).

Various proteins contribute to the resistance of S. aureus
against vancomycin (Lin et al, 2018). The proteomic pattern
of isolates can be analyzed in a rapid, comprehensive, and
cost-effective manner using matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry (MS)
in clinical microbiology laboratories (Hrabdk et al, 2013;
Idelevich et al., 2017). MALDI-TOF MS produces large sets of
complex data. Manual interpretation of MALDI-TOF MS data
is unreliable; therefore, an informatics approach is necessary
for effective and accurate interpretation. Machine learning (ML)
can help automatic diagnosis and make the process less time
consuming (Swan et al., 2013). The application of ML to detecting
vancomycin-susceptible S. aureus (VSSA) in hVISA/VISA has
not been widely discussed or validated (Rishishwar et al., 2014;
Mather et al., 2016), although several studies have demonstrated
successful application of ML in clinical practice (Wang et al,,
2016; Lin et al, 2018). In the present study, we used a
data processing method that facilitated the application of an
ML algorithm in analysis of MALDI-TOF MS data (Wang
et al, 2018). Its performance in distinguishing VSSA from
hVISA/VISA was validated using nested cross-validation for a
minimally biased estimation of performance (Varma and Simon,
2006; Filzmoser et al., 2009; Krstajic et al., 2014). By using
the proposed ML models, we can rapidly detect hVISA/VISA
and guide the use of glycopeptide for patients with MRSA
infection.

MATERIALS AND METHODS

Study Design

The overall study flow is presented in Figure 1. MRSA isolates
were cultivated from a bacterial bank (Wang et al., 2018). In the
study, the 125 MRSA isolates had been collected from 2009 to
2014 at the Linkou branch of Chang Gung Memorial Hospital
(CGMH), Taiwan. The specimen type was blood specimen. The
MALDI-TOF MS spectra of these isolates were then obtained
and relevant features selected for distinguishing VSSA from
hVISA/VISA. The performance of the proposed models for rapid
detection of hVISA/VISA was evaluated using a nested cross-
validation approach.
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Bacterial Isolates

The bacterial strains were stored at —70°C until use (Wang et al,,
2018). The strains were cultured on a blood agar plate (Becton
Dickinson, MD, USA) in a 5% CO, incubator for 16-18h.
A colony morphology inspection, catalase test, and coagulase
test were performed, and the results were in line with the
characteristics of S. aureus. Single colonies from the blood agar
plate were selected and spread onto a steel target plate (Bruker
Daltonik GmbH, Bremen, Germany), followed by application
of 1mL of 70% formic acid. After being dried in ambient air,
an additional 1 mL matrix solution (50% acetonitrile containing
1% a-cyano-4-hydroxycinnamic acid and 2.5% trifluoroacetic
acid) was applied before analytical measurement was conducted
using a Microflex LT mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany). The conditions of the Microflex
LT mass spectrometer were as follows: linear positive mode;
accelerating voltage: +20 kV; laser frequency: 60 Hz; and laser
shots per colony: up to 240. The Bruker Daltonics Bacterial Test
Standard was used as an external calibration for each batch.
The species of S. aureus was reconfirmed according to the
identification results provided by Biotyper 3.1 (Bruker Daltonik
GmbH, Bremen, Germany). ASTs of oxacillin were performed
according to Clinical and Laboratory Standards Institute M100
§27 guideline (CLSI., 2017). A cefoxitin disc was used for
testing oxacillin susceptibility. A method of multiplex polymerase
chain reactions for staphylococcal cassette chromosome mec
(SCCmec) was used for determining SCCmec type and detecting
mecA to confirm MRSA (Kondo et al, 2007). The MIC of
vancomycin was determined using an Etest (bioMérieux, Marcy-
I'Etoile, France) according to the manufacturer’s instruction.
In brief, bacterial isolates were inoculated with concentration

of 0.5 McFarland on Mueller Hinton agar plates (Creative
Media Plate, New Taipei City, Taiwan), followed by placing
vancomycin Etest strips. The MRSA isolates were screened
by Etest and those with MICs >2-4 pug/mL were selected for
modified population analysis profile-area under the curve (PAP-
AUC) analyzes to be classified as either VSSA, hVISA, or
VISA(Wootton, 2001). For multilocus sequence typing (MLST),
seven housekeeping genes were sequenced, including carbamate
kinase (arcC), shikimate dehydrogenase (aroE), glycerol kinase
(glpF), guanylate kinase (gmk), phosphate acetyltransferase
(pta), triosephosphateisomerase (tpi), and acetyl coenzyme A
acetyltransferase (yqiL). The MLS typing result was determined
by comparing the sequence results to the S. aureus MLST
database (http://saureus.mlst.net/) (Enright et al., 2000).

Analysis of MALDI-TOF MS Spectra

The quality of the MS spectra was defined by the log score
provided by Biotyper 3.1 (Bruker Daltonik GmbH, Bremen,
Germany). MS spectra with a log score larger than 2.00 were
considered acceptable quality. A spectral range from 0 to
20,000 Da was collected. Before further analysis, the MALDI-
TOF MS spectra were preprocessed using Flexanalysis 3.4
(Bruker Daltonik GmbH, Bremen, Germany), as reported in a
study (Wang et al, 2018). Features were extracted from the
MALDI-TOF MS spectra after preprocessing. The aim of feature
extraction was to standardize and facilitate the application of
ML algorithms for analyzing complicated MS spectra. Feature
extraction was performed on the basis of a study (Wang et al.,
2018). First, type templates were constructed based on the
occurrence frequency of specific peaks in the MALDI-TOF
MS spectra. In the present study, the type templates of VSSA
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and hVISA/VISA were obtained using this approach. Features
were then extracted from the MALDI-TOF MS spectra by
aligning an individual spectrum onto the type templates. After
the alignments, matched vectors for each type template could
be obtained and an integrated vector of individual bacterial
strain was generated. Supervised ML algorithms could be trained
and validated according to the integrated vectors and their
corresponding labels.

Relevant Feature Selection

To include only the relevant features for use in the model
development, we performed a feature selection step before
constructing the predictive models. In each training task, a mean
decrease in accuracy, obtained from the random forest algorithm
(Liaw and Wiener, 2002), was employed to select the most crucial
features from the training dataset. The mean decrease in accuracy
was generated by measuring the effect of each feature on the
accuracy of the model, permuting the values of each feature, and
measuring the decrease in accuracy.

Development of Predictive Models

We used random forest, a support vector machine (SVM)
with a radial basis function kernel, k-nearest neighbors, and
a decision tree to develop the models. Random forest is an
ensemble classifier proposed by Breiman (2001) that uses random
feature selection and comprises numerous classification trees.
The frequency of a feature’s appearance in the classification
trees represents the importance of the feature. The library
“randomForest” in R software (version 3.4.4, R Foundation for
Statistical Computing, http://www.r-project.org/) was used for

implementing the random forest classifier (Liaw and Wiener,
2002). An SVM is a data-mining method that constructs a
classification model for a binary-class problem. It uses nonlinear
mapping to transform the data into a higher dimension.
Through appropriate nonlinear mapping to a sufficiently high
dimension, data from two classes are separated by a hyperplane
(Cortes and Vapnik, 1995). The library “e1071” was used for
implementing the SVM classifier (Meyer et al., 2017). A simple
algorithm, k-nearest neighbors stores all available cases and
predicts the numerical target based on a similarity measure; it
was implemented using a “class” library (Venables and Ripley,
2002). A decision tree is a recursive partitioning approach. The
classification and regression trees algorithm splits each input
node into two child nodes, and the same process is applied to each
child node. Splitting is halted when the algorithm detects that
no further gain can be made (Breiman et al., 1984). We applied
the classification and regression trees algorithm to our dataset by
using the “rpart” library (Therneau and Atkinson, 2018).

Predictive Model Evaluation

To develop predictive models for distinguishing VSSA from
hVISA/VISA strains, we applied a nested 5-fold cross-validation
approach to train and evaluate the models (Figure 2). In the outer
5-fold cross-validation loop, we divided the data into training
(4-folds) and test (1-fold) datasets to evaluate the performance
of the models with an untouched test set. In each training step in
the outer fold, repeated inner 5-fold cross-validation was applied
to tune and select the optimal models. The nested 5-fold cross-
validation process was repeated six times to ensure our evaluation
results were robust.

Nested cross-validation

Model
performance
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FIGURE 2 | Flow diagram of the predictive model development and evaluation.
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In each fold of outer cross-validation, we selected the features
and constructed the models using data from the training set and
then evaluated the performance of the models using the data in
the untouched test set. The area under the receiver operating
characteristic curve (AUC) was used to evaluate the performance
of the models. Furthermore, we used Youden’s ] statistic—
a single statistic that captures the performance of a dichotomous
diagnostic test—to generate sensitivity and specificity for further
analysis of prediction performance.

Statistical Analysis

The Mann-Whitney U-test was used to analyze MALDI-TOF MS
spectra peak characteristics. We performed analysis of variance
(ANOVA) and Tukey honestly significant difference post-hoc
analyses on the AUC values of the predictive models. All analyses
were performed using the R software. All statistical tests were
two-sided, and statistical significance was defined as p < 0.05.

Data Availability
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

RESULTS

MALDI-TOF MS Spectra of MRSA Isolates
A total of 125 MRSA isolates, namely 35 hVISA/VISA and 90
VSSA strains, were used to develop the proposed predictive
models. For each isolate, 127 peaks were extracted from a mass
spectrum. The peak characteristics and their intensities for these
MRSA isolates are presented in Supplementary Table 1. Among
these peaks, the intensities of 13 peaks were differed significantly
between the hVISA/VISA and VSSA strains (Table 1).

Relevant Features for Distinguishing VSSA
From hVISA/VISA

We defined relevant peak features as peaks with importance
greater than 1.9 based on the random forest algorithm results.
The importance was defined as z-score of mean decrease in
accuracy obtained from the random forest algorithm (Liaw and
Wiener, 2002). Among the 109 relevant features selected from 30
feature selection results based on repeated nested 5-fold cross-
validation (Supplementary Table 2), four peak features were
selected in more than 90% of the models. Figure 3 shows the
distribution based on kernel density estimation of the importance
of four peak features. The peak at m/z 6591 was selected
as a relevant feature in all the training tasks (n = 30) and
identified as the most crucial feature for distinguishing VSSA
from hVISA/VISA.

Performance of the Predictive Models

Regarding model performance for distinguishing VSSA strains
from hVISA/VISA strains among the MRSA isolates, the optimal
predictive model for the test set was the model constructed
using the SVM classifier with a radial basis function kernel and
with AUC = 0.790. The model constructed using the random
forest algorithm had similar performance, with AUC = 0.763

TABLE 1 | MALDI-TOF MS spectra peak characteristics that their intensities
differed significantly between the hVISA/VISA and VSSA strains.

Peak, m/z Intensity P-valued

hVISA2/VISAP strains VSSAC strains

(median [IQR]) (median [IQR])

118 12.97 [11.58, 14.32] 11.39 [0.00, 13.20] 0.005
119 12.97 [11.58, 14.32] 11.41 [0.00, 13.23] 0.005
680 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.006
852 0.00 [0.00, 12.26] 12.37 [0.00, 13.46] 0.005
948 0.00[0.00, 11.87] 0.00 [0.00, 0.00] 0.006
1132 0.00 [0.00, 11.42] 0.00 [0.00, 0.00] <0.001
1266 0.00 [0.00, 11.62] 0.00 [0.00, 0.00] 0.009
2429 12.37 [0.00, 13.31] 0.00 [0.00, 12.44] 0.004
2895 0.00 [0.00, 11.82] 0.00 [0.00, 0.00] <0.001
3176 10.65 [0.00, 11.18] 0.00 [0.00, 10.64] 0.001
6351 10.86 [10.58, 11.15] 10.62 [2.51, 10.94] 0.009
6591 10.54 [10.10, 11.02] 0.00 [0.00, 10.70] <0.001
9625 12.66 [12.32, 12.92] 12.830 [11.77,12.81] 0.01

4Heterogeneous Vancomycin-intermediate S. aureus.
b\ancomycin-intermediate S. aureus.
¢Vancomycin-susceptible S. aureus.
9Mann-Whitney U test.

(p = 0.30). The AUCs for the models constructed using k-
nearest neighbors and a decision tree were 0.722 and 0.668,
respectively (Figure 4), which were lower than those of the
optimal predictive models (p < 0.01). Based on the maximum
value of Youden’s J statistic, the average sensitivity and specificity
of the SVM classifier were 0.770 and 0.814, respectively
(Figure 5). The validation results of all the classifiers using
nested 5-fold cross-validation, repeated 6 times, were presented
in Supplementary Table 3.

DISCUSSION

In the present study, we demonstrated that the ML-based
approach can successfully distinguish VSSA from hVISA/VISA
on the basis of MALDI-TOF MS data. The preliminary AST
obtained from the ML-based approach can yield an accurate
and rapid administration of correct antibiotics against MRSA
infection.

To distinguish hVISA/VISA from VSSA, a local ML model
can be established using the proposed strategy, and local clinical
microbiologists can easily acquire ML models that adequately
fit their own population. The prevalence of hVISA differs
among countries and areas (Zhang et al., 2015). Up to 50%
of isolates reported as susceptible to vancomycin can harbor
hVISA clones (Horne et al., 2009). Moreover, the composition of
isolates potentially varies among different areas. Consequently,
a localized ML model trained by locally relevant data would
offer superior performance to a general model. The strengths
of the ML models proposed in this study are their rapidness
and low cost. A vancomycin susceptibility test report could be
obtained using MALDI-TOF MS alone without other testing
methods. Clinical microbiologists could provide preliminary
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but accurate vancomycin susceptibility days prior to PAP-AUC,
which is regarded as time-consuming and expensive. Although
various other hVISA screening tools have been developed, these
methods are typically culture-dependent and require a long
incubation time (Riederer et al., 2011; van Hal et al.,, 2011).
Moreover, the ML models do not require additional hVISA
screening tests such as glycopeptide resistance detection, the
Etest macromethod, or brain heart infusion screening agar plate
screening to report hVISA. Therefore, the cost of diagnosis could
be considerably decreased. The MALDI-TOF MS used in this
study was performed with direct deposit of bacteria onto a steel
plate rather than extracting it and placing in a tube. Direct
deposition is used in routine practice because it is rapid and not
labor-intensive. We used typical sample processing methods so
that the proposed ML models could cope with MALDI-TOF MS
data in real-world applications.

Incorporating ML algorithms into prediction of antibiotics
susceptibility is a promising application of ML. However, its
associated issues have not been widely addressed. One study
reported detection of hVISA/VISA using ML to analyze MALDI-
TOF MS data. The authors used an SVM and correctly
identified 100% of VISA and 97% of VSSA isolates with an
overall classification accuracy of 98% (Mather et al., 2016). The
performance was promising, and the authors also demonstrated
that the performance did not result from the specific composition
of the bacterial isolates (Mather et al., 2016). However, bias
may still have existed, because only 21 VISA, 21 hVISA, and
38 VSSA isolates were used in the study. Moreover, the feature
selection (essential peak selection) and model optimization steps
appeared to be conducted within all the datasets, not within
an independent training dataset, which may have resulted in
overfitting and thus perfect performance. Another study also
detailed a promising model with 99% sensitivity and 88%
specificity for classifying VSSA, VISA, and hVISA (Asakura
et al.,, 2018). The study provided a graphical user interface with
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FIGURE 4 | Performance of predictive models for distinguishing VSSA from
hVISA/VISA isolates. KNN: k-nearest neighbor; SVM, support vector machine;
RBF kernel, radial basis function kernel.

fully public release code, which could truly benefit health care
and research teams. However, due to the study’s selection of
multiple colonies from one hVISA strain and the use of leave-
one-out validation, the model was also likely to be overfitted.
Given the high fidelity of MALDI-TOF MS (Croxatto et al,,
2012), we did not replicate each isolate by performing multiple
MALDI-TOF analyses as did by other study (Asakura et al,
2018). Oversampling by direct replicating the isolates may result
in overfitting bias (Kubat and Matwin, 1997; Kegelmeyer et al.,
2002; Guo et al, 2008). By contrast, we used nested cross-
validation to avoid overfitting. The feature selection step and
model tuning were conducted within an independent training
dataset in each iteration (Figure 2). Consequently, the selected
feature compositions were different (Supplementary Table 2).
The importance of the features could be determined by their
frequency of occurrence in the nested cross-validation. As shown
in Supplementary Table 2 and Figure 3, the ions at m/z 1132,
2895, 3176, and 6591 were selected as the essential peaks and
were selected in more than 90% of the predictive models.
The ions at m/z 6887 and 9625, were selected with moderate
frequency (Supplementary Table 2), whereas the ion at m/z
3006 was selected as an essential peak in only a few iterations
(Supplementary Table 2). The results indicated the necessity of
selecting features using an independent training dataset. A peak
may be mistaken as an essential peak when iteration is not used.
We confirmed the importance of characteristic peaks by using
nested cross-validation. In this work, we analyzed the region from
0 to 20000 m/z because we did not presume that a characteristic
peak cannot be found under 2000 m/z. We just included all
the data and discover meaningful information by a data mining
technique (i.e., feature selection process in this study). In most of
studies, region 2000 to 20000 m/z was used for analysis, and some
irregular peaks from the agar medium may show up within the
region below 2000 m/z. To avoid an irregular peak being selected
as a characteristic peak, random forest algorithm was applied to
estimate the importance of each peak in discriminating VSSA
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from hVISA/VISA, under the scheme of nested cross validation
(Figure 2). Characteristic peaks would be selected through the
unbiased method.

The ions at m/z 1132, 2895, 3176, and 6591 were the crucial
features in distinguishing VSSA from hVISA/VISA in the present
study (Supplementary Table 2 and Figure 3). Lu et al. reported
that the ions at m/z 1835 and 1863 were characteristic peaks for
hVISA and VISA (Luetal., 2012). However, Mather et al. revealed
that ions at m/z 4540 and 8258 were characteristic for VISA
and VSSA, respectively (Mather et al., 2016). This discordance
may be due to several reasons. First, the bacterial isolates were
acquired from different locations and at different times. Second,
the extraction methods were also different; tube extraction was
used in these two studies (Lu et al., 2012; Mather et al., 2016),
whereas we used direct deposition, which is the method used
in routine practice. Third, the aforementioned difference in the
methods of selecting essential peaks could also account for the
discordance. In the previous studies, the characteristic peaks
were selected on the basis of either descriptive statistics (Lu
et al., 2012) or multiple regression (Mather et al., 2016). By
contrast, we selected characteristic peaks by using random forest
feature importance and confirmed the importance of the peaks in
multiple iterations. In the present study, the ion at m/z 6591 was
detected in 85.7 and 41.1% of the hVISA/VISA and VSSA groups,
respectively. Previous studies have demonstrated m/z 6591 as
a characteristic peak of clonal complex 8 (CC8) MRSA isolates
(Wolters et al., 2011; Boggs et al., 2012; Josten et al., 2013; Camoez
etal., 2016). In the first study conducted by Wolters et al. a model
was demonstrated with the ability to discriminate five major CCs
(CC5, CC8, CC22, CC30, and CC45) by using 13 peaks, including

m/z 6591, which appeared to be specific to CC8 isolates (Wolters
et al,, 2011). In another study, m/z 6591 was adopted as one of
the three peaks of a classifier constructed from 47 USA300/CC8
and 77 non-USA300 MRSA isolates. The classifier had an 87.9%
overall accuracy on a validation dataset (Boggs et al, 2012).
In 2013, Josten et al. analyzed the peak pattern of 401 MRSA
and MSSA strains, revealing that the peak protein at m/z 6592
provided a sensitivity of 0.889 and specificity of 0.996 for CC8
(Josten et al., 2013). In 2016, a supervised neural network model
constructed by Camoez et al. on the basis of data covering a 20
years period suggested m/z 6591.84 as a unique biomarker of
CC8 isolates (Camoez et al., 2016). In our data, m/z 6591 was also
noted in 56 of 62 CC8 and ST239 strains (90.3%). Our results are
consistent with those of previous studies conducted in Europe
and the United States, which suggests that despite geographical
and racial diversity, peak protein m/z 6591 can provide valuable
classification information regarding MRSA in Asian populations.
Although ions at m/z 1132, 2895, and 3176 were also selected
as informative features in the present study, the significance and
relation of these features in the resistance of VISA and hVISA
have not yet been reported.

This study had several limitations. First, bacterial composition
affected the performance of the ML models. The performance of
ML can be compromised by a complex bacterial composition.
In this study, the bacterial composition of the isolates was
analyzed using multilocus sequence and SCCmec typing. The
bacterial composition results revealed a non-restricted bacterial
distribution, for which classification problems are not generally
simple (Supplementary Figure 1). The ML models and results
may not be generalized directly to other countries or areas.
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The MLS type of most MRSA isolates in this study are ST239
(62/125), followed by ST5 and ST59 (Supplementary Figure 1).
This is the distinct composition of MRSA isolates in Taiwan
(Sheng et al., 2009), and the characteristic peaks and the models
created based on the cohort may be only used for the population
in this region. In this study, we demonstrated a ML-based
methodology for detecting hVISA/VISA. Through using the
workflow proposed in this study, other clinical microbiology
laboratories could obtain their own ML models specific for
detecting hVISA/VISA in their region. We did not aim to and
may not possibly generalize the ML models but we proposed a
methodology which may help others generating a specific model
fitting their populations more properly than do a generalized
model. Second, the ML performance reported in this study is not
as high as that reported in other studies that evaluated model
performance using leave-one-out cross-validation (Rishishwar
et al., 2014; Mather et al., 2016). This lower performance may
have resulted from the stricter validation method applied
in the present study. We used direct deposition instead of
in-tube extraction. The direct deposition method offers a
rapid turnaround time and requires less labor; however, the
reproducibility and quality of MALDI-TOF MS data may be
compromised (Goldstein et al., 2013; Mather et al, 2016).
Compromised MALDI-TOF data may reduce ML model
performance because non-susceptible S. aureus is relatively
rare (107°-107°) in hVISA (van Hal and Paterson, 2011);
more sensitive MALDI-TOF data could facilitate detection of
subtle changes during MS. Third, although the performance
of the ML models was validated using a minimally biased
method, the models should undergo external validation in other
Taiwanese institutes. Fourth, the primary aim of this study is to
demonstrate and validate an unbiased methodology to detect
hVISA/VISA by analyzing MALDI-TOF MS spectra through a
ML-based approach. We focus more on the aspect of clinical
application in this work. The validated ML model is ready to
be used in our clinical practice and hopefully the proposed
method can help generate clinically useful ML model in other
local clinical microbiology laboratories. Besides, identifying
protein/peptide behind the peaks is essential for understanding
the causative proteins/mechanisms for vancomycin resistance,
which is worthy further investigation in the future. In general,
the present study successfully demonstrated the use of an
ML approach for detecting hVISA/VISA. The negative
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MALDI-TOF MS technology has made possible revolutionary advances in the diagnosis
of infectious diseases. Besides allowing rapid and reliable identification of bacteria
and fungi, this technology has been recently applied to the detection of antimicrobial
resistance. Several approaches have been proposed and evaluated for application of
MALDI-TOF MS to antimicrobial susceptibility testing of bacteria, and some of these
have been or might be applied also to yeasts. In this context, the comparison of
proteomic profiles of bacteria/yeasts incubated with or without antimicrobial drugs is a
very promising method. Another recently proposed MALDI-TOF MS-based approach
for antifungal susceptibility testing is the application of the semi-quantitative MALDI
Biotyper antibiotic susceptibility test rapid assay, which was originally designed for
antimicrobial susceptibility testing of bacteria, to yeast isolates. Increasingly effective
and accurate MS tools and instruments as well as the possibility to optimize analytical
parameter settings for targeted applications have generated an expanding area in the
field of clinical microbiology diagnostics, paving the way for the development and/or
optimization of rapid methods for antifungal susceptibility testing in the near future.
In the present study, the state of the art of MALDI-TOF MS applications to antifungal
susceptibility testing is reviewed, and cutting-edge developments are discussed, with a
particular focus on methods allowing rapid detection of drug resistance in pathogenic
fungi causing systemic mycoses.

