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v" Challenges in microbiome analysis and development of standards

v" The ATCC® Microbiome Standards portfolio and upcoming new
products

v Applications of standards in microbiome research

X Microbiome assay development
X Show the best data

X Recommend any specific assay, kit, protocol, or instrument




Microbiome Research

The microbiome field is rapidly moving toward translational research pertinent 1o
human health and disease, therapeutics, and personalized medicine




Challenges in Microbiome Research
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Sample Collection * Handling
= Processing
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Development of Mock Microbial Communities

P\ 111147
to lyse

Diagnostic Genome size
relevance Strain

selection

criteria Spore
formation

Whole Cell Standards

Authenticated ATCC cultures
Growth and image cytometry cell
counting

Mixed in even proportion based cell
numbers cells

ITS Storage at 4°C

variability

Microbiome

Genomic DNA Standards

Authenticated ATCC nucleic acids
Fluorescent dye-based
quantification

Mixed in even proportions based
genome copy number

Storage at -20°C

Assay development, optimization, verification, and quality control

ATCC



ATCC® Microbiome Standards Portfolio

I Preparation ATCC® D20 Composition | Complexit Importance
- Catalog No. | Organisms P piexity P

MSA-1000™ Even Medium
Bereiie MSA-1001™ 10 Staggered Medium
DNA . Standards for
MSA-1002™ 20 Even High assay
MSA-1003™ 20 Staggered High gl e
optimization
MSA-2003™ 10 Even Medium
Whole cell
MSA-2002™ 20 Even High
Genomic NGS-based
DNA MSA-4000™ 11 Staggered Medium pathogen
detection
MSA-3000™ 6 Even Low
Genomic ™ , Environmental
DNA MSA-3001 10 Even Medium studies
MSA-3002™ 10 Staggered Medium

ATCC



Site-specific Microbiome Standards

Oral

Skin

Gut

Vaginal

Whole cell

Genomic DNA

Whole cell

Genomic DNA

Whole cell

Genomic DNA

Whole cell

Genomic DNA

MSA-2004 ™

MSA-1004 ™

MSA-2005™

MSA-1005™

MSA-2006™

MSA-1006™

MSA-2007™

MSA-1007 ™
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Organisms

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

ATCC



ATCC Virome Standards

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™)

Number of Specification ...
®
Standard Preparation ATCC® Catalog No. Organisms (ddPCR™) Applications

2 x 103 genome Standards for virome assay
Virus Mix MSA-2008™ copies/uL per virus ~ development, optimization,
Virome verification, and validation;
Nucleic Acid Mix MSA-1008™ 6 2 x 10* genome evaluating reproducibility; and
copies/uL per virus use as a daily run quality control

ATCC



Spike-in and Mycobiome Standards

10

®
Standard Preparation Ardes eeizler Numbfer i Importance
No. Organisms

. Microbiome measurements

Whole cell MSA-2014™ N
and data normalization
o + 16S rRNA and shotgun
S[PICHT £ assay verification,
Genomic MSA-1014™ validation, and quality
control

Q)
Organisms

Fungal mock community

Whole cell MSA-2010™ standards for assay
development, optimization,
Mycobiome 10 verification, and validation;
evaluating reproducibility;
Genomic MSA-1010™ and use as a daily run

quality control

ATCC



Utility and Application of Microbiome Standards

ATCC



Evaluating DNA Extraction Methods and Kits




Genomic Versus Whole Cell Standards

13

DNA exfraction methods are not perfect

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

20%
18%
16%
S 14%
3 12%
. % 10%
Shotgun metagenomic 2 go
. 60/
analysis of the Oral a0,
. . . . o
Microbiome Genomic Mix o
Actinomyces Fusobacterium Haemophilus Prevotella s .
; . . . Streptococcus mitis Veillonella parvula
odontolyticus nucleatum parainfluenzae melaninogenica
m Expected 16.7% 16.7% 16.7% 16.7% 16.7% 16.7%
m Observed 16.0% 17.1% 15.6% 14.4% 18.5% 18.4%
Organism

50% Oral Microbiome Whole Cell Mix (ATCC® MSA-2004™)

40%
(2]
. © 0,

DNA extraction from the Oral g 30%

Microbiome Whole Cell Mix < 20%
with two different kits

0%

followed by Shotg un Actinomyces Fusobacterium Haemophilus Prevotella Streptococcus mitis Veillonella parvula
. . odontolyticus nucleatum parainfluenzae melaninogenica
metagenomic analysis ® Expected 16.67% 16.67% 16.67% 16.67% 16.67% 16.67%
u Kit A 0.9% 20.1% 14.8% 20.8% 11.8% 31.5%
m Kit B 16.2% 29.9% 38.9% 6.9% 1.9% 6.2%
Organism

ATCC



Assess Biases in DNA Extraction

Compare different pre-freatments and exfraction methods, optimize protocols, and validate different kits

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

Percent of Reads

100%

80%

60%

40%

20%

m Veillonella parvula

m Streptococcus mitis
Prevotella melaninogenica

® Haemophilus parainfluenzae

® Fusobacterium nucleatum

m Actinomyces odontolyticus

Expected Kit A Kit B

0%

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

14

DNA Yield (ng/pL)

°

o

Number of Genome
Cells per %GC
size
Component

Actinomyces odontolyticus 2.39 65.5

Fusobacterium nucleatum - 217 27.2

T ¥ T ; 0 Haemophilus parainfluenzae 107 - 212 39.3
& & Prevotella melaninogenica - 3.17 35.1
g . Q ST Streptococcus mitis + 1.83 40.5
» ‘ Veillonella parvula - 2.16 38.6

Extraction Kit

Organism ATCC



Gut Whole Cell Standard
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Profiling of gut microbiome standard at the phylum, genus, and species level

Phylum Expected “ Expected Observed-Shotgun

Observed-16S (V1V2)

The Gut Whole Cell -

. ) Actinobacteria 8.33% Bifidobacterium adolescentis 8.3% 12.0%
Microbiome Standard Clostridium difficile 8.3% 16.5%
( ATCC® MSA-2006™ ) Firmicutes 25.0% Enterococcus faecalis 8.3% 3.1%

j 8.3% 8.1%
can b e use d as a fU " Lactobacilus plantarum ) ()

process control for
shotgun and 16S rRNA
assays

Fusobacteria 8.3% Fusobacterium nucleatum 8.3% 4.8%

Fusobacteria
8.3%

Fusobacteria

Bacteroidetes 5%
16.7%

Bacteroidetes Fusobacteria
17% 10%

Actinobacteria, 8.3%

Shotgun Actinobacteria

Bacteroidetes
25%

16S rRNA

Expected - 13% .
P Analysis ° Analysis
Proteobact
Proteobac 36%
41.7% Firmicutes, 25.0% .
Firmicutes Proteob;actena Firmicutes
29% 21% 43%

Actinobacteria
1%




Evaluating 16S rRNA and WGS Library Kits




16S Amplicon-based Analysis: Primer Selection
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Comparing Library Preparation Kifs
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Oral Microbiome Genomic DNA (ATCC® MSA-1004™)
Sample Composition

Nextera™ XT Workflow

- ~ Mame Estimated Abundance
y | Actinomyces odontolyticus 46.07%
Prevotella melanincgenica 16.09%
e N
Genomic DNA ! [ Streprococcus mitis 16.04%
-

A Veillonella parvula 12.65%
E PCR | Haemophilus parainfluenzae 7.80%

ree enzyme e .
Tagmentation Amplification Normalization Sequencing Fusobacterium nucleatum 34%

Sample Composition

\'P?;‘- Nextera™ Flex Workflow Name Estimated Abundance

| BLT -:'l‘__f dh N R

i(-.f/:;:\)\ N | Streptococcus mitis 2.83%

L Veillonella parvula 18.42%

Bead-Linked Transposome (BLT) ; «~
Genomic DNA ‘ ! (X | Fusobacterium nucleatum 7.13%
- 3 ONE CODEX

Haemophilus parainfluenzae 5.68%

Bead-Linked PCR - | Actinomyces odontolyticus 5.54%
Tagmentation Amplification Sequencing

Prevotella melaninegenica 4.40%

Data courtesy of lllumina

ATCC



Comparing Library Preparation Kifs

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

Overall Score —99% , m Acinetobacter baumannii
True Positives: 100% | Relative Abundance: 98% | False Positives: 100% 100 A) . .
u Actinomyces odontolyticus
True Positives 90% Bacillus cereus
Detection of organisms i the contro -I O O% 50 u Bacteroides vulgatus
m 20 true positives detected (of 20 total) ° Bifidobacterium adolescentis
Short Reads 70% Clostridium beijerinckii
n . ,
Relative Abundance o 50°% u Cutibacterium acnes
Quandfcaon o orgorisms nineconrol | Q) QO Overall Score - 94% K ° m Deinococcus radiodurans
m 20 :J’gan's‘ns S True Positives: 1003 | Relative Abundance: 93% | False Positives: 0% “6 50% M EnteI'OCOCCUS faecaIIS
il
True Positives S m Escherichia coli
Detection of organisms in the coniral '| OO% 8 40% . .
False Positives Expand ¥ 20 true positives detected (of 20 toral) g Helicobacter pylori
of organisms ot nshe comrot /| Y O O% 30% u [ actobacillus gasseri
S—— elative Abumdance ® Neisseria meningitidis
e s QBGf 20% m Porphyromonas gingivalis
20 organisms in control H
Sample Metadata 10% Pseudomonas aeruginosa
Sompte preparation devais e meroders 165 S@QUENCING ® Rhodobacter sphaeroides
m ) A.False Positive ! 0% Staphylococcus aureus
e 90% Proportion Loop lllumina ) o
10 alse positives Expected Genomics Staphylococcus epidermidis
Platform u Streptococcus agalactiae
Sample Metadata u Streptococcus mutans
Somple preparation detail data 16S Sequemcing of MSA-1003™

LoopSeq data courtesy of Tony Lialin, Loop Genomics ATCC



Evaluating NGS Platforms




Short-read Sequencing Platform: lllumina®

Assay reproducibility through different lllumina sequencing platforms

Shotgun Metagenomic Data (ATCC® MSA-3001™)

100% W Enterococcus faecalis

90% W Staphylococcus epidermidis
. 80% W Micrococcus luteus
S
o 70% W Haloferax volcanii
(S
c
S 60% m Halobacillus halophilus
c
3 50%
< ° W Bacillus subtilis
o 40%
— Pseudoalteromonas haloplanktis
% 30%
(2 >0% W Escherichia coli

(o]
10% W Chromobacterium violaceum
0% W Pseudomonas fluorescens

Expected MiniSeq™ MiSeq® NextSeq® HiSeq®
Sequencing Platform

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



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

Percent of Reads

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Shotgun vs 16S rRNA assay (V1/V2) (ATCC® MSA-1000™)

