QIIME: Quantitative Insights

Into Microbial Ecology
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Humans have always asked
key questions about life

A e ol e - - 1 .
* 2 M - What kinds of animals are there?

(taxonomy)

- How many kinds of animals can
| find where | huni?
(alpha diversity)

- How different is one place from
another? (beta diversity)

- Who can | eat, and who can
eat me? (interactions)



How do we describe and
compare diversity?

: : 3 A
o. Diversity: ®
“How many species are in a sample?” /O N
0 y
@

(e.g. 6 colors in A and 6 in B)

e.g.: Are polluted environments K
less diverse than pristine?

} Diversity:

B
“How many species are shared
between samples?”
(e.g. 2 shared colors between A and B)
e.g.: Does the microbiota differ with
different disease states?



Qualitative versus quantitative
measures

Qualitative: Considers presence/absence only

o. How many species are in a sample?
e.g.. 6 colors in both A and B.

p: How many species shared among samples?
e.g.. A and B are identical because the
same colors are present in both.

Quantitative: Also considers relative abundance.

o. Accounts for “evenness”:
e.g. B, where the population is evenly distributed
across the 6 species, is more diverse than A,
where all species are present but red dominates.

p: Samples will be considered more similar if the
same species are numerically dominant versus rare.
e.g. B and A no longer look identical because of
differences in abundance.
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Phylogenetic vs Taxonomic
diversity measures

« Taxonomic: “How many species are shared between samples?”

* Phylogenetic: "How much phylogenetic distance is shared
between samples?”

* Phylogenetically related organisms more likely to have similar
roles in a community.

« Taxon-based methods assume a “star phylogeny,” where all
relationships between taxa are ignored.
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Lozupone and Knight, 2008, FEMS Microbiol Reviews 32:557-78
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Lots of diversity measures exist...
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B =
Sequencing is getting much
cheaper...

HUmCIn Genome PrOjeCII' F—!epmdFciiﬂrw.righteiahtainahlefrum

wiwwy Cartoonstock com

cost roughly $3 billion,
12 years (1991-2003) E 1“

Sequencing James
Watson’s genome in 2007

cost $S2 million, 2 months _? T

Today, you could get your
genome sequenced for

. gitch
about $2'500 and it would "Sequencing? No, this baby tells us
take a COUple of weeks how much we can charge for genome data."




Sanger vs lllumina sequencing
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Generation of polony array

Cyelic array sequencing

(=1 0B readsfarray)
Cyecle 1 Cycle 2 Cycle 3
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Sequencing instruments

Applied Biosystems
SOLID

— |

lllumina/Solexa Helicos

Applied Biosystems HiSeq Heliscope

ABI 3730XL

lllumina/Solexa
Genome Sequencer FLX Genome Analyzer |l

Roche 454



Sequencing technology rapidly
advancing, enables big projects

454 Illumina Illumina
AB 3730 Titanium  GAIIX hiSeq2000| MiSeq PacBio IonTorrent

read length 800b 500b 76-101b 101-151b |101-151b 1100b 100b
runtime (hours/days) 2h Oh 6-9d 9-15d 12-27h | 1.5h 2h
reads/run 96 1M 400M 1.6B 10M 35k 1.5M
raw error rate 0.001% 1% <1% <1% <1% 15% 2%
cost factor 100 1 0.1 0.025 ) Mo ? ?

ﬁl—umn # Animal 6 ERnviFon men

1)
Kuczynski et al. 2011 Nat Rev Genet; A s

Gevers et al. 2012 PLoS Biol e

2008 200 2040 2011 201
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Sequencing technologies to
waich out forl

Emerald |S|e, Inc.: éNt_ﬂ*yﬁr‘.B.rf_aakthrough in DNA Sequencing

DNA sequencing is proceeding at a breathtaking pace. But only one ] EMAIL
company has had the foresight to combine advanced technology with 5 pri

I_e preCha U n - bqsed traditional folklore and wisdom dating back thousands of years. 4R
= : ' ) REFRINTS
@, Entarge This Image  Emmerald Isle's leprechaun-based
Illec h nOIogy uses ' technology is based on spectral =
i 1 - decomposition techniques that allow
half SIlvered mlrror conversion of the pot of gold at the 1
H end of the rainbow into DNA NOW PLAYING
O n Illh e ra | n bow' sequences. The key breakthrough is
Ie-lls yo U C h Oose that by using a half-silvered prism, they can achieve
sequences, pot of
gold (no more

fractional conversion, thus leaving some of the gold intact
[N K I
grant writing!)

so that the sequencing pays for itself (or, if lower coverage
is needed, it is possible to turn a profit, reducing the need
for time-consuming grant applications).

/ Recovery of the gold/sequences has thus far proved
somewhat more challenging than anticipated in their last
quarterly report, but all involved with the company see
bright prospects for the future. * “We believe that this
obstacle will not be insurmountable and are shipping the
instrument now in the anticipation that our customers will
be able to resolve this issue on their own". a source close to the company noted.




