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Discovery+of+DNA+

4'

Friedrich Miescher  

(1844-1895)!

1869: Miescher discovered DNA in 
the kitchen of Tübingen Castle 
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Genomics+

!  Genomics'is'the'study'of'the'genome'

sequence'of'individual'organisms'

!  Sequencing'and'assembly…'

!  Annota8on'and'analysis…'

!  Genome'comparison…'
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Sequencing+of+Genomes+

6'

GOLD: Genomes online database 

www.genomesonline.org 
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Genome+Projects+by+Groups+

7'

Bacteria 

Eukaryotes 

Archaea 

Metagenomes 
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The+GEBA+Project+

!   A'Genomic'Encyclopedia'for'Bacteria'and'Archaea'

!  JGI/DSMZ'project'

!  Systema8cally'

''sequence'

''microbes'from'

''underrepresented'

''clades'

hPp://www.jgi.doe.gov/programs/GEBA/'
8'

Dongying Wu et al, Nature, 2009 
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Phylogene(c+Diversity+(PD)+

PD'of'a'set'of'taxa:'

!   'The'sum'of'all'

branches'on'the'

phylogene8c'tree'that'

spans'the'set'

''(Faith,'1992)'

9'

(Faith, 1992) 
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NextFGenera(on+Sequencing+Technologies+

11'

!   Fuelling'a'rapid'growth'of'the'number'and'
size'of'sequencing'projects'
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Advances+in+Sequencing+Technologies+

!   First'genera8on'(Sanger'sequencing):'

!   100kb/run,'read'length'1000bp,'500$/Mb'

!   Second'genera8on:'

!   Roche/454:'450Mb/run,'400bp,'20$/Mb'

!   Illumina:'35Gb/run,'100bp,'0.50$/Mb'

!   SOLiD:'50Gb/run,'50bp,'0.50$/Mb'

!   Heliscope:'37Gb/run,'32bp,'<0.50$/Mb'

!   Third'genera8on:'

!   PacBio'SMRT:'25Gb/run,'>1000bp,'?$/Mb'

!   Other:'

!   Ion'Torrent:'uses'ion'sensor,'100bp'per'run,'10x'cheaper'than'454'

12'
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Sequencing+No+Longer+the+BoIleneck…+

13'

This slide kindly provided by Folker Meyer (Argonne National Labs) 
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How+Many+Species?+

Major+unsolved+ques(on:+
!   Number'of'species'on'Earth?''
!   Cannot'be'answered'even'to'within'several'orders'of'
magnitude'

!   Some'es8ma8ons''
!   3f50'million'species'of'arthropods'
!   1f100'million'species'of'nematodes'

++++Once+the+diversity+of+the+microbial+world+is+
catalogued,+it+will+make+astronomy+look+like+
a+pi(ful+science+
F+Julian+Davies,+Professor+Emeritus,+Microbiology+and+Immunology,+UBC+

15'

www.ucmp.berkeley.edu/arthropoda/arthropoda.html 
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Iden(fied+Modern+Species+

~1.7+million+named+species+

!   287,655'plants,'including:'
!   15,000'mosses'

!   13,025'ferns'

!   980'gymnosperms'

!   199,350'dicotyledons'

!   59,300'monocotyledons'

!   74,000f120,000'fungi'

!   10,000'lichens'

!   5,700'prokaryotes'

!   ~1,250,000'animals,'
including:'

!   1,190,200'invertebrates:'
!   950,000'insects'

!   70,000'mollusks'

!   40,000'crustaceans'

!   130,200'others'

!   58,808'vertebrates:'
!   29,300'fish'

!   5,743'amphibians'

!   8,240'rep8les'

!   10,234'birds'

!   5,416'mammals'

Source: http://en.wikipedia.org/wiki/Biodiversity Sequences for ~200,000 
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Metagenomics+

!   “The'study'of'the'DNA'of''''''''''''''''''''''''''
uncultured'organisms”'

!   >'99%'of'all'microbes'cannot'be'cultured'

