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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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Role of DNA

1953 Watson and Crick
- The structure of DNA is a double helix
- It is the order of the bases along the molecule 
that contains heredity information

Wikipedia.org

...
A – T
C – G
G – C
T – A
A – T
A – T
...



Daniel Huson © 2010 6

Sanger DNA Sequencing

 Sanger sequencing basis            
of Genomics until 2005

1975 Frederick Sanger 
develops the “chain 
termination method” 
method for DNA 
sequencing
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Genomics

 Genomics is the study of the 
genome sequence of individual 
organisms

 Genome sizes:
– Bacteria: 1-10 million bases (Mb)

– Drosophila: 140Mb

– Human: 3 billion bases (Gb)
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Sequencing of Genomes
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GOLD: Genomes online database
www.genomesonline.org
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Genome Projects by Groups

9

Bacteria

Eukaryotes

Archaea

Metagenomes
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The GEBA Project
 A Genomic Encyclopedia for Bacteria and Archaea

– JGI/DSMZ project

– Systematically

sequence

microbes from

underrepresented

clades

http://www.jgi.doe.gov/programs/GEBA/

10

Dongying Wu et al, Nature, 2009
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Phylogenetic Diversity (PD)

PD of a set of taxa:

 The sum of all 
branches on the 
phylogenetic tree 
that spans the set

(Faith, 1992)

11

(Faith, 1992)
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From One to Many…

12

2008:
1000 Genomes Project…

2001:
THE Human Genome
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Next-Generation Sequencing Technologies

14

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

 First generation (Sanger sequencing):
– 100kb/run, read length 1000bp, 500$/Mb

 Second generation:
– 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 generation:
– PacBio SMRT: 25Gb/run, >1000bp, ?$/Mb

 Other:
– Ion Torrent: uses ion sensor, <100,000$

15
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SMRTTM Sequencing

Single Molecule Real Time Sequencing

 Observes detached  
fluorescent dye molecules

 Three protocols:
– Linear sequencing:                                         

1kb reads, 10% deletion rate

– Circular sequencing:

e.g. 200bp reads, high quality

– Strobe sequencing:

e.g. 10 sections, each 100bp , each 500bp apart

16
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Sequencing No Longer the Bottleneck…
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This slide kindly provided by Folker Meyer (Argonne National Labs)
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How Many Species?
Major unsolved question:

– Number of species on Earth? 
– Cannot be answered even to within several orders of 

magnitude

 Some estimations 
– 3-50 million species of arthropods
– 1-100 million species of nematodes

Once the diversity of the microbial world 
is catalogued, it will make astronomy 
look like a pitiful science
- Julian Davies, Professor Emeritus, Microbiology and Immunology, UBC

www.ucmp.berkeley.edu/arthropoda/arthropoda.html

?
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Identified 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

 74,000-120,000 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 reptiles
 10,234 birds
 5,416 mammals

Source: http://en.wikipedia.org/wiki/Biodiversity Sequences for ~200,000
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 “The study of the DNA of      
uncultured organisms”

 > 99% of all microbes cannot be cultured

 A genome:
– Entire genetic information of a single 

organism

 A metagenome: 
– Entire genetic information of a community of 

organisms 

Metagenomics

www.innovations-report.de
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Soil samples

Sea water samples

Seabed samples

Air samples

Medical samples

Ancient bones

Human microbiome

Typical Sources of Metagenomes

http://outdoors.webshots.com

http://www.scienceimage.csiro.au/

soils.usda.gov

www.lanl.gov
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Global Ocean Sampling Expedition

Rusch et al. (2007):
 41 samples
 Size filtered 0.1-0.8m
 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

 Obesity-associated 
gut microbiome
– Change in relative 

abundance of 
Bacteroidetes and 
Firmicutes

– Change in functional 
capacity (toward energy 

harvesting)

http://en.wikipedia.org
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Mammoth Project

25

 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
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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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Large-Scale Human Gut Analysis

27

• 576Gb of sequence from 124 individuals
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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

10 million sequences

10 000 
hours
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Q3: How Do They Compare?

www.compostinfo.com/tutorial/microbes.htm

30

http://en.wikipedia.org
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Additional Questions

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

 How to assemble metagenome data?

