Brazilian Journal of Microbiology (2023) 54:1819-1825
https://doi.org/10.1007/542770-023-00996-2

CLINICAL MICROBIOLOGY - RESEARCH PAPER

=

Check for
updates

Stable isotope labeling as a promising tool for rapid drug
susceptibility testing in Neisseria gonorrhoeae

Rajneesh Dadwal’ - Saikat Paul - Parakriti Gupta' - Rakesh Yadav' - Seema Sood? - A. K. Ghosh' -

M. R. Shivaprakash' - Shalini Gainder? - Sunil Sethi’

Received: 2 November 2022 / Accepted: 7 February 2023 / Published online: 1 June 2023
© The Author(s) under exclusive licence to Sociedade Brasileira de Microbiologia 2023

Abstract

The world is heading towards an era of intractable and impending untreatable N. gonorrhoeae, thereby underlining the
significance of rapid and accurate prediction of drug resistance as an indispensable need of the hour. In the present study,
we optimized and evaluated a stable isotope labeling-based approach using the MALDI-TOF MS (Matrix-Assisted Laser
Desorption/Ionization-Time of Flight Mass Spectrometry) for rapid and reliable detection of ciprofloxacin and azithromycin
resistance in N. gonorrhoeae. All the isolates were cultured under three varied condition setups viz. medium supplemented
with normal lysine, heavy lysine (isotope), and heavy lysine along with the antibiotics (ciprofloxacin/azithromycin),
respectively. After incubation, spectra were acquired using the MALDI-TOF MS which were further screened for unique
patterns (media-specific spectra) to differentiate drug-susceptible and resistant isolates. The results of the stable isotope
labeling assay were comparable to the results of phenotypic methods used for susceptibility testing.
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Introduction

The extensive and injudicious use of antibiotics has led to
an increase in the number of drug-resistant microorganisms,
giving way to the origin of many superbugs that are multi-
drug resistant [1]. Neisseria gonorrhoeae is also one
of the members of this colossal group of drug-resistant
microorganisms, which is proving as a menace to global
reproductive health [2]. There have been reports of
multidrug-resistant (MDR) and extensively drug-resistant
(XDR) N. gonorrhoeae across the globe [2—4]. The current
situation demands judicious use of antimicrobials, alongside
delimiting the transmission of MDR/XDR strains and early
diagnosis and management of such cases [5]. The currently
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accepted methods for the detection of drug resistance in
N. gonorrhoeae include the agar dilution assay and E-test
[6]. However, these are time-consuming and may lead to
delays in treatment [7]. Besides the phenotypic methods,
there are reports of a few genotypic methods that can be
employed for the detection of drug resistance. However, the
co-relation of genotypic methods with phenotypic methods
is not reliable. Moreover, the methods fail to detect drug
resistance due to newly acquired and novel mutations [8].
The Matrix-Assisted Laser Desorption/lonization-Time
of Flight Mass Spectrometry (MALDI-TOF MS) is an
advanced technique used in various laboratories for rapid
and reliable identification of clinically significant pathogenic
organisms, without performing tedious and time-consuming
biochemical assays [9]. The MALDI-TOF MS has also been
exploited for the detection of drug resistance by identifying
drug modifying enzymes and varied mutations in the target
sites [10-15]. However, the identification of drug modifying
enzymes limits the usage of MALDI-TOF MS as a tool to
detect a plethora of MDR organisms and limits its potential.
Recently, a novel technique of stable isotope labeling by
amino acid-based assay using the MALDI-TOF MS has been
employed for rapid detection of drug resistance in bacteria
and fungi [16-18]. This assay is based on the detection of
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the metabolic profile, in the presence and absence of drugs
that could discriminate between susceptible and resistant
bacteria. In the present study, we optimized and evaluated a
SILAC-based approach using the MALDI-TOF MS for rapid
and reliable detection of ciprofloxacin and azithromycin
resistance in N. gonorrhoeae.

Material and methods
N. gonorrhoeae isolates

Twenty-five recent clinical isolates of N. gonorrhoeae,
available from the sexually transmitted disease laboratory
repository of our tertiary care center, were included in
this study, and reference isolates (WHO-M, WHO-P, and
ATCC-49226) were employed for the initial standardization
of the experiments. The isolates were grown on GC Agar
plates (3.6% Difco GC medium base agar (BD Diagnostics,
Sparks, MD, USA) supplemented with 1% hemoglobin
(BD Diagnostics) and 1% IsoVitalex (BD Diagnostics)),
incubated at 37 °C in a CO, incubator (Binder GmBH,
Tuttlingen, Germany) and fresh overnight cultures were used
for further experiments.

