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 Challenges in microbiome analysis and development of standards
 The ATCC® Microbiome Standards portfolio and upcoming new 

products

 Applications of standards in microbiome research

Microbiome assay development

Show the best data

Recommend any specific assay, kit, protocol, or instrument



Credible Leads to InCredible™

Microbiome Research

The microbiome field is rapidly moving toward translational research pertinent to 
human health and disease, therapeutics, and personalized medicine
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Challenges in Microbiome Research
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16S

 Storage
 Handling
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Sample Collection

 Cell lysis
 DNA/RNA recovery
 Quality & quantity

DNA Extraction

Library Preparation

Sequencing

Data Analysis

 Amplicon vs non-amplicon
 Choice of primers
 Library preparation

 Read quality
 Algorithm
 Database
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Development of Mock Microbial Communities
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Strain 
selection 
criteria

GC 
content

Gram 
stain

Spore 
formation

Genome size

Genome 
complexity

16S 
rRNA copy 

number

Microbiome 
site

Diagnostic 
relevance

Assembled 
genomes

ITS 
variability

Aerobic/
anaerobic

Ability 
to lyse

Whole Cell Standards Genomic DNA Standards

Assay development, optimization, verification, and quality control

 Authenticated ATCC cultures
 Growth and image cytometry cell 

counting
 Mixed in even proportion based cell 

numbers cells 
 Storage at 4°C

 Authenticated ATCC nucleic acids
 Fluorescent dye-based 

quantification
 Mixed in even proportions based 

genome copy number
 Storage at -20°C



ATCC® Microbiome Standards Portfolio
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Preparation ATCC®

Catalog No.
Number of 
Organisms Composition Complexity Importance

Genomic 
DNA

MSA-1000™ 10 Even Medium

Standards for 
assay 
development and 
optimization

MSA-1001™ 10 Staggered Medium

MSA-1002™ 20 Even High

MSA-1003™ 20 Staggered High

Whole cell
MSA-2003™ 10 Even Medium

MSA-2002™ 20 Even High

Genomic 
DNA MSA-4000™ 11 Staggered Medium

NGS-based 
pathogen 
detection

Genomic 
DNA

MSA-3000™ 6 Even Low
Environmental 
studiesMSA-3001™ 10 Even Medium

MSA-3002™ 10 Staggered Medium



Site-specific Microbiome Standards
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Standard Preparation ATCC® Catalog No. Number of 
Organisms Importance

Oral
Whole cell MSA-2004™

6
• Mock microbial 

communities 
representing the oral, 
skin, gut, and vaginal 
microbiomes

• Comprises normal and 
atypical flora

• Anaerobic and aerobic 
microbial strains

• A combination of Gram-
positive and -negative 
bacterial cultures

• Even composition

Genomic DNA MSA-1004™

Skin
Whole cell MSA-2005™

6
Genomic DNA MSA-1005™

Gut

Whole cell MSA-2006™

12
Genomic DNA MSA-1006™

Vaginal
Whole cell MSA-2007™

6
Genomic DNA MSA-1007™



ATCC Virome Standards 
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Standard Preparation ATCC® Catalog No. Number of 
Organisms

Specification 
(ddPCR™) Applications

Virome

Virus Mix MSA-2008™ 6 2 x 103 genome 
copies/µL per virus 

Standards for virome assay 
development, optimization, 
verification, and validation; 
evaluating reproducibility; and 
use as a daily run quality controlNucleic Acid Mix MSA-1008™ 6 2 x 104 genome 

copies/µL per virus

Composition of Virome Standards

Human herpesvirus 5 strain AD169 (ATCC® VR-538™)

Human mastadenovirus strain F (ATCC® VR-931™)

Influenza B virus strain B/Florida/4/2006 (ATCC® VR-1804™)

Zika virus strain MR 766 (ATCC® VR-1838™)

Reovirus 3 strain Dearing (ATCC® VR-824™)

Human respiratory syncytial virus strain A2 (ATCC® VR-1540™)



Spike-in and Mycobiome Standards 
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Standard Preparation ATCC® Catalog
No.

Number of 
Organisms Importance

Mycobiome

Whole cell MSA-2010™

10

• Fungal mock community 
standards for assay 
development, optimization, 
verification, and validation; 
evaluating reproducibility; 
and use as a  daily run 
quality control

Genomic MSA-1010™

Standard Preparation ATCC® Catalog
No.