Keywords: MALDI-TOF mass spectrometry, antimicrobial resistance, antifungal susceptibility testing, blood
culture, rapid AFST

INTRODUCTION

During the last two decades, MALDI-TOF MS technology has rapidly evolved toward new
applications in the field of clinical diagnostic microbiology, generating a novel, robust and
accurate tool for rapid identification of bacteria and yeasts (Kliem and Sauer, 2012; Richter
et al., 2012; Spanu et al., 2012; Szabados et al., 2012; Idelevich et al., 2014; Barnini et al., 2015;
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Florio et al, 2018b). In parallel, major efforts have been
made to expand and apply the enormous potentialities of this
technology to another important issue: testing resistance and,
in some cases, susceptibility of microorganisms to antimicrobial
drugs. The emergence and diffusion of bacterial and fungal
pathogens resistant to multiple drugs and the high incidence
of hospital-acquired bloodstream infections (BSIs) have made
the purpose of developing new methods for rapid and
reliable antimicrobial susceptibility testing an urgent issue. In
this context, considerable efforts have been made in order
to apply MALDI-TOF MS technology to the detection of
antimicrobial resistance, especially for multi-drug resistant
(MDR) microorganisms causing systemic infections (Nordmann
et al, 2011; Canton et al, 2012; Patel and Bonomo, 2013;
Lamoth et al., 2018), which represent a major concern for public
health (Walsh, 2010; Walsh and Gamaletsou, 2013; Lee et al.,
2016; Barchiesi et al., 2017). Several MALDI-TOF MS-based
approaches have been attempted for the detection of antibiotic
resistance in bacteria. These include: (i) the assessment of
pB-lactamase activity by MALDI-TOF MS detection of hydrolysis
products of P-lactam/carbapenem antibiotics (Hooff et al,
2012; Hrabak et al., 2012; Jung et al, 2014; Oviano et al,
2016); (ii) identification in mass spectra of genes (Lau et al,
2014; Rodriguez-Bafio et al., 2018) or peptides specifically
involved in antibiotic resistance mechanisms (Gaibani et al.,
2016; Chang et al., 2018); (iii) identification of biomarkers
somehow correlated with, though not responsible for drug
resistance, such as the phenol-soluble protein toxin (PSM-mec),
produced by a subset of methicillin-resistant Staphylococcus
aureus strains (Chatterjee et al, 2011), and detectable by
MALDI-TOF as a 2415 £ 2.00 m/z peak (Rhoads et al,
2016); and (iv) assays based on discrimination of mass spectra
of resistant from susceptible microbial isolates after exposure
to breakpoint concentrations of antimicrobial agents directly
on the target plate for MALDI-TOF MS analysis (Idelevich
et al., 2017). This latter approach seems very promising since,
theoretically, it might be applied to any microbial species
and antimicrobial agent independently from the underlying
resistance mechanisms, and it may be suitable for laboratory
automation and simultaneous testing of a panel of different
antimicrobial drugs.

As multi-drug resistance is an increasing widespread problem
also in fungal infections, there is a pressing need for rapid
methods allowing to obtain timely and reliable information on
antifungal susceptibility/resistance of fungal infectious agents,
especially those causing systemic mycoses. In spite of advances
in diagnosis and treatment, the incidence of invasive fungal
infections has dramatically increased during the last two decades
(Barchiesi et al., 2016; Benedict et al, 2017; Cornely et al,
2017; Guo et al, 2017; Pana et al, 2017), with only a
few classes of antifungal drugs being available (Pfaller, 2012;
Pierce and Lopez-Ribot, 2013; Patil and Majumdar, 2017).
The growing elderly population, frequently suffering from
co-morbidities, high colonization rate by Candida albicans,
immunosuppressive treatment after organ transplantation, and
prolonged antibiotic therapies have substantially contributed to
such an increase in fungal infections (Guimardes etal., 2012;

Wang et al., 2014; Barchiesi et al., 2017). Although C. albicans
remains the most frequently isolated species, other fungal
pathogens have been isolated with remarkably increasing
frequency; these include Candida glabrata (Cleveland et al,
2012; Pfaller et al., 2014), the emerging pathogen Candida auris
(Bao et al., 2018; Kohlenberg et al., 2018; Kordalewska et al.,
2018), Trichosporon spp. (Davies and Thornton, 2014), and
filamentous fungi, such as Scedosporium spp., mucoralean fungi,
and Fusarium spp. (Walsh and Gamaletsou, 2013; Davuodi et al.,
2015).

Systemic infections sustained by Candida spp. as well as by
other fungal pathogens are associated with mortality rates that
can be higher than 60%, depending on the patient category (Kett
et al., 2011; Kollef et al., 2012; Barchiesi et al., 2016, 2017; Guo
et al.,, 2017). Since timely administration of effective antifungal
therapy is of vital importance for the outcome of patients affected
by these infections (Garey et al., 2006) and susceptibility profiles
to antifungal agents vary greatly among fungi, rapid species
identification and antifungal susceptibility testing (AFST) is
fundamental to reduce mortality and improve patients’ outcome.
MALDI-TOF MS, extensively used for identification of bacteria,
has been increasingly proposed also for rapid identification
of fungal pathogens directly in positive BCs (Ferreira et al.,
2011; Yan et al, 2011; Spanu et al., 2012; Idelevich et al,
2014; Vecchione et al, 2018). Yeast identification by itself
provides relevant clinical information since different fungal
species may differ in virulence and drug resistance. For example,
the antimicrobial susceptibility profile of Candida parapsilosis
and C. glabrata can be quite different, with C. parapsilosis more
frequently resistant to echinocandins and C. glabrata to azoles
(Silva et al., 2012). Furthermore, invasive trichosporonosis is
characterized by resistance to amphotericin and echinocandins,
and poor prognosis (Miceli et al., 2011). Therefore, the ability to
rapidly identify these yeasts may be useful to promptly streamline
empirical antimicrobial therapy. However, the emergence and
spread of MDR fungal pathogens (Lamoth et al., 2018) have posed
a pressing need for rapid AFST. In general, echinocandins are
widely used as empirical antifungal therapy for patients with
candidemia, at least until AFST results become available; when
resistance is detected, treatment with echinocandins needs to be
immediately streamlined. Therefore, a rapid method for AFST
may be of vital importance to achieve a favorable outcome,
especially in critically ill patients. To this purpose, the application
of MALDI-TOF MS to AFST has been attempted in the last
few years (Vella et al., 2013; Saracli et al., 2015; Vatanshenassan
et al., 2018). In this context, two methods have been proposed,
which revealed potential for the development of rapid assays
based on MALDI-TOF MS. The first is based on the comparative
analysis of mass spectra of fungal isolates exposed to different
concentrations of antifungal drugs (Vella et al., 2013, 2017;
Saracli et al.,, 2015). The second relies on the application and
optimization of the MALDI Biotyper antibiotic susceptibility
test rapid assay (MBT ASTRA), originally developed for rapid
antibiotic susceptibility testing in bacteria (Sparbier et al., 2016),
to AFST (Vatanshenassan et al., 2018).

The present review provides a synthetic, updated overview of
the proposed methods based on MALDI-TOF MS and aimed at
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yielding rapid and accurate information regarding antimicrobial
resistance of clinically relevant fungi.

ANTIFUNGAL SUSCEPTIBILITY TESTING
BY COMPARISON OF COMPOSITE
CORRELATION INDEXES

A method has been proposed for the detection of resistance
to specific antifungal agents that relies on the comparison of
MALDI-TOF MS spectra of yeast strains after incubation with
high, intermediate or null antifungal concentrations (De Carolis
etal., 2012; Vella et al., 2013, 2017; Saracli et al., 2015; Sanguinetti
and Posteraro, 2016). In particular, MALDI-TOF MS spectra
of yeast isolates after exposure to high, intermediate or null
drug concentrations are used to generate a composite correlation
index (CCI). The intermediate drug concentration is the minimal
concentration of the compound able to induce a detectable
proteome change in the mass spectrum of a susceptible strain.
When a susceptible strain is tested, the mass spectrum at the
intermediate drug concentration is more similar to that at the
high concentration; therefore, the CCI of the intermediate/null
concentration is lower than that of the intermediate/high
concentration. This method has been used to test the resistance
of C. albicans, C. tropicalis, and C. glabrata to triazole drugs.
The results showed essential agreement ranging between 54 and
97% for the MALDI-TOF method in comparison to conventional
AFST. The wide variability in essential agreement was dependent
on both the triazole drug and Candida species tested (Saracli
etal, 2015). A limit of this method was that the time saving over
the conventional AFST method was of modest entity (overnight
versus 24 h).

In another study based on the same approach (Vella et al.,
2013), resistance to caspofungin could be detected in 10/11
(90.6%) C. albicans clinical isolates after an incubation of only 3 h,
and 51/51 (100%) isolates were correctly classified as susceptible.
The single very major error (false susceptibility) related to an
isolate with a low level of caspofungin resistance. Caspofungin
selectively targets the fungal cell wall by inhibiting 1,3-B-glucan
synthase. Due to its high efficacy and reduced cases of side effects
and adverse events in comparison with other antifungal agents,
caspofungin has become a front-line agent in the treatment
of candidemia and other invasive fungal infections (Patil and
Majumdar, 2017). However, resistance to caspofungin can arise
because of mutations in the FSKI gene in C. albicans (Balashov
et al., 2006), and FSKI and FSK2 genes in C. glabrata (Pham
etal., 2014). Due to the emergence of drug resistant yeast strains
(Chen et al, 2011), rapid detection of caspofungin resistance
in Candida spp. clinical isolates is essential for timely and
appropriate treatment of systemic fungal infections.

Recently, the same method based on detection of changes
in the protein spectrum after a 3-h incubation with antifungal
drugs was used to test a panel of 80 C. glabrata clinical
isolates against anidulafungin or fluconazole (Vella et al., 2017).
In comparison to the reference method recommended by the
Clinical and Laboratory Standards Institute [CLSI], 2012), 58/58
(100%) susceptible isolates were classified as susceptible, and

11/22 (50.0%) isolates in the resistant category were classified
as resistant to anidulafungin. For fluconazole, 40/41 (97.6%)
susceptible isolates were classified as susceptible, and 37/39
(94.9%) isolates in the resistant category were classified as
resistant. Of interest, when the assay was repeated for the 11
resistant isolates giving very major error with longer incubation
times (6, 9, and 12 h), only two errors for anidulafungin
remained unresolved; with a 15-h incubation, 100% essential
agreement was reached with both the antifungal drugs. Therefore,
incubation time was a critical factor to achieve maximum
accuracy and reliability of this assay, especially for anidulafungin.
In a recent study (Paul et al, 2018), an assay based on
CCI analysis was used to evaluate fluconazole resistance in 15
fluconazole resistant (MICs ranging from 16 to 128 pg/mL) and
19 fluconazole susceptible C. tropicalis isolates (MIC < 1 pg/mL)
in comparison with the reference CLSI microdilution method
(Clinical and Laboratory Standards Institute [CLSI], 2012). In
India, C. tropicalis is the commonest agent causing candidemia,
and fluconazole resistant strains have been increasingly isolated
(Chakrabarti et al., 2015). Therefore, a rapid method allowing the
detection of fluconazole resistance in C. tropicalis strains grown
in BCs may be very helpful to promptly streamline antifungal
therapy. The authors reported that spectral changes were
detectable by visual inspection soon after 4-h exposure to high
(128 pg/mL), intermediate (1 pg/mL) or null concentrations
of fluconazole for all C. tropicalis isolates. For software-based
analysis, the incubation time was optimized at 5 h with 4 pg/mL
as intermediate drug concentration. Among the 34 isolates tested,
the minimal profile change concentrations (MPCCs), i.e., the
minimum drug concentration at which an alteration of mass
spectra can be detected, coincided with the MICs for 16 isolates
(4 resistant, 12 susceptible), whereas the MPCC was one twofold
dilution lower than the corresponding MIC in the remaining
18 isolates (11 resistant, 7 susceptible). Categorical and essential
agreement were observed for all 34 isolates, indicating that
CCI analysis might be used as a rapid screening method for
fluconazole resistance in C. tropicalis clinical isolates.

DETECTION OF CASPOFUNGIN
RESISTANCE IN C. albicans AND
C. glabrata BY MBT ASTRA

In a recent proof of concept study (Vatanshenassan et al., 2018)
the detection of C. albicans and C. glabrata strains resistant to
caspofungin was evaluated by MBT ASTRA. This is a MALDI-
TOF-based semi-quantitative technique, which was originally
designed for rapid antibiotic susceptibility testing in bacteria.
MBT ASTRA is a phenotypic assay comparing growth of
microorganisms after incubation in the absence or in the presence
of different concentrations of antimicrobial drugs. Cell growth is
inferred from the comparison of the area under the curve (AUC)
of the MALDI-TOF MS spectra for the different incubation setup
(with or without antimicrobial drug). The relative growth (RG)
is calculated for each concentration of antimicrobial agent as
the ratio of the AUC observed with or without drug exposure,
and a RG cutoff discriminating resistance from susceptibility

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2577


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Florio et al.

Antimicrobial Susceptibility Testing by MALDI-TOF MS

is determined experimentally: strains showing RG above this
cutoff are considered resistant, whereas those below the cutoft are
considered susceptible. The MBT ASTRA results were compared
with those obtained by the CLSI reference microdilution method
(Clinical and Laboratory Standards Institute [CLSI], 2017) on
58 C. albicans and 57 C. glabrata clinical isolates. A categorical
agreement of 100% was observed for 29 susceptible and 22
resistant strains of C. albicans. For seven C. albicans strains,
insufficient growth was observed in the control setup (no
caspofungin) and, therefore, these strains were excluded from
further evaluation, resulting in a validity of the MBT ASTRA
assay of 88%. For C. glabrata, 31 out of 33 strains categorized
as resistant by the microdilution method resulted resistant also
by MBT ASTRA, and four out of five susceptible strains were
correctly detected. Eighteen out of 19 strains categorized as
intermediate by the microdilution method resulted resistant
by MBT ASTRA, while only one intermediate strain resulted
susceptible. Therefore, a sensitivity of 94% and a specificity of
80% were observed using MBT ASTRA on C. glabrata strains.
These results were obtained after a 6-h incubation of yeast
cells with or without caspofungin. Time saving compared to
the reference microdilution method was approximately 18 and
42 h for C. albicans and C. glabrata, respectively. The RG cutoff
was set at 0.6 for both C. albicans and C. glabrata; breakpoint
concentrations of 1 and 0.5 pg/mL caspofungin, discriminating
susceptible from resistant strains, were determined for C. albicans
and C. glabrata, respectively.

Overall, this approach seems promising, and it would be
interesting to evaluate its performance in clinical settings, and
the possibility to extend its application to the detection of
resistance to other antifungal agents. In addition, it would be
of great usefulness if it could be efficiently applied to yeasts
directly recovered from positive BCs by lysis/centrifugation in

Serum Separator Tubes (BD Vacutainer system) or using other
suitable methods (Florio et al., 2018a). To this purpose, further
studies might be necessary to optimize the analysis software and
experimental conditions.

CONCLUSION

In this review, we summarized recently proposed methods and
significant advances for rapid detection of antifungal resistance
by MALDI-TOF MS with a particular focus on methods
applicable to positive BCs, as schematically represented in
Figure 1. The diagnosis of fungal BSIs by conventional methods
is particularly time consuming, while in case of severe, life-
threatening infections, such as systemic mycoses, timeliness and
accuracy of test results are crucial factors for clinicians to decide
and promptly administer an effective and targeted antifungal
therapy. Conventional microdilution methods for AFST are
generally very accurate but require long incubation times. Since
mortality rates in systemic infections are strictly correlated with
time between onset of symptoms and administration of effective
therapy, rapid methods for AFST are strongly needed. Therefore,
major research efforts have to be made to refine and optimize
MALDI-TOF MS-based assays in order to obtain timely, accurate
and reliable results. Because of the increasing diffusion of MDR
fungal pathogens, methods that allow simultaneous susceptibility
testing to different classes of antifungals are expected to
represent a major focus of research in this field. Differently
from bacteria, the existence of specific peaks associated with
antimicrobial resistance in mass spectra of fungal pathogens
has not been reported so far, leaving this possibility an open
issue. In addition, the development of new analytical algorithms,
automation of procedures, and optimization of assays are

Positive blood culture
containing yeasts

ROUTINE METHV

Culture on solid media
(24-48 h)

AN

Protein extraction
(15-30 min)

MALDI-TOF MS

identification
(a few min)

AFST by microdilution
methods (at least 24 h)

/

\RAPID METHOD

Recovery of yeasts by
lysis-centrifugation
methods (30 min)

|

AFST by MALDI-TOF based assays:

» Comparison of composite correlation
indexes at different drug concentrations
(3-15h)

» Possible application of MBT ASTRA
optimized for yeasts (5-6 h)

FIGURE 1 | Schematic representation of the routine and rapid methods for identification and antifungal susceptibility testing (AFST) of yeasts grown in
monomicrobial blood cultures, and possible applications of newly described methods. MBT ASTRA, MALDI Biotyper antibiotic susceptibility test rapid assay.
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expected to expand and refine the clinical applications of
MALDI-TOF MS technology to AFST in the near future.
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KPC-producing Klebsiella pneumoniae represents a severe public health concern
worldwide. The rapid detection of these isolates is of fundamental importance for
the adoption of proper antibiotic treatment and infection control measures, and new
applications of MALDI-TOF MS technology fit this purpose. In this study, we present
a full MALDI-based approach to detect plasmid-encoded KPC-producing strains,
accomplished by the automated detection of a KPC-specific peak (at 11,109 m/z) by
a specific algorithm integrated into the MALDI Biotyper system (Bruker Daltonik), and
the confirmation of carbapenemase activity by STAR-Carba imipenem hydrolysis assay.
A total of 6209 K. pneumoniae isolates from lItaly and Germany were investigated for
the presence of the KPC-related peak, and a subset of them (n = 243) underwent
confirmation of carbapenemase activity by STAR-Carba assay. The novel approach was
further applied directly to positive blood culture bottles (n = 204), using the bacterial
pellet obtained with Sepsityper kit (Bruker Daltonik). The novel approach enabled a
reliable and very fast detection of KPC-producing K. pneumoniae strains, from colonies
as well as directly from positive blood cultures. The automated peak detection enabled
the instant detection of KPC-producing K. pneumoniae during the routine identification
process, with excellent specificity (100%) and a good sensitivity (85.1%). The sensitivity
is likely mainly related to the prevalence of the specific plasmid harboring clones among
all the KPC-producing circulating strains. STAR-Carba carbapenemase confirmation
showed 100% sensitivity and specificity, both from colonies and from positive blood
cultures.

Keywords: MALDI-TOF MS, KPC, Klebsiella pneumoniae, carbapenemase, multidrug resistance, KPC-related
peak, pKpQIL plasmid

INTRODUCTION

Carbapenem-resistant Enterobacteriaceae (CRE) have recently emerged as a class of bacterial
pathogens that threaten the effectiveness of last resort treatment, posing a serious threat to global
public health (Tzouvelekis et al., 2012). Even though resistance to carbapenems may involve
several combined mechanisms (Nordmann et al., 2012a), from the public health point of view
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attention is focused on the isolates that produce specific
carbapenem-hydrolyzing B-lactamases (carbapenemases). Such
resistance determinants can be transferred between bacteria of
the same or of different species by mobile genetic elements
(Kumarasamy et al., 2010; Nordmann et al, 2012b). The
carbapenemase transmission often is linked to other non-
B-lactam resistance determinants, leading to the rise and the
rapid dissemination of multi-drug or pan-drug resistant (MDR,
PDR) organisms (Kumarasamy et al., 2010).

Carbapenemase-producing Enterobacteriaceae (CPE) have
become important causes of hospital acquired infections,
associated with a significantly increased mortality, especially in
critical wards (Vincent et al., 2009). In Europe, the highest
prevalences have been reported from Greece, with 61.9% of
carbapenem-resistant K. pneumoniae among invasive isolates,
Italy with 33.5%, and from Romania (24.7%) (EARS-Net report
2016).

CPE show an epidemiology according to the enzyme type,
with different prevalence in the different geographic areas. In
Europe, KPC-producing K. pneumoniae is endemic in Italy
and Greece, while in other countries class D (OXA-48 family)
and class B (MBL - Metallo-B-Lactamases) carbapenemases
are reported with overall lower prevalence. Nevertheless,
the Klebsiella pneumoniae Carbapenemase (KPC) family has
the most extensive global distribution of all carbapenemases
associated with Enterobacterales (van Duin and Doi, 2017), and
are the most clinically significant (Munoz-Price et al., 2013).
KPCs are found in many Gram-negative species, including both
Enterobacterales and non-fermenters, but K. pneumoniae is the
most largely predominant species.

Actually, 20 variants of the blaKPC gene have been described,
and the variants KPC-2 and KPC-3 are the most common
(Doumith et al., 2017). The blakpc genes have been identified
in a variety of plasmids (Chen et al., 2014), and reported in
more than 100 different Sequence Types (ST) of K. pneumoniae.
The transmission of blakpc genes can be mediated by different
molecular mechanisms, from mobility of small genetic elements
(i.e., Tn4401 transposon) to horizontal transfer of plasmids, and
via clonal spread (Munoz-Price and Quinn, 2009; Partridge,
2014). Nevertheless, the global diffusion of plasmid-borne blaxpc
has been linked to the clonal dissemination worldwide of a
major multilocus sequence type (MLST or ST), namely ST258,
and its related variants (Cuzon et al., 2010; Munoz-Price et al.,
2013). KPC-Kp are considered endemic in several countries,
including the North-eastern United States, Argentina, Brazil,
Puerto Rico, Colombia, China, Israel, and, in Europe, Italy
and Greece (Munoz-Price et al., 2013; Nordmann and Poirel,
2014). As treatment options are very limited and because
of the epidemiological impact, rapid methods to detect CPE,
and differentiate them from other CRE are desired. Several
techniques have been developed, relying on different molecular
or phenotypical principles. Although proven to be effective for
the detection of KPC-producing isolates, overall these methods
are either expensive and limited in the targets included, or slow
with a time to report up to 24 h, and lack in sensitivity and/or
specificity (Osei Sekyere et al., 2015; Bialvaei et al., 2016; Lutgring
and Limbago, 2016; Rood and Li, 2017; Tamma et al., 2017).

Recently, it has been shown that the intrinsic speed of
MALDI-TOF MS technology could be deployed and successfully
applied to a prompt detection of carbapenemase-producing
strains. First, it was proven that the hydrolytic activity of
carbapenemases can be detected by a functional assay that relies
on the evaluation of the mass spectra of the carbapenem molecule
after a short incubation with the bacterial strains (Burckhardt
and Zimmermann, 2011; Sparbier et al., 2012; Hrabdk et al,,
2013; Johansson et al., 2014; Rapp et al., 2018). This is even
possible directly from positive blood cultures (Jung et al., 2014;
Hoyos-Mallecot et al., 2014; Sakarikou et al., 2017).

Further, Lau et al. (2014) discovered a peak in MALDI-
TOF mass spectra of KPC-producing K. pneumoniae related
to a pKpQIL plasmid carrying blaxpc. This specific peak at
11,109 m/z is clearly detectable in bacterial MALDI-TOF mass
spectra. Different approaches to seek for this peak have been
used and evaluated (Lau et al, 2014; Gaibani et al., 2016;
Youn et al, 2016). Until recently, the detection of this peak
required a manual operation, with visual analysis or additional
software in a second step after the routine identification
process, and therefore impeding a real-time detection of KPC
strains (Lau et al, 2014; Gaibani et al, 2016; Youn et al,
2016).

In this study, we present a full MALDI-based approach
to an instant detection of KPC-producing K. pneumoniae
strains simultaneously during the standard routine species
identification process. KPC-producers were indirectly identified
by the automated detection of a specific peak related to a
blaxpc-carrying pKpQIL plasmid, using an algorithm that was
integrated into the MALDI Biotyper software. A MALDI-TOF
based imipenem hydrolysis assay was further used to confirm
KPC enzyme activity.

This novel approach was applied to well characterized strains,
to a large set of clinical routine strains, and finally directly to
routine positive blood cultures.