!   A'genome:'

!   En8re'gene8c'informa8on'of'a'single'organism'

!   A'metagenome:''

!   En8re'gene8c'informa8on'of'a'community'of'
organisms''

!   A'metatranscriptome:'

!   En8re'collec8on'of'transcripts'of'a'community'at'a'
given'8me''

17'
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Typical+Sources+of+Metagenomes+

!  Soil'samples'

!  Sea'water'samples'

!  Seabed'samples'

!  Air'samples'

!  Medical'samples'

!  Ancient'bones'

!  Human'microbiome'

18'

www.lanl.gov 
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++++Global+Ocean+Sampling+Expedi(on+

19'

Rusch'et#al.'(2007):'

!   41'samples'

!   Size'filtered'0.1f0.8µm'

!   Sanger'sequencing'
!   7.7'million'reads'

!   length'~822bp'
!   ~'5.9Gb'sequence'

!   Low'abundance'of'clonal'
organisms'

Yooseph'et#al.'(2007):'

!   6'million'proteins'
!   linear'rate'of'discovery'
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+Gut+Microbiota+

!   Turnbaugh'et#al'(2006)'

!   Caecal'microbial'DNA'of'ob/ob,'

ob/+,'+/+'mice'

!   Sanger'sequencing:'

!   39.5'Mb'

!   read'length'750'bp'

!   454'sequencing:'

!   160'Mb'

!   read'length'93'bp'

!   Obesityfassociated'gut'
microbiome'

!   Change'in'rela8ve'
abundance'of'Bacteroidetes'

and'Firmicutes'

!   Change'in'func8onal'
capacity'(toward'energy'harves8ng)'

http://en.wikipedia.org 
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Mammoth+Project+

!   DNA'collected'from'permafrost'
mammoth'(28,000'years'old)'

!   DNA'extracted'from'1'gram'of'
bone'

!   454'sequencing:'
!   ~302,000'reads'
!   ~95'bp'length'

!   >'50%'mammoth'

Taxonomic analysis 

21'
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“Meta+Transcriptomics”+of+Soil+

!  Urich'et#al'(2008):'
!  RNA'randomly'reverse'

'''transcribed'into'cDNA'

!  No'PCR'or'cloning'

!  454'sequencing:'
!  ~'250,000'sequences'

!  ~'98'bp'length'

!  RNA'types:'
!  ~'75%'rRNA'tags#

!  ~'''8%'mRNA'tags#

!  ~'17%'unassigned'

mRNA analysis 

rRNA analysis 
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LargeFScale+Human+Gut+Analysis+

23'

•  576Gb of sequence from 124 individuals 

Taxonomic analysis  

using MEGAN 



Center for Bioinformatics 

Daniel Huson © 2010 24'

Contents+

!  Genomics'

!  Sequencing'

!  Metagenomics'

!  Computa8onal'ques8ons'

!  Outlook'



Center for Bioinformatics 

Daniel Huson © 2010 25'

Metagenome+Analysis+

http://outdoors.webshots.com 

www.compostinfo.com/tutorial/microbes.htm 

Environmental 
sample 

High-throughput 
DNA sequencing 

Q1: Who is out there? Q2: What are they doing? 

Basic computational 
analysis 
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Q3:+How+Do+They+Compare?+

www.compostinfo.com/tutorial/microbes.htm 

26'

http://en.wikipedia.org 
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Addi(onal+Ques(ons+

!   How'to'cluster'reads'by'relatedness'(using'
machine'learning'techniques)?'

!   How'to'assemble'metagenome'data?'

!   Gene'predic8on?'

!   Faster'sequence'comparison'

!   etc''

27'
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Three+Basic+Computa(onal+Ques(ons+

!   Who'is'out'there?'
!   Types'of'organisms'

!   In'what'propor8ons?'

!   What'are'they'doing?'
!   Types'of'genes'

!   Which'metabolic'pathways?''

!   In'what'propor8ons?'

