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We Are Not Alone

1 ; - .‘1 i
- Jvig" Ia BB {
et bttt

=% wt
E 1
3 i TAERE
1T “
E - sHLi

TR
i

“Tho my teeth are kept usually very clean,
nevertheless when | view them in a Magnifying
glass, | find growing between them a little white

matter as thick as wetted flower
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Microscopy light/EM
super resolution

Culture aerobic/anaerobic
NextGen culture
Detection Sanger sequencing
Metabolytes Spectroscopy/enzymology
proteins Immuno chemistry

Advanced Seguencing

v

Next Gen Seguencing Mass Spectroscopy
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Discovery Pathways

Human microbiome sample

v

Extract DNA

v

v

165 rRNA gene 165 rRNA gene
sequencing sequencing

Total DNA sequencing
(shotgun metagenomics)

Compare sequences to
ribosomal databases

v

Extract small molecules

Mass spectrometry
(metabolomics)

Compare sequences to
reference genomes

Compare sequences to
genomic databases

Compare to small molecule
reference libraries

W

A

W W

L 4

W

Gene content

Bacteria and

Archaea

Fungus/Yeast

Viruses

W

J

Metabolite
characterization

|

What organisms are present and
what is their relevant abundance?

Identify relative frequencies and
pathways

What are the functions of the
community?

Wu et al CLINICAL GASTROENTEROLOGY AND HEPATOLOGY Vol. 11, No. 7

UNIVERSITY OF UTAH
SCHOOL " MEDICINE

‘ Department of Pathology

1 util LABORATORIES

NATIONAL REFERENCE LABORATORY'



Next Generation Culture

| Stewart, E. J. Growing unculturable bacteria.
» Culture J. Bacteriol. 194, 4151-4160(2012).

— Estimated 70% uncluturable by traditional methods

— Next Generation Culture >95%~7

» broad-range YCFA-based culturing

e Culture enriched NGS 700 -
Fecal Sample ———» Culture-independent
A —Ervsiekon 600 -
D 500
sequencing a B Culture-
2 400 independent
~Clostridacaes E
:a%ﬁr:%:}i : 300 1 B Culture-
enriched
—p Culture-enriched 200 -
66 Culture
Conditions 0
K, . M, A By, &
I & & & e
Plate 1 ?:':.
Browne et al. Nature 533 May 2016 Lau et al. Genome Medicine (2016) 8:72
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Gigabses per run (log scale)

-

U

NGS has been the primary driver of the
microbiome revolution

Developments in High Throughput Sequencing 3,000 . Journal articles
1000 J: . Patents and patent applications 2,683

2,500+
100 - P
5

] 2,036

1 § 2,000
g
1 £

GSFLX _g 1,546

o 1,500

01 - - ?
. - : .ﬂ B 1,176
lunior =] E
o . 2 1,000 942 809
PacBio RS 768 749
0.001 621
573
. 474 493
EJ 500 o0 366 376
0.0001 - P ’ 265 239 262 276
sanger 169 188 207
0.00001 ' . ‘
10 100 1000 10000
Read length (log scale) 2002 2004 2006 2008 2010 2012
Year
Bernat Olle Nature Biotechnology 31:4 (2013)
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Microbiome (microbiota)

“Ecological community of commensal, symbiotic
And pathogenic microorganisms within a body

: » Lederberg &
Space or other environment McCray 2001

o Conceptual origin of commensal organisms is old (1875)
— Pierre van Beneden: “Animal Parasites and Messmates”
— 264 examples for human host

 Human Microbial cells outhumber host cells 10x

— Approximately 10 organisms

o 1-3% total body mass
« Generally non-pathogenic

e Symbiotic with host
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Genome

Hologenome

Microbiome &—— Epigenome

"All animals and plants establish
symbiotic relationships with microorganisms."