 Gene prediction?

 Faster sequence comparison

 etc 

31
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Three Basic Computational Questions

 Who is out there?
 Types of organisms

 In what proportions?

 What are they doing?
 Types of genes

 Which metabolic pathways? 

 In what proportions?

 How do different samples compare?
 Pairwise and multiple comparisons

 Correlations with environmental 

parameters?

 Serve to answer biological or medical questions

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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MEGAN – MEtaGenome ANalyzer

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

 Interactive tool for metagenomic analysis
(Version 4, to be released Nov 2010)

Huson et al, 2007



Daniel Huson © 2010

Metagenomics Pipeline

sample Sequence
comparison

NCBI-nr NCBI-nt Whole
Genomes 

Comparison
data

DNA
Reads

Interactive
analysis and
visualization

Reference databases

Metagenome

Similar for
•metatranscriptomics
•metaproteomics
•amplicon sequencing

37
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NCBI-nr NCBI-nt Whole
Genomes 

Identifying Taxa and Genes

sample Sequence
comparison

Comparison
data

DNA
Reads

Interactive
analysis and
visualization

Reference databases

Metagenome

BLASTX 
against 

NCBI-NR

Identify homologous 
reference genes

>gi|57241447|ref|ZP_00369393.1| flagellar motor switch 

protein [Campylobacter lari RM2100] 

Score = 33.9 bits (76), Expect = 1.8

Identities = 13/26 (50%), Positives = 19/26 (73%)

Query: 79  LMFVFDDLATVEENGIREIINRADKK 2

LMF FDD++ +  N IRE++  ADK+

Sbjct: 243 LMFTFDDISQLSTNAIREVLKAADKR 268

38

Metagenome analysis

Basic idea: compare reads against
references sequences of known 
species and/or function
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Sequence Comparison

sample ACTGTGCACGTTGACGTAAGTTT...CGTGT

>gi|57241447|ref|ZP_00369393.1| flagellar motor switch protein

[Campylobacter lari RM2100] 

Score = 33.9 bits (76), Expect =0.01

Identities = 13/26 (50%), Positives = 19/26 (73%)

Query: 79  LMFVFDDLATVEENGIREIINRADKK 2

LMF FDD++ +  N IRE++  ADK+

Sbjct: 243 LMFTFDDISQLSTNAIREVLKAADKR 268

Campylobacter lari RM2100

 DNA Read

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

 Indicates gene content:
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Taxonomic Placement Using LCA

>gi|57241447|ref|ZP_00369393.1 flagellar motor switch proteinFliG 

[Campylobacter lari RM2100] 

Score = 33.9 bits (76), Expect = 0.01

Identities = 13/26 (50%), Positives = 19/26 (73%)

Query: 79  LMFVFDDLATVEENGIREIINRADKK 2

LMF FDD++ +  N IRE++  ADK+

Sbjct: 243 LMFTFDDISQLSTNAIREVLKAADKR 268

>gi|32262158|gb|AAP77207.1| flagellar motor switch protein FliG    

[Helicobacter hepaticus ATCC 51449]

Score = 33.5 bits (75), Expect = 0.01

Identities = 13/26 (50%), Positives = 20/26 (76%)

Query: 79  LMFVFDDLATVEENGIREIINRADKK 2

+MF F+D++ ++ N IREI+  ADKK

Sbjct: 244 MMFTFEDISKLDNNAIREILKIADKK 269

>gi|34484004|emb|CAE11000.1| FLAGELLAR MOTOR SWITCH PROTEIN FLIG

[Wolinella succinogenes]

Score = 32.7 bits (73), Expect = 0.01

Identities = 13/26 (50%), Positives = 19/26 (73%)

Query: 79  LMFVFDDLATVEENGIREIINRADKK 2

+MF F+D+  ++ N IREI+  ADKK

Sbjct: 242 MMFTFEDIEKLDNNAIREILKVADKK 267

A read will often match more than one database entry:

New, unknown species

LCA approach: Assign read to LCA of hits in taxonomy

LCA
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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 
phylogenetic footprint