MATERIALS AND METHODS

Optimization of the Algorithm for
Automated KPC Detection With PCR

Confirmed Strains

For automated detection of the pKpQIL related peak described by
Lau et al. (2014), a software algorithm was developed. The peak
detection was based on a manual analysis of spectra analyzed with
the flexAnalysis software version 3.4 (Bruker Daltonik, Bremen,
Germany) - Figure 1. Spectra were normalized and smoothed
with standard settings. For precise detection the spectra were
screened for potential peaks for an internal recalibration as
described in Pranada et al. (2017). After internal recalibration,
intensities 3 times higher than the surrounding noise were
then counted as peaks. If such potential peak was detected in
a window £ 5 m/z around the previously described mass of
11,109 m/z, the algorithm yielded the detection of the KPC
related peak. Examples of these automated detections are shown
in Figure 2.
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FIGURE 1 | The pKpQIL plasmid-related peak in the MALDI mass spectra of K. pneumoniae. The upper spectrum shows a negative control, without the specific
peak. The lower spectrum shows a KPC-producing strain exhibiting the specific peak.
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N =266 spectra of K. pneumoniae previously characterized by
PCR (Hyplex® SuperBug ID assay — Amplex Biosystems GmbH,
Gieflen, Germany), were used to test the algorithm. Among them,
n = 152 were KPC-producers, and n = 114 were negative for the
blakpc gene.

To assess the technical sensitivity of the automatic detection,
all the spectra were also analyzed by visual inspection using the
FlexAnalysis software (Bruker Daltonik GmbH) to seek for the
presence of the KPC-specific peak.

Evaluation of the Automated KPC
Detection With a Large Collection of
Strains

The optimized algorithm was integrated into the commercial
MALDI Biotyper RUO software, and the method was evaluated
on a large set of clinical strains from Italy (in the Microbiology
Unit of the University Hospital of Bologna Policlinico
Sant’Orsola-Malpighi), as a country with a high prevalence
of KPC-bearing strains, and from Germany (in the Department
of Microbiology of the MVZ Dr. Eberhard & Partner Dortmund,
Dortmund, Germany) as a low prevalence country.

A total of n = 6209 MALDI-TOF mass spectra of clinical and
surveillance isolates of K. pneumoniae collected in a time frame
between 2009 and 2017 were analyzed. The spectra were retrieved
from the database of stored runs from routine identification
in Dortmund. In Bologna, spectra for strains isolated between
2010 and September 2016 were recorded retrospectively from the
collection of frozen strains as well as prospectively from October
2016 to December 2017.

Bacterial strains were cultured for 24-48 h on Tryptose Soy
Agar with sheep blood in Bologna, and on Columbia Agar
with sheep blood in Dortmund. Routine susceptibility testing

was performed using VITEK2 XL systems (bioMérieux, Marcy
I’Etoile, France).

All isolates with MICs greater than the EUCAST
epidemiological cut-oft for at least one of the carbapenems
(ertapenem, meropenem, imipenem) underwent either detection
of carbapenemase-encoding genes (in Dortmund by an in-
house PCR) or confirmation of carbapenemase production,
(in Bologna by disk diffusion synergy test with inhibitors
(KPC+MBL Confirm ID Pack, ROSCO Diagnostika, Taastrup,
Denmark), immunochromatographic assay (OXA-48 K-Set,
CorisBioConcept, Gembloux, Belgium), and/or PCR (Hyplex®
SuperBug ID assay —Amplex Biosystems GmbH, Gieflen,
Germany, GeneXpert® Carba-R -Cepheid, Sunnyvale, CA,
United States).

Among these strains, at routine testing n = 2390 were KPC-
producers (n = 2385 from Bologna, n = 5 from Dortmund),
n = 179 MBL-producers (n = 119 from Bologna, n = 60 from
Dortmund), n = 32 OXA-48 family producers (n = 19 from
Bologna, n = 13 from Dortmund), n = 221 were negative for
carbapenemase production but resistant to carbapenems (likely
ESPL/AmpC producers associated with reduced membrane
permeability — n = 207 from Bologna, n = 14 from Dortmund),
and n = 3387 susceptible to carbapenems (B-lactamases
producers or wild type — n = 105 from Bologna, n = 3282 from
Dortmund) - Table 1.

Evaluation of Stability and Reliability of
KPC-Peak Detection

Further, the sensitivity of the automated KPC detection by
MALDI-TOF MS was assessed with regard to the type of culture
medium and the age of cultures: spectra of n = 34 KPC-
producing strains cultured on Sheep Blood Agar, CHR-KPC Agar,
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FIGURE 2 | Detection of the KPC-related peak by the automated algorithm. An internal calibration peak specific to K. pneumoniae is recognized and used for higher
precision in peak detection in the window of m/z 11,109 +/—5. The dotted red line corresponds to a multiple of the average noise in the spectrum. It is used as a
threshold for the intensity in peak detection. (A) KPC-positive K. pneumoniae strain with peak for the pKpQIL plasmid. (B) KPC-negative strain. In the detection

window only noise below the detection threshold can be observed.
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and Mueller-Hinton-Agar (MEUS, Piove di Sacco, Italy) were
acquired after 24, 48, and 72 h of incubation and then compared
to each other.

Since the intensity of the KPC related peak in some cases
is low, we also investigated whether the sensitivity of the
automated detection could be enhanced measuring the samples
in duplicates. For all samples, spectra were recorded from two
spots.

In case of discrepancies between results of the novel MALDI
approach and results of routine methods, the samples underwent
molecular investigation by GeneXpert® Carba-R (Cepheid,
Sunnyvale, CA, United States).

Application Directly to Positive Blood

Cultures

The automated KPC detection was applied to 204 consecutive
blood cultures positive for K. pneumoniae in routine diagnostics
in Bologna. Among those, n = 90 were KPC-producers,
n = 12 MBL-producers, n = 1 was NDM+OXA-48 producer,
while n = 101 were susceptible to carbapenems (MIC of

TABLE 1 | Overview of K. pneumoniae isolates from Italy and Germany included in
this study.

Italy Germany Total
[n] [n] [n]
KPC 2386 4 2390
MBL 119 60 179
OXA-48 13 19 32
Carbapenem-resistant 207 14 221
non-carbapenemase producers
Carbapenem-susceptible 105 3282 3387
Total 2830 3379 6209
carbapenems lower than epidemiological cut-off). KPC-

producers were identified by KPC K-Set, (CorisBioConcept,
Gembloux, Belgium), MpL-producers were identified by
KPC+MBL Confirm ID Pack, ROSCO Diagnostika, Taastrup,
Denmark), while the strain NDM+OXA-48 was characterized
by KPC+MBL Confirm ID Pack, ROSCO Diagnostika, Taastrup,
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Denmark and GeneXpert® Carba-R (Cepheid, Sunnyvale, CA,
United States).

The blood specimens were collected in BD BACTEC™
blood culture media (Plus Aerobic/F, Plus Anerobic/F, Lytic/10
Anaerobic/F and Peds Plus™/F), and incubated in a BACTEC™
FX blood culture system (Becton, Dickinson and Company,
Sparks, MD 21152, Benex Limited Shannon, County Clare,
Ireland). After the bottles were flagged as positive, the routine
workflow at the time of the study provided the species
identification by MALDI-TOF MS after a subculturing step on
chocolate agar of the enriched pellet obtained from 8 ml of blood
culture.

For this study, the blood culture flasks were directly
processed with the Sepsityper kit according to instructions of
the manufacturer (Bruker Daltonik GmbH, Bremen, Germany)
and the extracted bacterial pellet was used to acquire the MALDI
spectra.

The KPC subtyping was performed by the MALDI Biotyper
software simultaneously with the species identification.

The same pellet was further used to perform STAR-Carba
assay (Bruker Daltonik GmbH) for carbapenemase confirmation.

Confirmation of Carbapenemase Activity
by STAR-Carba Assay

A subset of n = 243 randomly chosen (a representative proportion
of strains for each year, selected at the discretion of the
operator by manually choosing non-juxtaposed strains directly
from the strains collection) KPC-producing strains, and all
positive blood cultures containing K. pneumoniae (n = 204)
underwent the MALDI-TOF MS based STAR-Carba imipenem
hydrolysis assay (Bruker Daltonik GmbH, Bremen, Germany)
to verify the carbapenemase activity. The test was performed
according to the manufacturers instructions. Briefly, 1 pl-
loop of bacteria (samples and E.coli ATCC 25922 as negative
control, and a PCR-confirmed KPC-producing E. coli as positive
control) were resuspended in 50 pl of imipenem solution.
After 30 min of incubation at 37°C under agitation, the
bacteria were pelleted by centrifugation (2 min at 14000 rpm),
and 1 pl of the supernatant was spotted in duplicates onto
a MALDI target. Open air dried spots were overlaid with
CHCA matrix containing an internal standard. The strains
were detected as hydrolyzing or non-hydrolyzing by measuring
the intensity of the peak corresponding to the intact form
of imipenem (300 m/z), normalized on the intensities values
of the imipenem peak measured in the negative and positive
controls.

RESULTS

Optimization of the Algorithm for
Automated KPC Detection With PCR

Confirmed Strains

Internal calibration of the acquired MALDI-TOF mass spectra
and optimization of the newly developed algorithm finally
allowed narrowing down the detection window for the peak

specific of the blagpc-carrying pKpQIL plasmid to a more specific
range of m/z 11,109 % 5 (from initially £ 15).

The novel algorithm detected the blaxpc-carrying pKpQIL
plasmid related peak in 99/152 PCR confirmed strains
(65.1%).

The visual inspection of these spectra confirmed the presence
of the peak in the 99 strains classified as positive by the algorithm
(sensitivity 100%), while the remaining 53 strains didn’t show
the peak, suggesting that they likely harbor a different blaxpc-
carrying plasmid.

The KPC peak was not detected by the algorithm in the n =114
KPC-PCR negative K. pneumoniae isolates (specificity 100%).

Evaluation of the Automated KPC
Detection With a Large Collection of

Strains

The pKpQIL plasmid-related peak was detected by Biotyper
software in overall 2035 of the n = 2390 KPC-producing isolates
(85.1%). It was detected in none of the strains resulted positive
for the production of a class B or D carbapenemase (n = 179
MBL, n = 32 OXA-48-family), in none of the carbapenem-
susceptible isolates (n = 3387), but in 5 out of the n = 221
strains resulted resistant to carbapenems but negative to routine
testing for carbapenemase production. The positive predictive
value and the negative predictive value resulted 100% and 91.5%,
respectively.

In these 5 strains, the molecular test confirmed the presence of
blaKpc.

With regard to the proportion of KPC-producing strains
showing the peak among all KPC-producing isolates, a constantly
increasing trend from 63.2% in the years 2010-2011 to 94.1% in
2017 could be observed (Figure 3).

Evaluation of Stability and Reliability of

KPC-Peak Detection
The evaluation of the KPC-detection with this huge set of
spectra from clinical strains also comprised the investigation
of culture conditions. No performance differences were
observed in relation to culture medium used nor to time of
incubation.

In 1798/2035 strains, and for 88.4% (1798/2035), the peak was
detected in both spots. In 11.6% (237/2035) of the cases, the peak
was detected only in one of the two spots.

Application Directly to Positive Blood
Cultures

To assess the further clinical potential, the automated KPC-
detection was also applied directly on blood cultures. Among the
spectra recorded from the bacterial pellet extracted by Sepsityper,
the KPC-specific peak was detected in 83/90 (92.2%) of the KPC-
producing strains, corresponding to 83/84 (98.8%) of the strains
in which the peak was present.

The peak was detected in none of the non-KPC strains (100%
specificity).
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FIGURE 3 | Trend for the years 2010-2017 of KPC-producing K. pneumoniae strains isolated in Bologna showing the pKpQIL plasmid-related peak.
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Confirmation of Carbapenemase Activity

by STAR-Carba Assay

STAR-Carba hydrolysis assay resulted positive for all the
randomly chosen KPC-producing strains (n = 243).

It also resulted positive for all the KPC-producing strains
from positive blood cultures (n = 90), as well as for all the
other carbapenemase-producing strains (n = 12 MBL-producers,
and n = 1 NDM+OXA-48-producer), and negative for the
n = 101 carbapenem-susceptible strains from the blood cultures
(sensitivity and specificity 100%).

DISCUSSION

Carbapenem-resistant enterobacteria are continuously spreading
worldwide, and pose a serious threat to public health (Tzouvelekis
et al, 2012; Nordmann, 2014). Carbapenemase-producing
Enterobacteriaceae  (CPE) represent an important cause
of acquired infections in hospital settings, burdened by a
high mortality rate (Vincent et al, 2009). Although the
carbapenemases associated with Enterobacterales show a
different prevalence in the different geographic areas, the KPC
family has the most extensive global distribution, and it is the
most significant (Munoz-Price et al., 2013; van Duin and Do,
2017).

Rapid methods to detect KPC-producing strains are highly
demanded, both for therapeutic and infection control purposes.
Several methods are commercially available, relying on different
principles, but overall they are either expensive, or slow, with
time to report up to 24 h (Lutgring and Limbago, 2016; Tamma
et al., 2017). Recently, a specific peak at 11,109 m/z, related to a
pKpQIL plasmid carrying blaxpc was discovered in the MALDI-
TOF mass spectra of KPC-producing Klebsiella pneumoniae (Lau
et al., 2014). Different approaches to seek for this peak have been

described (Lau et al., 2014; Gaibani et al., 2016; Youn et al.,
2016). Nevertheless all of them required a second step after
routine species identification process like visual inspection or an
additional software analysis.

In this study, we developed a fully MALDI-TOF MS based
approach to detect KPC-producing K. pneumoniae strains.
This novel approach relies on the indirect identification
of blaxpc-carrying isolates by a now automated detection
of the pKpQIL plasmid-related peak at 11,109 m/z during
the standard routine identification process. The detection of
the KPC-related peak is depicted in the MALDI Biotyper
system as “presumptive KPC” in the subtyping column.
Furthermore, we combined it with a subsequent verification of
the carbapenemase activity by an imipenem hydrolysis assay,
using the commercially available STAR-Carba kit, and according
to the MALDI Biotyper software module (Bruker Daltonik,
Bremen). The method was investigated on a large collection of
strains from Italy and Germany - two countries with a very
different epidemiology of CPE. The study aimed to evaluate
this novel approach in a setting close to diagnostic routine,
covering a broad period of time (2009-2017), in order to
uncover pitfalls which can be missed by smaller dedicated
study.

In addition, the integration of the algorithm for instant
detection of the KPC-related peak into the MALDI Biotyper
RUO software simplifies routine usage as no further special
knowledge or additional tools are needed by the operator. The
sensitivity of this automated method was found to be 85.1%.
Our findings showed that it is mainly related to the prevalence
of the KPC-producing strains harboring the pKpQIL plasmid
among all the KPC-producing circulating strains. The visual
inspection of the spectra included into the evaluation dataset
of this study proved that the automated software detected the
11,109 m/z peak in all the strains in which it was present. For
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all strains in which the peak at 11,109 m/z was not detected by
the automated subtyping algorithm, visual inspection of spectra
confirmed this result. Moreover, a permanently increasing trend
of the KPC-producing strains showing the pKpQIL specific
peak was observed (from 60.2% in 2010-2011 to 95.6% in
2017), suggesting that the spread of KPC in Italy seems to be
related to the expansion of this specific clone over the years.
Although only 2/4 (50%) of the German KPC-producing strains
showed the 11,109 m/z peak, this number is too low to draw
conclusions about the prevalence of KPC in German strains.
The method showed excellent specificity and positive predictive
value (100%), as the software correctly classified all non-KPC
carbapenemase-producers (n = 179 MPL and n = 32 OXA-
48 family), as well as all carbapenem-susceptible isolates as
KPC-peak negative. Among the strains resistant to carbapenems
but negative for carbapenemase production in routine testing,
216/221 were classified as KPC-peak negative. In n = 5 strains
the peak was detected, and for all of them the molecular
testing confirmed the presence of blaxpc. Hence, interestingly,
the method in study proved to be able to deliver an earlier
detection of KPC carbapenemase in comparison with the other
phenotypic methods applied. No differences were observed in
the performance of the automated detection using different
culture media (blood agar and chromogenic selective and non-
selective media), or different incubation times (24-48-72 h),
while the use of the spotting in duplicates enabled to achieve
a better sensitivity in comparison to single spotting (85.1% vs.
80.2%). The failed detection of the peak is likely due to reasons
linked to the sample preparation (operator technical handling,
mucousity of the bacterial colonies). Therefore, spotting in
duplicate might be advisable for increased robustness and
sensitivity as minor biological or technical variations could be
compensated.

Since the pKpQIL plasmid-related peak at 11,109 m/z is very
well detectable in spectra of extractions, our study additionally
investigated the performance of the method on positive blood
cultures. Compared to colony material, the sensitivity of the peak
detection on bacterial pellets extracted directly from positive
blood culture using the Sepsityper protocol was 98.8% with an
excellent specificity of 100%. This again underlines the value for
clinical routine.

STAR-Carba imipenem hydrolysis assay was used with a
subset of strains for confirmation of the carbapenemase activity,
both in peak-positive and —negative KPC-producing isolates, and
negative controls. It showed 100% sensitivity and specificity, from
colonies as well as from the bacterial pellet extracted from positive
blood cultures. In the approach we present here, this assay
could play a fundamental role to detect carbapenemase activity,
complementary to, and strengthening KPC peak detection. It
can be used to detect carbapenemase activity in KPC-producing
strains that don’t exhibit the presence of the KPC-related peak
at 11,109 m/z, and in all the other carbapenemases of other
classes. Further, it can be used as a functional verification of the
enzymatic activity predicted by the presence of the KPC-marker
detected by subtyping.

Our study shows that the novel MALDI-based approach
enabled a reliable and robust detection of KPC-producing

K. pneumoniae isolates, using the same MALDI Biotyper
platform as for classical bacterial species identification, with
a turnaround time from 10-15 min to 1.5 h. This method,
applicable to colony material as well as directly on positive
blood cultures, is unique in performing real time detection of an
antibiotic resistance marker in parallel to species identification.
It might represent a very useful tool for an early warning
for KPC-producing strains, helping to significantly accelerate
the proper initiation or change of therapeutic and infection
control measures in the future. In comparison to previously
described methods based on the 11,109 m/z peak detection,
the approach we developed presents several advantages. First,
the peak detection here is implemented into a commercially
available software, and totally automated. Thereby, it doesn’t
require any operator specific skills regarding spectra processing
and analysis. The STAR Carba assay is easy to use, and requires
a minimum handling time. Moreover, the interpretation of
results is also automated, and hence free from any operator-
depending factors, and results are automatically stored and
available for eventual future investigation. Thus, this approach
can fit with any setting, including high throughput routine
laboratories.

The limitation of the presented approach is that the
KPC detection by subtyping depends on the association of
the peak to blaxpc gene. Partridge (2014) pointed out that
BLAST searches indicated that the underlying p019 protein
has only been found in plasmids carrying blagpc but an
independent genetic movement of the p019 gene might be
possible in the future and then impair this indirect detection
method. A further limitation is that the sensitivity of the
subtyping approach depends on the regional epidemiology of
KPC-producing strains, i.e., on the prevalence of the KPC-
producing clones harboring the pKpQIL plasmid. Nevertheless,
the excellent specificity, and the seamless integration into
the commercial software already used for bacterial species
identification, might make the implementation of this approach
in routine valuable, regardless the current epidemiological
context.

Further, as KPC-producing strains have started appearing
also among other genera and species of enterobacteria, a
future expansion of this approach to other species might be
possible.
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Introduction: Antibiotic resistant bacteria are a growing concern worldwide. Extended-
spectrum B-lactamases (ESBL) represent the most common resistance mechanism of
Gram-negative bacteria against g-lactams, underlining the need for adequate diagnostic
methods that provide reliable information in the shortest time possible. AmpC, a less
prevalent but increasingly relevant class of p-lactamases, pose an additional challenge
as their detection is complex. Here, we present an ESBL and AmpC screening panel
employing the MALDI-TOF MS-based direct-on-target microdroplet growth assay (DOT-
MGA).

Materials and Methods: Four reference strains recommended by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) were used to develop the
panel, which was further validated on 50 clinical Enterobacterales isolates resistant to
third generation cephalosporins. The panel relies on the synergistic effect between ESBL
and/or AmpC B-lactamase inhibitors and cephalosporins, which indicates p-lactamase
production. Microdroplets containing the tested microorganism, cephalosporins in
different concentrations and inhibitors were pipetted onto an MBT Biotarget and
incubated for 3 or 4 h at 35 4+ 1°C. Afterward, the liquid medium was removed and the
material adhered to the spots was analyzed by MALDI-TOF MS. Synergy was detected
by determining and comparing the minimum inhibitory concentrations of the tested
cephalosporins with and without B-lactamase inhibitors. Data were interpreted following
a diagnostic algorithm proposed by EUCAST in order to establish a final diagnosis. In
comparison, PCR, broth microdilution (BMD) and combination disk tests (CDT) were
performed.
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Results: Compared to the PCR results, the following positive and negative percent
agreement values (PPA/NPA) were obtained for each resistance mechanism: ESBL,
94.44/100%; AmpC, 94.44/93.75% and ESBL+AmMpC, 100/100%. These results,
obtained after 4 h of incubation, were comparable with those of BMD and showed a
higher accuracy than CDT.

Discussion: We propose a novel phenotypic method for detection of ESBL and
AmpC B-lactamases in Enterobacterales that provides reliable results in a short time,
representing a promising alternative to the diagnostic techniques currently available. This
easy-to-perform approach has potential for being implemented in routine laboratories,
contributing to the further diversification of mass spectrometry technology into other
fields such as antibiotic resistance testing.

Keywords: extended-spectrum beta-lactamase, AmpC beta-lactamase, MALDI-TOF mass spectrometry, rapid

diagnostic assays, multiresistance, Enterobacterales, Enterobacteriaceae, minimum inhibitory concentration

INTRODUCTION

A new class of B-lactamases able to hydrolyze expanded-spectrum
B-lactam antibiotics was first described in 1985 in a Klebsiella
pneumoniae strain (Kliebe et al., 1985). By the end of the decade,
a broad range of bacteria producing these enzymes could be
found in healthcare facilities worldwide. Less than 20 years
after their first identification, these microorganisms already
represented one of the most important groups of nosocomial
pathogens (Gniadkowski, 2001). Today, extended-spectrum
B-lactamases (ESBL) are the most common resistance mechanism
of Gram-negative bacteria against B-lactam antibiotics (Al-
Bayssari et al, 2015) and have become a concern for public
health, with growing infection and colonization rates worldwide
(Karanika et al.,, 2016; McDanel et al., 2017). ESBL-producing
bacteria have also been described to play an important role
beyond the boundaries of the hospital setting, as indicated by
the occurrence of community-associated infections in patients
without discernible healthcare-associated risk factors (Coque
et al., 2008; Doi et al., 2012). Moreover, high colonization rates
among hospitalized and non-hospitalized individuals have been
detected in several regions (Schaumburg et al., 2013; Kock et al.,
2016), which brings the hidden burden of this problem into the
light.

AmpC B-lactamases, which confer resistance against a broad
range of substrates, are less prevalent than ESBL but still
a growing issue, having been identified in several outbreaks
(Roh et al., 2008; Mansouri et al., 2014; Uzunovic et al.,
2014; Kameyama et al., 2015). Multiple factors contribute to
the severity of this problem, including the fact that these
enzymes confer resistance to carbapenems when combined
with decreased outer membrane permeability (Philippon et al.,
2002; Woodford et al., 2007) and that they are not neutralized
by ESBL inhibitors, which limits the possible phenotypic
diagnostic and therapeutic approaches. AmpC is chromosomally
encoded in several common Gram-negative bacteria such as
Enterobacter spp., Citrobacter freundii, or Serratia marcescens.
Additionally, plasmid-encoded ampC genes can be horizontally
transferred to other Enterobacterales with no chromosomally

encoded AmpC such as Klebsiella, Proteus, and Salmonella, which
represents a highly effective and dynamic mode of dissemination
(Bauernfeind et al., 1998; Ingram et al., 2011). This underlines
the importance of developing simple and valid detection methods
for AmpC production, which are currently scarce (Reuland et al.,
2015).

For the detection of ESBLs and AmpC f-lactamases,
phenotypic and genotypic methods are employed. The latter,
which include polymerase chain reaction (PCR) and next
generation sequencing (NGS), have gained relevance in clinical
laboratories in the last decades (Decousser et al., 2017).
They allow for a highly accurate characterization of resistance
mechanisms, being of great advantage in cases where phenotypic
results are unclear. However, these methods must be performed
by trained personnel and require facilities fully equipped with
all necessary elements. This often translates into high costs,
thus limiting the availability of such methods in routine
laboratories. Moreover, unknown or not annotated variants will
be missed.

