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A new evaluation of our life-support system

 After more than 150 years of research 
in microbiology, new technologies and 
new insights into the microbial world 
have sparked a revolution in the feld. 

 This is a much needed development, 
not only to renew interest in prokaryote 
research, but also to meet many 
emerging challenges in medicine, 
agriculture and industrial processes. 



A new evaluation of our life-support system

Although many microbiologists, such as Emil 
von Behring, Robert Koch, Jacques Monod, 
François Jacob, André Lwof, Alexander 
Fleming, Selman A. Waksman and Joshua 
Lederberg, grace  the list of Nobel laureates, 
attention moved away from 
microbiology as biologists focused their 
interest on eukaryotic cells and higher 
organisms in the 1970s and 1980s. 



A new evaluation of our life-support system

 Furthermore, from the beginning, 
research on prokaryotes has sufered 
from an anthropocentric view, 
regarding as interesting only those 
organisms that cause disease or that 
can be exploited for industrial or 
agricultural use. 

 But the advent of new technologies, 
some of which have been driven by a 
need to understand eukaryotes, may 
change this. 



A new evaluation of our life-support system

 We are increasingly realizing how little we 
know about microbes in general, their 
diversity, the mechanisms of their 
evolution and adaptation and their modes 
of existence within, and communication 
with, their environment and higher 
organisms. 



A new evaluation of our life-support system

 As bacteria have succeeded in occupying 
virtually all ecological niches on this planet, 
ranging from arctic regions to oceanic 
hot springs, they hold an immense wealth 
of genetic information that we have barely 
started to explore and that may provide 
many useful applications for humans.



Microbes are the founder members of this planet 
and understanding bacterial function is a frst 
priority in biology because of the critical role of 
microbes in the maintenance of all other forms of 
life. 



A new evaluation of our life-support system

Bacterial benefactors—and other prokaryotic 
pursuits

 If the process of evolution is to be 
unraveled properly to elucidate the 
evolution of biosynthetic pathways 
and their regulation, complete 
bacterial genome sequences are 
obligatory to furnish the predictive 
information essential for functional 
genomic studies of more complex 
genomes, since gene identifcation and 
organization in higher organisms will be 
derived principally from comparative 
studies with simpler genomes.



A new evaluation of our life-support system

Bacterial benefactors—and other prokaryotic 
pursuits

 The new technologies that allow us to 
sequence and annotate whole genomes 
more rapidly and to analyse the 
expression of thousands of genes in a 
single experiment are likely to speed up 
this change, particularly as microbes 
are well suited for high-throughput 
analysis. 



A new evaluation of our life-support system

Bacterial benefactors—and other prokaryotic 
pursuits

 Any microbial genome can now be 
sequenced within a few hours and new 
bioinformatics tools will enable scientists 
not only to assemble and annotate them 
automatically, but also to infer metabolic 
pathways and other cellular processes 
from the sequence data in silico. 





BAKKE P, CARNEY N, DELOACHE W, GEARING M, INGVORSEN K, ET AL. (2009) EVALUATION OF 
THREE AUTOMATED GENOME ANNOTATIONS FOR HALORHABDUS UTAHENSIS. PLOS ONE 4(7): 

E6291. 
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A new evaluation of our life-support system

 However, the experimental approaches 
(functional genomics) for testing the 
veracity of these predictions are likely to 
be rate-limiting for the foreseeable future. 

 This renewed research will have great 
usefulness if it means that we understand 
the microbial world on which all other 
species on this planet depend for survival.





A new evaluation of our life-support system

 There is already a vast richness 
to explore in the known 
genomes. Due to the high-density 
coding of microbial genomes, 109 
base pairs of prokaryotic DNA—the 
equivalent of a eukaryotic genome—
represents a million genes or 
proteins, compared with only about 
25,000 for the human genome. 



A new evaluation of our life-support system

 All of these sequenced prokaryotic 
genomes are only the tip of the 
iceberg of total microbial diversity. 

