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genomic Phylogenetic Analysis

Fast and accurate metagenomic profiling of
microbial community composition using unique
clade-specific marker genes

DA “ifect Siz

High-dimensional biomarker
discovery and explanation

http://http://huttenhower.sph.harvard.edu/content/metaphlan-tutorial
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‘ < Tutorial Outline

» Introduction to MetaPhlAn



‘ < MetaPhlAn Motivation

Tons of microbes Tons of short reads Relative abundances
‘V ?
o) >
Shotgun Taxonomic
sequencing profiling

Profile the taxonomic composition of microbial communities from whole
shotgun metagenomic data

e Which clades (e.g. species, genera, classes) are there?
e What is the relative abundance of each clade in the community?
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Profile the taxonomic composition of microbial communities from whole
shotgun metagenomic data

e Which clades (e.g. species, genera, classes) are there?
e What is the relative abundance of each clade in the community?

Several challenges

e Species-level resolution

e Computationally feasibility

e Organismal relative abundance rather than DNA concentrations

e Consistent detection confidence for all clades, including archaea

e High accuracies for very short reads (as short as ~50nt)

e Detection of organisms without sequenced genomes at higher taxonomic levels



Short Reads

‘ < MetaPhlAn Overview

Genomes
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‘ < MetaPhlAn Overview

Ais a for clade Y
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‘ < MetaPhlAn Overview

Ais a for clade Y Ais a for clade Y
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ChocoPhlAn (offline pipeline)

Uniq] ue - Identify all core genes for all clades A¥ailable
eneserDB - Screen core genes for unique marker genes ‘_ rzgggg;
& - Select most representative marker genes g

( MetaPhlAn )

Metagenome ’ - Blast reads agains the marker genes
- Assign, count, normalize reads




‘ < Tutorial Outline

» MetaPhlAn Demo
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‘ 9 MetaPhlAn Demo: Setup

» Download program and marker database from:

http://huttenhower.sph.harvard.edu/metaphlan

» Requires python with numpy installed

» Requires BLAST or Bowtie2 for alignment
(Bowtie2 recommended)

» Today’s sample data available at:
http://huttenhower.sph.harvard.edu/content/metaphlan-tutorial
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MetaPhlAn (command line)

» Show minimal MetaPhlAn setup

» Run MetaPhlAn on downsampled HMP FASTA
» Examine marker output file

» Example abundance output file

» Discuss taxonomic organization

» Discuss “unclassified” species
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> python metaphlan.py --bowtie2db bowtie2db/mpa stool.fasta > stool.txt
> 1




‘ 9 MetaPhlAn (command line)

Terminal

= > head -10 stool.fasta.bowtie2out.txt
100:0:1487/1

@ HWUSI-EAS1625 615HE:
HWUST - EAS1625 615HE:
HWUST - EAS1625 615HE:
HWUSI - EAS1625 615HE:

) HWUSI-EAS1625 615HE:

HWUSI-EAS1625 615HE:

HWUSI-EAS1625 615HE:

PRI HAUST-EAS1625_615HE:
HWUST - EAS1625 615HE:

HWUSI-EASIGZS:GISHE:

4:
:100:
:100:
:100:
:100:
:100:
:100:
:100:
:100:
:100:

F R e G R T R S

1000:
1000:
1000:
1000:
1001:
1002:
1002:
1002:
1003:

1202/1
140/1
1526/1
503/1
1028/1
1639/1
310/1
658/1
1981/1

100204021
100365595
100079283
100262733
100263905
100200739
100186910
100350538
100079223
100007412

M = Ty <) 10:59PM 2R EricFranzosa it



‘ 9 MetaPhlAn (command line)

