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Main Goals of Clinical Microbiology

- What organism(s) is(are) causing the infection?
» Species identification
» Single or multiple aetiological agents

* What drugs (antimicrobials) can be used to treat it?
* Phenotypic characterization (AMR and virulence)

* How is it related to similar infections?
» Evolutionary traits and pathogen tracking
» Part of outbreak investigations; Important for surveillance

Transforming Clinical Microbiology
with WGS

* Allows sequencing of the whole genome of
numerous pathogens in one sequence run, either
from bacterial isolates of (different) patients, or
from multiple species present in material from
one individual (metagenomics)

* Both the investment- and the running costs have
decreased dramatically during the last decade

» Single protocol can be used for multiple
pathogens for identification and characterization

(8%sllgle))
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WGS
Strategy

Specles identification

= MALDI-TOF (5 min)
- Sanger sequenaing for 185, ITS (24 h)

Antibiotic susceptibility testing

- Vitek
- Disc diffusion
- E-test

3 | Media for culture (24 -96 h)

* A step further
than molecular
diagnostics

24-36h

Conventional typing

- Spa typingMLST
= Microarray (Clondiag)
- Check-Puoints

24-36h

NGS (24 - 72 h)
_) -CPE

= Novellunknown resistance mechanisms
- Bacterial ransmission

Data analysis (2-4 h)

—") - dg novo assembly
- CLC Genamic Workbanch
- Velvet (Ridom SeqSphere+)

- Annotation
- RAST

Molecular tests - Relatedness
- Point of care tests (1 - 2h) st g
- Real-time PCR (8 - 24 h)

and
- CGE website

Cd

Sanger sequencing (24 h) - Further analyses

- Comparative genomics

WebACT, Artemis, ACT, DNAplatter
- SNP analyses

CLC Genomic Workbench

L 165, ITS

R.H. Deurenberg et al. / fournal of Biotechnology 243 (2017) 16-24

Platforms

WGS

Whole-exome sequencing

(WES)

Metagenomic sequencing
Targeted gene sequenci

Properties of current NGS platforms.

454 GS Junior

7

454 GS FLX+

{© Roche)

lon PGM

MiSeq

lon Proton

- y—

(® Life Technologies)

HiSeq 2000/2500

(© llumina)
PacBio RS

(© Pacific Biosciences)

Company

Equipment

Output{run(Gb)

Maximum read length (bp)

Reads (x10°)

Running time

umina

umina

Hlumina

lumina
ThermoFisher
ThermoFisher
ThermoFisher
Oxford Nanopore
Pacific Biosciences
Pacific Biosciences

MiniSeq
Miseq
NextSeq
HiSeq 3000
lon PGM™
lon 55™
lon 55™ XL
MinlON
Sequel

RSl

0.6-75
0.3-15
20-120
125-700
0.03-2
0.6-15
0.6-15
21-42
0.75-1.25
0.5-1

= 150
<300
< 150
= 150

230,000-300,000
=20,000
=20,000

25
130/400
2500
0.4-5.5
3-80
3-80
22-44
370,000
55,000

4-24h
5-55h
12-30h
<1-3.5days
2-7h
25-4h
<24h

I min-48h
30min-6h
30min-4h

3 The Pacific Biosciences data are per smart cell; both the Sequel and the RSII can run 1-16 smart cells in one run.

RH. Deurenberg et al. / fournal of Biotechnology 243 (2017) 16-24
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) Template DNA

WGS Strategy ! Tisapaion
Fragmentation of = e
template DNA i Asgilfomrzoce luien Library
Library preparation — i, _ HISOER
Sequencing - —

