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Introduction

The emergence of drug-resistant microorganisms (“superbugs”), unaffected by 
available pharmaceuticals, has been recognized as an acute worldwide health prob-
lem (Choffnes et  al. 2010) recognized by the World Health Organization (WHO 
2015). Rapid determination of the responses of a pathogenic microorganism to 
antibiotics is very important for taking, for example, timely countermeasures in 
response to a bioterrorism attack or for efficient curbing of the spread of infections 
in a hospital setting. A US national strategy for combating drug resistance, formu-
lated in the fall of 2014, envisions complex measures to mitigate the emergence and 
spread of antibiotic resistance (National Strategy on Combating Antibiotic-Resis-
tant Bacteria 2014). Classical microbiology techniques, including broth dilution or 
disk diffusion, have been used for decades to determine drug resistance (Coudron 
et al. 1986; Tang and Stratton 2006). These techniques infer organism proliferation 
in the presence of a drug (i.e., resistance) by, for example, monitoring changes in 
optical density (turbidity) of culture suspensions. However, such classical assays 
for drug resistance are not rapid, typically taking between 24 and 48 h. These delays 
reduce markedly the efficacy of efforts to curb disease spread or mitigate effects of 
bioterrorism activities. Time is of the essence in identifying, treating, or eradicating, 
particularly, virulent and unknown pathogens. In addition, existing classical tests 
with higher false-positive or false-negative rates can result in additional complica-
tions, wasting valuable resources in improper and inefficient treatments.

Mass spectrometry (MS) , a molecular-level biophysical technology, offers sev-
eral advantages for pathogen detection, including speed, sensitivity, and specificity, 
and it rapidly revolutionizes the practice of infectious disease diagnostics (Wilkins 
et al. 2005; Demirev and Fenselau 2008a, b; Shah and Gharbia 2010; Cliff et al. 
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2011; Ho and Reddy 2010; Fenselau and Demirev 2011; Havlicek et al. 2013; San-
drin et al. 2013). A number of MS approaches for direct detection of drug-resistant 
bacterial strains have been introduced recently (Hrabak et al. 2013; Demirev 2014; 
Kostrzewa et  al. 2013). For example, matrix-assisted laser desorption/ionization 
(MALDI) MS generated biomarker profiles differentiate between methicillin-sus-
ceptible and methicillin-resistant Staphylococcus aureus (MRSA) strains (Edwards-
Jones et al. 2000; Jackson et al. 2005; Du et al. 2002; Wolters et al. 2011; Shah et al. 
2011; Burckhardt and Zimmermann 2011; Muroi et al. 2012). Direct detection of 
drug metabolites (e.g., degradation products) in cultures grown in the presence of 
drugs is another MS approach for establishing drug resistance (Hrabak et al. 2013). 
In it, the lower m/z (less than 600) range of a mass spectrum is monitored for the 
presence of peak characteristic of the drug and/or its metabolites. This approach 
relies on knowledge of the degradation products, arising as a result of the known 
enzyme-facilitated resistance mechanisms.

