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Abstract: Characterizing Mycobacterium tuberculosis (MTB) and detecting its drug resistance are challenging

for clinical laboratory diagnosis, largely due to its slow growth and higher rate of genetic mutation. Matrix-

assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MSY) is a revolutionary

technique for the routine identification of microorganisms. In this review,

s the application status of

mass spectrometry in the identification and drug resistance of M. tubercudosis.
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Introduction

Tuberculosis (TB) remains one of the mo&ious health
rld (1) Methods

osis (M'TB) are
tests, typically require

threats facing several parts of the
for identifying Mycobacterium tu
conventionally based on bioche
several weeks for adequate g sdand accurate results
are often difficult to achieve. ides the lengthy time
required for identification, the emergence and transmission
of multiple drug-resistant tuberculosis (MDR-TB) and
extensive drug-resistant tuberculosis (XDR-TB) render
control and prevention of tuberculosis even more difficult.
The MDR phenotype is defined as resistant to at least
isoniazid and rifampicin—the two most effective drugs
recommended by the WHO for the first-line treatment
of TB (2). Thus, the principal problems confront us
exist in two respects. The first is to reduce the time and
costs associated during the diagnosis of tuberculosis by
conventional methods. Another is to speed up the efficiency
and accuracy of drug susceptibility and resistance testing.
New strategies have been developed largely using
molecular biology tools (3). Techniques based on DNA
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hybridization are sensitive, fast, and simple, but the
available commercial assays (AccuProbe; Gen-Probe, San
Diego, CA, USA) are able to identify only four species
and two complexes of mycobacteria. Techniques requiring
amplification followed by a hybridization step on a solid
support are more complete than probes, but commercially
available kits are limited to 5 (Geno-Type MTBC; Hain
Lifescience GmbH, Nehren, Germany), 16 (Inno-LiPa
Mycobacteria v2; Innogenetics, Gent, Belgium), or
30 (Geno'lype Mycobacterium; Hain Life science GmbH,
Germany) species (4). Systems based on sequencing or
enzymatic restriction targeting the hsp65, 16S rRNA, sod,
and 7poB genes allow good identification of all mycobacteria
at the species level but remain limited to specialized
laboratories (5). In addition, they are expensive and time
consuming and require highly-qualified operators. More
recently, alternatives based on the analysis of mycolic acid
by high-performance liquid chromatography (HPLC)
or electrospray ionization-tandem mass spectrometry
analysis (6) have been proposed. In this review, the authors
discuss the application status of mass spectrometry, to the
identification and drug resistance of M. tuberculosis.
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Identification of M. tuberculosis using they obtained species-specific mass spectra for the creation
MALDI-TOF MS of a local database. Using this database, their protocol
enabled the identification by MALDI-TOF MS of 87

The identification of bacteria by mass spectrometr . . e ..
y P v M. tuberculosis, 25 M.avium and 12 non-tuberculosis clinical

dates back to the 1970s, where researchers first described

. ) ) isolates with identification scores 22 within 2.5 hours. Thus
the use of mass spectrometry to identify bacteria (7).

MALDI-TOF MS appears to be an alternative first-line

Despite the promise of this work and the development of approach to the routine identification of a large majority

significant advances in specimen preparation, adoption of

of bacteria commonly cultured in the clinical microbiology

this technology by clinical laboratories occurred slowly. . ..
gy by ¥ laboratory. Nevertheless, the experimental conditions must

Early studies targeted the analysis of polar fatty acids that be carefully managed, as the MALDI mass spectra acquired
are heavily dependent on both bacterial culture and MALDI
sample preparation conditions (13).

In order to address these above problems, Lotz et al. (14)
engineered a strategy to identify mycobacterial strains

using MALDI-TOF MS without cell extraction, and instead

comprised 5% to 8% of the dry cell weight of bacteria,
whereas more recent studies have focused on analysis of
basic proteins, primarily in the mass range of 2,000 to
20,000 Da (60% to 70% of the dry cell weight of bacteria).