Expected

Shotgun
Method

16S

B Rhodobacter sphaeroides

B Enterococcus faecalis

B Deinococcus radiodurans

W Bifidobacterium adolescentis

W Staphylococcus epidermidis

W Streptococcus mutans
Lactobacillus gasseri

M Escherichia coli

M Bacillus cereus

W Clostridium beijerinckii

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

ATCC



Long-read Sequencing Platform: Nanopore®

One hour sequencing coverage was enough to identify all organisms in the mix with sufficient genome coverage

m Yersinia enterocolitica
The Gut Microbiome Whole Cell Standard (ATCC® MSA- 100% m Salmonella enterica
1006 ™) was analyzed via shotgun sequencing on the £ so% L aonaThe 5;70';‘;6’”’"
MinlON platform 2 60% m Fusobacterium nucleatum
:‘_5‘ W Escherichia coli
S 40% m Enterococcus faecalis
Sequence Lengths for 96,000 Nucleotide Sequences g 20% m Enterobacter cloacae
35 o Clostridioides difficile
_ 0% m Bifidobacterium adolescentis
30 - Total yield (Gb) 13 Expected Obssehr;/fdug))NT m Bacteroides vulgatus
Number of reads 96000 Method 9 m Bacteroides fragilis
w 25 Read length N50 5357
S Median read quality 10.3
_33’ Enterobacter cloacae 9.1
E . Enterococcus faecalis 14.1
E Bacteroides fragilis 8.1
= Bacteroides vulgatus 6.6
107 Bifidobacterium adolescentis 1.8
Clostridioides difficile 7.4
57 Escherichia coli 6.5
Fusobacterium-nucleatum 4.6
0 L Helicobacter pylori 16.6
0 2000 4000 6000 g0o00 10000 12000 14000 16000 18000 20000 LaCtObaCi”US plantarum 60
Sequence Length
Salmonella enterica 11.1

Yersinia enterocolitica 11.3




Long-read Sequencing Platform: PACBIO®

Percent of reads

ATCC quality control score (One Codex)

0.001
Expected ® 16S M Shotgun One Codex 165 rRNA
0.01 Analysis run 2
0.1 True positives 100% 100% 100% 100%
1
Relative 95% 95% 97% 97%
10 abundance
100 I I I I I False positives 100% 100% 88% 84%
R & NUNR R & AN ¥
& -\6‘\ Q 5@‘ 6‘ & \\0 ay <>\° \)s& o .06‘0 R <,Q° @Q \60 & ‘\‘)e \e‘°° &0\\\
‘9Q\\ \(\k 0(_) Q,Q RN N sg@ (,\\\ ‘\0 Q}\ ((\q, _\\\\) o© &6 6@ N P 60(‘ o o o o
& & & & K 006 &\)& o e 06& & O 600 R o ééx 0(90 &(\0 e‘°0 Overall score 98% 98% 95% 95%
0 . B
¢ © Ococ @Qy\ & & Q@ &0('0 o° -\0‘\@ & & (& (\’\Q} & @('
W o0 @ ¢ QA Q9 ¢
& W& Y XN of & ®
Qo (j\,oQ QC) (7 Q Q ${\\6 VSJ

Organism

Data courtesy of Dr. Joan Wong, PACBIO® ATCC



Shotgun Metagenomic Analysis: Short vs Long Reads
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Comparing Bioinformatics and Databases




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™)

100%
90%
80%
70%
60%
50%
40%

30%

Percent of Reads

20%
10%

0%

Expected  One Codex

Platform

Nephele

m Streptococcus mitis

m Staphylococcus epidermidis
Micrococcus luteus

u Cutibacterium acnes

u Corynebacterium striatum

m Acinetobacter johnsonii

Epi2Me vs One Codex

Long-read sequencing data from the Gut

Percent of Reads

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

One Codex

Expected

Platform

Epi2me™

Genomic DNA Mix (ATCC® MSA-1006™)

B Yersinia enterocolitica

® Salmonella enterica

m [ actobacillus plantarum

m Helicobacter pylori

B Fusobacterium nucleatum

m Escherichia coli

u Enterococcus faecalis

® Enterobacter cloacae
Clostridioides difficile

m Bifidobacterium adolescentis

m Bacteroides vulgatus

m Bacteroides fragilis




Mycobiome Standards
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Data analysis platform impacts strain identification and taxonomic resolution

Percent of Reads

B Aspergillus
B Candida
Cryptococcus

W Fusarium
B Malassezia

B Penicillium

B Trichophyton
B Unclasified

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

m Cutaneotrichosporon

W Saccharomyces

Expected Databases Al
10% 13.88%
20% 8.17%
10% 10.52%
10% 6.53%
10% 19.00%
10% 5.53%
10% 9.81%
10% 6.63%
10% 12.01%

0% 7.93%

Shotgun Analysis of Genomic DNA standards (ATCC® MSA-1010™)

Databases A2

13.99%
8.22%
10.51%
6.61%
18.94%
5.55%
9.76%
6.62%
11.98%
7.82%

Databases B1

8.60
12.31
0.00
0.00
7.32
10.86
11.17
11.48
0.05
38.21

Databases B2

8.16
12.61
0.00
0.00
7.78
11.74
11.25
11.35
0.29
36.82

ATCC



ATCC Data Analysis Solution
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ATCC

§§ ONE CODEX

True Positives

i

Relative Abundance

False Positives

Sample Metadata

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

Overall Score - 97%

100%
0 tue positives detected [of 10 Lxal)
91%
10 erganisms in control
=
99%

WGS sequencing of v 1l

Name

Micrococcus luteus
Pseudomonas aeruginosa
Rhodobacter capsulatus
Escherichia coli

Bacillus amyloliquefaciens
Pseudomonas protegens
Pseudomonas putida
Frankia sp. CcI3
Burkholderia cenocepacia
Bacillus cereus

(Remaining)

Downioad Retults -

Estimated Abundance

N

. 9.87%
8.75%
. ‘ 8.58%

7.32%

17.07%
13.92%
10.19%

5.16%
4.49%
4.79%

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

ATCC



ATCC Data Analysis Solution

Mock Microbial Communities Site-specific Standards Spike-In Standards New Products
» Genomic DNA and whole cell » Genomic DNA and whole cell * Recombinant strains with a unique » Genomic DNA and whole cell
standards standards DNA tag stably integrated into the mock communities representing:
* Even and staggered mixtures * Even mixtures of 6-12 strains chromosome * Virome
comprising 10 or 20 strains « Bacterial strains prevalent in the * Recombinant standards include « Mycobiome
« Environmental and pathogen oral, skin, gut, and vaginal the Gram-negative and Gram-
mixtures microbiome positive bacteria

Bundled with data analysis on the One Codex platform




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

ATCC
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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

i1 Twitter: @sminot
4
'f,/-/: FRED HUTCH Blog: www.minot.bio
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gene-level metagenomics
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Applied Microbiology

bacteria " acute infection
viruses | inflammation
fung - microbes ~ human health - obesity
consortia cancer

\ discovery — therapeutics — diagnostics |
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Ontologies of Microbiome Analysis

Metabolic Pathways

Microbial Taxa

Microbial genes

*MW
2% sunmucosum
h

geneX geneY geneZ

Superphylum Parcubacteria

Assembled Genomes

Gracilibacteria,
it N, CPR2,
and Peregrinibacteria. and Howlettbacteria
cPr

Metagenomic Assembly

1. BMST 850m MG
- BM571174m MG
. BMS57 1574m MG
Proximal MT/
Proximal MG____ _
Distal MT:
Distal MG,
Uncont. MGIo SN
0. sp. HWTC SAG! ™ 3
0. 35 HWIK $AG
olwellia SAG
G conent

Scientific American (2012-05-15)
Castelle, et al. 2018

Eren, et al. 2015
genome.jp/kegg
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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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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

7Y

o8
o~

o= o o - o o o o

WGS reads (n=6)

Alignments

—
E— > >
— » »
 ———
T G U
. =

CDS References (n=3)

1
I

Take all hits?

Take unique hits?

| FRED HUTCH

B

<

FAMLI Filtering Algorithm

A. Start B. Evenness Filtering C. lterative Alignment Filtering
Filtered Not Filtered
(True Neg) (False Pos)
UniRe00_POAJAB (rue posilive) SD/IM 2.6 SD/M 0.1 1385 Hats 2 b6 Wals. 87 Hols
10
£ 1 £20 . ¥ ¥
Eul 4 i - 4 3
H 3 i » >
£ 101 4 &
o P . 5w
100 400 o 250 o 200 7 P
UniRef100_P25536 (true positive) SDIM 2.1 SO/M 0.6 o '\'__— 3 -5 -

304 10 30 \ & N
EZU E 5 Em 12 Rt 56 s, 9 3RS
H 3 H
&40/ & g

I3 o
100 150 200 [ 250 0 250 | |
UniRef100_P07882 (true positive) SDIM 1.2 SD/M 1.0 .

" 10
‘3 é 5 é s
o o

o 50 100 150 200 250 300 o 200 0 200

Tass par e Tass par

D. CDS per read by step

800

5
2

<

<
e

e

¥

&

i

|

—
' & 3 & o o A s a K
&F & & ey & e i e & & & &
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&
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Detecting Genes from WGS Data

FAMLI Filtering Algorithm
Sensitivity (Mapping) I e rl n g g O rl
1.0
A. Start B. Evenness Filtering C. lterative Alignment Filtering
0.8 Filtered Not Filtered
(True Neg) (False Pos)
UniRel100_POAJAE (rue posilive) SDIM 2.8 SDIM 0.1 1 0 ot 2 86 Hole 5 67 Hete
10
06 e Mapping-allhits Positive Predictive Value Sensitivity (0-5X) £ 5 52 8 & P
e Mapping - unigue hit . S § os é £ = < ¥
e FAMLI . P . N 2l 3 K 3 » L
04 e HUMANNZ2 Mapping - all hits - @ Mapping - all hits - - © " . i
o 100 200 200 400 o 250 o 200 yii
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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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Efficiently Comparing Gene-Level Communities

Single stool metagenome:

10-50M reads - 100k — 1M genes

Aggregate metagenome:

~100 people 2> 1M — 10M genes

samples

samples

<<

genes
genes

1#
/t FRED HUTCH — © Fred Hutchinson Cancer Research Center
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Efficiently Comparing Gene-Level Communities

Approach: Co-Abundance Clustering

« Genes - Co-Abundant Gene Groups (CAGs)

Deep sequencing |======___ wmmmmes
and de novo '
gene assembly

4 < Nonredundant
gene catalog

Abundance
profiles of gene
catalog
Random <
seed gene, .-l K 2 i

Canopy \ Ny Pops N A
clustering by \ 4l '-‘_‘@':’a K- T s
co-abundance R iy DI o S

MGS MGS | CAG
MGS augmented assembly
Sequence reads .y,
from sample x

e MGS-specific reads
e — Sl e3> |HQ genome

~ Standard genome

i

=~ "= Matching reads
to MGS assembly

Q0
'.‘I/‘ FRED HUTCH 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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Efficiently Comparing Gene-Level Communities

