Clinical metagenomics

Nick Loman



Referring to 16S surveys as "metagenomics” is

misleading and annoying #badomics #OmicMimicry
By Jonathan Eisen8/22/2012 12:12:00 AM

Jonathan Eisen
Mick Watson

™M Kl S+1 +16 Recommend this on Google

Aargh. | am a big fan if ibosomal RNA based
surveys of microbial diversity. Been doing them
for 20+ years and still continue to - even though |
have moved on to more genomic/metagenomic
based studies. But it drives me crazy to see
rRNA surveys now being called "metagenomics”.

You're probably not doing metagenomics
9 Replies

Just to begin, I'd like to say that I'm right about this, and if you think | am wrong, I'm not - you
dare.

The genome of an organism is the entire complement of genes within an organism'’s cells, and
genomics is therefore the study of entire genomes. Metagenomics refers to the study of all
genomes within a particular ecosystem, or group of individuals. Metagenomics therefore
refers to studies where entire genomes are assayed.




16S vs metagenomics

Cheap

Targets single marker
gene

Limited to bacteria
Relatively easy to analyse
Lots of known biases

Taxonomic assignment at
species level problematic

Function can only be
inferred, not detected

Goes deeper

Expensive

In theory can detect
anything

Harder to analyse
~ewer biases (?)

Function information
directly accessible

Strain-level
information

Shallower




Definition of a metagenome

* The collection of genomes and genes from the
members of a microbiota

* Microbiota: The assemblage of microorganisms
present in a defined environment.

* Microbiome: This term refers to the entire
habitat, including the microorganisms, their
genomes (i.e., genes) and the surrounding
environmental conditions.

http://www.allthingsgenomics.com/blog/2013/1/11/the-vocabulary-used-to-describe-
microbial-communities-microbiome-metagenome-microbiota



Metagenomics — Your questions

What are the best ways to address getting representation of bacteria, viruses,
fungi and others? Techniques for doing so?

— Thoughts on the use of physical enrichment techniques to isolate microbe of interest rather than
traditional metagenomic sequencing?

What are the best bioinformatic software packages and pipelines for functional
analysis?

— What are the best analysis pipelines for full viral sequencing to detect whether mutations are true or
not? Comparing closely related taxa?

As an initial approach, should one try 16s sequencing prior to shotgun sequencing
if interested in bacteria (or 18s/ITS1 for Fungi)? Which region?

Shotgun metagenomics versus single cell genomics - for high diversity samples is a
shift toward single cell beneficial?

— Any expertise in microbial or viral single cell genomics? Software suggestions for assembling viral
genomes and large scale microbial genome comparison?

Metatranscriptomics versus metagenomics?

— Benefits/disadvantages of each?

Best tools for de novo assembly and annotation
— Most useful databases for metagenomics

— Thoughts on combining methodologies - i.e. PacBio sequencing for scaffolding and Illumina/454 for
depth/decreased error?



What’s the big idea?

 Who is there? (Taxonomic assignments)

 What are they doing? (Functional analysis)
— What are they capable of doing? (DNA)

* Who is doing what? (Genome reconstruction)



Functional signatures are not the same

as taxonomic signatures

Figure 2: Carriage of microbial taxa varies while metabolic pathways remain stable within a healthy population.

a Phyla

Anterior nares RC Buccal mucosa Supragingival plaque Tongue dorsum Stool Posterior fornix

The Human Microbiome Project Consortium, doi:10.1038/nature11234




E. coli: more genes than humans?
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Digital microbiology:

Is high-throughput sequencing a match for Koch and Pasteur?



Diagnostic microbiology

21st Century problem, but 19th Century techniques!

Current Approaches

Microscopy and culture
techniques that date from the
time of Koch and Pasteur

Future Vision

* Digital microbiology

* High-throughput sequencing
becomes method of choice in
diagnhostic microbiology



Clinical microbiology workflow

Media for culture Growth and subtyping Susceptibility Typing

Rapid
growers

2 days 1-6 weeks

Sterile Blood Aerobic bacilli

Body fluid -
it CGram stain s 5 Staphylococci
Urine

Streptococct

Fastidious

n_w).lll:\!ll“
Surface swi

MALDI-TOH Anaerobic

Sputum organisms

Y
Contaminated

Species

AL |
viiscellaneous,

e.q. Legionella spp.

Acid fast stain Mycobacterium

n Hain . D }
and Hain test SPP. All Mycobacterium

tuberculosis

Mycobacterium 3 weeks 1 week-3 months
Spp.

All isolates Small subset

Nature Reviews | Genetic

Didelot, Crook et al. PMID 22868263




Digital microbiology?