Terminal M = fy 4 11:00PM 1 EricFranzosa %
2= > head -15 stool.txt
@ k Bacteria 100.0
k Bacteria|p Bacteroidetes 84.16763
. k Bacteria|p_ Firmicutes 15.83237
k Bacteria|p Bacteroidetes|c Bacteroidia 84.16763
& k Bacteria|p Firmicutes|c Clostridia 15.83237
" k Bacteria|p Bacteroidetes|c Bacteroidialo Bacteroidales 84.16763
k Bacteria|p Firmicutes|c Clostridialo Clostridiales 15.83237
® k Bacteria|p_ Bacteroidetes|c Bacteroidia|o Bacteroidales|f Bacteroidaceae 78.08418
k Bacteria|p Firmicutes|c Clostridialo Clostridiales|f Eubacteriaceae 8.67565

‘k Bacteria|p Bacteroidetes|c Bacteroidiajo Bacteroidales|f Rikenellaceae 6.08344

.k Bacteria|p Firmicutes|c_Clostridiajo Clostridiales|f Ruminococcaceae 7.15672
b-
'k Bacteria|p__ Bacteroidetes|c_ Bacteroidia|o_ Bacteroidales|f Bacteroidaceae|g Bacteroides 78.08418

=] k Bacteria|p Firmicutes|c Clostridialo Clostridiales|f Eubacteriaceae|g Eubacterium 8.67565

— k Bacteria|p Firmicutes|c Clostridiajo Clostridiales|f Ruminococcaceae|g Faecalibacterium 7.15672
k Bacteria|p Bacteroidetes|c Bacteroidia|o Bacteroidales|f Rikenellaceae|g Alistipes 6.08344
>



Terminal

‘ 9 MetaPhlAn (command line)

M = Ty <)) 11:03PM 1L EricFranzosa %t

= > sort stool.txt | awk {'print $2, $1'} | column -t | head -6

® 100.0

84.16763
84.16763
84.16763
B /8.08418
78.08418

k Bacteria

k Bacteria|p Bacteroidetes

k Bacteria|p Bacteroidetes|c |
k Bacteria|p Bacteroidetes|c |
k Bacteria|p Bacteroidetes|c |
k Bacteria|p Bacteroidetes|c |

Bacteroidia

Bacteroidia|o_ Bacteroidales

Bacteroidia|o Bacteroidales|f Bacteroidaceae
Bacteroidia|o Bacteroidales|f Bacteroidaceae|g Bacteroides
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‘ 9 MetaPhlAn (command line)

Terminal M = fy «4) 11:01PM 1 EricFranzosa %

= > grep unclassified stool.txt

@ k Bacteria|p Bacteroidetes|c Bacteroidia|o Bacteroidales|f Bacteroidaceae|g Bacteroides|s Bacteroides u
nclassified 72.86458
k Bacteria|p_ Bacteroidetes|c Bacteroidia|o Bacteroidales|f Rikenellaceae|g Alistipes|s Alistipes unclas
sified 1.61508
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‘ < Tutorial Outline

» Introduction to LEfSe
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Turning anecdotes into biology

— site Onl | Gt
" cace| om0 | 057
cadeniouga| 040 | 056
cadenlougz] 000 | 030

" casez 0c0 | 013
caceziouga| 011 | 000
ciaceziuea| 045 | 013
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Turning anecdotes into biology

 More samples are a start...
* But the statistics are still non-trivial
* Data are noisy
 Compositional nature (2 = 1)
* High dynamic range
* Hierarchical organization

St Ol | Gu | Owl | Gu | ol | Gu
I I T R I R T
cndeniougs| 040 | 056 | 007 | om | oa2 | oz ]
cscenlouez] 000 | 030 | 035 | 0w | oo | oos |

" chasez| 0c0 | 013 | 057 | om | os | oe |
cndeziouea] 011 | 000 | 010 | om | 015 | oz ]
ciaceziouea] 045 | 013 | 047 | 000 | 035 | oas |

