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Next Generation Sequencing (NGS)-
Based Sterility Testing

• In 2023-ish, the RMTM WG02 committed to 
the development of NGS-based tools for 

microbial sterility testing in the 
biomanufacturing environment. 
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NGS-Based Metagenomics as an RMTM

• Untargeted microbial detection – “see everything”
• “Agnostic Diagnostics”
• Being adopted across various fields/disciplines

• Infectious Disease Diagnostics
• Epidemiology
• Environmental Biosurveillance
• Biothreat Detection
• Biomanufacturing QC – Adventitious Agent Detection

• NIST has been developing standards for NGS-based microbial 
detection and identification for ~ 10 years
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NGS-Based Metagenomics
A Multitude of Methodological Variables



A Multitude of Methodological Variables



An International Interlaboratory Study:
Assessing the Impact of Metagenomic 

Methodological Variability



An Intralaboratory Assessment of Methodological Variables 
Associated with Metagenomic Measurements



Tools Needed for mNGS as an RMTM

• Custom Reference Genome Database with ‘Relevant’ Organisms
• Custom Bioinformatic Analysis Tools - Sequence Alignment
• All analysis tools should be open-source

• But proprietary (commercial) tools are welcome (cloud analytics)

• Spike-Ins and analysis framework for data normalization
• Benchmarking Studies – Require Benchmarking Materials

• In silico datasets - metagenomes
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The Reference Genome Database
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NCBI Currently has 
>1 million microbial 
reference genomes

What do we include?
What not to include? 

USP Compendial Organisms
7-8 organisms



Bacterial and Fungal Contaminants in Cell Therapy Products
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“Minimal List” of Microbial Strains for NGS-Metagenomics Database
Developed via SCB RMM Consortium

