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A systematic assessment of matrix-assisted laser
desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS) application for rapid
identification of pathogenic microbes that affect
food crops: delivered and future deliverables

lyyakkannu Sivanesan,® Judy Gopal, €2° Nazim Hasan® and Manikandan Muthu*®

MALDI-TOF MS has decades of experience in the detection and identification of microbial pathogens.
This has now become a valuable analytical tool when it comes to the identification and detection of
clinical microbial pathogens. This review gives a brief synopsis of what has been achieved using
MALDI-TOF MS in clinical microbiology. The major focus, however, is on summarizing and
highlighting the effectiveness of MALDI-TOF MS as a novel tool for rapid identification of food crop
microbial pathogens. The methods used and the sample preparation methodologies reported thus
far have been highlighted and the challenges and gaps and recommendations for fine tuning the
technique have been put forth. In an era where anything close to the health and welfare of
humanity has been considered as the top priority, this review pitches on one such relevant research

rsc.li/rsc-advances topics.

1. Introduction

Matrix-assisted laser desorption/ionization Time of Flight Mass
spectrometry (MALDI TOF MS), is one of the soft ionization
methods that detect molecular ions from the analyte, with the
aid of laser energy generally from UV or IR range lasers and
matrices.”” Ever since the discovery of MALDI TOF MS, it has
been employed for the analysis and identification of a vast
variety of molecules. MALDI MS technology have become
popular among analytical methods because of its rapidity,
accuracy, simple sample preparation methods, minimal frag-
mentation and ability to yield precise information of the analyte
molecules. These features have enabled its consideration and
applications as one of the most important analytical tools in
physical, chemical, biological, engineering and medical
research.’ The role of MALDI MS is humongous when it comes
to the analysis of biopolymers such as proteins,** peptides,*”
saccharides,®*® and nucleic acids."*** Further research has also
been extended to small molecule analysis."** Apart from these,
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in medical sciences, MALDI MS has been employed to unravel
the molecular dysfunctions in human diseases i.e., cancer,
cardiovascular,” and liver-associated diseases’ utilizing
different sample processing protocols.

Though MALDI MS-based microbial identification method is
a burgeoning platform, it has extensively been reported for the
detection and identification of bacteria in clinical samples,**>*
mycobacteria,”*?>* fungi, protozoans
arthropods.”**® With respect to microbial identification, the
clear edge lies in its low cost and short analysis time, compared
to the traditional microbial identification methods. Generally,
for microbial identification via biochemical and 16S/18S rRNA
gene sequencing, approximately 48 h and an operational cost of
USD 100 will be required.** In MALDI-TOF MS based bacterial
identification system, the organisms can be directly identified
by subjecting either intact cells or cell extracts along with matrix
solution for direct MALDI-TOF MS analysis. This has enabled
the technique to be become an attractive option for microbial
identification, strain typing, epidemiological studies and
detection of biowarfare agents, water and food-borne patho-
gens, antibiotic resistance microbes, and pathogens from the
blood and urinary tract.**** Unlike organism-specific proce-
dures of the traditional microbial identification methods, the
generalized sample preparation procedure devised for MALDI
TOF MS-based microbial identification for a plethora of
organisms including bacteria, fungi, and yeast, makes it
a unique standalone method in microbial identification.
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Plant resources, in particular food crops, are prime sources
that the human society rely on for basic survival. MALDI MS
platform has been effectively applied for the identification of
food-associated pathogenic bacteria like Campylobacter sp.
Cronobacter sp., Listeria sp., Salmonella sp. and Vibrio sp. and
their clinical isolates after isolating them from their respective
food sources and subjecting them to MALDI MS analysis.**™*°
Food crops are often affected by a wide variety of plant path-
ogens, that inflict severe damage to food crops. This triggers
annual agricultural trade losses amounting to $220 billion
worldwide (FAO, 2019). It is important to identify plant
bacterial pathogens to control their impact on plant growth
and health. Generally, plant diseases had been studied using
MALDI TOF MS with traditional sample preparation methods
via extracting samples (protein/metabolites), separating them
on either columns/gels (1DE or 2DE), excision of differentially
expressed protein spots, in-gel digestion and subsequent
analysis of digested protein/peptide using MALDI TOF MS.**
This has been the overall protocol, that has been prevalently
reported by previous workers in this area. However, there is an
impeding limitation in this conventional protocol, with
working on MALDI MS-based identification of plant pathogens
either from cultures or from pre-processed samples of the
cultures/infected plant tissues. In this case, the MALDI MS-
based plant pathogenic microbial identification is only
possible if MS reference spectra of the type strains of specific
genera/species/subspecies/strains are available on the stan-
dard database. This becomes a constraint limiting the iden-
tification of unknowns. Also, compared to the other
specialized areas of microbial identification using MALDI-MS,
plant disease-causing pathogen identification is still in its
primitive phase.