Antibiotic susceptibility testing

Antibiotic susceptibility testing of the isolates for
ciprofloxacin and azithromycin was performed using the
E-test (bioMérieux, France) according to the manufacturer’s
instructions. Briefly, 0.5 McFarland inoculum was prepared
from overnight N. gonorrhoeae culture and the suspension
was further used to seed the GC agar plates (3.6% Difco
GC medium base agar (BD Diagnostics, Sparks, MD, USA)
supplemented with 1% hemoglobin (BD Diagnostics) and
1% IsoVitalex (BD Diagnostics). The E-test strip was placed
on the agar, and minimum inhibitory concentration (MIC)
was determined after incubation of 18 h at 37 °C in a CO,
incubator.

Optimization of L-lysine concentration

The liquid medium for SILAC was prepared according to
the protocol detailed by Wade and Graver (2007), using
M199 cell culture medium supplemented with Earle’s salts
without L-glutamine phenol red, sodium bicarbonate, and
L-lysine (Himedia, Mumbai, India), in place of M199 cell
culture medium with Earle’s salts but without L-glutamine,
phenol red or sodium bicarbonate [19]. The liquid medium
prepared for SILAC studies was evaluated for the growth of
N. gonorrhoeae (1 x 10* cells) with varying concentrations
of normal L-lysine (NL) (Invitrogen, USA) from 100 to
500 mg/L at different concentrations in a 96-well microtitre
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plate incubated in a CO, incubator with shaking (300 rpm)
(Binder-GmbH, Tuttlingen, Germany). The N. gonorrhoeae
WHO-M, WHO-K, and ATCC-49226 reference isolates
were employed for this experiment. The ODg, was observed
at intervals of 2 h, and a growth curve was plotted to assess
the ability of media to support the growth of N. gonorrhoeae.

Optimization of cell count and time to stable
isotope incorporation

Two independent setups were prepared for each isolate the
first setup with NL (Invitrogen, USA) and the second setup
containing heavy lysine (HL) ('3C® '’N2-L-lysine; Sigma-
Aldrich, Germany). The best initial inoculum concentration
for each setup was optimized by inoculating with various
concentrations of cells (1 X 10°, 5% 10°, and 1x 107 cells/
mL) in a 96-well microtiter plate and incubating at 37 °C in
a CO, incubator with shaking for varying time intervals. The
N. gonorrhoeae culture from both the setups was observed
by the Microflex LT Biotyper instrument (Bruker Daltonik,
Bremen, Germany) every 2 h for determining the optimum
incorporation of stable heavy isotopes.

Optimization of the drug concentrations

Three independent 300-puL setups were prepared for each
isolate, the first setup containing media supplemented
with NL, the second setup containing media with HL, and
the third containing HL with ciprofloxacin/azithromycin
(HL + Cip./HL + Azi.) at different concentrations (Cip.
(0.015 to 8 ug/ml) and Azi. (1 to 16 ug/ml)).

Sample preparation and data acquisition

The cells of N. gonorrhoeae were transferred into a sterile
1.5-mL centrifuge tube and pelleted down. The supernatant
was carefully aspirated without disturbing the pellet. 25 pl
of milli-Q water was added to the cell pellet and vortexed
vigorously, 2 ul of this suspension was spotted on the
MALDI plate and air-dried. The dried spot was overlaid with
1 pl of HCCA matrix solution and dried at room temperature.
Each spot was examined by using the Microflex LT Biotyper
instrument (Bruker Daltonik, Bremen, Germany) with the
default instrument settings as follows: laser frequency;
60 Hz, lens; 8.5 kV, ion source 1; 20 kV, and ion source 2;
18.1 kV. Spectra were recorded in the positive linear mode
in the mass range of 1000 to 12,000 Da with 25-35% laser
intensity, and spectra produced by a sum of 240 laser shots
were considered for each sample to analyze the data [18].
The MALDI Biotyper 3.1 was used to analyze the acquired
data.
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Analysis of acquired spectra

The FlexAnalysis 3.3 program (Bruker Daltonics GmbH,
Germany) was employed for the visual analysis of the
spectra. Briefly, the spectra were smoothened and baseline
subtracted, and this data was subjected to visual analysis.
The results of the visual analysis were reconfirmed by virtual
gel analysis and cluster analysis. The similarity in the spectra
obtained from the N. gonorrhoeae isolates grown in different
setups was observed by using the virtual gel analysis module
present in the MALDI Biotyper software, which represents
all the significantly visible peaks as bands on the virtual gel
created by the module. Clustering of the spectra obtained
from different setups was accomplished by constructing the
PCA dendrogram. The PCA dendrogram determined the
similarity and differences between the spectra acquired from
different conditions [20].

