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Mass spectrometry (MS) has become an important technique to
identify microbial biomarkers. The rapid and accurate MS iden-
tification of microorganisms without any extensive pretreatment
of samples is now possible. This review summarizes MS methods
that are currently utilized in microbial analyses. Affinity methods
are effective to clean, enrich, and investigate microorganisms
from complex matrices. Functionalized magnetic nanoparticles
might concentrate traces of target microorganisms from sample
solutions. Therefore, nanoparticle-based techniques have a
favorable detection limit. MS coupled with various chromato-
graphic techniques, such as liquid chromatography and capil-
lary electrophoresis, reduces the complexity of microbial bio-
markers and yields reliable results. The direct analysis of whole
pathogenic microbial cells with matrix-assisted laser desorption/
ionization MS without sample separation reveals specific bio-
markers for taxonomy, and has the advantages of simplicity,
rapidity, and high-throughput measurements. The MS detection
of polymerase chain reaction (PCR)-amplified microbial nucleic
acids provides an alternative to biomarker analysis. This review
will conclude with some current applications of MS in the iden-
tification of pathogens. # 2011 Wiley Periodicals, Inc. Mass
Spec Rev 30:1203–1224, 2011
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I. INTRODUCTION

Rapid identification of infectious agents (viruses, bacteria, and
fungi) is critical for the diagnosis and effective treatment of
diseases. The monitoring of biohazards in the environment
and the detection of pathogens in foodstuffs are also crucial to
protect human health. Various procedures have traditionally been
used to collect, isolate, and identify pathogens from different
specimens and samples. In general, culture methods using differ-
ential and selective media are employed for isolation and identi-
fication. The identification is based on microscopic observation,
colonial morphology, and phenotypic characteristics on isolation
medium. Further, biochemical, serological, and molecular
biology methods are employed for the definitive identification
of microbial isolates. These established methods are often time-
consuming and labor-intensive. For instance, cultivation on

differential media and selective media might take days to weeks.
Differentiation of clinical microorganisms to the species level
might require as many as 20 biochemical tests. Consequently, the
need for alternative procedures that allow the rapid and reliable
identification of microorganisms is increasing. Mass spectrom-
etry (MS) is a powerful tool in biological research, and represents
an attractive alternative to classical biochemicalmethods, especi-
ally for the accurate identification and classification of microbial
species (Anhalt & Fenselau, 1975; Cain, Lubman, & Weber,
1994; Fenselau & Demirev, 2001; Lay, 2001; Demirev &
Fenselau, 2008a).

There are challenges associated with identification of var-
ious types of pathogens from wide range of samples. Viruses are
ultramicroscopic and theymust be cultivated within a susceptible
cell. Unlike bacterial proteomes, viral proteomes are relatively
small. Therefore, available biomarkers might be limited. The cell
wall of Gram-positive bacteria is more difficult to disrupt than
that of Gram-negative bacteria. Because of the resistance of
spores, methods to identify them require germination and culti-
vation of the resulting vegetative cells. Microbiological analysis
of a variety of samples generally requires specific approaches, as
a first step, to isolate and culture the microorganisms. Liquid
samples such asmilk and bodyfluidsmight be directly cultured in
media. Solid samples such as food are blended and diluted before
culturing. Airborne pathogens should be sampled with an air
sampler before further analysis.

The applicability of MS to the analysis of complex biomo-
lecules has been greatly improved by the introduction of two soft-
ionization techniques–electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI) MS. These two
soft-ionization methods ionize large molecules with little or
no fragmentation, and therefore have been applied to analyze
various biomolecules such as carbohydrates, proteins and pep-
tides, DNA and RNA, and synthetic polymers. MALDI and ESI
have both been effectively used for the accurate analysis of
peptides and the determination of peptide sequences to identify
and characterize proteins in microorganisms (Yao, Demirev, &
Fenselau, 2002; Dworzanski et al., 2004). These methods can be
easily implemented in a straightforward diagnostic procedure to
identify reliably the genus, species and, in some cases, subspecies
of bacteria.

Microbial samples can be analyzed with MS by using a
culture or a non-culture approach. Figure 1 presents an overview
of MS-based approaches to identify and characterize microor-
ganisms. In culture approaches, potential biomarkers are ana-
lyzed directly with MALDI-MS or extracted/digested, separated
by chromatography, and identified with MS. In non-culture
approaches, cell enrichment (with affinity methods) is performed

Contract grant sponsor: National Science Council of the Republic of

China.

*Correspondence to: Yen-Peng Ho, Department of Chemistry, National

Dong Hwa University, Hualien 97401, Taiwan.

E-mail: ypho@mail.ndhu.edu.tw

Mass Spectrometry Reviews 2011, 30, 1203–1224
# 2010 Wiley Periodicals, Inc.



with physical, chemical, or biochemical interactions with target
cells, followed byMS analysis. The coupling of air sampling and
polymerase chain reaction (PCR) amplification to MS has also
been developed to detect microorganisms. Finally, unknown
microorganisms are identified with a database search and/or a
computer algorithm.

Mass spectrometry (MS) analysis of microorganisms
present in complex biological samples obtained from food,water,
and clinical specimensmust often be preceded by purification and
concentration. Affinity extraction can effectively clean up,
enrich, and probe analytes of interest from complex biological
mixtures. Nanostructures have many characteristics that favor
their use as selective extraction agents, and their small sizemakes
them inherently effective as concentration agents. The field of
nanotechnology has seen explosive growth in recent years, prim-
arily because of the availability of new strategies for the synthesis
of nanomaterials and new tools for characterization and manip-
ulation (Curtis &Wilkinson, 2001; Levy et al., 2002). Generally,
biological molecules such as proteins/enzymes, antigens/anti-
bodies, andDNA/oligonucleotides have been immobilized on the
surfaces of nanoparticles with supports of organic/inorganic and
polymer matrices. Exploiting the unique electronic, optical, and
magnetic properties of nanomaterials, bioconjugated nanomate-
rials provide a novel platform for the development of nanobio-
technology to identifymicroorganisms (Gu et al., 2003a). Sample
concentration techniques that are based on nanotechnology have
potential applications to detect pathogens in complex samples.

The complexity of microbial biomarkers might be reduced
with various chromatography-based methods. However, sample
preparation and fractionation tend to slow down measurements.
Efficient separation approaches should be considered to achieve a

fast and high-throughput analysis. Various techniques, such as
liquid chromatography (LC), capillary electrophoresis (CE),
two-dimensional gel electrophoresis (2DGE), protein precipi-
tation,membrane-basedmethods (dialysis, ultrafiltration), super-
critical fluid extraction, and solid-phase microextraction have
been developed for sample pretreatment (Wang&Hanash, 2005;
Bodzon-Kulakowska et al., 2007). This article focuses only on
sample fractionation methods that are used to identify microor-
ganisms. MS analysis of various classes of biomolecules (pep-
tides, proteins, nucleic acids, oligosaccharides, and lipids) with
hyphenatedMS techniques, including gas chromatography (GC),
CE, and LC, are described. The direct analysis of pathogens with
MALDI-MS has several advantages, such as rapidity and sim-
plicity. This review also describes direct methods, such as bio-
aerosolmass spectrometry (BAMS) and affinitymethods, such as
surface-enhanced laser desorption/ionization (SELDI).

Various research groups have developed ambient ionization
techniques, including desorption electrospray ionization (DESI)
(Takats et al., 2004), direct analysis in real time (DART) (Cody,
Laramee, &Durst, 2005), and electrospray-assisted laser desorp-
tion ionization mass spectrometry (ELDI) (Shiea et al., 2005).
Some of these techniques have been applied to examine bacterial
samples without prior sample preparation, and enabled research-
ers to collect fingerprint-spectra of bacteria in less than a minute
with a mass spectrometer (Takats et al., 2004). The review will
briefly describe recent progress in microbial analysis with DESI,
DART, and other techniques, such as inductively coupled plasma
mass spectrometry (ICP-MS) and secondary ion mass spectrom-
etry (SIMS).

Genotypic methods such as PCR and nucleotide sequence
analysis might be used as diagnostic tools to identify pathogens.

FIGURE 1. Overview of MS-based approaches in microbial enrichment and identification. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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PCR methods are particularly promising because of their high
specificity and sensitivity. Although PCR methods are quite
useful to identify microbial species, they cannot be used for
classification, especially when the microbial identities are
unknown. The combination of PCR and MS is an even more
powerful tool for microbial identification; in some cases, it yields
additional information that cannot be obtained from either tech-
nique alone (Sampath et al., 2007b). The ESI-based detection of
PCR products and MALDI-based resequencing provide detailed
genomic information that is useful in the rapid identification of
microorganisms (Sauer & Kliem, 2010). LC-ESI-MS has been
successfully used to make mass measurements of bacterial PCR
amplicons (Mayr et al., 2005). Ion-pair reversed-phase high-
performance LC with monolithic capillary columns has been
employed for the rapid and efficient on-line purification of
DNA fragments amplified by PCR because it can be fully auto-
mated with a high throughput (Oberacher et al., 2000; Berger
et al., 2002).

The utility ofMS as an analytical tool for pathogens depends
on the availability of a variety of MS methods and instruments
that each provides particular pieces of information regarding the
identity of the sample. The complexity of the relevant exper-
imental data has led to the development of many dedicated
algorithms to extract and interpret useful information. The review
will also introduce methods of data analysis, including library
searches and statistical approaches, to differentiate among patho-
gens and conclude with selected examples of applications of
microbial analysis. The review is intended to cover most current
MS techniques of microbial analysis. Clearly, although not all of
the recently published literaturewill be referred to, representative
studies will be described.