Functional Assays for Establishing Drug Resistance

Stable-Isotope Biomarker Labeling During Growth in Isotopically Manipulated 
Culture Medium (Metabolic Labeling)  The labeling of biomolecules with stable 
(nonradioactive) isotopes during microorganism growth was introduced almost 60 
years ago (Meselson and Stahl 1958). In the past 20 years, improved sensitivity 
and signal-to-noise ratio in MS of biomolecules derived from microorganisms have 
been achieved by growth media manipulation—enrichment or depletion of minor 
stable isotopes, such as 13C and 15N—and metabolic biomolecule labeling (Oda 
et al. 1999; Mann 2006; Marshall et al. 1997; Stump et al. 2003). This has resulted in 
improved and more accurate microorganism identification (ID; Stump et al. 2003) . 
A rapid functional method to determine drug resistance in microorganisms has been 
demonstrated recently (Demirev et al. 2013). It is based on microorganism growth 
in stable-isotope-labeled media that also contain target drugs (Sparbier et al. 2013; 
Jung et al. 2014). Mass spectra obtained from microorganisms grown under such 
conditions are compared to control spectra obtained from microorganisms grown 
in non-labeled media without the drug. Isotope-labeled nutrients are consumed and 
metabolized during the continued microorganism growth if the organism is not sus-
ceptible to the specific drug(s) present. Drug resistance is inferred by observing 
characteristic mass shifts of one or more microorganism biomarkers. These char-
acteristic mass shifts are a result of the isotopic label(s) being incorporated into 
the biomarker molecules. The shifts thus indicate that the microorganism is viable 
even in the presence of the drug. The shifts can be determined experimentally and 
can also be derived by bioinformatics algorithms. For example, they can be pre-
dicted from the isotope composition and the stable-isotope ratios and the actual or 
estimated biomarker elemental composition. All C-containing molecules consist of 
approximately one 13C-atom for every 99 12C-atoms at natural-isotope abundance. 
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When a molecule containing n C-atoms is enriched 100 % in 13C (i.e., all 12C-atoms 
are replaced by 13C) its molecular weight will be shifted by approximately n Da, 
compared to the molecular weight upon natural-isotope abundance.

Two approaches for isotope labeling of the growth medium have been demon-
strated. One approach utilizes globally labeled medium with all growth medium 
molecules labeled at a predefined isotope ratio of, for example, 13C–12C atoms 
(Demirev et  al. 2013). A partially labeled (“locally labeled”) medium contains a 
particular component that is labeled, for example, 13C- and/or 15N-labeled-specific 
amino acids. The second approach has been introduced more than 10 years ago as a 
major step in MS-based quantitative proteomics approaches. Stable isotope labeling 
by amino acids in cell cultures (SILAC; Mann 2006) is the such a major protocol, 
and it has been used extensively for identification and quantitative evaluation of the 
expression levels of individual cellular proteins under various conditions.

The first approach has been illustrated with intact Escherichia coli, grown in 
control (unlabeled) and 13C-labeled media, and analyzed by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Demirev 
et al. 2013). This approach is nearly universal: it can be applied to both known and 
unknown microorganisms (e.g., with unsequenced genomes and/or newly emerging 
organisms). If the organism’s genome is available, simultaneously with testing for 
drug resistance the microorganism can also be identified by bioinformatics tools 
(Pineda et al. 2000; Demirev et al. 2004). On the other hand, neither prior identifi-
cation of the microorganism being tested nor prior availability of a reference mass 
spectrum for that organism is required. Depending on the prior knowledge, one or 
more algorithms for data analysis can be utilized either individually or in parallel 
(Fig. 13.1). For example, if the organism’s genome is known, mapping of observed 
microorganism protein biomarkers to their respective amino acid sequences is pos-
sible (Jung et al. 2014). Thus, direct “counting” of all C- or N-atoms in an observed 
protein would provide the expected mass shift upon substitution of 12C with 13C (14N 
with 15N), respectively.