Rosenberg and Rosenberg_Microbiol Rev 2008 32(5):723-35

e Implications

— Genome interactions are functional norm

— Stabilizing force for all complex organisms

— Potentially important phenomena in human health and disease

NATIONAL REFERENCE LABORATORY'
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Bacteria
Firmicutes

Bacteroidetes
Proteobacteria
Actinobacteria
Fusobacteria
Synergistetes
Deinococcus-Thermus
Chlamydiae
Lentisphaerae

<

/

Archaea

Methanobrevibacter smuthii
Methanobrevibacter orofis
Methanobrevibacter
arboriphilicus
Methanosphaera stadimanae
Methanomacsiliicoccus
Iuminyensis
Methanomassiliicocous
iniesfinalis
Methanomethylophifus alvis

kmm—qc-ewbzcxy

N

4

Spirochactes
Tenericutes
Verrucomicrobia
Fungi

Ascomycota

Basidiomycota

Zygomycota

N
3
EUKARYOTES

Intestinal protozoa

- Amo¢ba . .
ST Parasitic helminths
- Flagellates :
: - Nematodes
- Coccida .
3 = Cestoda
- Stemenophile
G - Trematoda
- Ciliate

Many known only as Operational Taxonomic Units

P. Hugon et al.

3

DNA Viruses
- dsDNA
Caudovirales
-ssDNA
Microviridae

RNA viruses

VIRUSES

Microbial Pathogenesis (2016)

UNIVERSITY OF UTAH ‘
SCHOOL * MEDICINE Department of Pathology

Giant Viruses

- Senegalvirus
- Shan virus

What's important?
Genome proportions vs
Genome “richness”
Who's there?
What can they do?

1 uti[ LABORATORIES

prokaryotic species:
estimated ~10 million

~1800 were known

A 2016: ~14000 are known
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Operational Taxonomic Units:

 An operational taxonomic unit (OTU) is a definition used to
classify groups of closely related individuals

e Sequences are clustered according to their similarity to one another

« OTUs are defined based on the similarity threshold
(approximately 97% similarity)

Enterotypes:

* ‘“densely populated areas in a multidimensional space of community
composition”

* Popular press and secondary literature have tended to focus on the
iIdea of discrete types

e most human gut microbiome data collected to support continuous
gradients of dominant taxa rather than discrete enterotypes

D. Knights et al Cell Host & Microbe 16, October 08, 2014
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Gastrointestinal Microbiota

e > 1000 bacterial species

 Individuals have > 160 species (124 studied)

— Firmicutes >250 genera

» Lactobacillus, mycoplasma, bacillus, clostridium ...
— Bacteroidetes ~ 20 genera
— Actinobacteria

— Verrucomicrobia

~ 90%

 Core Microbiome (18 species shared in all participants)

Qin et al Nature 2010, 464:59-65 MetaHIT Consortium
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Many Body Compartments, Many Microbiomes

Achinobactera
Firmncates
Pretsnbes isna
Bastwroideten
tlr'lnnhlrhn.l
Fusobectsns

Cho I. and Blaser M. Nat Rev Genet 2012 13(4): 260-270
@ UNIVERSITY OF UTAH
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SnapShot: The Human Microbiome
BioFrontiers Institute and HHMI, Boulder Co

ppolitan view of the microbioma

Healthy human miorobioma map
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Population-based metagenomics

Richness, Diversity and Disease Association

Abundance

Diversity
Richness

PCoA 2

Firmicutes

Abundance of Firmicutes

- I _ | .

I
20 40 60 80

4.0 -05 00 05 10 15 20

PCoA 1

1 .IE E_IG 2.‘5 3_IGI 3.‘5

Shannon diversity index

Zhernakova et al. Science 29
APRIL 2016 VOL 352
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Fraquency

Actinobacteria

Abundance of Actinobacteria

Bacteroidetes

Abundance of Bacteroidetes
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Diet

carbohydrates.total
protein.plant
how_often_fruits
beer

breads

_ kcal
soda_with_sugar
coffee
nonalc_drinks
how_often_coffee
how _often_soda

how often_vegetables

&
Qo
Q33 . .
- =3 Explained Variance
Intrinsic factors 289 jnBC distance (R?)
a@d 0 0010 0.020
BEY
BioMK_Chromogranina
antrop_age
B 2 Finding Di
ristol_av.stool.
. ‘gawﬁ.;ﬁ% INaing bisease
iochem : :
Biochem_ADL [ LI Assoclations
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£, Glirop_BM microbe
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CFS
) food_allergy
Zhernakova et al. Science 29 COPD_bronchitis
stomach_ulcer
APRIL 2016 VOL 352 osteoporosis
bloodpressure _ever _high
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Microbiome: Traditional and New Perspectives

 Unavoidable expansion of microbial ecosystems in exposed body spaces

» A symbiotic host/microbe relationship based on accessing and processing
nutrients

* Interface for iImmune recognition of microbial antigens

» Confined by surfaces of host compartments (sometimes disrupted)