II. METHODS

A. Nanotechnologies to Concentrate Samples

Microbial biomarkers might be suppressed by the ions that are
formed from complex matrices during MS analysis. Various
affinity probes have been used to concentrate and purify the
bacteria of interest. Fenselau and co-workers described the detec-
tion of bacteria from complex biological mixtures using affinity
capture coupled with MALDI-MS. They proposed an affinity
method to trap traces of bacterial cells from complex biological
mixtures with a lectin-immobilized substrate. This technique
offers a broad range with less-selective recovery because many
bacteria have lectin on their cell surfaces (Bundy & Fenselau,
1999; Bundy & Fenselau, 2001; Afonso & Fenselau, 2003).
Recently, affinity surfaces modified with immunoglobulin G
(IgG) or small peptides that were selected from phage libraries
were used to isolate protein A from Staphylococcus aureus. The
structure of protein Awas identified with MALDI-MS (Johnson
et al., 2009). Over the past decade, a number of biomedical
applications of magnetic micro- and nanoparticles of various
sizes, shapes, and compositions have emerged (Berry &
Curtis, 2003). Immunomagnetic separation has been widely used
to reduce the detection time/suppression effect, and to improve
detection sensitivity. Magnetic particles conjugated with a
specific antibody can selectively separate a target pathogen from
complex samples (Ochoa & Harrington, 2005). Voorhees et al.
proposed an approach that used affinity-capture techniques, such
as immunomagnetic separation, to concentrate and isolate bac-
teria from complex sample solutions, which was followed with a

MALDI-MS analysis (Madonna et al., 2001; Madonna, Van
Cuyk, & Voorhees, 2003a). The method involved microsized
magnetic beads immobilized with affinity-purified antibodies.
The immuno-captured bacterium was further infected with a
bacteriophage (a lytic virus). Phage amplification occurred
within the living bacterial cell and induced cell lysis.Many phage
progeny released into the sample medium and detection of the
phage capsid proteins from themedium indicated the presence of
the bacterium. The detectable concentration was improved to
�5.0 � 104 cells/mL and the analysis could be finished within
2 hr. Because many antibodies and bacteriophages are commer-
cially available, the approach has the potential to analyze species-
or even strain-specific bacteria and to improve their detection
limit.

The rapid and sensitive detection of microorganisms at low
concentrations is a challenging task. Functionalized magnetic
nanoparticles very efficiently concentrate pathogens from large
sample volumes intomuch smaller volumes. Aminimum capture
efficiency of 94% for E. coli O157:H7 at concentrations from
1.6 � 101 to 7.2 � 107 colony forming unit (CFU)/mL with
magnetic nanoparticle-anti-E. coli conjugates has been reported
(Varshney et al., 2005). Various carbohydrates have been recog-
nized as receptors for the attachment of pathogens to epithelial
cells of E. coli (Sharon, 2006). For example, mannose-encapsu-
lated gold nanoparticles have been used to observe the specific
binding to a FimHprotein of bacterial type 1 piliE. coli (Lin et al.,
2002). The covalent binding between nanoparticles and targets is
easily achieved with the self-assembly of thiolated molecules on
the nanoparticles (thiol–metal interactions). Gu et al. developed a
strategy that used vancomycin-conjugated Fe-Pt nanoparticles to
capture and detect pathogens such as vancomycin-resistant enter-
ococci and other Gram-positive bacteria or -negative bacteria at
exceptionally low concentrations (Gu et al., 2003a,b, 2006). They
used optical and scanning electron microscopy to observe the
captured bacteria. The thiol–metal binding protocol enabled the
detection of bacteria from the samples within 1 hr, and had a
detection limit of 10 CFU/mL (Gu et al., 2003a).

Several research groups have investigated nanoparticles as
extraction/concentration agents for coupling with MS. Figure 2
shows the experimental procedure for the selective extraction and
concentration of microorganisms with functionalized magnetic
nanoparticles, followed by detection with MALDI-MS. After
functionalized magnetic nanoparticles are added to an
Eppendorf tube that contains microbial cells, the suspension is
incubated under gentle vortexing. The magnetic nanoparticles
interact with the pathogens, and efficiently attach to them. The
nanoparticle-microbial cell conjugates are isolated by magnetic
separation, and are deposited on aMALDI target forMS analysis.
Chen’s research group used functionalized nanoparticles to probe
pathogenic bacteria (Chen, Tsai,&Chen, 2008). Theyproposed a
simplemethod to fabricate IgG functionalized gold nanoparticles
as useful probes of the electrostatic interactions between IgG
and pathogens (Ho et al., 2004). The IgG-modified magnetic
nanoparticles, which bind selectively to IgG-binding sites on
the cell walls of pathogens, serve as affinity probes to capture
targeted bacteria from sample solutions. The optimal detectable
cell concentration of bacteria in aqueous sample solutions
(Staphylococcus saprophyticus and S. aureus, 0.5 mL) and in
urine samples (S. saprophyticus, 0.5 mL) was �3 � 105 and
�3 � 107 CFU/mL, respectively (Ho et al., 2004). The same
group used the IgG-Fe3O4@TiO2 magnetic nanoparticles as
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photokilling agents that exhibit antimicrobial activity against
pathogenic bacteria under UV irradiation (Chen, Tsai, &
Chen, 2008). They also employed vancomycin-modified mag-
netic nanoparticles for the selective isolation of Gram-positive
pathogens (S. saprophyticus, S. aureus, and E. faecalis) from
sample solutions. The optimal detectable concentration of
S. saprophyticus and S. aureus spiked in a urine sample was
�7 � 104 CFU/mL (Lin et al., 2005). Recently, pigeon oval-
bumin-bound Fe3O4@Al2O3 magnetic nanoparticles have been
used as affinity probes to trap selectively uropathogenic P fim-
briated E. coli from bacteria-spiked urine samples (Liu et al.,
2008) and Pseudomonas aeruginosa (Liu et al., 2009) from
clinical urine samples through disaccharide–protein interactions.
They have been able to detect peptide signal from 250 mL of
samples at a concentration as low as 4 � 104 cells/mL, corre-
sponding to 102 cells deposited on theMALDI plate. Guo and co-
workers utilized anion-exchange/cation-exchange magnetic
nanoparticles as affinity probes to separate bacteria from water
(Guo et al., 2009; Li et al., 2009). The positively charged nano-
particles interacted with bacteria (generally carrying negative
charges). This approach was used to analyze various bacteria
spiked in tap water and reservoir water with a detection limit of
1 � 103 CFU/mL in 2 hr. Although most of the above affinity
methods employ MALDI-MS for microbial analysis, LC-ESI-
MS should be in principle as feasible as MALDI-MS.

The most important advantage of affinity-based nanotech-
nology is its ability to concentrate and purifymicrobial cells from
complex samples such as urine. Microorganisms might be ident-
ified directly with MALDI-MS without microbial culturing.
Direct MALDI analysis of microorganisms in urine samples

would be hindered by the high amounts of salts without the
affinity-enrichment step (Liu et al., 2008). Notably, different cell
counting methods are used among various labs and absolute cell
number or CFU per volume are reported in literatures. Although
CFU reflects theviable cell number, absolute cell number is likely
higher than those indicated by the CFU value. Limits of detection
given in these two units should be compared carefully.

B. ESI-MS

When a large set of digested peptides that are obtained from a
complex microorganism are analyzed, MALDI-MS yields spec-
tra that are too complicated to be interpreted.Moreover,MALDI-
MS is relatively difficult to couple on-line with sample pretreat-
ment and separation methods, and cannot easily be automated.
ESI-MS, however, allows on-line detection to be combined with
sample purification, concentration, and separation techniques,
such as microdialysis, solid phase extraction, LC, and CE. Thus,
ESI-MS is effective to analyze complex systems. Goodacre,
Heald, and Kell (1999) applied ESI-MS to characterize strains
of intact Gram-negative andGram-positive bacteria. The bacteria
were suspended in 50% acetonitrile/water (1%, v/v, formic acid)
for positive ESI and the samples were analyzed in 50% isopro-
panol/water for negative ESI. This approach produces the infor-
mation-rich spectra, in both the positive and negative ion modes,
from whole bacterial suspensions, but requires the cells to be
suspended in solvent before analysis. Further, Xiang et al. (2000)
employed ESI-MS/MS to identify bacteria by analyzing cell
lysates. Vaidyanathan et al. also investigated the effectiveness

FIGURE 2. General experimental procedures for microbial enrichment with functionalized magnetic nano-

particles and MS detection. Following the incubation of a microbial solution with functionalized magnetic

nanoparticles, microbial cells are isolated and concentrated with a magnet. They are washed. The enriched cells

are mixed with a MALDI matrix solution and subjected to MS analysis. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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of direct ESI-MS of bacterial cell lysates/extracts without prior
chromatographic separation (Vaidyanathan, Kell, & Goodacre,
2002; Vaidyanathan et al., 2001; Vaidyanathan, O’Hagan, &
Goodacre, 2006). This approach yields informative mass spectra
from microbial cells and crude cell extracts that are used in
microbial characterizations.

