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I y 9

L

Friedrich Miescher
(1844-1895)

the kitchen of Tiibingen Castle

L 1869: Miescher discovered DNA in
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Genomics is the study of the genome
sequence of individual organisms

C = mu o | -

L

Sequencing and assembly...
Annotation and analysis...
Genome comparison...
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Genome Sequencing Projects on GOLD
September 2009, 5643 projects

6000
5000
4000
| Incomplete
3000 @ Complete

2000
1000
0 -
oS o P & & @ @65 K\ o8 F ¢ @ @

GOLD: Genomes online database
www.genomesonline.org
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Genome Projects on GOLD according to Phylogenetic Groups ©
September 2009 - 5831 Projects

4000 f‘:.; Bacteria

A Eukaryotes

Daniel Huson © 2010 7
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A Genomic Encyclopedia for Bacteria and Archaea
JGI/DSMZ project

1,200

i [l GEBA genomes
[ Pre-GEBA genomes
[ Organisms from the greengenes database
1,000 F m Organisms from the greengenes database
(excluding environmental samples)
- >
Systematically 2 00}
[}
2
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sequence S o0l
. @
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Number of organisms

Dongying Wu et al, Nature, 2009

green

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

16S rRNA gene database
workbench compatible with ARB
greengenes.lbl.gov

and
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e % phylogenetic Diversity (PD)

11109 8 7 6 & 4 3 2 1

l 1 I | | | | a l R1R2Z2R3
PD of a set of taxa: ‘ =——~
The sum of all - _—’ f
branches on the "" *
phylogenetic tree that 1
spans the set Eg=
(Faith, 1992) - E
S — °

(Faith, 1992)
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Sequencing
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| SCIENCES

Fuelling a rapid growth of the number and
size of sequencing projects

11
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First generation (Sanger sequencing):
100kb/run, read length 1000bp, 500S/Mb
Second generation:
Roche/454: 450Mb/run, 400bp, 20S/Mb
lllumina: 35Gb/run, 100bp, 0.50S/Mb
SOLiD: 50Gb/run, 50bp, 0.505/Mb
Heliscope: 37Gb/run, 32bp, <0.50S/Mb
Third generation:
PacBio SMRT: 25Gb/run, >1000bp, ?S/Mb

Other:
lon Torrent: uses ion sensor, 100bp per run, 10x cheaper than 454

12



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Center for Bioinformatics

Sequencing No Longer the Bottleneck...

If we simply ran BLASTX on EC2...

$900,000

S $600,000
$300, 000
5300'000 52‘“ 000
$120,000
5,000 ¥ Bioinformatics
$30,000 - RED00 0,000 A0 ¥ Seguencing
$15,000 5,000
$7,
$3,5
$3,000 —
10.5 1§ 30 196

60 | |98

454 Solexa Next gen Solexa

* 95GB == 195,600 node hours (on Nehalem 8core, 16GB),

* [llumina HiSeq2000 = 2x100GB/run

» cost is purely BLAST, no storage or transfer cost

» values are in Amazon EC2 (from Wilkening et al, IEEE Cluster09)

* note: 10x or 100x improvements over BLASTX will help, but not solve
* prices from mid 2009

This slide kindly provided by Folker Meyer (Argonne National Labs)

13
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Metagenomics

14
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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 diversit?/ of the microbial world is
catalogued, it will make astronomy look like
a pitiful science

- Julian Davies, Professor Emeritus, Microbiology and Immunology, UBC

15
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~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

Source: http://en.wikipedia.org/wiki/Biodiversity

~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

Sequences for ~200,000

16
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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

A metatranscriptome:

Entire collection of transcripts of a community at a
given time

www.innovations-report.de

17
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Soil samples

Sea water samples
Seabed samples
Air samples
Medical samples
Ancient bones

Human microbiome

= = ywww.lanl.gov

18
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Rusch et al. (2007):
41 samples
Size filtered 0.1-0.8um

Sanger sequencing
7.7 million reads
length ~822bp
~ 5.9Gb sequence

Low abundance of clonal
organisms

Viruses Alpha Proteobacteria 032 Y h t l 2 O O 7 *
EUkangEyz 3.7% Azrf:-;\oze Unclassified Proteobacteria 0.155 O O S e p e a e *

Gamma Proteobacteria 0.132

Bacteroidetes 0.13 . . .
e 0079 6 mi I I ion rot eins
Firmicutes 0.075 p

Actinobacteria 0.046

Marine Group A 0.022 M H
CLCLET linear rate of discovery
OP11 0.008

Unclassified Bacteria 0.008

Delta Proteobacteria 0.005

Planctomycetes 0.002

Bgaoc (88028 Epsilon Proteobacteria 0.001
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http://en.wikipedia.org

Turnbaugh et al (2006) Obesity-associated gut

Caecal microbial DNA of ob/ob, microbiome
ob/+, +/+ mice

Change in relative
Sanger sequencing: abundance of Bacteroidetes
39.5 Mb and Firmicutes

read length 750 bp Change in functional

454 SequenCing: Cd paCIty (toward energy harvesting)
160 Mb d ob1 ob1 ob2

Versus versus versus

lean1 lean1 lean2

read length 93 bp e e patuay

Pentose/glucuronate interconversions™
Galactose metabolism

Starch/sucrose metabolism*
C5-branched dibasic acid metabolism*

Energy Reductive carboxylate cycle
Pyruvate/oxoglutarate oxidoreductases
Lipid Glycerolipid metabolism™*
Amino acid Phe, Tyr and Trp biosynthesis*
Other amino acids B-Ala metabolism

Lipopolysaccharide biosynthesis*
Glycosphingolipid metabolism*
Unclassified transcriptional regulators™
Type lll secretion system

ABC transporters™

Flagellar assembly*

Bacterial motility proteins

Sporulation*

Glycan

Transcription
Folding/sorting/degradation
Membrane transport

Cell motility

Cell growth and death

20
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Metagenomics to Paleogenomics:
Large-Scale Sequencing of
Mammoth DNA

Hendrik N. Poinar,>%3* Carsten Schwarz,>*? Ji Qi,* Beth Shapiro,5 Ross D. E. MacPhee,®
Bernard Buigues,7 Alexei Tikhonov,® Daniel H. Huson,’ Lynn P. Tomsho,* Alexander Auch,’
Markus Rampp,*® Webb Miller,* Stephan C. Schuster**

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

Mammoth Project

Taxonomic analysis

W Mammoth
(predicted to align) —
5.09% \

B Mammoth (alignable to

W Unidentified
sequences, 18.42%

M Environmental sequences
14.15%

OVirus =23 -
0.09% ~__[Jalignable to human

1.40%
[Dalignable to dog
1.25%

W Other Eukaroyta | |
4.15% ] Bacteria
5.76%

21
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bacteria: phylum proteobacteria: class
40 70
° 0O ssu: 70,268 O ssu: 14,270
UrICI I Et a/ (2008). I 60 W LSU: 19316
. A
30 | ;! =

%3}
o

25

o
o

RNA randomly reverse
transcribed into cDNA
No PCR or cloning

454 sequencing:
~ 250,000 sequences
~ 98 bp length A

RNA types:

~75% rRNA tags
~ 8% mRNA tags jjjﬂjjhj““

N
o

% ribo-tags (class-resolution)
w
=)

-
o

% ribo-tags (phylum-resolution)

(=]

rRNA analysis

Share of subsystem classified genes

& EN S &P S & FS
R & B & 'b* G FE FEE s » FF L & F S
@Qoo“@? & OQ)\Ob(,’?%\@Q'& 6\,§° Qb\),\<0°?\5‘@°°‘e<°& & i 0\§° h@\“@\@" b\p" 9\5‘" S O «o"‘) P &
P & o > SN & 2 ] 22 > @7 € 3®
& TR S & & PO A N PR F g g R
(o) H T PRI & LI & 5 O ¥ S
~ & Fid” T T Ew & F e T Sl
s & P S X TS & P o & & S
0 < S « S & & Q L
«© > PSS N \z‘ < 3°
‘»@ S Q@ QS'O’

mRNA analysis

22
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Taxonomic analysis e
using MEGAN ARTICLES

A human gut microbial gene catalogue
established by metagenomic sequencing

Junjie Qin**, Ruigiang Li'*, Jeroen Raes™’, Manimozhiyan Arumugam’, Kristoifer Solvsten Burgdorf,
Chaysavanh Manichanh’, Trine Nielsen®, Nicolas Pons”, Florence Levenez”, Takuji Yamada®, Daniel R. Mende’,
Junhua Li'”, Junming Xu', Shaochuan Li', Dongfang Li'", Jianjun Cao', Bo Wang', Huiqing Liang ', Huisong Zheng ,
Yinlong Xie', Julien Tap®, Patricia Lepage”, Marcelo Bertalan®, Jean-Michel Batto”, Torben Hansen', Denis Le
Paslier'”, Allan Linneberg'’, H. Bjern Nielsen’, Eric Pelletier'", Pierre Renault®, Thomas Sicheritz-Ponten’,

Keith Turner'?, Hongmei Zhu', Chang Yu', Shengting Li', Min Jian', Yan Zhou’, Yingrui Li', Xiuqing Zhang',
Songgang Li', Nan Qin’, Huanming Yang', Jian Wang', Seren Brunak®, Joel Doré®, Francisco Guarner”,

Karsten Kristiansen'”, Oluf Pedersen®"", Julian Parkhill'?, Jean Weissenbach ™, MetaHIT Consortiumt, Peer Bork®,
S. Dusko Ehrlich® & Jun Wang''*

To understand the impact of gut microbes on human health and well-being it is crucial to assess their genetic potential. Here
we describe the lllumina-based metagenomic sequencing, assembly and characterization of 3.3 million non-redundant
microbial genes, derived from 576.7 gigabases of sequence, from faecal samples of 124 European individuals. The gene set,
--150 times larger than the human gene complement, contains an overwheiming majority of the prevalent {more frequent)
microbial genes of the cohort and probably includes a large proportion of the prevalent human intestinal microbial genes. The
genes are largely shared among individuals of the cohort. Over 99% of the genes are bacterial, indicating that the entire
cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such species, which are
also largely shared. We define and describe the minimal gut metagenome and the minimal gut bacterial genome in terms of
functions present in all individuals and most bacteria, respectively.