The objective of this review is to project an overview of the
status and recent applications of MALDI-TOF-MS for micro-
bial identification. The usefulness of this exciting new
technology for the diagnosis of plant diseases (resulting
from bacteria, viruses, and fungi), has been summarized
based on compiling the published reports in this field. The
existing methodologies have been listed and the state-of-the-
art updated methodologies have been reported and the
future recommendations for fine-tuning this technique, to
break the current limitations have been discussed and
presented.

2. MALDI-TOF MS operating principle
and workflow in the context of
microbiology

MALDI-MS operates through desorption and ionization of the
analyte molecules with the aid of matrix and laser energy. The
time-of-flight of the accelerated charged analyte molecules (m/z)
is then detected by the detectors (Fig. 1). The mass-to-charge

ratio of the analyte molecules is determined based on the
following equation:

mlz = 2eV(t/L)
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Time-of-flight analyzer

Fig.1 Schematic showing components of MALDI-TOF MS.

where e is the charge of an electron; V is the voltage; ¢ is the
time-of-flight of the analyte and L is the length of the tube.

MALDI MS sample preparation involves the addition of an
analyte and matrix compound (which is an organic compound
that absorbs laser energy), the matrix ionizes the adherent
analyte molecules via proton transfer. The matrix can be added
by thorough mixing or simple overlay onto the samples spotted
on MALDI-MS target plates. During MALDI-MS analysis,
samples that are co-crystalized with matrix will be ionized on
irradiation by the laser beam. The singly protonated ions desorb
from the sample spot and are accelerated at a fixed potential to
reach the detector positioned at the TOF tube according to their
mass-to-charge ratio. MALDI TOF instruments that integrate an
ion mirror to increase the analyte ion flight distance, provide
increased accuracy of analysed molecules.*** The characteristic
mass spectrum of the analytes is in accordance with the TOF
information from the molecular ions resulting from the
samples (Fig. 1).

Fig. 2 presents the steps involved with respect to biological
sample preparation for MALDI MS analysis. Generally, when it
comes to bioanalysis, MALDI MS has predominantly been
employed for the analysis of proteins rather than other
biomolecules. In case of protein analysis, proteins from bio-
logical samples ie., cells and tissues from animal and plant
origin are extracted using the appropriate solvent or buffer
system and analyzed in MALDI MS either as crude samples or
purified products using column chromatographs, 1DE and 2DE
gel separations. In addition to protein identification, MALDI MS
has also been used for the analysis of other biomolecules such

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Overall work flow of steps involved in microbial identification using MALDI-TOF MS. TCA-trichloroacetic acid; FA-formic acid; ACN-

acetonitrile.

as nucleic acids, polysaccharides, lipids, and small organic
compounds from all forms of life.*”*** As in the case of plant
and animal protein analysis, protein preparation for the iden-
tification of microbes, especially for the detection of cellular
proteins, require breaking of cell wall via sonication/extraction
using solvent or buffer system prior to MALDI MS analysis.
However, MALDI MS of microbial extracellular protein analysis
involves using salt/solvents and purification using
chromatographic/gel-based methods. MALDI MS has thus
emerged as a powerful tool for characterizing innumerable

© 2023 The Author(s). Published by the Royal Society of Chemistry

proteins and other biomolecules and metabolites of microbial
origin.

Of late, the technique has been extended to identify
microbes, especially bacteria and fungi based on the molecular
signature peaks obtained from MALDI MS analysis. The signa-
ture peaks obtained from MALDI MS analysis of intact bacterial
samples (intact cell MALDI-MS) or protein preparations of
whole bacterial cells are predominantly the ribosomal proteins
of the bacteria which are generally unique for each bacterial

species. These provide critical information that helps
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distinguish bacterial types within a short period of time.'**
MALDI-TOF MS-based microbial identification does not rely on
marker ion signals but rather it considers the whole MALDI MS
profile spectra that predominantly consisted of highly
conserved ribosomal proteins of bacteria that are specific upto
genus, species, and even subspecies level.>>*>¢

3. MALDI MS spectrum-based
identification of microbial pathogens

The basic principle behind the identification of microorgan-
isms using MALDI MS, particularly bacteria, relies on the mass
spectral profile of that specific organisms in comparison with
the reference strains available either in a constructed library or
with public proteomics/genomics databases.***” The accuracy of
bacterial identification, represented by the identification
scores, absolutely depends on the sample pre-processing
methods involved, including the uniformity in protocols fol-
lowed and the handling skills of the technician for the reference
and test bacterial strains.*”*®