Processing and data z : | LB
analysis
sequencing Sequencing

(Diagnosis and
treatment/interventions) i

read filtering
error correction

' N

human sequence removal reference mapping

de novo assembly

functional annotations
taxonomy, variant calling

Data analysis

Lefterova et al., J Mol Diagn 2015

Tday T2 days

— Weeks
| [
Media for Incubation Identification Susceptibility testing Typing
- culturing
- - o= %
5 [
Transforming Clinical T e
g &3
Microbiology with WGS [fllE=
® Samples £3 d
g y § P §¥ \i Species or sub-
. . Z po
« Workflow anticipated after S| [reston N
organisms.
- or
adoption of WGS of cultured
0 | t d 0 tl th E— organisms
isolates or directly on the
clinical samples, with an :
. Media for Incubation Identification, susceptibility testing and typing
expected time scale e
s databases
2 Zi_“ml"' Analysis
g B’l';zd“ DNA Identification
Table 1. Summary of In Silico Validation Results, 8 urine purification Resif.';’::l";m
Accumcy’ §° R:;:‘:!:W Virulence genes
Faeces
Total Taxa Simulated Samples  Accuracy, %
RNA viruses 73 230 100
DNA viruses 29 70 100 —
- z — 18 hours
Bacteria 82 329 99.1
Fungi 1 6 100 . T ————
* The table shows numbers of species and viral types (taxa), number of H ]
different reference sequences used to generate simulated samples g ’ slatnbazes
representing the genetic intraspecies or intratvpe variability (simulated = Z',",:;L": e
samples), and percent of simulated samples that were correctly £ oood || oma ‘dec';m\a:y‘c"
identified as positive (accuracy). o Wound | [ Potication [P0 [ rance genes
2| [resproony Vinlence gena Hasmanetal., J
Faeces - -
Schlaberg et al Arch Pathol Lab Med—Vol 141, June 2017 ,—Jﬁ Clin Microb 2014
B £ Local and global repositories.
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Transforming Clinical
Microbiology with WGS

neing,

Genomics:

* Potential clinical
applications for
metagenomics sequencing

Metagenomic: Next Generation Seque

—

—|: Identification

Goldberg et al., mBio 2015

Performance
characteristic Approach to evaluation

Tra n Sfo rmn i n g C I i n ica I Accuracy Use of‘ispeci‘mensfm:: k.nowpﬁﬁr:ﬁings and
- - = confirmation of additional findings
Microbiology with WGS |

detected during validation by an
orthogonal method.

Precision Reproducibility (between-run precision):
sequencing of the same samples on

» Assessment of the different runs.
0 g Repeatability (within-run precision):
Performance CharaCte FIStICS sequencing of the same samples in
replicates within a run.
Of WGS_Based TeStS for Between-library precision: sequencing
CI | N |Ca| M ICrObIO|Ogy different library preparations o.f the satr?e
samples on the same sequencing run.
Analytical sensitivity Microbial variant detection: mixes of
known variant strains and wild-type
strains at different percentages and at
low, medium, and high levels (eg, viral
loads).

Microbial identification: serial dilutions of
samples in an appropriate matrix
containing a known pathogen(s) coupled
with an estimation of the minimum
coverage needed to detect the pathogen.

Analytical specificity Microbial variant detection and microbial
identification: estimation of the false-
Lefterova et al., J Mol Diagn 2015 positive rate at various read depths.
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Transforming Clinical Microbiology
with WGS

- Characterization and surveillance of pathogens,
incl. identification in polymicrobial samples

* Correlation of genomic features with strains of
clinical importance

» Generating regional phylogenomic sublineages

* Metagenomics approaches on clinical samples

* Qutbreak management

* Determination of transmission of animal to human
zoonoses

 Tracking of MDR organisms in hospitals and
communities

Transforming Clinical Microbiology
with WGS

Rehabilitation center

» Outbreak
management

e
Secondary hospital

(May 2013)

i\ !
ey . L 1 _
W’-ﬁm arber 2073}, ey ~82km, -~

May 2012 November 2012 January 2013

R.H. Deurenberg et al. [ Journal of Biotechnology 243 {2017) 16-24
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From the trenches: pathogen identification -
Francisella tularensis subspecies differentiation