Phenotypic approaches to detect ESBL and/or AmpC are
based on the detection of synergy between P-lactam agents
and specific substances that inhibit each enzyme type. In the
broth microdilution (BMD), synergy is indicated by a substantial
decrease of the minimum inhibitory concentration (MIC) of
the B-lactam (Wiegand et al., 2008). Following this principle,
several methods that employ disks containing B-lactams and
inhibitors have been validated and are widely used (M’Zali
et al, 2000; Nourrisson et al, 2015). Since these assays
require overnight incubation, the turnaround time amounts
to 18 h (Decousser et al, 2017). This delay is also the
main disadvantage of other culture-based approaches such as
the double-disk synergy test, three-dimensional tests, gradient
diffusion tests as well as automated systems (Drieux et al,
2008). Rapid testing with disk diffusion has been described,
however, being recommended only for preliminary susceptibility
reports. It requires further standardization and adapted clinical
breakpoints for a correct interpretation (Froding et al., 2017).
Colorimetric methods represent a substantially faster alternative,
although some of them display a low positive predictive value
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in the presence of AmpC hyperproduction (Decousser et al.,
2017).

Methods based on matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) can also be
applied to identify B-lactam resistance. One of these approaches
relies on the detection of products resulting from the hydrolysis
of B-lactam antibiotics by B-lactamases (Sparbier et al.,, 2012;
Oviano et al,, 2017; Lee et al., 2018). Nonetheless, this depends
on several factors that are specific to the enzyme-substrate
interaction (such as enzyme availability), which could interfere
with the results, as well as alternate mechanisms that also lead
to misdetection of antibiotic hydrolysis. Moreover, a positive
result indicates the presence of resistance, but does not provide
an exact MIC value for the tested antibiotic (Decousser et al.,
2017). Another strategy consists in detecting isotopically labeled
amino acids, which requires a specific culture medium that can
be supplemented with these substances (Sparbier et al., 2013;
Jung et al., 2014). The applicability of techniques that analyze
the amount of biomass resulting from bacterial incubation with
antibiotic agents in order to establish susceptibility patterns has
also been described (Sparbier et al., 2016).

Considering the need for rapid methods that are easy to
standardize, we developed and validated a screening panel for
detection of ESBL and AmpC B-lactamases in Enterobacterales
adapting the principle of the MALDI-TOF MS-based direct-
on-target microdroplet growth assay (DOT-MGA) previously
described (Idelevich et al., 2018a,b). While this method does
not rely on the detection of hydrolyzed p-lactam, it resembles
the MIC determination by BMD. The panel’s layout and
the interpretation criteria follow the criteria of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
(EUCAST, 2017). With this approach, we sought to establish a
method able to overcome common obstacles in the detection
of these resistance mechanisms, such as unclear results in
isolates producing both types of PB-lactamases as well as
false negative-results due to inadequate AmpC identification.
The assay was validated on clinical isolates of the order
Enterobacterales including species of the Enterobacteriaceae,
Hafniaceae, Morganellaceae, and Yersiniaceae families to further
assess its practicability and accuracy.

MATERIALS AND METHODS

Bacterial Strains and Cultures

Enterobacterales strains were consecutively isolated from clinical
samples processed in the routine diagnostic laboratory at
the Institute of Medical Microbiology, University Hospital
Miinster, Germany. Species identification was performed by
MALDI-TOF MS. Isolates displaying phenotypic resistance
against third generation cephalosporins in the susceptibility
testing performed routinely with Vitek 2°® (bioMérieux,
Marcy-I'Etoile, France) were consecutively collected. In total,
50 strains were tested, 25 belonging to each of the two
groups defined by EUCAST depending on the mechanism of
resistance most likely involved (EUCAST, 2017): group 1, ESBL
(Escherichia coli, Klebsiella pneumoniae, K. oxytoca, Raoultella

ornithinolytica); group 2, AmpC (Hafnia alvei, C. freundii, C.
koseri, S. marcescens, Enterobacter cloacae complex, E. aerogenes,
Morganella morganii). As a reference, three resistant control
strains recommended by EUCAST for the detection of ESBL
and AmpC production were tested (K. pneumoniae ATCC
700603, E. coli CCUG 62975, E. coli CCUG 58543), as well as one
negative control strain (E. coli ATCC 25922) (EUCAST, 2017).
Bacterial suspensions were prepared using colonies grown on
blood agar. Density was adjusted to 0.5 McFarland employing a
nephelometer (Densimat, bioMérieux, Marcy-I'Etoile, France).
Subsequently, a dilution 1:100 was made with cation-adjusted
Mueller-Hinton broth (CA-MHB).

DOT-MGA-Based Screening Panel

A screening panel was developed on a 96-spot format
following the layout depicted on Figure 1A. The MIC of four
cephalosporins was determined in absence and presence of an
ESBL inhibitor (clavulanic acid, 4 jug/ml) and an AmpC inhibitor
(cloxacillin, 512 pg/ml) in order to establish a result on the basis
of the synergy observed. The layout was designed according to the
detection algorithm suggested by EUCAST (2017). It comprises
four zones: screening for resistance against third generation
cephalosporins with cefpodoxim (blue zone), ESBL detection
with cefotaxime and ceftazidime in presence and absence of ESBL
inhibitor (yellow zone), AmpC detection with cefepime (gray
zone), and detection of AmpC plus masked ESBL with cefepime
plus ESBL inhibitor or cefotaxime plus ESBL inhibitor and AmpC
inhibitor (purple zone).

Antibiotic Substances

Stock solutions were prepared following the guidelines of the
Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2018)
by mixing the following antimicrobial agents in powder form
with deionized distilled water: cefepime, cefpodoxime (TOKU-
E, Bellingham, WA, United States), ceftazidime, potassium
clavulanate (Sigma-Aldrich, Saint Louis, MO, United States),
cefotaxime, cloxacillin (Tokyo Chemical Industry Co., LTD,
Tokyo, Japan). Quality controls of the solutions were carried out
in accordance with the specifications of the CLSI (2018) and
EUCAST (2018).

MALDI-TOF MS

DOT-MGA was performed as previously described (Idelevich
et al., 2018a). Briefly, microdroplets containing 3 .1 of antibiotic
solution and 3 pl of bacterial suspension (final inoculum
approximately 5 x 10° CFU/ml) were pipetted onto an MBT
Biotarget 96 (Bruker Daltonik, Bremen, Germany). Sterility and
growth controls were spotted on a second target. Targets were
incubated for 3 or 4 h at 35 &+ 1°C using a plastic transport
box (Bruker Daltonik) serving as a humidity chamber in order
to prevent the microdroplets from evaporating. After incubation,
the remaining liquid was removed from the spots using filter
paper, (size 37 x 100 mm, GE Healthcare GmbH, Freiburg
im Breisgau, Germany). After overlaying the spots with 1 pl
of a-cyano-4-hydroxycinnamic acid matrix including internal
standard (MBT MASTeR prototype kit, Bruker Daltonik),
MALDI-TOF MS spectra were acquired on a microflex smart
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FIGURE 1 | (A) Layout of the DOT-MGA screening panel. Blue zone, resistance screening; yellow zone, detection of ESBL; gray zone, detection of AmpC; purple
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instrument (Bruker Daltonik). The method was performed in
triplicate.

Interpretation of Panel Results

Minimum inhibitory concentration

The spectra obtained from the MALDI-TOF MS acquisitions
were processed using the MALDI Biotyper Software 3.1 (Bruker
Daltonik), resulting in an identification score for each spot
analyzed. A score >2.0 was considered as an indicator of bacterial
growth detection. For each antimicrobial substance or substance
combination, the minimum antibiotic concentration showing no
bacterial growth, equivalent to a score <2.0, was defined as the
MIC. In case all spots of one dilution series displayed scores
<2.0, the MIC was defined as <0.25. MICs were calculated in
triplicate, as the assay was simultaneously performed on three
identical targets for each strain. The median MIC (middle value
in ascending order) was used for further analysis.

Screening and confirmation

The MICs of cephalosporins determined in absence and presence
of ESBL and/or AmpC inhibitor were compared in order to
detect synergy, which was considered to be present when a
>eightfold reduction of the MICs was observed after addition
of clavulanic acid and/or cloxacillin. The results obtained for
each cephalosporin were interpreted using a computer-based
algorithm following the EUCAST criteria (EUCAST, 2017),
obtaining three possible results: ESBL, AmpC, ESBL+AmpC or
negative (Figure 1B).

Detection of Resistance Genes

A genotypic characterization of all tested strains was performed
with the PCR microarray Check-MDR CT103 XL (Check-Points,
Wageningen, Netherlands). For an overview of the genes detected
see Supplementary Table S4.

Additional Phenotypic Diagnostic
Methods
Broth Microdilution

The screening panel was reproduced on microtiter plates by
performing BMD according to the guidelines of CLSI (2018) and

the International Organization for Standardization (ISO) (ISO,
2006). In short, bacterial suspension and antibiotic solutions
employed in the DOT-MGA were pipetted onto a first plate
(30 pl of each solution, total volume of 60 1), using a second
one for the growth and sterile controls. Both microtiter plates
were incubated for 18 £ 2 h at 35 £ 1°C. The MIC was
interpreted as the lowest antibiotic concentration at which
complete growth inhibition was seen. All MIC determinations
were performed in triplicate. Median values were calculated for
further analysis.

Combination Disk Test (CDT)

The following combination disk tests (Mast Diagnostica
GmbH, Reinfeld, Germany) were carried out following
the procedure recommended by the manufacturer: D63C
(cefpodoxime alone and combined with clavulanic acid),
D67C (cefpodoxime, cefotaxime and ceftazidime alone and
combined with clavulanic acid) and D69C (cefpodoxime
alone and combined with AmpC inducer, clavulanic acid
and cloxacillin). Briefly, bacterial suspensions with a density
equivalent to 0.5 McFarland standard was spread on Mueller-
Hinton agar plates (BD GmbH, Heidelberg, Germany).
Disks were then placed onto the inoculated medium, leaving
enough space for inhibition zones to be seen correctly.
Plates were then incubated at 35-37°C for 18 h, after which
the diameter of the zones of inhibition was measured and
recorded according to the instructions of use. The results of
the three tests were interpreted as shown in Supplementary
Table S1.

Statistical Analysis

According to EUCAST’s guidelines (EUCAST, 2017), genotypic
testing is the conclusive method to identify resistance
mechanisms in cases where phenotypic techniques do not
provide clear results. Thus, we considered the PCR an imperfect
reference standard (Valenstein, 1990) in order to determine
the positive and negative percent agreements (PPA and NPA,
respectively) of the DOT-MGA, BMD, and CDT, which were
calculated according to the statistical guidance of the Food and
Drug Administration (FDA, 2007).
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RESULTS

In preliminary experiments, DOT-MGA was performed on four
well-characterized reference strains recommended by EUCAST
for detection of ESBL and AmpC production (EUCAST, 2017).
After 3 h of incubation, the resistance mechanisms of two of three
resistant microorganisms were correctly identified. A correct
identification of all three resistant strains was possible after 4 h
of incubation. At both time points, the assay yielded a negative
result for a susceptible reference strain (Table 1).

A total of 50 clinical Enterobacterales isolates displaying
resistance against third generation cephalosporins were tested
in order to further evaluate the detection performance of DOT-
MGA. The additional genotypic testing by PCR allowed the
identification of an OXA-48-producing K. pneumoniae strain
(Supplementary Table S3). For each strain, DOT-MGA was
performed in two set-ups, with incubation times of three and
4 h, respectively. The results obtained were further analyzed and
compared with those of the PCR (Supplementary Table S2).
Here, it could be confirmed that 4 h of incubation are required
for a reliable detection, as also indicated by the preliminary
experiments on reference strains (Supplementary Table S2).

The different resistance mechanisms were detected by DOT-
MGA (4-h incubation), BMD, CDT and PCR in the following
number of isolates, respectively; ESBL, 17,19,18,18; AmpC,
19,22,15,18; ESBL+AmpC, 1,1,0,1; none, 13,8,17,13. A detailed
overview of the results yielded by each method can be found in
Supplementary Table S3.

The following positive and negative percent agreement
values (PPA/NPA) were obtained for the detection of each
resistance mechanism by DOT-MGA: ESBL, 94.44/100%; AmpC,
94.44/93.75% and ESBL+AmpC, 100/100%. Percent agreement
values of BMD and CDT were also calculated and are presented
in Table 2, which shows a comparative overview of the detection
performance of all three methods.

DISCUSSION

The proposed approach offers an “all-in-one” screening method
following the recommendations of EUCAST. It allows testing
for different resistance mechanisms in a single step and displays
higher PPA and NPA values than CDT, a well-established
phenotypic test commonly used in routine laboratories.
Furthermore, it yielded results comparable to those of BMD,
while requiring an incubation period 14 h shorter. Since this
method is not based on the detection of hydrolytic B-lactam
products, it bypasses the challenges faced by other MALDI-TOF
MS-based approaches that rely on this principle.

DOT-MGA was able to identify the production of ESBL in 17
of 18 isolates identified as positive by PCR. The remaining isolate
displayed an indeterminate DOT-MGA result. This seems to be
related to factors inherent to the strain in question, given that
no significant growth was detected after 4 h of incubation when
the assay was performed. Hence, it was not possible to identify
any synergistic effects and, thus, any resistance mechanisms. The
production of ESBL by this strain was confirmed by BMD after

TABLE 1 | Detection performance of the DOT-MGA screening panel on reference
strains recommended by EUCAST.

Strain Known resistance DOT-MGA screening

mechanism panel result
Incubation time
3h 4h

K. pneumoniae ESBL ESBL ESBL
ATCC 700603
E. coli CCUG 58543  AmpC Negative AmpC
E. coli CCUG 62975  ESBL + AmpC ESBL + AmpC  ESBL + AmpC
E. coli ATCC 25922 None Negative Negative

TABLE 2 | Detection performance of DOT-MGA, BMD, and CDT on clinical
isolates compared to PCR.

Resistance mechanism Detection method (incubation time)

DOT-MGA (4h)  BMD (18 h) CDT (4 h)

PPA NPA PPA NPA PPA NPA
ESBL 94.4% 100% 100% 96.9% 94.4% 96.9%
AmpC 94.4% 93.8% 100% 87.8% 61.1% 87.5%
ESBL + AmpC 100% 100% 100% 100% 0.0% 100%

18 h of incubation. The results of CDT were inconclusive as all
three kits were positive. False negative results for slow growing
strains shows to be one limitation of our method, since it relies on
bacterial growth as do several other rapid phenotypic approaches.

AmpC-producing isolates pose a major diagnostic challenge,
as ESBL inhibitors such as clavulanic acid have no effect on
AmpC enzymes, thus interfering with the identification of ESBL
production (Philippon et al., 2002). This leads to a wrong
classification of such microorganisms as “non-ESBL-producing”
and therefore as not multidrug resistant. In the case of strains
displaying both resistance mechanisms, ESBL remains masked
although AmpC can be successfully detected. For this reason, a
method for detection of ESBL must necessarily also allow the
proper identification of AmpC production. In order to tackle
this problem, we designed a double identification strategy: (i)
AmpC detection with cefepime, an AmpC-stable cephalosporin
(Figure 1A, row F) (Thomson, 2001); (ii) additional detection
of masked ESBL with either cefepime plus clavulanic acid
(Figure 1A, row G) or cefotaxime plus clavulanic acid and
cloxacillin as AmpC inhibitor (Figure 1A, row H). This confers
our approach a higher accuracy of detection for strains producing
solely AmpC as well as for those showing combined resistance
mechanisms. The discrepancies observed between DOT-MGA
and PCR correspond to strains showing no resistance genes,
but a phenotypic resistance pattern compatible with AmpC
production, confirmed by BMD, as is the case of one E. aerogenes
isolate. Despite the high accuracy of the PCR, this was employed
in our study as imperfect reference standard (Valenstein, 1990).
Since such methods are based on the amplification of certain
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target genes regardless of their phenotypic expression, they might
yield positive results in strains showing no phenotypic correlation
due to the non-expression of the resistance gene(s), as well as
false negative results in strains with phenotypic signs of AmpC
production, most likely mediated by genes not targeted and thus
not detected.

The test has been designed as a complementary diagnostic
tool that can be integrated to the routine laboratory workflow at
different points, i.e., simultaneous to the standard susceptibility
testing of Enterobacterales isolates on a regular basis, or as
a confirmation once a resistance against third generation
cephalosporines has been determined.

The proposed assay represents a promising alternative to
the methods of detection of resistance mechanisms currently
available. It yields reliable results in a short time, providing
concrete evidence that could directly impact the decision-
making process in the healthcare setting. This would have
several implications such as a direct improvement of the clinical
outcome, a more rational use of antibiotics and shorter reaction
times in the context of hospital infection control.

DOT-MGA can potentially be adapted for commercial
production. Possible strategies for the automation of the method
include: (i) developing targets coated with lyophilized antibiotic
substances according to the panel’s layout, requiring only the
addition of bacterial suspension to the spots; (ii) programming
a new function within the existing Biotyper software in order to
analyze the growth scores of each spot, programming it to follow
an algorithm based on fix criteria (Figure 1B) in order to yield a
final diagnosis.
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Objectives: The increasing rate of carbapenem resistance in Gram-negative bacteria is
a major public health problem and rapid detection is essential for infection management.
We evaluated the performances of the MBT STAR®-Carba VD assay (Bruker Daltonics)
to detect carbapenemase-producing organisms (CPO) from bacterial colonies and
directly from positive blood culture bottles with MALDI-TOF MS.

Methods: We analyzed 130 strains with a reduced susceptibility to at least one
carbapenem including 109 CPO (6 KPC, 27 NDM, 21 VIM, 1 IMP, 41 OXA-48-like,
8 OXA-23, 2 OXA-24/-40, and 2 OXA-58) and 21 non-CPO. The assay on colonies
was performed with all 130 strains while the assay on spiked blood cultures was
performed with 45 strains. Samples were prepared with the MBT STAR®-CARBA VD kit
and imipenem hydrolysis by the potential carbapenemase was analyzed with the MBT
STAR®-BL module (Bruker Daltonics) on MALDI-TOF MS.

Results: Performed on colonies, the assay detected all carbapenemase-producing
Enterobacteriaceae (n = 78), Pseudomonas spp. (n = 19) and Acinetobacter spp.
(n =12). All 21 tested non-CPO remained negative resulting in sensitivity and specificity
of 100%. Performed on positive blood cultures, the assay detected all carbapenemase-
producing Enterobacteriaceae (n = 23) and Pseudomonas spp. (n = 4) but missed
9/12 carbapenemase-producing Acinetobacter spp. However, a prolonged imipenem-
incubation time of the strain pellet improved carbapenemase detection. Non-CPO from
positive blood culture bottles remained negative (n = 5) with the assay with the exception
of one Klebsiella pneumoniae isolate.

Conclusion: The MBT STAR®-Carba IVD assay is a highly reliable method for
the detection of carbapenemase activity in Gram-negative bacteria. However, time-
consuming sample preparation steps and reagent costs need to be considered before
implementation in a routine clinical microbiology laboratory.

Keywords: carbapenemase detection, hydrolysis assay, MALDI-TOF MS, Gram-negative bacteria, performances,
positive blood cultures
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INTRODUCTION

Carbapenemase-producing organisms (CPO) are a worldwide
threat for clinical patient care and public health. The mobile
genetic elements bearing the carbapenemase genes are not
only responsible for their rapid dissemination but also carry
non-B-lactam resistance determinants hereby giving rise to
extremely drug resistant isolates (Kumarasamy et al., 2010;
Thomson, 2017).

Rapid and reliable detection methods allow appropriate
antimicrobial therapy and early implementation of infection
control measures to prevent subsequent dissemination of
CPO. However, detection of carbapenemases has become
a critical challenge in clinical microbiology. Nearly 20%
of carbapenemase-producing isolates can be missed using
interpretative criteria recommended by the EUCAST or the
Clinical and Laboratory Standards Institute (CLSI) (Huang
et al, 2014). Most carbapenemases hydrolyze the different
carbapenems at variable levels hereby not systematically
conferring full resistance. Besides, decreased carbapenem
susceptibility may also be caused by reduced permeability due
to porin down-regulation or over-expression of efflux pumps
(Nordmann et al., 2012). Numerous phenotypic and DNA-based
methods have been used in the laboratory aiming at the detection
of CPO (Hrabak et al., 2014). Classically, results of culture-based
phenotypic methods are available in 24-72 h after isolation of the
bacteria from the infected samples, whereas PCR assay results
are available within hours but at higher cost (Queenan and
Bush, 2007). Moreover, PCR can only detect a predefined range
of carbapenem-resistance genes and their presence does not
guarantee their expression (Pellegrino et al., 2008). Recently rapid
phenotypic methods have been developed such as hydrolysis
methods allowing the recognition of all types of carbapenemases
with optimal sensitivity and specificity (Dortet et al., 2014a;
Tamma and Simner, 2018). These tests include biochemical tests
and matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) techniques. Following
a short incubation of the Gram-negative strain with a defined
carbapenem, MALDI-TOF MS monitors the distinct mass peaks
of the hydrolysed and non-hydrolysed forms of the antibiotic in
the bacterial suspension (Carvalhaes et al., 2013, 2014). Several
arduous in-house hydrolysis MALDI-TOF MS assays have been
described with different sets of antibiotic combinations, buffers,
and variable incubation times from 15 min to 4 h (Hrabak et al.,
2011; Mirande et al., 2015).

In the present study, we evaluated the commercial MBT
STAR®-Carba IVD assay (Bruker Daltonik GmbH, Bremen,
Germany) for MALDI-TOF MS carbapenemase detection.
Testing was performed on culture isolates and directly on positive
blood culture bottles.

MATERIALS AND METHODS

Strain Collection
A total of 130 Gram-negative isolates, including 89
Enterobacteriaceae (Supplementary Table S1), 29 Pseudomonas

spp. and 12 Acinetobacter baumannii complex, intermediate or
resistant to at least one carbapenem (imipenem, meropenem
or ertapenem) were selected to evaluate the performances of
the MBT STAR®-Carba assay on colonies (Table 1A) These
strains included all carbapenem resistant isolates recovered
from clinical and screening samples at the microbiology
laboratory of the Cliniques universitaires Saint-Luc between
January 2015 and March 2018. Duplicate isolates from the
same patient and duplicate outbreak strains were excluded.
They were characterized for antimicrobial susceptibility with
the automated Phoenix system (Becton-Dickinson, Franklin
Lakes, NJ, United States) and confirmed with the manual
disk diffusion method (Bio-Rad, Marnes-la-Coquette, France)
using the EUCAST 2018 clinical breakpoints. Ultimately a
PCR, as described below, used as reference method in this
study, was performed on each strain to detect the presence
of carbapenemase resistance genes. Included isolates carried
a carbapenemase resistance gene (n = 109) or expressed
other resistance mechanisms (# = 21) mainly including
extended-spectrum-p-lactamases (ESBL) (n = 7), AmpC-type
cephalosporinases (n = 3) associated or not with uncharacterized
carbapenem resistance mechanisms (porin loss, efflux pumps
overexpression) (n = 11). For the evaluation of the MBT STAR®-
Carba assay directly on positive blood cultures, 45 isolates were
selected among this collection (Table 1B).

Detection of Genes Encoding

Carbapenemases

The carbapenemase resistance genes (blaoxa—4s, blaxpc,
blaxpm, blayiv, blanpm, and blapp) were detected by an
in-house multiplex PCR (Bogaerts et al., 2013). To differentiate
between the OXA-48 variants, the blapoxa—4s-like genes
were sequenced using the following primers: OXA-48F
5-ATGCGTGTATTAGCCTTATCG-3' and OXA-48R, 5'-
GAGCACTTCTTTTGTGATGGC-3" (Bogaerts et al, 2013;
Oueslati et al., 2015). The full sequence length was 774 bp.
For carbapenemase-producing A. baumannii complex strains,
detection of carbapenemase genes (blaoxa—23, blaoxa—24,
and blapxa—sg) was performed by the Belgian national
reference center.

Blood Culture Preparation

Blood cultures were spiked by inoculating the bottles [Bactec Plus
Aerobic, Lytic Anaerobic or Peds Plus media (Becton Dickinson)]
with 10 mL of human blood and 20 L of a 0.5 McFarland
suspension from a fresh overnight culture isolate. Blood culture
bottles were incubated directly in a Bactec FX blood culture
system (Becton Dickinson) until they flagged positive. Bacterial
material was isolated through an adapted Sepsityper (Bruker
Daltonik GmbH) workflow: the amount of Lysis Buffer was
reduced and no ethanol precipitation was performed to conserve
the carbapenemase activity. Briefly, 1 mL of blood culture fluid
was mixed with 100 wL Lysis Buffer. After vortexing, the mix
was centrifuged at 14,000 rpm for 2 min, the supernatant was
discarded, and the pellet was washed with 1 mL Washing Buffer.
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TABLE 1 | Performances of the MBT STAR®-Carba IVD Assay for the detection of carbapenem hydrolysis in carbapenem resistant organisms.

