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Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78



Premetagenome Community Composition 
ProfilingProfiling

• 16s rRNA
16 b

Limitations:

– 16s copy number
– PCR induced bias

• JGI: ribosomal panel‐384‐well plate

• Phylochip
– Limited by probes on the microarray
– Relative abundance estimation

• Pyrotags (Pyrosequencing PCR amplified 16s rRNA)
– Reduced phylogenetic resolution (100‐200bp 454 reads)
– Dependent  on reference 16s database

• FISH (using group‐specific 16S rRNA gene‐targeted probes) 
– Number of fluorochromes, availability, and cost

Target broader groups such as domains or phyla– Target broader groups such as domains or phyla

Forsyth: Human Oral Microbe Identification Microarray  (http://mim.forsyth.org/)



Resources in 16S rRNA sequence analysis
• Various 16S rRNA databases and resources available:

– RDPII Project

– Greengenes

SILVA RNA d b j– SILVA rRNA database project

http://rdp.cme.msu.edu/

http://greengenes.lbl.gov/cgi‐bin/nph‐index.cgihttp://www.arb‐silva.de/



The Green GenesThe Green Genes

• Run by LLNL• Run by LLNL
• Hugenholtz alignment
• Not limited to size
• Includes phyla with no cultivatedIncludes phyla with no cultivated 

representatives
• SSU rRNA gene sequences from Bacteria,  

Archaea, & Eukarya
• Artificial “group names” are made• Artificial  group names  are made

• Allows:
– Detection of chimeric sequences

http://greengenes.lbl.gov/cgi‐bin/nph‐index.cgi

q
– Trimming of chimeric sequences
– Visualization of 16S sequence alignments
– Browsing of sequences
– Searching of sequencesSearching of sequences
– Aligning of sequences
– Probe searches

SA Eichorst & JH Saw



SILVA rRNA database projectSILVA rRNA database project

• 16S/23S or 18S/28S rRNA databases for• 16S/23S or 18S/28S rRNA databases for 
(Eukarya, Archaea, and Bacteria)

• Developed by German consortium (MPI, TUM, 
and Ribocon)and Ribocon) 

• Fully compatible with popular software (ARB) in 
16S rRNA analysis

• Able to download an Arb database with 
reference sequences alignment & reference helix 

• Cultivated & non‐cultivated representatives
• Limited to 50 sequences; have to pay Ribocon for 

50
http://www.arb‐silva.de/

>50
• Allows:

– Browsing of sequences
h f– Searching of sequences

– Aligning of sequences
– Designing of FISH probes

SA Eichorst & JH Saw



RDPII ProjectRDPII Project

• Run by MSU• Run by MSU
• Not limited to size
• RDP taxonomy is based primarily on cultivated 

representatives
• No fungal sequences available
• Able to align sequences & obtain a distance matrix, 

however there is no seed or reference helix 
information 

• Alignment can vary among batches of sequences

• Allows: 
– Users to create accounts and upload sequences for

http://rdp.cme.msu.edu/
Users to create accounts and upload sequences for 
analysis

– Creation of phylogenetic trees quickly
– Raw chromatograms to be processed
– Comparison of different librariesp
– Browsing of sequences
– Searching of sequences
– Aligning of sequences
– Probe searches

SA Eichorst & JH Saw



RDPII sequence analysis flowchartRDPII sequence analysis flowchart
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Uploading chromatogramsUploading chromatograms

To run dotur/estimateS /
programs on samples (to 
determine species 
richness)

Choose gene (16S or unknown)

Fill in required information

Choose cloning/sequencing 

To define reads according to well

vector

To define reads according to well 
position

To upload without well position



Uploading chromatogramsUploading chromatograms



Downloading dataDownloading data

Fasta or Phylip formats (aligned orFasta or Phylip formats (aligned or 
unaligned
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Statistical ToolboxStatistical Toolbox
• OTU‐based approach

• DOTUR:  define & count OTU
(distance matrix as input)

• SONS:  measuring overlap between communities 
(OTU designation as input )

• Estimate S ‐ beta diversity index 
(Need abundance file for each OTU)

• Community‐based approach
• S‐LIBSHUFF  (distance matrix as input)