 Potential biosecurity issue; Preventing need for isolation

A

A extracted from clinical speci b No hits:
DNA extracted from clinical specimen (abscess) - /3&3(‘23 teads (0.079%)
335?4.349 reads (99.92%)

] T T T T |
125 mer direct DNA sequencing by GAlle 0 // 99.2 994 996 898 100%

* ilumina DNA library by NEXTERA DNA library kit

38,285,502 reads (125 mer)

Bacteria:

833 reads (0.002%)

Subtraction of human DNA sequence by bwasw mapping
(human genamic DNA sequences: hs_ref_GRch37 p2.fa) » Francisefla sp. TX0773081: 1

& Francisella tularensis subsp.
48,223 reads (125 mer) * holarctica FTNF002-00: 3

Francisefla: 833 | Francisella tufarensis subsp.

blastn humnlogy zparch a%ainst holarctica OSU18: 196
non-redundant NCBI rl database —_ £ isella ful il
Taxonomic classification with MEGAN v4.40.6 e———@ mnif:d;;a?fznggcsh ?P1 4

.Franc."seﬂa tufarensis subsp.
Detection of Francisella sp. sequences (833 reads: 0.002%) tufarensis NE0§1598: 398

« Francisella tufarensis subsp.
tuiarensis WY96-3418: 2

Case study | (Figure) Comprehensive direct sequencing from fluid collected from the patient’s axillary region.

From the trenches: pathogen identification -
Burholderia pseudomallei association with
environmental samples

* Potential biosecurity issue

Number of cases

.w-u
4-9
1-3

4 Not reported

[ MSHRA230 (P850, MLVA- 168)
MSHR4545 (P95, MLVA-4168)

MLASTY)
MSHR2532 (P304, MLVA4T1)
MSHRA437 (9670, MLVA4 71)

MSHR3618 (P57, MLVAT)

MSHR3743 (P11, MLA471)
MSHR7B68 (P31, MLVA-471)
MSHRB144 (P88, MLvA-471)

, , Melioidosis cases reported
[—————————— MSHRB172 (P882, MLVA-4 1) ¥ ) & X\
e e “ . (1945-2017)

MSHRABBT (A7 MLVA-455)

e = 4 Sanchez-Villamil & Torres. Trop
e PP e i Med Inf Dis 2018

MSHR1967 (P432, MLVA-4 168)

Chappelle et al.

Microb Genom 2016
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From the trenches: pathogen identification —
Melioidosis distribution in the tropics

Perumal Samy et al. (2017) PLOS Negl Trop Dis

From the trenches: pathogen identification -
Mastoiditis caused by Fusobacterium

nucleatum-Actinomyces T &
israelii coinfection 2 %

* Resolving discrepancies in
conventional microbiology

A rare aggregate of branching, Gram-positive
rods is depicted, consistent with Nocardia or

Salipante et al JCM 2014
Actinomyces species




From the trenches: pathogen identification
- discovery of novel arenavirus

* First study for
new pathogen
detection and
discovery

Palacios et al NEJM 2008 S

From the trenches: pathogen
identification

* Reveals Coccidioides immitis cluster in organ
transplant patients
PatientY Los Angeles, CA
4{100 Patient £ Los Angeles, CA

Patient X Los Angeles, CA

CimmHS38CenCA

3693 San Diego, CA
100 Cimm rs3CenCA
100 3705 San Diego CA
2385 San Diego, CA
3474 Michoacdn, Mexico
3377 Monterey, CA
3505 Coahuila, Mexico
CimmRmM2394 San Diego CA
Engelthaler et al Emerg Infect Dis. 2011 1,000 3703 San Diego. OA

3/27/2018
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From the trenches: pathogen identification
- novel genomospecies of Bacteroides

» Potential to enhance diagnostic
accuracy in identifying clinical
microbial isolates