Number of 
Organisms Importance

Spike-in 

Whole cell MSA-2014™

3

• Microbiome measurements 
and data normalization

• 16S rRNA and shotgun 
assay verification, 
validation, and quality 
control

Genomic MSA-1014™
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Utility and Application of Microbiome Standards 
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Credible Leads to InCredible™

Evaluating DNA Extraction Methods and Kits
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Genomic Versus Whole Cell Standards
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DNA extraction methods are not perfect

Shotgun metagenomic
analysis of the Oral 
Microbiome Genomic Mix

DNA extraction from the Oral 
Microbiome Whole Cell Mix 
with two different kits 
followed by shotgun 
metagenomic analysis

Actinomyces
odontolyticus

Fusobacterium
nucleatum

Haemophilus
parainfluenzae

Prevotella
melaninogenica Streptococcus mitis Veillonella parvula

Expected 16.7% 16.7% 16.7% 16.7% 16.7% 16.7%
Observed 16.0% 17.1% 15.6% 14.4% 18.5% 18.4%
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Oral Microbiome Genomic Mix (ATCC® MSA-1004™)

Actinomyces
odontolyticus

Fusobacterium
nucleatum

Haemophilus
parainfluenzae

Prevotella
melaninogenica Streptococcus mitis Veillonella parvula

Expected 16.67% 16.67% 16.67% 16.67% 16.67% 16.67%
Kit A 0.9% 20.1% 14.8% 20.8% 11.8% 31.5%
Kit B 16.2% 29.9% 38.9% 6.9% 1.9% 6.2%
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Oral Microbiome Whole Cell Mix (ATCC® MSA-2004™)  
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Assess Biases in DNA Extraction
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Compare different pre-treatments and extraction methods, optimize protocols, and validate different kits

DNA extraction from 
individual strains that are 
components of the Oral 
Whole Cell Mix

DNA extraction from the 
Oral Whole Cell Mix with 
two different kits followed 
by shotgun metagenomic
analysis
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Veillonella parvula

Streptococcus mitis

Prevotella melaninogenica

Haemophilus parainfluenzae

Fusobacterium nucleatum

Actinomyces odontolyticus

Organism 
Number of 
Cells per

Component

Gram 
Stain 

Genome 
size %GC 

Actinomyces odontolyticus

~2x107

+ 2.39 65.5

Fusobacterium nucleatum - 2.17 27.2

Haemophilus parainfluenzae - 2.12 39.3

Prevotella melaninogenica - 3.17 35.1

Streptococcus mitis + 1.83 40.5

Veillonella parvula - 2.16 38.6V
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Gut Whole Cell Standard
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Profiling of gut microbiome standard at the phylum, genus, and species level

Phylum Expected Strain Expected Observed-Shotgun Observed-16S (V1V2)

Bacteroidetes 16.6%
Bacteroides fragilis 8.3% 12.3% 17.0%

Bacteroides vulgatus 8.3% 8.6% 8.4%
Actinobacteria 8.33% Bifidobacterium adolescentis 8.3% 12.0% 1.0%

Firmicutes 25.0%
Clostridium difficile 8.3% 16.5% 29.0%

Enterococcus faecalis 8.3% 3.1% 1.6%

Lactobacilus plantarum 8.3% 8.1% 12.3%

Proteobacteria 41.7%

Enterobacter cloacae 8.3% 10.6% 4.0%

Escherichia coli 8.3% 6.6% 3.3%

Helicobacter pylori 8.3% 3.8% 7.7%

Salmonella enterica 8.3% 4.9% 2.2%

Yersinia enterocolitica 8.3% 8.8% 3.6%
Fusobacteria 8.3% Fusobacterium nucleatum 8.3% 4.8% 9.7%

Bacteroidetes
17%

Actinobacteria
13%

Firmicutes
29%

Proteobacteria
36%

Fusobacteria
5%

Shotgun 
Analysis

Bacteroidetes
25%

Actinobacteria
1%

Firmicutes
43%

Proteobacteria
21%

Fusobacteria
10%

16S rRNA 
Analysis

Bacteroidetes
16.7%

Actinobacteria, 8.3%

Firmicutes, 25.0%
Proteobacteria, 

41.7%

Fusobacteria
8.3%

Expected

The Gut Whole Cell 
Microbiome Standard 
(ATCC® MSA-2006™) 
can be used as a full 
process control for 
shotgun and 16S rRNA
assays
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Evaluating 16S rRNA and WGS Library Kits

16



16S Amplicon-based Analysis: Primer Selection 

17

Compare different primer sets, optimize amplification steps, and validate 16S analysis methods

16S rRNA analysis of 
the Oral Genomic DNA 
Standard via two primer 
sets
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Comparing Library Preparation Kits
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Nextera Flex enables uniform coverage of genomes of low GC content

Oral Microbiome Genomic DNA (ATCC® MSA-1004™)

Free enzyme 
Tagmentation

PCR 
Amplification Normalization Sequencing Analysis

Nextera™ XT Workflow

Bead-Linked 
Tagmentation

PCR 
Amplification Sequencing Analysis

Nextera™ Flex Workflow

Data courtesy of Illumina



Comparing Library Preparation Kits
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The LoopSeq™ 16S rRNA long-read method allows highest sequence accuracy and species-level taxonomy

Loop Genomics Genomic DNA (ATCC® MSA-1003™)

LoopSeq data courtesy of Tony Lialin, Loop Genomics
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Acinetobacter baumannii

Actinomyces odontolyticus

Bacillus cereus

Bacteroides vulgatus

Bifidobacterium adolescentis

Clostridium beijerinckii

Cutibacterium acnes

Deinococcus radiodurans

Enterococcus faecalis

Escherichia coli

Helicobacter pylori

Lactobacillus gasseri

Neisseria meningitidis

Porphyromonas gingivalis

Pseudomonas aeruginosa

Rhodobacter sphaeroides

Staphylococcus aureus

Staphylococcus epidermidis

Streptococcus agalactiae

Streptococcus mutans

Short Reads
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Evaluating NGS Platforms