• Treeclimber (phylogenetic tree as input)

• Unifrac (phylogenetic tree as input)

SA Eichorst



Typical workflow for Sanger‐based metagenomic
j h JGIprojects at the JGI

•Premetagenome Community•Premetagenome Community 
Composition Profiling
••Sequence ProcessingSequence Processing••Sequence ProcessingSequence Processing

MetagenomicMetagenomic assemblyassembly
Gene PredictionGene PredictionGene PredictionGene Prediction
Most popular CDSMost popular CDS‐‐finding finding 
toolstoolstoolstools
2 2 FullFull‐‐service servers (IMGservice servers (IMG‐‐
M/ER MGM/ER MG‐‐RAST)RAST)M/ER, MGM/ER, MG‐‐RAST)RAST)

•Data Analysis

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78

•Data Analysis



Typical workflow for Sanger‐based metagenomic projects of 
bacterial and archaeal communities at the JGI

Basecalling:
•Phred
•Paracel’s Trace Tuner

Metagenomic Assembly 
(Sanger) at JGI

•ABI’s KB

Vector Screening:

‐Use Trimmer (Lucy etc) 
to treat reads PRIOR to 
assembly

•Cross_match
•LUCY
•Vector_clip

‐PGA work better with 
paired reads information 
and produce better 

Assembly:
•PGA

p
assemblies

‐Not using pharp for 
t i j t•Arachne

•Phrap
•Celera

metagenomic projects

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78



Gene Prediction
evidence-based (ORFs with translations homologous to the known 

proteins are CDSs)
Bl t CRITICA O hBlast, CRITICA, Orpheus

– Advantages: finds “unusual” genes (e. g. horizontally transferred); 
relatively low rate of false positive predictions

– Limitations: cannot find “unique” genes; low sensitivity towards 
short genes; prone to propagation of false positive results of ab
initio annotation tools

ab initio (ORFs with nucleotide composition similar to CDSs are also 
CDSs)CDSs)

fgenesB, Genemark, GLIMMER, MetaGene
– Advantages: finds “unique” genes; high sensitivity

Li it ti ft i “ l” hi h t f f l– Limitations: often misses “unusual” genes; high rate of false 
positives

Natalia Ivanova



Most popular CDS finding toolsMost popular CDS‐finding tools
• CRITICA 

http://www.es.embnet.org/Doc/critica/index.html
• Glimmer family (Glimmer2, Glimmer3, RBS finder)

http://glimmer sourceforge net/http://glimmer.sourceforge.net/
• GeneMark family (GeneMark-hmm, GeneMarkS)

http://exon.gatech.edu/GeneMark/http://exon.gatech.edu/GeneMark/
• EasyGene
• AMIGENE
• PRODIGAL (default JGI gene finder)

http://compbio.ornl.gov/prodigal/

Combinations and variations of the above
• REGANOR (CRITICA + Glimmer3 + pre-processing)REGANOR (CRITICA + Glimmer3 + pre processing)
• mORFind (Orpheus + CRITICA + GLIMMER)
• RAST (Glimmer2 + pre- and post-processing) Natalia Ivanova



Metagenome AnnotationMetagenome Annotation
• BLASTx
• Fgenesb

http://linux1.softberry.com/berry.phtml?topic=fgenesb&group=progr
ams&subgroup=gfindbg p g

• GeneMark (GeneMark-hmm for reads, GeneMarkS for longer contigs)
http://exon.gatech.edu/GeneMark/

• MetaGeneMetaGene
http://metagene.cb.k.u-tokyo.ac.jp/metagene/

• GISMO 
http://www cebitec uni-bielefeld de/groups/brf/software/gismo/http://www.cebitec.uni bielefeld.de/groups/brf/software/gismo/

Full-service servers
IMG/M ER G M k f S f 454• IMG/M-ER – uses GeneMark for Sanger, proxygenes for 454
http://img.jgi.doe.gov/submit