https://drive.google.com/drive/folders/13XAfcyMnZC95EmyxjzJ_99BcV8Z3aaYT?usp=drive_link
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Genus Species Type of orgnaism Notes Reference
Achromobacter spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Acinetobacter spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Acinetobacter lwoffii bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Acinetobacter spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Acinetobacter johnsonii bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Acinetobacter junii bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Acremonium fungi Black Magic Tatoo ink Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Actinomycetes spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Aeromonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Alcaligenes spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Alternaria spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Alternaria alternata fungi J&J containmated Risperdal Vijayakumar, R. 2016 A Review of Melanized fungal contaminants
Alternaria spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Arthrobacter spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Aspergillus spp. fungi Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Aspergillus spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Aspergillus fumigatus fungi Lubriderm Mitts Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Aspergillus versicolor fungi Lubriderm Mitts Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Aspergillus niger fungi Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Aspergillus spp. fungi Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Aspergillus spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Aspergillus brasiliensis Mold USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Aspergillus fumigatus IHEM 22670 from Cytotherapy 2014
Aspergillus niger (ATCC 16404) from Cytotherapy 2004
Bacillus spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Bacillus sphaericus/fusiformis bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Bacillus pumilis bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Bacillus cereus bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Bacillus cereus bacteria Fermentor for protein product secreted by  Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Bacillus spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Bacillus cereus bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Bacillus sphaericus/fusiformis bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Bacillus spp. bacteria Most common genus - all human microbesRodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Bacillus cereus bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Bacillus spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Bacillus spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Bacillus cereus ATCC 14579 from Cytotherapy 2014
Bacillus spp. from Cytotherapy 2014
Bacillus subtilis Bacteria, Gram positive rod USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Bacillus subtilis (ATCC 6633) from Cytotherapy 2004
Bacteroides fragilis ATCC 25285 from HPC sterility testing
Bacteroides spp. from Cytotherapy 2014
Bifidobacterium spp. from Cytotherapy 2014
Biopolaris hawaiiensis fungi 40 patients via a compounding lab Vijayakumar, R. 2016 A Review of Melanized fungal contaminants
Bordetella spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Brevundimonas spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Brevundimonas vesicularis bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Brevundimonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Brevundimonas vesicularis bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Brevundimonas vesicularis CRB-FC 54.27 from Cytotherapy 2014
Burkholderia cepacia bacteria Medline Baby lotions & oils Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Burkholderia spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Burkholderia spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Burkholderia cepacia bacteria spp from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Burkholderia spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Burkholderia cepacia bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Burkholderia cepacia bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Burkholderia spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
C albicans from Cytotherapy 2004
C sporogenes from Cytotherapy 2004
Candida lipolytica fungi Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Candida spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Candida albicans Yeast USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Candida albicans (ATCC 10231) from Cytotherapy 2014
Candida albicans ATCC 90028 from Cytotherapy 2014
Candida glabrata IHEM 19160 from Cytotherapy 2014
Candida krusei ATCC 6228 from Cytotherapy 2014
Candida parapsilosis ATCC 22019 from Cytotherapy 2014
Chryseobacterium spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Chryseobacterium indologenes bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Chryseobacterium indologenes bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Chryseobacterium spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Chryseobacterium meningosepticum from Cytotherapy 2014
Chryseomonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Cladosporium spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Cladosporium spp. fungi IV bags of antibiotics at Claris Life Sciences Vijayakumar, R. 2016 A Review of Melanized fungal contaminants
Cladosporium spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Cladosporium sphaerospermum IHEM 18883 from Cytotherapy 2014
Cloacibacterium normanense bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Clostridium spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Clostridium perfringens ATCC 13 124 from HPC sterility testing
Clostridium sporogenes Anaerobic bacteria, Gram positive rod USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Clostridium spp. from Cytotherapy 2014
Coagulase-negative Staphylococcus from Cytotherapy 2014
Comamonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Corynebacterium spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Corynebacterium spp. bacteria Most common genus - all human microbesRodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Corynebacterium spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Corynebacterium spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Corynebacterium amycolatum ATCC 700207 from Cytotherapy 2014
Corynebacterium spp. from Cytotherapy 2014
Cryptococcus spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Cupriavidus spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Curvularia spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Diaphorobacter nitroreducens bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Enterobacteriaceae from Cytotherapy 2014
Enterococcus spp. from Cytotherapy 2014
Epidermophyton spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Escherichia coli bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Escherichia coli ATCC 25922 from Cytotherapy 2014
Eubacterium spp. from Cytotherapy 2014
Exophiala fungi Introduced in a compounding pharmacy, 2Vijayakumar, R. 2016 A Review of Melanized fungal contaminants
Exserohilum rostratum fungi 750 patients via compounding lab Vijayakumar, R. 2016 A Review of Melanized fungal contaminants
Flavimonas spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavimonas oryzihabitans bacteria spp from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavimonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavimonas oryzihabitans bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavobacterium aureum bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavobacterium multivorum bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Flavobacterium spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Fluviicola taffensis bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Fusarium spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Fusarium spp. fungi B&L Contact lens soln Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Fusarium spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Fusobacterium naviforme ATCC 25832 from HPC sterility testing
Gordonia spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Kitasatospora spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Klebsiella spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Klebsiella pneumoniae (ATCC 700603) from Cytotherapy 2004
Lactobacillus species (Lab isolate) from HPC sterility testing
Lactobacillus spp. from Cytotherapy 2014
Lichtheimia corymbifera formerly Absidia corymbifera IHEM 16288 from Cytotherapy 2014