Sequencing technologies to
waich out forl

. DNA Sequencing Advancing at Rapid Pace
Hail Mary e
Tec h no I og ies: Interest in the intersection of science and religion is at an all-time E E-MAL

high point. Yet only one company has discovered how to use a well- S PRINT
established religious belief to improve the lives of those suffering from 5 gueie pace

tragic genetic diseases. [ REPRINTS

Lies make Illhe ba bY %, Enlarge This Image It iS a fact well-known to everyone's I+ 3HSE
Jesus cry. By | g
measuring the flow L et
r G'l' e' 'l'h e errorr Cl'l' e advanced DNA sequencing technologies.
can be recalibrated

for unprecedented

accuracy.

A revolutionary new instrument from Hail Mary
Technologies is extremely inaccurate on each pass, but

= depending on the magnitude of the lies being told about

& each nucleotide position (e.g. transitions vs. transversions),
= many of these errors can be corrected based on the tear
flow rate.

The production facility has regrettablyexperienced an

Tha error rate at each position in tha ) 4 i

DNA can be determined by how much  00USUAl number of lightening strikes, but sources close to
the bayb Jesus cries when the resultis  the company are optimistic that this issue will be resolved
reported 1o the user '-'EI":T:'-:""I.'IT‘"_.'_ thi .

production faclity has experlenced in the near future.

delays due 1o lightning strikes
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8 Unprecedented Throughput in DNA Sequencing
Petagenomics GmbH: -

The human microbiome , the 100 trillion cells that inhabit the human & el
body, have recently been found to cure persistent Clostridium difficile = panr

infections, assist weight loss, cure cancer, and balance auras. [E] SINGLE PAGE

T h ro U g h p U‘I' O p‘l‘i m ize d However, characterizing these beneficial microbes has remained a R Renird

by SHARE

challenge, in large part because there are so many of them.

to produce 10" cmn o A dog e
sequences (each 1 base ot sl t ths o
of Q17 dCI'l'CI) and can sequencing a petabase (1 followed by 15 zeroes) of sequence
sequence every rRNA

in the human gut!

for a remarkably modest cost, thus providing coverage of
all the bacteria in the human gut (typically estimated to
number 100 to 1000-fold fewer than this).

"We can now produce more sequences than there are in the
gut of even the largest human, which is increasingly
important as the obesity epidemic worsens”, said a
spokesman for the company. Critics of the technology note

| that it is only able to sequence one nucleotide from each
sequence, making it difficult to determine which species are
found in each sample. The company asserts that these

Taxonomy assignment
methods are rapidly R s & viiie s o curcmiil]

community, and often a short fragment is enough”, a

° °
I m p rOVI n g consultant for the company noted. "Although we are not at species-level resolution, we are
L N N J

sure this technology will have many clinical applications and prevent cute puppies from

dying of horrible diseases.”
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Sequencing technologies to

waich out for!

Monoceros:

Unicorns are fabled for
their ability to detect
poisons, including viral
and bacterial toxins and
even the genes that
encode them...

DNA Sequencing Advances Find Pathogens Everywhere

%1 Enlarge This Image  Lhe revolution in DNA sequencing B EMaL
T — T =
T ""’:1 promises to pervade every aspect of S PRINT
our lives, from tracking objects we [ SINGLE PAGE

i .__:‘:‘ F;jﬁr?xf " have touched to identifying germs B REPRINTS
= .

SHARE

lurking where they have never been
seen before, But which of these tiny
invaders are harmful, and which can
live with us peacefully?

. It is an established scientific principle

j‘{. that unicorns are able to purify poison using their horns.
7 Scientists at Monoceros recentlydiscovered that this effect
extends to microbial toxins, and even to the genes and
pathogenicity islands that encode these toxins. By

ceoenen | Magnifying the sequences using an electron microscope
jotection.  and carefully monitoring small changes in unicorn

R e ™" physiology, they can therefore detect which strands of DNA
the fiold are potentially harmful.

Due to the nature of the prineiples involved, this technology requires an isolated,
temperature-controlled unicorn stable, which has caused issues at some sites due to the
importance of preventing horn entanglement in the cables. An additional issue
encountered in scaling from R&D to production was that only virgins are able to tame the
unicorns: although this was not a problem in the R&D facility, it has led to certain issues
with field deployment of the instruments, either because customers were insufficiently
pure to begin with or were no longer virgins after being serviced by marketing and for
support teams. However, those close to the company believe these issues will shortly be
resolved and are expecting to ship sufficient instruments to meet revenue targets.
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Zer0-Molecule Genomics:

Single-molecule bio-
physics is too hard for
many users because of
lack of reproducibility.

The next frontier, zero-
molecule, fixes this issue.

Specificity excellent,
sensitivity improving fast...