• MG-RAST
http://metagenomics.nmpdr.org/

Natalia Ivanova



The Integrated Microbial Genomes (IMG) system
http://img jgi doe govhttp://img.jgi.doe.gov



http://imgweb.jgi‐psf.org/cgi‐bin/img_er_v270/main.cgi



http://metagenomics.nmpdr.org/



http://metagenomics.nmpdr.org/



Typical workflow for Sanger‐based metagenomic
j h JGIprojects at the JGI

•Premetagenome Community•Premetagenome Community 
Composition Profiling
•Sequence Processing•Sequence Processing
•Data Analysis

P t iP t i–– PostsequencingPostsequencing
Community Composition Community Composition 
E ti tE ti tEstimatesEstimates

– Binning

– Analyzing Dominant 
Populations

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78

– Gene‐Centric Analysis



Problem of the BLAST‐based composition estimation
•The poor representation of microbial diversity by sequenced isolates , 
f l i i h h l i ll di ioften resulting in remote matches to phylogenetically distant organisms 

or the absence of any hits

// / /http://www‐ab.informatik.uni‐tuebingen.de/software/megan

MEGAN addresses this problem by assigning sequence fragments to the 
lowest commonancestor of the set of taxa that it hit in the comparison

Comparison and Analysis of Multiple Datasets COG analysis



Atomated pipeline for phylogenomic analysis 
(AMPHORA)(AMPHORA) 

http://bobcat.genomecenter.ucdavis.edu/AMPHORA/

Wu M and Eisen JA. A simple, fast, and accurate method of 
phylogenomic inference Genome Biology 2008, 9:R151



Typical workflow for Sanger‐based metagenomic
j h JGIprojects at the JGI

•Premetagenome Community•Premetagenome Community 
Composition Profiling
•Sequence Processing•Sequence Processing
•Data Analysis

P t i– Postsequencing
Community Composition 
E ti tEstimates

–– BinningBinning

– Analyzing Dominant 
Populations

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78

– Gene‐Centric Analysis



Bins are sets of metagenomic sequence fragments originating fromBins are sets of metagenomic sequence fragments originating from 
one phylogenetic group, preferably from the same species



binnin  m th dsbinning methods

• Binning methods developed can fall into 
t  t i s (bi l  p sp ti ):two categories (biology perspective):
o similarity-based 
o composition-basedo composition based

• From machine learning perspective, 
bi i  th d   l  b  di id d i tbinning methods can also be divided into
o supervised learning 
o unsupervised learningo unsupervised learning



Biology perspectiveBiology perspective

• similarity-based
o Assign metagenomic fragments to their closest 

h l ti i hb  b d  di  phylogenetic neighbor based on coding-sequence 
identity.

o ex. BLAST  dottero ex. BLAST, dotter

• composition-based
Di ti i h  f   th  b  o Distinguish genomes from one another by 
intrinsic features of the sequence.

o ex  olionucleotide frequencies  GC contento ex. olionucleotide frequencies, GC content



machine learning perspectivemachine learning perspective

S is d l i• Supervised learning
o Methods that build a classifier using the 

knowledge of completed genomesknowledge of completed genomes
o (Chen et al., 2005 )Current amount of known 

genomes is insufficient to represent the g p
almost limitless microbial. 

• unsupervised learning
D   h  d d    do Do not have dependence on training data

o Directly clustering metagenomic samples
o Focuses on the long fosmid sized fragmentso Focuses on the long fosmid-sized fragments



Binning methods matrixB nn ng methods matr x
Composition-based Similarity-basedComposition based Similarity based

BLASTPhyloPythia (IBM), 2007

supervised MEGAN, 2007

Naïve Basin

S‐GSOM, 2008

Naïve Basin 
Classifier, 2008

unsupervised
TETRA, 2005

Fuzzy k‐means 
classifier 2008

p
CompostBin, 2008

classifier, 2008

GSOM 2008GSOM, 2008

KL Liu 



Typical workflow for Sanger‐based metagenomic
j h JGIprojects at the JGI

•Premetagenome Community•Premetagenome Community 
Composition Profiling
•Sequence Processing•Sequence Processing
•Data Analysis

P t i– Postsequencing
Community Composition 
E ti tEstimates

– Binning

–– Analyzing Dominant Analyzing Dominant 
PopulationsPopulations

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78

– Gene‐Centric Analysis



Aim 1: Determine the SNP frequency 
profile of a dominant population

Th ti f t SNP i• The ratio of nonsynonymous to synonymous SNPs in 
protein‐coding genes within a population provides an 
estimate of the fractionof genes under selective g
pressure. 