Limnohabitans planktonicus/parvus bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Methylobacterium spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Methylobacterium spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Methylobacterium spp. bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Microbacterium spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Microbacterium spp. bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Micrococcus spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Micrococcus luteus bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Micrococcus lylae bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Micrococcus spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Micrococcus luteus bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Micrococcus spp. bacteria Most common genus - all human microbesRodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Micrococcus kocuria bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Micrococcus spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Micrococcus luteus (ATCC 9341) from Cytotherapy 2004
Microsporon spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Moraxella spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Moraxella spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Moraxella spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Moraxella spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Moraxella spp. bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Mycobacterium spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
myroides spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ochrobactrum anthropi bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Ochrobactrum spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ochrobactrum anthropi bacteria spp from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ochrobactrum spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
P acnes from Cytotherapy 2004
P aeruginosa from Cytotherapy 2004
Paenibacillus curdlanolyticus bacteria fermentor used to manufacture recombin  Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Paenibacillus spp. bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Pantoea spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Penicillin spp. fungi Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Penicillium spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Penicillium spp. fungi Lubriderm Mitts Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Penicillium spp. fungi Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Penicillium spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Penicillium chrysogenum IHEM 22667 from Cytotherapy 2014
Peptostreptococcus spp. from Cytotherapy 2014
Pityosporum ovale fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Pityosporum orbiculare fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Porphyromonas spp. from Cytotherapy 2014
Prevotella spp. from Cytotherapy 2014
Propionibacterium acnes bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Propionibacterium acnes Anaerobic bacteria, Gram positive rod Ph. Eur. 2.6.27
Propionibacterium acnes (ATCC 11827) from Cytotherapy 2014
Propionibacterium acnes (ATCC 6919) from Cytotherapy 2014
Propioniba cterium acnes (Lab isolate) from HPC sterility testing
Propionibacterium spp. from Cytotherapy 2014
Pseudomonas oryzihabitans bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Pseudomonas aeruginosa bacteria Black Magic Tatoo ink Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Pseudomonas aeruginosa bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas vesicularis bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas diminuta bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas flourescens bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas putida bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas alcaligenes bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas paucimobilis bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas stutzeri bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas flourescens bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Pseudomonas flourescens bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Pseudomonas spp. bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Pseudomonas spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Pseudomonas spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Pseudomonas aeruginosa Bacteria, Gram negative rod USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Pseudomonas aeruginosa (ATCC 27853) from Cytotherapy 2014
Pseudomonas aeruginosa (ATCC 9027) from Cytotherapy 2014
Pseudomonas fluorescens ATCC 13525 from Cytotherapy 2014
Ralstonia pickettii bacteria detected in the UF/DF step in prelicense in    Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Ralstonia pickettii bacteria Identified by Penna, BMC Public health 200Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia pickettii bacteria spp from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia pickettii bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Ralstonia spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Rhizopus microsporus fungi Allopurinol Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Rhodococcus spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Rhodococcus spp. bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Rhodotorula spp. fungi Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
S aureus from Cytotherapy 2004
Serratia spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Serratia spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Sphingomonas spp. bacteria detected in the UF/DF step in prelicense in    Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Sphingomonas spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Sphingomonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Sphingomonas koreensis CRB-FC 229.82 from Cytotherapy 2014
Staphylococcus spp. bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Staphylococcus epidermidis bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Staphylococcus capitis bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Staphylococcus hominis bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Staphylococcus haemolyticus bacteria Review of 9000 microbial isolates from a ra           Sandle, Tim.  A Review of Cleanroom Microflora: Types, Treds and Patterns.  Journal of Pharmaceutical Science and Technology.  Vol 65, No. 4, July-Aug 2011
Staphylococcus spp. bacteria detected in the UF/DF step in prelicense in    Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Staphylococcus spp. bacteria Most common genus - all human microbesRodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Staphylococcus epidermidis bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Staphylococcus aureus bacteria Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Staphylococcus epidermidis bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Staphylococcus Saprophyticus bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Staphylococcus spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Staphylococcus aureus Bacteria, Gram positive cocci USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Staphylococcus aureus (ATCC 6538 or 6583) from Cytotherapy 2014
Staphylococcus epidermidis CIP 68.21 from Cytotherapy 2014
Stenotrophomonas maltophilia bacteria detected in the UF/DF step in prelicense in    Vijayakumar, R & Sandle 2012 Review of fungal contaminants in pharmaceuticals
Stenotrophomonas spp. bacteria Mains water system Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Stenotrophomonas spp. bacteria genera from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Stenotrophomonas maltophilia bacteria spp from purified water systems Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Stenotrophomonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Stenotrophomonas maltophilia bacteria WFI species Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Stenotrophomonas spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Streptococcus spp. bacteria Listed as common microbial contaminant i  Clontz 2013 Biopharmaceutical Microbial Contamination Control
Streptococcus pyogenes Bacteria, Gram positive cocci Ph. Eur. 2.6.27
Streptococcus spp. from Cytotherapy 2014
Streptomyces spp. bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmaceutical environment
Trichomacaea spp. fungi Most common isolates Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto Althea Environmental Isolates
Trichophyton spp. fungi Review of melanized fungal contaminationVijayakumar, R. 2016 A Review of Melanized fungal contaminants
Wautersia spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharmaceutical water
Yersinia intermedia bacteria Identified microbes from cold rooms Sandle, Tim 2013 Psychrophilic and psychrotolerant microbes in cold rooms
Yersinia enterocolitica Bacteria, Gram negative rod Ph. Eur. 2.6.27
Yersinia enterocolitica (ATCC 9610) from Cytotherapy 2004