3.1. Methods of sample preparations

For MALDI MS based microbial identification, MALDI MS
instruments from four different manufacturers namely
Bruker Daltonics (Microflex), Shimatzu inc., (Axima Assur-
ance system), VITEK MS (bioMérieux Inc.) and Autobio Inc.,
(Autof MS 2000) have been predominantly used. These
instruments are endowed with MS reference spectral database
consisting of around 5000 species of bacterial and fungal
origin. Out of the MALDI MS instruments used, Microflex of
Bruker is the most extensively used instrument for microbial
identification.**">*

Fig. 2 represents the different sample preparation
methods that have been in practice for the MALDI MS iden-
tification of bacterial isolates. Different sample preparation
methods (pre-analytical processing) have been followed for
generating spectra for the identification of the bacterial/
fungal isolates in MALDI MS-based microbial identifica-
tion. These methods include (i) direct colony
identification,>**° (ii) extraction,***’ (iii) disruption®® and (iv)
enzymatic extraction.>»*°

In the direct method, a small portion of the bacterial colony
was smeared onto the MALDI MS target plate and co-
crystallized by overlaying 1 pL of the desired matrix. After
drying for 10 min, the samples were analyzed using MALDI
MS.>*%¢ In the on-plate extraction method, the bacterial smear
on MALDI MS target plate was extracted by adding 0.5 pL of
70% formic acid and 0.5 pL of acetonitrile. The sample was
then analyzed using MALDI MS after adding 1.5 puL matrix
solution and allowing it to dry for 10 min.*® Yet another
method is evolved with ethanol and formic acid mixture for
the extraction of molecules, predominantly proteins, for
MALDI MS-based identification of bacteria. In this method,
a loop full of the bacterial colony was suspended and vortexed
in 300 pL of molecular-grade water and further 900 pL of 100%
ethanol was added to the mixture, followed by centrifugation
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(12000 rpm for 2 min) and reconstitution of the pellet in 70%
formic acid, lastly acetonitrile (equal volume) was added to
prepare the sample for MALDI MS analysis. From the sample 1
uL of the sample and the matrix were spotted and analysed in
MALDI MS.*>*” Additionally, the cells in water-alcohol mixture
can be subjected to heating (95 °C for 1 h) or 3 cycles bead
beating (60 s) for disruption-based protein/molecule extrac-
tion.*® Similarly, trifluoro acetic acid (TFA) is also used for the
extraction of protein/molecules from the bacteria. In this
method, a loop full of culture from the agar plates is sus-
pended in 50 pL of 80% TFA, vortexed after addition of 150 pL
distilled water and 200 pL of pure acetonitrile, and centrifuged
(12000 rpm for 2 min). One pL sample was analyzed as
described above.*

Generally, all MALDI MS-based microbial identification
systems worked on a similar principle, however, the workflow
followed for the preanalytical process of samples, such as
extraction procedure, the matrix used and the database con-
structed by the different manufacturers are different.®>** The
accuracy of identification depends on the sample preparation
procedure followed. The reference spectral data from the data-
base of each manufacturer differs; it reflects on the accuracy of
identification while using the spectral data obtained from other
instruments. The mode of processing of the acquired spectra
from the test organisms differs. In the Biotyper (Bruker Dal-
tronics) platform, multiple spectra of a test strain can be pro-
cessed, a representative spectral profile is generated, which is
used to search the database for the most similar matches,
leading to identification.®” On the other hand, in Vitek MS
(BioMerieux), a single spectrum is generated out of ten spectra
of the test strains after growing them on different media and
growth conditions.®

3.2. Processing of MALDI MS spectral information for
pathogenic microbe identification

The MALDI MS spectra (2000-20000 Da) of an unknown
microbe obtained using any of the methods described in
Section 3.1 is compared with a similarly constructed reference
spectral library for hitting on the identity of an unknown test
microbe, using statistical analysis packages such as, principal
component analysis (PCA), dendrograms and composite corre-
lation matrix. This leads to identifying clinically irrelevant
microbes from other environmental niches, including soil,
water, air, plants, and others. According to Ashfaq et al.,** of the
total MALDI-MS-based microbial identification from environ-
mental samples, plants sample analysis contributed nearly
20.45%. Thus, the ability of MALDI MS for the rapid identifi-
cation of clinically important microbes has been proven to be
equal to or even better than the conventional identification
methods.>****¢ Although the MALDI MS is employed broadly for
the identification of clinical pathogens of various diseases, we
have given a brief overview of the selective studies where
MALDI-MS has been successfully used to identify pathogens
from diseases such as urinary tract infection, a bacterial infec-
tion in blood cultures, cerebrospinal fluids and respiratory tract
infections.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.3. MALDI MS-based identification of clinical pathogens

