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Plan 

ÅShotgun ƳŜǘŀΩƻƳƛŎǎ primer 
Å Informal survey 
ÅaŜǘŀΩƻƳƛŎ taxonomic profiling 
ÅMetaPhlAn(2) 

ÅaŜǘŀΩƻƳƛŎ functional profiling 
ÅBroad functional profiling with HUMAnN(2) 
ÅTargeted functional profiling with ShortBRED 
ÅPredictive functional profiling with PICRUSt 

ÅDownstream analyses 
ÅResources 
ÅTutorials (today and tomorrow) 
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Sequencing as a tool for microbial community 
analysis (amplicon vs. shotgun) 

ω16S rRNA gene 
ωConserved across bacteria 
ω(Allows PCR amplification) 
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ωSome regions are variable 
ωPermits genus-level ID 

Map reads to  
reference genomes 
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ÅAmplicon sequencing 
ÅPCR amplify and seq. specific marker(s) 
ÅOften the 16S rRNA gene (for bacteria) 

 
ÅShotgun sequencing 
ÅSeq. short, random DNA/RNA fragments 
ÅWhole metagenome shotgun (WMS) 
ÅWhole metatranscriptome shotgun 
ÅCollectively, ƳŜǘŀΩƻƳƛŎ sequencing 

! ƴƻǘŜ ƻƴ άƳŜǘŀƎŜƴƻƳƛŎǎέ ǾƻŎŀōǳƭŀǊȅ 
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ÅWhere they overlap 
ÅStrengths 
ÅQuantifying taxonomic abundance 
ÅEcological statistics 
ÅTaxon-taxon association 
ÅTaxon-metadata association 

ÅChallenges 
ÅCompositional (& noisy) data 
ÅDifficult distributions 
ÅBiases from sequencing 

Sequencing as a tool for microbial community 
analysis (amplicon vs. shotgun) 
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ÅProperties of shotgun ƳŜǘŀΩƻƳƛŎ sequencing 
ÅStrengths 
ÅTaxonomic resolution (species, strains) 
ÅFunctional genomics (genes, transcripts) 
ÅComparative genomics 

ÅChallenges 
ÅMore expensive per sample 
ÅData are bigger, compute more intensive 
ÅNeed a good reference 
ÅContamination 

Sequencing as a tool for microbial community 
analysis (amplicon vs. shotgun) 
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Å16S data? 
Åshotgun data? 
Åmetatranscriptomes? 
Åhuman vs. environmental samples? 
Åmetagenomic assemblies? 

{ǳǊǾŜȅΥ ǿƘƻ ƘŀǎκǇƭŀƴǎ ǘƻ ǿƻǊƪ ǿƛǘƘΧ 
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Compare to 
reference 

The universal ƳŜǘŀΩƻƳƛŎǎ workflow 

Raw 
Reads 

Quality  
Control 

Good 
Reads 

A
ss

e
m

b
ly 

Big 
Reads 

(contigs) 

Feature 
profile 

S
ta

ti
st

ic
s 

Trends Writing Paper 

We develop computational methods in these areas 

¢ƻŘŀȅ ǿŜΩƭƭ ōŜ ŦƻŎǳǎƛƴƎ ƻƴ ǘƘƛǎ ǎǳōǎŜǘ 
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ÅTrim low-quality bases from read ends 
Åhttp://www.usadellab.org/cms/?page=trimmomatic 

ÅDrop short reads 
ÅRemove contaminant sequences 
ÅE.g. human genome, EST database 

ÅRemove low-complexity sequences (?) 
ÅEnforce end-pairing (?) 
ÅNot required for bioBakery tools 

ÅIntegrated workflow coming soon! 
Åhttps://bitbucket.org/biobakery/kneaddata 

aŜǘŀΩƻƳƛŎ quality control 
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aŜǘŀΩƻƳƛŎǎ seeks to answer 
ǘǿƻ ōƛƎ ǉǳŜǎǘƛƻƴǎΧ 

Who is there? 
(taxonomic profiling) 

What are they doing? 
(functional profiling) 



The NIH Human Microbiome Project (HMP): 
A comprehensive microbial survey  

Å²Ƙŀǘ ƛǎ ŀ άƴƻǊƳŀƭέ ƘǳƳŀƴ ƳƛŎǊƻōƛƻƳŜΚ 

Å300 healthy human subjects 

ÅMultiple body sites 

Å15 male, 18 female 

ÅMultiple visits 

ÅClinical metadata 

Slide by Dirk Gevers 

www.hmpdacc.org 
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Profiling microbial communities and ecology 
at species-level resolution (HMP) 

Skin (nares) 

Oral (plaque) 
Oral (cheek) 
Oral (tongue) 

Gut (stool) 

Vaginal (fornix) 
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Gut 

Vaginal 

Profiling microbial communities and ecology 
at species-level resolution 

Arumugam Nature 2012 
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!ǊŜ ǘƘŜǊŜ ŘƛǎŎǊŜǘŜ άǘȅǇŜǎέ ƻŦ ǘȅǇƛŎŀƭ ƘǳƳŀƴ 
microbiomes? 
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Dan Littman 
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MetaPhlAn(2) 
For ƳŜǘŀΩƻƳƛŎ taxonomic profiling 
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RepoPhlAn ChocoPhlAn (http://metaref.org) 

NCBI isolate  
genomes 

Archaea 300 
Bacteria 12,926 
Viruses 3,565 
Eukaryota 112 

protein- 
coding genes 

49.0 million  
total genes 

Species 
pangenomes 

7,677 
containing 
18.6 million 
gene clusters 

Core 
genes 

Marker 
genes 

Comprehensive pangenome reference db 

Nicola 

Segata 
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Metagenomic Phylogenic Analysis 

Nicola 

Segata 
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MetaPhlAn overview 

Gene A 

A is a core gene for clade Y A is a unique marker gene for clade Y 
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Species Classes 

(Validation on high-complexity uniformly distributed synthetic metagenomes.) 