Salipante et al Emerg inf Dis 2015

From the trenches: pathogen identification
- Determination of anthrax outbreak
among European heroin users

« Confirmation of accidental heroin contamination into supply

along trafficking route
— B.Br.CNEVA

B.Br.001/002
\—i B.Br.KrugerB

A.Br.005/006

All other B. anthracis (n = 658) — <A Br.Vollum
A.Br.003/004
%’ {—*A. Br.Aust94

A.Br.001/002

A.Br.008/011 41_*
A_Br.Ames Ancestor

A.Br.008/011
: A Br.008/009
necoos” || A Br.011/009) 0"
.Br.011/009 (n = 222) ABr 011’r
i A.BrWNA

Price et al Emerg Inf Dis ABr.008 To ABrWNA (n = 342) =
2012 A.Br.011 -

#r C.BrA1055

10
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From the trenches: pathogen identification
- Encephalitis by neuroinvasive astrovirus

~381 million
sequence reads

- Capability of detecting all potential
pathogens simultaneously

(-5h)
PAN-PATHOGEN
DIAGNOSIS

D 1000 1612 astrovirus reads (34,9% coverage)
Fold '
Coverage ""

o 1000 2000 2000 4000 5000 6000 bp
PCR -

URPI
COMPUTATIONAL
[h“ ANALYSIS

CAPSID PROTEIN PHYLOGENY

c

fissiome 5 ORF1, (ORF1ab (RdR ORF2 i) 3
(6586 bp) i (protoase] [RaRp) Tcapsid]

96.5% identity
HAstV-VA1 50 ———— AstV-MLB1

ASIV-MLEZ

ASVMLBI  MLB HAStY ’

HASIV-SG 50 Ll

Classic HAstY
Clade

MAstV

BAstV-Neuros1 50 Naccache et al. Clin Inf Dis 2012

1000 2000 3000 4000 5000 6000 bp

B Cc
SURRLRIPELIE: Thuman Hbacterial Wviral Mother SNAP
From the trenches: sool (22 T ==
pathogen identification rospiatory REERRRIRRES v i
. “s"-length seeds DB
brospinal - v = :
serum [ PR,y
) A
- 1 e e '
* SURPI (sequence - s 155 e
. : of “s™leng
based ultra-rapid hemanoh o 26% son 7E% 1o0% J -

‘COMPREHENSIVE edit

pathogen st — X
identification) Ty (e | [ —®
IR AL | (nuclemigde) to

reference sequence

1
; D
E Py T RAPSearch
SNAP alignment . sequencing [—]
(nucleatide) to H - VIRAL Ay read > [— ]
viral DB ! De novo contig Pl ————
- ' assemb‘\y‘ (+) protein _—
i ! (ABySS + Minimo) [ 0B =
% : LEATHOGEN — = translate in
)
! 3 DISCOVERY ‘E = s
i RAPSearch alignment ' e
! (+) N (= = ==
1

(translated nuclectide) to -Loa

k - =
viral protein or NCBI nr DB

=

’

BACTERIAL ‘s |

ytable G ge map T

RESULTS =
REPORTING %

1/ mmm
SEL o =

6-8 amino
acid seed size \ i
A CGHP ST FWY

KR DENQ LMV

compressed aa alphabet for alignment

Naccache et al. Genome Res 2014
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From the trenches: pathogen identification
- gene flow and heterogeneity during
Legionnaires disease outbreak

[ hil
gt

McAdam et al. BMC Genom Biol 2014. LD (ST191)
outbreak in Edinburgh, UK

From the trenches: pathogen
identification Dutch STEC isolates

Refs

Ferdous et al. CMI 2016;

12



From the trenches: pathogen
identification

Plasmid

Volume 83, January 2016, Pages 8-11

Whole genome sequencing of diverse Shiga toxin-
producing and non-producing Escherichia coli strains
reveals a variety of virulence and novel antibiotic resistance
plasmids

