




Microbiological Identification using MALDI-TOF  
and Tandem Mass Spectrometry





Microbiological Identification using MALDI-TOF 
and Tandem Mass Spectrometry

Industrial and Environmental Applications

Edited by

Haroun N. Shah
Middlesex University
London, UK

Saheer E. Gharbia
UK Health Security Agency
London, UK

Ajit J. Shah
Middlesex University
London, UK

Erika Y. Tranfield
Bruker UK Limited
Coventry, UK

K. Clive Thompson
ALS, Life Sciences
Rotherham, UK



This edition first published 2023
© 2023 John Wiley & Sons Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or 
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, 
except as permitted by law. Advice on how to obtain permission to reuse material from this title is available 
at http://www.wiley.com/go/permissions.

The right of Haroun N. Shah, Saheer E. Gharbia, Ajit J. Shah, Erika Y. Tranfield, and K. Clive Thompson to be 
identified as the authors of the editorial material in this work has been asserted in accordance with law.

Registered Offices
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Office
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products 
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content 
that appears in standard print versions of this book may not be available in other formats.

Trademarks: Wiley and the Wiley logo are trademarks or registered trademarks of John Wiley & Sons, 
Inc. and/or its affiliates in the United States and other countries and may not be used without written 
permission. All other trademarks are the property of their respective owners. John Wiley & Sons, Inc. is 
not associated with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty
In view of ongoing research, equipment modifications, changes in governmental regulations, and the 
constant flow of information relating to the use of experimental reagents, equipment, and devices, the 
reader is urged to review and evaluate the information provided in the package insert or instructions 
for each chemical, piece of equipment, reagent, or device for, among other things, any changes in the 
instructions or indication of usage and for added warnings and precautions. While the publisher and 
authors have used their best efforts in preparing this work, they make no representations or warranties 
with respect to the accuracy or completeness of the contents of this work and specifically disclaim 
all warranties, including without limitation any implied warranties of merchantability or fitness for 
a particular purpose. No warranty may be created or extended by sales representatives, written sales 
materials or promotional statements for this work. The fact that an organization, website, or product is 
referred to in this work as a citation and/or potential source of further information does not mean that 
the publisher and authors endorse the information or services the organization, website, or product may 
provide or recommendations it may make. This work is sold with the understanding that the publisher 
is not engaged in rendering professional services. The advice and strategies contained herein may not be 
suitable for your situation. You should consult with a specialist where appropriate. Further, readers should 
be aware that websites listed in this work may have changed or disappeared between when this work 
was written and when it is read. Neither the publisher nor authors shall be liable for any loss of profit or 
any other commercial damages, including but not limited to special, incidental, consequential, or other 
damages.

Library of Congress Cataloging-in-Publication Data applied for
Hardback ISBN: 9781119814054

Cover Design: Wiley
Cover Image: Courtesy of C.K Fagerquist and O. Sultan; Shiga holotoxin structural image (adapted by 
Clifton Fagerquist), based on open-access article - Structure of shiga toxin type 2 (Stx2) from Escherichia 
coli O157:H7

Set in 9.5/12.5pt STIXTwoText by Straive, Pondicherry, India



This book is dedicated to the late Professor Franz Hillenkamp who visited and 
communicated with MISU in the midst of this work and acted as our mentor during the 
development of MALDI-TOF and tandem mass spectrometry for clinical microbiology

and

Iona, Amaya and Calum.





vii

List of Contributors  xix
Preface  xxiii

1	 Progress in the Microbiological Applications of Mass Spectrometry: from 
Electron Impact to Soft Ionization Techniques, MALDI-TOF MS and Beyond  1
Emmanuel Raptakis, Ajit J. Shah, Saheer E. Gharbia, Laila M.N. Shah, Simona 
Francese, Erika Y. Tranfield, Louise Duncan, and Haroun N. Shah

1.1	 Introduction  1
1.1.1	 Algorithms Based upon Traditional Carbohydrate Fermentation Tests  1
1.1.2	 Dynamic Changes in the Chemotaxonomic Era (c. 1970–1985) through the Lens 

of the Genus Bacteroides  2
1.1.3	 Microbial Lipids as Diagnostic Biomarkers; Resurgence of Interest 

in MALDI-TOF MS with Advances in Lipidomics  3
1.2	 The Dawn of MALDI-TOF MS: Establishing Proof 	

of Concept for Diagnostic Microbiology  7
1.2.1	 Development of a MALDI-TOF MS Database for Human Infectious Diseases  10
1.2.2	 The Dilemma with Clostridium difficile: from Intact Cells to Intracellular 

Proteins, MALDI-TOF MS Enters a New Phase  13
1.3	 Linear/Reflectron MALDI-TOF MS to Tandem Mass Spectrometry  15
1.3.1	 Tandem MALDI-TOF Mass Spectrometry  17
1.3.2	 Electrospray-based Mass Analysers  18
1.3.3	 Tandem Mass Spectrometry  18
1.3.4	 Mass Spectrometry-based Proteomics  19
1.3.5	 Case Study: LC-MS/MS of Biothreat Agents, Proteomes of Pathogens 

and Strain-level Tying Using Bottom-up and Top-down Proteomics  19
1.3.6	 Discovery Proteomics  21
1.3.7	 Targeted Proteomics  22
1.3.8	 Top-down Proteomics  23
1.3.9	 Targeted Protein Quantitation  24
1.4	 The Application of MALDI-MS Profiling and Imaging in Microbial Forensics: 

Perspectives  25
1.4.1	 MALDI-MSP of Microorganisms and their Products  26
1.5	 Hydrogen/Deuterium Exchange Mass Spectrometry in Microbiology  27
1.6	 The Omnitrap, a Novel MS Instrument that Combines Many Applications of 

Mass Spectrometry  29
	 References  35

Contents



Contentsviii

2	 Machine Learning in Analysis of Complex Flora Using Mass Spectrometry  45
Luis Mancera, Manuel J. Arroyo, Gema Méndez, Omar Belgacem,  
Belén Rodríguez-­Sánchez, and Marina Oviaño

2.1	 Introduction  45
2.2	 An Improved MALDI-TOF MS Data Analysis 	

Pipeline for the Identification� of Carbapenemase-producing Klebsiella 
pneumoniae  47

2.2.1	 Motivation  47
2.2.2	 Materials and Methods  47
2.2.3	 Spectra Acquisition  50
2.2.4	 Results  51
2.2.5	 Discussion  54
2.3	 Detection of Vancomycin-Resistant Enterococcus faecium  55
2.3.1	 Motivation  55
2.3.2	 Materials and Methods  56
2.3.3	 Results and Discussion  59
2.4	 Detection of Azole Resistance in Aspergillus fumigatus Complex Isolates  59
2.4.1	 Introduction  59
2.4.2	 Material and Methods  60
2.4.3	 Results  60
2.4.4	 Discussion  64
2.5	 Peak Analysis for Discrimination of Cryptococcus neoformans Species Complex 

and their Interspecies Hybrids  64
2.5.1	 Motivation  64
2.5.2	 Material and Methods  65
2.5.3	 Results and Discussion  65
2.6	 Conclusions  66
	 References  67