3.3.1. Urinary tract pathogens. MALDI-MS surpassed the
conventional pathogenic identification methods with respect to
urinary tract infection because of its rapidity and accuracy. In
this method, first, the leukocytes are removed by differential
centrifugation and the pathogens collected are subjected to
MALDI MS identification.®”” Further, Demarco and Burn-
ham,” used diafiltration-assisted MALDI MS analysis to identify
uropathogens namely Escherichia coli, Klebsiella pneumoniae,
and Proteus mirabilis, after it was desalted, fractionated, and
concentrated, the urine samples were used to MALDI MS.
Recently, Doncevic et al.,”> had developed a tandem mass based
MALDI MS method, and the custom program package for the
identification of pathogens using peptide tandem mass library
contained with 20 917 bacterial species which helped to identify
the organisms without the need for bacterial culturing, from
urine samples.

3.3.2. Blood infections. Bloodstream infections are
a serious concern in that they can cause mortality (3-8%
through endocarditis) through infestation of bacterial or fungal
microorganisms in the bloodstream” and MALDI MS-based
rapid pathogen identification would be useful for choosing
appropriate antibiotic treatments without delay, through early
detection. The application of MALDI MS for the identification of
blood-stream infection was reported for the first time by La
Scola and Raoult.” Further, Foster et al.,” developed a rapid
lysis centrifugation method for identifying microorganisms in
positive blood cultures in the Vitek MS system (bioMérieux) by
which 253 positive monomicrobial blood cultures were identi-
fied to the genus level (92.1%) and species level (88.1%). In
addition to that, Haigh et al.,”® and Tadros and Petrich,” also
identified the blood stream infection by MALDI MS directly
from blood culture bottles. Short-term incubation of blood
cultures on a solid medium was found to enhance the
diagnostic/identification efficiency of MALDI MS in the identi-
fication of microbes in blood stream infection.”®**

3.3.3. Respiratory tract infections. Pneumonia affects the
respiratory tract in children and the elderly population and it
accounts for 14% death in children under 5 years. Although
Pneumonia is caused by a variety of pathogens, Streptococcus
pneumonia, Legionella pneumophila, are the only two organisms
identified by MALDI MS in which Streptococcus pneumonia from
nonpneumococcal S. mitis group species was successfully
distinguished with <1% (1/116 isolates) misidentification in
Vitek MS v2.0 MALDI-TOF-MS System.®> On the other hand, out
of 75 isolates studied, 64 were precisely identified to species
level using MALDI Biotyper (version 2.0; Bruker Daltonics).*
Recently, MALDI MS based Optochin susceptibility test which is
the standard test for differentiating Streptococcus pneumoniae
from other Streptococcus mitis group Streptococci was done.®*
More recently, a systematic review had been published on the
identification of pathogens that cause blood stream infection
using MALDI MS tool.*

Apart from that, MALDI MS based Klebsiella pneumonia
identification from Cerebrospinal fluid of a patient with
bacterial meningitis is reported.***” The effectiveness of MALDI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MS in anaerobic pathogenic bacterial identification was
assessed using meta-analysis of 28 studies covering 6685
anaerobic bacterial strains. The outcome of the study showed
that the identification accuracy of anaerobic bacteria for species
level was 84% (I* = 98.0%, P < 0.1), and 92% (I* = 96.6%, P< 0.1)
at species and genus levels respectively.®®

4. MALDI MS-based identification of
plant-associated microbes

4.1. Endophytes

The microbes generally associated with plants pose both
beneficial and harmful effects. Plant growth promotion is one of
the beneficial effects, caused by microbes. On the other hand,
plant diseases caused by microbes are the predominant harm-
ful effect. In most cases, those microbes are predominately
identified by 16S rRNA gene sequencing. However, after the
development of MALDI MS-based microbial identification, it
was largely extended to identify plant-associated bacteria and
fungi. To check the feasibility of MALDI MS in assessing
bacterial diversity in wheat roots, in comparison with 16S rRNA
sequencing, Stets et al.,* isolated the bacterial isolates from the
root extracts of wheat plants and subjected them to Autoflex II
MALDI MS (Bruker daltonics inc.) and analyzed the spectra on
Speclust algorithm,* a clustering platform. It was this prelim-
inary study that proved that the mass spectra could be clustered.