Carbapenemase No. of Incubation Assay results
isolates time (min)
Hydrolysed  Non-hydrolysed Sensitivity Specificity
(95% CI*) (95% CI*)
A. Assay performed on bacterial colonies
Enterobacteriaceae (n = 89) 100% 100%
(95.3-100.0) (74.1-100.0)
K. pneumoniae (n = 49), E. coli OXA-48-like 41 30 41 -
(n = 22), K. oxytoca (n = 5) NDM 27 30 27 -
E. cloacae (n = 6), C. freundii KPC 30 6 -
(n = 4), E. aerogenes (n = 2), VIM 30 4 -
P, stuartii (n = 1) Negative 1 30 1
Pseudomonas spp. (n = 29) 100% 100%
(82.4-100.0) (74.1-100.0)
P, aeruginosa (n = 28), VIM 17 30 17 -
P, chlororaphis (n = 1) GES (ESBL) 1 30 - 1
IMP 1 30 1 -
Negative 10 30 - 10
A. baumannii complex (n = 12) 100% NA#
(75.7-100.0)
OXA-23 8 60 8 -
OXA-24/-40 60 2 -
OXA-58 60 2 -
B. Assay performed on positive blood cultures
Enterobacteriaceae (n = 26) 100% 66.7%
(85.7-100.0) (20.8-93.8)
K. pneumoniae (n = 16), OXA-48-like 12 60 12 -
E. coli (n = 5), E. cloacae NDM 5 60 5 -
(n =2), C. freundii (n = 2), KPC 4 60 4 -
E. aerogenes (n = 1) VIM 2 60 2 -
Negative 3 60 1 2
Pseudomonas spp. (n =7) 100% 100%
(51.0-100.0) (43.8-100.0)
P, aeruginosa (n = 6), VIM 3 60 3 -
P, chlororaphis (n = 1) IMP 1 60 1 -
Negative 3 60 - 3
A. baumannii complex (n = 12) 25%/58.3% NA#
(8.3-53.2)/
(31.9-80.7)
OXA-23 8 60/120 2/4 6/4
OXA-24/-40 60/120 —/2 2/-
OXA-58 60/120 1M 11
*95% Cl: 95% confidence interval. ¥ NA: non-applicable.
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FIGURE 1 | Scheme illustrating the MBT STAR®-Carba IVD workflow from colonies and from spiked blood cultures. One to five colonies from overnight cultures or
the pellet obtained from positive blood cultures by the MBT Sepsityper kit were mixed with the reconstituted MBT STAR®-Carba Antibiotic Reagent containing
imipenem. After incubation and centrifugation, cell-free supernatant is spotted onto a MALDI target plate and overlaid with matrix. Spectra are then acquired using
the MALDI Biotyper® smart system and analyzed by the MBT STAR®-BL IVD module.

The extracted bacterial pellets were used to perform MALDI-TOF
MS identification and MBT STAR®-Carba assay.

MBT STAR®-Carba IVD Kit

The MBT STAR®-Carba IVD kit (Bruker Daltonik) was tested
according to the manufacturer’s instructions. Briefly one to
five colonies from overnight cultures or the pellet obtained
from positive blood cultures was mixed with the reconstituted
MBT STAR®-Carba Antibiotic Reagent containing imipenem
(0.25 mg/mL). After incubation at 35°C under agitation for

30 min (60 min for Acinetobacter spp. and for blood culture
derived samples), the reaction mixture was centrifuged and 1 pL
of the supernatant was spotted in duplicate onto the MALDI
target. Dried spots were overlaid with MBT STAR® Matrix
and were analyszed on the MALDI Biotyper smart system
(Bruker Daltonik GmbH) with the MBT STAR®-BL IVD
module (Figure 1). This software provides an interpretation
of the carbapenemase activity of each tested isolate based on
the imipenem hydrolysis intensity compared with a negative
and positive control strain, respectively, Escherichia coli ATCC
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25922 and a characterized clinical KPC-producing Klebsiella
pneumoniae (Figure 2). Discordant results between the assay
and the molecular resistance gene identification led to repetition
of both methods.

Ethics Statement

Testing was performed in accordance with the ethical standards
of the Cliniques universitaires Saint-Luc, in accordance with
the ethical standards of the national research committee and
in accordance with the 1964 Helsinki declaration and its later
amendments. Information from microbiological and clinical
files was anonymously analyzed and did not require patient’s
informed consent.

RESULTS

All MBT STAR®-Carba Assay results are detailed in Table 1.
Evaluated on bacterial colonies (Table 1A) the assay showed
100% of specificity and sensitivity for the detection of
carbapenemase activity in Enterobacteriaceae. In particular, all
OXA-48-like producers including 37 OXA-48, 3 OXA-181 and
one OXA-244 were correctly detected. No carbapenemase activity
was detected among isolates being resistant to carbapenems
but non-carbapenemase producers. Our evaluation of the assay
on 41 non-fermentative Gram-negative bacilli also allowed
optimal sensitivity and specificity results of both 100%. However,
the absence in our study of non-carbapenemase-producing
A. baumannii complex strains yet resistant to carbapenems,
didn’t allow the evaluation of the test’s specificity for this group.

From positive blood cultures (Table 1B), the MBT STAR®-
Carba Assay yielded positive results for the isolates harboring
KPC (n = 4), metallo-B-lactamase (n = 11) or OXA-48-like
(n=12) genes. All carbapenemase-producing Enterobacteriaceae
(n = 23) were successfully detected with the assay. One repeated
false-positive result among the three non-carbapenemase
Enterobacteriaceae was observed with a K. pneumoniae isolate
expressing a SHV ESBL, conferring resistance to ertapenem
but still susceptible to imipenem and meropenem. Regarding
non-fermenters, the assay correctly assigned as carbapenemase-
producers all blood cultures growing with Pseudomonas spp.
(n = 4) but only 25% (3/12) of bottles containing A. baumannii
complex isolates while all of them yielded positive results
when tested from bacterial colonies. Extending imipenem
incubation time to 2 h increased sensitivity to 58.3% (7/12)
in this complex. Four OXA-23 and one OXA-58 producers
remained negative. Non-specific imipenem hydrolysis related to
prolonged incubation times was excluded by obtaining negative
results with five wild-type A. baumannii.

DISCUSSION

There is an urgent need for rapid and accurate detection of CPO.
The selection of a carbapenemase detection test is dependent
on several factors, including local carbapenemase prevalence,
organisms to be tested (i.e., Enterobacteriaceae and/or non-
fermenters), labor intensity, necessary equipment, reagent

preparation requirements, cost, performances, and turnaround
time (TAT) of the test (Tamma and Simner, 2018). The TAT is
especially important to prevent unnecessary treatments and rapid
spread of CPO in hospital settings.

The MBT STAR®-Carba assay evaluated in our study
demonstrated excellent performances for Enterobacteriaceae,
Pseudomonas spp. and A. baumannii complex isolates from
bacterial colonies. All tested carbapenemases were correctly
detected and a negative result correctly excluded the presence
of carbapenemase ultimately preventing further unnecessary
testing on such isolates. Similarly, two recent studies reported
100% sensitivity and a specificity between 98.2 and 100% after
evaluation of the assay on Enterobacteriaceae isolates from
solid media (Dortet et al, 2018; Rapp et al, 2018). Rapp
et al. further reported that the MBT STAR®-Carba correctly
assigned 4/4 carbapenemase-positive P. aeruginosa tested isolates
but only 4/8 carbapenemase-positive A. baumannii tested
isolates. This assay’s performances from bacterial colonies were
similar to the performances of in-house developed MALDI-
based methods particularly those developed with NH4CO3
increasing the catalytic efficiency of the OXA-48-like enzymes
and therefore, their detection (Kempf et al., 2012; Papagiannitsis
et al, 2015; Dortet et al,, 2018; Miltgen et al., 2018; Oviano
and Bou, 2019). OXA-48-like enzymes, known to possess a
weak carbapenemase activity, are important to detect taking
into account the large dissemination of OXA-48-like producers
in Europe (Albiger et al, 2015). Moreover, the MBT STAR®-
Carba assay showed superior sensitivity values than commercial
colorimetric techniques for the detection of carbapenemases in
Enterobacteriaceae and A. baumannii complex strains (ranging
from 73 to 100% and from 21.0 to 86.0%, respectively). False
negative results with these colorimetric assays occurred primarily
with class D enzymes (Dortet et al., 2015; Noel et al., 2017; Simner
et al., 2017; Tamma and Simner, 2018).

We additionally evaluated the applicability of the MBT
STAR®-Carba assay performed directly on spiked blood cultures.
Delays in appropriate antimicrobial treatment contribute to
increased mortality of septic patients. Compared to phenotypic
carbapenemase-detection  approaches requiring cultured
material, the assay performed directly on the blood bottles
flagged positive drastically reduced time to results with
more than 24 h. As observed from bacterial colonies, the
assay detected 100% of the tested carbapenemase-producing
Enterobacteriaceae and Pseudomonas spp. Our results stand
out in comparison with colorimetric approaches reporting
sensitivities between 64.0 and 91.3% for OXA-48-like CPO
detection directly from positive blood cultures (Dortet et al.,
2014b; Lima-Morales et al., 2018). One K. pneumoniae with
a positive MALDI-TOF MS-based test and a negative PCR
assay was observed in this study. However, precautions
need to be taken when using the assay for the detection of
carbapenemase-producing A. baumannii complex directly from
positive blood cultures as the sensitivity after a 2 h incubation
is only 58.3%. These results were in line with previous studies
of in-house MALDI-TOF MS assays that demonstrated
poor performances ranging from 27 to 63.2% for the
detection of carbapenemase producing A. baumannii complex
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FIGURE 2 | Results overview in the MBT STAR®-BL Software Module. The software monitors the carbapenemase activity on acquired mass spectra (4 mass
spectra per isolate) by automatic calculation of the intact Imipenem intensity and corresponding ratio hydrolysed / non-hydrolysed. Results are normalized to signal
intensities obtained from positive and negative control strains (normalized logRQ value). Color-coded plot indicates presence (orange) or absence (blue) of
carbapenemase activity in bacterial strains with the horizontal lines representing the limit for positive and negative results.

directly from positive blood cultures (Carvalhaes et al., 2014;
Ghebremedhin et al., 2016). This could be explained by poor
efficiency of Class D carbapenem-hydrolyzing f-lactamase
(CHDL) (OXA-23, OXA-24/-40, and OXA-58) to hydrolyze the
B-lactam ring of carbapenem antibiotics (Potron et al., 2015).
Approaches to improve the assay for example increasing
the bacterial inoculum size, increasing incubation time
and modifying the Sepsityper bacterial extraction process
might be valuable.

MALDI-TOF MS has become a well-established rapid
identification tool and the simultaneous use of the system
for carbapenemase detection seems convenient. It has the
potential to detect carbapenemase activity regardless of the
produced enzyme, including novel enzymes. Compared to
the diversity of previous MALDI-TOF MS based in-house
protocols (Mirande et al., 2015), the MBT STAR®-Carba IVD
assay provides a fast and standardized method. Although the
cost of the MBT STAR®-BL module needs to be considered,
the automated interpretation with the software could be
helpful for non-experienced users facing difficulties with
spectrum analysis. The assay also overcomes the subjective visual
interpretation of colorimetric assays, particularly in case of
weak positive reactions leading to lower sensitivity for detection
of OXA enzymes or more uncommon carbapenemases.
The main drawback of the MBT STAR®-Carba assay is the
hands-on time required for reagents and sample preparation
during the pre-analytical procedure. Due to the relative
instability of the imipenem solution, the MBT STAR®-Carba
Antibiotic Reagent requires a reconstitution step before
each use (Choquet et al., 2018; Oviano and Bou, 2019).
Additionally, the laboratory has to possess a fresh culture
of a carbapenemase-producing strain as positive control to
perform the test.

The MALDI-TOF MS assay exclusively detects enzymatic
carbapenem resistance but does not detect carbapenem
resistance due to other mechanisms (ie, efflux pump,
porin loss) and extended phenotypic susceptibility testing
is still required to define the antibiotic treatment options
for the infected patient. Likewise, additional techniques are
required for precise carbapenemase gene identification. The
characterization of the carbapenemase type is of growing
interest not only for epidemiology purposes but also for
antimicrobial decisions. Indeed, some new B-lactamase inhibitor
combinations in the pipeline as ceftazidime-avibactam or
meropenem-vaborbactam are active on class A (KPC) and
class D (OXA-48-like) carbapenemases but have no efficacy on
metallo-B-lactamases (Liscio et al., 2015). Recent publications
demonstrated the potential use of the MALDI-TOF MS
platform for carbapenemase classification (Oviano et al., 2016;
Cordovana et al, 2018) or for rapid AST independently of
underlying resistance mechanisms (Idelevich et al, 2018).
We would like to expect the development of a combined
MALDI-TOF MS process allowing consecutive bacterial
identification, AST, resistance detection, and classification
of beta-lactamases.

The isolate collection tested in this study was a reflection of
our local CPO epidemiology and was limited in the diversity
of carbapenemase types. Therefore, additional testing of isolates
carrying less common carbapenemase genes (blapxa—s; with
an upstream insertion of ISAba, blaggs, blary, blanmc, and
blaspy) is warranted to confirm our analytical observations.
In additional, a prospective evaluation of the MBT STAR®-
Carba assay on consecutive clinical samples should be performed
in future studies.

In conclusion, our results showed that the MBT STAR®-
Carba IVD assay is a reliable approach for the detection of
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carbapenemase-producing strains and may provide an answer
within hours for antimicrobial therapy adjustment and early
implementation of infection control measure.
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Arecently developed S. aureus subtyping module for rapidly differentiate methicillin-resistant
Staphylococcus aureus (MRSA) from methicillin-susceptible S. aureus (MSSA) had been
introduced into China. The principle of this method was to identify the methicillin resistance
through detection of a specific phenol soluble modulin-mec peak (PSM-mec) by matrix-
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). A
total of 347 non-duplicated S. aureus strains were collected from the Second Affiliated
Hospital of Zhejiang University School of Medicine during January 2014 to February 2019.
The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)
of the automated subtyping module in identifying MRSA were evaluated. The specificity and
PPV of this method were both 100%, and the sensitivity was 60.2%. PSM-bearing MRSA
was reported with different prevalence from different parts of the world, our sample collection
has the highest percentage so far. The repeatability showed that 1.7% (6/347) and 18.4%
(64/347) were reported differently in the intra- and inter-batch analysis, respectively, which
demonstrated that the threshold of this method could be further optimized to increase the
sensitivity of MRSA detection. Overall, Bruker™ MALDI Biotyper can detect S. aureus isolates
with a quite high specificity and expedite the identification of MRSA isolates without using
extra reagent, labor, or time. The reduced turnaround time of MRSA identification is essential
for appropriate therapeutic management and timely intervention for infection control.

Keywords: matrix-assisted laser desorption ionization time-of-flight mass spectrometry, methicillin-resistant
Staphylococcus aureus, sensitivity, specificity, resistant

INTRODUCTION

Staphylococcus aureus, one of the most important and prevalent nosocomial pathogens, often
causes a wide range of infections involving skin, blood, endocarditis, or pneumonia (Tong et al.,
2015). Of particular concern is the emergence of methicillin-resistant S. aureus (MRSA) strains.
Infections caused by MRSA had a higher morbidity and mortality compared with those of
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methicillin-susceptible S.aureus (MSSA) (Cosgrove et al., 2003).
For MRSA, all the currently available beta-lactam antimicrobial
agents with the exception of the new generation cephalosporins
are limited for therapy, vancomycin, or the other antibiotics
should be chose for treatment (Liu et al, 2011). Given the
substantial morbidity and mortality associated with MRSA and
the limitation scheme of treatments, it is necessary to develop
new drugs as well as shorten the time for MRSA identification.
At present, there are mainly four methods for MRSA
identification including traditional culture and susceptibility
testing, chromogenic media, real-time polymerase chain reaction,
and analysis of the mass spectra based on the ClinPro Tools
software. Each has its own advantages and disadvantages
(Palavecino, 2014; Wang et al., 2018). Rhoads et al. had developed
another rapid detection method of MRSA based on the specific
phenol soluble modulin-mec peak (PSM-mec) detection by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Rhoads et al, 2016). The
PSM-mec peptide is encoded by staphylococcal cassette
chromosome mec (SCCmec) types II, III, and VIII in the
vicinity of mecA (Chatterjee et al., 2011). Whereas Timke et al.
(2017) had developed a S. aureus subtyping module for MRSA
identification based on the PSM-mec peak as an enhanced
function to the Bruker MALDI Biotyper system without any
extra manual operation, time, or reagent. Till now, only Germany,
Canada, and the United States had reported the specificity and
sensitivity data of this method in the identification of MRSA
(Budvytiene et al, 2016; Rhoads et al, 2016; Lagacé-Wiens
et al, 2017; Timke et al., 2017), and the detection rate of
such S.aureus varies in different regions (approximately 10-30%).
PSM data of such PSM-mec peak detection in China and in
various specimens were limited. Thus, in the current study,
we intended to evaluate the sensitivity, specificity, and repeatability
of the automatic S.aureus subtyping module for the first time
and to observe the proportion of such S.aureus in China.

MATERIALS AND METHODS

Bacterial Identification and Antimicrobial
Susceptibility

About 347 non-duplicated S. aureus were collected from the
Second Affiliated Hospital of Zhejiang University, School of Medicine
during January 2014 to February 2019 including feces (n = 163),
sputum (n = 94), blood (n = 15), and sterile body fluid (n = 75).
Species identification and antimicrobial susceptibility were first
performed using the VITEK-2 compact system (bioMérieux,
Marcy-IEtoile, France) and interpreted in accordance with the
Clinical and Laboratory Standards Institute Guideline document
M100. Then we identified the species by MALDI-Biotyper (Bruker
Daltonics, Billerica, MA, USA) and tested antimicrobial susceptibility
by disk diffusion method of cefoxitin (30ug). Cefoxitin is tested
as a surrogate for oxacillin in disk diffusion method. Isolates
that test resistance by cefoxitin disk should be reported as oxacillin
resistant. S. aureus ATCC 25923 and S. aureus ATCC43300 (MRSA)
were used as quality control. The results were interpreted according
to the criteria of CLSI M100-S28 (CLSI, 2018).

Methicillin-Resistant Staphylococcus
aureus Detection by Matrix-Assisted Laser
Desorption lonization Time-of-Flight Mass
Spectrometry

All the isolates were recovered from the frozen storage onto
the blood agar plates for 24 h at 35°C. Then the following
steps were achieved the same as routine clinical operation.
First, a fresh single bacterial colony was picked up and
directly smeared onto a MALDI steel 96-spot target plate.
Second, 1 pl of 70% formic acid was added to each target
spot and dried at room temperature. Third, 1 pl of a-cyano-
4-hydroxycinnamic acid (CHCA) matrix solution was
introduced on the target spot again and air dried before
analyzing on the MALDI-TOF MS. Mass spectrum was
acquired and analyzed using a MALDI Biotyper standard
system equipped with MBT Compass software (Bruker
Daltonics GmbH, Bremen, Germany). For each sample, 240
laser shots were collected using the automatic mode, and
Escherichia coli ATCC8739 was used as control in calibration
of the instrument. Mass spectrum of each isolate was compared
with those in the database and assigned scores. S. aureus
strains with log (scores) >2.0 were further automatically
identified by the subtyping module. When the peak of
2413 + 2 m/z exists, the software alerts the S. aureus strain
as “presumptive PSM positive MRSA’, otherwise, only S.
aureus was reported (Supplementary Figure S1). For the
repeatability analysis, each strain was identified thrice on
each individual clone to evaluate the inter-batch repeatability
of this method. Simultaneously, mass spectra of the first
batch samples were acquired twice on the same spot to
evaluate the intra-batch repeatability.

Data Analysis

The Flex Analysis 3.3 program (Bruker Daltonics GmbH,
Bremen, Germany) was used for the spectrum analysis. All
the spectra were smoothed and baseline subtracted before
comparing of the specific PSM-mec peak (2,413 + 2 m/z).
ClinProTools software (version 3.0, Bruker Daltonik GmbH,
Bremen, Germany) was used to analyze the discrepancy between
presumptive PSM positive MRSA (PSM-MRSA) and MSSA
isolates, PSM-MRSA and MRSA isolates without the specific
PSM-mec peak [MRSA(—)], and those strains with inconsistent
results during the experiment. MBT Compass Explorer software
(Bruker Daltonik GmbH, Bremen, Germany) was performed
to show normalized spectra in gel view.

Statistics Analysis

To evaluate the performance of MRSA detection using
MALDI-TOF MS S.aureus subtyping module, we use sensitivity,
specificity, positive predictive value (PPV), and negative predictive
value (NPV) as metrics. Pearson chi-square (y?) test or Fisher’s
exact test was used to compare the sensitivity discrepancy of
various specimen types and different batches. p < 0.05 was
considered to be significantly different. Statistic analysis was
performed using the Statistic Package for Social Sciences Version
23.0 (SPSS Inc., Chicago, IL, USA).
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RESULTS

Bacterial identification and cefoxitin antimicrobial susceptibility
confirmed that 241 strains were MRSA and 106 were MSSA
(Table 1). All the 347 isolates were identified as S. aureus
with log (scores) >2.0. Among which, #121, #126, and #120
isolates were identified as “presumptive PSM positive MRSA”
for batch #1, #2, and #3, respectively (Table 1). The sensitivity
of each batch was 50.2, 52.3, and 45.6%, respectively. After
combining the results of the three batches, the sensitivity of
this method reached to 60.2%. Sensitivities of various specimen
types were also different. However, the specificity was 100%
despite of the batch and specimen type (Table 1). Meanwhile,
there was no difference in sensitivity among the specimen
type groups (y* = 2.224, p = 0.329) or the batch groups
(4 = 3.778, p = 0.286).

The gel view representation of PSM-MRSA and MSSA
classification models revealed a significant discrepancy at
the peak of m/z 2,413 (Figure 1A). The area under curve
(AUC) of the m/z 2,413 peak was 0.9997 (Figure 1B). The
average intensity and single peak variance of the m/z 2,413
peak of the two classification models are further illustrated
in Figures 1C,D. Similarly, if we compare the two classification
models of PSM-MRSA and MRSA(-), the 2,413 m/z peak
also demonstrated significant discrepancy between the two
classes (Figure 2). The AUC of the specific peak was 0.992
(Figure 2B). These results demonstrated the specific
characteristics and patterns of m/z 2,413 peak in the different
classifications.  Specifically, the classification of the
PSM-MRSA and MSSA showed a better satisfactory separation
at peak 2,413 than the classification of the PSM-MRSA
and MRSA(—) isolates.

For the intra-batch repeatability, 1.7% (6/347) was identified
differently. Three of the strains were chosen randomly for
normalized spectra analysis. We can obviously found that all
the strains had a peak at 2413 m/z (Figure 3A); however,
when the peaks were normalized, only those with relatively
high intensities were identified as PSM-MRSA (Figure 3B).
Likewise, the normalized spectra analysis of the 18.4% (64/347)
isolates with inconsistent results during the inter-batch
repeatability analysis were in accordance with the above strains
(data not shown).

DISCUSSION

MALDI-TOF MS had been mainly used in many clinical
microbiology laboratories for effective and rapid identification
of bacterial species (Ge et al., 2017). It also provides an alternative
solution for molecular typing (Spinali et al., 2015) and antibiotic
resistant study (Oviano and Bou, 2019). It was first applied
to differentiate MRSA from MSSA by intact cell mass spectrometry
in the year of 2000 (Edwards-Jones et al., 2000). In the current
study, a recently developed S. aureus subtyping module was
evaluated for MRSA detection based on MALDI-TOF MS.
Unlike the previously reported parallel method (Rhoads et al.,
2016), this subtyping module do not need any extra operations
or a third party software assistance. It could identify MRSA
automatically through the bacteria identification process.