 Of the estimated 109 microbial species 
on Earth, only a minute number is 
accessible for analysis, as we are not 
able to cultivate most bacteria in the 
laboratory 



A new evaluation of our life-support system

 . 



A new evaluation of our life-support system
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A new evaluation of our life-support system

 Bacteriophages also add to this 
diversity due to their enormous 
abundance (estimated to be 1031 

particles on the globe for tailed 
bacteriophages alone) 

 recycling rate (every second, 
approximately 1025 phages initiate a 
lytic cycle)  

 and gene product diversity 



 . 
Transmission electron 
micrograph of an unfltered 
Chesapeake Bay water 
sample (magnifcation, ca. 
×36,000). a, short-tailed or 
nontailed virus-like particle; 
b, tailed virus-like particle; c, 
bacterium, coccal 
morphotype; d, bacterium, 
vibrio morphotype. 



A new evaluation of our life-support system

 To circumvent the cultivation bottleneck, 
microbiologists have started extracting 
genes from what they call the 
'metagenome', that is, from DNA taken 
directly from environmental samples. 

 This approach should uncover new genes, 
proteins, enzymes, metabolic compounds 
and pathways that could be exploited for 
industrial processes. 



A new evaluation of our life-support system

 Such an expanded representative 
catalogue of microorganisms holds 
great promise. It may allow us to 
understand and predict the impact 
of industrial, agricultural and other 
activities on prokaryotic diversity.

  We will also better understand the 
mechanisms of the evolution of 
pathogens and of potentially useful 
bacteria, such as xenobiotic degraders. 



A new evaluation of our life-support system

 A metagenomic approach also represents 
an important frst step towards 
understanding what some have called the 
second human genome—the 1013 bacteria 
that populate our bodies, some of which 
are essential to our survival. 

 However, before we are able to grasp fully 
the complex interactions between bacteria 
and ourselves, and their contribution to our 
well-being, new analytical techniques 
are needed.



 Metagenomics is the application of 
modern genomics techniques to the 
study of communities of microbial 
organisms directly in their natural 
environments, bypassing the need for 
isolation and lab cultivation of 
individual species



 . 



 The feld has its roots in the culture-
independent retrieval of 16S rRNA genes, 
pioneered by Pace and colleagues two decades 
ago 



 Since then, metagenomics has revolutionized 
microbiology by shifting focus away from clonal 
isolates towards the estimated 99% of microbial 
species that cannot currently be cultivated.



METAGENOMICS

 Metagenomics for biotechnological purposes
 Metagenomics for biomedical purposes
 Metagenomics for ecological analysis

 Whole genome metagenomics
 Gene centric metagenomics



 At the beginnin a typical metagenomics 
project begins with the construction of a clone 
library from DNA sequence retrieved from an 
environmental sample.

  Clones are then selected for sequencing 
using either functional or sequence-based 
screens. 



 . 

file:///home/alberto/tmp/mozilla_ubuntu160/probeBase.htm


 . 



In the functional approach, genes 
retrieved from the environment are 
heterologously expressed in a host, such 
as Escherichia coli, and sophisticated 
functional screens employed to detect 
clones expressing functions of interest.



 . 



Bioinformatics for Whole-Genome Shotgun Sequencing 
of Microbial Communities

 . 

To design of 
SIGEX is based 
on the facts that 
the expression of 
catabolic genes 
is generally 
induced by 
substrates or 
metabolites of 
catabolic 
enzymes, and 
that the 
expression of 
catabolic genes 
is controlled by 
regulatory 
elements located 
proximately in 
many cases. 



 This approach has produced many exciting 
discoveries and spawned several companies 
aiming to retrieve marketable natural products 
from the environment (e.g., Diversa [http://
www.verenium.com] and Cubist 
Pharmaceuticals [http://www.cubist.com]). 



 . 