3	 Top-down Identification of Shiga Toxin (and Other Virulence Factors and 
Biomarkers) from Pathogenic E. coli using MALDI-TOF/TOF Tandem Mass 
Spectrometry  71
Clifton K. Fagerquist

3.1	 Introduction  71
3.2	 Decay of Metastable Peptide and Protein Ions 	

by the Aspartic Acid Effect  72
3.3	 Energy Deposition during Desorption/Ionization by MALDI  75
3.4	 Protein Denaturation and Fragmentation Efficiency of PSD  76
3.5	 Arginine and its Effect on Fragment Ion Detection 	

and MS/MS Spectral Complexity  79
3.6	 Inducing Gene Expression in Wild-type Bacteria for Identification by Top-Down 

Proteomic Analysis  82
3.7	 Top-down Proteomic Identification of B-Subunit of Shiga Toxin from STEC 

Strains  83
3.8	 Furin-digested Shiga Toxin and Middle-down Proteomics  85



Contents ix

3.9	 Top-down Identification of an Immunity Cognate of a Bactericidal Protein 
Produced from a STEC Strain  87

3.10	 LC-MALDI-TOF/TOF  88
3.11	 Conclusions  89
	 References  94

4	 Liquid Atmospheric Pressure (LAP) – MALDI MS(/MS) Biomolecular Profiling for 
Large-scale Detection of Animal Disease and Food Adulteration and Bacterial 
Identification  97
Cristian Piras and Rainer Cramer

4.1	 Introduction  97
4.2	 Background to LAP-MALDI MS  98
4.3	 Bacterial Identification by LAP-MALDI MS  102
4.4	 Food Adulteration and Milk Quality Analysis by LAP-MALDI MS  105
4.5	 Animal Disease Detection by LAP-MALDI MS  108
4.6	 Antibiotic Resistance Detection of Microbial Consortia by 	

LAP-MALDI MS  110
4.7	 Future Directions for LAP-MALDI MS Applications  113
	 References  114

5	 Development of a MALDI-TOF Mass Spectrometry Test for Viruses  117
Ray K. Iles, Jason K. Iles, and Raminta Zmuidinaite

5.1	 Introduction  117
5.2	 Understanding the Systems Biology of the Virus and Viral Infections  120
5.3	 Understanding the Nature of Viral Proteins and Molecular Biology  121
5.4	 Virion Protein Solubilization and Extraction  123
5.5	 Sampling and Virion Enrichment  123
5.6	 Peak Identification: Quantification and Bioinformatics  125
5.7	 Promise and Pitfalls of Machine Learning Bioinformatics  126
5.8	 Accelerating MALDI-TOF Assay Protocol Development Using Pseudotypes/

pseudoviruses  128
5.9	 Understanding the Operational Parameters of your MALDI-TOF MS  130
5.10	 Understanding the Operational Requirements of the Clinical Testing Laboratory: 

Validation and International Accreditation  131
5.10.1	 Limitation and Advantages of CLIA LDTs  131
5.11	 MALDI-TOF MS Screening Test for SARS-CoV-2s  132
5.11.1	 Prepare Positive Control  132
5.11.2	 Prepare Gargle-saliva Samples  132
5.11.3	 Viral Particle Enrichment  132
5.11.4	 Dissolution of Virions and Solubilization of Viral Proteins  133
5.11.5	 MALDI-TOF MS  133
5.12	 CLIA LDT Validation of a MALDI-TOF MS Test for SARS-CoV-2  133
5.12.1	 Limit of Detection  134
5.12.2	 Interfering Substances and Specificity  134
5.12.3	 Clinical Performance Evaluation  136



Contentsx

5.12.3.1	 Establishing Operational Cut-off Values  137
5.12.3.2	 Direct comparison with an RT-PCR SARS-CoV-2 test  138
5.12.3.3	 Internal Sampling Quality Control  138
5.12.3.4	 Daily System Quality Control  138
5.12.4	 Reproducibility  139
5.12.5	 Stability  139
5.12.6	 Validation Disposition  141
5.12.6.1	 Global Biosecurity  141

	 References  142

6	 A MALDI-TOF MS Proteotyping Approach for Environmental, Agricultural 
and Food Microbiology  147
Hiroto Tamura

6.1	 Introduction  147
6.2	 Serotyping of Salmonella enterica Subspecies enterica  151
6.3	 Discrimination of the Lineages of Listeria monocytogenes and Species of 

Listeria  161
6.4	 Discrimination of the Bacillus cereus Group and Identification of 

Cereulide  167
6.5	 Identification of Alkylphenol Polyethoxylate-degrading Bacteria in the 

Environment  171
6.6	 Conclusions and Future Perspectives  173
	 References  175

7	 Diversity, Transmission and Selective Pressure on the Proteome  
of Pseudomonas aeruginosa  183
Louise Duncan, Ajit J. Shah, Malcolm Ward, Radhey S. Gupta, Bashudev Rudra,  
Alvin Han, Ken Bruce, and Haroun N. Shah

7.1	 Introduction: Diversity  183
7.1.1	 P. aeruginosa: from ‘Atypical’ to Diverse  183
7.1.2	 Phenotypical Diversity in Isolates from Different Environments  183
7.1.2.1	 Clinical Isolates  183
7.1.2.2	 Environmental Isolates  184
7.1.2.3	 Veterinary Isolates  184
7.1.2.4	 Comparing P. aeruginosa Phenotypical Profiles from Different 

Environments  184
7.1.2.5	 Antibiotic Resistance in P. aeruginosa from Different Environments  186
7.1.3	 The Relationship Between Phenotypical and Proteomic Diversity  186
7.1.4	 Techniques and Practical Considerations for Studying 	

Proteomic Diversity  186
7.1.5	 Proteomic Diversity and MS Applications  189
7.2	 Transmission  189
7.2.1	 The History of P. aeruginosa Transmission  189
7.2.2	 Proteomics and P. aeruginosa Transmission  191



Contents xi

7.2.3	 The Impact of Proteomic Diversity on Transmission  191
7.3	 Selective Pressures on the Proteome  192
7.3.1	 Tandem MS Systems for Studying Selected Proteomes  192
7.3.2	 Microenvironment Selection  192
7.3.2.1	 The Human Body and CF Lung  192
7.3.2.2	 The Natural Environment  192
7.3.3	 Antimicrobial Selection  193
7.4	 Conclusions on Studies of the Proteome  193
7.5	 Genomic Studies on Pseudomonas aeruginosa Strains Revealing the Presence of 

Two Distinct Clades  195
7.5.1	 Phylogenomic Analysis Reveals the Presence of Two Distinct Clades Within 

