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realizes that something has gone awry. Such realizations are now aris-
ing. Here I present some of the underlying problems and myths that I 
believe substantially hinder additional growth of the field and, even more 
importantly, compromise the ability of biologists to use and interpret the 
available data. Where possible, a solution is proffered, often one whose 
implementation will necessitate action by the entire community, includ-
ing scientific journals, sequencing centers and the funding agencies.

Genome publication and data release policy
The policy for publication of complete genomes that we witnessed 
for most of the first genomics decade has violated a longstanding 
precept in all scientific fields. Namely, the vast majority of genome 
papers have been submitted and accepted for publication long before 
the public release of the sequenced data. As a result, reviewers, unable 
to examine the actual data, could evaluate such papers only on faith 
and trust, thus undermining the peer-review process in this field. 
Although no genome paper has been retracted, subsequent analyses 
have often revealed fundamental flaws in both the derived conclu-
sions and the data itself6,7.

Granted, annotation is generally considered a never-ending bioin-
formatics adventure; closure is achieved only when all the functions 
and all the genes of an organism have been experimentally verified. 
Still, a fine degree of separation exists between what might be con-
sidered an acceptable error due to the incomplete adventure8 and 
what is essentially an incorrect and misleading conclusion. Charging 
the reviewers with the responsibility for making this distinction calls 
for a strict policy from the publishing journals requiring the actual 
sequence data to be publicly released well in advance of publica-
tion of the genome. Moreover, simply providing the sequence files 
would not suffice, as most scientists cannot make much sense out of a 
GenBank file. Rather, the data should be provided to the community 
in a meaningful way that facilitates cogent analysis and evaluation. 
This can be accomplished only through data management systems 
that support comparative genome analysis. Several such systems are 
already freely available in the community9.

Over time, as the substantial benefits of prepublication release of 
genome data have been recognized, many funding agencies and most 
of the large sequencing centers now adhere to the rapid data release 
policy set forth as the Bermuda Principles in 1996 and renewed in 
2003 (http://www.genome.gov/page.cfm?pageID=10506376). Thus, 
over the past few years, we have witnessed an increasing number 
of complete genomes released in GenBank without accompanying 
publications10.

Owing to the exponential increase in the number of completed 
genome sequences, coupled with frequent phylogenetic redundancy of 

As we approach the completed sequencing of 1,000 microbial 
genomes, the field of microbial genomics is poised at a 
crossroads. The future holds great promise for far-reaching 
advancements in microbiology as well as in diverse, related 
sciences. But realizing that potential will require meeting the 
challenges that have accompanied the rapid development of 
the underlying technology and the exponential growth of data. 
New technologies provide unprecedented opportunities but 
also call for conceptual shifts. Experience gained in the first 
decade of genomics can guide the improved approaches now 
needed for the selection of genome sequencing projects and 
their funding, for genome publication and annotation, as well 
as for data analysis and access. Equipped with these new tools 
and policies, microbiologists will have a unique opportunity for 
unprecedented exploration of our microbial planet.

The dramatic advancements in sequencing technology achieved dur-
ing the past decade have mediated a rapid transition from single-gene 
to whole-genome studies. In so doing, they also transformed what 
had been an almost purely experimental discipline into a predomi-
nantly theoretical and predictive one1. Although not the driving force 
per se behind the development of the technology, microbial genom-
ics was in the forefront of this transition from the very beginning 
and paved the ‘genomics way’2. Indicative of this leading role, more 
than two-thirds of the 4,800 currently reported genome projects3 
are microbial (http://genomesonline.org/), and the same percentage 
is observed for microbial proteins in the public archive sequence 
databases from genome sequencing projects4.

During its first decade, the newly defined field of genomics adopted 
the fundamentally reductionist perspective that marked twentieth 
century biology5. Accordingly, genome projects were initiated almost 
exclusively on the basis of potential practical applications for the 
selected organism, often in the fields of medicine (e.g., pathogenicity 
or drug targets) or biotech (e.g., bioenergy, agriculture, environ-
mental remediation or industrial production of microbial products). 
Indeed, just as the human genome project originally set the tone for 
all genomics, direct practical exploitation of microorganisms set the 
stage for the microbial sequencing program.