 In the sequence-based approach, clones 
are selected for sequencing based on the 
presence of genes of biological interest. 

 One of the frst discovery from this 
approach thus far is the discovery of the 
proteorhodopsin gene from a marine 
community 



 . 



 Recently, facilitated by the increasing 
capacity of sequencing centers, whole-
genome shotgun (WGS) sequencing of 
the entire clone library has emerged as a 
third approach to metagenomics. 

http://www.verenium.com/index.html
http://www.cubist.com/


 Unlike previous approaches, which 
typically study a single gene or individual 
genomes, this approach ofers a more 
global view of the community, allowing us 

 to better assess levels of phylogenetic 
diversity and intraspecies polymorphism,

  study the full gene complement and 
metabolic pathways in the community, 

 and in some cases, reconstruct near-
complete genome sequences. 



 WGS also has the potential to discover 
new genes that are too diverged from 
currently known genes to be amplifed 
with PCR, 

 or heterologously expressed in common 
hosts, and

  is especially important in the case of 
viral communities because of the lack 
of a universal gene analogous to 16S. 



 The acid mine bioflm community is an 
extremely simple model system, 
consisting of only four dominant 
species, so a relatively miniscule 
amount of shotgun sequencing (75 
Mbp) was enough to produce two near-
complete genome sequences and 
detailed information about metabolic 
pathways and strain-level 
polymorphism. 



 . 



 At the other end of the spectrum, the Sargasso 
Sea community is extremely complex, 
containing more than 1,800 species. 

 Nonetheless, with an enormous amount of 
sequencing (2003-4; 1.6 Gbp), vast amounts of 
previously unknown diversity were discovered,

  including over 1.2 million new genes, 
 148 new species,
  and numerous new rhodopsin genes. 



 These results were especially surprising given how well 
the community had been studied previously, and suggest 
that equally large amounts of biological diversity await 
future discovery. 



Environmental sequencing ?
Metagenomics?

Wooley JC, Godzik A, Friedberg I, 2010 

A Primer on Metagenomics. PLoS Comput Biol 
6(2)



DNA sequencing & 
microbial profling

• Traditional microbiology relies on isolation and 
culture of bacteria

− Cumbersome and labour intensive process
− Fails to account for the diversity of microbial 

life 
− Great plate-count anomaly

Staley, J. T., and A. Konopka. 
1985. Measurements of in situ 
activities of nonphotosynthetic 
microorganisms in aquatic and 
terrestrial habitats. Annu. Rev. 
Microbiol. 39:321-346



• Only a small proportion of organisms have 
been grown in culture

• Species do not live in isolation 

• Clonal cultures fail to represent the natural 
environment of a given organism 

• Many proteins and protein functions remain 
undiscovered

Why environmental 
sequencing?



Why environmental 
sequencing?

Estimated 1000 trillion tons of bacterial/archeal life on 
Earth  
Most organisms are difcult to grow in culture

Jones, M. D. M. et al. Nature doi:10.1038/nature09984 
(2011).



Turnbaugh et al. 2006
An obesity associated gut 
microbiome with increased 
capacity for energy harvest. Nature 
444 1027-1031

Why environmental 
sequencing?



Results translate to 
humans

Ley et al. 2006
Human Gut Microbiomes associated with obesity. 
Nature 444 1022-1023

10x more bacterial cells 
than human

100-fold more unique 
genes



Overview

 What is environmental sequencing?

Why?
Methods
Operational Taxonomic Units
Measures of diversity
Other useful visualisations



16S rRNA sequencing

Erlandsen S L et al. J 
Histochem Cytochem 
2005;53:917-927

• 16S rRNA forms part of bacterial 
ribosomes.

• Contains regions of highly conserved and 
highly variable sequence.

• Variable sequence can be thought of as a 
molecular “fngerprint”.–can be used to 
identify bacterial genera and species.