1. LC-MS

The combination of MS with LC is one of the most important
analytical methods to separate and identify a wide variety of
biological samples (Banoub et al., 2005). LC-MS is rapidly being
developed as a tool in proteomics to deal with the inherent
complexity of a biological system, and to complement conven-
tional approaches that are based on 2DGE (Delahunty & Yates,
2005). Furthermore, LC-MS has greatly facilitated the determi-
nation of the molecular weights of proteins from complicated
mixtures. Krishnamurthy et al. (1999) used LC-ESI-MS to
identify protein biomarkers specific to individual organisms
present in crude bacterial mixtures. Lyophilized intact bacterial
cells were suspended in 0.1% aqueous TFA (containing 0–20%
acetonitrile) to lyse the cells and release cellular proteins
or metabolites specific to an individual microorganism.
Biomarker proteins and peptides were separated with
reversed-phase HPLC and a chromatogram of biomarker signals
was used to distinguish bacteria. However, this work was limited
by the complexity of the data generated from ESI. A solution to
this problem was reported by Williams and colleagues with an
automated data handling algorithm that provided sequential
scanning, centroiding, and deconvolution of multiply charged
proteins present in successive scans of the LC-MS analysis
(Williams, Leopold, &Musser, 2002). This approach has proven
useful for identifying protein biomarkers of Vibrio parahaemo-
lyticus (Williams et al., 2004). The same group demonstrated a
method inwhichLC-MSwas used to identify unique proteins that
can be sequenced, identified, and reverse engineered into PCR
primers that are specific to a desired phenotypic trait, thermal
tolerance (Williams et al., 2005). Because the genome for
Enterobacter sakazakii was not sequenced by that time, this
methodology provided a unique, independent means to identify
genetic differences among closely related strains of this species,
without the need for any prior sequencingof the genome.Recently,
Everley et al. discovered reproducible intact protein biomarkers
with an LC-ESI-MS approach to differentiate and correctly
identify unknown pathogens at the species (Everley et al.,
2008) and strain level (Everley et al., 2009). The organism
Bacillus anthracis was identified with the MS/MS analysis of
an antigenic protein biomarker EA1 isolated with affinity chroma-
tography and amonoclonal antibody (Krishnamurthy et al., 2006).
Multi-dimensional protein identification has been used to identify
B. anthracis strains (Krishnamurthy et al., 2007). Ho and Hsu
(2002) investigatedwith LC-ESI-MS the effect of variations in the
protein patterns obtained from E. coli in bacterial identification.

Botulinum toxin (BTx) and tetanus toxin (TTx) both belong
to a family of potent bacterial neurotoxins, and might be used as
biological warfare agents. vanBaar et al. noted that protein toxins
can be unambiguously identifiedwithMS, and they exploited this
fact in analyses of tetanus (van Baar et al., 2002b) and botulinum
(van Baar et al., 2002a, 2004) toxins. LC-MS/MS of selected
precursor ions from trypsin digest fragments yielded specific
sequence data for the identification of the protein toxins. The

authors showed that accurate strain assignments were possible
when genetic sequences were available.

Mass spectrometry (MS) analysis of bacterial proteins
(Fenselau & Demirev, 2001) or digests of protein extracts
(Zhou et al., 2001), followed by statistical matching of
protein/peptide masses that were detected in an unknown sample
to those in a proteome database, has been developed as a useful
tool for bacterial identification (Wang et al., 2002; Tao et al.,
2004). Figure 3 schematically depicts a proteomic approach to
identify microorganisms based on MS/MS analysis. Microbial
proteins are extracted from a cell lysate and digested. The peptide
digests are LC-separated, and are analyzed with MS/MS. The
MS/MS spectra are checked against a proteome database to
identify the proteins, and to deduce the source of the microor-
ganism. Demirev et al. (1999) was the first to propose this
method. Mathematical methods might be applied to evaluate
the search results. Hu et al. proposed a method that used LC-
selective proteotypic peptide analysis (LC-SPA) to identify the
bacterial species in a complex mixture. Many pathogens were
simultaneously identified from a series of selective MS/MS
analyses of marker peptides in the appropriate elution time
windows for the specific peptides. The SEQUEST application

FIGURE 3. Schematic diagram of a proteomic approach to identify micro-

organisms based on MS/MS analysis. Microbial proteins are extracted and

chemically or biochemically digested. The peptide digests are separated with

chromatography and analyzedwithMS/MS. TheMS/MS spectra are checked

against a proteome database to identify the proteins and to deduce the source

microorganism. Mathematical algorithms might be applied to evaluate the

search results before the microorganisms are identified. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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was used to check all of the tandem mass spectra of the peptides
against the NCBInr protein database. This method successfully
identified eight pathogens present in amicrobialmixture (Lo,Hu,
& Ho, 2006). Dworzanski et al. (2004) developed a method to
identify microorganisms or protein toxins based on the LC-MS/
MS analysis of peptides derived from bacterial proteins. In their
research, product-ion mass spectra of peptides that were gener-
ated from a microbial protein digest were checked against the
prototype proteome database (87 bacterial genomes) with
SEQUEST, and the results of the search of the database were
subjected to discriminant function analysis. Instead of matching
peptide sequences to a microbial source in the database,
Dworzanski et al. (2006) employed multivariate statistical
methods, such as principal component analysis (PCA) and cluster
analysis, to determine the peptide-sequence similarities between
the unknown species and a database of bacteria, grouped by their
established taxonomic position. They classified bacterial species
into corresponding taxons based on similarities. More recently,
the same group reported on the classification/identification and
genotyping ofB. anthracis,B. cereus, andB. thuringiensis strains
based on the LC-MS/MS analysis of whole-cell protein digests
(Dworzanski et al., 2010).

Lipid biomarkers have also been used extensively to charac-
terize complex microorganisms from various environments with
LC-MS or MS/MS analysis (Jelinek et al., 2006; Zhang et al.,
2007). The collision-induced dissociation of lipid biomarkers
produces arrays of fragment ions that reveal structural infor-
mation about bacteria (Moe et al., 2005). Similarly, polar phos-
pholipids can be used as a biomarker of bacterial presence.
Mazzella et al. (2004) separated and identified with LC-MSmost
of the phospholipid species (phosphatidylglycerol, phosphatidy-
linositol, diphosphatidylglycerol, and a unique lipid compound,
acyl phosphatidylglycerol) of a Gram-positive bacterium
(Corynebacterium species strain 8). The same group proposed
fragmentation pathways and identified the diagnostic ions of two
common bacterial phospholipid classes, phosphatidylglycerol
and phosphatidylethanolamine. They used LC-MS and MS/
MS methods to determine the structures of intact phospholipids
from the two bacterial strains Pseudomonas nautica IP 617 and
Marinobacter hydrocarbonoclasticus, cultured on either
ammonium acetate or crude oil (Mazzella et al., 2005).

White et al. have developed a rapid method to extract
and detect the bacterial biomarker 2,6-dipicolinic acid, from
Gram-negative bacteria. Specific lipid components can also
provide insights into the viability and potential infectivity of
the pathogens detected in the samples (White et al., 2002).
Bacteriohopanoids or bacteriohopanepolyols (BHPs) are good
biomarkers for bacteria separation and identification. Many bac-
terial species are known to produce various BHPs with specific
modifications in the side-chain and ring-structure. Intact BHPs
have been directly detected from bacterial isolates with LC-MS/
MS (Talbot et al., 2003a,b; Talbot, Rohmer, & Farrimond,
2007a,b). Although lipid markers have been proven to be useful
for microbial identification, the dependence of lipid profiles on
growth conditions might complicate identification results.

2. CE-MS

Capillary electrophoresis allows the rapid and efficient separation
of biologicalmolecules with the least consumption of sample and
reagents. CE coupled toMS has been established as a method for

the fast separation and identification of microorganisms (Kolch
et al., 2005). A limited number of articles have described the use
of CE-MS to identify microorganisms (Chong et al., 2000; Hu,
Tsai, &Ho, 2005; Lo, Hu, &Ho, 2006; Hu et al., 2007; Petr et al.,
2009). Hu et al. applied CE-MS/MS to selected proteotypic
peptide ions to obtain partial sequences of protein biomarkers.
Proteotypic peptides refer to those experimentally observable
peptides that identify specific proteins. Their proposed approach
is a highly selective and sensitive analytical method to charac-
terize the pathogens from microbial mixtures (Hu, Tsai, & Ho,
2005). They performed a preliminary analysis with CE-MS/MS
of the proteolytic digests of cell extracts from pure pathogens,
and carried out subsequent database searches to select abundant
peptide ions that were specific to the pathogens of interest. Minor
bacterial species present in the complex mixture at even 1%
relative abundance were identified with high confidence. They
also applied this method to identify pathogens present in a saliva
sample that had been spiked with bacterial mixtures. Further, the
speed of data analysis was greatly improved because only
selected markers, instead of whole-protein digests, were ana-
lyzed. CE-MS/MS analysis of proteolytic digests of microbial
cell extracts has been combined with SEQUEST searching and a
new empirical scoring system to identify bacterial species in
microbial mixtures (Hu et al., 2007). The search results for
19 samples of bacterial mixtures revealed that the empirical
Z-scoring function improved the identification of bacteria in
the mixtures. Petr et al. (2009) combined CE separation with
the off-lineMS identification of microorganisms. They separated
themodelmicroorganismsE. coli and Saccharomyces cerevisiae,
and cultivated them after the fractions were collected. After
cultivation, DESI-MS was used for further identification.

C. MALDI-MS

1. Protein Fingerprinting

Matrix-assisted laser desorption/ionization-mass spectrometry
(MALDI-MS) allows the fast and accurate identification and
subtyping of bacterial species (Seng et al., 2009; Stevenson,
Drake, & Murray, 2010), fungi (Marinach-Patrice et al., 2009,
2010; Santos et al., 2010), and viruses (Swatkoski et al., 2007;
Franco et al., 2010). Currently, most published studies of the
direct mass spectrometric analysis of microorganisms are based
on MALDI techniques (Demirev & Fenselau, 2008a,b). Direct
bacterial profiling with MALDI-TOFMS is based mainly on a
comparison of specificmass spectra of the proteins, peptides, and
other cellular components that are obtained frommicrobial cells.
One of the first studies using this approach was based on the
protein profiles of microorganisms (Cain, Lubman, & Weber,
1994). Although sample preparation is crucial to MALDI
analysis of microbial markers, there is no universal sample
preparation andmeasurement protocol.Manymethods have been
described since themethod for directMALDI analysis of bacteria
was proposed. The experimental parameters studied include
cultivation conditions, matrices, solvents, cell-lysis, and
matrix-spotting methods. Microbial cells are generally obtained
from a purified liquid culture or a single colony. Samples are
analyzed by direct deposition of intact cells on the sample plate or
using various ways of biomarker extraction. The MALDI
matrices that most often used are a-cyano-4-hydroxycinnamic
acid (HCCA), ferulic acid (FA), and sinapinic acid (SA). HCCA
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provides better signal-to-noise ratio than FA and SA. FA is
suitable for the detection of high-mass ions above 15 kDa. A
UV laser is often used as an irradiation source. IR-MALDI is
rarely used to analyze microorganisms because of its somewhat
lower sensitivity compared to UV-MALDI. Although 5 � 103–
104 intact cells deposited on the MALDI plate were sufficient to
obtain useful biomarker signals, the detected biomarkers were
low-mass ions (less than 1,000 Da). It has been reported that 106

cells yielded the most good-quality and reproducible spectra for
protein fingerprinting (Mazzeo et al., 2006). Current protein
fingerprinting methods still require culturing of the microbial
cells to obtain detectable signals. Analysis of non-culturable
microorganism remains a challenge.