P. aeruginosa  196
7.5.2	 Identification of Molecular Markers Distinguishing the Two P. aeruginosa 

Clades  198
7.6	 Final Conclusions  201
	 References  201

8	 Characterization of Biodegradable Polymers by MALDI-TOF MS  211
Hiroaki Sato

8.1	 Introduction  211
8.2	 Structural Characterization of Poly(ε-caprolactone) Using 	

MALDI-TOF MS  212
8.3	 Biodegradation Profiles of a Terminal-modified PCL Observed by 

MALDI-TOF MS  216
8.4	 Bacterial Biodegradation Mechanisms of Non-ionic Surfactants  218
8.5	 Advanced Molecular Characterization by High-resolution MALDI-TOF MS 

Combined with KMD Analysis  221
8.6	 Structural Characterization of High-molecular-weight Biocopolyesters by 

High-resolution MALDI-TOF MS Combined with KMD Analysis  225
	 References  228

9	 Phytoconstituents and Antimicrobiological Activity  231
Philip L. Poole and Giulia T.M. Getti

9.1	 Introduction to Phytochemicals  231
9.2	 An Application to Bacteriology  233
9.2.1	 Allicin Leads to a Breakdown of the Cell Wall of Staphylococcus aureus  234
9.3	 Applications to Parasitology  239
9.3.1	 Drug Discovery  239
9.3.2	 Parasite Characterization  240
9.4	 A Proteomic Approach: Leishmania Invasion of Macrophages  240
9.5	 Intracellular Leishmania Amastigote Spreading between Macrophages  243
9.6	 Potential Virus Applications  244
	 Acknowledgements  246
	 References  246



Contentsxii

10	 Application of MALDI-TOF MS in Bioremediation and Environmental 
Research  255
Cristina Russo and Diane Purchase

10.1	 Introduction  255
10.2	 Microbial Identification: Molecular Methods 	

and MALDI-TOF MS  257
10.2.1	 PCR-based Methods  258
10.2.2	 MALDI-TOF MS  260
10.3	 Combination of MALDI-TOF MS with Other Methods 	

for the Identification of Microorganisms  261
10.4	 Application of MALDI-TOF MS in Environmental and Bioremediation 

Studies  263
10.4.1	 The Atmospheric Environment  263
10.4.2	 The Aquatic Environment  263
10.4.3	 The Terrestrial Environment  265
10.4.4	 Bioremediation Research Applications  266
10.5	 Microbial Products and Metabolite Activity  268
10.6	 Challenges of Environmental Applications  270
10.7	 Opportunities and Future Outlook  271
10.8	 Conclusions  272
	 References  273

11	 From Genomics to MALDI-TOF MS: Diagnostic Identification and Typing 
of Bacteria in Veterinary Clinical Laboratories  283
John Dustin Loy and Michael L. Clawson

11.1	 Introduction  283
11.2	 Genomics  284
11.3	 Defining Bacterial Species Through Genomics  286
11.4	 MALDI-TOF MS  287
11.5	 Combining Genomics with MALDI-TOF MS to Classify Bacteria at the 

Subspecies Level  290
11.6	 Data Exploration with MALDI-TOF MS  292
11.7	 Validation of Typing Strategies  294
11.8	 Future Directions  294
	 References  295

12	 MALDI-TOF MS Analysis for Identification of Veterinary Pathogens from 
Companion Animals and Livestock Species  303
Dorina Timofte, Gudrun Overesch, and Joachim Spergser 

12.1	 Veterinary Diagnostic Laboratories and the MALDI-TOF Clinical Microbiology 
Revolution  303

12.1.1	 MALDI-TOF MS: Reshaping the Workflow in Clinical Microbiology  304
12.1.2	 Identification of Bacterial Pathogens Directly from Clinical Specimens  305
12.1.3	 Prediction of Antimicrobial Resistance  307
12.1.4	 Impact in Veterinary Hospital Biosecurity and Epidemiological	

Surveillance  308



Contents xiii

12.2	 Identification of Campylobacter spp. and Salmonella spp. in Routine Clinical 
Microbiology Laboratories  309

12.2.1	 General Aspects on the Importance of Species/Subspecies and Serovar 
Identification of Campylobacter spp. and Salmonella spp.  309

12.2.2	 General Aspects on Influence of Media/Culture Environment on Bacterial 
Species Identification by MALDI-TOF MS  311

12.2.3	 Possibilities and Limits of Identification of Campylobacter spp. by 
MALDI-TOF MS  312

12.2.3.1	 Thermophilic Campylobacter spp.  312
12.2.3.2	 Human-hosted Campylobacter Species  313
12.2.3.3	 Campylobacter spp. of Veterinary Importance  313
12.2.4	 Possibilities and Limits of Identification of Salmonella spp. by 

MALDI-TOF MS  314
12.3	 Identification and Differentiation of Mycoplasmas Isolated from Animals  316
12.3.1	 Animal Mycoplasmas at a Glance  316
12.3.2	 Laboratory Diagnosis of Animal Mycoplasmas  317
12.3.3	 MALDI-TOF MS for the Identification of Animal Mycoplasmas  318
	 References  322

13	 MALDI-TOF MS: from Microbiology to Drug Discovery  333
Ruth Walker, Maria E. Dueñas, Alan Ward, and Kaveh Emami

13.1	 Introduction  333
13.2	 Microbial Fingerprinting  334
13.2.1	 Environmental  335
13.2.1.1	 Actinobacteria  335
13.2.1.2	 Aquatic Microorganisms  335
13.2.2	 Terrestrial Microbiology  337
13.2.3	 Food and Food Safety  338
13.2.3.1	 Food Storage Effect on Identification  338
13.2.3.2	 Insects  339
13.3	 Mammalian Cell Fingerprinting  339
13.3.1	 Differentiation of Cell Lines and Response to Stimuli  339
13.3.2	 Cancer Diagnostics  341
13.3.3	 Biomarkers  342
13.4	 Drug Discovery Using MALDI-TOF  342
13.4.1	 Enzymatic Assays  343
13.4.1.1	 Targeting Antibiotic Resistance Using MALDI-TOF MS Enzymatic Assays  343
13.4.2	 Cellular-based Assays for Drug Discovery  344
13.4.3	 Automation in Drug Discovery  345
13.4.4	 Assay Multiplexing  345
13.4.5	 MS Imaging in Drug Discovery  346
13.4.6	 MALDI-2  346
13.5	 Limitations/Challenges, Future Outlook, and Conclusions  347
13.5.1	 Sample Preparation Limitations  347
13.5.1.1	 Matrix  347
13.5.1.2	 Interference from Low-molecular-mass Matrix Clusters  348



Contentsxiv

13.5.1.3	 Buffer Compatibility  348
13.5.1.4	 TOF Mass Resolution Limitations  348
13.5.2	 Data Analysis and Application of Machine Learning  348
13.6	 Future Outlook/Conclusions  349
	 References  350