• Large public databases available for 
comparison.–Ribosomal Database Project 
currently contains >1.5 million rRNA 
sequences.

• Conserved regions can be targeted to 
amplify broad range of bacteria from 
environmental samples.

• Not quantitative due to copy number 
variation

Circumvents the need to culture



16S sequencing redefned 
the tree of life

Woese C, Fox G (1977). "Phylogenetic structure of the prokaryotic 
domain: the primary kingdoms.". Proc Natl Acad Sci USA 74 (11): 
5088–90.
Woese C, Kandler O, Wheelis M (1990). "Towards a natural system 
of organisms: proposal for the domains Archaea, Bacteria, and 
Eucarya.". Proc Natl Acad Sci USA 87 (12): 4576–9

http://dx.doi.org/10.1038/nature09984


Which hyper-variable 
regions to sequence?

Region Position # b.p.
V1 69-99 30
V2 137-242 105
V3 338-533 195
V4 576-682 106
V5 822-879 57
V6 967-1046 79
V7 1117-1173 56
V8 1243-1294 51
V9 1435-1465 30

A quantitative map of nucleotide substitution rates in bacterial rRNA 
van der Peer et al Nucleic Acids Research, 1996, Vol. 24, No. 17 
3381–3391

A detailed analysis of 16S ribosomal RNA gene segments for the 
diagnosis of pathogenic bacteria J Microbiol Methods. 2007 May ; 
69(2): 330–339

E.coli 16S 
SSU rRNA 
hyper-
variable 
regions



16S amplicon sequencing 



Using overlapping paired-
end Illumina reads

• 250bp reads useful for sequencing of individual variable regions 
(e.g. V3,V6)
• Even single-end reads can be useful
• Enables 3-120 million of reads per sample – 100x more than 454
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How do we defne a 
species?

“No single defnition has satisfed all naturalists; yet every naturalist 
knows vaguely what he means when he speaks of a species”

Charles Darwin, 
On the Origin of Species, 
1859



How do we defne a species 
for tag data?

Species concept works for sexually reproducing organisms
• Breaks down when applied to bacteria and fungi

− Plasmids
− Horizontal gene transfer
− Transposons/Viruses

• Operational Taxonomic Unit  (OTU)
− An arbitrary defnition of a taxonomic unit based on 

sequence divergence
− OTU defnitions matter



How do we defne a species 
for tag data?

•  Search for sequence similarity between 16S/18S  
     variable regions  or particular genes (e.g rpoB)

•  These genes are ‘house-keeping’ genes which 
are less likely to be involved in horizontal transfer

•  However, note that 16S/18S sequences are 
known to have variable copy numbers which can 
bias results



Binning tags
Tags may be analysed in one of two ways:

•  Composition-based binning
• Relies on comparisons of gross-features to species/genus/families which share 

these features
− GC content
− Di/Tri/Tetra/... nucleotide composition (kmer-based frequency comparison)
− Codon usage statistics

•  Similarity-based binning 
• Requires that most sequences in a sample are present in a reference database

− Direct comparison of OTU sequence to a reference database
− Identity cut-off varies depending on resolution required

−      Genus -    90%
−      Family -    80%
−      Species - 97%
−      Multiple marker genes used for finer sub-strain identification (MLST)

− Too stringent cut-off selection will lead to excessive diversity being reported
−      Sequencing errors
−      Sample prep issues



Binning tags

MEGAN 
Blast 
against 
NCBI NR

Clustering 
of OTUs 
based on 
sequence 
similarity

Sample 2 Sample 1

OTU present 50:50 in both 
samples 



A word on the importance 
of clustering algorithms

The clustering algorithm used to determine distances between 
OTUs determines the form of the resulting phylogenetic tree



A word on the importance 
of clustering algorithms

Average neighbor clustering seems to give the most robust 
results



Software for binning tags
Tags may be analysed in one of two ways:

• Composition-based binning
− TETRA  - Maximal-Order Markov Model
− PhyloPythia – Support Vector
− Seeded Growing Self-Organising Maps (S-GSOM)
− TETRA + Codon based usage

• Similarity-based binning 
− Requires that most sequences in a sample are present in 

a primary or secondary reference database
− QIIME 
− MEGAN (comparison against Blast NCBI NR)
− Mothur
− CARMA (comparison against PFAM)
− Phymm
− ARB       (linked with Silva database)

Wooley et al. A Primer on Metagenomics, PLoS 
Computational Biology, Feb 2010, Vol 6(2)



Sequence databases for 
16S similarity-based 

binning



Sequence databases for 
16S similarity-based 

binning



Sequence databases for 
16S similarity-based 

binning
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Measuring diversity of 
OTUs

Two primary measures for sequence based studies:

• Alpha diversity 
− What is there? How much is there?
− Diversity within a sample

• Beta diversity 
− How similar are two samples?
− Diversity between samples



Measuring diversity

Alpha diversity 
• Diversity within a sample
• Simpson’s diversity index (also Shannon, Chao 

indexes)
• Gives less weight to rarest species 

S is the number of species
N is the total number of organisms
ni is the number of organisms of 
species i

Whittaker, R.H. (1972). "Evolution and measurement of species diversity". Taxon (International 
Association for Plant Taxonomy (IAPT)) 21 (2/3): 213–251



Measuring diversity

Beta diversity 
• Diversity between samples
• Sorensen’s index

S 1 is the number of species in sample 1
S 2 is the number of species in sample 2
c is the number of species present n both 
samples

Whittaker, R.H. (1972). "Evolution and measurement of 
species diversity". Taxon (International Association for 
Plant Taxonomy (IAPT)) 21 (2/3): 213–251



Measuring diversity

Beta diversity 
• Diversity between samples
• Unifrac distance
• Percentage observed branch length unique to 

either sample

Lozupone and Knight, 2005. Unifrac: A  new phylogenetic 
method  for comparing microbial communitieis. Appl 
Environ Microbiol 71:8228
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Other useful data 
representations

•  Simple barcharts
− What species are present? 

•  Rarefaction curves
− How much of a community have we sampled?

•  Principal Component Analysis (PCA)
− What are the most important factors segregating 

communities?

•  Bootstrapping and jack-knifng
− How reliable are our measures of diversity?



Simple barcharts



Simple charts



Rarefaction curves

N
u
m
b
er 
of 
O
T
U
s Number 

o
f 

sequences

Have we sampled enough of a community to get a 
true representation?

Adapted from Wooley et al. A Primer on Metagenomics, PLoS 
Computational Biology, Feb 2010, Vol 6(2)



Principal component 
analysis

Do samples segregate?



Jack-knifng

How much uncertainty is there in the 
clustering and PCA plots?

•  Take a subset of your data
•  Rerun analysis
•  Repeat 100s of times

•  Summarize results of 100s 
   of analyses
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Why metagenomics?
• Tag sequencing can only inform species or strain level classification
• If the species is known and previously sequenced we can have some 

understanding of the metabolic pathways present due to that organism

• However, most microbes have not been sequenced
• Most have never even been identified

• The depth of sequencing offered by 454, SoLID and Illumina 
sequencers makes metagenomics feasible

− Lots of sequences
− Possible to get a representative sample of all genes present

− Shorter read length -> hard to assemble

• With current technology the aim is to produce gene catalogues rather 
than whole genomes

• Limited to prokaryotes



Why metagenomics?
•  We contain 100x more bacterial cells than human

•  Enivronments of interest
− Human gut 
− Human skin
− Human Oral/Nasal and Uritogenetial 
− Chicken gut microbiome
− Terrabase project (Soil metagenomics)
− Microbial communities in water (Global Ocean Sampling 

survey – Venter)
− Keyboards

•  Examine diferences between populations (cross-sectional 
studies)
•  Examine changes over time in a single population (longitudinal 
study)