« 576Gb of sequence from 124 individuals

23
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Computational questions

24
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= % High-throughput
¢~ DNA sequencing

Environmental
sample

Basic computational
analysis

www.compostinfo.com/tutorial/microbes.htm

Q1: Who is out there?

25
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http://en.wikipedia.org

www.compostinfo.com/tutorial/microbes.htm

26
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How to cluster reads by relatedness (using
machine learning techniques)?

How to assemble metagenome data?
Gene prediction?
Faster sequence comparison

etc

27
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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

00 ( GCD\ "
Correlations with environmental @ & 9w *
ig? & -l ‘
parameters?

Serve to answer biological or medical questions

28



UNIVERSITAT @
TUBINGEN

LIUBINGEN % Three Basic Computational Questions

Who is out there?
Types of organisms g@
In what proportions? \-

www.compostinfo.com/tutorial/microbes.htm

29
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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
seguences

30
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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

31
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Based on sighatures of data such as k-mer counts,
use machine-learning method such as HMMs,
SVMs or neural networks to classify reads

Hybrid approach: use fast machine-learning
approach to place reads on high-level taxa, then
use comparative approach restricted to those

taxa
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new.rma”

- MEGAN

S0L8 § e EH oteEE # OSmmmED [CE &5 =

cellular organisms

root O

Bacteria

—O Proteobacteria
—OBacteroidetes/Chlorobi group

OSpirochaetes

Firmicutes

=0

Y

./

CFusobacteria

Inspector - new.rm.

(OCyanobacteria
(OActinobacteria

OTenericutes

—OChIamydiae/Verr

(OArchaea

OEukaryota

CdsDNA viruses, no

JNot assigned

( INo hits

v new.rma
v Fusobacteria (88}

v gnl|ti|2034799615 [46]
DATA [length=557]

v

>
>
>
v

Deinococcus
Deinococcus
Deinococcus
Deinococcus

radiodurans R1
radiodurans R1
radiodurans R1
radiodurans R1

score=90.9
score=90.9
score=90.9
score=90.9

>ref|NP_293736.1| putative transposase [Deinococcus radiodurans R1]

Length = 400

Score = 90.9 bits (224), Expect = 4e-17
Identities = 57/149 (38%), Positives = 78/149 (52%)
Frame = -1

Query:
Sbjct: 97
Query:
Sbjct:
Query:
Sbjct:

IAIDPS*VSKAGKKTAHIGRFWSGCASAVKHGLEILGIAVIDADIRDAHHLRAVQTLNST 3
+AID S  KAG+ TAH+G FW+GCA+ + G+E
LAID}\SFHRKAOQHTAHDGSFWNGCN\RTERGIEQSCCALIDVQHRQAL’[’VDVRQTLTGS 1

335 ELEGKKH'LNQWYLSVLKTYRTDLLKITsLLvADmvaPFVEGLKE IGFSLI SRLRSN 1

+ +VAD ++

157 EAPTRLEQX}\DQLDDVLLDLRTVQQLDLMWADGNYAKEP IVETVTGHGLPFI SRLPRN 2

155 AV'LYYI‘[EGPRTGKRGRPKTKDGKIDFSN 69
+R

GR K DGK+DFS+

217 ANLNDL‘{TGEHPRRRGRK!O(FDGKVDFSD 245

» Deinococcus radiodurans R1 score=90.9
» Deinococcus radiodurans R1 score=90.1

nai

radindnrans 21 A

]

Taxa=18 ~

Reads=7353 Assigned=7063 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9

= 1215 of 2796M

B&H 0¥

Written by Daniel H. Huson
Original design by D.H. Huson & Stephan C. Schuster

MEGAN — MEtaGenome ANalyzer

Huson et al, 2007

MEtaGenome ANalyzer

With contributions from D.C. Richter, P. Rupek,
H.-J. Ruscheweyh, S. Mitra, A.F. Auch & J. Qi

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

Functional Analysis (SEED) - new.rma” - MECAN

= A B[R O & EnmuEn X

Secondary M

h

~,Larool rates

/Carbohyd

)Cofac(ors. Vitamins, Prost
{_Wirulence

f ISulfur Metabolism
\Stress Response

t(, Protein Metabolism

RNA Metabolism
_IMotility and Chemotaxis

[—"Blosym esis of phenylproj

I Bacterial cy ics, differ
)————<=Plant Hormones
-Biologically active compou
—Aromatic amino acids and
wAmmo Acids and Derivati
A-!Nitrogen Metabolism
. ,Clus(erln -based subsys’
¢ _;Fatty Acids, Lipids, and Is¢
t~INucleosides and Nucleoti
i, ~Cell Wall and Capsule
Q etabolism of Aromatic C
DNA Metabolism
o 'Phages, Prophages, Trans
4 JMembrane Transport
() )Resplranon

llaneo
CeII Dlvlslon and Cell Cy(
Dormancy and SEorulanor
{ 'Regulallon and Cell signa
W'Phosphorus Metabolism .
/"Rotassium metabolism '~

Y4 »]

SEED torms =34 -

Awadim7I53 Assignad=3755

+ 11370f 27964

e Interactive tool for metagenomic analysis

www-ab.informatik.uni-tuebingen.de/software/megan
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~ sample DNA Sequence ompariso
Reads ompariso data
Metagenome - =N
[ |
Interactive
analysis and
visualization
Similar for
‘metatranscriptomics Reference databases

*metaproteomics
-amplicon sequencing

34
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Metagenome analysis BLASTX

against NCBI-
NR

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

Sequence
compariso

A

Identify homologous

reference genes Interactive
analysis and

>gi|57241447 |ref|ZP_00369393.1| flagellar . . .
motor switch protein [Campylobacter lari VIsuallzat]on
RM2100]

Score = 33.9 bits (76), Expect = 1.8

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

19/26 (73%) Reference databases

Query: 79 LMFVFDDLATVEENGIREIINRADKK 2
LMF FDD++ + N IRE++ ADK+
Sbjct: 243 LMFTFDDISQLSTNAIREVLKAADKR 268

35
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Sequence Comparison

D

DNA Read
PP ) mlp ACTGTGCACGTTGACGTAAGTTT. . . CGTGT

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

e

=

[

O1 oy ()
N

o
o\

Indicates gene content:

[ Campylobacter lari RMZlOO]

Daniel Huson © 2010
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Taxonomic Placement Using LCA

A read will often match more than one database entry:

*Campylobacter fetus

° Campylobacter jejuni

Campylobacter

° Campylobacter coli RM2228

m={Campylobacter lari RM2100 ) e

LCA

(Campylobacterales

He cobacter,_

* Campylobacter upsaliensis RM3195

*Helicobacter pylori J99

elicobacter hepaticus ATCC 51449 )<=

Helicobacterac 2ae - .
=({\Wolinella succinogenes H

————OThiomicrospira denitrificans ATCC 33889

_New, unknown species )

>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

LCA approach: Assign read to LCA of hits in taxonomy .,
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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

38
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35

Chroococcales

Cyanobacteria|

Trichodesmium erythraeum IMS101
Microcoleus chthonoplastes PCC 7420
Lyngbya sp. PCC 8106

Nostocaceae Nostoc sp. PCC 7120

Nodularia spumigena CCY9414
Prochlorococcus marinus
Acaryochloris marina MBIC11017

Oscillatoriales

Require at least 50 reads on a node, say

39
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Taxonomy browser (Fungi)

NCBI taxonomy:

[Y JFreeChartDoc 4” modul 47 LaTeX - Wikibook 4 Mail 47 Songza 47 |EEE (3 GBi

Contains all species

[C) Nucleotide ) Nucleotide EST () Nucleotice GSS [ Protein (

3
[ structure L
O Popset (0 sn [J sppomains ) Domains [ =
[ unists () PubMed Central ] Gene (] O omia ]
[} Linkout () BLAST [} TRACE
S e q u e n C e Lineage (full): root; cellular organisms; Eukaryota; Fungi/Metazoa group

Geanomea Sequences
GEO Expressions
SRA Experiments

Taxonomy
Browser

Searchfor cumplete name 15) @ lock
represe nted by Some (Display ) '3 levels using filter: (none  13)

2
-
-

W w | X % http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwitax.cgi?mode=Tre ' Q~

[ News [[ii} Mac News Tabs 47 Headlines 4” GMail 4 ASK (2 AB 4 ZBIT 4 Via [<]jdoc 47 LSF 4 Backup 4” MoMiKollog 47 cite

Go Clear

UniGene
MapView

Taxonomy

W

o Fllllgi (fungi) Click on organism name to get more information.

o Blastocladiomycota
o Blastocladiomycetes
« Blastocladiales
o environmental samples

= uncultured Blastocladiomycota
>56O OOO Od S 0%
) “ e

« Chytridiales
+ Cladochytriales

+ Lobulomycetales
2007: 280,000 nodes . S
. ) « Spizellomycetales
o Monoblepharidomycetes
+ Monoblepharidales
o unclassified Chytridiomycota
= Chytridiomycota sp. Mori Alga2
= Chytridiomycota sp. Mori B3
= Chytridiomycota sp. Mori T21
= Chytridiomycota sp. Mori T23
. . . o environmental samples
= uncultured Chytridiomycota
KI n g P h I I I I p Ca l I le = uncultured rhizosphere chytridiomycete

= uncultured Spizellomyces
o Dikarya

Over For Green oy

+ Taphrinomycotina
« mitosporic Ascomycota
« unclassified Ascomycota

Soup... (and more R e
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Organize and
Visualize

v" Use NCBI taxonomy to

bin sequences by
evolutionary
relatedness of
organisms

~ N

155_PE_1_fixed-paired.rma* - [2] - MEGAN

SDEE § L HII wteEE & OSHmME [T &6

root(

cellular organisms

Proteobacteria

Ounclassified Bacteria

Bacteroidetes/Chlorobi grou
(OPlanctomycetes
OSpirochaetes

Bacteria

©Nitrospirae
OFirmicutes

(:0 Deinococcus-Thermus
OFusobacteria

OChloroflexi
(OCyanobacteria
(OActinobacteria

OTenericutes

OThermotogae

OAquificae
(OChlamydiae/Verrucomicrobia

Archaea |—OEuryarchaeota

oCrenarchaeota

Eukaryota

oNanoarchaeota
OViridiplantae
(O Alveolata

OEuglenozoa
OFungi/Metazoa group

OParabasalia

OAmoebozoa

OViruses

{__)Not assigned

(_)No hits

Taxa=33 -

Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9

- 12320f 1864M |

Taxonomic analysis of 50,000 reads
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. (_)Gammaproteobacte
Cystobacterineae SMyxococcaceae