Samples Media for culture

Rapid 1-2 days 1-12 hours
growers

Blood Resistance = Virulance
£ Species —Relatedness ' knowledge —knowledge
base base

Sterile
Body fluid
Urine

Pus
Read processing Database of all sequences, metadata,

— ncer  —» — . : :
Seque and assembly analysis results and visual analytics

Surface swabs

Sputum

 J
Contaminated

Local hospital clinical record system National and international databases

1-3 weeks All isolates

Didelot, Crook et al. PMID 22868263




A New Opportunity: High-
Throughput Sequencing

* Brings the advantages of

— open-endedness (revealing the
“unknown unknowns”),

— universal applicability
— ultimate in resolution

* Bench-top sequencing platforms
now generate data sufficiently
quickly and cheaply to have an
impact on real-world clinical and
epidemiological problems

Mark Pallen



Costs

Application Library | Sequencing
Cost cost
Whole human genome £25 £1000 -
(30x coverage) £5000
Whole bacterial genome £25 £25
(Illumina)
16S phylogenetic profiling £2 £1-10
Metagenome (2Gb per £20 £750

sample)




Whole genome sequencing to track the spread of Pseudomonas
aeruginosa within a burns unit

 Gram negative bacterium

e Opportunistic pathogen
in burns patients

* Infection can lead to graft
breakdown and sepsis

* Isolated from 30% of
burns patients

Nicola Cumley



Water as a potential source of
Pseudomonas

e Sources of
Pseudomonas infection
— Endogenous
— Cross infection
— WATER

e Qutbreaks linked to
contaminated water

* Showering important
part of burns care






Study: Surveillance in burns patients

 Aim: to determine relative contribution of:
— Endogenous infection
— Cross-infection
— The water supply

— Use whole-genome sequencing for greatest typing
resolution and to infer links between positive isolates




Collection of isolates of Pseudomonas aeruginosa

* Screening on admission < Recruited positive

— >7% burns patients
— Wound swabs, stool and — Wound swabs at each
Urine for microbiology dressing change
. Stoc?l for molecular — Environmental sampling
testing — Swabs/tissue for
— Environmental sampling of metagenomic analysis

the patients room and

— Environmental sampling on
shower water

discharge



Isolates from the study fall into three main
sequence types
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Metagenomics protocol

Nextera XT protocol NOT according to
manufacturer’s protocols

<1ng DNA input

1 MiSeq run (V3)

Short fragments returned

P. aeruginosa at ~5x coverage



Alignment to reference genome




156,937 U159,937 165,609 U165,609 CV8 168,480 U168,480




SNP typing pipeline

Alignment of complete genomes to reference
Trusted set of high quality SNPs

ML tree (FastTree)

Call variants from low coverage data

Place on reference tree with pplacer



German E. coli 0104:H4 outbreak
aka SPROUTBREAK

May-July 2011
>4000 cases, >50 deaths in Germany
Link to sprouting seeds

Increased risk of haemolytic-uraemic
syndrome (>25%)

Females particularly at risk




Crowd-sourcing the genome

EHEC Genome Assembly

Nick Loman
Keep track of the genomic analysis of the EHEC strains on our ; 37
tweests
BGI have released 5 for the German EHEC/VTEC outbreak strain. I hope it is released with no

specific restrictions on use for the benefit of the entire community, but the site doesnt make that entirely clear. Thanks to the BGI

for putting it up!

Shall we crowd source some analysis? This comes at a very timely moment as I am currently help organise the Applied

Bioinformatics & Public Health conference in Hinxton ( ), where we are discussing the use of whole-genome sequencing in

epidemiology. The problem is I don't have much time to dig into the data.

But I've put a first-pass de novo assembly up using MIRA (3.2.1.17_dev) . 3,057 contigs, total bases: 5,491,032, N50 3,675. If

- (282Mb).

yvou want the alighment files etc. get the big file




[

Mad rantings about politics,
olution, and micro .
Comment policy: say what you
want, but back it up with an

email address. | don't like
2nonymous trols.

Crowd-sourcing the geno

on Public Librar il War Exhibits »

| Don't Think the German Outbreak E. coli Strain Is Novel:
Sumethmg Very Similar Was Isolated Ten Years Ago...
o E. coli « Genomic
by Mike

in Europe. [l get to that in a moment. Youve probably heard of the E. coli outbreak
:ping through many and now other European countries that has caused ov
thousand cases of hemolytic uremic syndrome {HU%Y). What's odd is that the initial reports
are calling this a novel hybrid or some new strain of E. coli.

BGl has done some sequencing using lon Torrent of one of these isolates, and Mick Loman
mbled the data. Without getting too technical, the genome is actually in about 3

4 y, we look at the partial
sequences of several genes (in this case, seven) to identify its sequence type--think of it as
a molecular barcode (for the scheme and details, see here).

50 what did | find?

This EHEC strain is most likely a very r|u5E relativ nf 5T&TE (details in a bit). In fact,
according to the mlst.net strain database, re 15 a strain “Jan-91°, isolated in 2001* from
Europe (no further geceraphic m’rurmatlnn rl_l".-'1dl:!d_|. That strain belongs to phylogroup D,
and is associated with H ust like the DuLbrE‘ak strain. And the older strain also has the
exact same serotype as the outbreak strain, O104:H4.



Analysis
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Cumulative blog posts

Crowd-sourcing the genome
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https://github.com/ehec-outbreak-crowdsourced/BGI-data-analysis
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Table 1. Genetic Elements in Strain TY2482 of Shiga-Toxin-Producing Escherichia coli O104:H4.