20



Short-read Sequencing Platform: Illumina®
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Assay reproducibility through different Illumina sequencing platforms

Shotgun Metagenomic Data (ATCC® MSA-3001™)
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Staphylococcus epidermidis

Micrococcus luteus

Haloferax volcanii

Halobacillus halophilus

Bacillus subtilis

Pseudoalteromonas haloplanktis

Escherichia coli

Chromobacterium violaceum

Pseudomonas fluorescens

Data courtesy of Dr. Stefan Green, UIC (ABRF-MGRG)



Short-read Sequencing Platform: Ion Torrent™ 
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16S rRNA and shotgun data on the Ion GPM Platform (ATCC® MSA-1000™)

Data courtesy of Dr. Pat Gillevet and Rohan Patil (Microbiome Analysis Center, GMU) 

Shotgun vs 16S rRNA assay (V1/V2) (ATCC® MSA-1000™)
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Long-read Sequencing Platform: Nanopore®
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One hour sequencing coverage was enough to identify all organisms in the mix with sufficient genome coverage 
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Method

Yersinia enterocolitica
Salmonella enterica
Lactobacillus plantarum
Helicobacter pylori
Fusobacterium nucleatum
Escherichia coli
Enterococcus faecalis
Enterobacter cloacae
Clostridioides difficile
Bifidobacterium adolescentis
Bacteroides vulgatus
Bacteroides fragilis

The Gut Microbiome Whole Cell Standard (ATCC® MSA-
1006™) was analyzed via shotgun sequencing on the 
MinION platform

Organism Genome Coverage (x)
Enterobacter cloacae 9.1
Enterococcus faecalis 14.1
Bacteroides fragilis 8.1
Bacteroides vulgatus 6.6
Bifidobacterium adolescentis 1.8
Clostridioides difficile 7.4
Escherichia coli 6.5
Fusobacterium-nucleatum 4.6
Helicobacter pylori 16.6
Lactobacillus plantarum 6.0
Salmonella enterica 11.1
Yersinia enterocolitica 11.3

Measurement Statistics
Total yield (Gb) 1.3
Number of reads 96000
Read length N50 5357
Median read quality 10.3



Long-read Sequencing Platform: PACBIO®
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16S rRNA (full-length) and shotgun data on the PacBio Sequel Platform (ATCC® MSA-1003™)

One Codex 
Analysis

16S rRNA
run 1

16S rRNA
run 2

Shotgun 
run 1

Shotgun 
run 2

True positives 100% 100% 100% 100%

Relative 
abundance 95% 95% 97% 97%

False positives 100% 100% 88% 84%

Overall score 98% 98% 95% 95%

ATCC quality control score (One Codex)
0.001
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1

10
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Data courtesy of Dr. Joan Wong, PACBIO®
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Shotgun Metagenomic Analysis: Short vs Long Reads
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ATCC Microbiome Standards are technology agnostic 
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Comparing Bioinformatics and Databases 

26



Data Analysis Using Different Databases
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Evaluation of NGS data from microbiome standards in multiple analysis platforms and databases  

Nephele vs One Codex 
Short-read sequencing data from the Skin 
Genomic DNA Mix (ATCC® MSA-1005™)

Epi2Me vs One Codex
Long-read sequencing data from the Gut 
Genomic DNA Mix (ATCC® MSA-1006™)
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Mycobiome Standards
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Data analysis platform impacts strain identification and taxonomic resolution

Expected Databases A1 Databases A2 Databases B1 Databases B2
Aspergillus 10% 13.88% 13.99% 8.60 8.16
Candida 20% 8.17% 8.22% 12.31 12.61
Cryptococcus 10% 10.52% 10.51% 0.00 0.00
Cutaneotrichosporon 10% 6.53% 6.61% 0.00 0.00
Fusarium 10% 19.00% 18.94% 7.32 7.78
Malassezia 10% 5.53% 5.55% 10.86 11.74
Penicillium 10% 9.81% 9.76% 11.17 11.25
Saccharomyces 10% 6.63% 6.62% 11.48 11.35
Trichophyton 10% 12.01% 11.98% 0.05 0.29
Unclasified 0% 7.93% 7.82% 38.21 36.82
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Shotgun Analysis of Genomic DNA standards (ATCC® MSA-1010™ )



ATCC Data Analysis Solution

WORKFLOW:
1. Drag and drop Fastq files or export via cloud
2. Choose your ATCC product and analysis (16s and shotgun) 
3. Download your reports

RESULTS ARE PROVIDED ON A SCORECARD REPORTS:
1. True positives: Percentage of organisms detected from the control 