• The ratio of haplotypes for individual SNPs (site 
f t ) b d t ti t i t tfrequency spectra) canbe used to estimate important 
parameters in population genetics such as the scaled 
mutation rate and scaled exponential growth rate. p g
(Johnson, P. L., and M. Slatkin. 2006. Genome Res. 
16:1320‐1327)
SNP hi hli h j i f h l bi i• SNPs highlight junctions of homologous recombination
between strains, allowing the degree of sexuality 
within a population to be estimated. (Whitaker, R. J.,within a population to be estimated. (Whitaker, R. J., 
and J. F. Banfield. 2006. Trends Ecol. Evol. 21:508‐516)



Fine-scale population structure
The visualization and analysis of polymorphisms in composite population assemblies.The visualization and analysis of polymorphisms in composite population assemblies.
•Consed (http://www.phrap.org/)
•SNP‐VISTA (http://genome.lbl.gov/vista/snpvista/)
•Strainer   (http://www.bioinformatics.org/strainer/wiki/)( p // g/ / /)
•Maq: Mapping and Assembly with Qualities (http://maq.sourceforge.net/maq‐man.shtml)
•UCSC Genome Browser (http://genome.ucsc.edu/) 



http://genome.ucsc.edu/



Metatranscriptome analysisMetatranscriptome analysis
Illumina reads

Remove duplicated reads
& rRNA

Non‐rRNA

Cluster

Sequence of singletons Consensuses of clustersSequence of singletons Consensuses of clusters

nrCOG PFAM nrCOG PFAM

Matthias Hess



Short‐Read Alignment Tools

Eland (http://www.fejes.ca/2008/01/aligning-dna-eland.html) 
RMAP (http://rulai.cshl.edu/rmap/) 
SOAP (http //soap genomics org cn/)SOAP (http://soap.genomics.org.cn/)
SHRiMP (http://compbio.cs.toronto.edu/shrimp/) 
MAQ: Mapping and Assembly with Qualities (http://maq.sourceforge.net/) 



Aim 2: Determine the Gross‐scale population structure

Fragment recruitment---align metagenomic reads against 
f freference genomes or genome fragments

Template 
sequence(s)

Metagenomics
Sample sequences sequence(s)Sample sequences

SSequence 
comparison

(BLAST MUM )(BLAST, MUMmer)(BLAST, MUMmer)

tit
y,
 %

Java parser
(reducer)

Template position, bp

Id
en
t

R 
plotting

Template position, bp



“Candidatus Pelagibacter ubique” HTCC1062

Fragment recruitment application

Flavobacteria bacterium MS024‐2A

Flavobacteria bacterium MS024‐3C

Fig. 2. Features of genomic islands (shaded) in the Prochlorococcus strain MIT9312 genome compared 
with wild sequences from the Atlantic and Pacific Oceans. Coleman et al. , 2006



Typical workflow for Sanger‐based metagenomic
j h JGIprojects at the JGI

•Premetagenome Community•Premetagenome Community 
Composition Profiling
•Sequence Processing•Sequence Processing
•Data Analysis

P t i– Postsequencing
Community Composition 
E ti tEstimates

– Binning

– Analyzing Dominant 
Populations

Kunin V, et al Microbiol Mol Biol Rev. 2008 Dec;72(4):557‐78

– Gene‐Centric Analysis



Sanger/Titanium metagenomes: assembled data

assembled

taxonomic analysis 
using Phylogenetic
Di t ib ti f

look for reference genomes
try to select a training set for binning

assembled 
metagenomes

Distribution of 
genes

binning

abundance analysis

compare to relevant metagenomes
(ecology/taxonomy)abundance analysis 

using Function 
Comparisons and 
Function Category 
C i

( gy/ y)
compare to relevant genomes 

(ecology/taxonomy)
check “Genes in internal clusters”