 Robust against false positive placements

 Robust against (known cases) of 
horizontal gene transfer

41
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Minimum Support Filter

 Require at least e.g. 50 reads on a node

42

Acaryochloris marina MBIC11017

Prochlorococcus marinus

Nodularia spumigena CCY9414

Nostoc sp. PCC 7120Nostocaceae

Lyngbya sp. PCC 8106

Microcoleus chthonoplastes PCC 7420

Trichodesmium erythraeum IMS101
Oscil latoriales

Crocosphaera watsonii WH 8501

Cyanothece sp. PCC 7822

Cyanothece sp. CCY0110

Cyanothece sp. ATCC 51142
Cyanothece

Synechococcus

Microcystis aeruginosa

Chroococcales

Cyanobacteria

3

8

9

15

12

55 8
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Taxonomic Analysis using NCBI Taxonomy

43

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 
evolutionary 
relatedness of 
organisms

44Taxonomic analysis of 50,000 reads
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Organize and 
Visualize
 Use NCBI 

taxonomy to bin 
sequences by 
evolutionary 
relatedness of 
organisms

 Use all ranks of 
NCBI taxonomy 
for binning to 
reflect different 
levels of sequence 
conservation

45Taxonomic analysis of 50,000 reads
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Interact and 
Summarize
 Search for nodes 

of interest

46Taxonomic analysis of 50,000 reads
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Interact and 
Summarize
 Search for nodes 

of interest

 Inspect sequences 
assigned to a node

47Taxonomic 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 un-
collapse parts of 
the tree

48Taxonomic 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 un-
collapse parts of 
the tree

 Create charts

49Taxonomic analysis of 50,000 reads
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Capture
 Capture all 

sequences (and/or 
their matches) 
assigned to 
selected nodes

50Taxonomic analysis of 50,000 reads
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Three Basic Computational Questions

 Who is out there?
 Types of organisms

 In what proportions?

 What are they doing?
 Types of genes

 Which metabolic pathways? 

 In what proportions?

 How do different samples compare?
 Pairwise and multiple comparisons

 Correlations with environmental 

parameters?

 Serve to answer biological or medical questions

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

Identifying Taxa and Genes

sample Sequence
comparison

Comparison
data

DNA
Reads

Interactive
analysis and
visualization

Reference databases

Metagenome

BLASTX 
against 

NCBI-NR

52

Metagenome analysis

Basic idea: compare reads against
references sequences of known 
species and/or function
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 The SEED classification assigns genes to 
functional roles in subsystems

 A subsystem is a set of functional roles that 
implement a specific biological process or 
structural complex

 RAST and MG-RAST: Rapid annotation 
using subsystem technology

 Graph has ~10,000 nodes and edges

 www.theSEED.org

53

Overbeek et al., Nucleic Acids Res 33(17), 2005 

Functional Analysis using SEED
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Example of a Subsystem

54

Coenzyme A Biosynthesis Subsystem
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Organize
and Visualize

Functional analysis
 Use SEED 

classification to 
bin sequences by 
subsystems

SEED: Overbeek et al.,
Nucleic Acids Res 33 (17), 2005 

www.theseed.org

55SEED analysis of 50,000 reads
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Organize
and Visualize

Functional analysis
Use SEED 
classification to bin 
sequences by 
subsystems

… and by functional 
roles

SEED: Overbeek et al.,
Nucleic Acids Res 33 (17), 2005 

www.theseed.org

56SEED analysis of 50,000 reads
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Capture
 Capture all 

sequences (and/or 
their matches) 
assigned to 
selected nodes

 By function (SEED)

57SEED analysis of 50,000 reads



Daniel Huson © 2010

Pathway
Analysis

Functional analysis
 Use KEGG 

pathways to bin 
sequences by their 
presence in 
pathways

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

KEGG: Kanehisa et al,
Nucleic Acids Res. 38, D355-D360 (2010)

MEGAN KEGG Viewer

58
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Three Basic Computational Questions

 Who is out there?
 Types of organisms

 In what proportions?

 What are they doing?
 Types of genes

 Which metabolic pathways? 

 In what proportions?

 How do different samples compare?
 Pairwise and multiple comparisons

 Correlations with environmental 

parameters?