 Evolving View There is a highly regulated microbial/host interaction
— Immunology
— Metabolism
— Neurology (behavior)

— Co-evolution



Mutualistic Relationship Host and Microbes
(beneficial to both)

 Complete absence bacteria in the gut (gnotic mouse models)
— Defective gut associated/mesenteric lymphoid tissue, low levels IgA

e |mmune balance with host

» Specific functions microbiota
— Seal body spaces
— Mitigate intestinal pathogens
— Maintain tissue homeostasis
— Facilitate fermentation of dietary fiber (inulin, pectin...)
— Critical energy vyield
— Metabolic end products and therapeutic drug processing

— Signaling among cells and organ systems
» Butyrate: Energy for gut epithelial cells

» Acetate and Propionate: Lipogenesis and Gluconeogenesis

UNIVERSITY OF UTAH y
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 Areas of basic an clinical investigation (many)
— Host development especially immune capacity
— Allergic disorders including asthma
— Cardiovascular Disorders
— Functional Bowel Disorders (IBS)
— Obesity and nutrition

— Neurological behavior and disease
 Central questions
— Immune signaling

— Metabolic processing

— Peptide and small molecular signaling among cells and organs
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Womb Is Not Sterile ., Maternal

spiral arterie

e Placenta
« Amniotic fluid

e Cord blood

e Meconium

e Origin
_ Stout et al. Am J Obstet Gynecol 2013;208
— From colonized Mysorekar and Diamond NEJM 375:5
endrometrial
epithelium?

— Hematogenous from
oral cavity or gut?

Lims et al Trends in Microbiology Neu et al J Pediatr. 2010 Jan; 156(1): 20-25
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Populating the Human Gut

Babies colonized during passage through birth canal and during
breast feeding

Initially facultative anaerobic bacteria such as proteobacteria
(oxidative environment)

Successive colonization by obligate anaerobic bacteria such as
members of the genus Bacteroides and members of the phyla
Actinobacteria and Firmicutes

First year of life, intestinal microbiota composition simple and
fluctuates between individuals and over time.

Microbial signatures stabilize 1-2 years of live resembling final
adult pattern

Young children, microbiome more similar to mother
(twin studies), but evidence complex.

Living environment and individual genetics matter!

‘ Department of Pathology ARUPLI\EEJPATSHFS NATIONAL REFERENCE LABORATORY'



Mothers Milk: Food for the Infant Microbiome

« Lactose and Fat (15t and 2" |argest solid components)

 Human Milk Oligosaccharides (HMQOs) 3

— Not digestible by infant (lacks glycosidase)

Pioneer Bacteria (facultative anaerobes)
days ‘l, weeks

Maternal milk _s, - 5 cteroides and Bifidobacterium €—  Infant stool

and stool

T (B. infantis, B.longum, and B. breve)
Only 2 genera able to well digest HMOs

Underwood et al. (2015) Pediatric Research Vol 77|



Factors Influencing Gut Microbiome Development

Mode of Gestatiunal
Diet Womb delivery Genetics Environment Antibiotics

@@@@@@@

Healthy
development

0 Time (months) 3%
I
|

= Age-appropriate microbiota

o maturation & normal physiological,
metabolic, immune and
neurological development

I
Age-discriminatory taxa

Microbiota development/maturation

Ay - Impalred microbiota maturation
= and associated manifestations
- of undernutrition
= > Time
Lim et al. VOL 21 10 2015 nature medicine Blanton et al. Blanton et al., Science 352 2017
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Signatures of a healthy microbiome:
Richness and Diversity
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Lim et al. VOL 21 10 2015 nature medicine
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Prebioics and Probiotics

* Prebiotic: Chemical that induces the growth or activity of
microorganisms that potentially contribute to well-being of their host
(HMOs in infants)

— Increase number or activity of bifidobacteria and lactic acid bacteria
(commonly assumed)

— Bran sources

— Raw foods: chicory root, dandelion greens, raw garlic, leek, onion,
asparagus banana

* Probiotic: Injested microorganism(s) associated with beneficial
effects to humans and animals

— Lacctobacillus (50 species), Bifidobacteria (30 species), Sacchoaroyces
boulardii, Streptococcus thermophilus, Enterococcus faecium,
Leuconostoc

UUUUUUUUUUUUUUUU P
U SCHOOL MEDICINE ‘ Department of Pathology ARU LABORATORIES NATIONAL REFERENCE LABORATORY'