14	 Rapid Pathogen Identification in a Routine Food Laboratory Using  
High-throughput MALDI-TOF Mass Spectrometry  359
Andrew Tomlin

14.1	 Introduction  359
14.2	 MALDI-TOF MS in Food Microbiology  359
14.3	 Review of Existing Confirmation Techniques and Comparison to 

MALDI-TOF MS  362
14.4	 Strain Typing Using MALDI-TOF MS  364
14.5	 Verification Trial  365
14.6	 Limitations of MALDI-TOF MS Strain Typing 	

and Future Studies  369
14.7	 Listeria Detection by MALDI-TOF MS  370
14.8	 Trial Sample Preparation Procedure  370
14.9	 Initial Trial  374
14.10	 Limit of Detection Trial  375
14.11	 Method Optimization, Further Prospects, and Conclusions  376
	 References  379

15	 Detection of Lipids in the MALDI Negative Ion Mode for Diagnostics, Food 
Quality Control, and Antimicrobial Resistance  381
Yi Liu, Jade Pizzato, and Gerald Larrouy-­Maumus

15.1	 Introduction  381
15.2	 Applications of Lipids in Clinical Microbiology Diagnostics  382
15.2.1	 Use of Cell Envelope Lipids for Bacterial Identification  382
15.2.2	 Detection of Cell Envelope Lipids and their Modifications to Determine 

Bacterial Drug Susceptibility  384
15.2.3	 Detection of Lipids in MALDI Negative Ion Mode for Fungal 

Identification  387
15.2.4	 Detection of Lipids in MALDI Negative Ion Mode for Parasite 

Identification  387
15.2.5	 Detection of Lipids in MALDI Negative Ion Mode for Virus Identification  388
15.3	 Applications of the Detection of Lipids in Negative Ion Mode MALDI-MS in 

Cancer Studies  388
15.3.1	 Lipids and MALDI Negative Ion Mode for Diagnosis of Lung Cancer  389
15.3.2	 Lipids and MALDI Negative Ion Mode for the Diagnosis of Breast Cancer  390
15.3.3	 Lipids and MALDI Negative Ion Mode for Diagnosis of Other Cancers  391
15.3.4	 Lipids and MALDI Negative Ion Mode for Drug–Cell Interactions and 

Prognosis  392
15.4	 Applications of the Detection of Lipids and MALDI-MS in Alzheimer’s Disease 

Studies  392



Contents xv

15.5	 Applications of MALDI in Negative Ion Mode 	
and the Detection of Lipids in Toxicology  393

15.6	 Lipids and MALDI Negative Ion Mode for Food Fraud Detection  394
15.7	 Conclusions and Future Development of Lipids and their Detection in MALDI 

in Negative Ion Mode  395
	 Acknowledgments  395
	 References  397

16	 Use of MALDI-TOF MS in Water Testing Laboratories  405
Matthew Jones, Nadia Darwich, Rachel Chalmers, K. Clive Thompson,  
and Bjorn Nielsen

16.1	 Introduction  405
16.2	 Application in a Drinking Water Laboratory  408
16.2.1	 Introduction  408
16.2.2	 Method Validation  409
16.2.2.1	 Reference Database Validation  410
16.2.2.2	 Method Comparison  411
16.2.2.3	 Agar Assessment  412
16.2.3	 Application Within Drinking Water Laboratory  412
16.3	 Application in Water Hygiene and Environmental Laboratory Testing  413
16.3.1	 Introduction  413
16.3.2	 Legionella Testing  414
16.3.3	 Wastewater and Sewage Sludge Microbiology  415
16.3.4	 Healthcare Water Testing  416
16.3.5	 Investigative Analysis  417
16.3.6	 Method Validation  417
16.3.6.1	 Characterization of Intended Use  417
16.3.6.2	 Library Assessment  418
16.3.6.3	 Assessment of Variables  418
16.3.6.4	 Comparison Assessment  419
16.3.6.5	 Ongoing Verification  420
16.3.7	 Conclusion on Suitability for Use in an Environmental Testing Laboratory  422
16.4	 Potential Application for Cryptosporidium Identification  423
	 References  425

17	 A New MALDI-TOF Database Based on MS Profiles of Isolates in Icelandic 
Seawaters for Rapid Identification of Marine Strains  431
Sibylle Lebert, Viggó Þór Marteinsson, and Pauline Vannier

17.1	 Introduction  431
17.2	 Selection and Cultivation of the Strains  432
17.3	 Genotypic Identification  433
17.4	 MALDI-TOF MS Data Acquisition and Database Creation  438
17.5	 Verification of the Accuracy of the Home-made Database  441
17.6	 Conclusions  448
	 Funding  448
	 References  449



Contentsxvi

18	 MALDI-TOF MS Implementation Strategy for a Pharma Company Based  
upon a Network Microbial Identification Perspective  453
Lynn Johnson, Christoph Hansy, and Hilary Chan

18.1	 Introduction  453
18.1.1	 Microbial Identifications from a Pharmaceutical Industry Perspective  453
18.1.2	 Historical Evolution  453
18.2	 Regulatory Requirements/Guidance for Microbial 	

Identification  455
18.3	 Strategic Approaches to MALDI-TOF Implementation Within the Modern 

Microbial Methods Framework  455
18.3.1	 Incorporation of MALDI-TOF into a Technical Evaluation Roadmap  455
18.3.2	 Initial Implementation Planning Stage  456
18.3.2.1	 Roles and Responsibilities (Global/Local, Partners/IT, Stakeholders)  456
18.3.2.2	 Considerations When Selecting a Vendor/Model  457
18.3.2.3	 Overall Identification Process Flow and MALDI-TOF as the Defined 

Application  458
18.3.2.4	 Benefits of an In-house System for Pharmaceutical Companies Compared 

with Outsourcing  458
18.3.2.5	 The Center of Excellence (CoE) Approach  460
18.3.2.6	 Building a Business Case for the MALDI-TOF as a Network Strategy  461
18.3.3	 Implementation Strategy – From Feasibility Studies to Global 

Deployment  463
18.3.3.1	 Pilot Trials/Feasibility  463
18.3.3.2	 Risk Assessment/Risk-based Validation Approach  463
18.3.3.3	 Network Validation Approach  464
18.4	 Conclusions  467
18.A	 Appendix  468
	 References  470

19	 MALDI-TOF MS – Microbial Identification as Part of a Contamination Control 
Strategy for Regulated Industries  473

	 Christine E. Farrance and Prasanna D. Khot
19.1	 Industry Perspective  473
19.1.1	 Introduction to Regulated Industries  473
19.1.2	 Contamination Control Strategy  474
19.1.3	 Tracking and Trending EM Data  474
19.1.4	 Drivers for Microbial Identification  476
19.1.5	 Level of Resolution of an Identification  476
19.1.6	 Global Harmonization  477
19.1.7	 Validation Requirements for Regulated Industries  477
19.1.8	 Summary  478
19.2	 Technical Perspective  478
19.2.1	 Identification Technologies  478
19.2.2	 Phenotypic Systems  479
19.2.3	 Proteotypic Systems  479
19.2.4	 Genotypic Systems  479
19.2.5	 The Importance of the Reference Database  480