DNA sequencing advances beyond single-molecule

%, Enlarge This Image  Single-molecule DN A sequencing has B el
W revolutionized the field of genomics, a 5 e

remarkable feat given that the [E] SINGLE PAGE
instruments that produce this task are o __
[ REPRINTS
not yet commercially available, Yet '
¥ [3] sHaRE

many potential customers are worried
about the level of training required to
interpret the data from the
instruments, which is often highly
variable,

"Already my clients are concerned that what started off as a
biology project has also turned into a sequence methods
development project and a computer science project”, said
one core facility director who asked not to be named. "Now
it's also a single-molecule biophysics project. I hear that the
instrument is delayed because our institutional review
board is still assessing the safety of the scalpel and
spaceship that it ships with, in order to accommodate the fact that it is also a brain
surgery and a rocket science project”.

Fortunately, new technology has provided a resolution to this conundrum. Zero-Molecule
Genomics (ZoMG) has taken the next logical step: their zero-molecule sequencer operates
without any molecules at all. The reproducibility of runs is excellent, and the false
discovery rate is so low as to be undetectable,

"We have found that traditional ROC plots fail to fully capture the advantages of the
device”, a source close to the company said, "but by plotting only the specificity and
omitting the sensitivity on a one-axis ROC plot, we can achieve excellent performance™.
This bicinformatics advance, together with the low run-to-run variability, will be
invaluable for obtaining FDA approval for the instrument as a diagnostic device.
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Marker gene and shotgun studies
produce abundance tables...

TS
DNA from Fecal Samples
5SU ribosomal RNA Cultured Isolates from Fecal Samples Shotgun Metagenomic
targeted gene sequencing ¢ sequencing
51 S2 53 54.. Genome Sequencing 21 52 53 54 s
oTuol ¢ 1 5 0 GeneO1 0 1 5 0 r:""‘
otvoz 1 2 0 7 Gene02 1 2 0 7 L\ “m
gTuo3 0 0 0 0 Genome sequences relate  Gened3 0 0 0 0 Mm .
gl A O functions to species e FL R S - L
oTwos 0 2 1 0 Gene0S 0 2 1 0 wl™~ - - )
OTuoé 5 1 0 4 Gene06 5 1 0 4 e
aTua7 o L2, 1 Gene07 0 0 2 1

Lozupone et al. in press, Nature



...1That can be used for a suite of

downsiream analyses

Which microbiota are the most
compositionally diverse?
Le have the most phyloty pes or branch

Alpha Diversity

163

AOTUs

Viii.

§ SEdUenoes

length¥

A scenand in which an increase in the

numkber of taxa (compositonal diversity]

i Nt |é O &R INCEase i
numker of functions (functiona
dlwersity) can

ndicate functional redundancy

Which microbiota ara tha most
functionally diverse?
Le.have the miost gene families?

v

eta Diversity

P2
[
=

Which factors correlate with
differences in microbiota composi-
ton?

e do individuals of the same age,
culture, or disease state have
rmicroblota with more phylotypes or
phylogenetic lineages in commaon?

Bata diversity plots based on taxonamic

and functicnal compaosition are
usually highly correlated. indicating
that functional genes hawve a
high phylogenatic signal.

Which factors correlate with
diffarences in functional genes?
L.e.do individuals of the same age,

culiure, or disease state have
microbicta with a more similar
representation of gene families?

Machine Learning/
Classical statistics

Which phylotypes differentiate
groupsi
Are there particular phylotypes or
collections of phylotypes that
discriminate/significantly differ
babwiaen tha micriotyiota of individuals
im e.g. health and disease?

Functienal differences are often largely
reflective of taxonamic differences, Of
interast are when selacted functions
cannot be explained by selected
taKonomic groups: indicating potentisl
functienal convergence

Which genes differentiate groups?
Are there particular gene families/

functions that discriminatessignificanthy

differ batwesn the micriobiots of
individuals in 2., haalth and disease?

Co-occurrence
B.C _-:uh-lus- ‘h$lu|ﬂp
]
E.Echm:_ B capikras

L e
Epneumonige’  Loagkamkil
& '

i
L ferguncaii  Eool

Which phylotypes co-distribute
across people and what factors (e.q.
diet or disease) explain distribution
patterns of co-distributing groups?
Paositive correlations can be driven by
shared envirenmental praferences (eg

indicatiwe of shared ecological
attribsubes ar symbiotic/asyntraphic
relationships). Negative correlations by
divergent environmenial preferences or
campetitive relationskips,

FI."'::IIII'III':J' CO-QOLUmenee SnadiySes on
species with completa genomas can
allow for further exploration of the
drivinmg factors of pasitiva or negative
correlations. For example
geneyfunctions that are sharaed by
phyloganatically unrelated
bactenia that co-ocour can indicate
potential enviranmental driv ny FaCEOrs,

Which gene families co-distribute
across peapla ¥
Mot as usaful as phylotype co distribu-
tion overall, Positive correlations likely
driven by genes that co-ooour in the
same genome [phylotype).

Metabolic Network
Modeling

Lozupone et al. in press,

L
alzta-D-Teraw

Nature

What metabolic activities would be
predicted for a collection of
phylotypes?