Genetic Element
Plasmid
pESBL TY2482

pAA TY2482
pG2011 TY2432
Region of difference
I-ROD1

I-ROD2

I-ROD3

I-ROD4

I-RODS5

I-ROD6

I-ROD7

D-RODI1
D-ROD2
D-ROD3
D-ROD4
D-ROD5
D-ROD6

Motable Features or Functions

Incll plasmid, homologous to pEC_Bactec carrying
bla CTX-M-15

Plasmid encoding aggregative adherence fimbriae |

Plasmid with no obvious phenotype

Degenerate prophage
SixZ-encoding prophage
Microcin gene cluster; tellurite resistance gene cluster
Prophage
Prophage
Molybdate metabolism regulator; yehL

Multidrug-resistant gene cluster (dfA7, sull, sulll,
strA, sirB, tetA); mercury resistance

Prophage
Prophage
Prophage
Prophage

Type VI secretion genes

Prophage

Size or 55989 Coordinates*

88 kb

76 kb
1.5 kb

296227 (tRNA-Thr)
1176265 (wrbA)
1207704 (tRNA-Ser)
1811905 (ynfG)
2102453 (yecE)
2426442 (1S1)
4211244 (tRNA-Sec)

1094587-1140306
1413924-1446834
1754689-1800354
2688656-2701228
3401720-3427357
4944269-5004333

Rohde et al. DOI

: 10.1056/NEJM0a1107643




Cases continue to be reported

-

[0 STEC gastroenteritis cases in males
[ STEC gastroenteritis cases in fernales
[ HUS cases in males

[l HUS cases in females
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Date of Disease Onset

Figure 1. Epidemiologic Curve of the Outbreak.
Shown are the number of cases of the hemolytic—uremic syndrome (HUS) and of Shiga-toxin—producing E. coli (STEC) gastroenteritis,
according to sex. Only cases with a known date of onset are included here — 748 of 810 cases of the hemolytic—uremic syndrome and

2166 of 2412 cases of Shiga-toxin—producing E. coli diarrhea.

Frank et a/ DOI: 10.1056/NEJM0a1106483
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Digital microbiology?

Samples Media for culture

1-2 days 1-12 hours

Blood Resistance | |Virulance
£ Species —Relatedness ' knowledge —knowledge
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Body fluid

Urine

Pus
Read processing Database of all sequences, metadata,
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Local hospital clinical record system National and international databases

1-3 weeks All isolates



Clinical metagenomics:
Pathogen discovery

A New Arenavirus in a Cluster
of Fatal Transplant-Associated Diseases

Ph.D., Julian Druce, Ph.D., Lei Du, Ph.D., Thomas Tran, Ph.D., Chris Birch, Ph.D.,

, Sear lan, Ph.D., Phenix-Lan Quan
ons, Ph.D., Michael Egholm, Ph.D., Chr
Ph.D., M.P.H., Cynthia S. Goldsmit
Mike Catton, ., ar

D. Padd

lan Lipkin, M.D

Hui, B.Sc., John Marshall, Ph.D
ck, M.D., M.P.H.T.M.,

Sherif R. Zaki, M.D., Ph.D

ABSTRACT

BACKGROUND

Three patients who received visceral-organ transplants from a single donor on the
same day died of a febrile illness 4 to 6 weeks after transplantation. Culture, poly-
merase-chain-reaction (PCR) and serologic assays, and oligonucleotide microarray
analysis for a wide range of infectious agents were not informative.

METHODS

We evaluated RNA obtained from the liver and kidney transplant recipients. Unbiased
high-throughput sequencing was used to identify microbial sequences not found by
means of other methods. The specificity of sequences for a new candidate pathogen
was confirmed by means of culture and by means of PCR, immunohistochemical,
and serologic analyses.

RESULTS

High-throughput sequencing yielded 103,632 sequences, of which 14 represented
an Old World arenavirus. Additional sequence analysis showed that this new arena-
virus was related to lymphocytic choriomeningitis viruses. Specific PCR assays
based on a unique sequence confirmed the presence of the virus in the kidneys,
liver, blood, and cerebrospinal fluid of the recipients. Immunohistochemical analy-
sis revealed arenavirus antigen in the liver and kidney transplants in the recipients.
IgM and IgG antiviral antibodies were detected in the serum of the donor. Serocon-
version was evident in serum specimens obtained from one recipient at two time
points.

CONCLUSIONS

Unbiased high-throughput sequencing is a powerful tool for the discovery of patho-
gens. The use of this method during an outbreak of disease facilitated the identifi-
cation of a new arenavirus transmitted through solid-organ transplantation.

From the Center for Infection and Immu-
nity, Mailman School of Public Health,
Columbia University, New York (G.P., T.B.
5.C, P-LQ.,J.H., W.LL); Victorian Infec-
tious Diseases Reference Laboratory, Vic-
toria, Australia (J.D., TT, C.B., .M., M.C));
454 Life Sciences, Branford, CT (L.D., J.ES.
M.E.); and the Centers for Disease Control
and Prevention, Atlanta (C.D.P., W.-J.S

C.5.G, S.R.Z). Address reprint requests
to Dr. Lipkin at the Center for Infection
and Immunity, Mailman School of Public
Health, Columbia University, 722 W.
168th St., New York, NY 10032, or at
wil2001 @columbia.edu, or to Dr. Catton
at the Victorian Infectious Diseases Ref-
erence Laboratory, Locked Bag 815, Carl-
ton South, Victoria 3053, Australia, or at
mike.catton@mbh.org.au.

Drs. Palacios and Druce contributed equally
to this article.

This article (10.1056/NEJMoa073785) was
published at www.nejm.org on February 6,
2008.