O rga n ize a n d Myxococcales_ci,—% oStigmatella aurantiac_

—— OPlesiocystis pacifica !
Desulfovibrio________.pecifovibrio vulgari:

. . DeSU|f°‘ibﬂ°n3135—| ) aDesulfovibrio salexig
Vlsua Ize ©Desulfonatronospira

De:.ulfobacteraceaeI ODesulfococcus oleov:

, Desulfgbacterales ? Dlll))eSlJllffObgctgilrium ?I:
Deltaproteobacteria 2 Peshtatibacillum a

Use NCBI taxonomy to elta/epsilon subdivisior)s ® gosz'ﬂffﬁﬁglrﬁzﬁasﬂé

bin seauences b Proteobacteri 6 Pelobacter ————ope[obacter carbinolic

q Yy — °Pelobact ionict

. Desulfuromonadales —OGeegbggtg: mggﬁi?é%

evolutiona ry %eobacter ’——OGeobacter sp. FRC-3

O OGeobacter uraniiredt

relatedness of |: °Geobacter lovleyi SZ

°Geobacter bemidjien:
oBdellovibrio bacterioy
©delta proteobacteriul
yntrophus aciditrop
Epsilonproteobacte
etaproteobacteria
OMagnetococcus sp. |
OMariprofundus ferrot
nclassified Bacteria
Bacteroidetes/Chlot
Planctomycetes
OSpirochaetes
@Nitrospirae
OFirmicutes
°Deinococcus-Thermt
CFusobacteria
Chloroflexi
Cyanobacteria
Actinobacteria U
OTenericutes
OThermotogae
OAquificae
(OChlamydiae/Verruco
Archaea —Euryarchaeota
©Crenarchaeota
~2Nanoarchaeota

organisms

v GDEGICX11G0Qz8.1 [9]

p DATA [length=233])
Desulfobacterium autotrophicum HRMZ score=46.6
marine gamma proteobacterium HTCCZ148 score=45.8
Nitrosococcus oceani AFCZ7 score=45.1
Nitrosococcus oceani ATCC 19707 score=45.1
Roseovarius sp. 217 score=42.4

Nitrococcus mobilis Nb-231 score=4l1.

_____ MiLLALo NUTL 24

Geobacter lovleyi SZ score=3i9.

VVYyVYVYyVYyYyYYYY

- £
Roselflexus castenholzil DSM 13941 score=35.0

<«/»

D) < o]
Taxa=114 - Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 ~ 1201 of 1864M

Taxonomic analysis of 50,000 reads 0
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Interact and § Lt
Summarize detafepfon i»

R

B 7|‘\

8Deltaproteobacteria

ubdivisi Campylobacterales
proteobatteria .2 nclassified Epsilonproteobactet
—{— Sulfurovum sp. NBC37-1
[ —

Proteobacteriallf 5;151
v’ Search for nodes of N

interest

Nitratiruptor
(ONautiliales
(OBetaproteobacteria
Ounclassified Proteobacteria
OZetaproteobacteria
Bactaii Qunclassified Bacteria
_( ) OBacteroidetes/Chlorobi group
(OPlanctomycetes
OSpirochaetes
CNitrospirae
OFirmicutes
°Deinococcus-Thermus
,_ ©Fusobacteria
root() OChloroflexi
(OCyanobacteria =/
OActinobacteria
OTenericutes
OThermotogae
OAquificae
(OChlamydiae/Verrucomicrobia gr
I—OEuryarchaeota
©(Crenarchaeota
|—ONanoarchaeota\
Viridiplantae (OStreptophyta

lular organisms

Archaea

‘E <>

i Taxa=53 - Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 ~ 1076 of 1864M I

Taxonomic analysis of 50,000 reads 13




EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Center for Bioinformatics

Interact and

Summarize
v

Search for nodes of
interest

v'  Inspect sequences

assigned to a node

o0

155_PE_1_fixed-paired.rma* - [2] - MEGAN

S@L S § e B otos=el 8 O©mm MCIEA &

=
™\
00 Inspector - 155_PE_1_fixed-paired.rma - [2] - MEGAN
v 155 _PE_1_fixed-paired.rma =~
v Sulfurovum sp. NBC37-1 [5917)
» GDEGICX11G3K5K.2 [6]
» GDEGICX11G2QRJ.2 [100]
» GDEGICX11GZA6G.2 [22]
» GDEGICX11GTWQ6.1 [100]
» GDEGICX11G2DYH.1l [100]
» GDEGICX11G14WB.2 [1] Dactel
p GDEGICX11Gz2zGJ.1l [13)]
» GDEGICX11G104U.1 [1]
» GDEGICX11GWIOM.2 [22]
» GDEGICX11GYO2L.Z [5]
» GDEGICX11G25H0.2 [100]
p GDEGICX11GY5Q9.1 [10]
p GDEGICX11GIVMN.2 [1]
» GDEGICX11GZR4E.l [27]
» GDEGICX11GZR4E.2 [100] f
» GDEGICX11G1W26.1 [100]
» GDEGICX11GILSB.2 [4]
» GDEGICX11G1Y2D.1l [1]
» GDEGICX11GOQ6M.1 [100]
¥ GDEG1CX11G2DJ2.1 [36] loup
Z3T]
>GDEGICX11G2DJ2.1 length=299 xy=2780_1424 region=11 run=R 2010_03_03_ 14 54 ¥
TTTTAGAGATAGAAATTATCCCAGACTTAGGAGTAGCCATAGACGAACTTTTCGCTGCAATAGACAARAGTARANTY
v Sulfurovum sp. NBC37-1 score=80.5
>ref|YP_001357841.1| hypothetical protein SUN_0524 [Sulfurovum sp. NBC37-1]
dbj|BAF71484.1| conserved hypothetical protein [Sulfurovum sp. NBC37-1]
Length = 87
lular or¢ Score = 80.5 bits (197), Expect(2) = 8e-22
Identities = 36/51 (70%), Positives = 47/51 (92%)
Frame = +2
Query: 74 NATKEQEEDLEEMRDMRTECFSIIEELGRDELEAEEIDELLAELVEMKTEE 226
rc NATKEQ+EDLEEMR+MRTECF+I+EE+ +DEL+ EE +ELL ELV++KT+E
Sbjct: 35 NATKEQKEDLEEMREMRTECFAIVEEIKKDELDEEEAEELLTELVDLKTDE 85
o
Score = 46.6 bits (109), Expect(2) = 8e-22
Identities = 23/32 (71%), Positives = 27/32 (84%)
Frame = +3
Query: 3 LEIEITPDLGVAIDELFAAIDKSKMPQKNKKK 98
LE+EIIPDL VAIDELFAAIDK+K K +K+
Sbjct: 11 LELEITIPDLEVAIDELFAAIDKAKNATKEQKE 42
p Strongylocentrotus purpuratus score=37.0 ia gf
p Drosophila erecta score=35.8
p Rattus norvegicus score=35.8 b
p Algoriphagus sp. PRl score=35.4
» Gallus gallus score=35.0 p 4
[C )  RART
# A
Viridiplantae| OStreptophyta v
Taxa=53 - Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 » 1076 of 1864M |
[ i lysis of d
axonomic analysis of 50,000 reads 4
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Summarize

v

v

Search for nodes of
interest

Inspect sequences
assigned to a node

Collapse and un-
collapse parts of the
tree

155_PE_1_fixed-paired.rma* - [2] - MEGAN l

028 $ 3w S eteeEd 4 OCmmE TCE iE |

ular organisms

O

bl

OAIphaproteobacteria

De

De|

Gammaprotecbacteria

Desulfoh acteraceae|

Desulfovibrig—————pesulfovibrio vulgaris
sulfovibrionales

OMyxococcales

[

©Desulfovibrio salexigens DSI

©Desulfonatronospira thiodis

ODesulfococcus oleovorans H

sulfobacterales [ ?

Deltaprots

Bacteria

sobacteria
'

Desjulfuromonadales

(ODesulfobacterium autotropt

cDesulfatibacillum alkenivora

ODesulfotalea psychrophila L

Pelobacter————CPelobacter carbinolicus DSM

ODesulfuromonas acetoxidan

L oPelobacter propionicus DSM
————0OGeobacter metallireducens (
Cedbacier oGeobacter sp. FRC-32

OGeobacter uraniireducens Ri
°Geobacter lovleyi SZ
°Geobacter bemidjiensis Bem

oBdellovibrio bacteriovorus H!

odelta proteobacterium MLM!