Contents xvii

19.2.6	 MALDI-TOF in Regulated Industries  480
19.2.7	 Outsourcing  480
19.2.8	 Summary  481
19.3	 MALDI-TOF MS Microbial Identification Workflow at a High-throughput 

Laboratory  481
19.3.1	 MALDI-TOF MS Principles for Microbial Identification  481
19.3.2	 Organism Cultivation for Microbial Identification with MALDI-TOF MS  482
19.3.3	 Sample Preparation for Microbial Identification with MALDI-TOF MS  482
19.3.4	 Sample Processing Workflow for Microbial Identification  482
19.3.5	 Data Interpretation  483
19.3.6	 Importance of a Sequence-based Secondary (or Fall-through) Identification 

System  484
19.4	 MALDI-TOF MS Library Development and Coverage  485
19.4.1	 Importance of Library Development Under a Quality System  485
19.4.2	 Targeted Library Development for Gram-positive Bacteria and Water 

Organisms  488
19.4.2.1	 Case Study 1: Impact of MALDI-TOF MS Library Coverage for Organisms of 

the Family Bacillaceae  488
19.4.2.2	 Case Study 2: Impact of MALDI-TOF  MS Library Coverage for Organisms 

Recovered from Water Systems  489
19.4.3	 Supplemental and Custom MALDI-TOF MS Libraries  489
19.5	 Comparison of MALDI-TOF MS with Other Microbial Identification Methods  490
19.6	 Future Perspectives  490
	 References  491

20	 Identification of Mold Species and Species Complex from the Food 
Environment Using MALDI-TOF MS  497

	 Victoria Girard, Valérie Monnin, Nolwenn Rolland, Jérôme Mounier, and Jean-­Luc Jany
20.1	 Fungal Taxonomy  497
20.1.1	 Defining What Is a Fungal Species  497
20.1.2	 Fungal Speciation within a Food Context  498
20.1.3	 Delimiting Species  498
20.1.4	 Foodborne Fungi within the Fungal Tree of Life  499
20.2	 Impact of Molds in Food  500
20.2.1	 Filamentous Fungi in Fermented Foods  500
20.2.2	 Filamentous Fungi with Undesirable Impacts on Food Quality and Safety  500
20.3	 Identification of Fungi  505
20.4	 Identification of Foodborne Molds Using MALDI-TOF MS  506
20.4.1	 Sample Preparation  506
20.4.2	 Database Building and Performance of MALDI-TOF for Identification of 

Foodborne Molds  507
20.4.2.1	 Database Building  507
20.4.2.2	 Performance of Foodborne Mold Database  508
	 References  509

	 Index  515





xix

Manuel J. Arroyo
Clover Bioanalytical Software
Granada, Spain

Omar Belgacem
Ascend Diagnostics, Ltd
Manchester, UK

Ken Bruce
School of Cancer and Pharmaceutical 
Sciences
King’s College London
London, UK

Rachel Chalmers
Cryptosporidium Reference Unit
Public Health Wales
Microbiology and Health Protection
Singleton Hospital
Swansea, UK;
Swansea University Medical School
Swansea, UK

Hilary Chan
Global Sterility Assurance and Microbiology
Takeda Pharmaceutical Co. Ltd
Lexington, MA, USA

Michael L. Clawson
United States Department of Agriculture
Agricultural Research Service
U.S. Meat Animal Research Center 
Clay Center
NE, USA

Rainer Cramer
Department of Chemistry
University of Reading
Reading, UK

Nadia Darwich
Dŵr Cymru Welsh Water
Glaslyn Laboratory
Newport, UK

Maria E. Dueñas
Laboratory for Biological Mass 
Spectrometry
Biosciences Institute
Newcastle University
Newcastle upon Tyne, UK

Louise Duncan
School of Cancer and Pharmaceutical 
Sciences
King’s College London
London, UK

Kaveh Emami
FUJIFILM Diosynth Biotechnologies
Billingham, UK

Clifton K. Fagerquist
Produce Safety & Microbiology
Western Regional Research Center
Agricultural Research Service
U.S. Department of Agriculture
CA, USA

List of Contributors



List of Contributorsxx

Christine E. Farrance
Charles River Laboratories
Newark, DE, USA

Simona Francese
Biomolecular Science Research Centre
Sheffield, UK

Giulia T.M. Getti
School of Science
Faculty of Engineering and Science
University of Greenwich
Kent, UK

Saheer E. Gharbia
Pathogen Genomics, Gastrointestinal 
Infection and Food Safety
Clinical Public Health
UK Health Security Agency
London, UK

Victoria Girard
BioMérieux
R&D Microbiologie
France

Radhey S. Gupta
Department of Biochemistry and 
Biomedical Sciences
McMaster University
Hamilton, Canada

Alvin Han
Department of Biochemistry and 
Biomedical Sciences
McMaster University
Hamilton, Canada

Christoph Hansy
Global Sterility Assurance and Microbiology
Takeda Pharmaceutical Co. Ltd
Vienna, Austria

Jason K. Iles
MAP Sciences Limited
iLab, Priory Park
Bedfordshire, UK

Ray K. Iles
MAP Sciences Limited
iLab, Priory Park
Bedfordshire, UK

Jean-Luc Jany
Université de Brest
INRAE
Laboratoire Universitaire de Biodiversité et 
Ecologie Microbienne
France

Lynn Johnson
Central Quality - Microbiology and 
Contamination Control
National Resilience, Inc.
USA

Matthew Jones
Dŵr Cymru Welsh Water
Glaslyn Laboratory
Newport, UK

Prasanna D. Khot
Charles River Laboratories
Newark, DE, USA

Gerald Larrouy-Maumus
Faculty of Natural Sciences
Department of Life Sciences
MRC Centre for Molecular Bacteriology & 
Infection
Imperial College
London, UK

Sibylle Lebert
Microbiology Group
Matís, Reykjavík, Iceland

Yi Liu
Faculty of Natural Sciences
Department of Life Sciences
MRC Centre for Molecular Bacteriology & 
Infection
Imperial College
London, UK



List of Contributors xxi

John Dustin Loy
School of Veterinary Medicine and 
Biomedical Sciences
Institute for Agriculture and Natural 
Resources
University of Nebraska-Lincoln
Lincoln, NE, USA

Luis Mancera
Clover Bioanalytical Software
Granada, Spain

Viggó Þór Marteinsson
Microbiology Group
Matís, Reykjavík, Iceland;
Faculty of Food Science and Nutrition 
University of Iceland, Reykjavík, Iceland;
The Agricultural University of Iceland 
Reykjavík, Iceland