Cloacibacterium normanense bacteria Main genera from pyrosequencing reads Park 2014 Bacterial Diversity in the indoor air of pharmace  
Clostridium spp. bacteria Listed as common microbial contaminant in biopharm Clontz 2013 Biopharmaceutical Microbial Contamination C
Clostridium perfringens ATCC 13 124 from HPC sterility testing
Clostridium sporogenes Anaerobic bacteria, USP<71>/Ph. Eur. 2.6.1/JP 54/ Ph. Eur. 2.6.27
Clostridium spp. from Cytotherapy 2014
Coagulase-negative Staphylococcus from Cytotherapy 2014
Comamonas spp. bacteria WFI genus Sandle, Tim 2015 Characterizing the Microbiota of Pharma  
Corynebacterium spp. bacteria Review of 9000 microbial isolates from a range of differen         Sandle, Tim.  A Review of Cleanroom Microflora: Types, Tre                 
Corynebacterium spp. bacteria Most common genus - all human microbes Rodriguez 2013 MS Thesis - Microbial survey of Ajinomoto   

Expanded List of 245 Microbial Strains for NGS-Metagenomics Database

245 Environmental Isolates

https://drive.google.com/drive/folders/13XAfcyMnZC95EmyxjzJ_99BcV8Z3aaYT?usp=drive_link



But Wait!  There’s More! 
There are >160 species of Corynebacterium



More Bacterial and Fungal Contaminants



• RMTM Consortium Member
• Expertise in microbial genomics, metagenomic analysis tool 

development, and building cloud analytic resources
• Curated database of 100’s of k’s of microbial genomes
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Current Partner



Assessment of EzBiome NIST Sterility 
(ENSure) database / pipeline

Tyler Laird



Custom Genome Database – Sterility Relevant Taxa

2543 Bacterial 
Genomes

654 Fungal 
Genomes

Minimal Target List Environmental organism list Spike-ins ENSure DB

Work done by:
Hasan, Michael, Seon Young

Other-taxa

Target of 1 genome 
representative per species 
(based on OrthoANI
calculations)



EzBiome ENSure system bioinformatic pipeline

Core genes:
Bacteria = 81
Fungi = 61

kraken2
fastq
files bowtie2

Classifie
d reads

Custom 
kraken2 
database

Core gene 
database 
(UCBG + 
UFCG)

Detected 
species 

list

Classification of reads 
using core genes of 

custom sterility 
database

Alignment of reads 
to universal core 

genes from 
genomes in sterility 

database

Dependent on 
core gene 
threshold



Assessment of ENSure database / pipeline
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Simulated Illumina Reads:
• In-silico read simulation of USP <71> genomes
• Comparison of ENSure with general purpose tools / databases
• Simulation with near-neighbor genome

Real Illumina Reads:
• Reads from USP <71> spike-in experiments
• Reads from USP <71> spike-in experiments (with pre-filtering)



In silico read simulation of USP <71> genomes
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Genome_name
Staphylococcus aureus ATCC 6538
Pseudomonas paraeruginosa ATCC 9027
Bacillus spizizenii ATCC 6633 = JCM 2499
Clostridium sporogenes strain FDAARGOS_1470
Candida albicans ATCC 10231
Aspergillus brasiliensis CBS 101740

Genome fasta file ART Simulated Illumina fastq reads



Staphylococcus aureus ATCC 6538 simulation

23

Core Gene Fraction =
How many of the core 
genes have >1 read 
mapped to them

Number of readsLOD = 10 reads total
where 1 read maps to dnaG core gene Core gene threshold of 0.4 can be used if microbial reads are above 

1500

TP

FP



Staphylococcus aureus ATCC 6538 simulation

False positives are 
in the same genus 
and have minimal 
hits

Read 
abundance 
colorscale

Heatmap representing # of reads mapping to ENSure DB genes (1 million reads total)

81 ENSure DB Core 
genes



In silico simulations

Summary metrics for all simulated USP <71> reads 
based on classification of reads at Species or Genus 

level

• Vast majority of reads are correctly identified at genus 
level

• Limit of detection is roughly associated with genome 
size

Other Fungi



Simulated Illumina fastq reads

Taxonomic classification results
Tool : Database
Centrifuge: Refseq: bacteria & archaea compressed 2018.4.15 (6.2 GB) 
Kraken2 – Bracken : plusPFP database (8 GB) 
mOTUs : mOTU db v3.1.0 (3 GB)