Epsilonproteobacteria
unclassified Epsilonprote

©Syntrophus aciditrophicus SI

Campylobacterales

Sulfurovum sp. NBC37-1

Nitratiruptor

ONautiIiaIes

O Betaproteobacteria

QOunclassified Proteobacteria

| Taxa=114 ~

root O (O Zetaproteobacteria
| (O unclassified Bacteria v
7 — 4 >
Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 ~ 1063 of 1864M ‘

Taxonomic analysis of 50,000 reads 4
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155 PE_1_fixed-paired.rma* - [2] - MEGCAN

SPLS § Leee S otos=6E M OSmmmE FCE 25

A
|
I nte ra Ct a n d (OlAlphapfoteobacteri
Ass=3)S553
um
S u m m a ri ze @pamm proteobacteria
A:rsn 3121)57
Proteobacteria O elta silon subdivisions
Ass=105,
v' Search for nodes of C
interest
v’ Inspect sequences
. OlZetaprofeobacteri
assigned to a node
O unclassified Bacteria
v' Collapse and un-
OBaneroidetes/Chlorobi group
collapse parts of the L
t re e OPlanctomycetes
= E— Tixs ~ 155_PE_1 fixed-paired.rma - MECAN
4;3 - Taxa identified for '155_PE_1_fixed-paired.rma’ (Ospirochaetes
urdasstied P _(> O Nitrospirae
OFirmicutes
O Deinococcus-Thermus
O Fusobacteria
OChIoroerxi
y - "€ Y4 » -
- oy ﬂm,m.m: “-.»‘-_l-ﬁ"d.w:m e . Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 ~ 1098 of 1864M |

Tuxanh

= 1ARof 1364M

Taxonomic analysis of 50,000 reads
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\g; . \n Edit Select Layout Options Tree Window - —
TUBINGEN »&Q@’—d [ New... #N »
Center for Bioinformatics =®asggeweemms L
= <1 Open... ®0 TG URCI T SRR U 3T T 90 97T =
= Open from Database...
—_— = Open Recent S OHelicobacter cinaedi CCUG 18818
C @ Save As..
a u r e —_ ——O Helicobacter pullorum MIT 98-5489
@ Open Web...
O ——(wolinell i DSM 1740
& Import from BLAST... o | OMWolnella sccinogenes
‘/ C t I I @& Assignments.., nsDSM1251
ap ure a SequenCGS i Export Image... #E Expomeadsmarasmﬁ
(and/or thelr matches) &, Page Setup... @& Matches...
& Print... ®P s biont 6C6
. : ummary...
teobact
assigned to selected =~ ® Compare... M YRR 5 NECE7-T l
Extract Reads By Taxa... Ass=50817, ]
nodes [ Wruract Reads by coOGs. WS L
jpd Extract Reads By Subsystems...
& Import CSV... ——C)Nautilia profundicola AmH
G’ Tools > ——( Caminibacter mediatlanticus TB-2
[y Properties...
——(O Neisseria
7% Close W
— oBurkholderiales Genera incertae sedis
) () ) Extract by Taxa - 155_PE_1_fixed-paired.rma - [2] - MEGAN
[‘OUtDUt files O Burkholderia cepacia complex
| Directory: /Users/huson/data/megan ( Browse... ) ©Burkholderia pseudomallei
File name: reads-%t.fasta O Burkholderia graminis C4D1M
[_V_! Include Summarized . -
( Close ) ( Execute ) ’ oQxalobacteraceae
O Dechl as aromatica RCB
O Aromatoleum aromaticum EbN1 )
v
s <« »| |
‘ Taxa=1204 - Reads=51246 Assigned=28399 MinScore=35.0 TopPercent=10.0 MinSupport=5 disabledTaxa=9 » 987 of 1864M J
| Z]

Taxonomic analysis of 50,000 reads 47
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What are they doing?

Types of genes
Which metabolic pathways?

In what proportions?
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UGN % |dentifying Taxa and Genes

Metagenome analysis BLASTX

against NCBI-
NR

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

ompariso
data

~ sample DNA

Sequence
Reads 9

ompariso

Metagenome Y

N
/

I I I Interactive
analysis and
W W m visualization

Reference databases
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LJuein % Functional Analysis using SEED

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 =13,000 nodes

The SEED

Home of the SEED.

www.theSEED.org

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

50
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cemino* Example of a Subsystem

‘ :.Salvage

BS “ Gystcine metabolism ]

Central Carbon || Fatty Acid
L ) metabolism || metabolism

— UNIVERSAL PATHWAY

i AMP.PR, —Tool Key intermedistes
( PBAL I JeeaE milicol I I L-Aspartate VI D-4-Phosphopantothenate

ATP | present in H.sapiens| 11 beta-Alanine VI L-Cysbeme ]

3 -Methyl-2-oxobutanoate VI (R)-4'"-Phosphopant-Cys |

IV 2 -Dehydropantoate lX Pantztheme4 phosphate
'V (R)-Pantoate p.3 Dcphospho-CoA

NADP Iabsentinboth | B5 | Pantothenate (Vitamin B5) CoA Coenzyme A |

[KPREDIorIKAREDI e ) Subsystem Coenzyme A Biosyntlmis
ASPDC | Aspartate 1-decarboxylase (EC 4.1.1.11)
@ ADPH
THF

KPHMT| 3-methyl-2-oxobutanoate hydroxymethyltransferase (EC 2.1.2.11)

KPRED |2-dehydropantoate 2-reductase (EC 1.1.1.169)
5 mMemy-
lene-THF,
0
De Novo @ B

KARED |Ketol-acid reductoisomerase (EC 1.1.1.86)

PBAL [Pantoatc--bcta-alanmc ligase (EC 6.3.2.1)
PANF | Pantothenate:Na+ symporter (TC 2.A.21.1.1)

_|PANK_[Pantothenate kinase (EC 2.7.1.33) _
8 | PANK2 [Pantothenate kinase type II, eukaryotxc (EC 2L 33)
9 |PANK3 |Pantothenate kinase type III, CoaX-like (EC 2.7.1.33)

lO_J‘PPCS Phosphopantothenoylcysteine synthetase (EC 6.3.2.5)

N oHungA D] —=
|

]

Aspartate a.md Branc‘hed-c_hain 11 |PPCDC |Phosphopantothenoylcysteine decarboxylase (EC 4.1.1.36)
beta-alanine || amino acid 12 |[PPAT |Phosphopantetheine adenylyltransferase (EC 2.7.7.3)
metabolism metabolism

13 |PPAT2 |Phosphopantetheine adenylyltransferase, type II eukaryotic (EC 2.7.7.3)
14 [DPCK hospho-CoA kinase (EC 2.7.1.24)

Subsystem: Coenzyme A Biosynthesis
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SN

TUBINGEN SoE8 8 §3wee Sl otoEH LTAG OSEIN BEFRS X

Center for Bioinformatics > OCarbohydrates 3523

° CPhotosynthesis 17
S E E D F u n ctl o n a I OCofactors, Vitamins, Prosthetic Groups, Pigments 1735

OVirulence 2762

A n a Iys I S OSulfur Mtabolism 335

IVI E G A N ’ S S E E D_ OMtiIit nd Chmotaxis 665
based analysis I Dt o

ONitrogen Metabolism 401
OCIustering—based subsystems 1000
OFatty Acids, Lipids, and Isoprenoids 1131
ONucleosides and Nucleotides 1085

Ove rvi ew OCeII Wall and Capsule 1900

OMetaboIism of Aromatic Compounds 505
(_)DNA Metabolism 1849
OPhages. Prophages, Transposable elements 248

QMembrane Transport 391
ORespiration 1497

136 000 Marine Owiscltaneaus 354

OCeII Division and Cell Cycle 782
. CDormancy and Sporulation 12
C D N AS (G I | be rt 2008) ()Regulation and Cell signaling 316
OPhosphorus Metabolism 412
2 6 OOO a S S i n e d OPotassium metabolism 61 v
g QNO( assigned 46475

No hits 63266

=7

[J<1

SEED terms=30 - Reads=136115 Assigned=26374 = 1025 of 1864M

SEED analysis of 136 000 reads
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SEED Functional
Analysis

Details of

Protein
Metabolism

)R Functional Analysis (SEED) - cDNA-Timel-Bagl.rma* - MEGAN

»

SoE8 8 §3wee S otoEH LTAG OSEIN BEFRS X

OCarbohydrates 3523

CPhotosynthesis 17 0
Cofactors, Vitamins, Prosthetic Groups, Pigments 1735
Virulence 2762
Sulfur Metabolism 335

Protein biosynthesis 125§

. . .
Protein Metabolism 2289 OProteln degradation

CZ Protein processing and modification 182
(OSecretion 72

—O Protein folding 407
(OSelenoproteins 76
RNA Metabolism 1411
Motility and Chemotaxis 665
Secondary Metabolism 167
Amino Acids and Derivatives 2616
Nitrogen Metabolism 401
Clustering-based subsystems 1000
Fatty Acids, Lipids, and Isoprenoids 1131
Nucleosides and Nucleotides 1085
Cell Wall and Capsule 1900
Metabolism of Aromatic Compounds 505
DNA Metabolism 1849
Phages, Prophages, Transposable elements 248
Membrane Transport 391
Respiration 1497
Miscellaneous 354
OCeII Division and Cell Cycle 782
CDormancy and Sporulation 12
OReguIation and Cell signaling 316
OPhosphorus Metabolism 412
otassium metabolism 61 N
Not assigned 46475
No hits 63266

[J<To?

SEED terms=36 -

Reads=136115 Assigned=26374 ~ 1047 of 1864M

SEED analysis of 136 000 reads
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SEED Functional
Analysis

Details of

Protein
biosynthesis

Functional Analysis (SEED) - cDNA-Timel-Bagl.rma* -

MEGAN

SoE8 8 §3wee Sl otoEH LTAG OSEIN BEFRS X

»

Protein biosynthesis 1258

Protein Metabolism 2289

Carbohydrates 3523
hotosynthesis 17 E
Cofactors, Vitamins, Prosthetic Groups, Pigments 17
Virulence 2762
Sulfur Metabolism 335
Stress Response 1019
tRNA_aminoacylation, Glu_and_GIn 70
(OtRNA_aminoacylation, Asp_and_Asn 46
Ribosome_SSU_bacterial 186
OTransIatlon _elongation_factors_eukaryotic_and_archa
Translation_elongation_factor_G_family 43
Ribosome_LSU_bacterial 262
——CRibosome_activity_modulation 12
—OProgrammed frameshlft 34

glalled_ribosomes 16
ho otic_and_archaeal 1
Protein degradatlon 352

Protein processing and modification 182
Secretion 72
Protein folding 407
Selenoproteins 76
RNA Metabolism 1411
Motility and Chemotaxis 665
Secondary Metabolism 167
Amino Acids and Derivatives 2616
Nitrogen Metabolism 401
Clustering-based subsystems 1000
Fatty Acids, Lipids, and Isoprenoids 1131
Nucleosides and Nucleotides 1085
Cell Wall and Capsule 1900
Metabolism of Aromatic Compounds 505
DNA Metabolism 1849
Phages, Prophages, Transposable elements 248
Membrane Transport 391
Respiration 1497
Miscellaneous 354
Cell Division and Cell Cycle 782
Dormancy and Sporulation 12
Regulation and Cell signaling 316
Phosphorus Metabolism 412
otassium metabolism 61
Not assigned 46475
No hits 63266

| R

SEED terms=49 -

Reads=136115 Assigned=26374 - 868 of 1864M

SEED analysis of 136 000 reads
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SEED Functional
Analysis