N Engl ) Med 2008;358:991-8
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Direct Metagenomic Detection of Viral Pathogens in
Nasal and Fecal Specimens Using an Unbiased High-
Throughput Sequencing Approach

Shota Nakamura'®, Cheng-Song Yang®?>, Naomi Sakon®, Mayo Ueda®?, Takahiro Tougan®, Akifumi

Yamashita', Naohisa Goto', Kazuo Takahashi®, Teruo Yasunaga', Kazuyoshi Ikuta®, Tetsuya Mizutani®,
Yoshiko Okamoto’, Michihira Tagami®, Ryoji Morita®, Norihiro Maeda®, Jun Kawai®, Yoshihide
Hayashizaki®, Yoshiyuki Nagai’, Toshihiro Horii**, Tetsuya lida?, Takaaki Nakaya®*

1 Department of Genome Informatics, Research Institute for Microbial Diseases (RIMD), Osaka University, Suita, Osaka, Japan, 2 International Research Center for Infectious
Diseases, Research Institute for Microbial Diseases (RIMD), Osaka University, Suita, Osaka, Japan, 3 Department of Virology, Research Institute for Microbial Diseases (RIMD
Osaka University, Suita, Osaka, Japan, 4Department of Infectious Diseases, Osaka Prefectural Institute of Public Health, Higashinari, Osaka, Japan, S Department of
Molecular Protozoology, Research Institute for Microbial Diseases (RIMD), Osaka University, Suita, Osaka, Japan, 6 Department of Virology 1, National Institute of Infectious
Diseases, Musashimurayama, Tokyo, Japan, 7 Center of Research Network for Infectious Diseases, RIKEN, Chiyoda, Tokyo, Japan, 8Omics Science Center (OSC), RIKEN,

Yokohama, Kanagawa, Japan

Abstract

With the severe acute respiratory syndrome epidemic of 2003 and renewed attention on avian influenza viral pandemics,
new surveillance systems are needed for the earlier detection of emerging infectious diseases. We applied a “next-
generation” parallel sequencing platform for viral detection in nasopharyngeal and fecal samples collected during seasonal
influenza virus (Flu) infections and norovirus outbreaks from 2005 to 2007 in Osaka, Japan. Random RT-PCR was performed
to amplify RNA extracted from 0.1-0.25 ml of nasopharyngeal aspirates (N = 3) and fecal specimens (N = 5), and more than
10 ug of cDNA was synthesized. Unbiased high-throughput sequencing of these 8 samples yielded 15,298-32,335 (average
24,738) reads in a single 7.5 h run. In nasopharyngeal samples, although whole genome analysis was not available because
the majority (>90%) of reads were host genome-derived, 20-460 Flu-reads were detected, which was sufficient for subtype
identification. In fecal samples, bacteria and host cells were removed by centrifugation, resulting in gain of 484-15,260 reads
of norovirus sequence (78-98% of the whole genome was covered), except for one specimen that was under-detectable by
RT-PCR. These results suggest that our unbiased high-throughput sequencing approach is useful for directly detecting
pathogenic viruses without advance genetic information. Although its cost and technological availability make it unlikely
that this system will very soon be the diagnostic standard worldwide, this system could be useful for the earlier discovery of
novel emerging viruses and bioterrorism, which are difficult to detect with conventional procedures.

Citation: Nakamura S, Yang C-S, Sakon N, Ueda M, Tougan T, et al. (2009) Direct Met. firal Pathogens in Nasal and Fecal Specimens Using

an Unbiased Hiah-Throughput Sequencina Approach. PLoS ONE 4(1): e4219. dok10.1371/iournal.oone.0004.




Diagnhostic metagenomics

17 million
reads / >2
gigabases per
sample

34 patients C. diff, S. enterica, C. jejuni



1) Sample preparation (4.5 hours)

DNA fragmentation,
tagging and

Stool sample Tissue homogenizer DNA extraction barcoding

2) Sequencing (27-40 hours) 3) Bioinformatics analysis (<24 hours of 32-core server time)
Align sequences to human genome and
discard those that map to it

Assemble microbial sequences into
environmental gene tags (EGTS)

Cluster EGTs based on read-
pair information

Cluster EGTs based on
abundance information

HiSeq, 40 hours Taxonomic assignment of EGTs through
homology Outbreak-

associated
Alignment of EGTS from outbreak genomes
samples and healthy samples to
assembly

MiSeq, 27 hours

Diagnostic and
Subtract EGTs present in healthy epidemiological conclusions

Paired 150 base reads samples from disease samples



Human “contamination”

Fraction mapped reads

Stool appearance



Healthy human microbiome

Firmicutes
Actinobactena
Bacteroidetes
Proteobactena
Fusobactena
Tenencutes
Spirochaetes
Cyanobacteria
Verrucomicrobia
TM7

The Human Microbiome Project Consortium
PMID: 22699609
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STEC genome coverage plot

Shiga-toxin encoding phage




In>=1 samples
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Pathogen discovery

Taxonomic
Classification

Not annotated
Bacteroidales
Clostridiales
¢ Enterobacteriales
® Lactobacillales

e Selenomonadales

T T
60% 80%

* Shiga-toxin encoding phage
genes

* O-antigen determining genes

* pAA and pESBL specific
sequences

Motivations for CONCOCT:
* Unsupervised version?
e Can we extract all the genomes?