When the boundaries of science are shattered by the sheer force of 
technological innovation in the absence of a guiding vision, there usu-
ally follows a period of time before the affected scientific community 
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primary factor limiting the understanding of our microbial planet 
is, in fact, the need for even larger quantities of data. In a remarkable 
achievement, the Sorcerer II Global Ocean Sampling Expedition34 
sequenced over six million microbial genes, almost doubling the size 
of GenBank at the time. However, viewed from the perspective of 
the actual extent of microbial diversity35, such efforts are, and will 
remain, extremely small scale. The remarkable number of microbes 
(Table 1)—already estimated to be several orders of magnitude 
greater than the number of stars in the universe—urgently calls for 
a transition from random, anecdotal and small-scale surveys toward 
a systematic and comprehensive exploration of our planet.

This cannot be achieved by the efforts of individual researchers 
but requires the establishment of effective national and interna-
tional collaborations. For comparison, space and planetary explo-
ration could never have been realized by a single researcher or even 
a small network. To achieve those goals, a National Aeronautics and 
Space Administration (NASA; Houston, TX, USA) was formed in 
the United States, with similar national efforts introduced in several 
other countries. The success of NASA can serve as a model here.

It is imperative to see the formation of national Microbial 
Environmental Genomics Administrations (MEGA) launched around 
the globe. Current ongoing international efforts include the International 
Census for Marine Microbes (ICoMM) (http://www.coml.org/descrip/
icomm.htm) and the International Soil Metagenome Sequencing 
Project, or so-called ‘Terragenome’ (http://terragenome.org/).  
National initiatives include the Australian Genome Alliance (http://
www.genomealliance.org.au/) and the MikroBioKosmos initiative in 
Greece (http://www.mikrobiokosmos.org/).

Clearly, efforts of this magnitude require substantial invest-
ment. To explore and seek to understand how the Earth breaths, 
grows, evolves, renews and sustains life—all essentially the work of 
the microbial world—is the great adventure now beckoning to us. 
Microbial genomics paves the way forward.

Note: Supplementary information is available on the Nature Biotechnology website.
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comparative analysis of microorganisms but now redefined as dynamic 
communities that may be computationally represented as pangenomes. 
Looking back at the breakthroughs that have brought genomics to where 
it stands today, we find that in 1960–1990, the era of ribosomal RNA, 
we were building the tree of life and establishing the framework for the 
genomics revolution of 1990–2010, when we were growing the tree of life. 
The next decade (2010–2020) will be marked as the era of pangenomics, 
defined as finally understanding the tree of life.

New technologies, new ways forward
The greatest challenge to increasing our genomic coverage of micro-
bial diversity lies in obtaining the DNA to sequence. More than 99% 
of the currently known microbial diversity resides in unculturable 
organisms. Of those that can be cultured, many are difficult to grow 
or grow only very slowly. Some present hindrances to DNA extrac-
tion. Growing the organisms for even a hundred sequencing projects 
consumes huge resources and requires much infrastructure. Most 
importantly, unlike DNA sequencing and data analysis, provisioning 
of DNA does not seem to be scaling up to expedite the process.

Community metagenomics cannot fill this gap, as discrete genomes 
cannot be assembled from the metagenomic data obtained from most 
environments. Therefore, our best hope for the future may lay in a 
new direction: single-cell genomics31. Already, current technology can 
provide ~70% coverage of a microbial genome by sequencing the DNA 
from an individual microbial cell31. It has been predicted that cover-
age will increase to ~95% within the next 3–5 years, owing to intense 
technology development. Even at the current coverage, this approach 
constitutes a major breakthrough that has opened a window into vast, 
previously inaccessible realms of unculturable microbial diversity.

Community metagenomics can be partnered with single-cell genom-
ics, an approach that will likely become common for metagenomic 
projects. In parallel with sampling and sequencing the metagenome 
for an environment of medium complexity, single-cell techniques can 
be used to sequence several of the individual cell types present. Even at 
the current 70% coverage, this would provide representative reference 
genomes for that environment and lead to a more holistic understand-
ing of the community and its individual members.