!   How'do'different'samples'compare?'
!   Pairwise'and'mul8ple'comparisons'

!   Correla8ons'with'environmental''

''parameters?'

!   Serve+to+answer+biological+or+medical+ques(ons+

www.compostinfo.com/tutorial/microbes.htm 
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Three+Basic+Computa(onal+Ques(ons+

!   Who'is'out'there?'
!   Types'of'organisms'

!   In'what'propor8ons?'

!   What'are'they'doing?'
!   Types'of'genes'

!   Which'metabolic'pathways?''

!   In'what'propor8ons?'

!   How'do'different'samples'compare?'
!   Pairwise'and'mul8ple'comparisons'

!   Correla8ons'with'environmental''

''parameters?'

!   Serve'as'basis'to'answer'biological'or'medical'ques8ons'

www.compostinfo.com/tutorial/microbes.htm 
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Who+is+Out+There?+

Two'main'approaches:'

!   Targeted'sequencing:'
!   Sequence'a'specific'gene,'usually'16S'rRNA,'and'place'
reads'into'a'reference'phylogeny'

!   Metagenome'sequencing:'
!  Randomly'sequence'DNA'(or'RNA)'and'then'place'reads'
into'the'NCBI'taxonomy'based'on'similarity'to'reference'
sequences'
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Who+is+Out+There?+

Main'tool:'Similarity'search''

For'every'DNA'(or'cDNA)'read:'

!  Find'significant'matches'to'sequences'in'a'

reference'database'

!  Use'matches'to'place'read'in'NCBI'taxonomy'
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Alterna(ve+Approaches+

!  Based'on'signatures'of'data'such'as'kfmer'counts,'

use'machineflearning'method'such'as'HMMs,'

SVMs'or'neural'networks'to'classify'reads'

!  Hybrid'approach:'use'fast'machineflearning'

approach'to'place'reads'on'highflevel'taxa,'then'

use'compara8ve'approach'restricted'to'those'

taxa'
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MEGAN+–+MEtaGenome+ANalyzer+

www-ab.informatik.uni-tuebingen.de/software/megan 

  Interactive tool for metagenomic analysis 

   (Version 4beta, released Dec 2010) 

Huson et al, 2007 
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Metagenomics+Pipeline+

sample Sequence 

comparison 

NCBI-nr NCBI-nt 

Comparison 

data 
DNA 

Reads 

Interactive 
analysis and 
visualization 

Reference databases 

Metagenome 

34'
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NCBI-nr NCBI-nt 

Iden(fying+Taxa+and+Genes+

sample Sequence 

comparison 

Comparison 

data 
DNA 

Reads 

Interactive 
analysis and 
visualization 

Reference databases 

Metagenome 

35'

Metagenome analysis 

Basic idea: compare reads against 

references sequences of known  
species and/or function 
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Sequence+Comparison+

ACTGTGCACGTTGACGTAAGTTT...CGTGT 

!   DNA'Read'

!   Align'to'reference'sequences,'e.g.'BLASTX'against'
NR'database:'

!   Indicates'gene'content:'
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Taxonomic+Placement+Using+LCA+

A read will often match more than one database entry: 

LCA 

Order 
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Taxonomic+Placement+Using+LCA+

!   For'each'DNA'read:'
!  Determine'which'gene'sequences'it'matches'

!  Corresponding'species'are'assumed'to'contain'the'
gene'

!  Place'read'on'the'LCA'of'species'

!   Is'placement'by'gene+content+or'“phylogene8c'
footprint”'

!   Robust'against'false'posi8ve'placements'

!   Robust'against'(known'cases)'of'horizontal'gene'
transfer'

38'
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Minimum+Support+Filter+

!   Require'at'least'50'reads'on'a'node,'say'

39'

3 

8 

9 

15 

12 

55 8 
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Taxonomic+Analysis+using+NCBI+Taxonomy+

40'

NCBI'taxonomy:'

!   Contains'all'species'
represented'by'some'
sequence'