Py



‘ 9 Turning anecdotes into biology

 We may also want to leverage (or control for)
additional metadata

T I I T T N
" Gender] e | Fomole | omae | wale | wale | Female
 stel ow | ow | om | ow | om | ow
 Gadea] 00 | 0w | oa | oss | owr | om |

cndeniougs| 040 | 056 | 007 | om | oa2 | oz ]
cscenlouez] 000 | 030 | 035 | 0w | oo | oos |
" chasez| 0c0 | 013 | 057 | om | os | oe |
cndeziouea] 011 | 000 | 010 | om | 015 | oz ]
ciaceziouea] 045 | 013 | 047 | 000 | 035 | oas |
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‘ 9 LEfSe: finding metagenomic biomarkers

Features 7 through n

Data Step 1 Step 2
Class 1 Class 2 Kruskal Wallis Wilcoxon on su:classes
&S ——
§ ¢ [T eI 1 @
—>0.13 A
|—>0.01@) B -
—>0.190 C m
B TR T e

Samples 7 through m

—>0.03@ E\

N

) W | ——
7, 7 2, <

s N

<‘>
Subclasses

<

A

Statistical
consistency

o
HEE RN ﬁ@

B

Biological
consistency

Step 3

Signed LDA log-score

Class 1

4
—d .

—t12

Y

=

— 1

Class 2

C

0

-1

-2

-3

4

Biological
Effect size
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‘ < Tutorial Outline

» LEfSe Demo
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LEfSe Demo: Galaxy Version

—__ Galaxy / Huttenhower Lab Analyze Data Workflow  Shared Data Help User

Tools History

Thanks for visiting our lab's tools and applications page,
search tools implemented within the Galaxy web application and workflow
framework. Here, we provide a number of resources for |
metagenomic and functional genomic analyses, intended for = ~ R ( i - :
research and academic use. Please see the menus and folders 8 ~—J x : @ Your history is empty. Click 'Get
to the left for an overview of available tools including b | 18 Data' on the left pane to start
MetaPhlAn documentation, sample data, and publications. : ' !

GraPhlAn Qur lab's research interests include metagenomics and the human microbiome, the
microPITA relationships between microbial communities and human health, microbiome systems biology,
MaAsLin and large-scale computational methods for studying all of these areas. In addition to the tools
provided here, feel free to take a look at our additional research and publications, including
the Sleipnir library for computational functional genomics.

LEfSe

PICRUSt

The tools are available here without account creation. However, you are strongly invited to
Get Data create an account for having access to the history, saved analyses, datasets and workflows.

You can create an account and/or log in using the User menu in the top-right corner.

If you have any comments, questions, or suggestions, please contact Dr. Huttenhower.
Convert Formats

FASTA manipulation

General Galaxy tools

Available at: http://huttenho h.harvard.edu/galax
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Load your data table

—__ Galaxy / Huttenhower Lab Analyze Data Workflow  Shared Data Help User

Tools = History
Load data (version 1.1.0)

search tools . A . =
Upload a tabular file of relative abundances and class labels (possibly also

subclass and subjects labels) for LEfSe (spaces in the file are automatically
n: o
‘Mo tabs!): ﬂ Your history is empty. Click 'Get
S | Choose File |stool_versus...|_mucosa.txt Data' on the left pane to start
= | oad data LEfSe starts here TIP: you can find a file to upload at https://bitbucket.org/nsegata/lefse/wiki/ex.txt :
(described below)

URL/Text:

Here you may specify a list of URLs (one per Ii'ne) or paste the contents of a file.

MetaPhlAn

GraPhlAn
microPITA

MaAsLin

PICRUSt LDA Effect Size (LEfSe) (Segata et. al 2010) is an algorithm for high-dimensional
biomarker discovery and explanation that identifies genomic features (genes, pathways, or
taxa) characterizing the differences between two or more biclogical conditions (or classes,
see figure below). It emphasizes both statistical significance and biological relevance,
allowing researchers to identify differentially abundant features that are also consistent
with biologically meaningful categories (subclasses). LEfSe first robustly identifies features
that are statistically different among biological classes. It then performs additional tests to
Convert Formats assess whether these differences are consistent with respect to expected biological

Tab delimited text, consisting of a class (e.g. oral vs. gut), an
optional subclass (e.g. male vs. female), an optional sample ID,
and then your features.