Recent studies on MALDI analysis of microorganisms have
been focused on development of standardized analytical proto-
cols (Vargha et al., 2006; Ilina et al., 2009) and high throughput
analysis of pathogenic bacteria (Donohue et al., 2006;
Rajakaruna et al., 2009). Perhaps a universal protocol for sample
preparation and analysis will not be obtained, due to the complex
nature of MALDI experiments. Careful control of the sample
preparation andmeasurement parameters is the key to the success
of the fingerprinting approaches. TheMALDI-MS fingerprinting
approach has been applied to analyze Bacillus spores (Dickinson
et al., 2004), Campylobacter (Mandrell et al., 2005), Salmonella
(Leuschner, Beresford-Jones, & Robinson, 2004), Aeromonas
(Donohue et al., 2006), Clostridium (Grosse-Herrenthey et al.,
2008), Streptococcus (Williamson et al., 2008), non-fermenting
bacteria (Pseudomonas cepacia) (Mellmann et al., 2008),
Staphylococcus (Rajakaruna et al., 2009), Neisseria (Ilina
et al., 2009), and Helicobacter (Ilina et al., 2010). The approach
has such advantages as being able to detect intact biomarkers,
simplicity of sample preparation, broad-band identification, and
high throughput.

Matrix-assisted laser desorption/ionization (MALDI) mass
spectra might vary with growth media and growth stage
(Valentine et al., 2005; Wunschel et al., 2005). The intra- and
inter-laboratory reproducibility of whole-cell MS, and the effect
of culture media on the spectral profiles, have been investigated
(Walker et al., 2002). Williams et al. (2003) discussed the exper-
imental factors that affect the quality and reproducibility of
bacterial analysis with MALDI-TOFMS.

The cell walls of Gram-positive bacteria are usually more
difficult to analyze with MALDI-MS than those of Gram-nega-
tive bacteria. Therefore, analysis ofGram-positive bacteria yields
spectra with fewer peaks, lower intensities, and a smaller mass
range than the spectra of Gram-negative bacteria. Several
methods have been suggested to overcome these difficulties,
including disruption of the cell wall with enzymatic or chemical
cleavage (Smole et al., 2002; Williams et al., 2003). Smole et al.
(2002) developed a method to prepare samples of whole-cell
Gram-positive bacteria for analysis. They found that lysozyme
treatment of Gram-positive bacteria increased the spectral range
to levels close to those of Gram-negative bacteria from the
Enterobacteriaceae family. Not only were intact cells analyzed,
but also four cell-lysismethods—mechanical, enzymatic, chemi-
cal, and heat treatment—were compared (Smole et al., 2002;
Williams et al., 2003) and optimized to increase the complexity
of the biomarker profile to develop bacterial species-specific
fingerprints. Vargha et al. (2006) optimized the experimental
parameters of MALDI-TOFMS analysis to differentiate among
Arthrobacter isolates at the strain level. Liu et al. evaluated a

universal sample-preparation protocol to analyze Gram-positive
bacteria (B. anthracis and S. aureus) and Gram-negative bacteria
(Yersinia pestis, E. coli, and B. cepacia) that have high extra-
cellular polysaccharide contents. In their study, three sample-
preparation methods (direct analysis, solvent treatment, and
enzyme treatment) were tested for the direct analysis of bacteria
with MALDI-TOFMS (Liu et al., 2007).

B. anthracis is the etiological agent of anthrax in humans/
animals, and is recognized to be a potential biological-threat
agent that could be used in biological warfare or by terrorists
(Demirev&Fenselau, 2008b; Lasch et al., 2009). Numerous low-
molecular-weight proteins can be readily extracted from the
spores ofB. anthracis and related species. Many of these proteins
have been identified as small acid-soluble spore proteins (SASPs)
with various solvents including 10% TFA, 30% acetonitrile and
40% formic acid, 50% acetic acid, and acetonitrile-5% TFA
(70:30, vol/vol) (Hathout et al., 2003; Dickinson et al., 2004;
Castanha et al., 2007; Fenselau et al., 2007), whereas others have
been identified as cyclic lipopeptides (Madonna et al., 2003b).
Coxiella burnetii, the causative agent of Q fever, has been ident-
ified from its proteins, extracted with acetonitrile and trichloro-
acetic acid (Hernychova et al., 2008), and characterized with
MALDI-TOFMS.

Several groups have focused on identifying fungal cells
(Valentine et al., 2002) and fungal spores (Li, Liu, & Chen,
2000; Chen & Chen, 2005; Kemptner et al., 2009a,b) with
MALDI-TOFMS.Welham et al. (2000) presented the first article
on the use of MALDI-TOFMS with different matrices to charac-
terize various fungal spores.MALDI-MS has been used to desorb
protein biomarkers from intact fungi, and to generate highly
reproducible mass spectra for Penicillium species (Hettick
et al., 2008b), 12 species of Aspergillus, and five strains of
A. flavus (Hettick et al., 2008a). These results indicate that
MALDI-TOFMS data might be used to identify fungi unambig-
uously at the species and strain levels. Qian et al. (2008) inves-
tigated MALDI-TOF mass signatures for the accurate
identification and differentiation of pathogenic Candida species
(C. albicans,C. glabrata,C. krusei,C. kefyr),Aspergillus species
(A. terreus, A. fumigatus, A. syndowii), and other yeast genera
(Cryptococcus neoformans, S. cerevisiae, andRhodotorula spp.).
Marinach-Patrice et al. (2009) identified 62 clinical Fusarium
isolates of nine Fusarium species with partial TEF1 gene
sequencing and MALDI-TOF analysis. Recently, Marklein
et al. (2009) demonstrated the identification of more than 250
clinical yeasts and yeast-like fungi (Candida, Cryptococcus,
Saccharomyces, Trichosporon, Geotrichum, Pichia, and
Blastoschizomyces spp.) with MALDI-TOFMS. Cyclic lipopep-
tides are potential biomarker molecules that can differentiate
some microorganisms at the species and even at the subspecies
levels (Jegorov et al., 2006; Price et al., 2007).

The challenge in the above approach is that culture con-
ditions and instrumental parameters can significantly influence
the spectral reproducibility. Because of the complexity of mass
spectral data, many statistical algorithms have been developed to
match acquired spectra to reference spectra, or to generate finger-
prints for microbial differentiation. The linear correlation of
analyzed spectra and library spectra has been performed to
differentiate among protein profiles from Bacillus spores
(Dickinson et al., 2004). A fingerprint-selection algorithm that
is similar to a statistical test of significance has been used to
extract key biomarkers from spectra. The constructed fingerprint
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library has been used to identify bacterial samples from three
different laboratories (Wunschel et al., 2005). Keys et al. (2004)
compiled a MALDI mass spectral database of over 100 genera
and 350 species to characterize bacteria that are associated
with human infectious diseases. Species- or subspecies-specific
markers in the spectra were sometimes difficult to identify
because the number of overlapping signals increased with the
number of strains in the database. Many multivariate analytical
(MVA) techniques, including PCA, cluster analysis, and factor
analysis, have been applied to analyze the protein profiles of
bacterial samples (Chen, Lu, &Harrington, 2008). MVA is based
on multivariate statistics, and involves the analysis of several
statistical variables (m/z herein) simultaneously. Parisi et al.
(2008) demonstrated the PCA classification of two pathogens
and the linear discriminant analysis of MALDI-MS spectra.
Hsieh et al. (2008) identified six human pathogens with cluster
analysis and genetic algorithms. Ilina et al. (2009) reported
on the direct bacterial profiling of two human pathogens,
N. meningitidis and N. gonorrboeae. Cluster analysis success-
fully separated mass spectra of pathogenic and non-pathogenic
Neisseria isolates. Discussion of various mathematic methods
used in data analysis has been described elsewhere (Ho&Reddy,
2010).

2. Protein/Peptide Identification

The top-down proteomics method identifies intact proteins with-
out the need for prior proteolytic digestion of the sample. The
method has been used successfully for microbial proteomics in
the analysis of Bacillus spores. Demirev et al. presented results
obtained with a top-down proteomics approach that exploited
MALDI-TOF/TOFMS of protein biomarkers to identify directly

and rapidly individual Bacillus spore species, whether they are
present alone or in a mixture (Demirev et al., 2005; Wynne et al.,
2009). A major advantage of this method is that the MS/MS
spectra of biomarkers are obtained without the need for bio-
marker prefractionation, digestion, separation, or cleanup. The
MALDI tandem mass spectra of intact biomarkers are fairly
reproducible, and library fingerprint matching of such tandem
mass spectra can be exploited to identify intact microorganisms.
Top-down proteomics has been applied to distinguish the patho-
genic E. coli strain from the non-pathogenic strain (Fagerquist
et al., 2010). Figure 4 displays an MS/MS spectrum of a protein
marker at m/z 7705.6. The protein was identified from its
sequence-specific fragment ions by checking against a database
of theoretical fragment ions derived from bacterial proteomes.
The protein sequences associated with the identified pathogenic
strain and the non-pathogenic strain differ by only one amino acid
(1 Da). The 1 Da difference in protein mass would be difficult to
detect with protein fingerprinting.