Metabolic predictions can in pringipal
be made for collections of phylotypes If
asaciated reference genome
sequences ars availabla,

What metabolic activities would be
pradicted for a particular
phylotype/fspacies?

What overall metabaolic activities
wotld be predicted for a microbiota?
What spectrum of metabolites would
amioroblota produce from a defined

diet?

A promising pramise for designing
personalized therapeuwtic diets in
general, but challenging due ta
incompletz knowladge of which genes
perform which enzymatic reactions, and
wihich species axpress which
enzymes in different contexts.

Shotgun



It's important to recognize there
are (too many?) other omics...

250

N
o
o

s
&)
o

100

Unique -ome' terms in MEDLINE
n
o

0
1940 1950 1960 1970 1980 1990 2000 2010

McDonald et al. in press, GigaScience Year



It's important to recognize there
are (too many?) other omics...

250 1 ° 79
Peak “omics”?

N
o
o

s
&)
o

100

Unique -ome' terms in MEDLINE
n
o

0
1940 1950 1960 1970 1980 1990 2000 2010

McDonald et al. in press, GigaScience Year



...but there are only a few “main”
omics you need to worry about

- Genomics (whole genomes)

Metagenomics (DNA fragments)

Metatranscriptomics (RNA fragments)

Metaproteomics (Protein fragments)
- Metabolomics (small-molecules)

All produce essentially same types of tables

McDonald et al. in press, GigaScience



Key challenge: relating different
microbial communities



Key challenge: relating different
microbial communities

One communiiy: can say

I HEEN

something about taxa
present, but not so
informative...

Dethlefsen et al. (2007) Nature 449:811



- R
Key challenge: relating different
microbial communities

..more mformahve fo compare T
across communities, but pie ® n
chart approach doesn’t scale... . '

®

Dethlefsen et al. (2007) Nature 449:811



Key challenge: relating different
microbial communities

_
...more informative to compare
across communities, but pie @ n

I HEEN

chart approach doesn’t scale...

...and are the results different . @
because of differences in the 1 @D
community, or because of @
technical biases? (in DNA

extraction, PCR, analysis, etc.)

Dethlefsen et al. (2007) Nature 449:811



Direct environmental sequencing
sees the “other” 99% of microbes

1. Get samples
and extract
DNA

3. Sequence

4. BLAST sequences,
group by similarity
o GenBank seqs

W
l

2. PCR amplify
(usually SSU
rRNA gene)




Direct environmental sequencing
sees the “other” 99% of microbes

-

1. Get samples
and extract

DNA 4. Align, build tree

il

l

!

3. Sequence —

4. BLAS nces,
group B¥Esimilarity
to G seqs

2. PCR amplify

.

(usually SSU
rRNA gene)




Problem: big frees hard to
understand and analyze

Example: 5088 mouse gut rouse i
and 11,831 human colon . Tl
bacterial sequences

- See many clusters of  snomcen

Sequences from QGCh Cyammmﬁi_” _.- ..:-' .I;:-_' X 3 Y / g :
sa mple eobacteria - .

- Significance tests for
differences, but no
phylogenetic metric

Ley et al. 2005 PNAS 102:11070
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...and we’ve all seen papers like
this...

FEMS

MICROBIOLOGY
Ecology

FEMS Microbiclogy Ecology ¢4 (2003) 231-242
www. fems-microbiology.org

Molecular analysis of bacterial microbiota in the gut of the termite
Reticulitermes speratus (Isoptera; Rhinotermitidae)

Yuichi Hongoh *"*, Moriya Ohkuma *°, Toshiaki Kudo *°¢

* International Cooperative Research Project, Japan Science and Technology Corporation [JST-ICORFP), Saitama, Japan
b Molecular Microbial Ecology Division, Bioscience Technology Center, RIKEN ( The Institute of Physical and Chemical Research).
Wako, Satrama 351-0198, fapan
¢ Division of Envirenmental Malecular Biology, Graduate School of Integrated Science, Yokehamea City University. Kanagawa 2300045, Sapan

Received 5 August 2002; received in revised form 10 November 2002 ; accepted 29 December 2002

First published online 31 January 3003
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...and we’ve all seen papers like

this...

FEMS

MICROBIOLOGY e
Ecology ‘_

FEMS Microbiclogy Ecology ¢4 (2003) 231-242
www. fems-microbiology.org

Molecular analysis of bacterial microbiota in the gut of the termite | {

Reticulitermes speratus (Isoptera; Rhinotermitidae) =z .