!   >560,000'nodes'
!   (2007:'280,000'nodes)'

!   King'Phillip'Came'
Over'For'Green'
Soup…'(and'more)'
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Organize+and+

Visualize+
  Use'NCBI'taxonomy'to'

bin'sequences'by'

evolu8onary'

relatedness'of'

organisms'

41'Taxonomic analysis of 50,000 reads 
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Organize+and+

Visualize+
  Use'NCBI'taxonomy'to'

bin'sequences'by'

evolu8onary'

relatedness'of'

organisms'

  Use'all'ranks'of'NCBI'

taxonomy'for'binning'

to'reflect'different'

levels'of'sequence'

conserva8on'

42'Taxonomic analysis of 50,000 reads 
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Interact+and+

Summarize+
  Search'for'nodes'of'

interest'

43'Taxonomic analysis of 50,000 reads 
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Interact+and+

Summarize+
  Search'for'nodes'of'

interest'

  Inspect'sequences'

assigned'to'a'node'

44'Taxonomic analysis of 50,000 reads 
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Interact+and+

Summarize+
  Search'for'nodes'of'

interest'

  Inspect'sequences'

assigned'to'a'node'

  Collapse'and'unf

collapse'parts'of'the'

tree'

45'Taxonomic analysis of 50,000 reads 
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Interact+and+

Summarize+
  Search'for'nodes'of'

interest'

  Inspect'sequences'

assigned'to'a'node'

  Collapse'and'unf

collapse'parts'of'the'

tree'

  Create'charts'

46'Taxonomic analysis of 50,000 reads 
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Capture+
  Capture'all'sequences'

(and/or'their'matches)'

assigned'to'selected'

nodes'

47'Taxonomic analysis of 50,000 reads 
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Three+Basic+Computa(onal+Ques(ons+

!   Who'is'out'there?'
!   Types'of'organisms'

!   In'what'propor8ons?'

!   What'are'they'doing?'
!   Types'of'genes'

!   Which'metabolic'pathways?''

!   In'what'propor8ons?'

!   How'do'different'samples'compare?'
!   Pairwise'and'mul8ple'comparisons'

!   Correla8ons'with'environmental''

''parameters?'

!   Serve'to'answer'biological'or'medical'ques8ons'

www.compostinfo.com/tutorial/microbes.htm 
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NCBI-nr NCBI-nt 

Iden(fying+Taxa+and+Genes+

sample Sequence 

comparison 

Comparison 

data 
DNA 

Reads 

Interactive 
analysis and 
visualization 

Reference databases 

Metagenome 

49'

Metagenome analysis 

Basic idea: compare reads against 

references sequences of known  
species and/or function 
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Func(onal+Analysis+using+SEED+

!   The'SEED'classifica8on'assigns'genes'to'func8onal'roles'
in'subsystems'

!   A'subsystem'is'a'set'of'func8onal'roles'that'implement'a'

specific'biological'process'or'structural'complex'

!   RAST'and'MGfRAST:'Rapid'annota8on'using'

subsystem'technology'

!   Graph'has'≈13,000'nodes'

!   www.theSEED.org'

50'
Overbeek et al., Nucleic Acids Res 33(17), 2005  
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Example+of+a+Subsystem+

51'

Subsystem: Coenzyme A Biosynthesis 



Center for Bioinformatics 

Daniel Huson © 2010 

SEED+Func(onal+

Analysis+

MEGAN’s'SEEDf
based'analysis'

Overview+

136'000'Marine'
cDNAs'(Gilbert'2008)'

26'000'assigned'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Details'of'

Protein'

Metabolism'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Details'of'

Protein'

biosynthesis'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Details'of'

Universal'GTPases'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Chart'selected'

nodes'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Capture'reads'by'

assignment'

SEED analysis of 136 000 reads 
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SEED+Func(onal+

Analysis+

Inspect'assigned'

reads'

SEED analysis of 136 000 reads 
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KEGG+Func(onal+

Analysis+

Graph'with'

13,000'nodes'