Our results showed a quite high specificity of this method,
which is accordant with researches in Germany, Canada, and
the United States, and no false positive strains were detected
among the S. aureus subtyping module evaluations (Budvytiene
et al, 2016; Rhoads et al, 2016; Lagacé-Wiens et al, 2017;
Timke et al, 2017). The sensitivity (60.2%) of this study was
much higher than previously reported (Budvytiene et al., 2016;
Rhoads et al, 2016; Lagacé-Wiens et al., 2017; Timke et al,
2017) which might indicate the prevalence of the SCCmec types
II, I, and VIII strains in China is higher than Europe and
America. However, we have to point out that the SCCmec types
of these clinical MRSA isolates were not evaluated in our study.

Clinpro Tools analysis demonstrated that the 2,413 m/z peak
could commendably distinguish MRSA from MSSA, as well as
PSM-MRSA from MRSA(—). However, for the 1.7 and 18.4%
inconsistent results in the intra- and inter-batch repeatability
analysis, we speculate that some strains of the MRSA(—) group
might possess the 2,413 m/z peak with relatively low intensity
in view of the slight difference of the above two classification
groups in AUC (0.9997 vs. 0.9992) and the very weak peak
of 2,413 m/z in the MRSA(—) group rather than the MSSA
group. As expected, the results of Figure 3 proved this. Only
the relatively high intensity of the normalized spectra was
reported as PSM-MRSA, nevertheless, those possess the 2,413 m/z
peak but with relatively low intensity strains were not reported.
The inconsistent results demonstrated that the threshold of this
method might be a little high and could be further optimized

TABLE 1 | Statistics analysis of different groups of S. aureus strains.

S. aureus (No.) MRSA (No.) MSSA (No.) PSM-MRSA PPV’ (%) NPV# (%) Sensitivity (%) Specificity (%)
(No.)
Batch 1 347 241 106 121 100.0 46.9 50.2 100.0
Batch 2 347 241 106 126 100.0 48.0 52.3 100.0
Batch 3 347 241 106 110 100.0 44.7 45.6 100.0
Total? 347 241 106 145 100.0 52.5 60.2 100.0
Feces 163 153 10 88 100.0 13.3 57.5 100.0
Sputum 94 46 48 27 100.0 71.6 58.7 100.0
Sterile body fluid 75 34 41 23 100.0 78.9 67.7 100.0
Blood 15 8 7 7 100.0 87.5 87.5 100.0

‘PPV, positive predictive value; *NPV, negative predictive value; “The data listed in the row “total,” “feces,” “sputum,” “sterile body fluid,” and “blood” combined the three batches of
“PSM-MRSA” isolates. The isolate were judged as “PSM-MRSA” as long as one of the batches was identified as “PSM-MRSA” by MALDI Biotyper.
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FIGURE 1 | Discrepancy of the characteristic 2,413 m/z peak between PSM-MRSA and MSSA classification models. (A) The gel view of the respective section. The
red arrow indicates the characteristic peak of 2,413 m/z. Intensities of peaks were expressed in arbitrary units (arb.u.). (B) The AUC of the 2,413 m/z peak. (C)
Average spectra of 2,413 m/z peak. Green line and red line represent for PSM-MRSA and MSSA group, respectively. (D) Display of single peak variance of 2,413 m/z.
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FIGURE 2 | Discrepancy of the characteristic 2,413 m/z peak between PSM-MRSA and MRSA(-) classification models. MRSA(-) represents for MRSA isolates
without the specific PSM-mec peak. (A) The gel view of the respective section. The red arrow indicates the characteristic peak of 2,413 m/z. Intensities of peaks
were expressed in arbitrary units (arb.u.). (B) The AUC of the 2,413 m/z peak. (C) Average spectra of 2,413 m/z peak. Green line and red line represent for
PSM-MRSA and MRSA(-) group, respectively. (D) Display of single peak variance of 2,413 m/z.
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FIGURE 3 | Mass spectra of the characteristic 2,413 m/z peak in the intra batch repeatability and their corresponding normalized spectra in gel view. (A) Mass
spectra of the characteristic 2,413 m/z peak analyzed by flexanalysis. The red rectangle displayed peaks at 2,413 2 m/z of the three isolates. (+) and (—) represents
for PSM-MRSA and MRSA(-), respectively. x axis, mass per charge in daltons (m/z, Da); y axis, absolute intensity of signal. (B) Normalized spectra in gel view.

The red rectangle displayed the corresponding peaks at 2,413 2 m/z of the three isolates.

to increase the sensitivity of MRSA detection. Meanwhile, in
order to achieve optimization, the specificity should be monitored
synchronously when adjusting parameters. However, it might
be better to have 100% specificity than dealing with false positives.
To our knowledge, this present study is the first using a
MALDI-TOF MS-based S. aureus subtyping module to
differentiate MRSA from MSSA in China. In addition, previous
studies did not distinguish between specimen types. Our study
evaluated the sensitivity discrepancy of various specimen types
using the S. aureus subtyping module for the first time. The
result revealed that this subtyping module might be suitable
for S. aureus strains collected from all kinds of specimens
and the prevalence of the SCCmec types II, III, and VIII
strains of different specimens might have no statistical difference
in China. Meanwhile, this research also seems to be the first
study to evaluate the repeatability of this method, which explains
why we found that this method could be further optimized.
In conclusion, Bruker  MALDI Biotyper can detect the S.
aureus isolates with a high specificity and expedite the
identification of MRSA isolates without adding any reagent,
labor or time which is essential for appropriate therapeutic
management and timely intervention for infection control.
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TOF MS)-based direct-on-target microdroplet growth assay (DOT-MGA) was recently
described as a novel method of phenotypic antimicrobial susceptibility testing (AST).
Here, we developed the application of MALDI-TOF MS-based DOT-MGA for Gram-
positive bacteria including AST from agar cultures and directly from positive blood
cultures (BCs) using the detection of methicillin resistance as example. Consecutively
collected, a total of 14 methicillin-resistant Staphylococcus aureus (MRSA) and 14
methicillin-susceptible S. aureus (MSSA) clinical isolates were included. Furthermore,
a collection of MRSA challenge strains comprising different SCCmec types, mec genes,
and spa types was tested. Blood samples were spiked with MRSA and MSSA and
positive BC broth processed by three different methods: serial dilution of BC broth,
lysis/centrifugation, and differential centrifugation. Processed BC broth was directly
used for rapid AST using DOT-MGA. Droplets of 6 wl with and without cefoxitin at
the EUCAST breakpoint concentration were spotted in triplicates onto the surface of
a MALDI target. Targets were incubated in a humidity chamber, followed by medium
removal and on-target protein extraction with formic acid before adding matrix with an
internal standard as a quality control (QC). Spectra were acquired and evaluated using
MALDI Biotyper software. First, tests were considered as valid, if the growth control
achieved an identification score of >1.7. For valid tests, same score criterion was used
for resistant isolates when incubated with cefoxitin. An identification score <1.7 after
incubation with cefoxitin defined susceptible isolates. On-target protein extraction using
formic acid considerably improved detection of methicillin resistance in S. aureus and
DOT-MGA showed feasible results for AST from agar cultures after 4 h incubation time.
Comparing the different processing methods of positive BC broth, lysis/centrifugation
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method with a final dilution step 10~ of the 0.5 McFarland suspension resulted in
best test performance after 4 h incubation time. Overall, 96.4% test validity, 100%
sensitivity, and 100% specificity were achieved for detection of methicillin resistance
in clinical isolates. All strains of the MRSA challenge collection were successfully tested
as methicillin-resistant. This first study on Gram-positive organisms showed feasibility
and accuracy of MALDI-TOF MS-based DOT-MGA for rapid AST of S. aureus from agar
cultures and directly from positive BCs.

Keywords: MALDI-TOF MS, direct-on-target microdroplet growth assay, antimicrobial susceptibility testing, rapid
testing, blood culture, MRSA, Staphylococcus aureus

INTRODUCTION

In times of raising antimicrobial resistance, rapid microbiological
diagnostics is important to improve patients’ outcome
(Trenholme et al.,, 1989; Barenfanger et al., 2008). If a timely
effective antimicrobial therapy is missing, the mortality rate
increases significantly (Kumar et al., 2006; Ferrer et al., 2014).
Particularly in case of sepsis, a rapid and accurate detection of
resistant pathogens is important (Banerjee et al., 2016; Dubourg
et al, 2018; Idelevich et al., 2018a). Bloodstream infections
are one of the most often cause of death (Singer et al., 2016).
For routine sepsis diagnostics, several rapid molecular tests
are available. However, these tests only detect the molecular
resistance mechanism and do not give reliable information on
the phenotypic resistance of the pathogen. Therefore, there is a
great call for rapid phenotypic antimicrobial susceptibility testing
(AST) in routine diagnostics (Doern, 2018; Dubourg et al., 2018;
van Belkum et al., 2019). Implementation of matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) for identification (Idelevich et al., 2014b)
and AST (Idelevich et al., 2014a) from positive blood culture
(BC) broth shortly incubated on solid medium leads to an
adjustment of empiric antibiotic therapy (Kock et al.,, 2017)
and has already reached the routine microbiological diagnostics
(Idelevich et al., 2019).

A MALDI-TOF MS-based direct-on-target microdroplet
growth assay (DOT-MGA) was recently developed which allows
a universal rapid AST (Idelevich et al., 2018b). It could also
be shown that rapid phenotypic detection of resistance directly
from positive BCs using DOT-MGA is feasible and accurate
(Idelevich et al., 2018c). To enable the best possible therapy
for the patient, it should be a goal to provide the results of
susceptibility testing on the same day as it is now possible for
pathogen identification (Idelevich and Becker, 2019). MALDI-
TOF MS method provides a solid basis for a method that
can do both: identification and rapid AST in one diagnostic
workflow. Direct susceptibility testing from positive BCs with
Gram-negative species by the MALDI-TOF MS-based DOT-
MGA was previously established (Idelevich et al., 2018c). In this
study, we investigate different processing methods of positive
BC broth to establish the detection of methicillin resistance in
Staphylococcus aureus directly from positive BCs using MALDI-
TOF MS-based DOT-MGA, in addition to the rapid detection
of methicillin resistance in S. aureus from cultures grown on

solid medium. Methicillin-susceptible S. aureus (MSSA) and
methicillin-resistant S. aureus (MRSA) isolates were chosen here
as an example for Gram-positive bacteria because of the high
importance of this pathogen in general and due to the special
therapeutic and infection prevention challenges of its methicillin-
and multi-resistance phenotypes (Kock et al., 2014; World Health
Organization [WHO], 2017).

MATERIALS AND METHODS

Bacterial Strains

For the study, 14 MRSA isolates were consecutively collected
in the diagnostic laboratory of the Institute of Medical
Microbiology, University Hospital Miinster (Miinster, Germany).
Additionally, 14 consecutive MSSA isolates were collected and
included into the study. To avoid copy isolates, only one isolate
per patient was included. For genotypic characterization, proof
of presence of mecA and mecC genes was done by GenoType
MRSA (Hain Lifescience GmbH, Nehren, Germany) according to
the manufacturer’s instructions. MSSA and MRSA isolates were
genotyped based on sequencing of the protein A genes (spa)
hypervariable region and spa types were assigned on the Ridom
SpaServer' curated by the SeqNet.org initiative (Mellmann et al.,
2006). An ethical review process was not required for this study,
as patient data were neither collected nor used in this in vitro
experimental study.

Additionally, a challenge strain collection of highly diverse
MRSA strains including various SCCmec types and mec genes and
diverse spa types was selected applying isolates from the studies of
Kriegeskorte et al. (2012), Schaumburg et al. (2012), and Becker
et al. (2018). Overall, 16 isolates were chosen, comprising each
two of mecA gene-positive isolates with SCCmec types 1, II, III,
IV, IVa, and V, respectively (Schaumburg et al., 2012), three mecC
gene-positive isolates with SCCmec type XI (Kriegeskorte et al.,
2012), and one plasmid-encoded mecB-positive isolate (Becker
et al., 2018) (see Supplementary Table 2).

Determination of Minimum Inhibitory

Concentration
The minimum inhibitory concentration (MIC) of cefoxitin was
determined for all isolates by broth microdilution reference

'http://spaserver.ridom.de
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method according to ISO standard 20776-1 (ISO, 2006)
corresponding to the European Committee on AST (EUCAST,
2019a) and the guidelines of the Clinical and Laboratory
Standards Institute (CLSI, 2018). Using cation-adjusted Mueller-
Hinton broth (CAMHB, BD Diagnostic, Heidelberg, Germany),
a final inoculum size of approximately 5 x 10° cfu/ml was
adjusted and confirmed by vital cell counting of serial dilutions
onto tryptic soy agar (TSA) plates in triplicates after overnight
incubation. Cefoxitin (TCI Deutschland, Eschborn, Germany)
concentrations in a range of 0.25-128 mg/L were tested in double
dilution steps. After 18 & 2 h incubation at 35 &= 1°C the results
were read. All tests were performed in triplicates and the median
MIC was determined. MIC results were interpreted according
to the EUCAST breakpoints (EUCAST, 2019a). MICsg, MICyy,
and MIC ranges of consecutively collected clinical isolates were
calculated for analysis. S. aureus ATCC 29213 reference strain was
used as quality control (QC).

MALDI-TOF MS-Based Rapid
Antimicrobial Susceptibility Testing From

Cultures Grown on Solid Medium

MALDI-TOF MS-based DOT-MGA was performed according
to Idelevich et al. (2018b). In brief, bacterial suspension with
standard turbidity of 0.5 McFarland (approx. 10® cfu/ml) of
an overnight culture on solid medium was prepared. The 0.5
McFarland suspension diluted 1:100 in CAMHB. A 96-well
microtiter plate was prepared; 50 pl of the diluted bacterial
suspension was added to 50 ul CAMHB as growth control.
Additionally, 50 pl diluted bacterial suspension was added
to 50 pl CAMHB containing cefoxitin, which results in a
final inoculum size of approximately 5 x 10° cfu/ml, which
is the recommended inoculum for broth microdilution by
ISO/EUCAST (ISO, 2006; EUCAST, 2019a). Final inoculum
size was confirmed by vital cell counting of serial dilutions
onto TSA plates in triplicate and counting of colonies after
overnight incubation. The final concentration of cefoxitin
was 4 mg/L, which is the breakpoint concentration dividing
between susceptible and resistant isolates, according to EUCAST
(2019a). For each isolate a growth control and a set-up
containing cefoxitin were done in triplicates, with tests performed
simultaneously on the same target. Six microliters was transferred
from each well of the microtiter plate directly onto disposable
MALDI target (MBT Biotarget 96, Bruker Daltonik GmbH,
Bremen, Germany). For each time point a separate target was
prepared. The targets were incubated in a plastic transport box
(Bruker Daltonik GmbH, Bremen, Germany) where 4 mL of
water was added to generate a humid atmosphere to avoid
evaporation of microdroplets. The boxes were incubated for
3, 4, and 5 h at 35 £ 1°C. After incubation, the liquid
medium on top of the sedimented bacteria was removed to
avoid interference with broth ingredients during MALDI-TOF
MS measurement. While carefully touching the droplets in
a row simultaneously sidewise at its bottom on the target
surface using small filter papers (Whatman"” Drying Block
556, Whatman GmbH, Dassel, Germany), the medium was
removed due to capillary effects, as described in previous studies

(Idelevich et al., 2018b), but using small filter papers instead of
tissue wipes. The fully dried spots on the target were overlaid
with 1 ul 70% formic acid to disrupt the cell membrane in order
to achieve higher sensitivity and specificity for susceptibility
detection. According to the standard protocol, the dried spots
were overlaid with 1 pl MBT FAST Matrix (Bruker Daltonik
GmbH, Bremen, Germany) solved in the standard solvent
(Solution OS, LCH CHIMIE, Les Aires, France) according to the
manufacturer’s instructions.

MALDI-TOF MS-Based Rapid
Antimicrobial Susceptibility Testing

Directly From Positive Blood Cultures
Inoculation of Blood Culture Bottles

To simulate a bacteremia, 10 mL human blood (from KB,
principal investigator, own blood donation for experimental
in vitro purpose does not require this experiment to be
reviewed or approved by the local ethics committee of the
University of Miinster) were spiked with a bacterial suspension
to generate a bacteremia with approximately 10 cfu/ml. In
brief, bacterial suspension with standard turbidity of 0.5
McFarland of an overnight culture on solid medium was
prepared. The standardized bacterial suspension was diluted
up to 107> in 1:10 dilution steps in CAMHB. 100 pl of
dilution 107> were mixed with 10 ml blood. Disinfection of
septum with 70% ethanol was done before and after injection.
The spiked blood was injected into an aerobic plastic culture
vial (BACTEC™ Plus Aerobic/E BD Diagnostic, Heidelberg,
Germany) and BC bottles were incubated in a BACTEC™
9240 Automated BC System (BD Diagnostic, Heidelberg,
Germany). Bacterial growth was detected using the fluorescent
sensor technology and bottles were flagged positive when
growth was detected. Time to positivity was automatically
documented. The final inoculum size of approximately 10 cfu/ml
was confirmed by vital cell counting of serial dilutions
onto TSA plates in triplicate and counting of colonies after
overnight incubation.

Processing of Positive Blood Cultures

Blood culture bottles were removed from the incubator when
flagged positive within the personnel’s working hours and
processed immediately after removal. Preliminary experiments,
done with six MRSA and six MSSA consecutively collected
clinical isolates, used modified processing methods for
isolation of bacteria from positive BCs for rapid AST,
but could not reach satisfactory results. For preliminary
experiments, each positive BC sample was processed by
filtration/dilution, dilution, lysis/centrifugation, and differential
centrifugation and DOT-MGA was incubated for 4, 5, and
6 h. Exact procedure of processing methods of preliminary
experiments is described in Supplementary Data 1. To
improve the results and processing methods of the preliminary
experiments (Supplementary Table 1) and to analyze the
best suitable method for isolation of bacteria from positive
BCs for rapid AST in this present study, positive BC of
28 S. aureus consecutively collected clinical isolates and
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additionally 16 isolates of MRSA challenge strain collection
described above were finally processed with three different
methods:  dilution, lysis/centrifugation, and differential
centrifugation (Figure 1).

Dilution

Positive BC broth was diluted in decimal dilution steps up to
10~% in CAMHB. Dilution steps 1072,1073, and 10~* were
used for DOT-MGA. Real bacterial concentration in positive BC
broth was determined by vital cell counting of serial dilutions
onto TSA plates in triplicate and counting of colonies after
overnight incubation.

Lysis/centrifugation

For the lysis/centrifugation method, the MBT Sepsityper
kit (Bruker Daltonik GmbH, Bremen, Germany) was used
according to the manufacturer’s instructions (version prior to
introduction of rapid workflow and improved formulation),
but instead of 200 pl lysis buffer only 100 pl lysis buffer
was used and the obtained pellet was suspended in 1 ml
0.9% NaCl. A bacterial suspension with standard turbidity
of 0.5 McFarland was prepared. The standardized bacterial
suspension was diluted 1:10 and 1:100 in CAMHB and
both dilutions were used for DOT-MGA. The real bacterial
concentration in test was determined by vital cell counting as
described above.

Differential centrifugation

Differential centrifugation was used as a third method. To
separate the blood cells from the bacterial cells, a first low
speed centrifugation step was performed. 1.5 ml positive
BC broth was centrifuged at 2000 rpm for 2 min. 1 ml
of supernatant was transferred into a new reaction tube
and centrifuged at 13,000 rpm for 2 min. Supernatant
was discarded and the obtained pellet was suspended in
1 ml 09% NaCl. A bacterial suspension with standard
turbidity of 0.5 McFarland was prepared. The standardized
bacterial suspension was diluted 1:10 and 1:100 in CAMHB
and dilutions were used for DOT-MGA. Real bacterial
concentration in test was determined by vital cell counting
as described above.

MALDI-TOF MS Direct on-Target Microdroplet
Growth Assay

Three different methods for processing of positive BC broth
were performed and the resulting inoculum was used for
rapid AST by DOT-MGA. Procedure of DOT-MGA was
described above (see the section “MALDI-TOF MS-Based Rapid
Antimicrobial Susceptibility Testing From Cultures Grown
on Solid Medium”). In brief, 50 l of cefoxitin solution
in CAMHB was added to 50 pl of bacterial suspension in
CAMHB in a well of a 96-well microtiter plate. The final
concentration of cefoxitin was 4 mg/L. Additionally, 50 pl
of bacterial suspension in CAMHB was added to 50 pl
CAMHB as a growth control. For each sample, the growth
control and the set-up containing cefoxitin were prepared
in triplicate. Six microliters of droplets of each well of the
microtiter plate was transferred directly on a hydrophilic spot

of a disposable MBT Biotarget 96 (Bruker Daltonik GmbH,
Bremen, Germany), resulting in three spots being inoculated
with the sample with cefoxitin and three spots containing
the growth control without cefoxitin for the corresponding
sample. A separate target was prepared for each time point.
The targets were incubated in a plastic transport box (Bruker
Daltonik GmbH, Bremen, Germany) where 4 ml water was
added to generate a humidity chamber. The boxes were
incubated for 3, 4, 5, and 6 h at 35 £ 1°C. The microtiter
plate was incubated for 18 £ 2 h at 35 £ 1°C too, as
an additional control of each experiment. After incubation,
the liquid medium was removed as described above and
dried spots were treated with 1 pl 70% formic acid and
overlaid with 1 pl MBT FAST Matrix (Bruker Daltonik
GmbH, Bremen, Germany) solved in the standard solvent.
MBT FAST Matrix contains an internal standard as a QC for
spectra acquisition.

Spectrum Acquisition and Categorization
MALDI-TOF MS measurement was performed using the
MALDI Biotyper smart instrument (Bruker Daltonik GmbH,
Bremen, Germany) and the flexControl software (Version
3.4, Bruker Daltonik GmbH, Bremen, Germany). Spectra
were acquired with optimized instrument settings for DOT-
MGA assay. Random walk and adapted acceptance criteria
of the intensity were selected. The acquired spectra were
analyzed using the MALDI Biotyper Compass Explorer
(Version 4.1; Bruker Daltonik GmbH, Bremen, Germany)
and matched against the BDAL database [Update Version
4.1 with 7854 Main Spectra (MSP) entries]. Spectra were
categorized and interpreted as previously described according
to the identification (score of >1.7)/no-identification
(score of <1.7) evaluation (Idelevich et al., 2018b,c).
Briefly, if the growth control without cefoxitin achieved
an identification score of >1.7 for the tested isolate, the
test was considered as valid. The test was invalid, if the
score of the growth control was <1.7. Valid samples
with cefoxitin and a score >1.7 resulted in a successful
species identification and were interpreted as resistant.
Valid samples with cefoxitin and a score <1.7 resulted in
a failed identification and were interpreted as susceptible.
In analogy to current approach for MIC determination,
median score results of three spots were calculated and
used for analysis.

Data Evaluation

Detection of growth, i.e., score > 1.7, as median result of
three spots for the growth control was the criteria for a
valid test, and test validity rate was calculated. Sensitivity of
resistance detection was defined as the proportion of isolates
correctly tested as resistant by DOT-MGA method among
resistant isolates according to standard method. Specificity
was defined as the proportion of isolates correctly tested
among susceptible isolates determined by standard method.
The relationship between two variables was expressed by the
Pearson correlation coefficient (r) (Pearson, 1931, 1932). To test
if calculated correlation is statistically significant (p), Student’s
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FIGURE 1 | Different processing methods of positive blood culture broth. Dilution method was done with dilution steps up to 104 in CAMHB. Dilutions were directly
used for DOT-MGA. Lysis/centrifugation method was done according to the protocol of MBT Sepsityper kit (Bruker Daltonik GmbH, Bremen, Germany; version prior
to introduction of rapid workflow and improved formulation), but only 100 ! lysis buffer was used. Differential centrifugation was performed with a first centrifugation
step of 2 min at 2000 rpm and a second centrifugation step of 2 min at 13,000 rpm. Obtained pellets were resuspended and a standardized 0.5 McFarland
suspension was prepared. Two different dilutions were used for DOT-MGA.
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t-test (Student, 1908) was done and a significant level of
a = 0.05 was determined.