Details of

Universal GTPases

Functional Analysis (SEED) - cDNA-Timel-Bagl.rma* - MEGAN

»

Protein biosynthesis 1258

’rotein Metabolism 2289

Universal_GTPases

477

alﬁ # $ 3o B otooEeE [LIMR O SHN BEFE S X

\_/Ribosome_L>U_bacterial ZbZ
CRibosome_activity_modulation 12
OProgrammed_frameshift 34
(OTranslation_initiation_factors_eukaryotic_and_arch
(ORibosome_biogenesis_bacterial 131
——Translation initiation factor 2 66
OTranslation elongation factor Tu 24
——COTranslation elongation factor G 38
——OGTP-binding protein TypA/BipA 35
——CSignal recognition particle, subunit Ffh SRP54 (TC
——CSignal recognition particle receptor protein FtsY (=
——OGTP-binding protein EngA 43
oGTP-binding protein EngB 8
ZORibosome small subunit-stimulated GTPase EngC
°Probable GTPase related to EngC 5
——OGTP-binding protein Era 28
——COTranslation elongation factor LepA 40
——OCO0G0536: GTP-binding protein Obg 34

T

——COGTPase and tRNA-U34 5-formylation enzyme Trm
——OGTP-binding and nucleic acid-binding protein Ych
——OGTP-binding protein HflIX 21

CTrans-translation_by_stalled_ribosomes 16
*Ribosome_LSU_eukaryotic_and_archaeal 1
OProtein degradation 352
(OProtein processing and modification 182
{OSecretion 72
OProtein folding 407
{OSelenoproteins 76
RNA Metabolism 1411
Motility and Chemotaxis 665
Secondary Metabolism 167
Amino Acids and Derivatives 2616
Nitrogen Metabolism 401

Clustering-based subsystems 1000 L‘
Cattrr Aride Fimide ~mnd leansanaide 1121 LY
il
SEED terms=67 -« Reads=136115 Assigned=26374 ~ 945 of 1864M

SEED analysis of 136 000 reads
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ﬁl @M § 3R evoe HM otooe=of [LITR] OSWE BEFE S X

—— \_/KIDOsome_L>U_bacterial ZbZ
CRibosome_activity_modulation 12

° ——OProgrammed_frameshift 34
S E E D F u n Ctl 0 n a I ———OTranslation_initiation_factors_eukaryotic_and_arct

(ORibosome_biogenesis_bacterial 131
——IO/Translation initiation factor 2 66

[ )
A n a Iys I S O ransiatlon elongation factor Tu 24
——OITr ranslatlon elongation factor G 38
P— indin rotem T A/BipA 5
b

S nal recognition particle receptor protein FtsY (=
’rotein Metabolism 2289 P-binding protein EngA 43

v al

—|

Protein biosynthesis 1258

o SGTP-binding protein EngB
i ﬂ( g-;s,wmm!__qmmg
Cha rt Selected cProbable GTPase related to EngC 5
P-binding protein Era 2

@I_‘I‘"ra}nslat'ion elongation factor LepA 4
nodes 5635 Tp-nin o O

COG0536: GTP-binding protein Obg 34

I%F: se and tRNA-U34 5-formylation enzyme Trm
'_I?Iain' ing and nucleic acid-binding protein Ych
[P-binding protein HfIX 21
“GTP-binding protein YqeH, required for biogenesis
nsttranslation_by_stalled_ribosomes 16

*Ribosome_LSU_eukaryotic_and_archaeal 1
OProtein degradation 352
(OProtein processing and modification 182
(OSecretion 72
OProtein folding 407
(OSelenoproteins 76

RNA Metabolism 1411

Motility and Chemotaxis 665

Secondary Metabolism 167

Amino Acids and Derivatives 2616

Nitrogen Metabolism 401

Clustering-based subsystems 1000

ek e

SEED - cDNA-Timel-Bagl.rma - MECAN
aaat & $ 3 ovos ol [IFIMIM ¢ & % & WEE% [svnc|
N SEED terms identified for 'cDNA-Timel-Bagl.rma’

)|

=

|

\

OPJ 5=67 * Reads=136115 Assigned=26374 » 976 of 1864M

™ ™" _SFED analysis of 136 000 reads
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SEED Functional
Analysis

Capture reads by
assignment

M ) Extract by SEED - cDNA-Timel-Bagl.rma - MEGAN

Mo Ma Functional Analysis (SEED) - cDONA-Timel-Bagl.rma* - MECAN

se, S M $ g e 5 otooeEeE MR OSHN BEE e X

Protein biosynthesis 1258

’rotein Metabolism 2289

Universal_GTPases 477

‘-'Output files

( bosome small subunit- stlmulated GTPase EngC

_/KIDOSOmMe_L>U_bacterial ZbZ =
CRibosome_activity_modulation 12
OProgrammed_frameshift 34
(OTranslation_initiation_factors_eukaryotic_and_arct
(ORibosome_biogenesis_bacterial 131
—{_Q__'[I'ranslatmn initiation factor 2 66/

(@] ranslatlon elongation factor Tu 24

——OITr ranslatlon elongation factor G 38| ~

P bind’ ing protem TypA[BlpA 35
articl

S nal recognition particle receptor protein FtsY (=
P-binding protein EngA 43
QIGTP- m ing protein EngB

o robablev(.T Pase related to EngC
GTP-binding protein Era 28

O ranslation elongation factor LepA 40
—@KZDGO.BG GTP- bmd’ng protem Obg 34

Y 2 and tRNA-U34 5-formylation enzyme Trm
[P-b n'din and nucleic acid-binding protein Ych

/. &
N ]
—@:’:FP- inding protein HfIX 21
P-binding protein YqeH, required for biogenesis
nglf'translation_by_stalled_ribosomes 16
*Ribosome_LSU_eukaryotic_and_archaeal 1
OProtein degradation 352 o

|Directory: [Users/huson/tmp/tutorial-jan2011

( Browse... )

(OProtein processing and modification 182
(OSecretion 72

'File name: reads-%t.fasta

‘ V! Include Summarized Reads

{

G3) o)

—

OProtein folding 407
(OSelenoproteins 76
RNA Metabolism 1411
Motility and Chemotaxis 665
Secondary Metabolism 167
Amino Acids and Derivatives 2616
Nitrogen Metabolism 401
Clustering-based subsystems 1000

»

J<]

SEED terms=67 -~

Reads=136115 Assigned=26374 » 976 of 1864M

SEED analysis of 136 000 reads
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3 ————\_J/KIbOsome_L>U_bacterial ZbZ [~

Center for Bioinformatics

CRibosome_activity_modulation 12

° ——OProgrammed_frameshift 34
S E E D F u n ctl o n a I ————(OTranslation_initiation_factors_eukaryotic_and_arct
———(Ribosome_biogenesis_bacterial 131
——OTranslation initiation factor 2 66

Analysis

Protein biosynthesis 1258

—CSignal recognition particle, subunit Ffh SRP54 (TC
——0CSignal recognition particle receptor protein FtsY (=
’rotein Metabolism 2289 ——COGTP-binding protein EngA 43
: ©GTP-binding protein EngB 8
. i e ﬂCZORibosome small subunit-stimulated GTPase EngC
I nspect aSSIgned °Probable GTPase related to EngC 5
——OGTP-binding protein Era 28
OTranslation elongation factor LepA 40
r‘e a d S ——OCO0G0536: GTP-binding protein Obg 34
. —50S ribosomal subunit maturation GTPase RbgA (B
——OGTPase and tRNA-U34 5-formylation enzyme Trm

0006 Inspector - 155_PE_1_fixed.rma - [2] - MEGAN ——OGTP-binding and nucleic acid-binding protein Ych
xﬁ =S84 8 BEERS X i ——OGTP-binding protein HfIX 21

¥ 155 PE 1 fixed.rma GTP-binding protein YqeH, required for biogenesis
b4 T:aggégfég&gzlggg‘:’;i?%facmr G138 —————OTrans-translation_by_stalled_ribosomes 16
p GDEG1CX11GY69S.2 [25] —Ribosome_LSU_eukaryotic_and_archaeal 1

b G:’Eg;ggl:fgﬁéﬁfnlf?] OProtein degradation 352
v Campylobacterales bacterium GD 1 score=48.1 OProtein processing and modification 182
(OSecretion 72
OProtein folding 407
(OSelenoproteins 76
RNA Metabolism 1411
Motility and Chemotaxis 665
Secondary Metabolism 167
Amino Acids and Derivatives 2616
Nitrogen Metabolism 401

p Sulfurimonas denitrificans DSM 1251 score=44.3 2
b Sulfurovum sp. NBC37 1. Booremia -2 S - Clustering-based subsystems 1000 3
: L.IAJ J‘l J ps s nonymphnae genomovar. CrgZ core=43.1 e
s S T A P ST N v Reads=136115 Assigned=26374 - 972 of 1864M ‘
1€ J R | .
: tovs: 7 ~manen IYSiS OF 136 000 reads
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TUBINGEN

Center for Bioinformatics

KEGG Functional
Analysis

Graph with
13,000 nodes

Overview
23 000 assigned

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

SO& & §3wee S oteEd MR O @M BEFRF X

Tree !
N

@Metabolism 16432

OGenetic Information Processing 4361

OEnvironmental Information Processing 3057

OCelIular Processes 1470
OOrganismal Systems 651

OHuman Diseases 725

ONot assigned 49719
QNo hits 63266

)

o/

u

KEGG: Kanehisa et al,

KEGG terms=9 -~ Reads=13611S Assigned=23130

* 997 of 1864M

Nucleic Acids Res. 38, D355-D360 (2010)

KEGG analysis of 136 000 reads
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KEGG Functional
Analysis

Details of
Metabolism

SN

Functional Analysis (KECG) - cDNA-Timel-Bagl.rma® - MECAN

SO& & §3wee S oteEd MR O @M BEFRF X

Metabolism 16432

[ Tree |
| SRS

—O Carbohydrate Metabolism 4440

Energy Metabolism 268

—ONucIeotide Metabolism 2319

—OAmino Acid Metabolism 5384
)—OMetabolism of Other Amino Acids 1625
—-Oclycan Biosynthesis and Metabolism 1015
—OMetabolism of Cofactors and Vitamins 2445
—O Biosynthesis of Polyketides and Terpenoids 1198