In bottom-up proteomics, proteins from lysed cells are
cleaved to form peptides, which are fragmented in a MS/MS
experiment. The identification of peptides supports the identifi-
cation of proteins, which confirms the identification of microor-
ganisms (Demirev, Feldman, & Lin, 2004; Fenselau et al., 2007;
Russell, Edwards, & Fenselau, 2007). The protein/peptide identi-
fication approach overcomes the challenges of identifying com-
ponents of mixtures of microorganisms (Warscheid & Fenselau,
2004). Warscheid et al. found that proteolytic digests are gener-
ated in situ fromSASPs to enablemicroorganisms to be identified
withmicrosequencing and a database search (English et al., 2003;
Warscheid & Fenselau, 2003;Warscheid et al., 2003). SASPs are
reliable biomarkers for spore-forming microorganisms, such as
Bacillus andClostridium species, and allow the identification and

FIGURE 4. Tandemmass spectrum of a protein marker observed at m/z 7705.6, obtained from the extracted cell

lysate of a pathogenicE. coliO157:H7 strain.Many of the fragment ions correspond to backbone cleavage adjacent

to aspartic acid (D) and/or glutamic acid (E) residues. The identified protein sequence and the sequence of the non-

pathogenic E. coli K-12 strain are shown with the spectrum. The two sequences differ by only one amino acid (in

bold; aspartic acid vs. asparagine) and, therefore, by only 1 Da in molecular weight. The top-down proteomics

approach can distinguish E. coli O157:H7 from E. coli K-12. Reprinted and modified with permission from

Fagerquist et al. (2010), copyright 2010 American Chemical Society.
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differentiation of closely related species (Hathout et al., 2003;
Warscheid & Fenselau, 2003; Warscheid et al., 2003). The same
group obtained the complete sequences of the three most-abun-
dant SASPs from B. globigii with MS. They used a combination
of MS/MS, chemical derivatization, ladder sequencing, and
checking against a database to determine peptide sequences
and to construct entire protein sequences (Whiteaker et al.,
2004). Unfortunately, several of the identified peptides are com-
mon to more than one species of Bacillus, and make difficult the
determination of their origin (Warscheid & Fenselau, 2003;
Warscheid et al., 2003). This difficulty applies particularly when
closely related members of the cereus group (B. anthracis,
B. cereus, B. mycoides, and B. thuringiensis) are involved.
Furthermore, the determined major SASPs of B. globigii and
B. stearothermophilus are almost identical (Whiteaker et al.,
2004). Focusing directly on the identification of species-unique
peptide sequences with MALDI-MS and MS/MS analysis can
help to achieve more rapid and automatable species differen-
tiation. Pribil et al. (2005) used the direct scanning of species-
unique SASP tryptic peptides and modified SASP extraction
procedures to discriminate between B. anthracis and B. cereus
with either MS or MS/MS analysis. In protein-/peptide-identifi-
cation approaches, spectral reproducibility is not critical as long
as the observed spectra of the product ions are consistent with the
protein/peptides sequences in the database. Positive identifi-
cation will be hindered if the protein database of the analyzed
microorganism does not exist, unless the protein/peptide data-
bases can be constructed from experimental data (Yao, Demirev,
& Fenselau, 2002).

3. Other Biomarkers

Currently, proteins are the most used and accessible biomarkers
formicrobial identification because of their high-abundances and
gene-related characteristics. MALDI analysis of biomarkers ot-
her than proteins has also been reported. Ishida et al. applied an
on-probe sample pretreatment protocol for the MALDI-MS
measurement of phospholipids in growing bacterial colonies,
obtained directly from culture dishes. They successfully
observed a series of ions derived from phospholipids in Gram-
negative bacteria (Enterobacteriaceae family) (Ishida et al.,
2002). However, the spectra of Gram-positive bacteria did not
include any lipid-related peaks, presumably because these bac-
teria have a thicker peptidoglycan layer. Therefore, Ishida et al.
(2005) developed a new method for the direct detection of
phospholipids in Gram-positive bacteria (B. subtilis) with
MALDI-MS combined with on-probe sample pretreatment with
trifluoroacetic acid as an additional reagent. They also charac-
terized the phospholipids in whole bacteria with solid-sampling
MALDI-MS (Ohtani & Ishida, 2007). With MALDI-FTMS,
Jones et al. (2003) investigated E. coli lipids in the low-mass
region (m/z 100–1,000). They identified two major components,
phosphatidyl ethanolamine and triglycerides, that are generally
found in prokaryotic membranes. The same group described
methods for the lipid analysis of S. cerevisiae with conventional
MALDI-FTMS (Jones et al., 2004).

Lipopolysaccharides (LPSs), broadly known as endotoxins,
are essential components of the outer membrane of all Gram-
negative bacteria. Bacterial LPSs are dimeric molecules that
comprise a polysaccharide moiety linked to a lipid core, termed
lipid A, which is anchored within the cell membrane. Therisod,

Labas, and Caroff (2001) reported a method for the direct selec-
tive extraction and separation of LPSs from bacterial cells with
thin-layer chromatography followed by MALDI-MS analysis.
This method can be used for the direct MS analysis of hetero-
geneous LPS and lipid A preparations (E. coli lipid A and
Bordetella LPSs were used). Tirsoaga et al. (2007) characterized
the lipids A from three Citrobacter and two Bordetella strains
with a procedure that involved direct extraction from cells fol-
lowed by MALDI-MS. This method is especially convenient
when only small amounts of bacteria, LPS, or lipid A are avail-
able. Schilling et al. (2007) investigated low-abundance lipid A
species from LPS, obtained from Francisella tularensis,
F. novicida, and F. philomiragia grown in vitro with a
MALDI-linear ion-trap mass spectrometer.

4. BAMS

Bioaerosol mass spectrometry (BAMS) has been used to identify
bacteria, spores, and viruses without consuming any reagent
(Fergenson et al., 2004; Adams et al., 2008; Russell, 2009).
The first attempt at species-level identification with reagentless
BAMS was that of Fergenson et al. This technique has been used
to distinguish aerosolized spores of B. thuringiensis and
B. atrophaeus from a variety of backgroundmixtures of powders,
soil, and fungal spores, by matching the mass spectra with finger-
prints of pure samples (Fergenson et al., 2004). A pulse laser at
226 nm was used to desorb and ionize chemicals from the
aerosolized particles. They demonstrated that chemical com-
ponents of the two Bacillus spore species were consistently
and easily laser desorbed and detected in seconds. Furthermore,
BAMS has been applied to detect Mycobacterium tuberculosis,
M. smegmatis (Tobias et al., 2005), and the biochemical and
morphological changes of B. atrophaeus cells during the spor-
ulation process (Tobias et al., 2006). Although no sample prep-
aration such as matrix addition was required, the reagentless
BAMS mass spectra of microbial cells were limited to signals
under m/z 300. Low-mass biomarkers for B. atrophaeus have
also been identified with isotope incorporation and BAMS
(Czerwieniec et al., 2005; Srivastava et al., 2005).

Stowers et al. reported on the real-time and high-mass
detection of individual airborne pathogens with MALDI aerosol
TOFMS (Stowers et al., 2000; van Wuijckhuijse et al., 2005).
Aerosol MALDI-MS can help detect high-mass biomolecules
and identify bacteria or other biologicalmicroparticles from their
fingerprints. In aerosol MALDI, the matrix is introduced via
either condensation or deposition on a matrix-coated target
(Noble & Prather, 2000). Aerosol MALDI differs from classical
MALDI in a number of important ways (The differences include
optimal laser fluence, matrix-to-analyte molar ratio, and choice
of matrix.), and not just in the analytes (McJimpsey et al., 2008).
Stowers et al. described the analysis of biological aerosol
particles with MALDI-TOFMS, and applied this method to
B. subtilis spores. They observed a single biomarker ion at ca.
m/z 1225 that was attributed to a peptidoglycan (Stowers et al.,
2000). A new aerosol TOFMS instrument, which is used with
laser-induced fluorescence selection and MALDI, has been
developed for the real-time analysis of single bioaerosol
particles. MALDI ionization is triggered when fluorescent emis-
sion from microorganisms is observed. The instrument can be
used to measure the molecular masses of biomarker ions of
bacteria and aerosolized proteinaceous materials up to 20 kDa
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(van Wuijckhuijse et al., 2005). In more recent studies,
Kleefsman et al. used single-particle MALDI to detect E. coli
(Kleefsman et al., 2008) and Erwinia herbicola cells (Kleefsman
et al., 2007). They stated that the instrument efficiency could be
improved by the selective ionization of biological particles,
following the observation of single-particle fluorescence
(Stowers et al., 2006; Kleefsman et al., 2007). Although useful
spectra of a few thousands of particles containing bacteria such as
E. herbicola have been obtained (Kleefsman et al., 2007),
improvements in detection limit are still required for the analysis
of real-world samples.

5. SELDI-MS

Surface-enhanced laser desorption/ionization (SELDI), a modi-
fied version of MALDI-TOFMS, has been successfully used
for biomarker discovery and protein fingerprinting of bacterial
species (Barzaghi et al., 2004; Lancashire et al., 2005; Lundquist
et al., 2005; Schmid et al., 2005; Al Dahouk et al., 2006).
Hutchens et al. first described the original concept of SELDI
(Hutchens & Yip, 1992; Hutchens et al., 1992). SELDI-MS
provided protein expression patterns from hundreds of samples
in a single experiment (Thulasiraman et al., 2000;Diamond et al.,
2003; Barzaghi et al., 2004). It is an affinity-based MSmethod in
which proteins are selectively adsorbed onto a chemically or
biochemically modified surface. Seo, Kim, and Chai (2004)
studied the protein-expression profile in human macrophages
that were infected by B. anthracis spores with SELDI-
TOFMS. Lundquist et al. (2005) demonstrated that SELDI-
TOFMS can generate unique and reproducible protein profiles
for F. tularensis subspecies, to allow its subspecies to be
distinguished from each other. Similarly, Seibold et al. (2007)
identified single strains of the subspecies F. tularensis with
SELDI-MS. Huang and co-workers proposed a method based
on SELDI-MS to identify Klebsiella pneumoniae and other
related microorganisms by directly analyzing bacterial colonies
without any protein extraction (Xiao et al., 2009).