Previous state-of-the-art:

x ) x Clustering heuristic to identify species

Goal:
Clustering of co-abundant genes
(operons, HGT, phages, auxiliary genome)
Approximate Nearest Neighbor Algorithm efficiently Enabling Technology:

partitions densely populated high-dimensional space _ _ _
Approximate Nearest Neighbor Algorithm
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Efficiently Comparing Gene-Level Communities

e Source code: https://qithub.com/FredHutch/find-cags/

* Python package: pip install ann linkage clustering

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

« Manuscript: biorxiv.org/content/10.1101/567818v 1
g
B
Samples
Gene Grouping Captures Co-Abundance
gl
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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

e Source code: https://qithub.com/FredHutch/find-cags/

* Python package: pip install ann linkage clustering

 Docker container: quay.io/fhcrc-microbiome/find-cags
« Manuscript: biorxiv.org/content/10.1101/567818v 1

Distribution of Genes in CAGs
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Co-Abundant Gene Groups (CAGs) range from 20-3,000 genes
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https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
http://biorxiv.org/content/10.1101/567818v1
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Efficiently Comparing Gene-Level Communities

e Source code:
« Python package:
* Docker container:

« Manuscript:

https://qithub.com/FredHutch/find-cags/

pip install ann linkage clustering
quay.io/fhcrc-microbiome/find-cags
biorxiv.org/content/10.1101/567818v1

Distribution of Genes in CAGs
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Efficiently Comparing Gene-Level Communities

e Source code: https://qithub.com/FredHutch/find-cags/

* Python package: pip install ann linkage clustering

 Docker container: quay.io/fhcrc-microbiome/find-cags
« Manuscript: biorxiv.org/content/10.1101/567818v 1

10X Genomics — Microbiome Data
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https://github.com/FredHutch/FAMLI/
https://quay.io/repository/fhcrc-microbiome/find-cags
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Efficiently Comparing Gene-Level Communities

e Source code: https://qithub.com/FredHutch/find-cags/

* Python package: pip install ann linkage clustering

 Docker container: quay.io/fhcrc-microbiome/find-cags
« Manuscript: biorxiv.org/content/10.1101/567818v 1
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Efficiently Comparing Gene-Level Communities

e Source code: https://qithub.com/FredHutch/find-cags/

* Python package: pip install ann linkage clustering
* Docker container: gquay.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
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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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Identifying Strains Associated with CRC

ARTICLES

https:/doi.org/101038/541591-019-0405-7

medicine

Metagenomic analysis of colorectal cancer datasets
identifies cross-cohort microbial diagnostic
signatures and a link with choline degradation

Andrew Maltez Thomas @232, Paclo Manghi'®*, Francesco Asnicar©', Edoardo Pasolli’,

Federica Armanini', Moreno Zolfo®', Francesco Beghini®', Serena Manara', Nicolai Karcher',

Chiara Pozzi*, Sara Gandini %, Davide Serrano, Sonia Tarallo 5, Antonio Francavilla ©5,

Gaetano Gallo %7, Mario Trompetto’, Giulio Ferrero ©%, Sayaka Mizutani®, Hirotsugu Shiroma®,
Satoshi Shiba", Tatsuhiro Shibata © ™2, Shinichi Yachida"", Takuji Yamada®", Jakob Wirbel ',
Petra Schrotz-King %, Cornelia M. Ulrich”, Hermann Brenner's'8™, Manimozhiyan Arumugam © 207,
Peer Bork @222, Georg Zeller ©*, Francesca Cordero®, Emmanuel Dias-Neto ©*%,

Jo&o Carlos Setubal®?, Adrian Tett', Barbara Pardini ©5%’, Maria Rescigno®, Levi Waldron 023033,

Alessio Naccarati®5%3 and Nicola Segata ©'3*

Discovery cohort:

Validation cohort:
Yu (2015) Gut

ARTICLES

hitps://dol.org/10.1038 /+41591-019-0406-6

Meta-analysis of fecal metagenomes reveals
global microbial signatures that are specific for
colorectal cancer

Jakob Wirbel ©'*, Paul Theodor Pyl ©2*, Ece Kartal*, Konrad Zych®", Alireza Kashani?,
Alessio Milanese @', Jonas S. Fleck', Anita Y. Voigt's, Albert Palleja 7, Ruby Ponnudurai’,
Shinichi Sunagawa ©%, Luis Pedro Coelho**, Petra Schrotz-King @7, Emily Vogtmann®,

Nina Habermann®, Emma Niméus**, Andrew M. Thomas ©™%, Paolo Manghi", Sara Gandini
Davide Serrano®, Sayaka Mizutani™*, Hirotsugu Shiroma™, Satoshi Shiba', Tatsuhiro Shibata ©'7,
Shinichi Yachida'®, Takuji Yamada'*, Levi Waldron 2, Alessio Naccarati 9222, Nicola Segata ®",
Rashmi Sinha®, Cornelia M. Ulrich®, Hermann Brenner’?*, Manimozhiyan Arumugam 2232+,

Peer Bork 7428232+ and Georg Zeller 0132+

3

Zeller (2014) Molecular Systems Biology
156 participants — France

128 participants — China
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Identifying Strains Associated with CRC
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Identifying Strains Associated with CRC

CAG 394: Porphyromonas asaccharolytica (1,038 genes) CAG 740: [Clostridium] symbiosum (592 genes) CAG 1146: Clostridium (395 genes) CAG 1153: Dialister pneumosintes (393 genes)
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Identifying Strains Associated with CRC

CAG 394: Porphyromonas asaccharolytica (1,038 genes) CAG 740: [Clostridium] symbiosum (592 genes) CAG 1146: Clostridium (395 genes) CAG 1153: Dialister pneumosintes (393 genes)
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Identifying Strains Associated with CRC

Genes identify microbial strains associated with CRC
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Meta-analysis of fecal metagenomes reveals
global microbial signatures that are specific for

colorectal cancer
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Identifying Strains Associated with CRC

5 .. Experimental Validation — Neel Dey MD (Fred Hutch)
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Gene-Level Metagenomics for Microbiome Research

Metabolic Pathways

Microbial genes \

Assembled Genomes

Metagenomic Assembly g

Scientific American (2012-05-15)
Castelle, et al. 2018

Eren, et al. 2015
genome.jp/kegg
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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
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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, authentficated materials you need
to generate credible data

x ONE CODEX  ATCC




We are giving you the first look at our

ATCC Genome Portal

Your resource for reference-quality genomes from
authenticated ATCC products

‘ - -

1. Extract DNA from 2. Sequence the high- 3. Assemble with short 4. Validate strain

authenticated quality DNA and long reads designation and
materials publication

X ONE CODEX  ATCC



Enhanced Authentication
Initiative

Nick Greenfield, MA
Founder and CEO, One Codex
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GenBank Overview

What is GenBank?

GenBank ® is the NIH genetic sequence database, an annotated collection of all publicly available DNA sequences (Nucleic Acids
Research, 2013 Jan;41(D1):D36-42). GenBank is part of the International Nucleotide Sequence Database Collaboration, which comprises
the DNA DataBank of Japan (DDBJ), the European Nucleotide Archive (ENA), and GenBank at NCBI. These three organizations exchange
data on a daily basis.

A GenBank release occurs every two months and is available from the ftp site. The release notes for the current version of GenBank
provide detailed information about the release and notifications of upcoming changes to GenBank. Release notes for previous GenBank
releases are also available. GenBank growth statistics for both the traditional GenBank divisions and the WGS division are available from
each release. GenBank growth statistics for both the traditional GenBank divisions and the WGS division are available from each release.

An annotated sample GenBank record for a Saccharomyces cerevisiae gene demonstrates many of the features of the GenBank flat file
format.
Access to GenBank

There are several ways to search and retrieve data from GenBank.

Search GenBank for sequence identifiers and annotations with Entrez Nucleotide.

Search and align GenBank sequences to a query sequence using BLAST (Basic Local Alignment Search Tool). BLAST searches
CoreNucleotide, dbEST, and dbGSS independently; see BLAST info for more information about the numerous BLAST databases.
Search, link, and download sequences programatically using NCBI e-utilities.

The ASN.1 and flatfile formats are available at NCBI's anonymous FTP server: ftp:/ftp.ncbi.nim.nih.gov/ncbi-asn1 and
ftp://ftp.ncbi.nim.nih.gov/genbank.

GenBank Data Usage

The GenBank database is designed to provide and encourage access within the scientific community to the most up-to-date and
comprehensive DNA sequence information. Therefore, NCBI places no restrictions on the use or distribution of the GenBank data. However,
some submitters may claim patent, copyright, or other intellectual property rights in all or a portion of the data they have submitted. NCBI is
not in a position to assess the validity of such claims, and therefore cannot provide comment or unrestricted permission concerning the use,
copying, or distribution of the information contained in GenBank.

Confidentiality

Some authors are concerned that the appearance of their data in GenBank prior to publication will compromise their work. GenBank will,
upon request, withhold release of new submissions for a specified period of time. However, if the accession number or sequence data
appears in print or online prior to the specified date, your sequence will be released. In order to prevent the delay in the appearance of
published sequence data, we urge authors to inform us of the appearance of the published data. As soon as it is available, please send the
full publication data--all authors, title, journal, volume, pages and date--to the following address: update@ncbi.nlm.nih.gov

GenBank Resources
GenBank Home
Submission Types
Submission Tools

Search GenBank

Update GenBank Records

pxg Incognito @

Sign in to NCBI

GenBank®

- De facto standard
- Lots of genomes
- But relatively little curation

- And highly variable quality

§§ ONE CODEX
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Current microbial genomics references

FDA ARGOS

ID 231221 - BioProject - NCBI X+

C & httpss//www.ncbi.nim.nih.gov/bioproj

£ NCBI  Resources @ How To @)

BioProject BioProject

Advanced Browse by Project attributes
Display Settings: + Send to: +

Database for Reference Grade Microbial Sequences (FDA-ARGOS) Accession: PRINA231221  ID: 231221

In May 2014, the FDA and collaborators established a publicly available dAtabase for Reference Grade micrObial Sequences called FDA-
ARGOS. More...

Accession  PRINA231221

DataType ~ Genome sequencing and assembly
Scope Multispecies

Keyword — GMI

Grants *Enhancement of Microbial Sequence Quality for Regulatory and Clinical Decision Processes Using High Throughput Sequencing
Technologies® (Grant ID TBD, Food and Drug Administration)

Submission  Registration date: 11-Dec-2013
- US Food and Drug Administration
- University of Maryland School of Medicine Institute for Genome Sciences (IGS) - sequencing center

NCBI Links + NCBI Pathogen Detection

Related

+ FDA-ARGOS
Resources

Relevance  Medical

Project Data:
Number
Resource Name of Linke
‘SEQUENCE DATA

Nucleotide (total) 1997
WGS master 227
Genomic DNA 735
Genomic RNA 22
SRA Experiments 1794
Protein Sequences 2119190

OTHER DATASETS

... and numerous other specialty col
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Incognito (2) @
Sign in to NCBI

Help

Related information
Assembly

BioSample
Genome
Genomic DNA
Genomic RNA
Nucleotide
Protein
Related Genes
SRA

WGS master

Related Resources &
NCBI Pathogen Detection

FDA-ARGOS

LinkOut to external resources
GOLD Multi-Isolate BioProject - 231221
[Genomes On Line Database]

2802429345: Comamonas terrigena
FDAARGOS_394 [Integrated Microbial Genomes]

2823433085: Providencia stuarti
FDAARGOS_294 [Integrated Microbial Genomes]

2728369354: Staphylococcus saprophyticus
FDAARGOS_16¢ [Integrated Microbial Genomes]

SILVA LSU Database
[SILVA]

SILVA SSLIDatahase.