—OBiosynthesis of Other Secondary Metabolites 608

—OXenobiotics Biodegradation and Metabolism 1793
OGenetic Information Processing 4361
OEnvironmentaI Information Processing 3057
OCeIIuIar Processes 1470

OOrganismal Systems 651

OHuman Diseases 725

QNot assigned 49719
L
ONO hits 63266

[ T«T»

KEGG terms=20 -

Reads=13611S Assigned=23130 = 1108 of 1864M

KEGG analysis of 136 000 reads
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KEGG Functional
Analysis

Details of

Energy
Metabolism

). Functional Analysis (KECG) - cDNA-Timel-Bagl.rma* - MECAN

SBh 8 $§ e Sl otoEef |MAG OSHEIN BEFRS X

»

Energy Metabolism 2688

Metabolism 16432

Tree !
| SRS

OCarbohydrate Metabolism 4440
arylation 825

fnna proteins 4

ZOCarbon fixation in photosynthetic organisms 409

OReductive carboxylate cycle (CO2 fixation) 439

—OMethane metabolism 635
—ONitrogen metabolism 498

C: ——()Sulfur metabolism 180
QLipid Metabolism 1929

ONucleotlde Metabolism 2319
OAmmo Acid Metabolism 5384
OMetabolism of Other Amino Acids 1625
Oclycan Biosynthesis and Metabolism 1015
OMetaboIism of Cofactors and Vitamins 2445
OBiosynthesis of Polyketides and Terpenoids 1198
OBiosynthesis of Other Secondary Metabolites 608
OXenobiotics Biodegradation and Metabolism 1793
Ocenetic Information Processing 4361
OEnvironmental Information Processing 3057
OCeIIuIar Processes 1470
OOrganismaI Systems 651
Human Diseases 725
Not assigned 49719
No hits 63266

KEGG terms=28 -~

Reads=136115 Assigned=23130 ~ 993 of 1864M

KEGG analysis of 136 000 reads
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KEGG Functional
Analysis

Details of
Photosynthesis

KEGG pathway

Squares colored
to indicate
number of reads
assigned

Functional Analysis (KECG) - cDNA-Timel-Bagl.rma* - MECAN

aa@ # & Lo HM otoEed LITRI O SHEN BEFES X

» [ Tree Photosynthesis ]

__ | Catbon fixationin R T
P photosynthetic organists o é%P oPl O 3H+ e) ATP
|

v

o————~

us

¥y A o e o o A
s iy
"0-’1'0'9'9@#%’:
oL DA IE AL
f,r,f,v,v,v,v,v,r,

‘ -, : i
Q 1099 S 52 v Phom systern I (Exchemhm coli)
cytes50 @ e- (mrrgosngngchgcoccus

5

o)
20 2x2H+ 3H+

pd7 cyth359

B
MSP  QEC

sbM [ PsbH | Psbl | PsbO | PsbP Photosymthethic electron transport
sbT | PsbU | PsbV | PshW | PshX PC Fd FNR cytcé

Cytochrome bé/f complex
[ PetB [ PetD [ Peth | PetC | Pefl | Pethd | PetN | PetG |

+h28 [Psh28-2 [ PetE ][ PetF |[ Petd |[ Pett |
F-type ATPase
saD | PsaE | PsaF | PsaG [ PsaH | [ bete [ alphe [garawa| delts [epsilon] ¢ | a [ b |
sal | Psal| PsaN | PsbX
[F ( ) N

KEGG terms=28 -~

Reads=136115 Assigned=23130 ~ 931 of 1864M

KEGG analysis of 136 000 reads
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[ Tree  Photosynthesis !

Center for Bioinformatics

KEGG Functional

Analysis

Inspect or

capture reads by

assignment )

cyte550

-

AMAA Inspector - 155_PE_1_fixed.rma - [2] - MEGAN

__ | Carbonfixationin R T
i photosynthetic organisras ] g‘%? 81 O 3H+ e) LTP
|

v

ONADP+

e N

NADPH é H+0o

b o
- Photosystera I
(Thenmosymechococeus
elohgatus)

|w 155_PE_ 1 fixed.rma
v K02111 [30]
p GDEGICX11GVBW2.1l [25]
v GDEGICX11GZ031.2 [25]
p DATA [length=120]
p Fusobacterium nucleatum subsp. pelymorphum ATCC 10953 score=35.0
¥ Fusobacterium nucleatum subsp. nucleatum ATCC 25586 score=35.0

4 »

Cytochrorae béif coraplex
[ Pete | PetD | Petsh | PetC [ PeiL | Peth | PettN | PetG |

Photosymthethic electron transport
FC Fd FNR cytch

[ PetE || PetF |[ PetH || Petr |

o [ delta [epsilon| ¢ [ a [ b |

e

b)

~ 931 of 1864M

Read

d=23130

136115 Assi

Rows: 59 - 1068 of 1864M

ilysis of 136 000 reads




EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Center for Bioinformatics

KEGG Functional
Analysis

Another example:
Details of
Flagellar assembly

T e

Functional Analysis (KECG) - cDNA-Timel-Bagl.rma® - MECAN

SB8% 8 § % wee HI -otos=6f (LIMRG O SN BEFEF %
“

{ Overview Heatmap | » [ Tree Photosynthesis = Bacterial secretion system = Flagellar assembly]
160139 =
Metabolism (34614)
etic Information Processinc
ironmental Information Proi FLAGELLAR ASSEMBLY Filament cap
ular Processes (1651)

Iransport and Catabolism |
Zell Motility (464)
&9 Bacterial chemotaxis
%9 Flagellar assembly (-
£9 Regulation of actin cy
Zell Growth and Death (616 Hook-Filarent
Zell Communication (107 ; 30| Junetion
anismal Systems (1027)
nan Diseases (1101) FIK
g pevel( yment R e ——————— F]gD
Proxiraal rod
. membrane
zlyran layer
FiE | FlgB | FlgC | Proximal rod
asmic i
ane M5 g
C ring
Ivlotor / Switch
2y
Type III secretion systera Fi0 [ FIO Bacterial cheraotaxis
FliP | FLR
- : : DNA&
[ Fen | Py | Fus | FuT | [ FiC > O——» Earlygens products
FIhD
FlgA
DNA
O —® Late gene products ~
523010 k-
P ehisa Laboratories | X
L ) <] [ ( > 20T |
‘ KEGG terms=67 - Reads=13611S Assigned=23130 = 1092 of 1864M ‘

KEGG analysis of 136 000 reads
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JueN 4 Mapping Reads To Functional Roles

Use RefSeq-to-SEED mapping file (1.4 million entries)
Example:

molecular chaperone DnaK [Ralstonia metallidurans

.2 |DNAK_RALME RecName: Full=Chaperone protein dnakK;
AltName: Full=Heat shock
protein 70; AltName: Full=Heat shock 70 kDa protein; AltName:

Full=HSP70
gb|ABF09795.1| Chaperone DnaK [Ralstonia metallidurans CH34]
v —
Length=648
Lookup

Score = 34.3 bits (77), Expect = 2.3, Method: Composition-based

ref2seed.map  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”
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emotn . * Mapping Reads To KEGG Orthologs

Use RefSeq-to-KEGG mapping file (2.1 million entries)
Example:

molecular chaperone DnaK [Ralstonia metallidurans

.2 |DNAK_RALME RecName: Full=Chaperone protein dnakK;
AltName: Full=Heat shock
protein 70; AltName: Full=Heat shock 70 kDa protein; AltName:

Full=HSP70
gb|ABF09795.1| Chaperone DnaK [Ralstonia metallidurans CH34]
v —
Length=648
Lookup

Score = 34.3 bits (77), Expect = 2.3, Method: Composition-based

ref2kegg.map | 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”
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How do different samples compare?
Pairwise and multiple comparisons
Correlations with environmental @ s g
Y &
parameters?

SESS
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Taxonomic
Comparison

Simultaneously
analyze multiple

datasets

NP e

8-marine-samples-cmp.megan* - [3] - MEGAN

SBE 8 §3wee SN oteEd MM OSSN BEFHRSF X

B DNA_Timel_Bagl
BDNA_Timel_Bagé
B DNA_Time2_Bagl
CIDNA_Time2_Bag6
[EcDNA_Timel_Bagl
[CJcDNA_Timel_Bag6
EcDNA_Time2_Bagl

[EcDNA_Time2_Bag6é

cellular organisms

Bacteria

-|Chloroflexi
‘|Cyanobacteria

Actinobacteria

Aquificae

Bacteroidetes/Chlorobi group
Chlamydiae/Verrucomicrobia group

Deinococcus-Thermus

Elusimicrobia

Fibrobacteres/Acidobacteria group

root

Archaea

~ |Firmicutes

Fusobacteria

Nitrospirae

Planctomycetes

|Spirochaetes

Proteobacteria

Tenericutes

Thermotogae

unclassified Bacteria

Crenarchaeota

Eukaryota E

Euryarchaeota

Nanoarchaeota

Thaumarchaeota

Alveolata
Amoebozoa

Cryptophyta

|Euglenozoa
|Fornicata
‘|Fungi/Metazoa group

Haptophyceae

|Heterolobosea
|Parabasalia

Rhizaria

Rhodophyta

stramenopiles

|Viridiplantae

|Viruses

Not assigned

INo hits -

Taxa=43 - Relative comparison, Reads=899820 Assigned=431656 (normalized to 100000 reads per dataset) » 1137 of 1864M
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SEED-based
Comparison

Simultaneously
analyze multiple
datasets

PN al e

Functional Analysis (SEED) - 8-marine-samples-cmp.megan - [3] - MEGAN

S8 M 8w B oteneed MR OSMN BEEEF X

Y BDNA_Time1_Bagl

B DNA_Timel_Bagé
B DNA_Time2_Bagl
[ODNA_Time2_Bag6
[ cDNA_Timel_Bagl
[CJcDNA_Time1_Bag6
EcDNA_Time2_Bagl
[CcDNA_Time2_Bagé