Results

N. gonorrhoeae isolates and antimicrobial
susceptibility profile

Antimicrobial susceptibility testing of the clinical isolates
demonstrated 3 isolates as susceptible and 22 isolates to
be resistant to ciprofloxacin. On the contrary, 22 isolates
were noted to be susceptible while 3 were found resistant to
azithromycin (Fig. S1).

Optimization of media components and inoculum
concentration

The growth curves for WHO-M, WHO-P, and ATCC49226
were plotted using ODgy, for time O to 24 h at time intervals
of 2 h. The isolates displayed no noticeable variations in

the growth curves with varying concentrations of lysine,
200 mg/L of lysine was used for the further experiments
to flush in a high concentration of lysine (Supplementary
Fig. S2). It was observed that the cells harvested at the
time point of 6 h were consistently demonstrating the
incorporation of the stable heavy isotope with a cell number
of 1x 107 cells/mL (Supplementary Fig. S3). Thus, a count
of 1x 107 cells/ml was used for all the further experiments.

Assessment of acquired spectra using existing
database

The acquired spectra of the isolates grown in NL and HL
were compared with the existing MALDI-TOF MS database
to assess the identification status. None of the isolates
growing in HL had a log score < 1.4 and were not identified
as N. gonorrhoeae during the MALDI-TOF MS analysis,
while all the isolates growing in NL were correctly identified
as N. gonorrhoeae with a log score of > 1.9 (Supplementary
Table S1 & S2).

Assessment of the spectral shift

Flex analysis software was used for the pre-processing of
acquired raw spectra for further analysis. N. gonorrhoeae
cells grown in the media with HL showed a significant
spectral shift, indicating enough incorporation of HL into
the newly dividing cells (Fig. 1). Ten significant peak shifts
were selected for resistance analysis between mass range
of 2000-10,000 Da (m/z) and the mass tolerance of +3 Da
was designated as the same peak. The peak shift for isolates
grown in media with HL with respect to NL was 8 to 80 Da.
It is well known that single heavy isotope incorporation
increases the mass by 8 Da and every shift was found to be
the approximate multiple of 8 (Table S3).
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Visual resistance profiling and cut-off drug
concentration

Flex analysis software was used to visualize the spectra
obtained from three different setups, (a) medium with NL,
(b) medium with HL, and (c) media with heavy lysine and
drug (HL 4 Cip/HL + Azi.). The direct visual observation of
spectra aptly differentiated resistant and susceptible isolates,
resistant isolates displayed the incorporation of the heavy
isotope into their proteins in the presence of the drug. Owing
to the incorporation of heavy isotopes, the spectra were
similar to the spectra obtained in the HL setup. In contrast,
spectra of the isolates susceptible to the drug were identical
to the spectra obtained from the isolates in the presence of
NL (Fig. 2). It was observed that 0.12 pg/ml of ciprofloxacin
and 2 pg/ml of azithromycin were enough to inhibit the
growth of susceptible N. gonorrhoeae isolates to the extent
that there was no or very low incorporation of the HL.

Validation of results by virtual gel and PCA
dendrogram analysis

The results obtained by the visual inspection were further
confirmed by constructing virtual gel and PCA dendrogram,
both virtual gel analysis, and PCA dendrogram confirmed
our findings. It was noted that HL and HL + Drug spectra
generated highly similar banding patterns in virtual
gel analysis and generated a single clade in the PCA
dendrogram; NL produced a different banding pattern and
was placed in a separate clade (Fig. 3) in the case of resistant
isolates. When looking for susceptible isolates, the isolates
grown in NL and HL 4+ Drug produced a similar banding
pattern was generated, whereas the susceptible isolates
grown in HL produced a different banding pattern (Fig. 4).

Discussion

MALDI-TOF MS has revolutionized the identification
and antimicrobial susceptibility of bacteria and fungi. It
is also an innovative technique employed for the detection
and quantification of metabolites, peptides, proteins,
recombinant proteins, and degraded products for precise
detection of susceptibility profiles [21]. MALDI-TOF MS
has earlier been employed for the detection of 3-lactamases
[22] and has the potential for the detection of drug
susceptibility in bacteria and fungi [16-18, 23].