•  Human Microbiome Project
•  MetaHIT project 



Meta-HIT project

The project objectives: association of bacterial 
genes with human health an disease

The central objective of our project is to establish 
associations between the genes of the human intestinal 
microbiota and our health and disease.  We focus on two 
disorders of increasing importance in Europe, Infammatory 
Bowel Disease (IBD) and obesity.

http://www.metahit.eu



MetaHIT paper



MetaHIT summary

•  8 billion reads
•  576Gb of sequence data
•  42% of reads assembled into 6.6 million contigs
•  N50 contigs length of 2.2 kb

•  81% of genes un-annotated

More reference genomes are needed!





The  gene set

Metagene prediction on the contigs: 
• 14 million ORFs >100 bp

Removal of redundancy : ≥ 95 %  nucleotide 
identity, ≥ 90 % of the length of the shorter 
ORF

• 3.3 million ORFs, 150 times human gene 
complement

ORFs are identifed if present at relative 
abundance 

~7x10-7; we name them “prevalent genes”











PCA of 155 most abundant 
bacterial species in IBD patients 

and healthy controls (n=39)

A human gut microbial gene catalogue established 
by metagenomic sequencing, Nature 464, 59-65(4 
March 2010)

IBD=infammatory bowel disease
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Metagenomic assemblies
• Much harder than single-genome assembly

− Many identical or nearly identical reads
− Reduce size by clustering data frst at 100% identity
− Cannot remove near-identical low abundance kmers to reduce 

memory requirements
− These may be sequencing errors 
− Or may be sequences from low abundance organisms

− Can try to focus on gene regions by identifying putative open 
reading frame start sites and start assembly there

• Still very early days. Hardware requirements large.

• Meta-Velvet 
• Soapdenovo
• Euler   

Ye Y, Tang, H. An orfome assembly 
approach to metagenomics 2009 J. 
Bioinform Comput  Biol 7: 455-471



Gene calling metagenomic 
assemblies

Gene calling
• Finding open reading frames (ORFs) is challenging when 

assemblies of gene may only be partial
• Start and/or stop coding may be missing
• Traditional HMM-based methods (e.g. Genemark) fail
• However, simulations have shown that 85-90% of genes can 

be accurately called – although this is best case scenario

• Gene families coding for proteins are expected to be under 
selective pressure

• One method is to select all reading frames from any ORF 
identifed and use only those which appear to be under 
selective pressure 

• This may miss ORFs under less selective pressure 

Mavromatis et al. Use of simulated data 
sets to evaluate the fdelity of 
metagenomic processing methos. 2007. 
Nat Methods 4:495-500

Yooseph, et al. Gene identifcation and 
classifcation in microbial metagenomic 
sequence data via incremental clustering 
2008. BMC Bioinformatics 9:182



But…

Many organisms and genes are still unknown to 
science

Therefore homology-based annotation and even 
motif and HMM based annotation will only provide 
reliable annotation for those proteins we already 
know about

Current methods will still miss known genes



Final, but important 
points

Regardless of the type 
of sequencing you are 

doing…



Sample preparation

• Long term sample storage can cause selective loss of some 
species (e.g. Bacteroidetes) 
• Does not discriminate between dead/inactive and live 
microbes (unless extracting RNA)
• If doing 16S sequencing, consider using degenerate bases 
and choose your variable region(s) with care.

• Study size: Make sure you include biological replicates 
• 16S rRNA results are not quantitative due to copy number 
variation

Courtesy Alan Walker, 
Wellcome Trust Sanger



Summary



QIIME – Quantitative 
Insights Into Microbial 

Ecology



The MG-RAST pipelines
MG-RAST has a number of  pipelines with some user adjustable 
parameters. These fully automated pipelines create data sets that 
allow comparison between multiple data sets.
The following fgure gives a simplifed overview of the various steps 
in our pipeline.
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