Mathuri et al, (2012) also used MALDI MS for clustering
studies of spectral clustering along with 16S rRNA gene
sequence-based identification of the endophytic bacterial
isolates from various tissues of banana plants. Their study
revealed that 43 bacterial isolates that cluster with Pseudo-
monas, Enterobacter, Ewingella, Bacillus, Rahnella, Serratia,
Yokenella, Enterobacter, Yersinia, Raoultella, and Klebsiella
species, and most of them possessed plant growth promoting
(PGP) activities through nitrogen fixation, phosphate solubili-
zation, and siderophores production. In another study, Tani
et al.,”* studied methylotrophs diversity by isolating them from
115 plant species on methanol agar plates and identifying them
using whole-cell MALDI MS otherwise called WS MS. Apart from
that, Sura-de Jong et al,” studied the cultivable endophytic
bacterial diversity of hyper selenium accumulators namely,
Stanleya pinnata and Astragalus bisulcatus roots, stems, leaves
through MALDI MS/Biotyper platform and 16S rRNA gene
sequencing that revealed the presence of bacterial endophytes
such as Variovorax, Bacillus, Staphylococcus, Pseudomonas, Pae-
nibacillus, Advenella, Pantoea, and Arthrobacter.

Further the endophytic bacterial diversity was assessed from
different plant tissues of Curcuma zedoaria, white zinger, by
Sulistiyani et al., (2018) after isolating them, and subjecting the
isolates to MALDI MS (Axima system). The authors claimed that
the technology identified 16.67% and 34.85% respectively to
genus and species level, accurately (Sulistiyani et al, 2018).
Using ultraflex Xtreme mass spectrometer (Microflex-Bruker
Daltonics/BioTyper™), Junior et al.®* elucidated the cultivable
diversity of endophytic bacteria that showed a very promising
effect on the growth of garlic plants (Allium sativum L.).”* The
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organisms subjected to the analysis (N = 48) were distinctively
grouped into 11 groups based on the mass signatures and
54.2% (26 isolates) and 16.7% (8 isolates) were reliably identi-
fied at the species and genus level respectively based on their
score values demarked by Bruker, (2019).

Toubal et al,* characterized the endophytic bacterial
diversity of Algerian Great Nettle (Urtica dioica L.), a medicinal
plant used to treat painful muscles and joints, eczema, arthritis,
gout, and anemia in Algeria using MALDI-TOF MS. In that
study, the authors isolated 57 endophytic bacteria using the
MALDI MS platform (Microflex-Bruker Daltonics/BioTyper™)
that categorized them into 11 bacterial species. Similarly, using
Burker MALDI MS/Biotyper platform, endophytic bacterial
diversity was assessed from Canola, after isolating them on
Tryptone Soy Agar (TSA) medium, and MALDI MS was able to
efficiently identify 94% of the isolates with high score values
(2.0) in the Biotyper 3.0 database.”® The endophytes dwelling in
the nodules of three legumes of the Phaseoleae tribe (cowpea,
soybean or siratro) were examined by MALDI MS.* The authors
obtained bacteroids from the nodules by crushing the nodules,
removing the debris and collecting the bacteroids by centrifu-
gation (20 000g). The bacteroids were used for MALDI MS
(AXIMA Simatzu corp)/SARAMIS platform-based identification
by following preanalytical protocols such as: (i) the direct smear
method, (ii) a suspension in 25% formic acid, or (iii) a pre-
purification step for cellular proteins via extraction with aceto-
nitrile and 70% formic acid. For the detection/identification of
endophytic bacteria, researchers rely on pure bacterial cultures
isolated from plant tissues and MALDI MS databases developed
by the manufacturers since culturing of bacteria is a time-
consuming process. Therefore, we have shortened the time of
identification of endophytic bacterial analysis, using lysozyme
as MALDI MS biosensors for the identification of root nodule
bacteria. We have detected and identified endophytic bacteria
from peanut plants (Arachis hypogaea L.) directly from
a complex real-world sample. For the identification of bacteria
from the root nodules of peanut plants, we crushed the roots
and pre-treatment them with lysozyme biosensors and studied
the supernatant using MALDI MS coupled with Biotyper plat-
form. We have successfully identified Rhibizobial species on the
inhouse extended Bruker database.® Furthermore, Forty-two
Endophytic fungal (Colletotrichum) isolates from Astrocaryum
sciophilum, ommon palm trees of amazon forest were verified by
Bruker MALDI MS platform coupled with Biotyper®” and the
analysis grouped the isolates into 18 distinctive groups and thus
the authors had elucidated the strain variability of the vari-
ousColletotrichum strains using MALDI MS tool.