What it does

Get Data




‘ 9 My input to Galaxy...

St Ol | Gu | Owl | Gu | ol | Gu
I I T R I R T
cndeniougs| 040 | 056 | 007 | om | oa2 | oz ]
cscenlouez] 000 | 030 | 035 | 0w | oo | oos |

" chasez| 0c0 | 013 | 057 | om | os | oe |
cndeziouea] 011 | 000 | 010 | om | 015 | oz ]
ciaceziouea] 045 | 013 | 047 | 000 | 035 | oas |

 MetaPhlAn output for many HMP subjects
* Buccal _mucosa is a proxy for oral

e Stool is a proxy for gut

* Input file included with the sample data
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‘ 9 My input to Galaxy...

St Ol | Gu | Owl | Gu | ol | Gu
I I T R I R T
cndeniougs| 040 | 056 | 007 | om | oa2 | oz ]
cscenlouez] 000 | 030 | 035 | 0w | oo | oos |

" chasez| 0c0 | 013 | 057 | om | os | oe |
cndeziouea] 011 | 000 | 010 | om | 015 | oz ]
ciaceziouea] 045 | 013 | 047 | 000 | 035 | oas |

e Features don’t have to come from MetaPhlAn
* Any tab-delimited continuous data will work!

29



Tell LEfSe which rows are class/subclass/ID

—__ Galaxy / Huttenhower Lab Analyze Data Workflow Shared Data Help User Using 590.0 Kb

Tools o History
A) Format Data for LEfSe (version 1.0)

search tools 2y (=)
Select data (tabular format): *

1: stool versus buccal mucosa .txtE|

1: @ X

LEfSe Select whether the vectors (features and meta-data information) are listed in =
stool_versus buccal mucosa.txt

= | oad data LEfSe starts here rows or columns:
Rows E
Select which row to use as class:
#1:STSite v

Select which row to use as subclass:
no subclass .

Select which row to use as subject:
no subject -

MetaPhlAn
rei—samipic nunnancauuvn v wie sum of the values to 1M (recommended when

GraPhlAn
- very low values are present):
microPITA
YesE

MaAsLin

B

Get Dat
eLoata What it does

Preprocessing module for the biomarker discovery tool called LEfSe:

Convert Formats This module of LEfSe preprocesses metagenomic abundance data for the analyses to be

FASTA manipulation carried out with the "Run LEfSe" module. This module is separated from the "Run LEfSe"
- because one may want to preprocess the data only once but run multiple analyses.

We’re just using class (STSite, Stool versus Buccal _mucosa)
Set the other boxes to “no subclass” and “no subject”




Run the algorithm

—__ Galaxy / Huttenhower Lab Analyze Data Workflow Shared Data Help User Using 3.0 Mb

Tools History
B) LDA Effect Size (LEfSe) (version 1.0)

search tools 2y (=)
Select data: —

2: A) Format Data fo..e on data 1[~]

2: A) Format Data for @ R
LEfSe on data 1

LEfSe Alpha value for the factorial Kruskal-Wallis test among classes:

= | oad data LEfSe starts here 0.05
e @ R

Alpha value for the pairwise Wilcoxon test between subclasses: T T L] G

0.05

Thresl| >ld on the logarithmic LDA score for discriminative features:
4.5

Do you want the pairwise comparisons among subclasses to be performed only
among the subclasses with the same name?:

NOE

Set the strategy for multi-class analysis:
All-against-all (more strict) E

MetaPhlAn
GraPhlAn
microPITA
MaAsLin

PICRUSE

Get Data What it does

Lda Effective Size (LEfSe) is a biomarker discovery and explanation tool for high-
dimensional data. It couples statistical significance with biological consistency and effect

Convert Formats size estimation. For an overview of LEfSe please refer to the "Introduction” module or to
anata )

Because the oral and gut communities are quite different, |
adjusted the threshold from the default of 2 to 4.5 (logs) to only
show the most extreme differences.