& Public Health England referenc X

& C @ https://www.sanger.ac.uk/re

We use cookies on this site to enhance your user experience
By clicking any link on this page you are giving your consent for us to set cookies

'wellcome
nstitute ger SCIENCE © Programmes Groups Collaborations Tools Data

Public Health England reference collections

This project aims to provide and
The project is split into two parts:

NCTC 3000: A joint collaboration between Public Health England, Pacific Biosciences and the Wellcome Sanger Institute to
complete the sequencing of 3,000 bacterial strains from PHE's National Collection of Type Cultures (NCTC) using Pacific
Biosciences' Single Molecule, Real-Time (SMRT) sequencing technology.

NCPV 500: A collaboration between PHE and Sanger to produce 500 viral genomes from PHE's National Collection of Pathogenic
Viruses (NCPV) using the lllumina sequencing platform.

for 3,000 bacteria and 500 viruses as part of a new eResource

Collectively, the data generated will be housed in a publically i b-based that i and
genome sequences for type and reference strains of biomedically important bacterial and viral pathogens. This resource will
integrate taxonomy and auth ion information with publ, genome ive analysis

databases and other resources at EMBL and NCBI.

This is a community resource project. Data will be available from here, and from the NCTC. We will submit assembled, annotated
sequences to the International Sequence Databases as they become available. We request that you cite this webpage in any
publication using the data, and would appreciate it if you contact us to discuss the use of this data.

Data Downloads

* Download annotated assemblies &
* BLAST server

Please note: these are pre-submission assemblies that should not be treated as final versions. Assemblies contain both
chromosomal and plasmid contigs.
Background

Reachus A Followus A Join us

Wellcome Sanger Institute, Genor 2

¥ Incognito (2) @

Give me more info

Facilities Q

Related links

* NCTC®

* NCPV[

+ NCTC 3000 twitter (=
* PacBio @

Data Use Statement

This sequencing centre plans on
publishing the completed and
annotated sequences in a peer-
reviewed journal as soon as possible.
Permission of the principal investigator
should be obtained before publishing
analyses of the sequence/open reading
frames/genes on a chromosome or
genome scale. See our data sharing
policy.

s a charity registered in England with number 1021457 | Legal | Cookie Policy | Data Sharing
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Whukherjee ef al. Standards in Genomic Sciences 2015, 10:18
i i 118

Standards in
Genomic Sciences

COMMENTARY Open Access

Large-scale contamination of microbial isolate
genomes by lllumina PhiX control

RE]

Supratim Mukherjee!”, Marcel Huntemann' Natalia vanova', Nikos C Kyrpides'™ and Amiita Pati’

Abstract

of PhiX contaminated genomes in

With the rapid growth and develapment of sequencing technologies, genomes have become the new go-to for
exploring solutions to same of the warld's biggest challenges such as ssarch
exploration of genemic dark matter. However, progress in sequencing has been accompanied by its share of errors
that ean accur during template or library preparation, sequencing, imaging or data analysis, In this study we
screened over 18000 publicly available microbial isclate genome sequences in the Integrated Microbial Genomes
database and identified more than 1000 genomes that are contaminated with PhiX, a contral frequently used
during lllumina sequencing runs. Appraximately 108 of these genomes have been published in literature and 129
contaminated genames were sequencad under the Human Microbiome Project. Raw sequence reads are prone to
contamination from various sources and are usually eliminated during dewnstream quality control steps. De
tes a lapse in either the application or effectiveness of praper quality control
measures. The presence of PhiX contamination in several publicly available isolate genomes can result in additional
emars when such data are used in comparative genamics analyses. Such cantamin
far-reaching consequences in the form of erroneowus data interpretation and analyses, and necessitates better
measures 1o proofread raw sequences before releasing them ta the broader scientific community.

Keywords: Next-generation sequencing, PhiX, Contamination, Comparative genomics

far native energy sources and

ian

ation of public databases have

Background

The ability to produce large numbers of high-quality,
low-cost reads has revolutionized the field of micro-
biology [1-3]. Starting from a meager 1575 registered
projects in September 2005, there has been a steady in-
crease in the number of sequencing projects according
to the Genomes OnLine Database [4]. As of November
17th 2014, there were 41,553 bacterial and archaeal
isolate genome sequencing projects reported in GOLD
[45). This explosion of genome sequencing projects
especially during the last 5 years has been largely cata-
Iyzed by the p of several se-
quencing platforms offering rapid and accurate genome
information at a low cost. Among the different NGS
technologies available commercially, the sequencing by
synthesis technology [6] championed by llumina (7] is
the most widely used

* Camespondence: spratimmukhereaplblooy
DOE Joint Genome Institune, Walrest Creek, CA, LUISA
Full it of authar infamation is avallable at the end of the atide

Despite its high accuracy, the lllumina sequencing
platform does come with its share of challenges [8] that
need to be addressed by the users of this technology.
One such challenge is the protocol in which PhiX is
used as a quality and calibration control for sequencing
runs. PhiX is an icosahedral, nentailed bacteriophage
with a single-stranded DNA. It has a tiny genome with
5386 nucleotides and was the first DNA genome to be
sequenced by Fred Sanger [9]. Due to its small, well-
defined genome sequence, PhiX has been commonly
used as a control for Hlumina sequencing runs. For the
majority of its library preparations llumina recommends
using PhiX at a low concentration of 1%, which can be
raised up to 40% for low diversity samples. Depending
on the concentration of PhiX used, it can be spiked in
the same lane along with the sample or used as a separ-
ate lane. Addition of PhiX as a sequencing control ne-
cessitates subsequent quality control steps to remove the
sequences such that they do not get integrated as part of
the target genome.

“...[we] identified
more than 1000
genomes that are

contaminated wit
PhiX..."”
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Downloaded from genome.cship.org on June 17, 2019 - Published by Cold Spring Harbor Laboratory Press

R 1
Research:

Human contamination in bacterial genomes
has created thousands of spurious proteins

Florian P. Breitwieser,’ Mihaela Pertea,'? Aleksey V. Zimin,"?

and Steven L. Salzberg"%3#

! Center for Computational Biology, McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins School of Medicine, Baltimore,
Maryland 21205, USA; *Department of Computer Science, Whiting School of Engineering, Johns Hopkins University, Baltimore,
Maryland 21218, USA; *Department of Biomedical Engineering, Johns Hopkins University, Baltimore, Maryland 21218, USA;
“Department of Biostatistics, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland 21205, USA

Contaminant sequences that appear in published genomes can cause numerous problems for downstream analyses, partic-
ularly for evolutionary projects. Our large-scal of lete and bacterial and archaeal
genomes in the NCBI RefSeq database reveals that 2250 genomes are contaminated by human sequence. The contaminant
sequences derive primarily from high-copy human repeat regions, which themselves are not adequately represented in the
current human reference genome, GRCh38. The absence of the sequences from the human assembly offers a likely expla-
nation for their presence in bacterial assemblies. In some cases, the contaminating contigs have been erroneously annotated
as containing protein-coding sequences, which over time have propagated to create spurious protein “families” across mul-
tiple prokaryotic and eukaryotic genomes. As a result, 3437 spurious protein entries are currently present in the widely
used nr and TrEMBL protein databases. We report here an extensive list of contaminant sequences in bacterial genome as-
semblies and the proteins associated with them. We found that nearly all contaminants occurred in small contigs in draft
genomes, which suggests that filtering out small contigs from draft genome assemblies may mitigate the issue of contami-

nation while still keeping nearly all of the genuine genomic sequences.

[Supplemental material s available for this article]

Over the past two decades, the number of publicly available ge-
nomes has grown from just a handful of species to well over
100,000 genomes today. These genomes are pivotal resources for
countless biomedical research questions, including microbiome
studies that use them to identify species in complex samples
(Breitwieser etal. 2017). Ideally, all genomes in reference databases
would be complete and accurate (Fraser et al. 2002), but for practi-
cal reasons, the vast majority of genomes available today are still
“drafts.” A draft genome consists of multiple contigs or scaffolds

assemblies in the NCBI and UCSC Genome Browser databases
were contaminated with the primate-specific AluY repeats (Longo
etal.2011). Although validation pipelines have improved substan-
tially since then (Tatusova et al. 2016; Haft etal. 2018), some con-
taminants still remain, as we describe below. Furthermore, when
open reading frames (ORF) in the contaminated contigs get anno-
tated as protein-coding genes, their protein sequence may be add-
ed to other databases. Once in those databases, these spurious
proteins may in turn be used in future annotation, leading to the

that are typically unordered and not assigned into
(Ghurye et al. 2016). A genome is not truly complete or “finished”
until every base pair has been determined for every chromosome
and organelle, end-to-end, with no gaps. Even the human ge-
nome, although far more complete than most other animal ge-
nomes, is still unfinished: The current human assembly,
GRCh38.p13 (released Feb. 28, 2019), has 473 scaffolds that con-
tain 875 internal gaps. While most of the human sequence has
been placed on chromosomes, some highly repetitive regions are
underrepresented (Altemose et al. 2014), leading to problems
that we discuss below. Draft genomes of other species vary widely
in quality as well as contiguity, with some having thousands of
contigs and others having a much smaller number.
Contamination of genome assemblies with sequences from
other species is not uncommon, especially in draft genomes
(Longo et al. 2011; Merchant et al. 2014; Delmont and Eren
2016; Kryukov and Imanishi 2016; Lu and Salzberg 2018). In
2011, researchers reported that over 10% of selected nonprimate

so-called “transiti problem where errors are propa-
gated widely (Karp 1998; Salzberg 2007; Danchin et al. 2018).
Indeed, one study found that the percentage of misannotated en-
tries in the NCBI nonredundant (nr) protein collection, which is
used for thousands of BLAST searches every day, has been increas-
ing over time (Schnoes et al. 2009).