Spectrophotometric Measurement of

Bacterial Growth by Optical Density

Bacterial growth of positive BC broth treated with different
processing methods was analyzed by spectrophotometric
measurement using a Multi-Mode Reader (Synergy HTX,
BioTek, Bad Friedrichshall, Germany). Blood was spiked as
described above and positive BC broth was processed (i) with
differential centrifugation and a first centrifugation step of
2 min at 2000 rpm followed by a second centrifugation step
of 2 min at 13,000 rpm as pictured above. (ii) The differential
centrifugation method was modified with a first centrifugation
step of 5 min at 2000 rpm. (iii) The MBT Sepsityper kit
(Bruker Daltonik GmbH, Bremen, Germany; version prior to
introduction of rapid workflow and improved formulation)
was used according to the manufacturer’s instructions and (iv)
the MBT Sepsityper kit protocol was modified and instead
of 200 pl lysis buffer only 100 pl lysis buffer was used.
The standardized bacterial inoculum (McFarland 0.5) was
diluted 1:200, while 10 pl was added to 1990 wl CAMHB.
Dilution was directly transferred to a microtiter plate for
analysis of bacterial growth. Microtiter plate was incubated
at 37°C for 18 h in the Multi-Mode Reader, measurement
of optical density was performed every 10 min and before
measurement the plate was shaken. Three wells of a microtiter
plate were read in parallel and mean of optical density at
578 nm was calculated.

RESULTS

Characterization of Bacterial Isolates

With Standard Methods

Using reference AST method, the cefoxitin MICsp, MICq, and
MIC range of MSSA consecutively collected clinical isolates were
4, 4, and 2 to 4 mg/L, respectively. For consecutive clinical
MRSA isolates, cefoxitin MICsp, MICgg, and MIC range were
128, >128, and 16 to >128 mg/L, respectively. The MIC of QC
strain S. aureus ATCC 29213 was within the recommended range
of 1-4 mg/L (EUCAST, 2019b). Phenotypic susceptibility results
were confirmed by genotypic characterization. The mecA gene
was detected in all consecutive clinical MRSA isolates while the
mecC gene was not detected. Overall, 21 different spa types were
detected. One isolate each within the 14 MSSA consecutively
collected clinical isolates was spa type t002, t003, t012, t015,
t021, t032, t084, 1209, t315, t1043, t2078, or t2333. Two MSSA
consecutively collected clinical isolates were spa type t091. One
isolate each within the 14 consecutive clinical MRSA isolates
was spa type t034 (livestock-associated MRSA), t045, t304, t437,
t693, 14929, or t5857. Two MRSA each were spa type t003 or
t011 (livestock-associated MRSA), respectively, and three MRSA
isolates were spa type t032. MICs and spa type distribution
for challenge strain collection isolates are demonstrated in
Supplementary Table 2.

MALDI-TOF MS Based DOT-MGA From

Cultures Grown on Solid Medium

The accuracy of rapid detection of methicillin resistance in
consecutively collected clinical isolates of S. aureus using
MALDI-TOF MS-based DOT-MGA from solid medium
overnight cultures are shown in Table 1. The best performance
of MALDI-TOF MS-based DOT-MGA was observed after 5 h
of incubation showing each 100% for sensitivity, specificity, and
test validity. The 4-h incubation provided equal percentages of
sensitivity and specificity for detection of methicillin resistance,
but only 85.7% test validity. Final inoculum size of approximately
5 x 10° cfu/ml was reached for all tested isolates (data not
shown). MRSA challenge strain collection isolates were detected
successfully after 5 or 6 h (Supplementary Table 3).

MALDI-TOF MS-Based DOT-MGA

Directly From Positive Blood Cultures

The mean determined bacterial concentration in inoculated
blood samples was 9 CFU/ml (range, 2-15 CFU/ml). The
time to positivity of BC bottles inoculated with consecutively
collected clinical MSSA isolates was 673 min on average. Bottles
inoculated with consecutive clinical MRSA isolates were flagged
as positive on average after 702 min. BC bottles were removed
from the incubator when flagged positive during the daily
working hours and processed immediately after removal. The
average times between positivity signal and processing for MSSA
was 233 and for MRSA was 217 min, respectively. The mean
bacterial concentration in positive BC was 1.5 x 10° CFU/ml
(range, 3.2 x 10°-8.7 x 10° CFU/ml). It could be shown
that shorter times to positivity were linked to higher bacterial
concentrations in inoculated blood, see Supplementary Figure 1.
Additionally, higher bacterial concentrations of positive BC broth
were associated with shorter times to positivity. A relation
between bacterial concentration of inoculated blood and bacterial
concentration in positive BC broth could not be observed.
Likewise, there was no connection between determined bacterial
concentration in positive BC broth and time until processing
after positivity signal, i.e., additional incubation after positivity
(Supplementary Figure 1).

Using different processing methods for positive BC broth, the
determined final bacterial concentration in test was different.
Final real bacterial concentrations in test after processing
positive BC broth with different methods are shown in
Table 2. The mean inoculum size of lysis/centrifugation method

TABLE 1 | Rapid AST from cultures grown on solid medium.

Incubation time Validity? (%) Sensitivity? (%) Specificity? (%)

3h 28.6 92.9 100
4h 85.7 100 100
5h 100 100 100

Accuracy of detection of methicillin resistance in S. aureus (consecutively collected
clinical isolates, n = 28) using MALDI-TOF MS-based DOT-MGA. @Valid test —
the growth control was detected (identification score >1.7 for the tested isolate).
bCalculated for valid tests.
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TABLE 2 | Determined final bacterial concentrations in tests achieved with .}‘
different processing methods of positive BCs (consecutively collected clinical 8~ 00000 o
isolates, n = 28). '§§ o ON; egogd?
Final concentration in test (CFU/ml) &
2
Processing method Dilution Mean Minimum Maximum g g:’\; 33888s 2
Dilution 1072 72x10°  16x10* 4.4 x 107 & e |~ TT T Te
1073 7.6 x10° 1.6 x 108 4.4 x 108 ‘ﬁ' @
1074 76x10* 16x10° 44 x10° S T @
. . . ) -~ oo T T OO Q
Lysis/centrifugation 102 3.8 x 10 4.8 x 108 3.6 x 10° 5 S22 2288395 §
10-7 38x10° 48x10°  36x10° 2 S kS
Differential centrifugation 102 3.0x 10 2.3 x 10! 1.2 x 10° § a g
1071 80x10°  283x102  1.2x10° S ‘g'? 5o oo 0o B
Q@ ERXR | ada©6 S a O %y
%3 § S oo - o - §
(10~! dilution) and differential centrifugation method (107! % ;0 %
dilution) reached on average the recommended inoculum £ L E,.. oo oo o §
size of 5 x 10° CFU/ml (ISO, 2006; CLSI, 2018). Serial § w B ocggecoo =
dilution of positive BC broth (107%) provided a mean S § g
inoculum size close to this recommended inoculum size as g 2
well. Performance of MALDI-TOF MS-based DOT-MGA for S P o me <o §
direct detection of methicillin resistance in S. aureus from = 2228888 <
positive BCs using different processing methods is shown in é = %
Table 3. After 4 h of incubation time, lysis/centrifugation IS 2, o
method (10~! dilution) showed best result: 100% accuracy 3 Ss ~2999909 S
of detection of methicillin resistance was achieved and test 3 gi’\- BERPPR22? g
validity was 96.4%. After 6 h of incubation time, serial 3 @ %
dilution of positive BC broth (10~%) and lysis/centrifugation § q, 3
method (10~! dilution) showed similar accurate results at a 2l 35lcongoon 8
test validity of 96.4%. Comparing these results to results of g7 Es\-' PE8F SR %
preliminary experiments for MALDI-TOF MS-based DOT-MGA 2 @ 3
directly from positive BCs, that were shown in Supplementary g o §
Table 1, a considerably improvement was shown. Using the % .%' T8¢z sl®
non-modified lysis/centrifugation method in these preliminary 8 A (§
experiments, no valid tests could be observed. Results of the % 3
non-modified differential centrifugation method in preliminary 5 % g
experiments showed lower validity (41.7%) compared to validity % % g g § 8 g 18 1|8
of the modified differential centrifugation method (96.4%) after g 2 S
6 h incubation time. However, even the dilution method E‘S @ X
showed distinct improvement. All MRSA challenge strain % ) g
collection isolates were successfully detected after processing and 8 s 28 8525528 8
performing MALDI-TOF MS-based DOT-MGA directly from g %" Teeeeer S
positive BC (Supplementary Table 4). % @ §
= % S
P 2o to-0o_~¢ 8
8 2€igrdEenNgs 3
DISCUSSION 2 | s E
o g
For septic patients, a rapid AST directly from positive BCs would 8 5 N Ca g
reduce time to beginning of an effective antimicrobial therapy <9( 5 cocococcocoo :
and enhance patients outcome in comparison to standard 2 a %
susceptibility testing (Kumar et al., 2006). MALDI-TOF MS’ § = p
principal feasibility as a method for rapid AST could be shown é E % s
in studies before (Lange et al., 2014). The recently developed 5 g = E’
DOT-MGA presents a universal phenotypic rapid AST based [ 2 5 8 5
on MALDI-TOF MS (Idelevich et al., 2018b). MALDI-TOF o K] - % % E
MS-based DOT-MGA is able to perform identification and a g = 2 = 5 2
AST within few hours and could easily be implemented in = a fa %585 5
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routine laboratory workflows. To accelerate in particular the
diagnostics of sepsis, direct susceptibility testing from positive
BCs with Gram-negative species by the MALDI-TOF MS-based
DOT-MGA was recently established (Idelevich et al.,, 2018c).
Idelevich et al. (2018¢c) could show that rapid detection of
carbapenem non-susceptibility in Enterobacterales directly from
positive BCs was possible within 4 h using the MALDI-TOF
MS-based DOT-MGA.

In this study, we focused on the rapid detection of methicillin
resistance in S. aureus using MALDI-TOF MS, that is the first
study of using MALDI-TOF MS-based DOT-MGA for Gram-
positive species, such as S. aureus. Previous studies investigated
the use of MALDI-TOF MS for this purpose by comparing
acquired spectra of MSSA strains to spectra of MRSA strains to
identify unique mass peaks. They found different mass peaks that
were applied to differentiate MSSA and MRSA obtaining different
sensitivities and specificities of this procedure (Edwards-Jones
et al,, 2000; Bernardo et al., 2002; Du et al,, 2002; Wang et al,,
2013). Josten et al. (2014) identified a small peptide (PSM-mec)
produced by agr-positive strains that is part of the genomes
of health care-associated MRSA. This peptide can be detected
in the MALDI-TOF MS spectra (2415 Da) and could be used
for rapid identification of this subgroup of MRSA with high
specificity and sensitivity. However, a universal approach to
determine methicillin susceptibility is still missing. The newly
introduced MALDI-TOF MS-based DOT-MGA is a universal
phenotypic assay that offers the opportunity to distinguish
between susceptible and non-susceptible isolates in the presence
of an antibiotic agent. Here, to discriminate between MSSA and
MRSA, isolates were incubated in the presence of cefoxitin and
growth or no growth was analyzed.

To accelerate the detection of MRSA strains, we focused on
the rapid detection of methicillin resistance in S. aureus directly
from positive BCs in this study. To process positive BC broth,
three different methods were used: dilution, lysis/centrifugation,
and differential centrifugation. Preliminary experiments to this
study applied the same processing approach that Idelevich et al.
(2018c) used for detection of carbapenem non-susceptibility in
Enterobacterales. Here, results showed (Supplementary Table 1)
that dilution method was the best to detect methicillin resistance
in S. aureus directly from positive BC broth using MALDI-
TOF MS-based DOT-MGA. Lysis/centrifugation and differential
centrifugation method revealed less validity for detection of
methicillin resistance in S. aureus. Due to this, analysis of
bacterial growth by spectrophotometric measurement of optical
density for isolates of positive BC broth treated with different
processing methods was done and results showed that there was a
delayed beginning of bacterial growth (Supplementary Figure 2).
When treating positive BC broth with lysis/centrifugation
method using MBT Sepsityper (Bruker Daltonik GmbH, Bremen,
Germany) standard protocol (version prior to introduction of
rapid workflow and improved formulation) and adding 200 1
lysis buffer to 1 ml BC broth according to the manufacturer’s
instructions instead of adding only 100 1 lysis buffer to 1 ml BC
broth, there was a delayed beginning of bacterial growth of up
to 4 h. Idelevich et al. (2018c) demonstrated the performance of
the lysis/centrifugation method for processing positive BC broth,

when using the MBT Sepsityper standard protocol adding 200 .1
lysis buffer to 1 ml blood for direct testing of carbapenem non-
susceptibility in Enterobacterales using MALDI-TOF MS-based
DOT-MGA. Gram-positive bacteria seem to be more sensitive
against lysis buffer of MBT Sepsityper comparing Gram-negative
bacteria. Due to the different cell wall structure S. aureus showed
higher susceptibility compared to Enterobacterales isolates.

Additionally, we compared two different differential
centrifugation methods (Supplementary Figure 2) one with
a first centrifugation step of 2 min at 2000 rpm and the other
with a first centrifugation step of 5 min at 2000 rpm to sediment
the blood cells. After transferring the supernatant into a new
centrifugation tube, bacteria were sedimented for 2 min at
13,000 rpm for both methods. Results showed that there was
a delayed beginning of bacterial growth of 2 h when using
a first centrifugation step of 5 min at 2000 rpm instead of
2 min. A probable explanation could be that Gram-positive
cocci like to cluster and clustered cells become heavier, heavier
cells were more sedimented when using a first centrifugation
step of 5 min instead of 2 min at 2000 rpm. Lin et al. (2017)
performed differential centrifugation method of positive BCs
to identify species using MALDI-TOF MS and could show
that identification of Gram-negative bacteria showed better
results compared to Gram-positive species after differential
centrifugation of positive BC broth.

Direct identification of species from positive BC broth using
MALDI-TOF MS was introduced several years ago and different
processing methods to treat the positive BC broth were tested
(La Scola and Raoult, 2009; Christner et al., 2010; Moussaoui
et al., 2010; Stevenson et al., 2010; Ferreira et al., 2011; Klein
et al.,, 2012; Zhou et al., 2017). For choosing the best processing
method of positive BC broth in our present study it is important
that in contrast to classical MALDI-TOF MS identification,
for DOT-MGA vital cells are needed for susceptibility testing.
Regarding the results of previous experiments dilution method,
lysis/centrifugation method with less lysis buffer compared to the
manufacturer’s protocol and differential centrifugation method
were chosen to have less impact on the bacterial growth for
susceptibility testing and were chosen for this study. Considering,
that MALDI-TOF MS identification results of Gram-positive
species achieved better results when performing an on-target
lysis with formic acid before adding matrix (Haigh et al., 2011),
this formic acid on-target lysis step was also performed in
this present study.

The study has shown that the rapid phenotypic AST
using MALDI-TOF MS-based DOT-MGA for detection of
methicillin resistance in subcultivated S. aureus on solid
medium is successful within 4 h with a validity of 85.7%
(Table 1), even successful detection of resistance in all MRSA
challenge strains could be shown (Supplementary Table 3).
Further results for rapid detection of methicillin resistance in
S. aureus directly from positive BCs using MALDI-TOF MS-
based DOT-MGA could reduce time to results in comparison
to the standard susceptibility testing method from subcultivated
colonies on solid medium for effective and fast sepsis diagnostics.
Results of this presented study showed best performance of
MALDI-TOF MS-based DOT-MGA for detection of methicillin
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resistance in S. aureus using modified lysis/centrifugation
protocol and using a 10~ ! dilution of McFarland 0.5 suspension
to inoculate the assay (Table 3). Additionally, all MRSA
challenge strains were detected successfully after processing the
positive BC broth (Supplementary Table 4). Regarding the
determined bacterial concentrations, the mean final inoculum
was within the recommended inoculum according to EUCAST
(5 x 10° CFU/ml) if the standardized inoculum was diluted 1:10
after processing the positive BC broth with lysis/centrifugation
(3.8 x 10° CFU/ml) or differential centrifugation method
(3.0 x 10° CFU/ml). After dilution of the positive BC broth,
the recommended inoculum according to EUCAST was achieved
with the 1073 dilution (7.6 x 10° CFU/ml). Overall, best results
of DOT-MGA in this presented study were achieved with the
inoculum recommended by EUCAST (5 x 10° CFU/ml), which
is a valid guideline for susceptibility testing. To give a general
recommendation for inoculum density for DOT-MGA further
analyses are needed.

To accelerate the diagnostic of sepsis, direct susceptibility
testing from positive BCs needs to become a suitable method
in routine laboratories. A simultaneous identification and
susceptibility testing, after previous Gram classification, would
reduce time, and an earlier start of an effective antimicrobial
therapy could decrease mortality rate. MALDI-TOF MS-based
DOT-MGA has the potential to further accelerate sepsis
diagnostics, because it is characterized by minor hands-on-time
and offers an easy and cost-efficient alternative way of rapid
AST. A further advantage of this novel method is its ability to
detect contaminations, because the correct identification of the
growth control is a validity criterion along with the sufficient
growth. An internal standard in the used MBT FAST matrix
ensured a QC for spectra acquisition. As with other routine
methods, identification and susceptibility testing by MALDI-
TOF MS is hardly possible with mixed pathogens in the BC
bottle. In this case, sub-culturing on solid medium is required
to get a pure culture for identification and susceptibility testing.
Since an increasing number of clinical microbiology laboratories
apply MALDI-TOF MS instruments for rapid identification,
rapid AST by MALDI-TOF MS could easily be integrated in
daily diagnostic workflow. Our suggested workflow is shown in
Figure 2 with lysis/centrifugation method using the modified
MBT Sepsityper protocol for species identification by MALDI-
TOF. After identification, the MALDI-TOF MS-based AST is
performed with the obtained pellet. Final susceptibility results
will be available in <6 h, starting with the positive flagged BC
and including total hands-on-time of half an hour. According
to the standard workflow in the majority of routine diagnostics
laboratories, positive BC would be subcultivated on solid medium
and, after an overnight incubation, identification is done by
MALDI-TOF MS. This is followed by standard AST, which
also requires overnight incubation. Some laboratories integrated
the identification by MALDI-TOF MS from shortly incubated
cultures on solid medium according to Idelevich et al. (2014b)
to reduce time to result. Standard workflow would take up to
2 days until susceptibility results are available, whereas results
will be available within 24 h using brief cultures on solid
medium. Rapid AST by MALDI-TOF MS DOT-MGA would

Blood culture
flagged po:
|

Brief culture on solid
medium

l

Y

Lysis-centrifugation

Overnight culture on
solid medium

! ! !

Identification by
MALDI-TOF MS

Identification by
MALDI-TOF MS

! ! !

MALDI-TOF MS-based
rapid AST

! } |

Susceptibility report
> 24 hours

Identification by
MALDI-TOF MS

Standard overnight AST

Standard overnight AST

Susceptibility report
> 48 hours

Susceptibility report
< 6 hours

Classical workflow Accelerated workflow Suggested workflow

FIGURE 2 | Different workflows for susceptibility testing of positive BCs.
Classical workflow: Overnight sub-cultivation of positive BC broth, followed by
identification of the pathogen using MALDI-TOF MS. An overnight
susceptibility testing is performed and susceptibility results are finalized
approx. 2 days after BC was flagged positive. Accelerated workflow: Shortly
incubated solid medium cultures (2-6 h) are used for MALDI-TOF MS
identification, followed by an overnight susceptibility testing from the same
shortly incubated cultures. Susceptibility results are available the day after BC
was flagged positive. Suggested workflow: Positive BC broth is processed by
the lysis/centrifugation method, using the modified MBT Sepsityper protocol,
followed by the MALDI-TOF MS identification. The obtained pellet (without
protein extraction) is used for MALDI-TOF MS-based rapid AST. Susceptibility
results are available the same day BC was flagged positive within <6 h.

provide susceptibility results the same day BC was flagged
positive. MALDI-TOF MS identification before initiation of AST
provides precise guide to the choice of appropriate antibiotic
panels to be tested.

CONCLUSION

The first investigation of MALDI-TOF MS DOT-MGA for Gram-
positive bacteria demonstrated the feasibility and accuracy of
DOT-MGA from agar cultures and directly from positive BCs
for detection of methicillin resistance in S. aureus after 4 h of
incubation. To standardize and optimize test conditions and
evaluation criteria, further research is needed. An optimized
evaluation algorithm must be developed to guarantee the reliable
performance of this new rapid AST assay. Furthermore, studies
with larger amount of genetically diverse isolates from different
locations elsewhere in the world should follow to develop a
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standardized assay for clinical diagnostics. Additionally, using
this universal phenotypic assay for simultaneous rapid AST of
several antibiotics in parallel would be in focus of further studies.
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KPC-producing Enterobacterales represent a serious public health concern. Limited
therapeutic options are available for treatment, however, the novel combination of
imipenem/relebactam represents a promising alternative. To preserve the activity of this
new antibiotic combination, only targeted treatments will be recommended, and rapid
tests to detect susceptible bacteria are therefore urgently needed. Here, we propose
a MALDI-TOF-based method using the MBT STAR-Carba VD assay, Bruker Daltonik,
to detect KPC-producing Enterobacterales susceptible to imipenem/relebactam in a
random selection of 143 clinical isolates previous molecular characterized, carrying
97 b/aKpc, 1 b/aGEs, 12blay, 4blappe, 3blanpm, and 26b/ao><A,48_”ke. Speoies
identification was confirmed by MALDI-TOF MS. The molecular characterization of
the isolates was performed by the Xpert Carba-R Assay and the results were
used as gold standard. Besides, all isolates were submitted to imipenem and
imipenem/relebactam microdilution susceptibility testing. The assay showed an overall
sensitivity and specificity to detect class A-producing Enterobacterales susceptible
to imipenem/relebactam of 98% (96/98) and 93% (42/45), respectively. This MALDI-
TOF-based methodology, with a turnaround time of less than 1 h, is a reliable
test for detecting imipenem/relebactam activity and its inclusion in routine laboratory
screening would facilitate the correct use of this new combination of antimicrobials as a
targeted treatment.

Keywords: MALDI-TOF, antimicrobial resistance, imipenem relebactam, carbapenemase resistance detection,
clinical microbiology

INTRODUCTION

The global rise in the incidence of carbapenemase-producing Enterobacterales (CPE) is alarming
and has posed a challenge to health services worldwide (Nordmann and Poirel, 2014). The
increase in the prevalence of Klebsiella pneumoniae is especially worrying as these are the
most frequent carbapenemase producers worldwide (Glasner et al.,, 2013). Limited therapeutic
options are available for infections caused by CPE. Thus, only “second line” drugs such
as polymyxins, tigecycline, aminoglycosides and fosfomycin may be active, although double
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carbapenem therapy can also be considered for use; finally,
combination therapies are associated with better outcomes
for high-risk patients (Rodriguez-Bafio et al, 2018). Novel
B-lactam inhibitors are being developed with the aim of
restoring the activity of P-lactam antibiotics against CPE.
Relebactam (MSD, EEUU) is an inhibitor of class A and C
B-lactamases and is currently under clinical development in
combination with imipenem-cilastatin. Imipenem/relebactam
has recently undergone testing in phase 3 clinical trials for
the treatment of patients with complicated intra-abdominal
infections, complicated urinary tract infections and hospital-
acquired/ventilator-associated ~ bacterial ~pneumonia, with
promising results. However, in order to reduce the spread of
CPE and preserve the susceptibility to imipenem/relebactam,
this treatment should only be used for infections that are proven
or strongly suspected to be caused by susceptible bacteria to
this antimicrobial combination. For new drugs, susceptibility
testing is generally restricted to phenotypic tests like disc and/or
gradient diffusion methods, until its inclusion in microdilution
automated systems of susceptibility testing, all of which require
at least 16 h to provide the results. MALDI-TOF MS has been
used to detect carbapenems hydrolysis, as a surrogate test
for susceptibility, and also to detect inhibition by B-lactam
inhibitors (Oviaiio and Bou, 2017, 2018; Carvalhaes et al.,
2018; Anantharajah et al, 2019). EUCAST guidelines for
carbapenemase detection also recommends the carbapenem
hydrolysis assay by MALDI-TOF MS as a useful method
for clinical practice. Here, we propose a rapid and simple
MALDI-TOF MS-based assay for detecting class A-producing
Enterobacterales, focused in KPC isolates due to their high
prevalence, susceptible to imipenem/relebactam by using the
commercial MBT STAR-Carba IVD assay.