CONCOCT: Chris Quince, Anders Andersson



E. coli 0104:H4 genome reconstruction

Annotated Environmental Gene Tags
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Loman et al. doi: 10.1001/jama.2013.3231.
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Getting the diagnosis:
STEC genome reconstruction

MeanCov

STEC genome recovered
at >10x coverage: 10/40
STEC genome recovered
at >1x coverage: 26/40
Shiga toxin fragments
recovered: 27/40
Detected STEC genome
in 6 samples which were
ELISA negative




Shiga-toxin encoding phage:
Copy humber variation

Escherichia coli (sample 2669) Escherichia coli (sample 3134)

M




Detection of important virulence genes

— Flagellin (H-antigen)

— MLST

Correct H antigen
detected in 17/40

No H antigen
detected in 18/40

Mixtures of
antigens detected
in 3/40

ST678 profile
unambiguously
detected in 9/40

Mixture of profiles
detected in 5/40

The rest either
partial or absent
profiles

Escherichia coli (sample 2535)




Non-STEC genome reconstructions

Clostridium difficile (sample 1122) Campylobacter concisus (sample 1253) Campylobacter jejuni (sample 4961)

» Clostridium difficile toxin sequences detected (2/2)

* Campylobacter jejuni toxin sequences detected

* Salmonella enterica sequences detected (1/2)

* Emerging human pathogen Campylobacter concisus detected



Experimental considerations



Tissue metagenomics: in the dark

* A case of chronic osteomyelitis

e Surgical debridement and reconstruction of a
compound fracture wound at the left tibia

e Reconstruction was carried out using a radial
forearm free flap

* |nitial injury 5 years ago

* 5tissue samples from operation on a single
MiSeq run

e Extracted with Stratec-RTP Bacterial DNA Mini kit.



Chronic osteomyelitis

Human Unaligned
Bacteroidete
3340
5794
3306
3155 Bacteria
1921
5035673 Mo
4277830 1 B
3380293
2623593
S1 S2 S3 S4 S5

Actinomycetales
Microcpccineae

Bacteroidete

/Chlarabi graup

Bacilli

Rhizobiales

Alphaproteobacteria

Prolschacteria Rhodogpirillales

Burkholderiales

Gammaprotegbacteria
Xanthomgnadales

..... Actinomycetaceae

L Corynebacteriaceae
. Frankiaceae

. Intrasporangiaceae
|_|Micrococcaceae

__|Xanthobacteraceae
| |Rhodobacteraceae
.. Acetobacteraceae
L Rhodospirillaceae
L Sphingomonadaceae
. unclassified Alphaproteobacteria
__|Alcaligenaceae
| Burkholderiaceae
|_|Comamonadaceae
|_|Enterobacteriaceae
. Pseudomonadaceae
Sinobacteraceae
. Xanthomonadaceae
— o




Negative control!

12358 reads

Taxonomy profile for 7506_56.rma

Number of reads
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Legend (Taxa):
Propionibacterium [ESphingomonas
Herbaspirillum EMRhodopseudomonas [FlCorynebacterium [Stenotrophomonas [TINitrobacter
[MiNiastella [[Afipia MNovosphingobium BMicrococcus [[JOchrobactrum [TIRhodanobacter [MYersinia BMesorhizobium

Bradyrhizobium Munclassified Bradyrhizobiaceae [fHydrocarboniphaga [HBacteroides [[lPseudomonas [HRalstonia Methylobacterium [ClBurkholderia
Xanthobacter [HCupriavidus [Serratia [Xanthomonas [Paracoccus [HAgrobacterium [EMycobacterium
Saccharopolyspora ["JHalomonas MBrevundimonas [MParvibaculum [MSphingobium




Kitome: QIAGEN Stool Kit

Dxalobacteraceae

Methylobacteriaceae

20.00% Bacillaceae

Ruminococcaceae
Burkholderiaceas

Sphingobacteriaceas

Cytophasacese
Caulohacteraceas
40 .00%% B Xanthomonadaceae
B Planctomycetaceae
Sphingomonadaceas
B Microbacteraceae
B Bradyrhizobiaceas
B Chitinophagaceae
B Propionibacteriaceae
10.00% B Comamonadaceae
B Flavobacteriacese
B Mom:=zlaceas

m Pseudomonadaceae

Zannah Salter



Kitome: MPBIo

Oxalobacteraceae
Frevotellaceze

unclassified Burkholderiales

_— Flavobacteriacese
I
[— | obacteriaceae
I -
| ] hitinophagaceae
Phyllochacteriaceae
Comamonadac
o t vio
Xanthomonadac
rl,-1 O ® C
Enterobacterisceas
W Bradyrhizobiaceae
Burkholderiaceae
® Propionibacteriaceas
B Pzeudomonadacese

ml m2 ma md m5 mb m7 ma m9o m 10

Zannah Salter



Consider contamination

* Environmental DNA or bacteria
themselves can be introduced at many
points:

— Sample collection
— DNA extraction
— PCR reagents
— Lab contamination




Just throw more reads?

 5readsin 5,000,000
— 1 read in 1,000,000
— Staph genome ~2Mb
— 30x coverage required (?)

240 billion reads required

6 billion reads per HiSeq 2500 run

40 HiSeq runs
Cost of ~£500,000
Oh dear!



Background depletion

* Differential lysis

— Human cells fragile

e Eukaryotic DNA is
methylated
— Molysis
— NEB Microbiome Kit

— MEDIP

e ... what about
microbial eukaryotes?