The present study demonstrates the development of a
drug resistance detection method for N. gonorrhoeae based
on stable isotope labeling, involving the incorporation
of ’C-labeled amino acids. In this study, we used a
modified GW medium, which was deficient in L-lysine,
and subsequently, the concentration of lysine was also
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standardized for the optimal growth of N. gonorrhoeae,
and L-lysine was opted in owing to its high incorporation
in ribosomal proteins. The L-Lysine at a concentration of
100 mg/L was able to support the growth of N. gonorrhoeae
isolates still 200 mg/L of lysine was used for better
reproducibility of the results [24]. The cell count and drug
concentrations were standardized for the detection of drug
resistance using the MALDI-TOF MS. Several cell divisions
are necessary to facilitate the optimum incorporation of the
heavy isotopes and their detection. In the present study, the
time for incubation was standardized to be 6 h compared to
previous studies that demonstrated results in approximately
3 h [17]. This delay in time could be attributed to the
fastidious nature of N. gonorrhoeae. The classical detection
methods of drug resistance in N. gonorrhoeae take
18-24 h and thus, this assay may be helpful in reducing
the turnaround time for antimicrobial susceptibility testing.
The differentiation of susceptible and resistant isolates was
made by assessing their ability to uptake HL in presence
of the drug. The differences in spectra acquired from
susceptible and resistant isolates grown in the presence of
HL + Drug were visually observed to be non-identical. The
spectra of susceptible N. gonorrhoeae isolates in presence
of HL + Drug were similar to the spectra observed in the
isolates grown in a medium with NL, whereas the spectra of
resistant isolates grown in the presence of HL + Drug were
completely different from the spectra of the isolates grown in
the presence of NL and similar to HL. The data acquisition
was performed using the default settings of the instrument
for the species identification, which demonstrates the ease
of use of the same method. This method can be employed
in the laboratories using the MALDI-TOF MS for bacterial
identification for antimicrobial susceptibility testing without
much hassle. The results of the findings were validated by
the Virtual 2-D gel analysis and PCA dendrogram. The
results thus predicted were completely concordant to the
results of the E-tests, which might be due to the availability
of the low number of N. gonorrhoeae isolates susceptible
to ciprofloxacin and resistant to azithromycin. The time
needed to produce results was observed to be 6 h, which is
in turn very less compared to the time required to perform
routine the E-test or agar dilution methods and the same was
noted to be in congruence to the previous studies [18, 23].
The current method is a phenotypic method that exploits
changes in the metabolic profile of the organism to decipher
antimicrobial susceptibility. Moreover, being a phenotypic
method, it can precisely predict antimicrobial susceptibility
irrespective of mutations and other mechanisms imparting
resistance in the N. gonorrhoeae isolates.

The protocol standardized in the present study can be
exploited for the detection of drug susceptibility profiles,
after evaluating and standardizing the breakpoints even for
other drugs in N. gonorrhoeae. The availability of a smaller



Brazilian Journal of Microbiology (2023) 54:1819-1825 1823

Fig.2 Representative figure -
showing a comparison of A HL+Cip B
spectra from susceptible ‘

(Cip.=0.12 pg/mL, . I | |
Azi.=0.5 pg/mL) and resistant . N I N AL WA

(Cip.=1 pg/mL Azi.=2 pg/ 3 —
mL) isolates by direct visual -'!j HL :}
inspection. A, E In susceptible 2 =
isolate, the spectra of HL + Cip./ % g
HL + Azi. are similar to NL. - E

B, F The overlapped view of

spectra also showed similarity
between NL and HL + Cip/
HL + Azi. in susceptible isolate. A

C, G In susceptible isolate, the = SN Z2RA
spectra of HL + Cip./HL + Azi. 5000 5500 6000 6500 7000 75020 6000 6200 6400 6600 6800 7000 720lr)n/z

are similar to HL. D, H The
overlapped view of spectra [ T R

also showed similarity between l HL+Clp
HL and HL + Cip. in resistant " '

isolate b | l 1/
3 HL |3
s -
. ]
: ;
2 =
€ =

@ij@i

3500 4000 4500 5000 5500 6000 6500 7000 4800 4850 4700 4750 4800 4850 4900 e

MM
i /

4500 5000 5500 6000 6500 ; 4500 4750 5000 5250 5500 5750 6000 6250 6500/
miz miz

Intens. [a.u.
Intens. (a.u,)

G HL+Azi | [H

gut
nul

Intens. [a.u.
ens. [a.u.

In

WA
L

4500 5000

4500 4750 5000 5250 5500 5750 6000 6250 6500
miz miz

@ Springer



1824

Brazilian Journal of Microbiology (2023) 54:1819-1825

Fig.3 The representative PCA
dendrogram derived from
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drug susceptibility status. A
The spectra obtained from
ciprofloxacin susceptible isolate
show clustering of HL + Cip.
and NL spectra. B The spectra
obtained from ciprofloxacin
resistant isolate show clustering
of HL + Cip. and HL spectra.

C The spectra obtained from
azithromycin susceptible isolate
show clustering of HL + Azi.
and NL spectra. D The spectra
obtained from azithromycin
resistant isolate show clustering
of HL 4+ Azi. and HL spectra
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susceptible isolates in three
different setups. A The banding
pattern of HL + Cip. and NL
was similar in susceptible
isolate. B The banding pattern
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