Comparison with other tools / databases

Standardized results tables

Same USP <71> data as on 
previous slides



Precision = TP / (TP + FP) [Based on individual reads assigned @ genus level]
Read Utilization = # reads classified / total simulated

Benefits of ENSure
• Contains relevant taxa in DB
• ENSure v mOTUs

• Both marker gene approaches but ENSure utilizes many more reads (i.e.
lower LOD)

• Minimizes the false positive problem
C. albicans (Centrifuge) S. aureus (kraken2-bracken)

Comparison with other tools / databases

All sorts of 
Bacteria

Bacillus 
anthracis

ListeriaNot in DB



Near neighbor taxa simulation

How does ENSure handle taxa that are not in the DB, but are somewhat 
related to a genome in the DB?
Methods: Simulated reads for Candidozyma auris ("Candida auris") ---> ENSure
workflow

ENSure can detect near 
neighbor "Candida" species 
even if not explicitly in the 
database with hits to 12 genes 
across 26 genomes

*ignoring a core gene threshold

12 ENSure DB Core genes with 
hits



Analysis of raw sequencing data from spike-in experiment

Sterility testing of USP <71> related spike-ins with Mesenchymal Stem Cell 
cultures (SRP161443)

1100 CFU

60 CFU

A. brasiliensis NCPF 2275

B. splizizeni NCTC 10400

C. albicans NCPF 3179

C. sporogenes NCTC 12935

P. paraeruginosa NCTC 12924

S. aureus NCTC 10788

From original study: "one microbial read will exist when 100 million host reads are sequenced"



Analysis of raw sequencing reads from spike-in experiments

1100 CFU spike in 60 CFU spike in

Many false positive 
detections (mainly of fungi) 
due to low complexity 
regions and host reads
e.g. AAAAGGGGGGGAAA
AAAA

A. brasiliensis NCPF 2275

B. splizizeni NCTC 10400

C. albicans NCPF 3179

C. sporogenes NCTC 12935

P. paraeruginosa NCTC 12924

S. aureus NCTC 10788

Looking at taxa detected (i.e. a 
read mapping to any of the core 
genes counts that taxa as present)

Species Level
TPs: 5 / 6
FPs: 67

Genus Level
TPs: 5 / 6
FPs: 45

Species Level
TPs: 1 / 6
FPs: 58

Genus Level
TPs: 3 / 6
FPs: 42

Aspergillus
Bacillus
Candida
Clostridium
Pseudomonas
Staphylococcus

Aspergillus
Bacillus
Candida
Clostridium
Pseudomonas
Staphylococcus



>ATP6
ATGCGTCATTTAGATTTTGTATTAAGTCCATTAgaccaatttgaagttagagatttattttctataaatgct
aacttattaggtaatttacacCTATCATTAACAaatataggtttatatttatcaattagtatttttttaatattaacatatagctt
attagctacaaataataataaaatagtaCCAAATAACTGATCAATAAGTCAAGAAAGTATATATGC
TACAGTACAcggtatagtagtaaatcaaattaaccCAAATAAAGGACAAATGTTCTTCCCTcttatgt
atgtattattcatatttatattagtaaataatttaataggtttagtacCATACAGTtttgcatcaacatcacattttatattaacat
tCTCAATTAGTTTTACTATTGTTTTAGGTGCAACAATATTAGGTTTCCAAAAACATGG
GTtaaaattcttctcattatttgtaCCTTCAGGTTGTCCATTAgcattattaccattattagtaataattgagTTTA
TTTCTTACTTATCTAGAAATGTTTCTTTAGGTTTAAGATTAGCTGCAAATATTTTAAG
TGGTCACATgcttttaagtatattaagtggatttacttataatataatgactagtggtataatattctttatattaggATTAA
TACCTTTAGCATTTATTATTGCATTCTCAGGTTTAGAGTTAGCAATAGCATTTATTCA
AGCACAAGTTTTCGTAGTTTTAGCTTgttcatatattaaagatggaTTAGATTTACACtaa

Example low-complexity region in fungal marker gene



EzBiome ENSure system bioinformatic pipeline

Core genes:
Bacteria = 81
Fungi = 61

kraken2Filtered 
fastq files bowtie2

Classified 
reads

Custom 
kraken2 
database

Core gene 
database 
(UCBG + 
UFCG)