4.2. Plant pathogens

Identification/detection of plant pathogens is a critical prereq-
uisite for the management of plant disease and economic losses
caused by plant pathogens. It is well known that MALDI MS is
known for its speed and accuracy in the identification of clinical
pathogens and various reports concerning the identification of
human pathogens are adequately available. However, the
application of MALDI MS related to the identification of
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phytopathogens is comparatively lesser than other human
pathogens identified. In plant pathology, MALDI MS has
become an unavoidable tool for studying plant-microbe inter-
action, in particular, molecular interactions through proteo-
mics, metabolomics. Using both these techniques, protein or
small molecules have been studied in MALDI MS after separa-
tion ie., for protein separations, 2D gel electrophoresis or
columns have been used. More recently, we have consolidated
the role of MALDI MS in plant pathology research*' that gives
the broader picture of MALDI MS and it supportive techniques
in elucidating the molecular changes under different patho-
logical conditions. Although MALDI MS is a renowned analyt-
ical technique for bacterial/fungal identification or detection,
research on phytopathogen detection using MALDI MS is
limited.

Intact cell MALDI MS was applied to facilitate the identifi-
cation of Pantoea stewartii subsp. stewartii that causes Stewart's
wilt in sweet corn.”® The authors isolated the bacteria from
infected plant parts and washed them in distilled water and
subjected to MALDI MS analysis after lysing them in 70%
ethanol. The identity was validated on Biotyper platform using
signature peak comparisons correlated with that on the data-
base. Though the MALDI MS method identified a bacterial
agent that causes Stewart's wilt, it was not extended to real
sample analysis. It is crucial to identify wilt-causing plant
pathogenic Clavibacter michiganensis (consisting of five
subspecies), infecting a wide range of host plants such as
alfalfa, tomato, corn, potato and wheat. To identify such
bacteria (sub species of C. michiganensis), Zaluga et al.,”® used
the protein extraction method prescribed by Bruker Daltonics
[Bruker, 2019/24] and analysed them in 4800 Plus MALDI TOF/
TOFTM Analyzer (AB Sciex, Belgium) and clustered the similar
isolates by analysing the spectral peaks using the UPGMA
(unweighted pair group method with arithmetic mean) clus-
tering algorithm. To confirm the bacterial MALDI MS analysis,
Gyr B sequence analysis was also carried out. Although the
authors used AB Sciex mass spectrometer, they have used
Bruker daltonics' preanalytical sample processing methods.

The pathogens Acidovorax oryzae which causes bacterial
stripe in rice and Acidovorax citrulli that causes bacterial fruit
blotch (BFB) in cucurbit plants are very difficult to differentiate.
Therefore, Wang et al.,'” used MALDI-TOF MS in combination
with FTIR to successfully differentiate both strains. The isolated
cultures of both strains were subjected to MALDI MS analysis
after a single water wash and 22 MALDI MS peaks were identi-
fied specifically conserved belonging to Acidovorax oryzae and
18 peaks of Acidovorax citrulli; based on the conserved spectral
peaks the strains were differentiated. MALDI MS has been re-
ported to be one of the most reliable techniques for the iden-
tification of Dickeya and Pectobacterium species, which are
responsible for blackleg and soft rot diseases in a broad range of
commercially important plants. In apple and pear pathogens
that cause soft rot such as Erwinia amylovora and Erwinia pyr-
ifoliae and other epiphytes of Erwnia species such as Erwinia
tasmaniensis and Erwinia billingiae, MALDI MS/biotyper plat-
form and PCR based sequencing analysis of highly conserved
genes (Wensing, et al., 2012) came handy. In another study, Niu
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et al,"™ MALDI MS equipped with post-source decay was
applied to identify the compounds isolated from a Rhizobacte-
rium species, exhibiting strong antagonistic activity against a fire
blight causing pathogen Erwinia amylovora Ea 273, and soft rot
causing E. carotovora.’®* The authors, based on the results of
MALDI-MS analysis, reported that those compounds were
polymyxin P1 and polymyxin P2.

The role of symbiotic endophytic bacterium, Enterobacter
cloacae in banana plants was investigated by Macedo-Raygoza
et al.,'* using intact MALDI MS cum Biotyper platform based
methods. They also employed MALDI MS for studying nitrogen
transfer from symbiotic endophytic bacterium to the host plant,
which raises its resistance against the Black Sigatoka Pathogen,
Pseudocercospora fijiensis. Recently, MALDI TOF MS was used to
study rice seedlings infected with sheath blight and bacterial
leaf blight pathogens Rhizoctonia solani and Xanthomonas ory-
zae pv. oryzae, respectively.’® The leaf proteome of rice seed-
lings were separated on 2DE gels and the differentially
expressed proteins were identified using MALDI TOF MS.