For those culturable organisms for which complete genome sequences 
can already be obtained, greater insights will emerge from bridging the 
gap between genotype and phenotype as expected from the integration 
of transcriptomics and proteomics with genomics. For the most part, 
genes in sequenced microbial genomes are computationally predicted 
based on the location of start and stop codons within the sequence. Thus, 
gene prediction is essentially protein prediction, and there is little known 
about the transcribed but untranslated regions (UTRs) at either end. 
Coordinating a genome with its companion transcriptome and proteome 
can provide experimental confirmation of the accuracy of those pre-
dictions and can reveal genes missed by computational approaches32. 
Transcriptomes can extend known protein-coding sequences to include 
the UTRs, thus identifying the locations where transcription starts and 
stops. Overall, the advent of new sequencing technologies is opening 
entire new worlds of possibilities in microbial genomics, ranging from 
the identification of novel small regulatory RNAs33 to elucidation of the 
mechanisms underlying the generation of genetic diversity. Indeed, as 
sequencing technology becomes cheaper, faster and more accurate, rese-
quencing, and by effect, studies on the origins of mutations and popula-
tion variability, are finally within our reach.

National and international initiatives: a MEGA approach
Although one of the greatest challenges ahead lies in managing the 
current exponential growth in sequence data, it is ironic that the 

Table 1  Estimating the magnitude of microbial diversity
Number of bacteriophages on Earth 1031

Number of microbes on Earth 5  1030

Number of stars in the universe 7  1021

Number of microbes in all humans 6  1023

Number of humans 6  109

Number of microbial cells in one human gut 1014

Number of human cells in one human 1013

Number of microbial genes in one human gut 3  106

Number of genes in the human genome 2.5  104

Combined length of all bacteriophages on Earth 108 Ly

Diameter of the Milky Way 105 Ly
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and paved the ‘genomics way’2. Indicative of this leading role, more 
than two-thirds of the 4,800 currently reported genome projects3 
are microbial (http://genomesonline.org/), and the same percentage 
is observed for microbial proteins in the public archive sequence 
databases from genome sequencing projects4.

During its first decade, the newly defined field of genomics adopted 
the fundamentally reductionist perspective that marked twentieth 
century biology5. Accordingly, genome projects were initiated almost 
exclusively on the basis of potential practical applications for the 
selected organism, often in the fields of medicine (e.g., pathogenicity 
or drug targets) or biotech (e.g., bioenergy, agriculture, environ-
mental remediation or industrial production of microbial products). 
Indeed, just as the human genome project originally set the tone for 
all genomics, direct practical exploitation of microorganisms set the 
stage for the microbial sequencing program.

When the boundaries of science are shattered by the sheer force of 
technological innovation in the absence of a guiding vision, there usu-
ally follows a period of time before the affected scientific community 
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What have we learned from ~1000 

sequenced bacterial genomes?

1. Genetic diversity is greater than we thought.

4. Generally G’s are biased towards the leading 
    strand, but the strand bias of A’s is tax-specific.

2. Very large genomes tend to be GC-rich, whilst small
     genomes tend to be AT-rich.

3. There are patterns, both locally and globally of 
      AT-richness in bacterial chromosomes.
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The problem....
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Outline Evolution can be thought of as the adaptation or optimization of species to 
their environment. Since, at the level of microorganisms, there can be considerable 
differences in microenvironments, it is not hard to imagine that many bacteria have 
a constant need to be adaptable and ready to change to new surroundings. In this 
final chapter, we will take a look at the processes that drive evolution, and at the 
evolutionary traces that are visible in the DNA sequences of genomes. Mobile DNA 
elements play an important role in evolution and an example is given for insertion 
sequences in Shigella flexneri. Genome islands can be considered genetic ‘building 
blocks’ that can be added to or removed from a genome core. Finally, we will take a 
closer look at Vibrio cholerae, to see how this species differs from other Vibrio spe-
cies, and how a relatively small set of genes can be responsible for niche adaptation 
(and sometimes speciation). The amount of genomic diversity within closely related 
bacterial populations is far greater than anyone had imagined, and the raw material 
for evolution is abundant in the microbial world.

Introduction

As mentioned in the first chapter, cells obey the laws of chemistry and physics, 
and there is no need to invoke supernatural forces to explain the physical mechani-
cal events happening inside bacterial cells. One of the undercurrent themes of this 
book has been to build up a firm ‘post-genomic’ foundation from which to view the 
bacterial communities. We’ve now come full circle, and in this last chapter, we will 
have a look at the evidence for evolution within individual genomes, and how we 
can extrapolate such observations to bacterial populations.