Detected 
taxa list

Classification of reads 
using core genes of 

custom sterility database

Alignment of reads 
to universal core 

genes from 
genomes in sterility 

database

Dependent on core 
gene threshold

Hostile

fastp

Raw fastq
files

Quality / 
complexity 

filtering

Human read 
removal



Analysis of raw sequencing reads from spike-in experiments 
(with filtering)

1100 CFU spike in 60 CFU spike in

*still some false positives due 
to low complexity sequences
e.g. AGAGAGAGAGAGAGA

Need to use additional 
tool bbduk since fastp does 
not account for all types of 
complexity

A. brasiliensis NCPF 2275

B. splizizeni NCTC 10400

C. albicans NCPF 3179

C. sporogenes NCTC 12935

P. paraeruginosa NCTC 12924

S. aureus NCTC 10788

Looking at taxa detected (i.e. a 
read mapping to any of the core 
genes counts that taxa as present)

Species Level
TPs: 5 / 6
FPs: 67 11

Genus Level
TPs: 5 / 6
FPs: 45 4

Species Level
TPs: 1 / 6
FPs: 58 6

Genus Level
TPs: 3 / 6
FPs: 42 4

Aspergillus
Bacillus
Candida
Clostridium
Pseudomonas
Staphylococcus

Aspergillus
Bacillus
Candida
Clostridium
Pseudomonas
Staphylococcus



For in Silico analysis
• TPs ranged from 0.61 to 0.97 (species level) and most FPs were in 

the same genus
• ENSure has high precision
• ENSure can detect near neighbors of database members
For Spike-in analysis:
• Analyzing real host data is important!
• Host read removal and filtering can remove many false 

positive hits
Challenges/Future work:
• Addressing the abundance of host reads in real samples
• What core gene threshold (if any) to use for low microbial 

abundance samples
• Adding optional mapping to whole genomes (not just core genes)
• Combining all tools used into a standardized reproducible 

Nextflow pipeline

Conclusions



Internal Standards – Spike-Ins
Three Reference Strains

Manufacture 
Pellets

Spike Into Product
(~1% each)

NGS 
Workflow

Before 
Normalization

After 
Normalization



The Spike-In Species
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1. Deinococcus radiodurans

2. Delftia acidovorans

3. Brenneria nigrifluens



Summary:  Spike-Ins
• We are developing spike-in control materials to 

increase confidence in mNGS data.

• Manufacturing - Microbiologics Pellets (250x)

• One pellet will be sufficient to process ~100 samples
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A Fundamental Problem with NGS-Based 
Approach
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106 T-Cells

102 Bacterial Cells

• In this scenario:
• 99.99999% of gDNA is T-Cells
• 0.000001% of gDNA is microbial

• Signal <<<<<<<< Noise

• Using untargeted shotgun NGS, cost per sample 
will be ~$1000 (because of signal:noise)



Enrichment Option
• Option 1 – Filtration – Using 5 µm Filter

39

5 µm filter



Other Enrichment Options are Available

40



Microbial Signal Enrichment:  The Plan

• We’ll continue making test materials (T-cells + microbes) to 
test and  optimize enrichment protocols

• Or we might adopt an amplicon sequencing approach….

• We’ll establish SOPs for at least 2 enrichment methods and 
demonstrate performance

41



Coordinating Upcoming mNGS Interlab Study
• What’s the point of the NGS ILS?

• Lower the barrier to entry (let’s cross the bridge together)
• Get this technology in the hands of stakeholders 

(biopharma sterility testing)
• Demonstrate performance in real-world (sensitivity and 

specificity)
• Assess variability/reproducibility across labs

• Deploy ENSure NGS bioinformatic workflow
• Demonstrate utility of spike-ins for data normalization

• Who are participants?
• Biopharma – Cell Therapy Manufacturers
• Academics
• Biotech

42



Coordinating Upcoming mNGS Interlab Study

1. Dates: Summer, 2025
2. Sample Type: T-cells spiked with microbes
3. Spike-In Materials: Provided by NIST
4. Host Depletion: TBD
5. DNA Extraction: TBD
6. NGS Technology:  TBD
7. Bioinformatics: ENSure
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We will ask participants to define their methods in advance. 



Two Flavors of ILS
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Every Lab Runs Same Method:

• Assess reproducibility across labs

• Assess performance of specific 
method

• Validation of a method

Labs Run Different Methods:

• Assess impact of methodological 
variability

• Hard to compare reproducibility 
across labs

• Hard to assess performance in a 
rigorous way



Questions
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