®



MolYsis™

Fig. 1: The MolYsis™ procedure of human DNA
removal and microbial DNA isolation.

Host cell

-

/ ]5 | Pathogen (live) {
| (e ) )(%)>>Target  DNAfrom dead
bW, A pathogen j

.y

— - |
p——_ SN 5' g * Lysis of host cell
1 n, ¥ « Degradation of host and naked
pathogen DNA

Sedimentation of pathogen

|

DNA extraction

|

5 DNA purification

2
-y
.
3
II
v

s

http://www.molzym.com/products/dna-isolation-products/pathogen-dna-molysis/molysis-technology.html




NEBNext MBD2-Fc

Add NEBNext
MBD2-Fc to Protein A
Magnetic Beads,

Add clean, intact,
genomic DNA
mixiure 1o beads.

Separate target
microbial DNA from
methylated host DNA
bound to beads.

Methylated host DNA

Magnet I ¢

NEBNext Protein A
Magnetic Beads

Incubate 10 minutes.

Wash beads 2x with
Bind/Wash Buffer.

Incubate 15 minutes to bind
methylated host DNA to

magnetic beads.

Microbial DNA

NEBNext

Mapped Reads (%)

remains in supernatant

Uneanrichad

Wa
I-.| o I||_l|I¢ 1

Enriched

Heplicate 2

B Cral microbas
(HOMD)
B Human I:I'I!'_|1'.:_|':-

https://www.neb.com/products/e2612-nebnext-microbiome-dna-enrichment-kit



Microbial enrichment

ORIGINAL ARTICLE BACTERIOLOGY

( IVl i C ro ) C u Itu re ( O m iCS) ! Microbial culturomics: paradigm shift in the human gut microbiome
. . study
— Also may introduce bias

J.-C. Lagies F. OUgo| 1l P. Hugnn', I. Pﬂgnierl. C. Robe '. F. Bi r‘, G. Fournous‘, G. Gimenez'

° ° ° ° M. Mar: cola
— LO S e q u a nt I t at I Ve I n fo r m at I @ 198, INSERM 1095, 2) Service de Nutrition, Maladies Métaboliques et Endocrinalogie,
UMR-INI IRD, UMR CNRS 7278-IRD |98, Route des Péres Maristes, Dakar, Sénégal and 4) National
Centre for Biotechnology Information, National Library of Medicine, N il te

PCR: 16S / marker genes

— Poor species level discrimination, no genome-scale
information

Oligonucleotide probe capture

— May be practical solution: Restricts to known knowns
Antibody capture

— E.g. Immunomagnetic separation (Chlamydia)

Cell sorting & whole-genome ampilification



Single cell bacterial genomics
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McLean et al. PMID:23564253



Experimental design questions

How many samples for statistical power?

Replicated design? Biological or technical
replicates?

Extraction method(s) ?

Level of background contamination?
Necessary controls

Longitudinal and/or cross-sectional?
Sequencing technology: read length
How many reads?



Taxonomic and functional assignments

 Read-based

* Environmental gene tag or contig-based (from
assembly)

e Pathway-based
 Genome-based (from a great assembly)



Similarity

Composition

Adam Bazinet, http://www.biomedcentral.com/1471-2105/13/92




Similarity

Composition




Similarity methods

Choice of aligner * BLAST is very slow!
determines speed * Specificity can be low
Can make inference with naive approach
from a single read  Many reads are

Can work in taxonomically
translated BLAST uninformative or
mode taxonomically

Very sensitive misleading



Aligners

BLAST

RAPSearch?2
LAST

BWA/Bowtie (in 6-frames with PAUDA)



Caveat emptor: Similarity methods

MG-RAST

genus Download chart data

B Citrobacter
Il Cronobacter
B Enterobacter
B Escherichia
B Klebsiella
[l Lambda-like viruses
B Pseudomonas
B Saimonella
Serratia
B Shewanella
B Shigella
B Yersinia
B unclassified (derived fr...

B unclassified (derived fr...

12V




Go gle MEGAN Q|

Web Images Maps Shopping News More Search tools

Megan - Wikipedia, the free encyclopedia
en.wikipedia.org/wiki/Megan ~

Megan (also spelled Meghan, Meagen, Meagan, Meaghan etc.) is a Welsh female
name, originally a pet form of Meg or Meggie, which is itself a short form of ...

Megan Mullally - Megan Fox - Megan Hauserman - Megan Young

Urban Dictionary: Megan

www.urbandictionary.com/define.php?term=Megan ~

A girl that is very stubborn but at the same time can be the greatest friend on the planet.
She loves pizza and is absolutley gorgeous. She is love...

Images for MEGAN - Report images




Go Sle MEGAN huson ‘0/“

Web Images Maps Shopping Books More ~ Search tools

Ahntit 2 QEN NNN reciilte (N R0 e
About 2,850,000 results (0.32 se

MEGAN 4 - MEtaGenome ANalyzer — Algorithms in Bioinformatics
ab.inf.uni-tuebingen.de/software/megan/ ~

by AZ Uni - Related articles

3 Dec 2013 - MEGAN 4 written by D. H. Huson, original design by D. H. Huson and
S.C. Schuster, with contributions from S. Mitra, D.C. Richter, P. Rupek, ...
MEGAN-download - MEGANS - How to use BLAST - Review

You've visited this page many times. Last visit: 21/11/13

MEGANS - MEtaGenome ANalyzer — Algorithms in Bioinformatics

ab.inf.uni-tuebingen.de » Software ~
MEGAN 4 was released at the beginning of 2011 (paper). MEGANS will be ...