Overview'

23'000'assigned'

KEGG analysis of 136 000 reads 

http://www.genome.jp/kegg/ 

KEGG: Kanehisa et al, 

Nucleic Acids Res. 38, D355-D360 (2010) 
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KEGG+Func(onal+

Analysis+

Details'of'

Metabolism'

KEGG analysis of 136 000 reads 
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KEGG+Func(onal+

Analysis+

Details'of'

Energy'

Metabolism'

KEGG analysis of 136 000 reads 
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KEGG+Func(onal+

Analysis+

Details'of'

Photosynthesis'

KEGG'pathway'

Squares'colored'
to'indicate'
number'of'reads'
assigned'

KEGG analysis of 136 000 reads 
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KEGG+Func(onal+

Analysis+

Inspect'or'

capture'reads'by'

assignment'

KEGG analysis of 136 000 reads 
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KEGG+Func(onal+

Analysis+

Another'example:'

Details'of'

Flagellar'assembly'

KEGG analysis of 136 000 reads 
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Mapping+Reads+To+Func(onal+Roles+

!  Use'RefSeqftofSEED'mapping'file'(1.4'million'entries)'

!  Example:'

>ref|YP_585064.1| molecular chaperone DnaK [Ralstonia metallidurans 
CH34]!
 sp|O33522.2|DNAK_RALME RecName: Full=Chaperone protein dnaK; 
AltName: Full=Heat shock !
protein 70; AltName: Full=Heat shock 70 kDa protein; AltName: !
Full=HSP70!
 gb|ABF09795.1| Chaperone DnaK [Ralstonia metallidurans CH34]!
Length=648!

 Score = 34.3 bits (77),  Expect = 2.3, Method: Composition-based 
stats.!
 Identities = 14/15 (93%), Positives = 14/15 (93%), Gaps = 0/15 (0%)!

Query  1    MLGTFNLEGIAPAPR  15!
            MLG FNLEGIAPAPR!
Sbjct  454  MLGEFNLEGIAPAPR  468!

“Chaperone protein DnaK” 

Lookup 
ref2seed.map 

BLAST match 
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Mapping+Reads+To+KEGG+Orthologs+

!  Use'RefSeqftofKEGG'mapping'file'(2.1'million'entries)'

!  Example:'

>ref|YP_585064.1| molecular chaperone DnaK [Ralstonia metallidurans 
CH34]!
 sp|O33522.2|DNAK_RALME RecName: Full=Chaperone protein dnaK; 
AltName: Full=Heat shock !
protein 70; AltName: Full=Heat shock 70 kDa protein; AltName: !
Full=HSP70!
 gb|ABF09795.1| Chaperone DnaK [Ralstonia metallidurans CH34]!
Length=648!

 Score = 34.3 bits (77),  Expect = 2.3, Method: Composition-based 
stats.!
 Identities = 14/15 (93%), Positives = 14/15 (93%), Gaps = 0/15 (0%)!

Query  1    MLGTFNLEGIAPAPR  15!
            MLG FNLEGIAPAPR!
Sbjct  454  MLGEFNLEGIAPAPR  468!

K04043 = “molecular chaperone DnaK” 

Lookup 
ref2kegg.map 

BLAST match 
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Three+Basic+Computa(onal+Ques(ons+

!   Who'is'out'there?'
!   Types'of'organisms'

!   In'what'propor8ons?'

!   What'are'they'doing?'
!   Types'of'genes'

!   Which'metabolic'pathways?''

!   In'what'propor8ons?'

!   How'do'different'samples'compare?'
!   Pairwise'and'mul8ple'comparisons'

!   Correla8ons'with'environmental''

''parameters?'