- Ra-Drid oy
- Bia-E11 {3

Yuichi Hongoh #®*, Moriya Ohkuma 2°, Toshiaki Kudo #°¢ S L

* International Cooperative Research Project, Japan Science and Technology Corporation [JST-ICORFP), Saitama, Japan
b Molecular Microbial Ecology Division, Bioscience Technology Center, RIKEN ( The Institute of Physical and Chemical Research).
Wako, Satrama 351-0198, fapan
¢ Division of Envirenmental Malecular Biology, Graduate School of Integrated Science, Yokehamea City University. Kanagawa 2300045, Sapan

Received 5 August 2002; received o revised form 10 November 2002; accepted 29 December 2002

First published online 31 January 3003
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...and we’ve all seen papers like

this...
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MICROBIOLOGY
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...and we’ve all seen papers like

this...
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...and we’ve all seen papers like

this...
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...and we’ve all seen papers like
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...and we’ve all seen papers like
this...
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Calculating a community
distance metric

Distance = fraction of the total branch lengths that is
unique to any particular environment

ldentical communities: Related communities: Unrelated communities:
=) D~0.5 ="

Lozupone & Knight 2005, AEM 71:8228
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Can relate many samples on one
tree using phylogenetic info

Red vs Blue
shared=Grey

Yellow vs Blue

r e
| —
]
| N
|
u Red vs Yellow
|
[ ]
|
[ |
|
R B
Rlo| 5]|.7
5 10
Bl .Zl11]0
Distance Matrix

Lozupone & Knight 2005 AEM 71:8228
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Physical environments:111 studies,

202 samples, 21,752 sequences

B 20202
Temperature

Nutrient =
Avallablllty

Oligotrophic
Eutrophic

1-200 atm =
Lozupone & Knight 2007, PNAS 104:11436
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Surprisingly, major split is saline/
non-saline environment

PC1vs PC2

Non-saline Saline

Salime Sedmaent,

|
|
g
EE%
mzZ—r>»wn| Z0ZMZ—>»Wn
PC2 (4.53%)
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-
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a >
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P »
b >

T S PC1 (5.47%)
Lozupone & Knight 2007, PNAS 104:11436




B 22222
Exireme environments are not

outliers

. >
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...out when we add samples we
can find exireme environments...
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Ley, Lozupone, Hamady, et al. (2008) Nature Reviews Microbiologypcj- (8.51%) v



...most strikingly, in the
ver’rebraie guf
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/ PC2 (3.21%)

Ley, Lozupone, Hamady, et al. (2008) Nature Reviews Microbiologypcj- (8.51%) v



Are fecal samples OK for
representing the gut?

By subject By site

Data from Eckburg et al. 2005; reanalyzed by Micah Hamady



Clear clustering by diet...

Circles are different mammals,
colors different categories

Grey rounded squares \
are shared OTUs
« \
..--"".""" -’
—

" Larger nodes =

. - i
Thinner edge = more connections

fewer sequences <—— Each line indicates
that an OTU was

Thicker edge = more foundina

sequences (shared given mammal 5
OTUs only) “— Diamonds contain OTUs

unique to individual
samples (bigger =
more OTUs)

© Herbivore
Carnivore

Ley et al. 2008 Science 320:1647 Omnivore




...with the carnivores clustering
together...

Circles are different mammals,
colors different categories

Grey rounded squares \
are shared OTUs
% \
..--"".""" -’
—

" Larger nodes =

. - i
Thinner edge = more connections

fewer sequences <—— Each line indicates
that an OTU was

Thicker edge = more foundina

sequences (shared given mammal 5
OTUs only) “— Diamonds contain OTUs

unique to individual
samples (bigger =
more OTUs)

© Herbivore
Carnivore

Ley et al. 2008 Science 320:1647 Omnivore




...Iwo types of herbivores, the
foregut and hindgut fermenters...

Circles are different mammals,
colors different categories

Grey rounded squares \
are shared OTUs
% \
..--"".""" -’
—

" Larger nodes =

. - i
Thinner edge = more connections

fewer sequences <—— Each line indicates
that an OTU was

Thicker edge = more foundina

sequences (shared given mammal S
OTUs only) “— Diamonds contain OTUs

unique to individual
samples (bigger =
more OTUs)

© Herbivore
Carnivore

Ley et al. 2008 Science 320:1647 Omnivore




...and one group of omnivores...

Circles are different mammals,
colors different categories

Grey rounded squares / \

are shared OTUs
% \
..--‘.""" -’
~

" Larger nodes =

. - i
Thinner edge = more connections

fewer sequences <—— Each line indicates
that an OTU was
found in a

Thicker edge = more )
given mammal

sequences (shared
OTUs only)
unique to individual
samples (bigger =
more OTUs)

© Herbivore
Carnivore

Ley et al. 2008 Science 320:1647 Omnivore




...that includes humans, despite
our diverse habitat and diet

Circles are different mammals,
colors different categories \

Grey rounded squares
are sha:d UTUE\
..---"‘.""" -5
= " Larger nodes =

. - i
Thinner edge = more connections

fewer sequences <—— Each line indicates
that an OTU was
found in a

Thicker edge = more )
given mammal

sequences (shared :
OTUs only) < Diamonds contain OTUs

unique to individual
samples (bigger =
more OTUs)