Images for MEGAN huson - Report images

LS

. . .
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’ ,
g .

MEGAN - Wikipedia, the free encyclopedia
en.wikipedia.org/wikiMEGAN ~

MEGAN ("MEtaGenome ANalyzer") is a computer program that allows optimized
analysis of large ... a b ¢ d Huson, H.; A. Auch, Ji Qi, and S. C. Schuster (2007).

MEGAN analysis of metagenomic data

www.ncbi.nlm.nih.gov » Journal List » Genome Res > v.17(3); Mar 2007 ~

by DH Huson - 2007 - Cited by 737 - Related articles

Daniel H. Huson, 1,3 Alexander F. Auch,1 Ji Qi,2 and Stephan C. Schuster2,3 ...
MEGAN is then used to compute and explore the taxonomical content of the data ...




Species identification from metagenomic data

* Campylobacter fetus

© Campylobacter jejuni

Campylobacter

p— ° Campylobacter coli RM2228

—>@ampylobacter lari RM210®<—

— ———*Campylobacter upsaliensis RM3195
(Campylobacterales)

o *Helicobacter pylori J99

Hejcobacter

'_'{Helicobacter hepaticus ATCC 51449
Helicobacteraceae
_((Wolinella succinogenes):

FTFEDIEKLDNNAIREILKVADKK

— 0 Thiomicrospira denitrificans ATCC 33889 P o

Figure 2. On the right, we list the three BLASTX matches obtained for a specific read r from the mammoth data set, to sequences representing
Campylobacter lari, Helicobacter hepaticus, and Wolinella, respectively. The LCA-assignment algorithm assigns r to the taxon Campylobacterales, shown
on the left, as it is the lowest-common taxonomical ancestor of the three matched species.

Huson et al. 10.1101/gr.5969107




Huson et al. 10.1101/gr.5969107

Map sequences
to reference
database using
BLAST

»
»

—> BLAST output obtained

Reference

Database v

Metagenomic P o -
Dataset s ol sl

v
Strain

o Assingment Strategies
Reads Significant

originate from  BLAST Hits  Best BLAST LCA
Hit Approach

K1 K1, K2, K3 K1 (V) G1 (V)
U1 K5, K6 K5 (X) S3 (V)
U2 and U3 K5, K6 K5 (X) S3 (X)




Table 1. Results for E. coli simulation

35bp  100bp  200bp 800 bp

Enterobacteriaceae 22% 64% /3% 85%
Gammaproteobacteria 24% /7% 86% 94%
Proteobacteria 25% 83% 89% 96%

For average read lengths of 35, 100, 200, and 800 bp, we sampled 5000
sequence intervals from random locations in the complete genome se-
quence of E. coli K12 and then processed the reads with MEGAN. Here we
report the percentage of reads classified as Enterobacteriaceae, Gamma-
proteobacteria, and, even more generally, Proteobacteria. The number of
false-positive assignments of reads was ~0%.

Huson et al. 10.1101/gr.5969107
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Phylogenetic methods

e Accurate

e Give measurement of
uncertainty

e Can use multiple
conserved marker
genes (Y40 common)



A) The MLTreeMap pipeline

1) idantily marker ganas in raw 2) add detected genes to curated 3) Maxmum Lkalihood placemeant into
nucieotide sequence fragments reference akignments annotated reference phylogenies
-4

B) Reference phylogenies in MLTreeMap

Tree of ife RuBisCo nifH nifD MMO

'

\\ - / "
Archaea, Bactena Foms 1,2, 3, 4a, b Groups 1,2, 3.4 Groups 1,2, 3 Methane Monooxygenase
Eukaryota and unciassified and unclassified

Stark et al. 10.1186/1471-2164-11-461




a Nick Loman

Pork knee, axe in head, cesky krumlov
style #evomics2014
pic.twitter.com/1Ep2joTnf4

4~ Reply il Delete W Favorite ®®e More




Twitter can be useful?!

a Nick Loman W Follow
b

So your options for marker gene analysis of
metagenomics data now include Phylosift,
mOTUs, MLTreeMap, specl, ribosomal

MLST, others?

4 Reply T3 Retweet W Favorite ®ee More

: B DREZ2a BED




S. Strycharz-Glaven
ﬂ SahaSurya @subsurface_life @Dr_Bik @pathogenomenick
wmsay SO how do you choose? Try ur data with all and see which
one is prettiest?
4 Reply 13 Retweet ¥ Favorite *** More

Nick Loman
% SGlaven @SahaSurya @subsurface_life @Dr_Bik that's
- the usual way with bioinformatics software, right?
4 Reply 13 Retweet % Favorite *** More

B Surya Saha
g pathogenomenick @SGlaven @subsurface_life @Dr_Bik
/ Yes :-) Or come up with test set(s) and get TP/FP/Sp/Sn.
Your mileage *will* vary
4 Reply 13 Retweet ¥ Favorite *** More

Sam Minot

l? 7'! SahaSurya @pathogenomenick @SGlaven
‘ subsurface_life @Dr_Bik +1 to using a rigorous test set