Contamination of genomic sequences can be particularly
problematic for metagenomic studies. For example, if a genome la-
beled as species X contains fragments of the human genome, then
any sample containing human DNA might erroncously be identi-
fied as also containing species X. Since human DNA is virtually al-
ways present in the environment of sequencing laboratories,
human contamination is very common in sequencing experi-
ments of all types. Contamination of laboratory reagents with
DNA from other organisms can also lead to serious misinterpreta-
tions, such as the supposed detection of the novel virus NIH-CQV'

© 2019 Breitwieser et al. This article i distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-ssue publication
htm)

six months, it
Corresponding authors: florlan bw@gmail.com, salzberg@jhu.edu is available under a Creative Commons License (Attrbution-NonCommercial
icle publi i print. Avtcle, and publi- s desciibed at 1t
cation date are at http: //www.genome.org/cgi/doi/10.1101/gr.245373.118.  by-nc/4.0/.
954 Genome Research 29:954-960 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/19; www.genome.org
wwiw.genome.org,

“...2250 [microbia
genomes are
contaminated by

human sequence...
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ﬁ Zamin Igbal

@Zaminlgbal

Urgh. "2250 genomes are contaminated by
human sequence. The contaminant

sequences derive primarily from high-copy
human repeat regions, which themselves are
not adequately represented in the current
human reference genome, GRCh38." which
have made their way into databases
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Land et ol Standards in Genamic Sciences 2014, 9:20

20 Standards in

Quality scores for 32,000 genomes

R “More than 80% of
RESEARCH Open Access

th ' bi
Miriam L Land"", Doug Hyatt'~, Se-Ran Jun', Guruprasad H Kora®, Loren J Hauser'**, Oksana Lukjancenko®
and David W Ussery' .
= genomes in GenBan
Background: More than 80% of the microbial genomes in GenBank are of ‘draft’ quality (12,553 draft vs. 2679
Finished, as of October, 2013). We have examined all the microbial DNA sequences available for complete, draft, and f i f1_ y
I '1. 1
quality...

Sequence Read Archive genames in GenBank as well as three other major public databases, and assigned quality
scores for more than 30,000 prokaryotic genome ssquences.

Results: Scores were assigned using four categaries: the completeness of the assembly, the presence of full-length
rRNA genes, tRMA compasition and the presence of a set of 102 conserved genes in prokaryotes. Most (~B8%) of the
genomes had quality scores of 0.8 or better and can be safely used for standard comparative genomics analysis.
We campared genomes across factors that may influence the score. We found that although sequencing depth
coverage of over 100x did not ensure a better score, sequencing read length was a better indicatar of sequencing
quality. With few exceptions, most of the 30,000 genomes have nearly all the 102 essential genes.

Conclusions: The score can be used to set thresholds for screening data when analyzing “all published genomes” and
reference data is either not available or not applicable. The scores highlighted arganisms for which commanly

72

used tools do not perform well. This information can be used to improve tools and to serve a broad group of

Lsers as more diverse organisms are |

few genomes, but not with the depth found here.

high quality genames showed that anticadans beginning with an ‘A’ (codons ending with a ‘) are almast
nan-gxistent, with the exception of ane arginine codon (CGL); this has been noted previausly in the literature for a

Keywords: DNA, Sequencing, Database, Quality, Evaluation, Status

, the comparisan of predicted thNAs across 15,000

Background
The introduction of second-generation sequencing
began an exponential growth in sequencing data [1-4]
and in the number of genomes submitted to public re-
pasitories. The drop in sequencing cost that came with
this technology, however, had little effect the mastly
manual cost of finishing genomes. Finishing second-
generation sequenced genomes continues to be expen-
sive and many researchers have no plans to finish their
draft genomes [5]. There is still an open question of
whether whole genome sequencing projects with less
than 5% of the genes missing is adequate quality for
maost purposes [6] or if there continues to be value in
ishing mest microbial genomes [7]. Even though sin-
gle molecule, or ‘third-generation’ sequencing will

Canespandence: landmigorml gov
‘Comparative Genomics Group, Bisciences Division, ok Ridge National

boznory, 0. Box 2008, MS 6420, Ok Ridge, TN 378310420, USA
Full it of authar infarmation Is avallsble at the end of the artice

© 2014 Land ot a. hcemoe BoMed
Comemor: Artution License (N

() BioMed Central

facilitate the generation of closed genomes, currently
most of the genomes in the database are of varying
levels of draft quality.

The establ of a quality lature by Chain
et al in 2009 [8] provides a mechanism for comparing
draft sequences and understanding the qualifiers associ-
ated with a single genome sequence. It does not, how-
ever, shine any light on the impact that predominately
draft genomes have on the quality of the repository data-
bases. With more than 30,000 unique publicly available
genome sequences of varying qualities, there is enough
data to score genomes on the basis of completeness and
compare quality among data sources.

DNA sequences were obtained from two sources at
GenBank and the National Center for Biotechnology
Information [9]: draft genomes (WGS or ‘draft) and
complete finished genomes (complete). An assembled ver-
sion of the GenBank Sequence Read Archive was obtained
for analysis [10). Despite major overlaps, three additional

x ONE CODEX
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Strategies to Avoid Wrongly Labelled
Genomes Using as Example the Detected
Wrong Taxonomic Affiliation for Aeromonas
Genomes in the GenBank Database

Roxana Beaz-Hidalga', Mohammad J. Hossain®, Mark R. Liles®, Maria-Jose Figueras' *

1 Unitat [ B , Facunal i Catncies de.
la Salut, ISPV, Universitat Fiovira | Virgili, Reus, Spain, 2 Department of Biological Seiences, Aubum
Universdy, Aubum, Alzbama, Unfled States of America

P

Abstract

Around 27,000 pi yole genomes are pe iy dep inthe af
GenBank at the National Center for Biotechnalogy Infermation (NCBI) and this number is
growing. However, it is not knawn how many of these genomes correspand

‘Wrong Texenomic Aftion for Aeromanas Gences
in the GenBerk Detabase. PLoS ONE 10{1)
‘@0115813 doit 101371 joumal pore01 15813
Academic Editor: Tigsy Uwes Cankir Karaiekn
Universty, TURKEY

Received: August 14, 2018

Rocepled: Decesrioss 1, 2014

Published: Jaruary 21, 2015

Copyright: © 2015 Bear +iaigo e al This s an
apen acoss aificke Sstributed unds the teems of he.
Crmsiive Commons Abvibulin Licerse, which pemis
urvesiclad use, GSYDUECN, BT FERIROLELN i ANy
heshrm, prsided the orginal author and souce ire
cramed

Deta Avaiability Statement: All genore lies e
avalabie fom e NCHI calahsse & the web sile

i fwwnerc k. povigeremel s
AEraminas.

correctly to their desigr taxon. The ic affiliation of 44 genomes
(only five of these are type strains) deposited at the NCBI was determined by a multilocus
phylogenatic analysis (MLPA) and by pairwise average nucleotide identity (ANI). Discordant
reswlts in relation to taxa assignation were found for 14 (35.9%) of the 39 non-type strain ge-
nomes on the basis of both the MLPA and ANI results. Data presented in this study also
demanstrated that if the genome of the type strain is not available, a genome of the same
species correctly identified can be used as a reference for ANI calculations. Of the three
AN calculating tools compared (ANI calculatar, EzGenome and JSpecies), EzGenome and
ISpecies provided very similar results. However, the ANI calculator provided higher intra-
and inter-species values than the other two tocks (ditferences within the ranges 0.06-0.82%
and 0.92-3.38%, respectively). Nevertheless sach of these tools produced the same spe-
cies classification for the studied Aeramenas genomes. To avoid possible misinterpreta-
tions with the ANI calculator, particularly when values are at the borderline of the 85%
cutoff, one of the ather calculation tools (EzGenome or JSpecies) should be used in combi-
nation. It is recammended that ence a gename sequence is oblained the correct taxonomic
affiliation is verified using ANI or a MLPA before it is submitted to the NCBI and that re-
searchers should amend the existing taxonomic errors present in databases.

Funding: This week wes
groject wit relerence AGL20T1-3461-COZE by
‘P Miisterio de Ciencia & Inncvacitn” (Spaie 2nd
by hring Irom e Exrepeen Unioe Seventh Frame:
work Pogermeee (FP7 undes grant

acyement na. 311846, The sulhrs ar saly re-
sponsible for e conlen of his pubilcation. I doss
ot reessnt the opinicn of the Europesn

Mermbers of the genus Aeromonas are found in aquatic environments worldwide and have
been implicated in human and fish diseases [3, 17]. The genus now accounts for 27 species and

PLOS ONE | DOR10.1371foumal. pone. 0115813 January 21, 2015 1413
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“Discordant results in
relation to taxa
assignation were
found for 14 (35.9%)
of the 39 non-fype
strain genomes..."”
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Resource Announcements

LETTER TO THE EDITOR

Beware of False “Type Strain” Genome Sequences

Francisco Salva-Serra === () Daniel Jaén-Luchoro,~=<< U Roger Karlsson,**<! ) Anton| Bennasar-Figueras,*s

Hedvig E. Jakobsson,™= ¥ Edward R. B. Moore5<d

“Department of Infectious Diseases, Institute of Bomedicine, Sahigranska Academy, Universty of Gothenburg, Gothenburg, Sweden

“Clinical Merabialogy, Sshigrenska Unlversty Hospital, Gotherdurg, Sweden

“Cultse Collsction Unhersity of Gothenburg Sahigrenska Academy, Uiniversty of Gotheriung, Gathenburg, Sweden

Aertre for. (CARe), & y enberg, Gathenburg, Swede:
“Mircbiakogy. Department of Bolagy, Liniversity of the Balearic lands, Palma de Malorca Spain
Mancods Conuiting AB, Gothenburg, Swveden

“eea of Infectiows Diseines, Rescarch institute of Health Sciences (UNICS-UIE), University of the Baleanic fslands, Palma de Mallorca, Spain

ith this letter, we wam users of bacterial DNA sequence data about recent cases
misusing the term “type strain” in barterial genome sequence reports and
highlight the importance that the term is used in the correct context

In recent articles published in the journal Genome Announcements (GA, (now
Microblology Resource Announcements [MRA]} (1-5), the complets gename sequences
of five strains of five species of bacteria were reported. The titles of the articles stated
that the strains represent the respective “type stralns” of the five species, although the
articles do ot present detalls about the processes of defining the type strains. At this
jpoint, It Is important te point out that the concept and description of “type strain® are
not arbitrary; the type strains of bacterial species are defined by rule 18a of the
International Code of Nomenclature of Prokaryotes as follows: “The type strain is made
up of Iving cultures of an organism, which are descended from a strain designated as
the nomenclatural type® (6). Strains serving as nomenclatural type material are desig-
nated pracisely, and this may be dane In various ways (7); typically, a “holotype strain®
Is designated at the time of valld publication of a new species name (rulle 18kl in which
‘the type strain must conform to defined conditions (rule 30). The five species described
in the GA publications had been validly published previously, and the type stralns
for those species were already defined, preserved, and publicly avallable in numer-
ous culture collections. Meanwhile, the stralns reported in the five GA articles were
recently isolated Independently. Therefore, since they are not descended from the
already defined type strains, they cannot represent the authentic type strains of the
species.

To confirm these observations, we performed average nucleotide identity (ANI)
analyses using JSpecies\V (8, 9] between the five genome sequences reported in the
GA articles and the genome sequences of the documented type strains of the five
specles (Table 1). The ANI values range from &3.10 to 98.96% Ipercentages aligned,
75.56 to 91.18%), confirming that the described strains are different and,

Cltation Sak-Soma F, agn-Luchor
Kartian R, Berrasar-Figuesas A Jakabseion HE,
Moore ERE. 2015, Beveare af fake Type sbain”
‘genome saquences. Microbiol Resour
Annaunc BeDI363 15 itps/dctar/10.1 128/
WRAOOS-19

confirming that ane of them, Lefliottia nimipressuralis SGAI1E7, is misclassified and is
not a strain of this species.