Salplachta et al.’* had studied the feasibility of 3 analytical
methods to differentiate the strains of Dickeya and Pectobacte-
rium species. The study was conducted with 43 strains from
Dickeya and Pectobacterium species which include D. dia-
nthicola, D. dadantii, D. dieffenbachiae, D. chrysanthemi, D. zeae,
D. paradisiaca, D. solani, P. carotovorum, and P. atrosepticum.
The organisms were differentiated using simple mass signa-
tures. Kajiwara,'® identified bacterial pathogens, such as Bur-
kholderia glumae and Burkholderia gladioli pv. gladioli that cause
bacterial panicle blight of rice and Erwinia chrysanthemi pv.
Zeae, a causative organism for bacterial foot rot, from the
extracts of infected seedlings using MALDI MS/Biotyper plat-
form with significantly high scores. In this case, the authors
claimed that the spectral peaks of the host plant tissues did not
affect pathogen identification.

Other studies conducted by Fonseca-Guerra et al.;'*® Ober-
haensli et al.;**” Choi et al.,'*® identified plant pathogens that
cause disease in plants. Whole cell MALDI MS was employed for
the identification of pathogen that cause blight in Miscanthus
sinensis, that grows on Han River banks in Seoul, South Korea.'*®
The authors identified that the blight causing pathogen was
Pseudomonas syringae pv. syringae (Pss), after isolating the
bacterial pathogen from the infected tissues and subjecting
intact cells for MALDI MS analysis with an appropriate MALDI
matrix. In addition to that, Sawada et al.,'*” also employed
MALDI MS to identify bacteria causing rot disease in Japanese
turnip. In that study, the pathogens were isolated from the
infected turnip plant tissues and bacteria from the colonies
were identified as Pseudomonas grimontii using MALDI MS/
biotyper platform. The identity of the pathogen was also
cross-verified by biochemical and physiological characteriza-
tion, 16S rRNA, rpoD, gyrB, and rpoB genes sequence analysis.
Furthermore, MALDI MS/Biotyper based analysis identified
pathogenic strains of Pseudomonas syringae that cause brown
leaf spot in Quinoa (Chenopodium quinoa).**® Their study
involved isolation of the bacterial pathogen from infected qui-
nona leaves and spectral analysis in Biotyper.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Phytophthora, genus of an oomycete fungi (P. infestans) and
the causative agent of potato blight (responsible for a series of
famines in Europe) consists of many species. In another study
by Oberhaensli et al.,'*” rhizoplane bacterial diversity having
antagonistic potential against Pythium sp. that cause damping-
off disease in Lepidium sativum L. were studied using MALDI
MS. The authors identified Aeromonas media and Enterobacter
cloacae as the dominating bacteria in the plants' rhizoplane.
Bozik et al.,"*° applied MALDI MS/Biotyper platform to study
species-level variation of 43 strains of Phytopthora. For this, the
authors constructed and validated a spectral library consisting
of 144 main spectra (MSPs). Thus, the application potential of
MALDI-TOF MS technique is more profound in plant and
agricultural sciences; however, in identifying plant growth
promoters, plant pathogens, and other plant-associated
bacteria MALDI-MS applications are limited. Very recently,
Niculau et al.,"** had developed MALDI MS-based methods to
directly identify citrus canker from the infected leaves and the
causative agent Xanthomonas citri subsp. citri bacterial isolate.
Although MALDI MS could identify the causative organisms
only upto the genus level directly from the infected spot, this
technique was effective for the rapid diagnosis of citrus canker.

Further, Chowdappa et al," have distinguished plant
pathogenic fungi, based on protein markers expressed in intact
cells using MALDI MS. The protein fingerprint-based analysis
grouped 12 Alternaria species (with high similarity in spectral
characteristics) out of 60 isolates of Alternaria species studied,
using direct intact MALDI MS. In addition, a fungal pathogen,
Phytophthora infestans, causing blight disease in tomato plants
and enormous economic loss was identified using a combina-
tion of LC-MS and MALDI MS. The authors identified the
expression of metabolite biomarkers such as tomatidine and
saponins as infection biomarkers and early infection metabolite
markers respectively and Isocoumarin as early and late
asymptomatic infection marker."* MALDI MS was also applied
to discriminate Tilletia controversa from the T. caries/T. laevis
complex by MALDI-TOF MS analysis of teliospores, which is
a pre-requisite for treating the diseases caused by them.'*
These organisms cause devastating damage in various Poaceae
crops by causing different bunt diseases. The species discrim-
ination was carried out using the MALDI MS spectra obtained
using Microflex LT MALDI-TOF mass spectrometer (Bruker
Daltonics) and MALDI Biotyper 3.0 software combinations.
Table 1 presents a consolidated list of the various studies re-
ported using MALDI-TOF MS-based identification of food crop-
associated microbes.