Liliana Losada =@, Chitrita DebRoy ° Diana Radune # Maria Kim 2, Ravi Sanka #, Lauren Brinkac =

Subhashinie Kariyawasam ©, Daniel Shelton ¢, Pina M. Fratamice ?, Vivek Kapur®, Peter CH. Feng= 2 &

* Plasmids sequenced from 26 Shiga toxin-producing and
non-producing E. coli strains

« Identified 39 plasmids that carried various virulence and
putative virulence genes; 8 with resistance to various
antibllotlcs and some also had resistance genes for heavy
metals.

From the trenches: pathogen
identifi

_ _

DISPATCHES

Genomic Assays for Identification
of Chikungunya Virus in Blood Donors,
Puerto Rico, 2014

East/CeniraliSouth African clade

West African
clade
ic (F
clade

I
|
!
Jan S

2] /
3
145 5 Fhzssan
FN2ssad
St EUT03TEZ
a0 ! Shoie
285
1

] p—

| Salmonella Enteritidis strains — A 5 s % M oy
(Chile, 2009-2012). Magaly Toro =
et al. AEM 2016

3/27/2018
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From the trenches: pathogen
identification

PulseNet International: Vision for the implementation
8 of whole genome sequencing (WGS) for global food-
borne disease surveillance

emer-smidts, josefina Campos', Isabel Chinen, Jeniffer Concepcion-Acevedot, Brent
am*, Enrique Perez?, Eila Trees*, Kristy Kubota®, Johanna Takkinen’, Eva Moller Nielsen*,

The vision of PulseNet International is for WGS to be used in all public health laboratories
to identify, characterize and subtype food-borne pathogens

B Pulsahlet LISA W European PV D-MNet B PulseNet Middle East B PulseMet Asla Paclfic

Wl PulseNat Canada B Pulselet Latln America N Pulsebat Africa
& the Carlbbean

From the trenches: pathogen
identification

HPgV complete genomes
Genotype 3

» Pathogen diversity (HIV and

Pegivirus)

» HPgV has a worldwide distribution
and is transmitted sexually,
parenterally and by mother-to-child
transmission, and as a consequence
HIV patients are often co-infected

» HPgV sequences were detected in 9
of 35 (26%) specimen libraries, with
8 yielding at least 99% of the viral
genome.

14



From the trenches: pathogen identification

The Perils of Pathogen Discovery: Origin of a Novel Parvovirus-Like

Hybrid Genome Traced to Nucleic Acid Extraction

» Screening for PHV in
clinical NGS data sets

Spin Columns

samia N. Naccache,*” Alexander L. Greninger,*” Deanna Lee,*” Lark L. Coffey,” Tung Phan, Annle Reln-Weston,*”

Andrew Aronsohn,? John Hackett, Jr.® Eric L. Delwart,*< Charles Y. Chiu®>"
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100, PARVA Lo Rext
sord PARVA-tke MK-2012 H
CAPSID 100fkraq g::?‘\:va CIRCOVIRIDAE E_,EQ,CV
o REPLICASE G
PROTEIN Packe partetravirus ?‘\Jf ﬁalez
e vve PROTEIN e cycloviruses
1004100 B18V: B19 parvavirus Cycnimp
SPY g 86 N-Chicken
ChoPY Fo choo-ike 41
Parvodike hybrid virus (PHV-1)
NiH-Cav
adeno-associated Parvo-like hybrid virus (PHV-2)
AAWKTE"&”WW viruses BmDy
-1
* densoviruses
| Bocabtives PARVOVIRIDAE
PARVOVIRIDAE
I adeno-associated
BMFDL\N‘ BatAAY YNM Fhsiee
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o
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5 tovi PARYA-ka MK
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1 70 ChpPV’
Bat circovirus ZS/Chinar2011 819 B19 parvovirus
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e hybrid virus (PHV-1) Z0 s