MATERIALS AND METHODS

Bacterial Isolates

The proposed method was applied in a random selection of
143 clinical isolates previous molecular characterized by using
the Xpert Carba-R Assay (Cepheid, Sunnyvale, United States),
carrying 97 blakpc, 1 blaggs, 12blayiv, 4blaivp, 3blanpm, and
26blaoxa—a48_tie (Traczewski et al,, 2018). The isolates were
collected during a 2 months period (December 2017-January
2018) from 31 hospitals from Spain. The isolates were multidrug
resistant. The molecular results were used as gold standard.
Species identification was confirmed by MALDI-TOF MS. The
carbapenemase-producing Enterobacterales (CPE) comprised
104 Klebsiella pneumoniae, 3 K. oxytoca, 12 Escherichia
coli, 16 Enterobacter cloacae, 6 Citrobacter freundii and 2
Serratia marcescens. All isolates were submitted to imipenem
and imipenem/relebactam microdilution susceptibility testing
following the EUCAST guidelines. A decrease of at least three
double serial dilutions in the imipenem/relebactam minimum
inhibitory concentration (MIC) with respect to the imipenem
MIC was considered for defining a positive inhibition. E. coli
ATCC 25922 was used as a negative control, and a PCR-
confirmed KPC-producing E. coli was used as a positive control.

MALDI-TOF MS Assay

The proposed method was applied by using the MBT STAR-
Carba IVD Kit in conjunction with the MBT STAR-BL
IVD software (Bruker Daltonik, Germany). The test was
performed according to the manufacturer’s instructions, with
slight modifications regarding the inclusion of relebactam in the
medium. After an overnight incubation at 37°C in Trypticase
Soy Agar (Beckton Dickinson, Heidelberg, Germany), a 1 pulloop
of bacteria was resuspended in a tube of lyophilized imipenem
dissolved in 50 pl relebactam (3 mg/ml in MBT STAR Buffer).
After incubation for 30 min at 37°C under agitation, the bacteria
were pelleted by centrifugation (2 min at 14000 rpm), and 1 pl of
the supernatant was spotted (in duplicate) onto a MALDI target.
Air-dried spots were overlaid with MBT STAR Matrix.

MALDI-TOF MS Analysis and Data

Processing

The MBT STAR-Carba assay principle is the inactivation of
imipenem by bacteria carrying carbapenemase enzymes due to
the hydrolysis of the B-lactam ring. The hydrolysis reaction
modifies the structure of the antibiotic that is associated
with a mass shift that can be detected by MALDI-TOF. In
cases of bacteria carrying carbapenemase enzymes inhibited by
relebactam, no modification of imipenem could be observed.
However, if the carbapenemase enzymes are not inhibited we
could observe a proper hydrolysis of imipenem.

The mass spectrum was obtained using a MALDI Biotyper®
Smart (Bruker Daltonik) instrument, with Flex Control 3.4
software, in the m/z range of 100-1.000 Da. The MBT STAR-
BL Software module was used to evaluate the spectra. The
software automatically calculates the LogRQ value (which
indicates the rate of hydrolysis) for imipenem in the presence
of relebactam. According to the manufacturer’s instructions,
normalized LogRQ values similar to or below 0.2 represent no
proven imipenem hydrolysis. Normalized LogRQ values similar
to or above 0.4 indicate proven imipenem hydrolysis. Normalized
LogRQ values between 0.2 and 0.4 represent an ambiguous
hydrolysis pattern which requires further testing or confirmation
by other techniques.

RESULTS

In this study, MALDI-TOF MS showed good results for detection
of class A-producing Enterobacterales compared to the results
of molecular methods, with a sensitivity of 98% (96/98) and a
specificity of 93% (42/45) (Figure 1). The average logRQ for class
A was 0.08 (n = 98), with two isolates proving an intermediate
logRQ (0.30 and 0.27) (Supplementary Table S1). These isolates
were retested as recommended by the manufacturer proving
again an intermediate result. In this case, the MALDI-TOF MS
could not provide a clear result of susceptibility and confirmation
techniques should be further used. The average logRQ for class B
(n = 19) was 0.94, with all isolates proving logRQ values above
0.4. The average logRQ for class D (n = 19) was 0.79, with
all isolates proving logRQ values above 0.4, except one isolate
that had an intermediate result (logRQ = 0.22) and two isolates
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FIGURE 1 | Imipenem/relebactam susceptibility indicated by MALDI-TOF MS, based on the measurement of imipenem hydrolysis in the presence of relebactam.

that gave a negative result (logRQ = 0.18; 0.19). The isolate
providing an intermediate result was also retested, providing the
same value again.

Comparison with the results of imipenem/relebactam
susceptibility testing was not possible as there are no clinical
breakpoints established yet. Besides, as there has not been
any correlation proven between the logRQ and the MIC in
previous studies, we considered a criterion for relebactam
inhibition an imipenem/relebactam MIC decrease in at least
three double serial dilutions with respect to the imipenem
MIC obtained by microdilution. Considering this criterion, we
obtained a 100% sensitivity and specificity in detecting KPC-
producing Enterobacterales susceptible to imipenem/relebactam
(Supplementary Table S1), as all the isolates tested decreased
in at least three double serial dilutions their MICs. For class B
CPE the imipenem/relebactam MIC kept the same with respect
to imipenem or in the minority of cases (2/19) decreased in
one dilution. For class D CPE, the imipenem/relebactam MIC
decreased in one dilution with respect to imipenem in the
majority of isolates (21/26), whereas the minority of isolates
(5/26) kept their MIC constant. There was no two or three double
serial dilutions decrease observed for class B or D.

DISCUSSION

As there are few or no therapeutic alternatives available for
treating infections caused by KPC-producing Enterobacterales,

which are usually multidrug resistant, especially since the
emergence of ceftazidime-avibactam resistance (Shields
et al, 2017ab) the early and accurate detection of
imipenem/relebactam susceptibility in those isolates is extremely
important in regard to prescribing this last resort antibiotic as a
targeted treatment.

Our findings showed that the MALDI-TOF MS is an
excellent tool for screening KPC-producing Enterobacterales
susceptible to imipenem/relebactam before the microdilution
results become available, providing results with a turnaround
time of less than 1 h. Although, we only tested one GES-
producing K. oxytoca, results seem consistent with those
found in KPC-producing isolates. The sensitivity and
specificity of the method is 98% (96/98) and 93% (42/45)
respectively, compared to the molecular characterization of
the isolates. When applying a second phenotypic criteria, as
the decrease in at least three double serial dilutions of the
imipenem/relebactam MIC with respect to the imipenem MIC
obtained by microdilution, we obtained a 100% sensitivity
and specificity. These results are in accordance to the
imipenem/relebactam in vitro results found in previous
studies that proved that the combination was active against
class A CPE. Relebactam has not proved to be a good
inhibitory substrate for class B and D CPE in previous
studies (Lob et al., 2017; Karlowsky et al., 2018) as also found
by MALDI-TOF MS. As expected, we did not detect relebactam
inhibition in metallo-pB-lactamase-producing isolates and
in the majority of the class D CPE isolates. However, we
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recommend to perform the imipenem/relebactam MIC to assure
the susceptibility of a carbapenem resistant Enterobacteral as it is
considered the gold standard.

The isolate collection tested in this study was a reflection
of our national CPE epidemiology and did not include any
imipenem/relebactam resistant KPC-producing Enterobacteral
which represents a limitation. Besides, the MALDI-TOF MS assay
exclusively detects enzymatic carbapenem resistance but does
not detect carbapenem resistance due to other mechanisms that
can confer resistance as the OmpK35 disruption and/or mutated
OmpK36 that have been described as chromosomal resistance in
these isolates (Galani et al., 2019).

This method has only been applied to colonies in agar plates
but could probably also be applied to positive blood cultures. The
STAR MBT-Carba IVD assay is easy to use, and the handling
time is very short. Moreover, the automated interpretation
of results minimizes the inter-test variability associated with
different environmental conditions and operators. Detailed
analysis of spectra is not required, which simplifies the
procedure and enables application of the assay by personnel
who are not trained in mass-spectrometry techniques and
its inclusion in routine in high throughput screening in
microbiology laboratories.

In conclusion, this method is the first one to our knowledge
to provide rapid results for an imipenem/relebactam early
administration in KPC-producing Enterobacterales. Our results
showed that the application of MALDI-TOF MS with the
STAR MBT-Carba IVD assay, proved to be an excellent tool
for screening imipenem/relebactam activity, helping in the
antimicrobial therapy adjustment and early implementation of
infection control measures.

Normalized imipenem LogRQ values for 143 CPE after
30 min of incubation with imipenem/relebactam following
the MBT STAR-Carba IVD assay. LogRQ values above 0.4
(yellow line) mean positive imipenem/relebactam hydrolysis,
values below 0.2 (blue line) mean negative imipenem/relebactam
hydrolysis and intermediate values (>0.2 and <0.4) requires
further testing.
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Resistance to polymyxins in most Gram-negative bacteria arises from chemical
modifications to the lipid A portion of their lipopolysaccharide (LPS) mediated by
chromosomally encoded mutations or the recently discovered plasmid-encoded mcr
genes that have further complicated the landscape of colistin resistance. Currently,
minimal inhibitory concentration (MIC) determination by broth microdilution, the gold
standard for the detection of polymyxin resistance, is time consuming (24 h) and
challenging to perform in clinical and veterinary laboratories. Here we present the use of
the MALDIXxin to detect colistin resistant Salmonella enterica using the MALDxin test on
the routine matrix-assisted laser desorption ionization (MALDI) Biotyper Sirius system.

Keywords: MALDI mass spectrometry, lipid A, colistin, Salmonella enterica, diagno stic

INTRODUCTION

Due to the limited pipeline of new antibiotics the increasing trend in antibiotic resistance is now
threatening the global health. One of the most fearing issues is the dissemination of multidrug
resistance (MDR) in Gram-negative bacteria. Indeed, these MDR bacteria may accumulate in a
single strain resistance to the main classes of antimicrobial molecules, making colistin one of the
last resort therapies for the treatment of infection caused by MDR Gram-negative bacteria.

In Gram-negative bacteria, acquired resistance to colistin results mostly from modifications of the
drug target, i.e., the lipopolysaccharide (LPS). These modifications correspond to addition(s) of
cationic groups such as 4-amino-L-arabinose (L-Ara4N) and/or phosphoethanolamine (pETN) on
the lipid A, the anchor of the LPS (Olaitan et al., 2014; Zhang et al., 2019b). These modifications
may result from chromosome-encoded mechanisms such as modification (basically mutations)
of the two-component systems PmrA/PmrB and PhoP/PhoQ or alteration (mutation, disruption,
down-regulation) of the global regulator MgrB. These chromosome-encoded mechanisms are
mostly associated with addition of L-Ara4N on the lipid A. It has been reported that addition of
PETN to lipid A can also occur through the expression of a plasmid-encoded pETN transferase,
named mobilized colistin resistance (MCR) (Chew et al., 2017; Jayol et al., 2017; Jeannot et al., 2017;
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Poirel et al., 2017; Zhang et al., 2019a). Despite, mcr genes
have been described in many different enterobacteriales species,
they are more prevalent in Escherichia coli and Salmonella
enterica than in other Enterobacterales (Poirel et al., 2017).
Of note, MCR-producing S. enterica have been often reported
in livestock animals, mostly in chicken in which they are
part of the normal gut flora. Overall, it is now accepted
that the dissemination of mcr genes in animals was mostly
driven by the intensive use of polymyxins during decades
in livestock farming. With the soaring descriptions of MCR-
producing isolates in animals during the 2 years following
the original report of this mechanism, the use of colistin in
veterinary medicine has been restricted in Europe (Catry et al.,
2015). In addition, recommandations have been made for the
reinforcement of the systematic monitoring of bacteria from
food-producing animals for resistance to colistin (polymyxins).
In 2013, monitoring and reporting of colistin resistance in
commensal and zoonotic bacteria isolated from samples from
certain food-producing animal populations and certain food
became mandatory in Europe (European Union Commission,
2013). Accordingly, rapid detection of colistin resistance is
therefore one of the key issues, not only in the human
medicine to improve the treatment of patient infected with
MDR bacteria, but also in the veterinary medicine where high-
throughput methods would be of utmost interest. Unfortunately,
detection of colistin resistance still relies on the determination
of colistin susceptibility by performing minimal inhibitory

concentration (MIC) using broth microdilution with 24 h
of incubation time. Indeed, this susceptibility testing method
remains the unique gold standard to identify colistin resistance.
Therefore, there is an urgent need to develop a fast and
robust assay to detect colistin-resistant Gram-negative bacteria
including S. enterica (Carroll et al, 2019; Lima et al,
2019). Ultimately, this test should be a high-throughput assay
to manage a large number of samples as it is the case
in food industry.

Recently, we developed a rapid technique using matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) able to detect colistin resistance directly from whole
bacteria in less than 15 min, the MALDIxin test (Dortet et al.,
2018a,b). Here, we report on the application of the optimized
MALDIxin, which has been applied to E. coli, K. pneumoniae
and Acinetobacter baumannii (Dortet et al., 2018a,b, 2019;
Furniss et al., 2019), using routine MALDI mass spectrometer
and its application into the detection of colistin-resistant
S. enterica.

MATERIALS AND METHODS

Bacterial Strains

A collection of 23 S. enterica clinical strains was used,
which included 12 colistin resistant isolates and 11
colistin susceptible isolates. Among the resistant isolates,

TABLE 1 | GenBank accession number of colistin resistant and colistin susceptible Salmonella enterica isolates used in this study.

Strain Name Serotype GenBank accession Colistin MIC colistin resistance Ref.
number (mg/L) mechanism
Colistin resistant strains
Sal-R1 201607059 4,12:i:- (monophasic) SAMN13531479 4 mer-1 This study
Sal-R2 201606765 4,12:i:- (monophasic) SAMN13531480 8 mcer-1 This study
Sal-R3 201609932 4,5,12:i:- (monophasic) SAMN13531481 8 mcr-1 This study
Sal-R4 201610655 4,12:i:- (monophasic) SAMN13531482 8 mer-1 This study
Sal-R5 201610686 Paratyphi B d-tartrate + (biotype Java) SAMN13531483 8 mer-1 This study
Sal-R6 CNR 1776 Typhimurium JAAOHZ000000000 8 mcr-1 This study
Sal-R7 13-SA01718 Paratyphi B d-tartrate + (biotype Java) PRJNA396070 8 mcr-5 This study
Sal-R8 201600129 Dublin SAMN13531484 4 Unknown This study
Sal-R9 201607119 Enteritidis SAMN13531485 4 mutated MgrB (K3T) This study
Sal-R10 201606219 Typhimurium SAMN13531486 4 mutated MgrB (Q30R) This study
Sal-R11 201600169 Enteritidis SAMN13531487 4 Unknown This study
Sal-R12 R3445 4,12:i:- (monophasic) MF543359 8 mcr-4 This study
Colistin susceptible strains
Sal-S2 201604739 4,12:i:- (monophasic) SAMN13531488 1 - This study
Sal-S3 201604769 Enteritidis SAMN13531489 2 - This study
Sal-S4 201605339 4,12:i:- (monophasic) SAMN13531490 1 - This study
Sal-S5 201608919 Enteritidis SAMN13531491 1 - This study
Sal-S6 201606509 Typhimurium SAMN13531492 1 - This study
Sal-S7 201602769 Anatum SAMN13531493 1 - This study
Sal-S8 201606129 4,12:i:- (monophasic) SAMN13531494 2 - This study
Sal-S9 201607559 Enteritidis SAMN13531495 0.5 - This study
Sal-S10 201606439 4,12:i:- (monophasic) SAMN13531496 1 - This study
Sal-S11 201610299 Veneziana SAMN13531497 0.5 - This study
Sal-S12 201606239 Chester SAMN13531498 2 - This study
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8 were MCR producers: 6 were MCR-1, 1 was MCR-
4 and 1 was MCR-5 (Table 1). All the strains used in
this study were part of the strain collections from the
French National Reference Centre (NRC) for Antimicrobial
Resistance, where all patient information are very partial
and anonymized. The strains were not isolated for the
purpose of our study, so ethical approval and consent
were not required.

Susceptibility Testing

Minimal inhibitory concentrations were determined by broth
microdilution (BMD) according to the guidelines of the Clinical
and Laboratory Standards Institute (CLSI) and European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
joint subcommittee. Results were interpreted using EUCAST
breakpoint as updated in 2019 (EUCAST, 2019).

Whole Genome Sequencing (WGS)

Whole Genome Sequencing was performed by the “Plateforme
de Microbiologie Mutualisée (P2M)” at Institut Pasteur
(Paris, France) for all colistin resistant isolates. Briefly, total
DNA was isolated using the MagnaPure® microbial DNA
isolation kit (Roche Laboratories) from overnight cultures

on Mueller-Hinton agar (BioRad, Marnes-la-Coquette,
France). Genomic DNA quantifications were performed
using Qubit fluorometer (Life Technologies, Carlsbad,

CA) and adjusted at 0.2 ng/pl. Library preparation was
performed using NextEra® XT DNA sample preparation
kit (Ilumina, San Diego, CA, United States). Sequencing
performed on an Illumina NextSeq500 sequencer
with v3 chemistry using 2x150-bp paired-end reads at a
raw cluster density of 1300,000 clusters/mm?. Paired-end

reads varied in read length depending on the sequencing
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platform/site, from 100 to 146 bp, yielding a minimum of 30-fold
coverage per isolate.

Bioinformatic Analysis

Raw data were assembled into contigs using CLC Genomics
Workbench v9.5.3'. To identify mcr genes, total raw data
sequences of each isolate were subjected to ResFinder-2.1 Server’
that is dedicated to the identification of acquired antimicrobial
resistance genes. To identify mutation in PmrA, PmrB,
PhoP, PhoQ and the master regulator MgrB (Supplementary
Figure S2), sequences alignments were performed using
ClustalW?. Sequence of Salmonella enterica subsp. enterica
serovar Newport str. USMARC-S3124.1 (GenBank accession
number CP006631) was used as reference sequence.

Nucleotide Sequence Accession Number
The whole genome sequences generated in the study have been
submitted to the GenBank nucleotide sequence database under
the accession number detailed in Table 1.

MALDIxin Test

A 10 pL inoculation loop of bacteria, grown on Mueller-
Hinton agar for 18-24 h, was resuspended in 200 pL of
water. Mild-acid hydrolysis was performed on 100 pL of this
suspension, by adding 100 pl of acetic acid 2 % v/v and
incubating the mixture at 98°C for 10 min. Hydrolyzed cells
were centrifuged at 17,000 x g for 2 min, the supernatant
was discarded and the pellet was resuspended in ultrapure
water to a density of McFarland 10. A volume of 0.4 pL
of this suspension was loaded onto the MALDI target
plate and immediately overlaid with 1.2 pL of a matrix
consisting of a 9:1 mixture of 2,5-dihydroxybenzoic acid
and 2-hydroxy-5-methoxybenzoic acid (super-DHB, Sigma-
Aldrich) solubilized in chloroform/methanol 90:10 v/v to a final
concentration of 10 mg/mL.

The bacterial suspension and matrix were mixed directly on
the target by pipetting and the mix dried gently under a stream
of air. MALDI-TOF mass spectrometry analyses were performed
with a MALDI Biotyper Sirius (Bruker Daltonics) using the linear
negative-ion mode.

Data Analysis

The negative mass spectrum was scanned between m/z 1,600 and
m/z 2,200 in the negative linear ion mode. Manual peak picking
at masses relevant to colistin resistance was performed on the
obtained mass spectra and the corresponding signal intensities
at these defined masses was determined. The percentage of
modified lipid A was calculated by dividing the sum of the
intensities of the lipid A peaks attributed to addition of
PETN (m/z 1919.2 and m/z 2157.2) and L-Ara4N (m/z 1927.2
and m/z 2165.2) by the intensity of the peaks corresponding
to native lipid A (m/z 1796.2 and m/z 2034.2). All mass
spectra were generated and analyzed in technical triplicate (i.e.,
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FIGURE 2 | (A) Representation of the percentage of the modified lipid A for
colistin susceptible and colistin resistant S. enterica isolates. The global
percentage of modified lipid A (L-Ara4N + pETN modified lipid A / native lipid
A) is represented for colistin susceptible strains (n=11), colistin
chromosome-encoded resistant S. enterica isolates (n=4) and
MCR-producing S. enterica isolates (n=8). All experiments were performed in
triplicate. (B) Representation of the percentage of L-Ara4N and pETN
modified lipid A among the global modified lipid A for colistin resistant

S. enterica isolates.

measurements of each sample were repeated three times) and
biological triplicate.

Statistical Analysis
All experiments were carried out on three independent bacterial
cultures. Data were compared two-by-two using unpaired
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Mann-Whitney test. P values <0.05 were considered statistically
different using GraphPad Prism 7.

RESULTS AND DISCUSSION

As shown in Figure 1A and Supplementary Figure S1, the
mass spectrum of colistin susceptible S. enterica is dominated
by a set of three of peaks assigned to bis-phosphorylated hexa-
acyl lipid A, tri-phosphorylated hexa-acyl lipid A and bis-
phosphorylated hepta-acyl lipid A. The major peaks at m/z
1796.2 and m/z 1876.2 correspond to hexa-acyl diphosphoryl
and hexa-acyl triphosphoryl lipid A, respectively, containing
four C14:0 3-OH, one C14:0 and one C12:0. The peak at
m/z 2034.2 corresponds to hepta-acyl diphosphoryl lipid A
four C14:0 3-OH, one Cl14:0, one CI12:0 and one Cl16:0.
Peaks at m/z 1812.2 and m/z 2050.2 are also observed in
colistin susceptible Salmonella enterica and which can be
tentatively be assigned to hexa-acyl diphosphoryl lipid A,
containing five C14:0 3-OH and one C12:0, and hepta-acyl
diphosphoryl lipid A five C14:0 3-OH, one C12:0 and one
C16:0, respectively.

In MCR-producing S. enterica strains additional peaks at
mf/z 1919.2, m/z 1935.2, m/z 2157.2 and m/z 2173.2 were
observed (Figure 1B). Those peaks correspond to the addition
of one phosphoethanolamine (pETN) moiety to the phosphate
group at position 1 of the native lipid A, leading to an
increase of +123 mass units compared to the mass of the
major peak of native lipid A at m/z 1796.2, m/z 1812.2, m/z
2034.2 and m/z 2050.2. In mcr negative colistin-resistant S.
enterica strains, two additional peaks at m/z 1927.2 and m/z
2165.2 were observed. These signals correspond to the addition
of 4-amino-L-arabinose (L-Ara4N) to the 4’-phosphate of the
native lipid A, resulting in an increase of +131 m/z compared
to the native lipid A peak at m/z 1927.2 and m/z 2034.2
(Figure 1C). As shown in Figure 2A and Table 1, the average
percentage of modified lipid A remained significantly lower in
chromosome-encoded colistin resistant isolates (18.25 & 3.23%)
compared to MCR-producers (51.12 =+ 3.38%) (data not shown).
The same observation was previously reported with Klebsiella
pneumoniae and E. coli (Dortet et al., 2019; EUCAST, 2019).
As expected, only pETN modification of the lipid A was
observed in MCR-producers whereas only L-Ara4N addition
could be detected in all chromosome-encoded colistin-resistant
strains (Figure 2B and Table 1). Again, these results are
in perfect agreement with those obtained in K. pneumoniae
and E. coli.

Overall, the MALDIXxin test is able to detect colistin resistance
in S. enterica and to discriminate between chromosome-encoded
resistance and MCR-producers. By targeting the modification
of native lipid A, especially pETN addition, MALDIxin test
is able to detect all variants of MCR. This is of the utmost
importance since the increasing number of mcr variants (mcr-
I to mcr-9, as of today) do not allow to perform a simple

test (e.g., PCR) to detect all mcr variants. In addition, in some
rare case, the mcr gene is not expressed, leading to colistin
susceptibility but positive PCR, including in S. enterica isolates
(Carroll et al., 2019). Finally, the MALDIXin test possesses high-
throughput capacities that might be crucial in the context of
large-scale screening. Accordingly, this test might be useful to
answer the unmet need of a rapid, robust and high-throughput
test for identification of colistin resistance that exist in veterinary
medicine and food industry, where monitoring of colistin
resistance in S. enterica is mandatory. However, one limitation
of this study is the sample size used which might represent a
fraction of the different types of colistin resistance mechanisms
in S. enterica.

CONCLUSION

The MALDIxin test is now optimized on a routine machine,
the MALDI Biotyper Sirius, for the detection of colistin
resistance in E. coli, K. pneumoniae, Acinetobacter baumannii,
and S. enterica (Dortet et al., 2018a,b, 2019; Furniss et al.,
2019). The future development of automated algorithm
and dedicated consumables (e.g., calibration standards, pre-
portioned purified matrix) will also be able to standardize
and simplify the assay, allowing its use in clinical and
veterinary laboratories.
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