Comparisons

abundance analysis of find the relevant genes and reference abundance analysis of 
custom function 
categories using 
Function Profiles

g
sequences in the literature
identify relevant protein families
add them to Function Cart, run 

Function Profiles, compare sums of 
counts

Natalia Ivanova



454 metagenomes454 metagenomes

BLASTx e-value 0 1

Full 
sequence

454
library

Proxygene
clustering

BLASTx, e-value 0.1
clustering: read recruites 
genes that recruit other 
reads;sequencey clustering 

loading to

disjoint clusters 

loading to 
IMG/M-ER

taxonomic analysis 
using Phylogenetic
Distribution of 
genes and reads

abundance analysis using 
Function Comparison 
and Function Category 
Comparisongenes and reads Comparison

Natalia Ivanova



Analysis of Community Diversity & 
Abundance

• IMG: Phylogenetic Distribution of Genes

• Purpose. Assess phylogenetic composition ofPurpose. Assess phylogenetic composition of 
a metagenome sample based on the 
distribution of the best BLAST hits of thedistribution of the best BLAST hits of the 
protein‐coding genes found in the dataset.



Navigation: IMG/M Microbiomes or Find Genomes/Genome Browser → Microbiome
Details → Phylogenetic Distribution of Genes.



Navigation (cont.): Phylogenetic Distribution of Genes → Compare COG Functions;
View all COG Functional Category/Pathways



Navigation (cont.): Phylogenetic Distribution of Genes → (Project on Family) →
(Project on Species) → Protein Recruitment Plot / Reference Genome Context Viewer



Analysis Protein Family Relative 
Abundance

• IMG: Abundance Profile Overview

• Purpose. Examine relative abundance of allPurpose. Examine relative abundance of all 
protein families (COGs and Pfams) and 
functional families (Enzymes) in metagenomesfunctional families (Enzymes) in metagenomes
and isolate genomes.



Navigation: Compare Genomes → Abundance Profiles → Abundance Profile Overview



Analysis Protein Family Relative 
Abundance

• Abundance Profile Search

• Purpose. Selection of protein families (COGsPurpose. Selection of protein families (COGs 
and Pfams) in metagenomes and isolate 
genomes based on their relative abundance;genomes based on their relative abundance; 
similar to Phylogenetic Profiler for gene 

fselection, but operates on protein families 
rather than individual genes.



Navigation. Compare Genomes → Abundance Profiles → Abundance Profile Search



Analysis Protein Family Relative 
Abundance

i i• IMG: Function Comparison
• Purpose. Comparison of a query p p q y
metagenome/ isolate genome with one or 
several reference metagenomes/ isolate g /
genomes, in terms of their relative abundance 
of protein families (COGs, Pfams, TIGRfams) p ( , , )
and functional families (Enzymes), with 
estimates of the statistical significance of theestimates of the statistical significance of the 
observed differences



Navigation. Compare Genomes → Abundance Profiles → Function Comparisons



Analysis Protein Family Relative 
Abundance

G i l C C i• IMG: Functional Category Comparison
• Purpose. Comparison of a query metagenome/ 
isolate genome with one or several reference 
metagenomes/ isolate genomes, in terms of the 
relative abundance of the genes assigned to 
different functional categories (COG Pathway, 
KEGG P h KEGG P h C PfKEGG Pathway, KEGG Pathway Category, Pfam
Category, TIGRfam sub‐roles), with estimates of 
th t ti ti l i ifi f th b dthe statistical significance of the observed 
differences



Navigation. Compare Genomes → Abundance Profiles → Functional Category Comparisons







Compare Genomes – Function Profile.



ProfilesProfiles

http://metagenomics.nmpdr.org/



Compare 
Metagenome toMetagenome to 
other 
MetagenomesMetagenomes
Heat
Maps



Compare 
Metagenome to 
Organism 
Recruitment
Plot





http://img.jgi.doe.gov/m/doc/using_index.html
h // j i d / i / /http://www.jgi.doe.gov/meetings/mgm/

h // d / / k / / /http://www.nmpdr.org/FIG/wiki/view.cgi/Main/MG‐RAST

http://www.nmpdr.org/FIG/wiki/view.cgi/Main/HowToUseNMPDR
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