 Serve to answer biological or medical questions

www.compostinfo.com/tutorial/microbes.htm
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Compare
Display multiple 
datasets 
simultaneously

 Taxonomical 
comparison

 Interact

 ... and summarize

60
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Compare
Display multiple 
datasets 
simultaneously

 Taxonomical 
comparison

 Interact

 ... and summarize

 Functional 
comparison

61
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Compare
High-level comparison:

 Select taxa

 Compute ecological 
indices (distances)

 Represent 
distances using 
neighbor-net

 … 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

62
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Compare
High-level comparison:

 Select taxa

 Compute ecological 
indices (distances)

 Represent 
distances using 
neighbor-net

 … or  MDS

 Select functions…

Taxonomical
comparison

Functional
comparison

63
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Phylogenetic Networks

~ 360 pages
– 55 lemmas

– 20 theorems

– 50 algorithms

– 85 exercises

– 15 applications

– 190 figures

~ 40 EUR

64

Dec 2010 

Concepts, Algorithms and Applications
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Example: Mouse Gut Microbiome

65
Dominant gut microbes: Bacteroidetes and Firmicutes
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Comparative Analysis

66

Change in proportions of these two phyla
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Basic 
Principles

 Organize

 Visualize

 Interact

 Summarize

 Capture

 Compare
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Single Reads vs Paired Reads

In metagenomics:

 Use single reads or paired reads?

 In the latter case, short clones or long 
clones?

69
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Taxonomical Analysis Based on Gene Content

70

Set of         
all species 
containing gene

Use LCA to assign to (higher-rank) taxon

read

Unknown source genome
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Taxonomical Analysis Based on Gene Content

71

Set of
all species 
containing 
gene

Set of
all species 
containing 

gene

Unknown source genome

Short clones or long clones?
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Taxonomical Analysis Based on Gene Content

72

Set of
all species 
containing 
gene

Set of
all species 
containing 

gene

Unknown source genome

LCA of intersection of species:

Claim: long clones are more specific
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Simulated Performance 454 vs Illumina

73

250bp, single

75bp, single

75bp,short clones

75bp, long clones

4% more reads 
assigned at 
species level

% reads (correctly) assigned at species level

MetaSim – simulator (Richter et al, 2008)
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Ocean Seabed Sample

 Joint work with Ida Steen (Bergen)

 Currently analyzing large set of 454 
paired reads (7kb clones) collected from 
an Arctic hot vent at 3km depth

74

www.cosmosmagazine.com
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Hybrid Approach

 Machine-learning based classification 
approaches are much faster than 
BLASTX

 Biologists want to see alignments and 
they are needed for functional analysis

 Hybrid approach:
– Use taxonomic classifier to perform 

taxonomic binning

– BLASTX reads only against assigned taxa

 Study of NBC (Rosen et al 2008) and 
Phymm (Brady & Salzberg, 2009)

75
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Hybrid Approach

 Simulation study:

 ~10x speed-up over full BLASTX

 Increased accuracy using NCB

 Decreased accuracy using Phymm
76Weber et al, submitted
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MEGAN-DB

 Database of precomputed MEGAN files

 www.megan-db.org
Joint work with Thomas Rattei and Simon Domke 77
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Computational Challenges…

 Global Ocean Sampling
– www.jcvi.org/cms/research/projects/gos

 Human Microbiome Project
– nihroadmap.nih.gov/hmp/

 Terragenome Consortium
– www.terragenome.org

 Survey of the Earth microbiome
– 100,000’s of samples

79

• Petabases of sequences
• Processing and storage of exabytes of data 

(mega, giga, tera, peta, exa…)

Terabases of sequences
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Computational Challenges…

Data storage and access

Tools for navigating 
metagenome data and metadata

 Ever faster analysis methods

How to learn across multiple 
datasets?

How to build a model of the 
Earth microbiome?

80



Daniel Huson © 2010 81

 Tübingen: Suparna Mitra, Daniel Richter, Nico 
Weber & Max Schubach

 Penn State: Stephan Schuster and Qi Ji

 Vienna: Tim Urich, Christa Schleper, Thomas 
Rattei, Simon Domke

 Bergen: Ida Steen and Anders Lanzen

Joint Work With:

www-ab.informatik.uni-tuebingen.de