The local labeling approach based on the incorporation of specific isotopical-
ly labeled amino acids has been demonstrated by Kostrewa and coworkers using 
methicillin-resistant S. aureus (Sparbier et al. 2013) and Pseudomonas aeruginosa 
(Jung et al. 2014). In both the studies, either lysine at natural-isotope abundance or 
13C- and 15N-labeled lysine has been added to the growth medium. In the second 
study, the susceptibility of P. aeruginosa to meropenem, tobramycin, and ciproflox-
acin (antibiotics with differing mechanisms of action) has been evaluated utilizing 
a semiautomated algorithm. As expected, a shift of organism-specific biomarkers is 
observed for drug-resistant strains upon growth in labeled medium (Fig. 13.2). The 
observed shifts in biomarker masses in the case of locally isotope-labeled medium 
(i.e., individual amino acids) are typically at least an order of magnitude smaller 
when compared to shifts, observed for globally labeled medium. Thus, local la-
beling places more stringent requirements for experimental mass resolution than 
global labeling. In addition, since in many cases the labeled amino acid may be 
nonessential (i.e., some can be synthesized de novo during cell development) both 
unlabeled and labeled biomarker peaks are observed (Fig.  13.2). More sophisti-
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cated algorithms, preferably combined with knowledge of the amino acid sequence 
of the protein biomarker, are required for data deconvolution and semiquantitative 
analysis when using local isotope labeling protocols. On the other hand, considering 
the availability of isotope-labeled components of growth media [35], local labeling 
protocols can be developed more readily from currently existing culture protocols 
than protocols for global growth medium labeling. Both labeling protocols can be 
combined with direct MALDI-TOF MS analysis of intact cells or their protein ex-
tracts as well as with bottom-up or top-down approaches using liquid chromatog-
raphy/ESI tandem MS instrumentation. The advantages of using MALDI-TOF MS 
are relative simplicity of the analysis, combined with microorganism ID, speed, 
wide instrument availability, and cost effectiveness. Almost all sample preparation 
and analysis stages can be automated and multiplexed. Isotope-labeling strategies 
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Fig. 13.1   Algorithmic approaches for establishing drug resistance in microorganisms by MS, after 
growth in an isotopically labeled medium. Each algorithm can be applied individually or in paral-
lel, depending on the available prior information. (Reprinted from Demirev et  al. (2013), with 
permission from Springer)
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for establishing drug resistance can be particularly useful for classes of anaerobes, 
fastidious bacteria, and other slow-growing bacteria (Biswas and Rolain 2013) .

Bacteriophage-Based Amplification for Drug Resistance Detection  Phage amplifi-
cation detection (PAD) of bacteria via MS relies on detecting bacteriophages specific 
to their target host organism (Rees and Voorhees 2005). Phages self-replicate and 
proliferate only in metabolically active host cells, have extensive shelf lives, and are 
inexpensive. Targeted microorganisms are identified through detection by MS of 
secondary biomarkers originating from organism-specific bacteriophages after their 
amplification in the target cells. Only proteins indicative of progeny phages, that 
are bacteria specific, are detected. For example, when both MS2 and MPSS-1 are 

a

b

Fig. 13.2  Mass (m/z) shifts in MALDI-TOF mass spectra of Pseudomonas aeruginosa. a Con-
trol, spectrum for bacteria grown in a medium containing lysine at natural-isotope abundance. b 
P. aeruginosa grown for 2.5 h in a medium containing 13C- and 15N-labeled lysine. Lysine has 
six  C- and two N-atoms, thus 13C- and 15N-labeled lysine will be 8 Da heavier than its unlabeled 
counterpart. Incorporation of four and five labeled lysines in the (most probably) ribosomal protein 
biomarker at m/z 5212 can be inferred from the mass shifts in spectrum (b). (Reprinted from Jung 
et al. (2014), with permission from Springer)
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mixed with E. coli, only an MS2 biomarker protein is detected by MALDI-TOF MS. 
Phage-based amplification has been successfully expanded into a functional assay 
for drug resistance screening of targeted bacteria (Pierce et al. 2011, 2012; Rees 
et al. 2015). In this process, the shift in characteristic biomarker masses for phages, 
initially proliferated in stable-isotope-manipulated growth medium, for example, 
15N-enriched, is monitored as an indication of successful phage proliferation. High 
15N-labeled phage titers (above the MS instrument’s detection limits) are used to 
spike the sample. The isotope-labeled phages can be readily distinguished from 
phages subsequently proliferating in bacteria in media with natural-isotope abun-
dance by the observed (downward) shifts in biomarker masses (Fig. 13.3). Monitor-
ing phage growth in drug-containing and control culture media in parallel results in 
an assay for establishing drug susceptibility—detection of phage-specific biomark-
ers in samples with the drug will signal the presence of live drug-resistant bacterial 
strains. The initial input inoculum can be readily distinguished from phages success-
fully proliferating in the bacteria, which eliminates the possibility of false-positive 
results. Isotope labeling leads to improved selectivity, high initial phage titers, and 
sensitivity—only organism-specific phages proliferate. The overall time for organ-
ism ID as well as drug susceptibility testing is markedly reduced. The method, com-
bined with MALDI-TOF MS, has been demonstrated for rapid detection of MRSA 
strains (Pierce et al. 2011). In this method, a S. aureus-specific phage is initially 
labeled by proliferating in organisms in 15N-labeled culture medium. Subsequently, 
the presence of S. aureus is confirmed by detecting a 14N-labeled bacteriophage 
capsid protein signal after 90-min phage incubation in a sample in a growth medium 
at natural-isotope abundance. The assay has been combined with LC/ESI/tandem 
MS for multiple reaction monitoring (MRM) of phage-specific tryptic peptides for 
rapid and accurate quantitation of viable S. aureus (Pierce et al. 2012) . After spik-
ing the sample with 15N-labeled phages, and following 2-h incubation, the sample is 