Representing genome sequences from false type strains of given species has the
potentlal to lead to eroneous conclusions in future studies that may rely on the
published misinformation, as they may be used as the wrang reference paints. We
encourage the authors of the five GA publications and the joumal to publish
corrigenda and remove the words “type strain® from the tities of the publications.
We also warn users of publicly avallable genome sequence data to be cautious In
accepring the metadata associated with genome sequences; recent studies have
clearly demonstrated the presence of high numbers of misclassified gename se-

Vohime § ke 13 S00368-19
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Bloamingian

Copyright © 2039 Salva Sorma et al Thisisan
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genome sequence

data to be cautious in
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What does a good genome assembly look like?
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https://github.com/rrwick/Unicycler

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

Good lllumina-
only assembly

&BD

Images from Ryan Wick https://github.com/rrwick/Unicycler x ONE CODEX
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What does a bad (less good) assembly look like?

OK lllumina-
only assembly
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What does a bad (less good) assembly look like?

Bad lllumina-

only assembly
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79

Improve

« Quality
 Completeness
* Authenticity

* Traceability

ATCC

x ONE CODEX



Enhanced Authentication Initiative — Overview
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1. Extract DNA from 2. Sequence the high- 3. Assemble with short 4. Validate strain
authenticated quality DNA and long reads designation and
materials publication
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Enhanced Authentication Initiative — Overview

® ATCC - Genomes x +

(&= @ \ttps://genomes.atcc.org Incognito (2) @ :
0' GENOMES SEQUENCE SEARCH 2 DEMO®@ONECODEX.COM
ATCC

Welcome to the ATCC Genome Portal

A comprehensive collection of high-quality microbial genomics reference data

VIEW ALL GENOMES >

Search for a genome

Q
Recently updated
Acinetobacter johnsonii (ATCC® 17909™)

Added 05/13/2019 ‘
A

Powered by §§ ONE CODEX
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([ ] ATCC - Genomes X +

< cC https://genomes.atcc.org/genomes

0 GENOMES SEQUENCE SEARCH

ATCC

Genomes

All Genomes My Genomes

Sort  Taxonomic Name $ ~» Vb

Taxonomic name

Acinetobacter baumannii
Acinetobacter baumannii
Acinetobacter baumannii
Acinetobacter johnsonii
Actinobacillus pleuropneumoniae
Alcanivorax borkumensis

Bacillus cereus

Bacillus subtilis

Bartonella henselae

ATCC Product Name

ATCC® BAA-1710™

ATCC® 19606™ '

ATCC® BAA-1605™ [

ATCC® 17909™ 4!

ATCC® 27088™ [

ATCC® 700651™ '

ATCC® 10702™ &'

ATCC® 6633™ '

ATCC® 49882™ '

Py Y

Date Published

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

May 14, 2019

Length

4.0 Mb

4.0 Mb

4.1 Mb

3.6 Mb

2.3 Mb

3.1 Mb

5.6 Mb

4.0 Mb

2.0 Mb

Genomic Data

View

View

View

View

View

View

View

View

View

2 DEMO@ONECODEX.COM

Incognito (2) @

Download

<

<

<

le

fe

fe

le

fe

e

Download

Download

Download

Download

Download

Download

Download

Download

Download
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ATCC - Genomes

x  +

C @ https://genomes.atcc.org/genomes/65192d5a944b42d5

0 GENOMES

ATCC

Acinetobacter baumannii (ATCC® BAA-1710™) = > e,

=

Overview Genome Browser

DOWNLOAD ASSEMBLY

Assembly Summary
Date Published
Length

Sequencing Technology

(i)
Number of Contigs
N50

%GC

SEQUENCE SEARCH

Related Genomes  Quality Control

DOWNLOAD ANNOTATIONS l

May 13, 2019
3,960,239 bp

lllumina + Oxford Nanopore Hybrid
Assembly

4 (All Circularized)
3,942,209 bp

39.35%

Incognito (2) @

2 DEMO@ONECODEX.COM

Acinetobacter calcoaceticus/baumannii

Genome Summary
Name

Isolation
Applications
Biosafety Level
Annotated Genes
MIC Range

Type Strain
Preceptrol

Genotype

Anti ie D 47

ATCC® BAA-1710™
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ATCC - Genomes X +
C @ https://genomes.atcc.org/genomes/65192d5a944b42d5 Incognito (2) @
o X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Acinetobacter baumannii (ATCC® BAA-1710™) > fsoneiovacter calcoaceticus/baumannii
=

Overview Genome Browser Related Genomes Quality Control Annotation Legend

a2 24 4 4 2 B | »

Display Hypothetical Q Download Table CSV
Proteins ownload Table

Contig  Start End Name Product EC Number Type  UniprotID Jump
1 1 1399 dnaA  Chromosomal replication initiator protein DnaA CDS P03004 L 4
1 1496 2645 dnaN  Beta sliding clamp CDS Q9I7C4 L 4
1 2659 3742 recE1  DNA replication and repair protein RecF CDS POA7HO L4
1 3794 6263 gyrB  DNA gyrase subunit B 5.99.1.3 CDS POAES6 L 4
1 6300 6693 cybC  Soluble cytochrome b562 CDS POABE7 L4
1 6776 7334 dedA  Protein DedA CDsS POABP6 L 4
1 7584 9516 yheS  putative ABC transporter ATP-binding protein YheS CDS P63389 L4

S
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ATCC - Genomes X +
© @ https://genomes.atcc.org/genomes/65192d5a944b42d5 Incognito (2) @
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Acinetobacter baumannii (ATCC® BAA-1710™) > fsoneiovacter calcoaceticus/baumannii
=

Overview Genome Browser Related Genomes Quality Control

Most similar Genomes
The following genomes have the greatest genomic similarity to this one (>95% average nucleotide identity).

Acinetobacter baumannii (ATCC® BAA-  99.6% Acinetobacter baumannii (ATCC® 97.9%
1605™) similar 19606™) similar

3 contigs N 3 contigs N
B View Genome B View Genome
4.1 Mb 4.0 Mb

Other members of this genus
The following genomes share the same genus according to the NCBI taxonomy.

Acinetobacter baumannii (ATCC® BAA-1605™) Acinetobacter baumannii (ATCC® 19606™) Acinetobacter johnsonii (ATCC® 17909™)

§§ ONE CODEX
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ATCC - Genomes X +
© @ https://genomes.atcc.org/genomes/65192d5a944b42d5 Incognito (2) @
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Acinetobacter baumannii (ATCC® BAA-1710™) > fsoneiovacter calcoaceticus/baumannii
=

Overview Genome Browser Related Genomes Quality Control

Sequencing Quality Control Assembly Quality Control

Quality control statistics on Illumina sequencing data. Metrics assessing the assembly quality (from CheckM).
3/3 3 out of 3 passed 3/3 3 out of 3 passed
Number of trimmed reads 5,442,598 Estimated genome completeness 100%
Median Q score, all bases 38 Estimated genome contamination 0.27%
Ambiguous content (% N bases) 0 Average depth of coverage 368.772x

§§ ONE CODEX
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ATCC - Genomes X +

(& @ https://atcc-beta.onecodex.com/genomes/65192d5a944b42d5

ATCC

GENOMES SEQUENCE SEARCH

Acinetobacter baumannii (ATCC® BAA-1710™)
=

Overview Genome Browser Related Genomes Quality Control

b B0

Y Incognito (2) @

2 DEMO@ONECODEX.COM

Acinetobacter calcoaceticus/baumannii
complex

Annotation Legend

>
Display Hypothetical Q teta Download Table CSV
Contig  Start End Name Product EC Number Type  UniprotID Jump
1 391861 393046 tetA  Tetracycline resistance protein, class C CDS P02981 L4
1 3647608 3648883 tetA  Tetracycline resistance protein, class C CDS P02981 L 4
1 3677181 3678357 tetA  Tetracycline resistance protein, class C

CDS P02981 L4

Powered by §§ ONE CODEX
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® ATCC - Genomes X +
= © https://genomes.atcc.org/sequence-search Incognito (2) @
0. GENOMES SEQUENCE SEARCH 2 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results

match >80% of the sequence

Use the search box on the left to enter your nucleotide sequence of interest.
Enter or paste a nucleotide sequence here to find all

of the genomes that match your query

S
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® ATCC - Genomes X +
= (© https://genomes.atcc.org/sequence-search Incognito (2) @ H
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results

match >80% of the sequence

CTTTTTCACATAGCCTAATTTTATTGCTAGTAGGTCGCATTATTGCTGGAATC Use the search box on the left to enter your nucleotide sequence of interest.
ACCAGTGCCAACATGGCTGTTGCAAGTGCTTATATTGTCGATGTTTTGCACGA
AAATAACCGCGCAAAATATTTTGGTTTAATCAATGCTATGTTTGGTGCAGGCT
TCATTATTGGCCCTGTATTGGGCGGATTCTTGAGTGAATATGGATTAAGACTT
CCTTTCTTTGCGGCAGCTATATTGACAGGGCTTAATCTTTTATCTGCCTATTT
TGTTTTGCCTGAATCCCGAAAAGTGACTTTGGAGAACAAACAATTATCTACAT
TAAACCCTTTTAAAATATTTGCTGGTATTAGCTCTATTCGTGGTGTACTTCCA
CTTATTACGACCTTTTTTATCTTTAGTGCCATAGGGGAGGTATATGGAGTCTG
CTGGGCATTATGGGGACATGACACATTTCAGTGGAGCGGTTTCTGGGTAGGTC
TTTCTCTAGGCGCATTTGGTCTATGTCAAATGCTGGTACAGGCTCTTATTCCG
AGTCATGCTTCAAGATTGCTGGGTAATCGTAATGCTGTGCTGGCTGGTATTGC
TTGTTCTTGTTTTGCTTTAGCAGTAATGGCTTTCGCCCAAAGTGGTTGGATGA
TTTTTGCTATTATGCCTATTTTTGCGCTAGGGAGTATGGGGACACCTTCATTA
CAAGCCTTAGCTTCTCAAAAGGTTTCTGCTGACCAGCAAGGACAGTTTCAGGG
AGTGATAGCATCTACGGTAAGTATGGCCTCTATGATTGCCCCTATGTTTTTCT
CCACTCTTTATTTTCAGTTTCAGGAAAAATGGCCGGGAGCAATTTGGTTGAGC
GTGATTTTGATTTACCTGCTCACCTTACCGATCATTTTGTATAGTACCCGACC