Kefir

Wound healing

Cholesteral metabolism/
ACE inhibition
90

Immunomodulation
L I I-0T ]

® Whole Kefir

® Kefir Graims

® Lactic Acid Bacteria

® Yeasts
® Bacteriocins
@ Organicacids

@ Polysaccharides
@ Various Metabolites
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Bourrie et al Frontiers in Microbiology Vol 7:647 (2016)

U

UNIVERSITY OF UTAH

SCHOOL * MEDICINE | Department of Pathology

26

CHOLESTEROL METABOLISM AND

ACE INHIBITION

Pathogen Exclusion

Antibacterial and Antifungal

ANTITUMOR EFFECTS

WOUND HEALING

IMMUNOMODULATORY EFFECTS

ANTI-ALLERGENIC EFFECTS

0
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Probes for Tracing
Probiotic Organisms

Fluorescent L. reuteri INIA P572
harbouring m-Cherry (red) against
background of mucin in mouse gut

Fluorescent L. rhamnosus
harbouring evoglow-Ppl
(green) discriminated from
nonfluorescent counterparts
against background of
cheese A,B or

Fecal microbiota C,D

Landete et al World J Microbiol Biotechnol
(2016) 32:119




Do Probiotics Work for Healthy Adults?

Alterations in fecal microbiota composition by
probiotic supplementation in healthy adults:
A systematic review of randomized controlled trials.

Kristensen et al. Genome Med 8:52 2016

Perturbation Return to Baseline

i !

T

100% Similar to
Baseline

— Mo Probiotic

Probiotic intervention that
decreases magnitute of perturbation

Pralelotic interventien that promaetes
a more rapld returm o pormal micrabiota

Microbiota similarity to baseline

“While there is some evidence from previous reviews that
probiotic interventions may benefit those with disease associated
imbalances of the gut microbiota, there is little evidence of an
effect in healthy individuals,”

Sanders BMC Medicine (2016) 14:82 S Mayer BMJ 2016;353:12617
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Does a compromised Microbiome lead to Disease?

Koch’s Postulates

e Be present in all cases of
the disease

 Be isolated from diseased
patients

e Cause disease when
reintroduced to a healthy
susceptible animal model

 Be isolated again from
the new host




Microbiome and Atherosclerosis

o Trimethylamine N-oxide (TMAO)
IS a known atherogenic molecule

e Carnitine and lecitin are converted / _ .

to TMA by gut microbes, oxidized
to TMAO In the liver

found in red meat

e Lecithin found in eggs and
supplements

Koeth et al Nat Med. 2013 V19(5)
Wilson et al N Engl J Med. 2013 25; 368(17)
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Lecithin Study

R

5=

Myocardial Infarction, Stroke,
or Death (%)

TMAO

P<0.001 by log-rank test

Quartile 4

Quartile 3

Quartile 2
Quartile 1

MNo. at Risk

Quartile 1 1001
Quartile 2 998
Quartile 3 1003
Quartile 4 1005

Koeth et al Nat Med. 201319 (5)
Wilson et al N Engl J Med. 2013 25; 368(17)
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Obesity: Overview

e Most studies for stools (not lumens)
e Few controlled “feed studies”

e Switching between Animal and Plant based diets immediately
changes microbiome

« Obesity associated with less diverse “rich” microbiota
— Change in enterotype ratios

— Low gene count best marker of pathology

 Most changes due to macronutrients best shown with
“gnotobiotic mice”

Many specific areas of discovery are emerging
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Diet

Mechanism pathways

Gastrointestinal microbiota
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Example: Human gut microbiome impacts the serum
metabolome and associates with insulin resistance

1 Valine W Leucine M Isoleucine
g =
¢
32
3
E T
2 3
a8
1] =
E G4
g
5 .
Low Individuals ordered by insulin resistance High
Gut microbes Gut microbial functions Metabolite pool Host phenotype
Prevotella copri ' m
L K a9
Bacteroides vulgatus ' BCAA biosynthesis

Other factors

Pedersen et al. Nature vol 535, 21 (2016)
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Chronic Bowel Inflammation

Host-Microbiota Interactions Shape Local and Systemic
Inflammatory Diseases

Dysbiosis of gut microbiota, aberrant function of the intestinal
epithelial barrier and innate and acquired immune system
predispose to the development of IBDs

Intrinsic factors
(genetic background)