From the trenches:

pathogen

identification - Parvovirus

Laboratory 1 (UCSF)

2009 2010 2011 2012

9% reads aligning to PHY

Laboratory 2 (BSRI)

2008 2009 2010 2011 2012 2013

“overlapping sampies from different extractions (cohort 1)
*overlapping samples from different extractions (cohart 2)

show theP
number o

Sample sets extracted using Qiagen spin columns (red)
those extracted using other methods (black)

ercentage of PHV reads in each data set, witl
PHV reads given above the bars.

hepalitis serum

Non-A-E

cohart 2**

% reads aligning 1o PHY

NGS data sets processed from 2008 to 2013. Bar graphs

h the

2
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From the trenches: from pathogen to
pathobiome

» Pathobiome concept

» Objectives:
1101 Hosts and

» Accurately describe the == "vectors
biodiversity of relevant 3
microbial communities

 Shift from descriptive to
functional metagenomics

« Understand the impact of
microbial communities on
the persistence,
transmission, and
evolution of pathogens

Vayssier-Taussat et al. 2014 Front Cell Infect Microbiol

From the trenches: treatment and
management implications

* For clinical WGS (where there is cohort studies
biobanking), pertinent ELSI issues include the
interpretation of data, data storage, data sharing,
informed consent and identifiability/privacy

* For infectious disease WGS, issues include who (else)
is at risk, and potential benefits/harms of healthcare
policy that accrue to the entire population (source
and contact tracing)

3/27/2018
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From the trenches: treatment and
management implications

Near term

Long term

Geller et al. Genome Medicine 2014, 6:106

ELSI Issues in
genomic medicine

(for example,
screening those at
rigk for disease and
making treatment
decisions based on
genotype)

Making vaccine,
reporting or
quarantine
decisions based
on genotype

Variations on existing ELS! issues

New genomic
discoveries

Unpredictable:

pathogen-vector-host
interaction may raise

nNew issues

Ethical issues In
management of
Iinfectious diseases
{for exampie
mandating
vaccination, reporfing
or quarantine)

Improved scientific
and medical
understanding of
Infectious diseases

New ELSI issues?

From the trenches: treatment and

management implications

Samples

Rapid 1-2 days
growers - 1
Sterile Blood e r——
o
Body fluid | «&——
1 | . n‘
Urine < T
. 4
e )
Pus v—-'v
S
Surface swabs |
Sputum
L J
Contaminated Faeces

1-3 weeks

7 7 ‘ Mycobacterium i
spp. |

Media for culture

— | Sequencer

Read processi

—
and assembly

Real-time patient management
1-12 hours

3/27/2018

1

Resistance | |Virulance
Species Relatedness| | knowledge —knowledge
| base base J

Database of all sequences, metadata,

ng .
analysis results and visual analytics

Local hospital clinical record system

National and international databases

Allisolates
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Is it feasible to routinely use WGS
in the clinical microbiology laboratory?

* Every isolate that was recovered from culture on a single
day at Houston Methodist Hospital was sequenced.

» 130 samples, including 107 aerobic cultures, 9 anaerobic
cultures, and 14 acid-fast bacillus/mycology samples

« 115 isolates were correctly identified using WGS.

» 12 hours to extract DNA and prepare the sequencing

libraries, 39 hours to perform the sequencing, and 2 to 4
hours for de novo assembly of contigs

» Isolates that were unable to be identified by sequencing
were due to low read counts, insufficient sample
preparation, or lack of a reference genome

To the future...

» Optimism for the future to deliver tangible clinical
benefits to improve patient care, patient outcomes,
and public health

» Could be proactive in identifying potential pathogenic
outbreak species and lineages

* Pre-emptive use to monitor, detect, and control
threatening agents locally, nationally, and
internationally

» Will have profound implications in critical decision
support systems and clinical care pathways

* Could become a cornerstone of clinical care

3/27/2018
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