N

|Carbohydrates

|Photosynthesis

|Cofactors, Vitamins, Prosthetic Groups, |
Virulence

|Sulfur Metabolism

|Protein Metabolism

Motility and Chemotaxis

Secondary Metabolism

{Amino Acids and Derivatives
|Nitrogen Metabolism
Clustering-based subsystems
Fatty Acids, Lipids, and Isoprenoids

|Nucleosides and Nucleotides

|Cell Wall and Capsule

|Metabolism of Aromatic Compounds
DNA Metabolism

|Phages, Prophages, Transposable eleme;
|Membrane Transport

|Respiration

|Miscellaneous

Cell Division and Cell Cycle
|Dormancy and Sporulation
{Regulation and Cell signaling
Phosphorus Metabolism

Potassium metabolism \J
|Not assigned
No hits

»

J<]

SEED terms=30

Relative comparison, Reads=698703 {(normalized to 100000 reads per dataset) = 1090 of 1864M ‘
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SEED-based
Comparison

Details of
Protein
Metabolism

PN al e

Functional Analysis (SEED) - 8-marine-samples-cmp.megan* - [3] - MEGAN

1

5 .DNA_Tlmel_Bagl
B DNA_Timel_Bagé
B DNA_Time2_Bagl
[ODNA_Time2_Bag6
[ cDNA_Timel_Bagl
[CJcDNA_Time1_Bag6
EcDNA_Time2_Bagl
CIcDNA_Time2_Bag6

Protein Metabolism

Carbohydrates
Photosynthesis M
Cofactors, Vitamins, Prosthetic Groups
Virulence
Sulfur Metabolism

sponse
Protein biosynthesi

Protein processing and modification
Secretion

Protein folding

Selenoproteins

RNA Metabolism

Motility and Chemotaxis
Secondary Metabolism

Amino Acids and Derivatives
Nitrogen Metabolism
Clustering-based subsystems
Fatty Acids, Lipids, and Isoprenoids
Nucleosides and Nucleotides

Cell Wall and Capsule

Metabolism of Aromatic Compounds
DNA Metabolism

Phages, Prophages, Transposable elerr
Membrane Transport

Respiration

Miscellaneous

Cell Division and Cell Cycle
Dormancy and Sporulation
Regulation and Cell signaling
Phosphorus Metabolism

Potassium metabolism

Not assigned

No hits

o>

SEED terms=36 -~

Relative comparison, Reads=698703 {(normalized to 100000 reads per dataset)

+ 1192 of 1864M

L
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Functional Analysis (SEED) - 8-marine-samples-cmp.megan* - [3] - MECAN

UNIVERSITAT
TUBINGEN 58 8 & g ewee Bl oteoeof TR OS N BEFE X
‘EDNA_Timel_Bagl [P

Center for Bioinformatics " WONA_Time1 Bag6 |Carbohydrates

B DNA_Time2_Bagl Photosynthesis ~
S E E D a S e CIDNA_Time2_Bag6 : »Spfaictors, Vitamins, Prosthet
- A Timel = irulence
WcONA Timed_Bapt Sulfur Metabolism

CIcDNA Timel_Bagé Stress Response
Eggm—gﬁ:g—:‘;gé tRNA_aminoacylation, Glu_ar
- -bag — Rlbosome_SSU_mltocFondFla

° RNA_aminoacylation, Asp_ai
O m a r I S O n =1 ibosome_SSU_eukaryotic_an
il . bosome_SSU_chloroplast
1 Ribosome_SSU_bacterial
I rRNAs

Pylrolysine
tRNAs

Protein biosynthedjs [ Trinslation_elongation_facto
Trinslation_elongation_facto

P ; = Riposome_LSU_bacterial
Protein Metabolism Rjbosome_activity_modulatic

Simultaneously " R c-ome. L chioroplat
ranslation_initiation_factor:
L Ribosome_biogenesis_bacter

analyze multiple e = S e N
[ Trans-translation_by_stalled
datasets |

Ribosome_LSU_eukaryotic_an
SEED - 8-marine-samples-cmp.megan - MEGAN

Protein folding

Selenoproteins

RNA Metabolism

Motility and Chemotaxis
Secondary Metabolism
Amino Acids and Derivatives
Nitrogen Metabolism
{Clustering-based subsystem
Fatty Acids, Lipids, and Isopr
Nucleosides and Nucleotides
Cell Wall and Capsule
Metabolism of Aromatic Corr
DNA Metabolism

Phages, Prophages, Transpos
Membrane Transport
|Respiration

Miscellaneous

Cell Division and Cell Cycle
Dormancy and Sporulation
= Regulation and Cell signaling
= Phosphorus Metabolism
Potassium metabolism

Not assigned

No hits

Protein degradation
SE% 8§30 B NFIM & % & BEFE [sinc|

Protein processing and modi
Secretion
> SEED terms identified for '8-marine-samples-cmp.megan'
900

Number of reads

€

»

Relative comparison, Reads=698703 {(normalized to 100000 reads per dataset) » 1213 of 1864M

i E I

SEED term

SEED terms=21 (10 disabled) + 1193 of 1864M
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KEGG-based
Comparison

Simultaneously
analyze multiple
datasets

T e

Functional Analysis (KEGG) - Untitled-cmp.megan® - [4] - MECAN

W 155 _PE_1_fixed
B cDNA-Time1-Bagl

B Mouse_gut_ 28789 _westl

SBd M §Ewee 5 otee=of [LITIRG OSET BEFHRF X
. [ Tree |

Metabolism

Genetic Information Processing

Cellular Processes

Organismal Systems

Human Diseases

Not assigned

No hits

Environmental Information Processing

[

KEGG terms=9 -

Relative comparison, Reads=299834 (normalized to 100000 reads per dataset)

- 11910f 1864M |
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KEGG-based

Comparison

Details of Energy
Metabolism

S

Functional Analysis (KEGG) - Untitled-cmp.megan™ - [4] -

MECAN

ﬁ&ﬁ 8 3% evoe HIl oteEef [LIMRG OSHEN BEFESF X

W 155 _PE_1_fixed
B cDNA-Timel-Bagl
B Mouse_gut_ 28789_westl

Energy Metab

olism [

[ Tree

Photosynthesis |

Carbohydrate Metabolism
Oxndatlve phosphorylatlon

Metabolism

Lipid Metabolism

Nucleotide Metabolism

Amino Acid Metabolism

Metabolism of Other Amino Acids

Glycan Biosynthesis and Metabolism
Metabolism of Cofactors and Vitamins
Biosynthesis of Polyketides and Terpenoids
Biosynthesis of Other Secondary Metabolites
Xenobiotics Biodegradation and Metabolism
Genetic Information Processing
Environmental Information Processing
Cellular Processes

Organismal Systems

Human Diseases

Not assigned

No hits

(

[ J«T»

KEGG terms=28 -~

Relative comparison, Reads=299834 (normalized to 100000 reads per dataset)

+ 1257 of 1864M
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KEGG-based
Comparison

Details of
Photosynthesis
KEGG pathway

N

Functional Analysis (KEGG) - Untitled-cmp.megan® - [4] - MECAN

S88 8 $ e 5 otee=éf [LMRG O SN BEFES X

»

{Tree Photosynthesis = Sulfur metabolismj

o GO, [ ey
f P photosyntheticorganisnes | ADPEL oo bup
| I vél

v

ONADP+

B 155 _PE_1_fixed
B cDNA-Timel-Bagl
B Mouse_gut_ 28789_westl

|
NADPH 6 H+0o

jccus

BTt
(D2l et Rl
DL PL A0S AL AL S
L AL A0 A0 A0 A8 A8 28 2

v Ty

Photosystera
(Thenmosymechococeus
elongatus)

cpd7 cythss9
PsbB | PsbE | PsbF |

Cytochrome bé/f complex
[ Pete | PetD | Petsh [ PetC [ Petl | Peth | Pettl | PetG |

MSP  QEC
Psbld | PsbH | Psbl | PsbO | PsbP Photos: ctron transport
PshT | PsbU | Psh¥V | PsbW | PshX C Fd FNR.  cytcé
Psb28 [Psh23-2 [ PetE || PetF |[ PetH || Petr |

F-type ATPase

PsaD | Psak | PsaF | PsaG [ PsaH PPN SRR [P 7T ST M W
Psal | Psal| PsaN | PsbX
Ta T ) <« »

KEGG terms=28 -

Relative comparison, Reads=299834 (normalized to 100000 reads per dataset)

- 11980f 1864M |
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KEGG-based
Comparison

Details of Sulfur
metabolism
pathway

AO0.0

Functional Analysis (KEGG) - Untitled-cmp.megan* - [4] - MEGAN.

a&m # 8§ Lewos S otoéd LITRG O SHN BEFE S, %

> [ Tree Photosynthesis ~ Sulfur metabolism 1

W 155_PE_1_fixed
W cDNA-Time1-Bagl
W Mouse_gut 28789 westl

METABOLISM : REDUCTION AND FIXATION |

(—

| 2911 =1291
== L Serine J 3621 ]I 3130, 1
e =gy 2321 [[2822
Sulfate Oﬁ—bo O—— 2823 2824——
AT 3"-Phosphoadenylyl- Ader
Adenylylsulfate( APS) echipdenh [28325 | 2826] 4%
1831 [13.92.2]
Thieatl 2y =
L-Serine + Acetyl-CoA => O-Acetyl-L-serine + CoA m
Reads assigned: 43, 23, 10
KO numbers: 640
| —-
O-Acetyl-L-serine
31211
O-Leetyl-
L-homdserine L-Homoserine
@]
Trithionate
25165 2412
iz
i Acetate
L-Homocysteine 04—-—. O
O L-Cysteine | Cystathionine Bl?our%lsne};lme
v
Cysteing and methionine
raetabolism
atories
7 ¢ > sl

KEGG terms=28 - Relative comparison, Reads=299834 (normalized to 100000 reads per dataset)

- 1191 of 1864M
|

75



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Center for Bioinformatics

Compare

High-level comparison:
v'  Select taxa

v' Compute ecological
indices (distances)

v'  Represent distances
using neighbor-net
v’ ..or MDS

Mitra, Gilbert, Field and Huson,
ISME J, 2010

Neighbor-net:
Bryant and Moulton, 2003

JEETEEN View  Window J

Taxonomy network — mouse-cmp.megan™ — [7] - MEGAN (version 4.0alphal, built 23 Jun 2010)

=

& & (Zoom to Fit): (Find...)

| Network MDS  Matrix |

f obese_007-4alpha [2]

" Mouse_gut_28795_fatrl-4alpha

" lean 1-4alpha [1]

" Mouse_gut_2879

Mouse_gut_28793_west3-4alpha [5]

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

Datasets=6 » Data=T; Ecologicalindex=GCoodall-Normalized Method=Multi-dimensional scaling

" Mouse_gut_28789_west1-4alpha

~ 2089 of 8303M

<ir |
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Compare

High-level comparison:

az
pHichciks <MDS + Matrix

Mouse_gut_28789_west1-4alpha [6]
MouseAgut_ZSEQS_fa!rl—ﬂlpha 4]

13_west3-dalpha (5]

S

" lean1-4alpha 1] s
Mouse_gut_28799_carbrl-4alpha (3]
obese_007-4alpha (2] ©

Taxonomical
comparison

v"  Select functions...