Gema Méndez
Clover Bioanalytical Software
Granada, Spain

Valérie Monnin
BioMérieux
R&D Microbiologie
France

Jérôme Mounier
Université de Brest, INRAE
Laboratoire Universitaire de Biodiversité et 
Ecologie Microbienne
France

Bjorn Nielsen
ALS Environmental
Wakefield, UK

Gudrun Overesch
Institute of Veterinary Bacteriology
Vetsuisse Faculty
University of Bern
Bern, Switzerland

Marina Oviaño
Complejo Hospitalario Universitario de 
A Coruña
A Coruña, Spain

Cristian Piras
Department of Health Sciences
Magna Graecia University
Catanzaro, Italy

Jade Pizzato
Faculty of Natural Sciences
Department of Life Sciences
MRC Centre for Molecular Bacteriology & 
Infection
Imperial College
London, UK

Philip L. Poole
School of Science
Faculty of Engineering and Science
University of Greenwich
Kent, UK

Diane Purchase
Department of Natural Sciences
Faculty of Science and Technology
Middlesex University
London, UK

Emmanuel Raptakis
Fasmatech Science and Technology
Athens, Greece

Belén Rodríguez-Sánchez
Instituto de Investigación Sanitaria 
Gregorio Marañón
Madrid, Spain

Nolwenn Rolland
BioMérieux
R&D Microbiologie
France



List of Contributorsxxii

Bashudev Rudra
Department of Biochemistry and 
Biomedical Sciences
McMaster University
Hamilton, Canada

Cristina Russo
Department of Natural Sciences
Faculty of Science and Technology
Middlesex University
London, UK

Hiroaki Sato
Research Institute for Sustainable 
Chemistry
National Institute of Advanced Industrial 
Science and Technology (AIST)
Hiroshima, Japan

Ajit J. Shah
Department of Natural Sciences
Middlesex University
London, UK

Haroun N. Shah
Department of Natural Sciences
Middlesex University
London, UK

Laila M.N. Shah
Department of Physical & Theoretical 
Chemistry
University of Oxford
Oxford, UK

Joachim Spergser
Department for Pathobiology
Institute of Microbiology
Vetmeduni – University of Veterinary 
Medicine Vienna
Vienna, Austria

Hiroto Tamura
Department of Environmental Bioscience
Laboratory of Environmental Microbiology
Meijo University
Nagoya, Japan

K. Clive Thompson
ALS, Life Sciences
Rotherham, UK

Dorina Timofte
Department of Veterinary Anatomy,
Physiology and Pathology  
Institute of Infection,
Veterinary and Ecological Sciences
University of Liverpool, Leahurst Campus
Neston, UK

Andrew Tomlin
ALS Laboratories (UK) Ltd
Rotherham, UK

Erika Y. Tranfield
Bruker UK Limited
Coventry, UK

Pauline Vannier
Microbiology Group
Matís, Reykjavík, Iceland

Ruth Walker
Laboratory for Biological Mass 
Spectrometry
Biosciences Institute
Newcastle University
Newcastle upon Tyne, UK

Alan Ward
School of Biology
Newcastle University
Newcastle upon Tyne, UK

Malcolm Ward
Department of Natural Sciences
Middlesex University
London, UK

Raminta Zmuidinaite
MAP Sciences Limited
iLab, Priory Park
Bedfordshire, UK



xxiii

Clinical symptoms provide clues to the aetiology of infections. However, there is no 
substitute for accurate identification to confirm disease and enable appropriate treatment 
to be confidently applied. Consequently, microbiological identification has been the cor-
nerstone of clinical microbiology since Gram introduced his differential staining technique 
in 1884. Along with morphological characters, phenotypic and metabolic fermentation 
profiles grew in significance and appeared in the first edition of Bergey’s Manual of 
Determinative Bacteriology in 1923. This remained the foundation of diagnostic microbiol-
ogy and the basis for classification and identification of bacteria up until eighth edition of 
Bergey’s Manual in 1974. This framework was incorporated into automated and miniatur-
ized commercial kits (e.g. API® ID strip range by bioMérieux) for clinical and subsequently 
industrial and environmental laboratories to identify microbial species.

In the late 1970s, a new era of mass spectrometry enhanced microbial identification 
through higher-resolution analysis of microbial cellular components. Extensive analyses of 
polar and non-polar lipids revealed immense diversity in the microbial kingdom and spe-
cific molecular compositions were found to be unique to taxa. A new phase of chemical 
structure analysis dominated microbial taxonomy and classification and Bergey’s Manual 
transitioned to a systematic approach for classification of the microbial kingdom, reflected 
in a change of the title of the new first edition to Bergey’s Manual of Systematic Bacteriology 
(1984). However, implementation of chemical/bioanalytical methods and, in particular, 
electrophoresis, chromatography and mass spectrometry into diagnostic laboratories 
remained limited to specialized research laboratories with access to high-resolution ana-
lytical resources. Co-editor HNS’s laboratory at the Royal London Hospital Medical College, 
University of London, was one of the pioneering teams to implement chemotaxonomy for 
the analysis of atypical and metabolically inert bacteria, including anaerobic pathogens. 
Wider adoption was found too cumbersome and technically demanding and limited their 
broader endorsement. However, a breakthrough was achieved by gas chromatography of 
long-chained fatty acid (LCFA) where analysis was partially automated by MIDI Inc., who 
developed the first dedicated database to drive analysis of lipid profiles. On the other hand, 
pyrolysis mass spectrometry failed to establish a wider base and was explored mainly by 
research laboratories. But lack of interlaboratory reproducibility, high cost and their cum-
bersome nature curtailed its development.

In 1973, Franz Hillenkamp developed a high-performance laser microprobe mass spec-
trometer with a spatial resolution of 0.5 μm and sub-attogram limit of detection for lithium 
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atoms. This instrument was commercialized as the LAMMA 500. The more advanced 
1000 was one of the first laser desorption mass spectrometers to be used for mass spectrom-
etry imaging of tissues. In 1985, Hillenkamp and Michael Karas used a LAMMA 1000 mass 
spectrometer to demonstrate for the first time the technique of matrix-assisted laser des-
orption/ionization (MALDI), which allowed the analysis of large biopolymers. By the 
mid-1990s several researchers analysed bacterial cells and demonstrated that unique mass 
spectral profiles could be obtained from different species with MALDI. The concept of 
exploring the technology for a clinical diagnostic laboratory was not pursued, partly due to 
a history of failure of mass spectrometry (MS)-based techniques in clinical microbiology.