2. False positives: Detection of organisms not in the control

3. Relative abundance: Quantification of organisms in the control

29
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Mock Microbial Communities
• Genomic DNA and whole cell 

standards
• Even and staggered mixtures 

comprising 10 or 20 strains
• Environmental and pathogen 

mixtures

Site-specific Standards
• Genomic DNA and whole cell 

standards
• Even mixtures of 6-12 strains
• Bacterial strains prevalent in the 

oral, skin, gut, and vaginal 
microbiome

Spike-In Standards
• Recombinant strains with a unique 

DNA tag stably integrated into the 
chromosome

• Recombinant standards include 
the Gram-negative and Gram-
positive bacteria

New Products
• Genomic DNA and whole cell 

mock communities representing:
• Virome
• Mycobiome

Bundled with data analysis on the One Codex platform

ATCC Data Analysis Solution



Posters at ASM Microbe 2019
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Development of Fungal Mock Community Standards for Mycobiome Studies
Poster Board Number: FRIDAY – MBP-74
Date: Friday, June 21, 2019
Time: 11:00 AM-12:00PM, 4:00 PM-5:00 PM 

Utility of Recombinant Bacteria with Unique Tags as Spike-In Controls for 
Microbiome Studies
Poster Board Number: FRIDAY – CPHM-940
Date: Friday, June 21, 2019
Time: 11:00 AM-12:00PM, 4:00 PM-5:00 PM 

Evaluation of ATCC® Site-Specific Microbiome Standards on Long-Read 
Sequencing Platforms
Poster Board Number: SATURDAY – MBP-7 
Date: Saturday, June 22, 2019 
Time: 11:00 AM-12:00PM, 4:00 PM-5:00 PM 
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Gene-Level Microbiome Analysis Identifies 
Culturable Strains Consistently Associated with 
Human Cancer across Independent Cohorts

Samuel Minot, PhD
Microbiome Research Initiative
Fred Hutch Cancer Research Center
Seattle, Washington, USA

Twitter: @sminot
Blog: www.minot.bio



Disclosures

© Fred Hutchinson Cancer Research Center 35

Amy Willis, PhD  
Professor of Biostatistics 
University of Washington

Jonathan Golob, MD, PhD
Infectious Disease & Internal Medicine

University of Michigan

ATCC – Consulting
One Codex – Financial Interest

Collaborators



© Fred Hutchinson Cancer Research Center 36

gene-level metagenomics



Applied Microbiology
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discovery – therapeutics – diagnostics

microbes  ~  human health

acute infection
inflammation
obesity
cancer

bacteria
viruses

fungi
consortia



Ontologies of Microbiome Analysis
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Scientific American (2012-05-15)
Castelle, et al. 2018
Eren, et al. 2015
genome.jp/kegg

Microbial Taxa

Metabolic Pathways

Assembled Genomes

geneX geneY geneZ

Microbial genes

WGS



Gene-Level Analysis of the Microbiome

1. Computational methods development
– Single-sample analysis
– Cross-sample analysis

2. Application to CRC datasets
3. Validation in mouse model
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Gene-Level Analysis of the Microbiome

1. Computational methods development
– Single-sample analysis
– Cross-sample analysis

2. Application to CRC datasets
3. Validation in mouse model
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Detecting Genes from WGS Data
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WGS reads (n=6)

CDS References (n=3)

Alignments FAMLI Filtering Algorithm

Take all hits?
Take unique hits?

✓ ✗



Detecting Genes from WGS Data
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FAMLI Filtering Algorithm

Performance Evaluation



Gene-Level Analysis of the Microbiome

1. Computational methods development
– Single-sample analysis
– Cross-sample analysis

2. Application to CRC datasets
3. Validation in mouse model
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Efficiently Comparing Gene-Level Communities
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Single stool metagenome: 

10-50M reads  100k – 1M genes

Aggregate metagenome:

~100 people  1M – 10M genes
ge

ne
s

ge
ne

s samples

<<

samples



Efficiently Comparing Gene-Level Communities

© Fred Hutchinson Cancer Research Center 45

Approach: Co-Abundance Clustering
• Genes  Co-Abundant Gene Groups (CAGs)

Nielsen HB, et al. Nature Biotech 2014

Previous state-of-the-art: 

Clustering heuristic to identify species

Goal:

Clustering of co-abundant genes
(operons, HGT, phages, auxiliary genome)

Enabling Technology:

Approximate Nearest Neighbor Algorithm
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Previous state-of-the-art: 

Clustering heuristic to identify species

Goal:

Clustering of co-abundant genes
(operons, HGT, phages, auxiliary genome)

Enabling Technology:

Approximate Nearest Neighbor Algorithm

Approximate Nearest Neighbor Algorithm efficiently 
partitions densely populated high-dimensional space



Efficiently Comparing Gene-Level Communities
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1

Gene Grouping Captures Co-Abundance

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1

Co-Abundant Gene Groups (CAGs) range from 20-3,000 genes

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1

Co-Abundant Gene Groups (CAGs) contain functions required for bacterial life

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1


Efficiently Comparing Gene-Level Communities
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1
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10X Genomics – Microbiome Data

Co-Abundant Gene Groups (CAGs) co-occur in single-cell sequencing datasets

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1

Performance: 5M genes ~ 5,000 samples (240GB RAM)  ~10 hours
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10X Genomics – Microbiome Data

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1


Efficiently Comparing Gene-Level Communities
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• Source code: https://github.com/FredHutch/find-cags/