Visualize the results

—__ Galaxy / Huttenhower Lab Analyze Data Workflow Shared Data Help User Using 3.1 Mb

Tools ( o | | History
4 . The following job has been successfully added to the queue:

search tools "~ 7:B) LDA Effect Size (LEfSe) on data 2 o

You can check the status of queued jobs and view the resulting data by
LEfS refreshing the History pane. When the job has been run the status will change 7: B) LDA Effect Size @ R
LEIse from 'running' to 'finished' if completed successfully or 'error’ if problems were (LEfSe) on data 2
= | oad data LEfSe starts here encountered.

2: A) Format Data for @ R

« A) Format Data for LEfSe L )
LEfSe on data 1

= R) | DA Fffect Size (| FfSe)

iz LW/
stool_versus buccal mucosa.txt

MetaPhlAn
GraPhlAn
microPITA
MaAsLin
PICRUSt

Get Data

Convert Formats
FASTA manipulation
General Galaxy tools
<




LEfSe Output: Cladogram view

: g__Rothia

: f__Micrococcaceae

: 0__Actinomycetales

: g__Bacteroides

: f__Bacteroidaceae

f__Porphyromonadaceae
__Alistipes

Rikenellaceae

g
f
o__ Bacteroidales
g
f
o

B Buccal mucosa

oQ S0 QN T o

: Streptococcus
Streptococcaceae
__Lactobacillales
g__Eubacterium

n: f__Eubacteriaceae

o: f__Ruminococcaceae

j‘
k:
I:
m:

p: o__Clostridiales
g: g__Haemophilus
r: f__Pasteurellaceae
s: o__Pasteurellales

euayoeqoalold d




LEfSe Output: Raw Numbers

I Buccal_mucosa [ Stool

| )

o__Bacteroidales

c_ Bacteroidia

p_Bactéroidetes

g__Bacteroides

:f_Bacteroidaceae

c_CIostr\dia

o_ Clostridiales

' s__Bacteroides_unclassified

f_RikeheHaceae

g_.Alistipes

siBa:cteroidesv:vulgatus

S_Alistipes_piutredinis

f . Ruminococcaceae

- f__Eubacteriaceae

g_Eub{acterium

f__Potphyromonadaceae

giRothié

f__Microgoccaceae:

c__Actindbacteria .

p__Actinobacteria :

o_ActinémycetaIeS

s__Haembophilus_parainfluenzae

c_Gamrﬁaproteobécterla

g_HaerT{ophiIus

f__Pasteurellaceae:

o__Pasteurellales

p_Pro[ec:)bacLeria

p__Firmicutes

s_StreptEococcus_mitls

f_Streptbcoccaceée

g__ Streptococcus .

o__Lactobacillales -

c__Bacilli
I I

i | I 1 I I I 1
-6.0 -48 -36 -24 -1.2 00 12 24 36 4.8
LDA SCORE (log 10)

6.0
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LEfSe Output: feature-specific report

Q
|9
C
©
©
=
-}
O
©
(O]
>
4+
©
Q
o

k Bacteria.p__Bacteroidetes

class: Buccal_mucosa

ass: Stool

lﬂ

|
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LEfSe at the command line

» Source code available at:
https://bitbucket.org/nsegata/lefse

» Requires python and R with several additional
packages installed (see README)

» Today’s sample data available at:
http://huttenhower.sph.harvard.edu/content/metaphlan-tutorial

» We'll look at a second example included with the
LEfSe distribution involving subclasses
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LEfSe (command line) demo

» Show LEfSe setup
» Show example folder

» Highlight LEfSe commands
» Show output

» Highlight more complicated subclass treatment

37



LEfSe (command line) demo

Bacteria.Actinobacteria

class: High_02 class: Low_02 class: Mid_02

@Q
]
=
[5+]
=
=
=
=]
4]
1]
=
=
i
[ah}
=
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» Links, other tools, and Q&A
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‘ 9 If you’re thirsty for more...