Epithelial barrier breach

Apoptosis 1
Antimicrobial peptide §
Epithelial fucose |

Ulcerative
I

Aberrant negative
immune response

Y
Suppressive cytokine |, \
(e.g. IL-10, TGFp)

=

Crohn's disease

” P value: 0.031

DYSbius

(IBD-prone microbiota)

Dysregulated
immune res ponse

Bacteroidetes J
Clostridia

Inflammatory cytokines

Enterobacteriaceae 1 (e.g. TNF, IL-1p, IL-6)

Goto et al Curr Opin Rheumatol 2015, 27:388—-396
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Grigg et al. The Journal of Immunology,

2017, 198: 564-571
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Commensal Bacteria for Control of IBD

* Probiotics
— Lactobacillus , Bifidobacterium , and Streptococcus

 Prebiotics

— fructo-oligosaccharides or lactulose increase
Lactobacillus and Bifidobacterium populations

* Fecal microbiota transplantation (FMT)

Fecal Microbiota Transplantation as a Novel Therapy for
Ulcerative Colitis

A Systematic Review and Meta-Analysis

Goto et al Curr Opin Rheumatol 2015, 27:388-396  Sun et al (Medicine 95(23) 2016)
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Fecal Microbial Transplantation (FMT)

« FMT durably alters gut microbiota
 (Goal: Restore phylogenetic diversity

* Principle current application for C. difficile infection (CDI)

— Severe or recurrent infection

— Mean cure rate 80-90% (>500 cases)

e 119 FMT clinical trials (mostly C. diff) have been
submitted to FDA

Kelly et al Gastroenterology 2015;149:223-237



Clostridium difficile in Altered Microbiome

Antibiotic associated C. difficile lacks sialidases
diarrhea s
(mixed species,
. sialic acid degrader...)
Emergence multidrug anitiotc __{ \%.,; ? / —
resistance strains 73 i

Slalldase Free O Sialic acid %

sialic acid w
Gut lining o J
3 T\ (P v . QK
) () 0 \

Inflammation
and disease

Increasingly refractory to
antibiotic treatment

Antibiotics dramatically
reduce biomass and

d. .t f " Normal qut Altered gut

IVErSIly Of gu commensal microbes SA released but
microbiome releases and consume and SA not adequately

Ruth Ley VOLUME 20 | NUMBER 3 | 2014 NATURE MEDICINE consumed
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Antibiotics Host Factors Diet Environment

/
(=

Free Sugars
(Sialic Acid) Bacteroidetes s
Sugar Alcohol )

C difficife Infection \ S Increased Microbial Diversity |~
with Decreased EAY it Following Fecal Transplant |
Microbial Diversity ¢ o R “ : V

T Proteabacteria Lachnospiraceae

Primary Bile Acid
(Taurocholate)

Secondary Bile Acids

FDA has ruled that it would allow FMT for this
indication without an IND application
although informed consent is still required

Issue: The Ideal donor?

Leffler et al NEJM April 16, 2015
Kelly et al Gastroenterology 2015;149
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MicrobiomeTesting: Integrated Analytic Process

. NA amplify .
patient sample . analysis
extraction sequence
source Volume yield/purity chemistry  software
tissue  preservation
storage e .
J difficult matrix
hard to disrupt organisms
Volume at each sampling depth of reads
event (sensitivity) precision of assembly
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American Human

European MetaHIT . . .
P Microbiome Project (HMP)

o Centrifuge slurries o Centrifuge slurries

e Guanidine thiocyonate/N- Repeated heating in
lauryl sarcosine 10min Mobio solution

add more and vortex  Repeated bead beating

 Centrifuge and heat 1-2 with zarconia/silica beads

hours . . .
e “Generic” extraction

 Repeated bead beating
with zarconia/silica beads

e “Generic” extraction

_ _ Versalovic et al. NIH HMP Initiative
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Wesolowska-Andersen et al. Microbiome 2014, 2:19
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Full name of the kit Manufacturer details Kit name Recommended faecal starting  Extraction  Eludon volume
abbreviation amount (mg) method ()
QlAsymphony® Virus/Bacteria Midi Kit Qiagen, Hilden, Qs Mot specified Automated 60, 85, 1107
Germany
ZR Fecal DNA MiniPrep™ Zymo Research Corp., z 150 Manual 100
Irvine, USA
QlAamp® DNA Stool Mini Kit Qiagen, Valencia, CA, QA 180-220 Manual 200
LSA
Ultraclean® Fecal DNA Isolation Kit MoBio Laboratories u 250 Manual 50
Inc., Carlsbad, USA
PowerSoil® DNA Isolation Kit MoBio Laboratories P 250 Manual 100
Inc., Carlsbad, USA
.—.*“ A B