• Python package: pip install ann_linkage_clustering

• Docker container: quay.io/fhcrc-microbiome/find-cags

• Manuscript: biorxiv.org/content/10.1101/567818v1

Grouping millions of genes  10,000’s of CAGs 

Enables efficient cross-sample comparison

Preserves biological complexity

https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1


Gene-Level Analysis of the Microbiome

1. Computational methods development
– Single-sample analysis
– Cross-sample analysis

2. Application to CRC datasets
3. Validation in mouse model
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Identifying Strains Associated with CRC
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Δ

Discovery cohort:
Zeller (2014) Molecular Systems Biology
156 participants – France

Validation cohort:
Yu (2015) Gut
128 participants – China



Identifying Strains Associated with CRC
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Estimated Coefficient -- Discovery
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Association of CAG abundance with CRC is highly reproducible
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Estimated Coefficient -- Discovery
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Consistent association with CRC across four independent cohorts
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Estimated Coefficient -- Discovery
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Disease  CAGs

CAGs  Genes

Genes  Function (KEGG)

Genes  Taxonomy (NCBI)

Genes  Genomes (ATCC)
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Estimated Coefficient -- Discovery
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Genes identify microbial strains associated with CRC

✓
✓

✓
✓
✓

✓

✓

✓

✓
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✓✓
✓
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Estimated Coefficient -- Discovery
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Bacterial Isolate Mouse Model (apc) Cancer Phenotype

Bacteroides fragilis strain A
Clostridium bolteae strain B
Ruminococcus gnavus strain C
Clostridium symbiosum strain D
Clostridium asparagiforme strain E
Fusobacterium nucleatum strain F
Dorea longicatena strain G
Bifidobacterium psudocatenulatum strain H
Eubacterium rectale strain I
Ruminococcus obeum strain J
Coprococcus comes strain K



Gene-Level Metagenomics for Microbiome Research
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Scientific American (2012-05-15)
Castelle, et al. 2018
Eren, et al. 2015
genome.jp/kegg

Microbial Taxa

Metabolic Pathways

Assembled Genomes

geneX geneY geneZ

Microbial genes

WGS
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Advancing Authentication

Whole genome sequencing has 
generated data at an unprecedented 
scale in the biological sciences. However, 
existing public genomic databases can 
lack quality, completeness, authenticity, 
and traceability.



Advancing Authentication

Our Enhanced Authentication Initiative 
aims to enrich the characterization of our 
biological collections and provide you with 
the whole genome sequences of the 
specific, authenticated materials you need 
to generate credible data



Credible Leads to InCredible™

We are giving you the first look at our
ATCC Genome Portal

Your resource for reference-quality genomes from 
authenticated ATCC products 



Credible Leads to Incredible™

Enhanced Authentication 
Initiative

Nick Greenfield, MA
Founder and CEO, One Codex



Current microbial genomics references

67

GenBank®

− De facto standard
− Lots of genomes
− But relatively little curation
− And highly variable quality



Current microbial genomics references
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FDA ARGOS NCTC

… and numerous other specialty collections



Current database challenges
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“…[we] identified 
more than 1000 
genomes that are 
contaminated with 
PhiX…”

#1 Quality



Current database challenges
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#1 Quality
“…2250 [microbial] 
genomes are 
contaminated by 
human sequence…”



Current database challenges
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“…2250 [microbial] 
genomes are 
contaminated by 
human sequence…”

#1 Quality

Urgh.



Current database challenges

72

#2 Completeness
“More than 80% of 
the microbial 
genomes in GenBank 
are of ‘draft’ 
quality…”



Current database challenges
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#3 Authenticity
“Discordant results in 
relation to taxa 
assignation were 
found for 14 (35.9%) 
of the 39 non-type 
strain genomes…”



Current database challenges
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#4 Traceability
“We also warn users of 
publicly available 
genome sequence 
data to be cautious in 
accepting the 
metadata associated 
with genome 
sequences…”



What does a good genome assembly look like?
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Images from Ryan Wick https://github.com/rrwick/Unicycler

https://github.com/rrwick/Unicycler


What does a bad (less good) assembly look like?

76
Images from Ryan Wick https://github.com/rrwick/Unicycler

Good Illumina-
only assembly

https://github.com/rrwick/Unicycler


OK Illumina-
only assembly

What does a bad (less good) assembly look like?

77
Images from Ryan Wick https://github.com/rrwick/Unicycler

https://github.com/rrwick/Unicycler


Bad Illumina-
only assembly

What does a bad (less good) assembly look like?

78
Images from Ryan Wick https://github.com/rrwick/Unicycler

https://github.com/rrwick/Unicycler


Enhanced Authentication Initiative – Goals
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Improve
• Quality
• Completeness
• Authenticity
• Traceability



Enhanced Authentication Initiative – Overview
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Enhanced Authentication Initiative – Overview
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Quick Tour
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Enhanced Authentication Initiative – Outcomes

94

• Modern, easy-to-use genome browser and data 
platform

• Improved quality, completeness, authenticity, 
traceability

• Publicly available September 2019



Credible Leads to Incredible™

Questions?