» Tutorial materials available here:
http://huttenhower.sph.harvard.edu/content/metaphlan-tutorial

» My email (Eric Franzosa):
franzosa@hsph.harvard.edu

40
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‘ 9 If you’re thirsty for more...

» For more about our tools, check out:
http://huttenhower.sph.harvard.edu/research

» Individual tool pages contain links to source code
and documentation...

» ...or try them out on Galaxy:
http://huttenhower.sph.harvard.edu/galaxy/

41
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‘ 9 If you’re thirsty for more...

» MetaPhlAn 2.0 coming soon with support for
viruses, eukaryotes, and more bacteria/archaea

» PhyloPhlAn uses MetaPhlAn’s core gene

identification pipeline to assist in tree building
http://huttenhower.sph.harvard.edu/phylophlan

» MaAsLin is an evolution of LEfSe that can consider

a wider number and variety of metadata
http://huttenhower.sph.harvard.edu/maaslin
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Thank you!
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‘ 9 If you’re thirsty for more...

» Questions?

44



MetaPhlAn Statistics

Representing 2,887 genomes (107 Archaea)

1,222 species, 652 genera, 278 families, 130 orders, 66
classed, 33 phyla, 2,383 total clades

=2M total uniqgue marker genes
=400k “most representative” unigue marker genes
231107 markers per species (350 fixed max)

The 400k database represent =4% of the total microbial
sequence data available
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‘ 9 Evaluation of accuracy (1)

Absolute error in abundance estimation

1.2

1.0

0.8

0.6

0.4

0.0

T 1 T 6 1 I 1} 1

MetaPhlAn (rms err. 0.172) ) MetaPhlAn (rms err. 0.255)
—o— PHYMMBL (rms err. 0.207) —o— PHYMMBL (rms err. 0.612)

BLAST (rms err. 0.221) . 5 BLAST (rms err. 0.688) T

—o— RITA (rms err. 0.442)
—o— NBC (rms err. 0.505)

—o— RITA (rms err. 1.736)
—o— NBC (rms err. 0.872)

|

Absolute error in abundance estimation

T M T ey 0= O—0——
| l l T ety O - 0
0] 20 40 60 80 100 0] 5 10 15 20 25
worst predictions Species best predictions » ‘worst predictions Classes best predictions
Species Classes

(Validation on high-complexity uniformly distributed synthetic metagenomes.)
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‘ 9 Evaluation of accuracy (2)

Predicted relative abundance (%)

Expected relative abundance (%)

Species

MetaPhlAn (corr. 0.997)
60l ¥ PHYMMBL (corr. 0.887) :
BLAST (corr. 0.888)  _ " '
m RITA (corr. 0.812) - x
0 A NBC (corr. 0.88)
- 'y
40t o A
4 5 6 7
30_ ' T T T IAA‘
A
7_ 4 &
*
20} b o 6/ ¥ .
» g £4 = °
iatd P O 4l
10f &% }‘
/ S
N
% 10 20 ED) 40 50 )

Predicted relative abundance (%)

[*)]
(]

w
[=]

B
o

w
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‘ 9 Evaluation of accuracy (3)

16S rel. abundance
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Buccal mucosa example

Genus-level comparison with
16S-based estimation

vl3(+) & v35(X)regions

+ x Actinobacteria
Bacteroidetes
Firmicutes
Fusobacteria

+ x Proteobacteria

+x Spirochaetes
Tenericutes

+x Verrucomicrobia
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‘ 9 Evaluation of performance

reads/second (log scale)

>50 times faster than
existing methods

450 reads/sec
(BLAST)

Up to 25,000 reads/sec
(bowtie2)

Multi-threaded

Easily parallelizable
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