~ N

SEED network - mouse-cmp.megan* - [7] - MECAN (version 4.0alphal, built 23 Jun 2010)

& i (Zoom to Fit): (Find...)

[ Network MDS  Matrix |

Mouse_gut_28789_west1-4alpha [6]

louse_gut_28793_west3-4alpha [5] //
hlpha

obese_007-4alpha [2]

. Mouse_gut_28795_fatrl-4alpha [4]

Mouse_gut_28799_carbrl-4alpha [3]

Functional
comparison

Datasets=6 Data=SEED Ecolegicalindex=Goodall-Normalized Method=NeighborNet

+ 2362 of 8303M
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Example

Deep sea hot vent
dataset

VS

~

comparison.megan* - MEGCAN

S@8d X HI oteEE & OSIINED MO EFE X

W 155_PE_1_fixed-paired

M s3partial-ex

cellular organisms ———

o

Bacteria

Chlamy

AIphaproteobacte ria

Gammaprotegbacteria
Proteobacteria |

delta/epsilon subdivisions L

Betaproteqbacteria

aulobacterales
R iz la es
R odo acterales
Rhodosplrlllales
Rlchett5|a es |
ingomonadales
A ter %nonadaq
'Xanthomona al es
Oceanosplrlllales
PseH omonadales
yl ococca es
'Le ionellales

‘ (Lerob cteriales
V rlona

Pasteurellales
hromatlales
trichal
unc assifie Gammq
Deltaproteobacteri:
EpsHonproteobacte
ei serm
Burkholderiales
Rhodocyclales
Nitrosomonadales
unclassified Betapr:

Magnetococcus

acteroidenes,LGhloa:obJ-gl:ou-pi

@—W:

OMarlprofundaIes
nclassif led Bacteri
Bacteron etes

hlorobi

Planctomycetes

S?II’OC aetes

trospirae
Flrmlcutes

Delnococcus Therm

so acterja
oro exi
Cyano acteria
Actinobacteria
enericutes

/diae /Vernucomicrobiagroup- —‘
:: Vv

Archaea

@Thermotogae

Aquificae
Acidobacteria
errucomicrobia
Lentisphaerae
Gemmatimonadetes
Euryarchaeota

Crenarchaeota
anoarchaeota
Eukaryota

Viruses

ot assigned

0 hits

)

c

PRI

[C

4 »

Taxa=67 -

Absolute comparison, Reads=200000 Assigned=91616

~ 1299 of 1864M
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Example

Deep sea hot vent
dataset

VS

-~

Functional Analysis (SEED) - comparison.megan* - MEGAN

Bdevsed $ EHM S TRIA OSEIED X

4

v

Ws3partial-ex

W 155 _PE_1_fixed-paired

@) Carbohydrates

@Photosynthesis
Cofactors, Vitamins, Prosthetic Grou
Virulence
Sulfur Metabolism
Stress Response
Protein Metabolism
RNA Metabolism
Motility and Chemotaxis
Secondary Metabolism
Amino Acids and Derivatives
Nitrogen Metabolism
Clustering-based subsystems
Fatty Acids, Lipids, and Isoprenoids
Nucleosides and Nucleotides
Cell Wall and Capsule
Peripheral pathways for catabolism !
®Metabolism of central aromatic inter
®Benzoate_transport_and_degradatior
°carbazol_degradation_cluster

N

®*Anaerobic degradation of aromatic c¢
etaboli Aromatic Compounds p-cymene_degradation
= ’ ) *Cresol_degradation

®Gentisare_degradation
®Salicylate_and_gentisate_catabolism
® Aromatic_Amin_Catabolism

DNA Metabolism

Phages, Prophages, Transposable ele

Membrane Transport

Respiration

Miscellaneous

Cell Division and Cell Cycle
®Dormancy and Sporulation

Regulation and Cell signaling

Phosphorus Metabolism

otassium metabolism ~
Not assigned

No hits

SEED terms=40 -

Absolute comparison, Reads=200274 ~ 1382 of 1864M
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Example

Deep sea hot vent
dataset

VS

~

Functional Analysis (KEGG) - comparison.megan* - MECAN

lﬁ 098 & S TAd O SEmIIED X

» [ Tree

Benzoate degradation via CoA ligation

1- and 2-Methylnaphthalene degradation ]

W 155_PE_1_fixed-paired

Ws3partial-ex

Metabolism

Genetic Information Process

Environmental Information Pr: ocessmg

Cell' ProcesseE‘

Organismal Systems

Human Diseases

:‘ Excretory System
#Nervous System

.:. Neur.odegeneratn_/e Diseases

Carbohydrate Metabolism
Energy Metabolism

Lipid Metabolism
Nucleotide Metabolism

Amino Acid Metabolism
Metabolism of Other Amino Acids
Glycan Biosynthesis and Metabolisn
Metabolism of Cofactors and Vitami
Biosynthesis of Polyketides and Ter
Biosynthesis of Other Secondary Me
Xenobiotics Biodegradation and Met
Transcription

Translation

Folding, Sorting and Degradation
Replication and Repair

Membrane Transport

Signal Transduction

®Signaling Molecules and Interaction
Transport and Catabolism

Cell Motility

Cell Growth and Death
.Cell Communication

lmmune System

Endocrme System
—®Circulatory System

———®Sensory System
@Development
@Environmental Adaptation
Cancers
.Immune System Diseases

Cardiovascular Diseases
———@Metabolic Diseases
nfectious Diseases
Not assigned
No hits -

KEGG terms=45 -

Absolute comparison, Reads=177778

+ 1254 of 1864M
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Example

Deep sea hot vent
dataset

VS

~

Functional Analysis (KEGG) - comparison.megan* - MECAN

Bdevsed $ EHM M DI OSEIED X

: [ Tree = Benzoate degradation via CoA ligation = 1- and 2-Methylnaphthalene degradation = Flagellar assembly ]

1- AND 2-METHYLNAPHTHALENE DEGRADATION |

1 2 Dik 2-Hydroxy-3-raethyl-
1-Methylnaphthalens sﬁvx?aoph%ﬂlm hengaldgn{me a 3-Methy
1141212 O—M—DO—{ 113 —»0—{5399- —»0—d2l 10— 120"
ms 1.2-Dihydroxy- 2-Hydroxy-8-methyl- 3-Methylsalicylaldel
1.2 cihgrlre . rosthynaphthalene e s e
l-gﬁadmxmthyl-
thalene %
1-Naphthaldehyte
il Dl 2-Carboxy-2-hyrroxy- )
E‘{E S S oareyaghtbelens R e et e 2 Hyrhoxyis
O .1412, o—{ 1. w»o—{113-- |—»o—{5395-—w»o—[dal ] —»0—{123- |
1-Naphthoic acid 1,2-Dihyroxy- 2-H xy-3-cathoxy- 3 Form:
8—cafoo>ﬁg thalene %ﬁe = yhcyémd
is-1,2-Dihyrrox 1201111 4 Wethyl
. methylnapy}?m e yim____ 114131 O————l> ;I'gglur:xandxwem
4 Methylsalicylate
. 1-Hydroxy- |
Succinyl-Cob 2-ndphthoate |
e Naphtiyh 2ot Neplthyl:2-hyrhrogmoethol N
4] e a] X n
sucxgll'ln -Cok o suceinyl Co&s e 2-Naphthoyl-Co&
-Methyinaphthalene O— 4.1.99.-] O 1.1-- O— 283- |—»
Naphthyl-2- met'hyl Naphthyi-2- methyizne- Naphthyl-2-oxorethyl- '
[11413.] suceinic acid R succinyl-Cob 9 Na ph thaldehyrle sucein’ CoA,ﬁ
SEF== ‘r (2
4 Formyisalicylic acid
. »0
1,2-Dihyrrox 5 3 -
12 ydmm Ty inapihalene 2 Hydmxy 4 hyrdroyetiod 41&:&
2- Iggadmxmthyl O—{tirz—»0—{ 13125} o—-—>13 - o—-—bs [53.99.-] o—mu—bo—|_“—b
4-H
cis- 1 2- D1h -hydroxyraeth
1 2- hygmxy- chmmene-Z- arz?)? Tty Walmyia]dzhyde
481210
anehisa Laboratories
| L & ) e ]
KEGG terms=45 - Absolute comparison, Reads=177778 ~ 1348 of 1864M
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opNCEN., * Computational Challenges...

Global Ocean Sampling

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

Human Microbiome Project
nihroadmap.nih.gov/hmp/

Terragenome Consortium
www.terragenome.org

SCELSE

Terabases of sequences

T FITULCODINE allu SLul aygtT Ul TAAQUyLTO VUl uala
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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?
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Need substantially more reference genomes
and much better understanding of diversity

L B GEBA genomes

[ Pre-GEBA genomes
[ Organisms from the greengenes database

1,000 m Organisms from the greengenes database
(excluding environmental samples)

>
B o0 120
4
5 100
Q |
5 600 a
2
S 60
£ 400 @
20
200

00 400 800 1,200

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000
Number of organisms Dongying Wu et al, Nature, 2009
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