5. Future perspectives and
recommendations

MALDI MS-based microbial identification platform has been
extensively applied for the identification of a wide variety of
microbes but is limited to the identification of clinically
important microorganisms. Based on the literature survey, it
became clearly evident that MALDI MS-based microbial iden-
tification tool is applied mostly for the identification of intact
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microorganisms cultured on media. The lack of reference
spectra of food crop pathogens is the major constraint while
applying MALDI MS-based microbial identification technology
in agriculturally important plant pathogenic microorganism
identification. The manufacturers of the database had given the
option for building up the existing database with a large
number of spectra belonging to various reference strains by the
users thus creating an extended in-house database with
a greater number of reference strains. Furthermore, the data-
base can also be extended to reference spectra of rare species
which would help the researchers to come up with precise and
accurate identification strategies for any test microorganisms.

The MALDI MS-based microbial identification tool, when
applied for detecting bacteria housed inside plant tissues,
requires an extensive preanalytical methodology which is time-
consuming, laborious work, and will not support the growth of
all the endophytes present in the sample. Based on our exper-
tise, we propose enzyme-based bacterial enrichment, ie.,
treating the samples with enzymes that selectively work on plant
cell wall molecules. These enriched bacteria/bacteroids can be
selectively obtained through differential centrifugation for
MALDI MS-based direct identification of endophytes. In other
words, the bacterial signals can also be enriched directly from
the plant tissues by treating samples with enzymes that
specifically work on the bacterial cell wall. The major motive is
to simplify the laborious procedures and induct novel tech-
niques that involve a simple digestive process or organism-
specific enrichment process that could make the biomolecules
available for direct MALDI-MS analysis.

In agriculture, the direct identification of pathogenic
microorganisms from the infected tissues of food crops will
certainly benefit the farming community from the huge mone-
tary losses resulting from improper plant disease diagnosis and
management. For the prompt diagnosis of plant diseases and
their effective management, it is suggested that the MALDI MS
spectral library needs to be constructed for the infected tissues
at different stages of infection for a given food crop so that it can
be used for the rapid identification/diagnosis of plant disease
using the MALDI MS-based platform.

In a previous review, Manikandan et al.,** have already raised
a concern on the reduced research interest and direction in the
area of plant pathogen detection. Compared to the extensive
reports that confirm the applicability of MALDI-TOF MS as an
analytical tool for analysis of human and animal pathogens,
highly reduced reports are available for its plant pathogen
applications. This review emphasizes that there is much scope
to improvise and expand into this area of research. Speculating
the plausible reasons for the reduced use of MALDI-TOF MS for
plant pathogen analysis, it is recommended that there is need to
collaborate with a plant pathologist or an agriculturalist to an
analytical chemist or a mass spectrometrist, to discuss prob-
lems and seek solutions. This field being an interdisciplinary
one, the major limitations exist in the very fact that it will
require specific expertise and inputs from both disciplines. The
authors proposed that these cross-domain challenges can be
bridged by connecting these extremities through interdisci-
plinary collaborative research. This pipeline will lead to
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technology transfer and knowledge transfer and lead to effective
solutions and eventual progress. As explained in this section,
the botanist/plant biologist/microbiologist will have the tech-
nology and expert handling procedures for releasing the plant/
microbe bound signature compounds that can lead to identi-
fication, on the other hand, the analytical chemist/mass expert
will have the analytical hands-on expertise from the instru-
mentation point of view, to bring about rapid, sensitive and
accurate detection of the compounds. Effective progress can
only be realized through intricate co-working. This review
highlights that, from the 2022 review mentioned above to date,
not much progress and upgradation is evidenced. There are
various sophistications and variants that have risen from
MALDI-TOF-MS, these need to be tested for these plant-microbe
applications too.

6. Conclusions

This review emphasizes the usefulness and analytical expertise
of MALDI-TOF MS in the rapid detection and identification of
microbial plant pathogens that affect valuable food crops. In an
era where anything close to the health and welfare of humanity
is given top priority, this review pitches on a relevant topic. Early
detection is crucial in order to plan treatment strategies and
MALDI-TOF MS with its ability for rapid, direct detection of
microbes is a valuable asset. The gaps and the recommenda-
tions to fill these voids in this area of research have been put
forth. The review clearly reinstates the fact that there is a lot
more that MALDI-MS as an identification tool can offer and so
more research is encouraged to exploit this technique, for the
benefit of both the farmers and the consumers.
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