Evaluation of MetaPhlAn accuracy 
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>50 times faster than 
earlier methods 

450 reads/sec 
(BLAST) 

Up to 25,000 reads/sec 
(bowtie2) 

Multi-threaded 

Easily parallelizable 

Evaluation of MetaPhlAn performance 
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MetaPhlAn 2.0 

¤ MetaPhlAn 1.0 focused on bacteria and archaea 

¤ v2.0 adds support for eukaryotes and viruses 

¤ ... along with many more bacteria and archaea 

¤ v2.0 supports profiling at the strain level 

https://bitbucket.org/biobakery/metaphlan2  
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MetaPhlAn2: synthetic evaluation 

https://bitbucket.org/biobakery/metaphlan2  
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MetaPhlAn2: Results for HMP Skin 

https://bitbucket.org/biobakery/metaphlan2  
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MetaPhlAn in action: strain profiling 

ωIn practice, not all markers are present 
ωIndividual-ǎǇŜŎƛŦƛŎ ƳŀǊƪŜǊ άōŀǊŎƻŘŜǎέ 
ωOften very stable over time 
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aŜǘŀΩƻƳƛŎǎ seeks to answer 
ǘǿƻ ōƛƎ ǉǳŜǎǘƛƻƴǎΧ 

Who is there? 
(taxonomic profiling) 

What are they doing? 
(functional profiling) 
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ό²Ƙŀǘ ǿŜ ƳŜŀƴ ōȅ άŦǳƴŎǘƛƻƴέύ 
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Metagenomic analyses: 
gene calling and proxygenes 

Extrinsic gene calling: 

BLAST etc. (proxygenes) 

Intrinsic gene calling: 

ORF detection from seq. 

Dalevi, 2009 

Krause, 2006 

Yooseph, 2008 

MetaGene: Noguchi, 2006 

HMM models 

BLAST 

Orphelia: Hoff, 2009 
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Metagenomic analyses: 
molecular functions and biological roles 

Orthology: 
Grouping genes by conserved 

sequence features 
COG, KO, FIGfamé 

Structure: 
Grouping genes by similar 

protein domains 
Pfam, TIGRfam, SMART, ECé 

Biological roles: 
Grouping genes by pathway 

and process involvement 
GO, KEGG, MetaCyc, SEEDé 

Turnbaugh, 2009 

DeLong, 2006 

Warnecke, 2007 
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Niche specialization in  
human microbiome function 

Metabolic modules in the 

KEGG functional catalog 

enriched at one or more 

body habitats 

LEfSe: 
LDA Effect Size 

Nonparametric test for microbial and 

metagenomic biomarkers 

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

Å Most processes are ñcoreò: <10% are differentially present/absent even by body site 

Å Contrast zero microbes meeting this threshold! 

Å Most processes are habitat-adapted: >66% are differentially abundant by body site 

http://huttenhower.sph.harvard.edu/lefse
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http://hmpdacc.org/HMMRC 
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Which functions of the gut microbiome 
are disrupted by IBD? 

ÅOver six times as many microbial metabolic 

processes disrupted in IBD as microbes. 
ïIf thereôs a transit strike, everyone working for the MBTA is 

disrupted, not everyone named Smith or Jones. 

ïPhylogenetic distribution of function is consistent but diffuse 
 

ÅDuring IBD, microbes... 

ÅCreating most amino acids 

ÅDegrading complex carbs. 

ÅProducing short-chain fatty acids 

ÅTaking up more host products 

ÅDodging the immune system 

ÅAdhering to and invading host cells 

Stop Start 
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Integrated functional ƳŜǘŀΩƻƳƛŎǎ 
(Examining community DNA & RNA) 

Franzosa et al. PNAS 11:E2329-38 (2014) 

Functional metagenomics & metatranscriptomics  
of 8 heathy human stool samples 
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HUMAnN(2) 
For broad ƳŜǘŀΩƻƳƛŎ functional profiling 
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HUMAnN 
HMP Unified Metabolic Analysis Network 

Short reads + protein families 

Translated BLAST search 

Repeat for each metagenomic 
or metatranscriptomic sample 

A1 A2 A3 B1 B2 C1 C2 C3 

Weight hits by significance 

Sum over families 

Adjust for sequence length 

https ://huttenhower.sph.harvard.edu/humann  
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? 

HUMAnN 
HMP Unified Metabolic Analysis Network 

Millions of hits are collapsed into 
thousands of gene families 
(still a large number) 

ÅMap genes to pathways 

ÅUse MinPath (Ye 2009) to find simplest 
pathway explanation for observed genes 

ÅRemove pathways unlikely to be present 
due to low organismal abundance 

ÅSmooth/fill gaps 

Collapsing gene family abundance into 
pathway abundance (or presence/absence) 
yields a smaller, more tractable feature set 

https ://huttenhower.sph.harvard.edu/humann  
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HUMAnN accuracy 

Validated against synthetic metagenome samples 
(similar to MetaPhlAn validation) 

Gene family abundance and pathway presence/absence 
calls beat naïve best-BLAST-hit strategy 

https ://huttenhower.sph.harvard.edu/humann  