© 2019 American Type Culture Collection. The ATCC trademark and trade name, and any other trademarks listed in this publication are trademarks owned by the American Type Culture Collection unless indicated otherwise. GenBank 
is a registered trademark of the U.S. Department of Health and Human Services for the Genetic Sequence Data Bank. Illumina is a registered trademark of Illumina, Inc.



Credible Leads to Incredible™

Using Whole-Genome 
Sequencing for the 
Enhanced Authentication of 
ATCC’s Bacillus cereus Group 
Strains

Marco A. Riojas, PhD
Scientist, ATCC



 Bacillus and Bacillus cereus Group (BcG)
 Type strains and species definitions
 BcG strain analysis

Agenda
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Credible Leads to InCredible™

Bacillus and Bacillus cereus Group (BcG)
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The Genus Bacillus

 Composed of Gram-positive, aerobic, endospore-
forming bacteria

 Formed in 1872 with the description of Bacillus subtilis
(the type species) and B. anthracis

 Currently a total of 281 species and subspecies

99



The Bacillus cereus Group (BcG)

Currently 18 species, some of which are pathogenic to various 
plant and animal species

B. anthracis B. cereus B. thuringiensis

100



The Bacillus cereus Group (BcG)

A group of closely related species, including some important to health and biotechnology

Species Year 
Identified

B. anthracis 1872

B. mycoides 1886

B. cereus 1887

B. thuringiensis 1915

B. pseudomycoides 1998

B. weihenstephanensis* 1998

B. cytotoxicus 2013

B. toyonensis 2014

B. weidmannii 2016

101

Species Year 
Identified

B. paranthracis 2017

B. pacificus 2017

B. tropicus 2017

B. albus 2017

B. mobilis 2017

B. luti 2017

B. proteolyticus 2017

B. nitratireductans 2017

B. paramycoides 2017



Credible Leads to InCredible™

Type Strains and Species Definitions

102



How Are Species Defined?
Background

 Each species is represented by a type strain and a description of that strain
−Usually the first strain identified
−Not necessarily the most typical or representative of the species
−The type strain is essentially the “definition” of a species

 If the strain upon which the description was based upon cannot be found or 
is no longer appropriate, a neotype strain may be proposed

 Mycobacterium tuberculosis 
− Identified in 1882 by Robert Koch
−Strain H37Rv was proposed as the neotype strain in 1972 (Kubica, et al.)
−Now Mycobacterium tuberculosis H37RvT is the type strain

Kubica, et al. Int J Syst Bacteriol. 1972, 22(2):99-106.103



How is a New Strain Assigned to a Species?
Background

104

 The characteristics of the new strain are compared to the characteristics of 
species type strains
−Historically:  phenotypic characteristics

 A strain that shares enough of the essential characteristics of a type strain 
is said to be within the circumscription of that species/type strain
−Therefore, it belongs to that species

 Recognizing that phenotypes can be quite unreliable, today we rely more 
heavily on genotypic comparisons
− 16S rRNA genes, hsp65, rpoB

 Small numbers of genes can still provide misleading results
−Most accurate comparison would be between whole genomes



Bacillus cereus Group (BcG) Strains at ATCC
Background

105

 Many of our strains were deposited many decades ago
−E.g., ATCC® 246™ Bacillus cereus was deposited in 1925

−New species have been discovered

−Previous classifications of our strains were based on less accurate/comprehensive 
methods, such as phenotypic observations or biochemical testing

 Do our Bacillus strains match up with current taxonomy?
oGOAL:  Identify our strains using the most current techniques and definitions

 Whole-genome sequencing (WGS) of expertly authenticated material
oPrimary focus on BcG strains from ATCC and BEI Resources*

oSecondary focus on the BcG species at large

* BEI Resources material is the property of the National Institute of Allergy and Infectious Diseases (NIAID), NIH



B. thuringiensis
1915

B. anthracis
1872 B. cereus

1887

B. mycoides
1886

Type Strain

Non-Type Strain

ATCC® 10987™ B. cereus
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B. anthracis
1872 B. cereus

1887

B. mycoides
1886

B. mycoides
1886

B. cereus
1887

B. anthracis
1872

B. thuringiensis
1915

B. thuringiensis
1915

B. paranthracis
2017

B. proteolyticus
2017

B. nitratireductans
2017

B. toyonensis
2014

B. pacificus
2017B. pseudomycoides

1998

B. albus
2017

B. cytotoxicus
2013

B. weidmannii
2016

B. tropicus
2017

Type Strain

Non-Type Strain

ATCC® 10987™ B. cereus
B. pacificus
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BcG Strain Analysis
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Bacillus cereus Group (BcG) Strains
Methodology

 Selected a subset of BcG and Bacillus strains
−Priority given to lower accession numbers (e.g., ATCC® 246™, 4342™, 6463™, etc.)

o Older deposits more likely to be misclassified
−Also obtained strains from BEI Resources, a NIAID funded repository

 Whole-Genome Sequencing (WGS)
− Illumina® MiSeq® v3 (2×300)