An overview of MALDI-TOF MS based on the ch@a limited number of species-specific

profiles. A total o trains belonging to 31 distinct species
Matrix-assisted laser desorption ionization-time-of-flight and 4 speci mpleXes grown in Lowenstein-Jensen (L]) and
mass spectrometry (MALDI-TOF MS) has emerged liquid [myr fum growth indicator tube (MGIT)] media

as a novel tool for rapid and reliable identification of werefnalyzed to validate the mycobacterial database that was

constructed for mycobacterial species isolated from human

disrupted cells (8) or intact bacterial cells (9). Bacterial pathology. Correct identifications were obtained for 97%
colonies can be removed from agar culture plates, mixed with ains from LJ and 77% from MGIT media. The result

an excess of UV-absorbing matrix, and dried on steel tarv suggested that this system may represent a legitimate alternative
s
e

microorganisms by analysis of protein profiles from either

plates. The dried preparations are then exposed to la for clinical laboratories to identify mycobacterial species.

pulses, resulting in energy transfer from the matgi th Machen ez al. (15) developed two novel protocols for
nonvolatile analyte molecules, with desorption of ayte inactivation and extraction to identify 107 Mycobacterium
into a gas phase. The ionized molecules accelerated clinical isolates, including M. tuberculosis complex, from
by electric potentials through a flight tube tg, the mass solid cultures using Vitek matrix-assisted laser desorption
spectrometer, with separation of the b kers determined ionization-time of flight (MALDI-TOF) mass spectrometry
by their mass/charge ratio (m/z). The of biomarkers (bioMérieux, Marcy I’Etoile France). The protocol using
acquired by the mass spectro tem is then compared heat inactivation with sonication and cell disruption with
to profiles of a collection of wellscharacterized organisms glass beads resulted in 82.2% and 88.8% species and genus
contained in a knowledgebase (10). level identification, respectively.
These previously published protocols are relatively
Identification of M. tuberculosis by MALDI-TOF MS complex, invol.ve significant preparation t.ime, and 'the
required materials are not usually present in the typical
Recently, several studies have provided the proof-of-concept clinical laboratory. In 2013, Mather ez al. (16) tested two

that MALDI-TOF MS can also identify mycobacteria (11). simplified protein extraction protocols developed at the
Indeed, this technique has emerged over the last few years University of Washington (UW) and by bioMerieux

as a revolutionary technique for the routine identification of (BMX) using two different mass spectrometry platforms
bacterial isolates. El ez a/. (12) proposed an original protocol (MALDI Biotyper by Bruker Daltonics; and VITEK MS by
for the MALDI-TOF MS identification of heat-inactivated bioMérieux). Both extraction protocols included vortexing
mycobacteria after dissociation in Tween-20, mechanical with silica beads in the presence of ethanol. The commercial
breaking of the cell wall, and protein extraction with formic Bruker database was also augmented with an in-house
acid and acetonitrile. By applying this protocol to as few as 10’ database composed of 123 clinical Mycobacterium strains.
colony-forming units of reference isolates of M.ruberculosis, A total of 198 clinical strains, representing 18 Mycobacterium
Mycobacterium avium, and 20 other Mycobacterium species, species, were correctly identified to the species level 94.9%
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of the time when extracted using the UW protocol and
compared to the augmented database. The BMX protocol
and VITEK MS system resulted in correct species level
identifications for 94.4% of these strains. In contrast, only
79.3% of strains were identified to the species level by
the non-augmented Bruker database, although use of a
lower identification score threshold (=1.7) increased the
identification rate to 93.9%, with two misidentifications that
were unlikely to be clinically relevant. The two simplified
protein extraction protocols described in this study are easy
to use and can be used to identify commonly encountered
Mycobacterium species.

Other methods based on mass spectrometry

In addition, several other methods based on mass
spectrometry are being explored. Dang et al. (17) developed
a 20-compound model to distinguish between M'TB and
NTM using gas chromatography-mass spectrometry and
chemometrics. They reported validation of this model with
two independent sample sets, one consisting of 39 M'TB and
17 non-tuberculous Mycobacteria (NTM) isolates from the
Netherlands, the other comprising 103 isolates (91 MTB
and 12 NTM) from South Africa. All of the MTB strai
in the 56 Dutch samples were correctly identified and th
model had a sensitivity of 100% and a specifici 4% .
For the South African samples the model had assensitigity of
88% and specificity of 100%. Kataria ez ﬂh&conducted
a proteomic analysis of tuberculousgheningitis (TBM)
cerebrospinal fluid (n=20) with 2-dim difference gel
electrophoresis (2D-DIGE) an ss spectrometry. They
found that arachidonate 5 —lipo%e may be considered
r diagnosis of TBM.
Identification of mycobacteria and other acid-fast

for validation as a potential marke

organisms by mass spectrometry still poses a considerable
challenge. However, as a rapid, relatively inexpensive method
for the identification of mycobacteria, this technology may
quickly become a widespread application in routine clinical
practice.