A . l—*l B E 15 ..g 800

— — £ T _ s00
— 20000 § —=— — o 22 - <o 5z
= k.3 *k = falial 2 2 £ 400
£ ' ' : ' €204 52 Zg
T 15000 3 58 ° £5 m
2 * € 1.8 4 2 g
= — E | 0 ; 0 . .
g 10000 - |6 16 - Bacteroides/Prevotella group Bifidobacterium genus
a 2 c
o el 8
2 5000 i i é i g :
B S 1.2 5 E% 6
< ol — i T Sqpodlbfp L :f.

QS Z QAU P QS Z QA U P t'.lszm:.u|='t:|szm!\up52

100 mg 200 mg
Kit and starting weight

100 mg
Kit and starting weight

200 mg

Escherichia coli

S. Claassen et al. / Journal of Microbiological Methods 94 (2013) 103-110
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 16S rDNA --> most widely used bacterial target

0 250 500 750 1000 1250 1542

27F I49F SIIF SO0F 926F 1194F
T 138R SISk ™R HWTR "SRk T

Conserved areas targeted by primers

* Yeast and Molds ITS vs D1-D2
— Intergenic region of rRNA operons vs portion

— of LSU rDNA aene

D1/D2 region

T T
|

Results:

-Commercial extraction kits
give near identical results

£y
, i 16S targeting chemistries vary

Sequences Per Sample

. . . considerably in performance
Rintala et al. J Biomolecular Techniques Vol 28, 1 2017
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NGS Testing Spectrum and Issues

DNA Exfraction and
library preparation

Sequencing

Data processing

Data analysis

DNA quality

Cormrect fragment size distribution
- Impacts overall data output
- Impacts downstream analyzes e.g. de novo assembly

DNA quality

Sufficient starting material
- Adequate extraction from clinical samples and optimized
exiraction for different pathogens

Quality of raw data

Phred quality scores
- Per base and perread sequence quality
- Read imming/clipping based on quality and length

Sequence coverage

Uniformity of genome coverage
- Proportion of unique vs. ovemrepresented reads

- GC bias; low coverage/problematic regions

> depth of reads

Road mapping

Reference genome alignment
- Appropriate reference genocme zelection
- Per base mapping quality; unigue/non-unique mapping

De novo assembly metrics

Assembly - Number of contigs; minimum config length
- Scaffolded assemkbly vs. cloned genome
i . Criteria for variant calling/filtering
B e - Wheole genome vs. core genome
calling & : 2

- Consensus & coverage depth; Per base quality etc.

Similarity assessment

Isolate genome subtyping and clustering
- 5MP-based vs. gene based
- Tree building algorithm with/without evolutionary models

From Kwong et al Pathology (April 2015) 47(3), pp. 199-210
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Nucleic Acid Sequence Assembly
(much underestimated problem)

e Large variation in organism density
« Many highly related organisms

 Most current NGS technologies have “relatively short”
read lengths

 Assembly of phage and bacterial genome segments for
closely related regions may be very difficult or result in
errors including erroneous joining of segments from
different organisms



“Mosaic” genomes among lambdoid phages
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Casjens (2008) Res Microbiol 159:340
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P22-like phages where >25% different AA sequence = different color
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Informatics Resources
(tip of iceberq)

Composition-based Homology-based Composition- and

PhyioPythiaS CARMA Homology-based
NBC classifier SOrt-ITEMS Phyman8L
TACOA mOTU SPHINX
S-GSOM QUME MetaCluster
CONCOCT MC-RAST

IMG/M

MEGAN

RDP classifier

TANGO

MOTHUR

UniFrac

DOTUR

MNS

MyTaxa

Sankar et al Systematic and Applied Microbiology 38 2015
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Summary

 Microbiome is an alterable genetic target
 Rapid advances DNA sequencing

— Quality, speed, cost
e Maturing research tools and databases

 Massive human sampling studies in many disease, cultural, and
geographic settings

 Emergence of crowd funded projects (American Gut)

* An established and rapidly progressing basic and clinical science
increasingly supported by mainstream funding channels

Alivisatos et al.Science (2015) vol 350 2160 Rob Knight Nature 2015 V 518 S5
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