© Herbivore
Carnivore

Ley et al. 2008 Science 320:1647 Omnivore




Carefully chosen regions of 16S
give same info as full sequence
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Procedure: clip parts
of sequence, check

if UniFrac clustering

IS the same

Liu et al. 2007, NAR 35:¢120
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QIIME: integrating analysis of
hundreds of samples

i @: 454: short sequence
4N @ +added barcode E
N ' > = | >
Mix samples and Because each sequence
Tag 16S genes from sequence on 454’s has a barcode, can tell
hundreds of samples GS FLX instrument which sample each is from
with DNA barcode
Clip off
barcodes
@ o A
< -
o ®
Use the tree to cluster the Use the sequences to Align sequences
samples, e.g. healthy/ build phylogenetic tree to identify taxon-
diseased samples cluster? with samples on branches specific regions

Hamady et al. 2008 Nature Methods 5:235; Caporaso et al. 2010 Nature Methods 7:335
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QIIME resolves technical challenges
in dealing with next-gen data

me aum

Cuantitative Insights Into Microbial Ecology

S0QUENCIng TRt
(454, lllumina, Sangar)
fasta, qual, sfiftrace files

Pra-processing
@.0., remove primens), demultiphes,
quality firtar
Y
Danciga 454 Data SRA Submission
PyroMoise, Denoiser Submit saquances and a-diversity and rarefaction B-diversity and rarefaction
e 8.0, Phyloganatic 0.9, Weighted and
v Diversity, Chao1, unweightad UniFrac, Bray-
Obsarved Species Curtis, Jaccard
Pick OTUs and represantative saquences T T
Baference based Da nova X
BLAST, UCLUST a.g., UCLUST, CD-HIT,
MOTHUR Visualization
' F ! 8.49., 20 and 30 PCoA plots, distanca higlograms, Eeonomy pie
chants, rarefaction plots, OTU network visualization, jackknifed
Assign taxonomy Align sequences higrarchical clustering.
8.9, PyNAST,
BLAST, RDP
e INFERMAL, MUSCLE,
! T f
Buikd 'OTU table’ Build phylogenetic tree
i.2., per sample OTU e.g.. FastTres, RAxML, o
N -7, "SRR ) NN =" == http://qiime.sourceforge.net
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Our philosophy: wrap “name-
brand” algorithms

VS.

A — 'l i
...with the generics, you don’t know what you're getting!
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QIIME resolves technical challenges
in dealing with next-gen data

guality
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QIIME resolves technical challenges

in dealing with next-gen data

(a) (b) 0: [1111111111111111...]
1: [1010101010101010...)
2: [-110011001100110...]

d: [=-=-=-1111000011110...]
o1 111
(c)
01 110 | :
T Y [cco1 111 sl [o] =0sono  |§
LN o1 10011 x|0o| =|o| erronremove | x| =0011=3
* ¥ H"i"““* 1111111 ‘i‘ o] parity bits o
~—— /001 101 d
@.0., remove primens), demultiphes, |
quality filter 000 T 100 1 =6,s0error | x
! . I L ? e ———" ol [1] atposition: |
1111111 x|0| =|1]| flipbitand [ =0011=3
1111111 o| remove 0
parity bits

Error-correcting codes allow
precise demultiplexing (e.g.
12-base Golay codes detect

4 simultaneous errors, correct 3)
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QIIME resolves technical challenges
in dealing with next-gen data




QIIME resolves technical challenges
in dealing with next-gen data

Nature Methods 6, 639 - 641 (2009)

Accurate determination of microbial diversity from
454 pyrosequencing data

Christopher Quince!, Anders Lanzén?, Thomas P Curtis®, Russell J Davenport?, Neil Hall*, Ian
M Head”, L Fiona Read” & William T Sloan’

We present an algorithm, PyroNoise, that clusters the flowgrams of 454

pyrosequencing reads using a distance measure that models sequencing noise. This
infers the true sequences in a collection of amplicons. We pyrosequenced a known

Danoisa 454 Data Ii mixture of microbial 165 rDNA sequences extracted from a lake and found that
e without noise reduction the number of operational taxonomic units is overestimated

*— but using PyroNoise it can be accurately calculated.
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QIIME resolves technical challenges
in dealing with next-gen data

CORRESPONDENCE

Nature Methods 7, 668 - 669 (2010)
doi:10.1038/nmeth0910-668b

Rapidly denoising pyrosequencing amplicon
reads by exploiting rank-abundance
distributions

w1,

Dencise 454 Deta | l; Jens Reeder! & Rob Knight!-2
_mrﬂ';r- 1. Department of Chemistry & Biochemistry, University of Colorado at Boulder,

Boulder, Colorado, USA.
2. 'Howard Hughes Medical Institute, University of Colorado at Boulder, Boulder,
Colorado, USA.