!   Serve'to'answer'biological'or'medical'ques8ons'

www.compostinfo.com/tutorial/microbes.htm 
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Taxonomic+

Comparison+

Simultaneously'

analyze'mul8ple'

datasets'

68'
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SEEDFbased+

Comparison+

Simultaneously'

analyze'mul8ple'

datasets'

69'
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SEEDFbased+

Comparison+

Details'of'

Protein'

Metabolism'

70'
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SEEDFbased+

Comparison+

Simultaneously'

analyze'mul8ple'

datasets'

71'
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KEGGFbased+

Comparison+

Simultaneously'

analyze'mul8ple'

datasets'

72'
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KEGGFbased+

Comparison+

Details'of'Energy'

Metabolism'

73'
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KEGGFbased+

Comparison+

Details'of'

Photosynthesis'

KEGG'pathway'

74'
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KEGGFbased+

Comparison+

Details'of'Sulfur'

metabolism'

pathway'

75'
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Compare+
Highflevel'comparison:'

  Select'taxa'

  Compute'ecological'

indices'(distances)'

  Represent'distances'

using'neighborfnet'

  …'or''MDS'

Neighbor-net: 

Bryant and Moulton, 2003 

Mitra, Gilbert, Field and Huson, 

ISME J, 2010 

Goodall, Chi-Square,Kulczynski, Bray-Curtis, 
Hellinger, Euclidean and UniFrac 

76'



Center for Bioinformatics 

Daniel Huson © 2010 

Compare+
Highflevel'comparison:'

  Select'taxa'

  Compute'ecological'

indices'(distances)'

  Represent'distances'

using'neighborfnet'

  …'or''MDS'

  Select'func8ons…'

Taxonomical 
comparison 

Functional 
comparison 
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Example+
Deep'sea'hot'vent''

dataset''

vs'

SCELSE'sludge'
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www.cosmosmagazine.com 

Wikimedia Commons 

Taxonomic analysis 
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Example+
Deep'sea'hot'vent''

dataset''

vs'

SCELSE'sludge'
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www.cosmosmagazine.com 

Wikimedia Commons 

SEED analysis 
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Example+
Deep'sea'hot'vent''

dataset''

vs'

SCELSE'sludge'
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www.cosmosmagazine.com 

Wikimedia Commons 

KEGG analysis 



Center for Bioinformatics 

Daniel Huson © 2010 

Example+
Deep'sea'hot'vent''

dataset''

vs'

SCELSE'sludge'
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www.cosmosmagazine.com 

Wikimedia Commons 

KEGG pathway analysis 
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!  Genomics'

!  Sequencing'

!  Metagenomics'

!  Computa8onal'ques8ons'

!  Outlook'
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Computa(onal+Challenges…+
!  Global'Ocean'Sampling'

!   www.jcvi.org/cms/research/projects/gos'

!  Human'Microbiome'Project'

!  nihroadmap.nih.gov/hmp/'

!  Terragenome'Consor8um'

!  www.terragenome.org'

!  SCELSE'
!  Singapore'centre'for'life'science'engineering'

!  Survey'of'the'Earth'microbiome'

!  100,000’s'of'samples'

83'

•  Petabases of sequences 

•  Processing and storage of exabytes of data  

(mega, giga, tera, peta, exa…) 

Terabases of sequences 
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Computa(onal+Challenges…+

!  Data'storage'and'access'

!  Tools'for'naviga8ng'metagenome'data'

and'metadata'

!  Ever'faster'analysis'methods'

!  How'to'learn'across'mul8ple'datasets?'
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Challenges+

!  Need'substan8ally'more'reference'genomes'

and'much'bePer'understanding'of'diversity'

Dongying Wu et al, Nature, 2009 



Center for Bioinformatics 

Daniel Huson © 2010 86'

!   Suparna'Mitra,'Daniel'Richter,'Hans'Ruscheweyh,''

'''''Paul'Rupek,'Nico'Weber'&'Max'Schubach' 'Tübingen'

!   Stephan'Schuster,'Fangqing'Zhao'&''Qi'Ji'' 'Penn'State'

!   Christa'Schleper'and'Tim'Urich' ' ' 'Vienna'

!   Ida'Steen'and'Anders'Lanzen' ' ' 'Bergen'

Joint+Work+With:+