Details 4 Reply 13 Retweet ¥ Favorite *** More



Phylogenetic assighment

* mOTUs
* Phylosift
* MLTreeMap



Similarity

Composition




Metaphlan

* Lineage-specific marker genes
* Hybrid similarity and phylogenetic method

ad 1,000 MetaPhlAn
Phylo
100
PythiaS Phymm

Reads =
10 BlastiN oo mm BL

per

second NBC

Performance-ranked methods

Segata et al. 10.1038/nmeth.2066
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Functional assighments

SEED
COGs
EggNOG
KEGG



Short DNA i lated BLAST
Quality and length Translate -
sequence reads Sk Functional seq.
I_l l l MA N I | — ﬁlterm%rnw.'léT:ln DNA —» Qé 5 <  LEGG Orthology
Y

Raw
BLAST
hits

4

Fixed BLAST — Genes

inputs Weighted sum of hits Gene identifiers
e <—  Orthologous gene
S families

\J
Generated MinPath (Ye 2009)
data Genes — pathways - Pathway identifiers

e Gene sets and
= structured modules

O™
\J

Taxonomic limitation
Eliminate pathways from
organisms not in seq.

HUMARN ®

\/

Gap filling
Rare genes in abundant
pathways imputed

s N\

Pathway coverage Pathway abundance
Pathways — Presence/absence, Relative abundance,

Zero to one Gontinuclusu

Abubaker et al. 10.1371/journal.pcbi.1002358

Processes

External




Biological hypothesis
- Differential analysis

‘u’"suallzatnun uf differential faaturas
ranked by effect size

ngh throu hput
experiments

- comparative analysis
- biomarker discovery
- known biological structure é
Two (or more) conditions
>

WGS

Quantigtive AD' LEfSe

Taxon

abundances Illl “_'_*' -
T E" "X
*E—Ei i
\ T v,
Functional
abundances
(COGs, KEGG...)
~ : ~y

Prior Knowledge
- Known relation between feat.
- dependency between feat,
- biological feature groupings

Gene

f-
expression (Fj COGs

Representation of relevant
features on taxonomic or
Phylugenetlc

Plot of features with
statistically significant

differences between
conditions




Metagenomics assembly

A great way of compressing your dataset

Fundamental unit of analysis are now contigs
(environmental gene tags)

Assignment methods can be used as before
(+/- gene prediction)

Coverage information can be restored through
mapping reads to assembly



Metagenomics assembly: issues

e Large datasets may overwhelm available RAM

* Contigs may represent chimeras of multiple,
related species or strains

* Low coverage organisms won’t assemble

http://davis-assembly-masterclass-
2013.readthedocs.org/en/latest/outputs/opinionated-guide.html



Opinionated guide to assembly

* Metagenome assembly:
— Ray
— Velvet
— IBDA-UD

* (Optional) digital normalization

http://davis-assembly-masterclass-
2013.readthedocs.org/en/latest/outputs/opinionated-guide.html



Genome binning
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http://madsalbertsen.github.io/multi-metagenome/



CONCOCT: Clustering cONtigs on @@
COverage and ComposiTion \ ¢

* Data pre-processing:

— Perform coassembly across all
samples

— Map reads back to contigs to
get mean coverage of contig in
each sample

— Generate k-mer frequency
vector for each contig

— Join vectors and log transform
— PCA

Segata et al. d0i:10.1186/gb-2011-12-6-r60



Oxford Nanopore: Hope or hype?

. Strand sequencing

Biologically modified nanopore
Tri-nucleotides detected
Theoretically unlimited read
length

Sequence directly without
extensive sample preparation

Minlon: 150mb/hour for up to 6
hours for $900 — disposable
Gridlon: rack-mounted sequencer

WA with 2000-8000 nanopores
ﬁ"lnEN TchET MinlON access programme

starting end November

FEB.1  10AM.(SHARP)  FRONT CATES

http://pathogenomics.bham.ac.uk/blog/2013/10/the-oxford-nanopore-golden-ticket/



http://pathogenomics.bham.ac.uk/blog/2012/02/a-new-
sequencing-technology-enters-the-ring-shtseqtm/



Metagenomics - Questions

What are the best ways to address getting representation of bacteria, viruses,
fungi and others? Techniques for doing so?

— Thoughts on the use of physical enrichment techniques to isolate microbe of interest rather than
traditional metagenomic sequencing?

What are the best bioinformatic software packages and pipelines for functional
analysis?

— What are the best analysis pipelines for full viral sequencing to detect whether mutations are true or
not? Comparing closely related taxa?

As an initial approach, should one try 16s sequencing prior to shotgun sequencing
if interested in bacteria (or 18s/ITS1 for Fungi)? Which region?

Shotgun metagenomics versus single cell genomics - for high diversity samples is a
shift toward single cell beneficial?

— Any expertise in microbial or viral single cell genomics? Software suggestions for assembling viral
genomes and large scale microbial genome comparison?

Metatranscriptomics versus metagenomics?

— Benefits/disadvantages of each?

Best tools for de novo assembly and annotation
— Most useful databases for metagenomics

— Thoughts on combining methodologies - i.e. PacBio sequencing for scaffolding and Illumina/454 for
depth/decreased error?



Practical

All read data
Subsampling

Metaphlan assignments (and heatmaps)
MEGAN

— Taxonomic assignments with least common
ancestor

— Functional assignments with KEGG
— Comparison of metagenomics data
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