Correspondence to: Rob Knighti-£ e-mail: rob.knight@colorado.edu

Pyrosequencing has revolutionized microbial community analysis by
allowing the simultaneous assessment of hundreds of microbial
communities in multiplex with sufficient depth to resclve meaningful
biological patterns. These technigues have been used to study microbial

processes on scales ranging from continents! to within an individual's
bodyZ,
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QIIME resolves technical challenges
in dealing with next-gen data

The (mythical?) chimera

i ot |
I 4,

. )

| "-"""1\

LT: | =~ ™ %
] | | AAATCCTGGGC

+
TATTCCTATCC

AAATCCTATCC
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QIIME resolves technical challenges
in dealing with next-gen data

The (mythical?) chimera

Uchime CSlayer

|

Denoiga 454 Data ‘:
PyroMoise, Denoiser

—

Perseus
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QIIME resolves technical challenges
in dealing with next-gen data

i ¥

Pick OTUs and represantative sequences




QIIME resolves technical challenges
in dealing with next-gen data

i ¥

| Pick OTUs and represantative sequences

‘ Befarence basad Dt nova ‘
BLAST, UCLUST a.g., UCLUST, CO-HIT,
MOTHUR

SEQUENCES

FROM

SAMPLES 1-5

REFERENCE TREE
OF NON-REDUNDANT
FULL LENGTH SEQUENCES

RseqO1

Rseq02
Rseq03

Rseq04
Rseq05
Rseq06
Rseq07
Rseq08
Rseq09
Rseq10

Rseql1
Rseq12
Rseq13
Rseq14

JE .—‘—‘ e
REaEAAREN AR

BLMT\L% TOP HIT COUNTS

AGGCTAG...

GGACTAC...
CGTAGCA..

CGTAGCA...

TGATCGA...

AGGCGAG...
ATACTATC...

GACTAGC...

AGAGCTG...
TAGCTAGI...
GATCGATC...
ACTAGCTA..
TAGCTAGC...
ACTAGCTG...

S1 52 S3 54 S5

0 A, TRl
1 2 /O
0 0 0=l S
1 5" 2l
0 2 T
3 11 0 B
0" 0 227 A
2 3 e
1 2 U5l
> 1 0 'S
0 2 1 "I
Z 3. 0 3
1 4. 0 TW=a
47 Qs gl L SE



BLAST to Réference Tree Protocol
(global dataset reanalysis)

f PC2 (4.44%)

A) BLAST C) STAR

" §amss B B .." Iy T
e el JL Talk v .gi“ . C1{4.33%)

-
Sy

-
|

PC3 (326%) PC3 (2.56%)

® \Vertebrate Gut Termite Gut ® Human Skin/Mouth Invertebrate Associated

® Saline Freeliving ® NonSaline Freeliving Mixed Freeliving 5

« BLAST to greengenes coreset tree replicates Arb parsimony
Insertion results when phylogenetic relationships matter
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QIIME resolves technical challenges
in dealing with next-gen data




...and the 'choices made in the
pipeline can really matter!

UniFrac Kulczynski Euclidean

Tree-based metric (UniFrac) reveals patterns that
are obscured using taxon-based metrics because
the free better reconstructs evolutionary history

Micah Hamady (data from Lozupone & Knight 2007 PNAS)
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The region of the 16S rRNA can
have large effects on clustering...

2 04
. g | le)
- 33 = ib
(@) 2= o I3 g8 22 = o a8 ==
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e -0.2 a0 0.2 0.4 e
— 04 P1 - Perceriage variaton explained 22.58%
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[
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- -1
{T1

; 3
Procedure: clip parts | -~
of sequence, check AL A8
if UniFrac clustering “j g w
is the same / =T Ny '

& 200 060 075 080 027 069 069 060 067 0568 0.2

P2 - Pedcntage varniation kaplained 21.40%

Fisot 056 065 069 04z 052 040 054 03 04z O3 a1 '.'1
100} 056 052 04 027 040 062 052 046 056 010 s
03 F
Liu et al. 2007’ NAR 35:e120 F343 FST7 F764 FOTT FI000 W36 RS R708 ROZ8 Riiie a4l

a.n 0.2 0.4 0E
P1 = Percentage variahon explained 28.50%
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...and taxonomy: method not
sample can dominate result!

Gussrrend Magn

B
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Procedure: clip paris LH
of sequence, check

F5I7_750
FTE4 FEG
R¥}?_T50
RS 3750
K258
REM_i 50

00

Lhe
R _800
R1104_&03
WE S8
FI1T_400

A
z
§

L] Unclassified
O Others (<002 Everywhes)

B verrucomicrabia
B Chlomoflexi

B Spirechaetes

B Cyanobacteria
B Acidobacteria

B Firmicules

B Bactercidetes
M PFratecbacteria

if taxonomy assignment .
(using several methods) Ll
is the same

i‘
&
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3%
A
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Liu et al. 2008, NAR 36:€120




Remarkably, totally different
species lead to same functions...