The UK’s Public Health Laboratory Service (PHLS, later PHE and now UK Health 
Security Agency), a 100-year-old institute that focused on the analysis of pathogens, was 
structured along the lines of human pathogens/infections; thus a Staphylococcus labora-
tory, enteric or respiratory infections units etc. were led by specialist scientists for principal 
clinical pathogens. This permitted a high degree of expertise of various pathogens, yet each 
laboratory still retained a significant level of ‘unknown’ species in storage that were desig-
nated incertae sedis. Therefore, in 1997, PHLS established a new laboratory, designated the 
‘Molecular Identification Services Unit’ (MISU), under the directorship of co-editor 
HNS. The function of MISU was to improve the level of species identification of atypical, 
rarely isolated and emerging human pathogens through research programmes while pro-
viding a more comprehensive diagnostic service function for the organization. Coming 
from a research background in which 16S rRNA sequence analysis was being developed as 
a tool for studying microbial phylogenetics, the technique was adopted for bacterial identi-
fication and MISU became the first accredited laboratory to implement this approach for 
human clinical samples. The laboratory also incorporated LCFA profiles as an adjunct to its 
newly employed 16S rRNA and was therefore well positioned to assess the potential of 
emerging technologies.

MISU was fortuitously given the opportunity to field-test the first benchtop MALDI-
time-of-flight MS (MALDI TOF MS) (Kratos Analytical Inc.) and organized a conference 
on 27 October 1998 jointly with Kratos Analytical and Manchester Metropolitan University 
to explore and demonstrate potential applications of MALDI-TOF MS for clinical laborato-
ries. An instrument was placed at the conference lecture theatre and the technique was 
demonstrated live during the meeting. Its speed of analysis and simplicity had a huge 
impact on the audience, but the general comment was that it was a new platform for 
research applications. Undeterred by the negative views, MISU would go on to relentlessly 
pursue the technology for the next decade for microbial identification of clinical samples 
and eventually implement it as its frontline approach.

These were interesting times, as concurrently there were two major developments of the 
technology, one designated surface-enhanced laser desorption/ionization (SELDI)-TOF 
MS that selectively captured proteins on ProteinChip Arrays prior to MALDI-TOF MS anal-
ysis and SEQUENOM’s MassArray for genotyping that used reverse transcriptase to pro-
duce the more stable RNA for analysis. To our knowledge, MISU was the only laboratory to 
have implemented the three approaches at the time. The strategy envisioned was that 
MALDI-TOF MS would be explored for general microbial identification, SELDI-TOF MS 
for proteotyping of strains, while the MassArray was employed for genotyping of strains 
by  the Genomics, Proteomics and Bioanalytical Laboratory led by co-editor SEG. 
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Both laboratories jointly organized annual conferences from 1998 to the present to promote 
and develop new applications of these technologies. These were later supported by co-
authors AJS, EYT and KCT until the hiatus caused by the COVID-19 pandemic.

Poor uptake of the ProteinChip and MassArray technologies by microbiologists led to 
their eventual cessation, while MALDI-TOF MS grappled to gain acceptance. The MS com-
pany Micromass (later Waters Inc.) designed the first upright, more compact MS benchtop 
instrument and was placed at MISU in 2000 to develop the method for clinical microbiol-
ogy. Because microbial identification was historically based upon patterns of carbohydrate 
fermentation, the major problem encountered by diagnostic laboratories was the differen-
tiation of non-fermentative species that produced uniformly negative results. However, the 
introduction of comparative 16S rRNA sequencing permitted insight into the immense 
diversity of these highly complex microorganisms. Species of the non-fermentative genus 
Porphyromonas that were difficult to distinguish by diagnostic laboratories were used by 
MISU to establish proof of concept of MALDI-TOF MS for microbial identification. With 
all 18 species of the genus being unambiguously delineated, work began to standardize 
protocols and assemble a database using strains from an accredited source, the National 
Collection of Type Cultures. To assess the potential of MALDI-TOF MS, 16S rRNA and 
LCFA profiles were included as complementary methods and, by 2004, the first microbial 
database of 3500  mass spectral profiles were reported and MISU later field-tested the 
method at the Royal London Hospital. This demonstrated not only the pragmatism of the 
method but also its value for a clinical laboratory as it was found to be accurate and rapid 
and offered significantly lower cost.

The annual European Congress of Clinical Microbiology and Infectious Diseases 
(ECCMID) conferences became the major forum for communications on the development 
on MALDI-TOF MS. Progress at first was slow and circumspect, with very poor attendance 
in 2003 in Glasgow to a packed main auditorium capacity in Vienna in 2010 in which data 
on the success of MALDI-TOF MS to rapidly identify Clostridium difficile during an epi-
demic in UK hospitals were reported by PHE. This congress was a watershed moment for 
MALDI-TOF MS for several reasons. For example, in the midst of the meeting, bioMérieux 
entered the field by acquiring the successful diagnostic company AnagnosTec GmbH 
(Potsdam Golm, Germany), while ThermoFisher announced its engagement with MISU to 
explore the wider potential of MS for microbial diagnostics. It was also at this meeting that 
Wiley launched our first book of this series entitled Mass Spectrometry for Microbial 
Proteomics (eds H.N. Shah & S.E. Gharbia), published in 2010. Bruker Microbiology & 
Diagnostics recognized the impact of dedicated mass spectral profile databases and 
established a database linked to their specific MALDI-TOF MS for clinical microbiology. 
They, too, had a significant presence at the Vienna meeting in which there was a dedicated 
session in MALDI-TOF MS for the first time, entitled ‘MALDI-TOF MS in Clinical 
Microbiology’. PHE’s presentation at this meeting, entitled ‘MALDI-TOF MS of surface-
associated and stable intracellular proteins for identification and resistance profiling of 
human pathogens’ (Shah, H.N., 10–13 April 2010), led to extensive support to expand 
clinical applications of the technology.

With the London 2012 Olympics approaching and the UK’s government keen to establish 
an economic, accurate and rapid diagnostic method in the event of major outbreaks of 
infection at the games, six Bruker instruments were placed across PHS’s national network 
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of laboratories in October to deliver rapid local identification of potential biological threats 
and transmission of infections in mass events. Extended applications from clinical to non-
clinical samples were pioneered by ASTA, based in Seoul, Korea, developing specialist 
databases such as Food, Agriculture and Environmental for specific applications using 
their own ASTA Tinkerbell LT MALDI-TOF MS instrument. Soon, industrial and environ-
mental applications of MALDI-TOF MS were reported using other MS platforms. A com-
mon strategy was to utilize 16S rRNA to delineate new diversity, followed by deposition of 
the mass spectral data of an unknown isolate into existing databases to expand its capabil-
ity. Our last conference to promote these technologies prior to the COVID-19 pandemic 
restrictions was held on 21 and 22 June 2018, entitled ‘The Impact of Advances in Mass 
Spectrometry and Analytical Technologies on Detection and Revealing Microbial Behaviour 
and Interaction with their Environment’, and was co-sponsored by a large number of bio-
technology companies such as Ascend Diagnostics, bioMérieux, Inc., Bruker Microbiology 
& Diagnostics, Shimadzu Corp. and ThermoFisher Scientific.