Because SELDI might yield many ion signals per bacterial
sample, computer algorithms used in MALDI protein finger-
printing are also employed to identify useful biomarkers for
bacterial identification. Seibold et al. (2007) differentiated single
strains within the subspecies F. tularensis by combining SELDI-
TOFMS with cluster analysis and PCA. The artificial neural
network (ANN) algorithm has been combined with SELDI-
MS to identify N. meningitides (Lancashire et al., 2005;
Schmid et al., 2005) and Neisseria gonorrhoeae (Schmid
et al., 2005). Schmid et al. analyzed over 350 strains of
N. gonorrhoeae, other neisseriae, and closely related species
such as Kingella denitrificans and Moraxella osloensis. They
performed comparative 16S rDNA sequence analysis and stand-
ard biochemical tests to establish the identity of the strains prior
to SELDI-MS analysis (Schmid et al., 2005). ANN is an algor-
ithm formachine learning, and represents amathematicalmethod
that is not based on multivariate statistics. In the ANN method,
the relative abundances at all m/z values are input to the input
layer of the model. The model is trained, tested, and validated
with bacterial samples. This approach has been applied to a
blind dataset of 188 samples, and correctly identified 184 out
of 188 samples (Lancashire et al., 2005). Yates et al. analyzed
the volatile compounds of pathogens with quadrupole MS.
Radial-basis function neural networks successfully identified

the unknown bacterial samples (Yates et al., 2005). SELDI-
MS allows more selective analysis of protein profiles than does
direct MALDI-MS. Useful markers might be selectively
extracted and analyzed. The surface capacity of a SELDI probe
plays an important role in the detection of markers. The capacity
depends on the number of interacting groups and even the size of
the markers. The markers that the SELDI surface captures are
usually the abundant ones possessing specific interacting func-
tional groups. Further, the ionization efficiencies of various
molecules also determine the molecules detected in a mass
spectrum. In microbial analysis, because SELDI is generally
used to obtain proteomic fingerprints from microbial samples,
the fingerprint data are useful as long as they are reproducible.
However, just as for MALDI analysis, spectral reproducibility
remains a key challenge in this approach.

D. Other Techniques

1. Ambient Mass Spectrometric Methods

Ambientmass spectrometricmethods such asDESI (Takats et al.,
2004) and DART (Cody, Laramee, & Durst, 2005) have recently
been applied to examine microbial samples with little or no
sample preparation in an attempt accurately and rapidly to type
closely related strains of bacteria. DART-MS has been success-
fully applied to the analysis of fatty-acid methyl ester profiles
from bacterial cells (Pierce et al., 2007). The ionization process
involves an interaction between electronically excited atoms or
vibronically excited molecules and the analytes that are obtained
by the thermal hydrolysis and methylation of bacterial lipids.
Takats et al. used theDESImethod to identifymicroorganisms by
sprayingmicrobial samples with electrosprayed solvent droplets.
This technique has been used to differentiate among several
bacteria species based on their DESI-mass spectral profiles
(Meetani et al., 2007; Song et al., 2009). The bacteria include
E. coli, S. aureus, Enterococcus sp., Bordetella bronchiseptica,
B. thuringiensis, B. subtilis, and Salmonella typhimurium. High-
quality mass spectra have been obtained in positive- and nega-
tive-ion modes when whole bacteria were subjected to DESI
(Meetani et al., 2007). The same approach has also been applied
to the phospholipid profiling of intact bacteria (Song et al., 2007).
Recently, Song et al. (2009) applied DESI-MS to the analysis of
untreated B. subtilis in an in vivo experiment.

2. Pyrolysis-GC-MS

Pyrolysis mass spectrometry (Py-MS) analyzes microorganisms
from their pyrolysate fingerprint after decomposition of their
biochemical components by heating to high temperature
(Wilkes et al., 2005). In Curie point pyrolysis, pure microbial
cultures are dried in a suitable alloy foil and heated rapidly to the
Curie point of the foil. The pyrolysates are immediately swept
into a mass spectrometer and identified based on their m/z ratio.
Then, the fingerprint or chemical profile of the pyrolysis mass
spectrum is analyzed by suitable mathematic methods to differ-
entiate pathogens. The first automated Curie-point Py-MS was
developed by Meuzelaar et al. specifically for fingerprinting
complex non-volatile biological samples such as bacteria
(Meuzelaar & Kistemaker, 1973; Meuzelaar et al., 1976). The
mass spectra of pyrolysates are usually complicated because
many large biomolecules decompose into small fragments.
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The cell envelopes of many bacteria have been analyzed,
and various separation methods, such as HPLC, GC, and thin
layer chromatography, have been developed for use with Py-MS.
So far, however, only Py-GC-MS has been commercially devel-
oped into a microbial identification system. Py-GC and Py-GC-
MS techniques allow for rapid volatilization, separation, and
identification of pyrolysis products (Snyder et al., 2004;
Sobeih, Baron, & Gonzalez-Rodriguez, 2008). In Py-GC and
Py-GC-MS, high-resolution gas-chromatographic separation
is carried out in a capillary column, and mass spectrometric
identification can be improved with either soft-ionization
methods or tandem MS (Sobeih, Baron, & Gonzalez-
Rodriguez, 2008).

Pyrolysis products that derive from carbohydrates (Abbas-
Hawks, Voorhees, & Miketova, 2006), lipids (Voorhees et al.,
2006b), nucleic acids (Abbas-Hawks, Voorhees, & Miketova,
2006), proteins (Voorhees, Abbas-Hawks, & Miketova, 2006a),
and other components, such as dipicolinic or poly(3-hydroxyal-
kanoic) acids, have been utilized to differentiate bacteria.
Goodacre et al. (2000) detected the dipicolinic acid biomarker
in 36Bacillus species with Py-MS.An ion-mobility spectrometer
(IMS) has been employed as a detector in the Py-GC analysis of
bacteria in the on-site monitoring of transient plumes of aerosols
that contain B. subtilis (Snyder et al., 2004). Dworzanski et al.
(2005) reported on the use of the Py-GC-IMS system to identify
Gram-negative Pantoea agglomerans and Gram-positive
B. anthracis strain Texas and B. atrophaeus. They identified
pyridine-2-carboxamide (2-picolinamide) from the cell walls
of Gram-positive bacteria. They characterized the envelopes of
Gram-negative bacteria by the presence of a second membrane,
with the outer leaflet composed mainly of LPS molecules anch-
ored with a lipid A moiety. These biomarkers include pyrolysis
products of the 3-hydroxymyristate fatty-acid residues, such as
1-tridecene, dodecanal, and methylundecylketone. The same
group detected and classified deliberately released bioaerosols
(Gram-positive and -negative bacteria) in outdoor-field
scenarios. They identified 2-pyridinecarboxamide in Bacillus
samples, including B. anthracis, whose origin was traced to
the peptidoglycan macromolecule in the cell wall. Py-GC-MS
analyses ofGram-negativeE. coli revealed significant amounts of
3-hydroxymyristic acid derivatives and degradation products
(Snyder et al., 2004). Voorhees et al. used high-resolution Py-
MS to identify different Gram-type whole-cell microorganisms.
Twelve bacterial species were analyzed in triplicate. Gram-
positive bacteria (B. cereus, B. subtilis, B. anthracis, E. faecalis,
S. epidermidis, and S. pyogenes) were identified mainly by their
carbohydrate biomarker peaks, whereas Gram-negative bacteria
(E. aerogenes, Proteus mirabilis, P. aeruginosa, Serratia mar-
cescens, Brucella neotomae, and F. tularensis) yielded mainly
lipid-biomarker peaks (Miketova et al., 2003). In many of the
studies referred to above, multivariate statistics were used to
analyze the pyrolysis mass spectra. For instance, PCA has been
applied to differentiate Salmonella and Vibrio species from their
pyrolysis mass spectra (Wilkes et al., 2006).

Pyrolysismethods, such as thermally assisted hydrolysis and
methylation (THM) in the presence of tetramethylammonium
hydroxide [TMAH; (CH3)4NOH], have been widely used in the
direct analysis of fatty-acid components of lipids in whole-bac-
terial cells (David, Tienpont, & Sandra, 2008; Cha et al., 2009).
Recently, phospholipidswere directly identified onwhole cells of
E. coli with THM-GC in the presence of TMAH and MALDI-

MS, with on-probe sample pretreatment without the need for any
tedious sample preparation (Ishida et al., 2006).

3. ICP-MS/SIMS

Inductively coupled plasma mass spectrometry (ICP-MS) has
been used in the chemical characterization of trace and ultratrace
elements in biological materials, such as bacteria, fungi, and
viruses (Zhang et al., 2003; Gikunju et al., 2004; Jackson,
Ranville, & Neal, 2005; Li, Armstrong, & Houk, 2005;
Beauchemin, 2006). Knowledge of the amounts of these trace
elements and their speciation is important to understand the
toxicological behavior of organisms. ICP-MS has several attrac-
tive features for trace element studies, including rapid multi-
element analysis and very good detection limits of bacteria in
suspension (Gikunju et al., 2004). The detection and identifi-
cation of B. subtilis spores, B. subtilis vegetative cells, and
B. thuringiensis with an inorganic-chemical fingerprint obtained
with direct injection ICP-MSmight be useful to detect biological-
warfare agents (Gikunju et al., 2004). Thismethod reveals unique
chemical signatures that reflect the processing history of each
Bacillus organism.