Detection of drug resistance in M. tuberculosis
by MALDI-TOF MS

Genetic mutation associated with drug-resistant
M.tuberculosis

Bacteria can resist antibiotic actions by the following
mechanisms: the production of enzymes that inactivate
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antibiotic molecules (e.g., B-lactamases and aminoglycoside-
modifying enzymes) (19), the hyperproduction or production
of novel efflux pumps and other changes in the cell wall (e.g.,
porin alterations) (20), mutations in target genes [e.g., in
ribosomal protein genes or in genes coding for penicillin-
binding proteins (PBPs)] (21), the bypass of a metabolic
pathway (e.g., the expression of acquired PBPs with a low
affinity for antibiotic molecules), and the production of
proteins that protect the target site (e.g., quinolone resistance
mediated by Qnr) or of target site-modifying enzymes. For
M. tuberculosis, data have been analyzed to outline a set of
SNPs which are appropriate as markers of the RIF and INH
resistance of M. tuberculosis strains (22).

Detection of first-line drug resistance in M. tuberculosis

Ikryannikova ¢
TOF MS

of rifampinia
straifis. Jiang er al. (23) compared the proteomes of
isoniazidsresistant M. tuberculosis strains and isoniazid-
susceptible strains by two-dimensional polyacrylamide gel

rophoresis (2-D PAGE) and MALDI-TOF-MS. The
data obtained from peptide mass fingerprinting were used

22) developed a novel MALDI-
d minisequencing method for the analysis
isoniazid resistance of M.tuberculosis

to conduct a protein database search, and the genes of all
strains were sequenced. They concluded in all protein spot
differences, five protein spots were upregulated in isoniazid-
resistant strains and identified as Rv1446¢, Rv3028c,
Rv0491, Rv2971, and Rv2145 by (MALDI-TOF-MS) and
these results suggested that the differentially expressed
proteins from isoniazid-resistant strains might be used as
potential immunodiagnostic antigens and candidate novel
drug targets against drug resistant tuberculosis.

Determination of second-line drug resistance in M.
tuberculosis

Simner et al. (24) used PCR coupled with electrospray
ionization mass spectrometry (PCR-ESI-MS) for detection
and identification of Mycobacterium spp. and M. tuberculosis
complex (M'TBC) resistance determinants from solid and
broth Middlebrook culture media. The performance of
the MDR-TB assay was compared to identification using
nucleic acid hybridization probes and 16S 7RNA gene
sequencing for 68 MTBC and 97 N'TM isolates grown
on agar and 107 cultures grown in Bactec MGIT broth.
MTBC resistance profiles from the MDR-TB assay were
compared to results with the agar proportion method.
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The PCR-ESI-MS system correctly identified all MTBC
isolates and 97.9% and 95.8% of the N'TM isolates from
characterized agar cultures and MGIT broth cultures to
the species level, respectively. In comparison to the agar
proportion method, the sensitivity and specificity for the
detection of drug resistance using the MDR-TB assay
were 100% and 92.3% for rifampin, 100% and 93.8% for
isoniazid, 91.6% and 94.4% for ethambutol, and 100% and
100% for fluoroquinolones, respectively. The MDR-TB
assay appears to be a rapid and accurate method for the
simultaneous detection and identification of mycobacterial
species and resistance determinants of MTBC from culture.

Kumar et a/. performed a proteomic analysis of
M. tuberculosis isolates resistant to kanamycin and amikacin
using two dimensional gel electrophoresis (2DGE),
MALDI-TOF and bioinformatic tools such as BLASTP,
InterProScan, KEGG motif scan and molecular docking.
The major finding implicates that two hypothetical proteins
(Rv3867 and Rv3224) might be playing some crucial role
in contributing resistance to second line drugs. Further
application in this direction may lead to the development of
newer therapeutics against tuberculosis (25).

In brief, MALDI-TOF MS is used to detect the probable

proteins or oligonucleotides related to the resistance, ba 6.
on the specific peptide mass fingerprinting in protei

database, and the drug susceptibility of M. ruber; can'

be resolved. These results also suggest that the differentally
expressed proteins from resistant strains&t> be used
as potential immuno-diagnostic antigens and ‘@ovel drug

candidates against drug resistant tube is.

Future prospects

MALDI-TOF MS has been successfully adapted for
the routine identification of mycobacteria with standard
protocols for sample preparation and standard approaches
to quantify reproducibility. This revolutionary technique
allows for easier, cheaper and faster diagnosis of
mycobacterial pathogens compared with conventional
phenotypic identification methods. However, detection of
drug resistance by mass spectrometry is still in the initial
stages of exploration, and more efforts should be focused on
this aspect in the future.
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