 Genome Assembly
−SPAdes

 Genomic Comparison of Taxonomy
−Digital DNA-DNA Hybridization (dDDH)

o Genome-to-Genome Distance Calculator (GGDC)
−Average Nucleotide Identity (ANI)

o OrthoANIb

dDDH Range Interpretation

≥ 80% Same species Same subspecies

70 – 80% Same species Different subspecies

< 70% Different species

Meier-Kolthoff JP, et al. (2014); Meier-Kolthoff JP, et al. (2013); Auch, et al. (2013a); Auch, et al. (2013b).
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B. anthracis and B. mycoides
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B. anthracis and B. mycoides

dDDH
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B. anthracis and B. mycoides

ANI
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Bacillus cereus and Bacillus thuringiensis

Species/Subspecies Strain Source AT
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B. cereus ATCC 14579T NC_004722.1 100 82.8 82.5 81.8 71.1 71.3 71 74.1 73.2 73.2 72.5 65.2 65.2 65.8 65.7 65.2
B. thuringiensis ATCC 13367 This Work 98.15 100 89.4 87.3 69.8 69.5 69.6 75.2 73.2 73.3 73.6 64.9 65 65.3 64.7 64.5
B. cereus ATCC 11778 This Work 98.06 98.84 100 92.1 71.1 71.2 71 77.7 76.8 76.7 75.7 66.3 66.5 66.8 66.6 66.9
B. cereus ATCC 33019 This Work 97.96 98.67 99.10 100 70.7 70.8 70.5 77.5 75.7 75.5 74.8 65.9 66 66.3 66 66.1
B. thuringiensis ATCC 10792T CP020754.1 96.65 96.46 96.58 96.69 100 99.1 82.6 68.1 67 67.1 67.2 68.9 69 69.3 68.9 68.8
B. thuringiensis ATCC 10792T This Work 96.60 96.44 96.73 96.75 99.83 100 82.2 67.9 67.2 67.3 66.8 68.7 68.9 69.3 68.6 68
B. thuringiensis NR-28583 This Work 96.62 96.38 96.66 96.65 98.02 98.01 100 68.7 68 68 67.9 70 70.2 70.3 69.8 69.9
B. cereus ATCC 246 This Work 97.13 97.28 97.51 97.54 96.21 96.14 96.35 100 87.9 87.7 81.6 65.1 65.2 65.7 65.4 64.7
B. thuringiensis NR-610 This Work 97.04 97.16 97.42 97.32 96.15 96.21 96.20 98.80 100 96.7 79.5 63.8 64 64.4 63.8 63.6
B. thuringiensis ATCC 33679 This Work 97.04 97.13 97.41 97.34 96.17 96.23 96.33 98.78 99.92 100 79.6 63.8 64 64.4 63.7 63.5
B. cereus ATCC 10876 This Work 96.91 97.11 97.32 97.26 96.10 96.04 96.31 98.04 97.85 97.86 100 64.2 64.3 65.2 64.8 63.5
B. cereus ATCC 7039 This Work 95.88 95.78 96.04 96.11 96.42 96.25 96.49 95.82 95.66 95.63 95.69 100 95.6 93.6 92.6 92.5
B. cereus ATCC 9592 This Work 95.83 95.82 96.06 96.04 96.42 96.27 96.59 95.80 95.65 95.62 95.70 99.92 100 94 93 92.8
B. thuringiensis ATCC 700872 This Work 95.97 95.91 96.10 96.04 96.42 96.32 96.50 95.93 95.74 95.67 95.89 99.27 99.32 100 99.7 91.8
B. thuringiensis ATCC 35646 This Work 95.91 95.80 96.11 96.02 96.38 96.21 96.53 95.83 95.65 95.60 95.75 99.20 99.16 99.93 100 91.1
B. thuringiensis ATCC 19266 This Work 95.83 95.73 96.15 96.00 96.33 96.28 96.53 95.83 95.61 95.61 95.57 99.12 99.11 99.06 99.02 100

Subspecies 1

Subspecies 2

Subspecies 3

Novel Species
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Other BcG Strains