Cliff et al. demonstrated the use of TOF secondary-ion mass
spectrometry (SIMS) to identify B. subtilis spores that were
grown in various media, based on their elemental signatures.
The TOF-SIMS signatures consist of 16 elemental intensities
(Cliff et al., 2005). Thompson et al. used TOF-SIMS to dis-
tinguish between spores and vegetative bacterial cells of
B. megaterium. The differentiation was based on the surface-
lipid profiles (Thompson et al., 2004).

E. MS of Nucleic Acids

Nucleic acid-based techniques for microbial analysis rely on the
genetic conservation within a species and genetic variability
among species. Although conventional biochemical analysis
remains an important method in clinical microbiology labora-
tories, nucleic acid-based methods have become popular in diag-
nostic microbiology. Genotyping methods to analyze nucleic
acids might involve hybridization, primer extension, ligation,
and cleavage, or a combination thereof (Monis & Giglio,
2006; Mothershed & Whitney, 2006; Klouche & Schroder,
2008). The device to read out the measurements can be a gel
reader, a plate reader, or an array reader, among others. MALDI-
MS is considered to be an alternative tool to sequence DNA.
However, some technical problems, such as adduct formation and
limited sequence length, have led to the use of MS primarily to
analyze DNA fragment profiles or single nucleotide polymor-
phisms (SNPs). ESI-MS can detect large and multiply charged
PCR products (Mayr et al., 2005). Therefore, accurate masses of
the PCR products, obtained with high-resolution ESI-MS, have
been used to determine their base compositions (Ecker et al.,
2005). Generally, the mass spectra of nucleic acid products or
their fragments are matched with theoretical ones in nucleic acid
sequence databases to identify the species. The advantage and
disadvantages of genotyping methods have been reviewed else-
where (Sobrino, Brion, & Carracedo, 2005). PCR-amplification
methods are able to detect a few tens of microbial cells andmight
be applied to the analysis of non-culturable microorganisms. The
major procedures for microbial analysis include cell lysis, DNA
extraction, amplification, and PCR-product analysis. The sample
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workup time may be less than that for conventional culturing
methods. Notably, some procedures are labor-intensive and the
PCR techniques might require additional steps to remove poten-
tial inhibitors from samples. Themajor advantage of using amass
spectrometer as a read-out device, in addition to the speed of
analysis, is its ability to measure masses of oligonucleotides. The
molecular mass that is directly related to the nucleotide compo-
sition is more accurate than other sequence-related parameters
such as migration times.

Because the 16 S rRNA gene is universally distributed and
highly conserved, it has been widely used to differentiate
microbial species. Restriction-fragment patterns are obtained
from digestion of the PCR products with restriction enzymes.
The reduced size of the digested PCR products also favors
ionization and mass analysis. MALDI-MS has been successfully
applied to differentiate microbial species by profiling the restric-
tion digests of DNA (Taranenko et al., 2002). This method can
detect hepatitis B andC viruses (HBVandHCV) in human-serum
samples (Hong et al., 2004; Kim et al., 2005; Oh et al., 2008). It
has been used to analyze as few as 100 copies of hepatitis B virus
gene per milliliter of serum and differentiated among wild-type
and variant viruses (Ho et al., 2004). The limitation of these
approaches in accurate microbial identification is the resolution
of length heterogeneities of marker genes among species. von
Wintzingerode et al. (2002) developed a method of microbial
identification with the base-specific cleavage of PCR products.
Amplification of 16S rDNA marker sequences was followed by
enzyme-mediated fragmentation at T-specific sites. The base-
specific cleavage yielded useful species-specific fragments, and
allowed differentiation of several culturedBordetella species and
as-yet-uncultured bacteria. Another comparative-sequencing
method, multilocus sequence typing (MLST), was used to ana-
lyzeN. meningitides by comparing theMALDI spectra ofMLST
loci to reference sequences in the public MLST database
(Honisch et al., 2007). This method is based on PCR of several
housekeeping genes. The variations in the sequences of multiple
loci that are derived frombase-specificRNAcleavage support the
identification of pathogens.

The homogeneous base-specific cleavage of PCR-amplified
and transcribed 16S rRNA gene was analyzed with MALDI-MS
to identify mycobacteria at the species level (Lefmann et al.,
2004). The MALDI-MS analysis of RNA is superior to that
of DNA because RNA that is transcribed from DNA is more
stable. The 20 OH group on the sugar ring reduces N-glycosylic
bond fragmentation (Tang, Zhu, & Smith, 1997; Tost & Gut,
2006).

Single nucleotide polymorphisms (SNPs) represent single
base changes that occur at a specific position in a genome. The
MALDI mass spectra obtained from eight SNPs in the precore/
basal core promoter of HBV were used to differentiate wild-type
and mutant samples (Lau et al., 2007). The PCR extension of
primers that were designed to be annealed at the polymorphic site
yielded distinguishable genotype-specific SNPs, even though
their mass differences were in a narrow range of 9–24 Da. An
SNPwithin the fumCgenewas found to differentiate between the
hypervirulent ET-15 strain and other ET-37 complex strains of
N. meningitidis (Lowe, Diggle, & Clarke, 2004). Ilina et al.
(2005) employed a similar MALDI-MS approach to genotype
HCV from HCV-positive blood sera or plasma. They designed
three oligonucleotide primers to detect two sets of genotype-
specific SNPs. The proposed method was an accurate and

efficient method for HCV genotyping based on minisequencing.
Although the occurrence of novel mutations limits the use of
genotypic methods based on single nucleotide differences
between strains, genotypic assays with base-specific cleavage
strategies detect new strains.

Amethod called Triangulation Identification for the Genetic
Evaluation of Risks (TIGER), to analyze microbial mixtures, has
been proposed (Ecker et al., 2008). The bacterium B. anthracis,
the Poxyviridae family, Alphaviruses (Hofstadler et al., 2005),
Acinetobacter species (Ecker et al., 2006), adenovirus (Russell
et al., 2006), Campylobacter species (Hannis et al., 2008), and the
Enterobacteriaceae family (Baldwin et al., 2009) were success-
fully identified with this approach. It uses high-resolution ESI-
FT-ICR/-TOFMS to analyze multiple PCR products to allow the
base compositions (A, T, G, and C, base counts) obtained from
multiple primer pairs to be accurately deduced. Figure 5 shows
the process. The first step involves extraction of all nucleic acids
that are present in a sample. Aliquots of the nucleic-acid solution
are amplified with various primers. The PCR primers target
universally distributed and highly conserved regions ofmicrobial
genes (such as 16S and 23S DNA). The second step is to use MS
to measure accurately the masses of the PCR products in a size
range of around 100 bp (and a mass of ca. 30 kDa). These base
compositions are employed to ‘‘triangulate’’ the identities of
most pathogens. Additional primers that are targeted to variable
regions of specific microbial genomes are used in the high-
resolution genotyping of specific species. To deduce the base
compositions based on the mass of PCR products, use of mass
spectrometers with high mass accuracy is a must.

This PCR-ESI-MS approach has also been used to detect and
type the strains of S. aureus isolates (Hall et al., 2009;Wolk et al.,
2009), a diverse collection of human and avian influenza viruses
(Sampath et al., 2007b), orthopoxviruses (Eshoo et al., 2009), and
more recently, Ehrlichia species from patients suspected of
having ehrlichiosis (Eshoo et al., 2010).

III. APPLICATIONS

Mass spectrometry (MS) is poised to take an increasingly import-
ant role in clinical chemistry (Ho & Reddy, 2010; Marvin,
Roberts, & Fay, 2003), environmental monitoring, and biode-
fense (Demirev & Fenselau, 2008b). Because mass analyzers
provide flexibility, sensitivity, specificity, and rich information
(qualitative/quantitative), various MS-based methods have been
used for accurate microbial identification. As mentioned above,
each method has its strength and weaknesses. MALDI-MS is a
rapid, sensitive, simple method. Therefore, it is very suitable for
direct biomarker profiling of microorganisms. However, exper-
imental parameters should be carefully controlled to obtain
reproducible spectra. MALDI-MS/MS (top-down or bottom-up
approaches) might avoid the reproducibility problems by ana-
lyzing sequence information of specific biomarkers. LC (CE)-
MS/MS separates and analyzes biomarkers such as proteins or
peptides belonging to a microorganism and provides accuracy
and selectivity. Although the speed of analysis is reduced,
microbial mixtures can be analyzed without culture isolation.
PCR-MS provides the best detection limit and might indentify
non-culturable microorganisms. However, designing primers
requires knowledge of target nucleic acid sequences and the
sample workup steps can be labor-intensive. In general, the
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MS-based approaches require less time for microbial analysis
than most conventional methods. This section provides some
examples of MS application.

Direct MALDI-TOFMS analysis of intact bacteria cells
might differentiate different bacterial species or subspecies in
many clinical-microbiology laboratories (Carbonnelle et al.,
2007; Eigner et al., 2009; La Scola & Raoult, 2009; Reich
et al., 2009). Degand et al. (2008) identified non-fermenting
bacilli that were recovered from cystic-fibrosis patients with
protein fingerprinting. MALDI-MS protein profiles obtained
have been used to differentiate methicillin-resistant S. aureus
(MRSA) and methicillin-susceptible S. aureus (MSSA), which
are responsible for various hospital-acquired infections
(Edwards-Jones et al., 2000; Du et al., 2002). The strain-specific
MALDI-TOFMS differentiation has been demonstrated with
intact cells from 20 Staphylococcal isolates, to rapidly dis-
tinguish between theMRSAandMSSAand, therefore, to support
the proper treatment of S. aureus infections in light of their
resistance to antibiotics (Edwards-Jones et al., 2000). The direct
MALDI-MS analysis of bacterial colonies has been used for the
routine identification of 1,660 bacterial isolates collected from
clinical specimens. Identification was quick; 95.4% of isolates
were correctly identified with MALDI-TOFMS; 84.1% were
identified at the species level, and 11.3% were identified at the
genus level. The average delay and cost of MALDI-MS identi-
fication for routine use in clinics have been evaluated in detail

(Seng et al., 2009). The delay was less than 10 min, and excluded
the cultivation time in agar media.