AGTCGTACAACAAAGATAG

S
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® ATCC - Genomes X +
= (© https://genomes.atcc.org/sequence-search Incognito (2) @ H
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results on 1185 bases

match >80% of the sequence

Acinetobacter baumannii (ATCC® BAA-1710™) 1185 bases matched (100%)
ATGAATCGATCTCTATTTATTATCTTTGCAACTATTGCTTTAGATGCTATTGG
TATCGGTCTTATTTTTCCGATTCTTCCTTTATTATTACAAGATATGACGCATA eontios ‘
GCACTCATATTTCTATATATATGGGTATATTGGCCAGTCTCTATGCGGCCATG AR B View Genome
CAATTTATCTTCTCTCCTTTATTAGGTGCGTTAAGTGACAGATGGGGGCGTAG
ACCGGTCTTGCTTATTTCACTGGCTGGGTCAGCAGTTAATTATCTCTTTCTAA
CTTTTTCACATAGCCTAATTTTATTGCTAGTAGGTCGCATTATTGCTGGAATC
ACCAGTGCCAACATGGCTGTTGCAAGTGCTTATATTGTCGATGTTTTGCACGA Acinetobacter baumannii (ATCC® BAA-1605™) 1185 bases matched (100%)
AAATAACCGCGCAAAATATTTTGGTTTAATCAATGCTATGTTTGGTGCAGGCT
TCATTATTGGCCCTGTATTGGGCGGATTCTTGAGTGAATATGGATTAAGACTT e
CCTTTCTTTGCGGCAGCTATATTGACAGGGCTTAATCTTTTATCTGCCTATTT B View Genome
TGTTTTGCCTGAATCCCGAAAAGTGACTTTGGAGAACAAACAATTATCTACAT Sl
TAAACCCTTTTAAAATATTTGCTGGTATTAGCTCTATTCGTGGTGTACTTCCA
CTTATTACGACCTTTTTTATCTTTAGTGCCATAGGGGAGGTATATGGAGTCTG
CTGGGCATTATGGGGACATGACACATTTCAGTGGAGCGGTTTCTGGGTAGGTC Acinetobacter baumannii (ATCC® 19606™) 990 bases matched (83%)
TTTCTCTAGGCGCATTTGGTCTATGTCAAATGCTGGTACAGGCTCTTATTCCG
AGTCATGCTTCAAGATTGCTGGGTAATCGTAATGCTGTGCTGGCTGGTATTGC .
TTGTTCTTGTTTTGCTTTAGCAGTAATGGCTTTCGCCCAAAGTGGTTGGATGA 3 contigs B View Genome

4.0 Mb

§§ ONE CODEX
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® ATCC - Genomes X +
= (© https://genomes.atcc.org/sequence-search Incognito (2) @ H
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results on 1185 bases

match >80% of the sequence

Acinetobacter baumannii (ATCC® BAA-1710™) 1185 bases matched (100%)
ATGAATCGATCTCTATTTATTATCTTTGCAACTATTGCTTTAGATGCTATTGG
TATCGGTCTTATTTTTCCGATTCTTCCTTTATTATTACAAGATATGACGCATA eontios ‘
GCACTCATATTTCTATATATATGGGTATATTGGCCAGTCTCTATGCGGCCATG AR B View Genome
CAATTTATCTTCTCTCCTTTATTAGGTGCGTTAAGTGACAGATGGGGGCGTAG
ACCGGTCTTGCTTATTTCACTGGCTGGGTCAGCAGTTAATTATCTCTTTCTAA
CTTTTTCACATAGCCTAATTTTATTGCTAGTAGGTCGCATTATTGCTGGAATC
ACCAGTGCCAACATGGCTGTTGCAAGTGCTTATATTGTCGATGTTTTGCACGA Acinetobacter baumannii (ATCC® BAA-1605™) 1185 bases matched (100%)
AAATAACCGCGCAAAATATTTTGGTTTAATCAATGCTATGTTTGGTGCAGGCT
TCATTATTGGCCCTGTATTGGGCGGATTCTTGAGTGAATATGGATTAAGACTT e
CCTTTCTTTGCGGCAGCTATATTGACAGGGCTTAATCTTTTATCTGCCTATTT B View Genome
TGTTTTGCCTGAATCCCGAAAAGTGACTTTGGAGAACAAACAATTATCTACAT Sl
TAAACCCTTTTAAAATATTTGCTGGTATTAGCTCTATTCGTGGTGTACTTCCA
CTTATTACGACCTTTTTTATCTTTAGTGCCATAGGGGAGGTATATGGAGTCTG
CTGGGCATTATGGGGACATGACACATTTCAGTGGAGCGGTTTCTGGGTAGGTC Acinetobacter baumannii (ATCC® 19606™) 990 bases matched (83%)
TTTCTCTAGGCGCATTTGGTCTATGTCAAATGCTGGTACAGGCTCTTATTCCG
AGTCATGCTTCAAGATTGCTGGGTAATCGTAATGCTGTGCTGGCTGGTATTGC .
TTGTTCTTGTTTTGCTTTAGCAGTAATGGCTTTCGCCCAAAGTGGTTGGATGA 3 contigs B View Genome

4.0 Mb

§§ ONE CODEX
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® ATCC - Genomes X +
= (© https://genomes.atcc.org/sequence-search Incognito (2) @ H
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results on 1185 bases

match >80% of the sequence

Acinetobacter baumannii (ATCC® BAA-1710™) 1185 bases matched (100%)
ATGAATCGATCTCTATTTATTATCTTTGCAACTATTGCTTTAGATGCTATTGG
TATCGGTCTTATTTTTCCGATTCTTCCTTTATTATTACAAGATATGACGCATA Blcontis '
GCACTCATATTTCTATATATATGGGTATATTGGCCAGTCTCTATGCGGCCATG AR B View Genome
CAATTTATCTTCTCTCCTTTATTAGGTGCGTTAAGTGACAGATGGGGGCGTAG
ACCGGTCTTGCTTATTTCACTGGCTGGGTCAGCAGTTAATTATCTCTTTCTAA
CTTTTTCACATAGCCTAATTTTATTGCTAGTAGGTCGCATTATTGCTGGAATC
ACCAGTGCCAACATGGCTGTTGCAAGTGCTTATATTGTCGATGTTTTGCACGA Acinetobacter baumannii (ATCC® BAA-1605™) 1185 bases matched (100%)
AAATAACCGCGCAAAATATTTTGGTTTAATCAATGCTATGTTTGGTGCAGGCT
TCATTATTGGCCCTGTATTGGGCGGATTCTTGAGTGAATATGGATTAAGACTT e
CCTTTCTTTGCGGCAGCTATATTGACAGGGCTTAATCTTTTATCTGCCTATTT B View Genome
TGTTTTGCCTGAATCCCGAAAAGTGACTTTGGAGAACAAACAATTATCTACAT Sl
TAAACCCTTTTAAAATATTTGCTGGTATTAGCTCTATTCGTGGTGTACTTCCA
CTTATTACGACCTTTTTTATCTTTAGTGCCATAGGGGAGGTATATGGAGTCTG
CTGGGCATTATGGGGACATGACACATTTCAGTGGAGCGGTTTCTGGGTAGGTC Acinetobacter baumannii (ATCC® 19606™) 990 bases matched (83%)
TTTCTCTAGGCGCATTTGGTCTATGTCAAATGCTGGTACAGGCTCTTATTCCG
AGTCATGCTTCAAGATTGCTGGGTAATCGTAATGCTGTGCTGGCTGGTATTGC .
TTGTTCTTGTTTTGCTTTAGCAGTAATGGCTTTCGCCCAAAGTGGTTGGATGA 3 contigs B View Genome

4.0 Mb
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® ATCC - Genomes X +
= (© https://genomes.atcc.org/sequence-search Incognito (2) @ H
0 X GENOMES SEQUENCE SEARCH 1 DEMO@ONECODEX.COM
ATCC

Search for a genome

Enter a nucleotide sequence (at least 40 bases) to find genomes that Results on 1185 bases

match >80% of the sequence

Acinetobacter baumannii (ATCC® BAA-1710™) 1185 bases matched (100%)
ATGAATCGATCTCTATTTATTATCTTTGCAACTATTGCTTTAGATGCTATTGG
TATCGGTCTTATTTTTCCGATTCTTCCTTTATTATTACAAGATATGACGCATA & contigs 3
GCACTCATATTTCTATATATATGGGTATATTGGCCAGTCTCTATGCGGCCATG 4.0Mb E View Genome
CAATTTATCTTCTCTCCTTTATTAGGTGCGTTAAGTGACAGATGGGGGCGTAG
ACCGGTCTTGCTTATTTCACTGGCTGGGTCAGCAGTTAATTATCTCTTTCTAA
CTTTTTCACATAGCCTAATTTTATTGCTAGTAGGTCGCATTATTGCTGGAATC
ACCAGTGCCAACATGGCTGTTGCAAGTGCTTATATTGTCGATGTTTTGCACGA Acinetobacter baumannii (ATCC® BAA-1605™) 1185 bases matched (100%)
AAATAACCGCGCAAAATATTTTGGTTTAATCAATGCTATGTTTGGTGCAGGCT
TCATTATTGGCCCTGTATTGGGCGGATTCTTGAGTGAATATGGATTAAGACTT 3 contigs
CCTTTCTTTGCGGCAGCTATATTGACAGGGCTTAATCTTTTATCTGCCTATTT E View Genome
TGTTTTGCCTGAATCCCGAAAAGTGACTTTGGAGAACAAACAATTATCTACAT Sl
TAAACCCTTTTAAAATATTTGCTGGTATTAGCTCTATTCGTGGTGTACTTCCA
CTTATTACGACCTTTTTTATCTTTAGTGCCATAGGGGAGGTATATGGAGTCTG
CTGGGCATTATGGGGACATGACACATTTCAGTGGAGCGGTTTCTGGGTAGGTC Acinetobacter baumannii (ATCC® 19606™) 990 bases matched (83%)
TTTCTCTAGGCGCATTTGGTCTATGTCAAATGCTGGTACAGGCTCTTATTCCG
AGTCATGCTTCAAGATTGCTGGGTAATCGTAATGCTGTGCTGGCTGGTATTGC .
TTGTTCTTGTTTTGCTTTAGCAGTAATGGCTTTCGCCCAAAGTGGTTGGATGA A B View Genome

4.0 Mb
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 Modern, easy-to-use genome browser and data
platform
* Improved quality, completeness, authenticity,

* Publicly available September 2019
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= Bacillus and Bacillus cereus Group (BcG)
= Type strains and species definitions
= BcG strain analysis




Bacillus and Bacillus cereus Group (BcG
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The Genus Bacillus

99

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

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

= Currently a total of 281 species and subspecies




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)

101

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

Year Year
Identified Identified

B. anthracis 1872 B. paranthracis 2017

 Bomeodes 886 Bopafous 2007
B. cereus 1887 B. tropicus 2017

© Bitglensis 915 Babus 2007
B. pseudomycoides 1998 B. mobilis 2017

| Boweltenstephanensis' 1998 BM6 2007
B. cytotoxicus 2013 B. proteolyticus 2017

© Bronenss 204 Boiatieductens 2017
B. weidmannii 2016 B. paramycoides 2017

ATCC



Type Strains and Species Definitions
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How Are Species Defined?