Mass/charge

Fig. 13.3   Overlaid MALDI-TOF mass spectra of initial Staphylococcus bacteriophage 53 inocu-
lum (2 × 108 PFU mL−1), grown in 15N-labeled medium—green trace, and after its propagation 
for 2 h in S. aureus culture (6.7 × 107 CFU mL−1)—blue trace. The downward shift in mass of the 
observed biomarkers before and after amplification is due to replacement of the 15N isotope of the 
approximately 420 N atoms in the phage capsid protein with 14N isotopes. (Adapted with permis-
sion from Pierce et al. (2011), copyright 2011, American Chemical Society)
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rapidly digested with trypsin. Target tryptic peptides unique to both the 15N-labeled 
input and 14N progeny capsid proteins are analyzed in MRM. The peptides from 
a known number of 15N-metabolically labeled phages (109  PFU) are used as an 
internal standard for quantitation. A linear S. aureus response is achieved in the 
range from 5.0 × 104 to 2.0 × 106 CFU/mL. Since different antibiotics have different 
mechanisms of action, there may be a latency period during which the drug might 
be effective but there will still be phage amplification. To avoid such false positives 
of purported microbial resistance against, for example, β-lactam antibiotics, a modi-
fied phage amplification protocol for simultaneous ID and susceptibility testing to 
multiple drugs has been implemented (Rees et al. 2015). Delayed 15N-labeled phage 
K infection is tested when testing for resistance against slower-acting drugs, includ-
ing cefoxitin, allowing for effects of the drug to take action (Fig. 13.4). The end-to-
end assay can be performed in less than 8 h. This is at least a factor of 3 faster than 
clinical microbiology assays currently used to detect MRSA.

Conclusion

The emergence of multidrug-resistant microorganism strains requires novel meth-
ods for antimicrobial resistance and virulence testing. The functional assays for 
establishing drug resistance, reviewed here, are based on MS and stable isotopes 

Fig. 13.4  Workflow for a 
phage-amplification assay 
using stable-isotope labeled 
phages to simultaneously 
determine the presence of 
Staphylococcus aureus in a 
sample, as well as the suscep-
tibility of microorganism to 
two antibiotics—clindamycin 
and cefoxitin. (Reprinted 
with permission from Rees 
et al. (2015), copyright 2015, 
American Chemical Society)
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for manipulating culture media. Drug resistance can be inferred from character-
istic differences in the masses of primary (microorganism-derived) or secondary 
(phage-derived) biomarkers appearing upon microorganism growth in the presence 
of a drug. These assays have a number of advantages. They are much more rapid 
than classical microbiology assays. Also, they are broadly applicable to a variety 
of drug/ microorganism types since no prior knowledge of the type of drug and its 
mechanism of action is required. The assays have potential in high-throughput mass 
screening against known or unknown pathogens. In a clinical sample, pathogenic 
microorganism ID/confirmation and drug susceptibility testing can be performed 
in parallel, thus reducing the time for accurate diagnosis and subsequent treatment. 
These assays can be multiplexed for simultaneous analysis of mixtures of drugs and 
organisms (samples), potentially reducing cost. Bioinformatics/statistical methods 
can be implemented for automated data analysis
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