Fenselau et al. (2008) detected beta-lactamase in antibiotic-
resistant strain B. cereus spores with MALDI-TOFMS. This
protein marker might be used for the rapid preliminary detection
of the resistance of B. cereus spores to antibiotics. Demirev et al.
(2001) obtained positive- and negative-ion spectra of proteins
that were desorbed fromHelicobacter pylori 26995 cells, a strain
of bacteria that has been implicated in the development of
gastrointestinal ulcers. Seventeen clinical and two laboratory
strains of H. pylori have been analyzed from the direct
protein-fingerprinting method for quick species identification
(Ilina et al., 2010). MALDI-TOFMS has also been used to detect
and identify Legionella species (which cause Legionellosis dis-
ease) (Pennanec et al., 2010) and human pathogens such as
Bacteroides fragilis, which is frequently misidentified with phe-
notypical identification procedures (Nagy et al., 2009). SELDI-
TOF MS has been used to analyze 273 strains of staphylococci
and other species isolated in a clinical-microbiology laboratory
(Yang et al., 2009). The authors demonstrated that SELDI-
TOFMSprotein profiles ofmicroorganisms include protein peaks
that can be used to identify bacteria. Laser desorption ionization
(LDI) MS has been applied to the detection of Plasmodium
falciparum in blood samples from pregnant women (Nyunt
et al., 2005). P. falciparum is a malaria-causing protozoan.
LDI of hemozoin inside the parasites generated heme ion and

FIGURE 5. PCR-MSapproach-TIGER:Aliquots of nucleic acids present in a sample are deposited intowells of a

micro-titer plate to begin PCR. Each well contains a pair of broad-range primers that target a selected domain of

microorganisms. PCR products are desalted and electrosprayed into a high-resolution mass spectrometer to

determine their base compositions. The combined base compositions from multiple PCR reactions (multiple

primer sets) support the identification of microorganisms in a sample. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

IDENTIFICATION OF PATHOGENS BY MASS SPECTROMETRY &

Mass Spectrometry Reviews DOI 10.1002/mas 1215



its fragment ions. MS detection of these marker ions represents
malaria infection (Demirev et al., 2002; Demirev, 2004; Scholl
et al., 2004).

Tuberculosis (TB) is an infectious disease that is caused
by the Gram-positive bacteria M. tuberculosis. M. tuberculosis
is often associated with the human immunodeficiency virus
(HIV) and acquired immunodeficiency syndrome (AIDS),
which has led to the increased prevalence of pulmonary TB
worldwide. Recently, GC-MS analysis of derivatized fatty acids
obtained from microbial cells has been used for the rapid diag-
nosis of pulmonary TB in clinical-microbiology laboratories
(Stopforth et al., 2005; Cha et al., 2009). GC-MS has also been
used for the fast and accurate identification ofM. tuberculosis in
cultures and sputum samples that were collected from patients
who were suspected to be suffering from TB (Cha et al., 2009;
Kaal et al., 2009). The results show that tuberculosis stearic
acid was detected only in the sputum specimens from patients
who were clinically diagnosed with TB. Hu et al. applied selec-
tive CE-MS/MS to identify specific pathogens in clinical speci-
mens that had been collected from pus, wound, sputum, and
urine samples. The bacteria in these clinical specimens were
cultivated directly, without prior isolation of a pure colony,
before the selective MS/MS analyses were performed. The
total time taken to perform the analysis, including fast protein
digestion and MS analysis, was 30 min, and the cultivation
time was 6 hr. The identified pathogens included many species
such as P. aeruginosa, S. aureus, and S. agalactiae (Hu et al.,
2006).

Polymerase chain reaction-mass spectrometry (PCR-MS)
has been used to detect/identify infectious pathogens (Fox,
2006; Sampath et al., 2007a; Eshoo et al., 2010; Fabris, 2010).
The detection of SNPswith aMALDI-MS-basedminisequencing
method has been used to identify hepatitis B virus in HBsAg-
positive patientswith chronic hepatitis B (Malakhova et al., 2009)
and to detect drug resistance-relatedmutations inN. gonorrhoeae
(Vereshchagin et al., 2005) and M. tuberculosis (Ikryannikova
et al., 2007). The same method has been successfully applied
to the rapid detection of clinically significant TEM-type
extended-spectrum beta-lactamases in clinical strains of
E. coli and Klebsiella pneumonia (Ikryannikova et al., 2008).
Faix, Sherman, and Waterman (2009) used PCR and ESI-MS
to classify swine-origin influenza A (H1N1) viruses (S-OIV).
Data from numerous outbreak sites indicate that the novel influ-
enza A/H1N1 virus is currently the dominant influenza strain in
most parts of the world.

Ecker’s research group identified the genotypes of bacteria
in complex mixtures of clinical samples, by performing a base-
composition analysis of PCR-amplification products with high-
resolution ESI-MS. They employed this approach to identify
quinolone resistance in Acinetobacter spp., whose quinolone
resistance is mediated by mutations in the quinolone resist-
ance-determining DNA sequences of two essential housekeeping
genes (Hujer et al., 2009). The results provide important
information for the therapeutic treatment of Acinetobacter
spp. infection. Analysis of respiratory samples collected during
respiratory disease outbreaks revealed high concentrations of
pathogenic respiratory species, including Haemophilus influen-
zae, N. meningitidis, and S. pyogenes (Ecker et al., 2005).
This approach has been used to identify 14 isolates of nine
diverse Coronavirus spp., including the severe acute respiratory
syndrome (SARS)-associated coronavirus. The detection limit

was one plaque-forming-unit per mL of human serum (Sampath
et al., 2005).

IV. CONCLUSIONS

Recent outbreaks, including the SARS outbreak that was caused
by coronavirus and the H1N1 flu outbreak that was caused by a
novel influenza A virus, as well as some biothreat incidents,
reveal the importance to develop more rapid, sensitive, and
accurate real-time detection methods. MS has been successfully
applied to the analysis of biomarkers from microbial samples.
Many advanced methods for microbial analysis have been pro-
posed. The MALDI-MS fingerprinting of microorganisms has a
number of advantages, including rapidity and ease of imple-
mentation. Construction of a large reference spectral library
and the use of a fingerprint-selection algorithm are critical to
the success of the fingerprinting approach because of the com-
plexity and the lack of reproducibility of microbial mass spectra
obtained from real-world samples. Identification of microorgan-
isms through the sequence analysis of peptide or proteinsmarkers
might solve the problems associated with spectral reproducibil-
ity. Top-down or bottom-up protein identificationmethods can be
used to analyze sequence information. Although the proteomic
methods are limited by the number of available proteome data-
bases, more and more microbial proteomes have been revealed
and should broaden the applicability of these approaches in
microbial analysis. Top-down methods directly characterize
proteins, and are, therefore, quick and simple. In bottom-up
approaches, the complexity of microbial biomarkers might be
simplified with various chromatography-based methods;
although separation processes reduce the speed of identification,
they provide significantly improved accuracy and selectivity.
Furthermore, because the dynamic range is also increased, even
a small amount of microorganisms in complex sample matrices
can be identified. Most current microbial analysis methods
require the culturing of the target cells to obtain detectable
signals. The culturing time is by far the rate-limiting step in
rapid microbial identification. Reducing the detection threshold
for microbial cells will be one of the major challenges in the
future. Methods and instrumentation must both be improved to
reach this goal. Cell enrichment through affinity techniques will
also be important. Selective biomarker analysis with multiple
reaction monitoring approaches coupled with affinity techniques
will enhance the sensitivity and accuracy of microbial identifi-
cation. The MS detection of PCR products from microbial genes
might be an alternative means to improve the detection limit,
especially in analyses of non-culturable microorganisms.
Advances in MS instrumentation and methods shall support a
simple and accuratemeans of pathogen identification for environ-
mental monitoring and clinical diagnosis.

V. ABBREVIATIONS

2DGE two-dimensional gel electrophoresis
ANN artificial neural network
BAMS bioaerosol mass spectrometry
BHPs bacteriohopanoids or bacteriohopanepolyols
CFU colony forming unit
DART direct analysis in real time
DESI desorption electrospray ionization
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ELDI electrospray-assisted laser desorption ionization mass
spectrometry

ESI electrospray ionization
FA ferulic acid
HBV hepatitis B virus
HCCA a-cyano-4-hydroxycinnamic acid
HCV hepatitis C virus
ICP inductively coupled plasma mass spectrometry
IgG immunoglobulin G
LDI Laser desorption ionization
MALDI matrix-assisted laser desorption/ionization
MLST multilocus sequence typing
MRSA methicillin-resistant S. aureus
MS mass spectrometry
MSSA methicillin-susceptible S. aureus
MVA multivariate analysis
PCA principal component analysis
PCR polymerase chain reaction
Py-MS Pyrolysis mass spectrometry
SA sinapinic acid
SARS severe acute respiratory syndrome
SELDI surface-enhanced laser desorption/ionization
SIMS secondary ion mass spectrometry
SNPs single nucleotide polymorphisms
SPA selective proteotypic peptide analysis
TB tuberculosis
THM thermally assisted hydrolysis and methylation
TIGER Triangulation Identification for the Genetic

Evaluation of Risks
TMAH tetramethylammonium hydroxide
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