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

e

103 Kubica, et al. Int J Syst Bacteriol. 1972, 22(2):99-106. ATCC



How Is a New Strain Assigned to a Speciese

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

104 ATCC



Bacillus cereus Group (BcG) Strains at ATCC

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?

GOAL: ldentify our strains using the most current techniques and definitions

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

Secondary focus on the BcG species at large

105 * BEIl Resources material is the property of the National Institute of Allergy and Infectious Diseases (NIAID), NIH
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® 10987™ B. cereus

B. mycoides
1886

B. anthracis
1872 B. cereus

1887

B. thuringiensis
1915

@ Type Strain
O Non-Type Strain




®© 10987 ™ Bm=goretie=
B. pacificus

B. mycoides
1886

B. anthracis B
1872 . cereus

1887

B. thuringiensis
1915

@ Type Strain
O Non-Type Strain
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BcG Strain Analys




Bacillus cereus Group (BcG) Strains

= 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)
~ lllumina® MiSeq® v3 (2x300)

dDDH Range Interpretation
" Genome Assem bly > 80% Same species Same subspecies
- SPAdes
70— 80% Same species Different subspecies
= Genomic Comparison of Taxonomy Different species

_ D|g|ta| DNA-DNA Hybridization (dDDH) Meier-Kolthoff JP, et al. (2014); Meier-Kolthoff JP, et al. (2013); Auch, et al. (2013a); Auch, et al. (2013b).
o Genome-to-Genome Distance Calculator (GGDC)
- Average Nucleotide Identity (ANI)
o OrthoANIb

109



B. anthracis and B. mycoides

Species/Subspecies

B. weihenstephanensis

Staphylococcus aureus subsp. aureus

110

. anthracis
. anthracis
. anthrocis
. anthrocis
. anthracis
. anthracis
. anthracis
. anthrocis
. anthrocis
. anthracis
. anthracis
. anthracis
. anthracis
. anthracis
. anthracis
. mycoides
. mycoides

. mycoides

cereus

. weihenstephanensis

NBRC1012

Strain
Apass’
NR-1041
NR-1202
NR-1389
NR-1408
NR-36073
NR-36091
NR-3838
NR-411
NR-41
NR-46
NR-51483
NR-51484
NR-51485
NR-51486
ATCC 64627
ATCC 64627
NR-613
NR-22171

KBAB4

DSM 202317

-
38

Source
ABJCO1
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
CP0O09692.41
This Work
This Work
This Work
BAUYOD1
CPO0O0903
CP0O115264

MR-1041

MR-1202
MR-1385
MR-1408
MR-3838

ANI

96.5 - 97.999

Interpretation

Same species and subspecies

Same species, different subspecies

Different species

dDDH

70.0- 795

MR-51483

MR-51484

MR-51485

MR-51486
R

ATCC B4B2

97.71 97.62 97.54 97.78
97.53 97.52 97.58 97.75

T

ATCC 6462

Mon-Type Strain

Subspecies Crcumscription

Species Circumscription

NBRC 101238"

DSM 20231"

ATCC



B. anthracis and B. mycoides

Species/Subspecies
E. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis

B. anthracis

B. mycoides
B. mycoides
B. mycoides
B. cereus

B. weihenstephanensis

B. weihenstephanensis

Staphylococcus aureus subsp. aureus
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NBRC1012

Strain
Apass’
NR-1041
NR-1202
NR-1389
NR-1408
NR-36073
NR-36091
NR-3838
NR-411
NR-41
NR-46
NR-51483
NR-51484
NR-51485
NR-51486

ATCC 64627
ATCC 64627

MR-613
MR-22171

KBAB4

DSM 202317

26

Source

ABJCO1
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work

CPD09692.1

This Work
This Work
This Work

3g’ BAUYO1
CPO0O0903.1
CPD11526.1

MR-1041

MR-1202

MR-36073

MR-1385
MR-36091

MR-1408

MR-3838

MR-51483

ANI

96.5 - 97.999

Interpretation

Same species and subspecies

Same species, different subspecies

Different species

dDDH

70.0- 795

NR-51484
NR-51485
NR-51486
ATCC 6462"

T

ATCC 6462

Mon-Type Strain

Subspecies Crcumscription

Species Circumscription

NBRC 101238"
-l
DsM 20231

ATCC



B. anthracis and B. mycoides

Species/Subspecies

E. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis
B. anthracis

B. anthracis

B. mycoides
B. mycoides
B. mycoides
B. cereus

B. weihenstephanensis

B. weihenstephanensis

Staphylococcus aureus subsp. aureus
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NBRC1012

Strain
Apass’
NR-1041
NR-1202
NR-1389
NR-1408
NR-36073
NR-36091
NR-3838
NR-411
NR-41
NR-46
NR-51483
NR-51484
NR-51485
NR-51486

ATCC 64627
ATCC 64627

MR-613
MR-22171

KBAB4

DSM 202317

-
38

Source

ABJCO1
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work

CPD09692.1

This Work

This Work

This Work
BAUYOD1

CPO0O0903.1
CPD11526.1

MR-1041

MR-1202

MR-36073

MR-36091

MR-1385

MR-1408

MR-3838

MR-51483

ANI

96.5 - 97.999

Interpretation

Same species and subspecies

Same species, different subspecies

Different species

dDDH

70.0- 795

NR-51484
NR-51485
NR-51486
ATCC 6462"

T

ATCC 6462

97.71 97.62 97.54 97.78
97.53 97.52 97.58 97.75

Mon-Type Strain

Subspecies Crcumscription

Species Circumscription

NBRC 101238"
-l
DsM 20231

ATCC



Bacillus cereus and Bacillus thuringiensis

ATCC 14579"
ATCC 13367
ATCC 11778
ATCC 33019
ATCC 10792"
ATCC 10792"
R-28583
610
ATCC 33679
ATCC 10876

Species/Subs Strain Source

-
[N

B. cereus ATCC 14579" NC_004722.1
. thuringiensis ATCC 13367 This Work
. cereus ATCC 11778 This Work 71.2 71
. cereus ATCC 33019 This Work . 70.8 70.5
B. thuringiensis ATCC 10792 CP0207/54.1
B. thuringiensis ATCC 10792 This Work
B. thuringiensis NR-28583 This Work
. cereus Is Wor
. thuringiensis NR-610 This Work . . . . 79.5
. thuringiensis ATCC 33679 This Work . . . . 79.6
ATCC 10876 This Work . . . .
. cereus Is Wor
. cereus ATCC 9592 This Work
. thuringiensis ATCC 700872 This Work
. thuringiensis ATCC 35646 This Work
. thuringiensis ATCC 19266 This Work

ANI Interpretation dDDH
Same species and subspecies

96.5 - 97.999 Same species, different subspecies 70.0-79.9

85.0 - 91.999 Different species 30.0- 49.9
113 0.0 - 84.999 0.0-29.9




Other Bc G Stra

Species/Subspecies
B. toyonensis

B. wiedmannii

B. paranthracis

B. cereus

B. proteolyticus

B. nitratireductans
B. mycoides

B. paramycoides

B. pseudomycoides
B. mycoides

B. cytotoxicus

Strain
BCT-7112"
FSLW8-0169"

Mn5'
ATCC 9818

ATCC 10702
NR-608
NR-22159
ATCC 13061
ATCC 7004
EB4227
ATCC 10987
N24T
ATCC 4342
N35-10-2"
0711P9-1"
TD41"
D427
4049"
ATCC 6463
NH24A2"
DSM 124427
ATCC 10206

NVH 391-98"

Source
CP006863.1
LOBCO1
MACEO1
This Work
This Work
This Work
This Work
This Work
This Work
MACDO1
This Work
MACGO01
This Work
MAOEO1
MACFO1
MACIO1
MACHO1
MAOCO01
This Work
MAOIO1

NZ_CM000745.1

This Work
NC_009674.1

BCT-7112"

FSL W8-0169"

Mn5 "

97.58 97.60
97.69 97.67
97.47 97.55
97.46 97.54
97.48 97.36

78.6
78.5

79 774 772 774
79 778 775 77.2

ATCC 4342

N35-10-2"

0711P9-1"

TD41"

ATCC 6463

NH24A2"

DSM 124427

ATCC 10206

NVH 391-98"

| A [ interpretation | dpDH _
Same species and subspecies
96.5 - 97.999 Same species, different subspecies 70.0- 79.9

85.0 - 91.999
0.0 - 84.999

30.0-49.9
0.0-29.9

Different species




X

5]

2
° w g_
Egp
C y g I C r e e 224
o . Qa
o o 3
[
Staphylococcus aureus subsp. aureus DSM 20231T CP011526.1 Reclassified As Oomnm
****** B. cytotoxicus NVH 391-98T NC 009674.1 [l 1IN

B. paramycoides NH24A2T MAOIOL
B. prateclyticus TD42T MACHO1 om0
B. mycoides ATCC 6463 B. nitratireductans WL
~ B. nitratireductans 4049T MAOCO01 ml .
— - B. weihenstephanensis KBAB4 CP000903.1 B. mycoides subsp. weihenstephanensis

. weihenstephanensis NBRC 101238T BAUY0O1 B. mycoides subsp. weihenstephanensis

B. toyonensis BCT-7112T CP006863.1
B. thuringiensis ATCC 19266 sp. nov. | Il
B. thuringiensis ATCC 35646 Sp. nov. | I
B. thuringiensis ATCC 700872 Sp. nov. B
B. cereus ATCC 9592 sp. nov. W]
B. cereus ATCC 7039 sp. nov. HE
B. thuringiensis NR-28583 B. cereus subsp. thuringiensis | Inln
L - - B. thuringiensis ATCC 10792T B. cereus subsp. thuringiensis HCNR
B. thuringiensis ATCC 10782T CP020754.1 B. cereus subsp. thuringiensis O00m
B. cereus ATCC 10876 B. cereus subsp. nov. B
B. cereus ATCC 246 B. cereus subsp. nov. HH
B. thuringiensis ATCC 33679 B. cereus subsp. nov.
B. thuringiensis NR-610 B. cereus subsp. nov.

luti TD41T MACIOL
. albus N35-10-2T MAOEO1 Oomt
. mobilis 0711P9-1T MACFOL Oomt
. wiedmannii FSL W8-0166T LOBCO1

Tree scale: 0.01 ,

W W

. cereus NR-608 B. paranthracis subsp.
L B. cereus ATCC 10702 B. paranthracis subsp. nov. W]
B. cereus NR-22159 B. paranthracis subsp. nov. | I
B. cereus ATCC 13061 B. paranthracis subsp. nov. | I
B. cereus ATCC 7004 B. paranthracis subsp. nov. HCHR

115 l‘ B. anthracis (collapsed) ATCC



Summary of Strains from ATCC and BElI Resources

41 in-house strains sequenced
27 items should receive some form of name change
23 transferred to a different species (e.q., B. cereus to B. pacificus)
19 added to a subspecies for additional specificity

Add Subspecies
19

20 21
Species Change
Confirmed Species
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