Species/Subspecies Strain Source BC
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B. toyonensis BCT-7112T CP006863.1 100 44 42.8 42.8 42.7 43.2 42.7 42.8 42.8 42.5 42.5 43.2 43.1 42.6 42.7 43.6 42.4 42 42 39.3 27.3 27.3 26.2
B. wiedmannii FSL W8-0169T LOBC01 91.30 100 50.9 50.8 51.3 51.8 51.1 51.1 51.1 51.6 51.7 52 51.6 54.1 58.1 45.2 40.9 42.2 42.2 37.7 27 27 25.5
B. paranthracis Mn5T MACE01 90.98 93.18 100 91.7 78.6 79 77.4 77.2 77.4 65.4 65.3 61.9 64.3 52.7 49.9 44.6 39.1 39.7 39.6 36.6 26.8 26.9 25.4
B. cereus ATCC 9818 This Work 90.92 93.14 99.08 100 78.5 79 77.8 77.5 77.2 65.7 65.5 61.6 64.4 52.8 49.9 44.7 39.2 39.6 39.6 36.7 26.8 26.9 25.6
B. cereus ATCC 10702 This Work 90.81 93.15 97.58 97.60 100 95.2 90 89.9 89.4 66 67 62.6 65.4 52.1 51 44.3 39.3 39.6 39.6 36.8 27 27.4 25.5
B. cereus NR-608 This Work 90.95 93.33 97.69 97.67 99.93 100 90.3 90.2 89.8 66.6 67.6 63.1 65.8 52.6 51.6 44.9 39.9 40.1 40.1 37.3 27.2 27.4 25.8
B. cereus NR-22159 This Work 90.88 93.24 97.47 97.55 98.90 98.86 100 99 98.6 66.7 66.8 62.6 65.3 51.9 50.7 44.3 39.2 39.6 39.5 36.6 26.8 27 25.5
B. cereus ATCC 13061 This Work 90.84 93.23 97.46 97.54 98.87 98.82 99.78 100 98.9 66.4 66.7 62.6 65.1 52 50.2 44.3 39.2 39.6 39.7 36.7 26.8 27 25.5
B. cereus ATCC 7004 This Work 90.89 93.16 97.48 97.36 98.79 98.79 99.80 99.82 100 66.4 66.5 62.4 65.1 52 50 44.3 39.2 39.6 39.6 36.7 26.9 27.1 25.5
B. pacificus EB422T MACD01 90.77 93.23 95.94 95.82 95.88 96.01 96.01 96.00 95.93 100 99.3 60 59.7 52.4 51.7 44.3 39.2 39.9 39.8 36.7 26.8 26.8 25.6
B. cereus ATCC 10987 This Work 90.77 93.24 95.82 95.87 96.08 96.15 96.06 96.07 96.00 99.86 100 60.3 59.9 52.6 52 44.4 39.2 39.9 39.9 36.7 26.8 26.9 25.8
B. tropicus N24T MACG01 91.09 93.36 95.33 95.27 95.37 95.51 95.48 95.44 95.40 94.97 95.04 100 70.7 52.2 50.7 45.3 39.8 39.9 40 37 26.9 26.9 25.5
B. cereus ATCC 4342 This Work 90.96 93.30 95.66 95.68 95.76 95.90 95.84 95.85 95.80 94.89 94.94 96.70 100 53.1 50.5 44.8 39.6 40 39.9 36.9 27 27.3 25.6
B. albus N35-10-2T MAOE01 90.95 93.77 93.45 93.46 93.32 93.54 93.35 93.42 93.28 93.45 93.44 93.37 93.58 100 54.4 44.1 39.1 40.1 40.1 36.6 26.9 26.8 25.4
B. mobilis 0711P9-1T MACF01 90.90 94.65 92.96 92.93 93.18 93.37 93.16 92.95 92.97 93.28 93.39 93.10 93.07 93.94 100 44.1 39.9 41.3 41.3 37.3 26.7 26.7 25.5
B. luti TD41T MACI01 91.13 91.62 91.46 91.50 91.51 91.66 91.50 91.43 91.45 91.44 91.43 91.84 91.64 91.35 91.41 100 40.7 40 40.1 38 26.9 26.9 25.5
B. proteolyticus TD42T MACH01 90.71 90.26 89.72 89.66 89.73 89.89 89.75 89.67 89.67 89.66 89.80 89.81 89.74 89.55 89.86 90.15 100 58.4 57.6 43.8 28.1 28 25.6
B. nitratireductans 4049T MAOC01 90.66 90.74 90.03 89.95 89.85 90.10 89.99 89.91 89.91 90.03 90.06 90.07 90.06 90.07 90.47 90.10 94.75 100 86.3 43.7 27.7 27.6 25.6
B. mycoides ATCC 6463 This Work 90.64 90.70 89.80 89.81 89.85 90.04 89.80 89.85 89.93 89.93 89.98 90.05 89.93 90.03 90.42 90.11 94.59 98.55 100 43.6 28 27.7 25.7
B. paramycoides NH24A2T MAOI01 89.66 89.17 88.73 88.84 88.79 88.91 88.94 88.89 88.76 88.74 88.86 89.02 88.69 88.73 89.05 89.15 91.20 91.25 91.29 100 28.1 28 25.9
B. pseudomycoides DSM 12442T NZ_CM000745.1 82.65 82.50 82.32 82.36 82.23 82.38 82.37 82.39 82.40 82.32 82.30 82.37 82.47 82.33 82.18 82.53 83.17 82.95 83.11 83.41 100 86.5 28
B. mycoides ATCC 10206 This Work 82.61 82.21 82.23 82.34 82.16 82.49 82.29 82.29 82.22 82.33 82.32 82.24 82.29 82.24 82.22 82.45 82.92 82.80 82.88 83.14 98.59 100 27.9
B. cytotoxicus NVH 391-98T NC_009674.1 81.44 81.29 81.15 81.15 81.24 81.30 81.38 81.22 81.23 81.32 81.39 81.27 81.16 81.31 81.27 81.37 81.31 81.58 81.48 81.86 83.20 83.07 100
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Summary of Strains from ATCC and BEI Resources
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41 in-house strains sequenced
 27 items should receive some form of name change
 23 transferred to a different species (e.g., B. cereus to B. pacificus)
 19 added to a subspecies for additional specificity

Add Subspecies

19

21

Change
Species

20

Species 
Confirmed

6 11
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