Bacterial phylum COG categories

100%

80%

@
=
&~

.
]
&~

Relative abundance

20%

0%

S S53985338888823888 3383382 358888883888
FEFEEEFEEEESEESEESEEE EESEEEEEESEESEESEERE =
L I L OF BRI (I i L e e TR T S T Nt I o o P O
M Firmicutes M Bacteroidetes  Actinobacteria | [[E% _ [[II-=|]] Eg% Eg} [['2-3] [[T*_i*j]] n [['E;]] _ [[H m [J]
Proteobacteria M Other - - -
~ m [l [E] m[S] =[U] [N] m[V] m[B] m[A]

Turnbaugh et al. (2009) Nature 457:480
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that can’t be expla

by the genomic gene contents

...in ways

Firmicutes
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HMP data confirms trend across
body habitats

+ Phylotypes —+

+ Relative abundance —

Nares  Oral (BM) Vaginal Skin Gut Oral (SupP) Oral (TD)

Relative abundance —
ol W |

T

Dirk Gevers (Broad Institute) + HMP Consortium + Pathways —
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...and of course 168 rRNA isn’t the

whole story...

Langille et al. 2013 Nat Biotech



...and of course 168 rRNA isn’t the
whole story...
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Langille et al. 2013 Nat Biotech
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...though it’'s more than you might
think...

Taxon Orthologous  Pathways
abundances gene families and modules

Seq. genomes

_l—_- H

-| L _ X
T - L

HUMARN

S
e
]

Gene families in one
HMP hard palate sample

-

CITTTT I T

%II[[

Metagenomic abundance

Reconstructed - 0 r .
genomas Relative abundance 0 0.003 0.006

Langille et al. 2013 Nat Biotech 16S predicted abundance
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...though it’'s more than you might

think...

Seq. genomes

1.0 ® Hypersaline
4 ® Soil
- ® Mammal
- ® Human
o _— - 081
=
1 B/ 2
o
. E" L L
t.ﬂu ol » "
~

% 0.44 ° H [

S — U-}
'
v

- » 1 L 024 .
L. 04
e = 0 005 010 015 020 025 030
g Relative abundance I
Average 163 distance to nearest reference genome (NSTI)

Langille et al. 2013 Nat Biotech
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Can match mulfilevel data (e.g. 16S
rRNA vs metagenomic) w/ Procrustes

C Weighted Unifrac vs. CAZy
PC2 (12%)

o=
=]
=
=~
(=8
c
5
i)
(%]
-
w
=
m
A
(8]
2
w

Weighted Unifrac vs. KO Lt | ‘\\ [
PC2 (11%) |
M2 = 0.67T1
a—ﬂ"""’-‘ \
:‘H}Q‘f'\. ’/ / PC1 (24%)

— 5

ﬁk’;\] E Weighted Unifrac vs. EC
_— PC2 (11%)
® Carnivoire /
\ @ Omnivore N = rj//.//
\

A { Herbivore \'\R

M= = 0.451 1
Muegge et al. 2011 Science — PC1 (24%) ~ PC1 (26%)
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As sequencing moves from a
cottage industry...

i

.................
T P i e =
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...1o a real industry...
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...the labeling requirements also
change




Supervised Classification

¥

Using a set of samples with known
category labels, learn to put
unlabeled samples in the correct
category

A

P =Y

E.g. identify cancer cells from
microarrays

Differs from unsupervised
classification (e.g. PCA),
where we don’t have
predetermined categories

b

Figura 9.7.

e

source: Cooley & Lohnes ((1971) I

PC, compenent




Supervised Classification and
mislabeling

Koenig et al. 2010: initially puzzling results | o
disappear on resequencing the samples
(Knights et al. 2010 ISME J)

When patterns are clear, trusting pattern
is better than trusting asserted labels

-> use supervised learning to fix labels




Label correction works!

_

Using data from Fierer et al. 2010 PNAS and Costello et al.
2009 Science, randomly introduced labeling errors can be
corrected by a random forests classifier

[What's arandom ~ Before _. TS
forest? Decision | ... ;
trees trained on 3| = s 5.
random sample .1 = _: s S VL
ofdata andfew f:zf ogdw e Pai cgde oo
variables, each {7 ¢ e | g @ . S
tree votes once ; o
on new data so .

errors cancel]

W c
O (intentionally) mislabeled O correct label recovered
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QIIME in the cloud lets anyone
analyze their data...
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...seriously, anyone...




Data integration workflow

.
Upload and verify your . Download your and the HMP
MIMARKS-compliant metadata |jr———— Reference pick OTUs =1 0TU reference based tables and
' I Ie & RAW sequencing data mapping files

Create a QIIME cluster using

Merge your OTU tables and Rarefy and filter your OTU table
powered by StarCIuster?i:Eiuplﬂad your > mapping files > at convenience
amazZon
webservices

m Repeat ,r

ol 1

Filter at convenience —f— Analysesin parallel using QIIME

Antonio Gonzalez
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Infant gut microbiota changes
radically: integrate with adulis?

Breast milk

diversity

day

Koenig et al. PNAS 2011 108 suppl 1:4578
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