As microbes continue to be exploited for their industrial and environmental properties, 
profiling the expressed proteome is now essential for developing commercial applications. 
For example, an extensive collaborative study, entitled ‘Feasibility study to assess the poten-
tial of electrospray mass spectrometry to provide mass spectral-based identification to the 
now established MALDI-TOF MS’, which utilized a Q-Exactive, was undertaken between 
2012 and 2015. This was reported at ECCMID, Denmark, in 2015, under the title ‘A global 
diagnostic approach for microbial identification: accurate characterisation of difficult to 
differentiate pathogens’, by co-author HNS et al. and demonstrated unambiguous delinea-
tion of closely aligned pathogens such as E. coli and Shigella sonnei. We also reported exten-
sive coverage of the proteome of several human pathogens along with unique strain 
biomarkers using both bottom-up and top-down methods, some of which were reported in 
the second book MALDI-TOF and Tandem MS for Clinical Microbiology (eds H.N. Shah & 
S.E. Gharbia), published by Wiley in 2017.

The present book focuses on applications of mass spectrometry in industry and the envi-
ronment and is divided into four overlapping sections. The first (Chapters 1–5) commences 
with an historical background leading up to MALDI-TOF MS in the clinical laboratory, 
including recent viral applications and data analysis such as machine learning algorithms 
that are being championed for strain typing and tandem MS, involving bottom-up and top-
down proteomics. New approaches such as liquid atmospheric pressure and advanced 
applications in imaging and HDX are proposed for future development. Special attention is 
given to a new instrument, the Omnitrap, which combines several applications of 
MS. Chapters 6–10 describe environmental applications as MALDI-TOF MS transitions to 
non-clinical laboratories. Environmental, agricultural, soil and bioremediation research 
for typing and biopolymer degradation are considered. Veterinary applications of mass 
spectrometry for diagnostics are at an early stage and have focused almost entirely on 
MALDI-TOF MS. Its impact has already been substantial, and Chapters 11 and 12 cover 
both domestic animals and livestock. Industrial use of MALDI-TOF MS is now very 
advanced and encompasses a diverse range of applications. Chapters 13–19 report applica-
tions in the food, water, marine and pharmaceutical industries, including drug discovery, 
as well as its potential as part of a contamination control strategy for regulated industries.
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1

1.1  Introduction

Over the past two decades, advances in genomics, proteomics and metabolomics and their 
key technologies, such as mass spectrometry (MS) and particularly matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) MS, have propelled microbiology to the 
forefront of life sciences, radically altering the workflow of diagnostic laboratories and 
subsequently expanding into environmental and industrial applications. The road map of 
microbial classification has been profoundly altered and has progressed from a phenotypic, 
determinative system to one based on phylogeny as new technologies have been incorpo-
rated, modified and applied. This transition has been complex, and hence to illustrate its 
impact, it is discussed here in the first instance in the context of a single genus, Bacteroides, 
first described in 1898 [1, 2]. This is the dominant taxon of the intestinal tract of humans 
and animals and therefore plays a pivotal role in health and disease. The nature of this 
multifaceted ecosystem is central to an understanding of the biology of humans and 
requires in-depth analysis of the physiology and diversity of its microbiome. MS has been 
the underlying technology used to probe this ecosystem since studies first commenced over 
six decades ago (see Drasar and Hill [3]).

1.1.1  Algorithms Based upon Traditional Carbohydrate Fermentation Tests

The Gram stain, together with advances in microscopy, built the foundation for the charac-
terization of microbes, dividing the kingdom into four main domains as Gram-negative 
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1  Progress in the Microbiological Applications of Mass Spectrometry2

and Gram-positive rods and cocci [4]. Together with morphological criteria, the capacity to 
ferment/metabolize individual carbohydrates to produce acid was widely adopted for algo-
rithms to identify species and describe new centres of variation and has been reported in 
various editions of Bergey’s Manual of Determinative Bacteriology from its first edition [5]. 
However, the emphasis from its infancy was strongly biased towards clinical applications. 
Thus, the first diagnostic compendium, titled Manual for the Identification of Medical 
Bacteria [6], utilized these algorithms based upon carbohydrate fermentation tests to delin-
eate clinical isolates to species level. Although this approach expanded and helped to 
describe new taxa that were saccharolytic or moderately fermentative, non-fermentative 
species, which represent a significant component of the microbiome of any habitat, 
remained poorly circumscribed and overlooked through the years. It is among this latter 
cluster that MALDI-TOF MS would bring about a paradigm shift in clinical microbiology 
and its eventual transition to non-clinical sites.

1.1.2  Dynamic Changes in the Chemotaxonomic Era (c. 1970–1985) through 
the Lens of the Genus Bacteroides

Genera such as Bacteroides that were described decades earlier using the above algorithms 
accumulated large numbers of species that only loosely fitted their broad definition. With 
the introduction of DNA analysis in the 1960s (initially as mol% G+C content), this hetero-
geneity was reflected in their wide range in DNA base compositions (e.g. Owen et al. [7]). 
The limit of a genus was then fixed at c. 10–12 mol% G+C and was applied primarily as an 
exclusionary criterion in systematics. Bacteroides, with a 28–61 mol% G+C span, was there-
fore redefined around the type species B. fragilis and related taxa with a reduced base com-
position of c. 40–50% mol% G+C [8] [9], [10]. Consequently, many taxa were left as incertae 
sedis and were subjected to a range of biochemical and chemical analyses that included 
protein electrophoretic and lipid analyses [11–14]. Within this more restricted definition of 
the genus Bacteroides, three broad groups of species were clearly discernible based on car-
bohydrate fermentation tests: (i) saccharolytic species, B. fragilis group; (ii) moderately/
weakly saccharolytic, Bacteroides melaninogenicus cluster; and (iii) non-fermentative 
species, Bacteroides asaccharolyticus group (see Figure 1.1).

This heterogeneity presented enormous difficulties, but it was the third group where the 
largest clinical and taxonomic problems were encountered because of the paucity of relia-
ble characters to define taxa. Members of this group were uniformly non-fermentative but 
there were indications of heterogeneity using new techniques (Figure 1.1). Thus, sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of polypeptides and iso-
electric focusing (IEF) of cellular proteins revealed profiles that were concordant with the 
three groups described earlier (see, e.g.,  [15, 16]). Multilocus enzyme electrophoresis 
(MLEE) further corroborated these findings, with the B. fragilis group being defined by 
enzymes of the hexose monophosphate shunt/pentose phosphate pathway in addition to 
malate and glutamate dehydrogenases, whereas the moderately/nonfermentive groups 
contained only the last two oxidoreductases  [17]. These species, in common with other 
microorganisms were subjected to extensive lipid analyses using hard ionization tech-
niques in MS, including gas chromatography-MS (GC-MS). Subsequently, the arrival of soft 
ionization methods such as MALDI-TOF MS in the late 1990s were explored for microbial 