In order for evolution to happen, three components are necessary: (1) a number 
of organisms must have a diverse set of traits that have different advantages under 
different conditions, (2) these traits must have the ability to change, and finally (3) 
selection must take place by some particular condition so that (some of) these traits 
become dominant in the offspring population. We can add the time factor to this as 
an essential component, because evolution is rarely instantaneous. Before turning to 
biological examples, we will first take a closer look at evolution in general.
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2. Number genes [coding density]

3. AT content

6. Repeats

4. Oligomer skews

5. Chromosome alignment

8. tRNAs and codon usage

9. Bias in codon usage

10. Amino acid usage

1. Length

7. Periodicity
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20 Methods to Compare Bacterial Genomes
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14. Proteome comparisons

13. Blast atlases

12. Annotation quality

15. 2-D correlation of properties

16. Sigma Factors

17. Two-component systems

18. Transcription Factors

19. Membrane Proteins

20. Secreted Proteins

11. Promoters
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their environment. Since, at the level of microorganisms, there can be considerable 
differences in microenvironments, it is not hard to imagine that many bacteria have 
a constant need to be adaptable and ready to change to new surroundings. In this 
final chapter, we will take a look at the processes that drive evolution, and at the 
evolutionary traces that are visible in the DNA sequences of genomes. Mobile DNA 
elements play an important role in evolution and an example is given for insertion 
sequences in Shigella flexneri. Genome islands can be considered genetic ‘building 
blocks’ that can be added to or removed from a genome core. Finally, we will take a 
closer look at Vibrio cholerae, to see how this species differs from other Vibrio spe-
cies, and how a relatively small set of genes can be responsible for niche adaptation 
(and sometimes speciation). The amount of genomic diversity within closely related 
bacterial populations is far greater than anyone had imagined, and the raw material 
for evolution is abundant in the microbial world.

Introduction

As mentioned in the first chapter, cells obey the laws of chemistry and physics, 
and there is no need to invoke supernatural forces to explain the physical mechani-
cal events happening inside bacterial cells. One of the undercurrent themes of this 
book has been to build up a firm ‘post-genomic’ foundation from which to view the 
bacterial communities. We’ve now come full circle, and in this last chapter, we will 
have a look at the evidence for evolution within individual genomes, and how we 
can extrapolate such observations to bacterial populations.

In order for evolution to happen, three components are necessary: (1) a number 
of organisms must have a diverse set of traits that have different advantages under 
different conditions, (2) these traits must have the ability to change, and finally (3) 
selection must take place by some particular condition so that (some of) these traits 
become dominant in the offspring population. We can add the time factor to this as 
an essential component, because evolution is rarely instantaneous. Before turning to 
biological examples, we will first take a closer look at evolution in general.
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gccgacccta aattttttgc ctgtttggtt cgctttgagt cttcttcggt tccgactacc ctcccgactg cctatgatgt ttatcctttg aatggtcgcc atgatggtgg ttattatacc 
gtcaaggact gtgtgactat tgacgtcctt ccccgtacgc cgggcaataa cgtttatgtt ggtttcatgg tttggtctaa ctttaccgct actaaatgcc gcggattggt ttcgctgaat 
aagagattat ttgtctccag ccacttaagt gaggtgattt atgtttggtg ctattgctgg cggtattgct tctgctcttg ctggtggcgc catgtctaaa ttgtttggag gcggtcaaaa 
agccgcctcc ggtggcattc aaggtgatgt gcttgctacc gataacaata ctgtaggcat gggtgatgct ggtattaaat ctgccattca aggctctaat gttcctaacc ctgatgaggc 
cgcccctagt tttgtttctg gtgctatggc taaagctggt aaaggacttc ttgaaggtac gttgcaggct ggcacttctg ccgtttctga taagttgctt gatttggttg gacttggtgg 
caagtctgcc gctgataaag gaaaggatac tcgtgattat cttgctgctg catttcctga gcttaatgct tgggagcgtg ctggtgctga tgcttcctct gctggtatgg ttgacgccgg 
atttgagaat caaaaagagc ttactaaaat gcaactggac aatcagaaag agattgccga gatgcaaaat gagactcaaa aagagattgc tggcattcag tcggcgactt cacgccagaa 
tacgaaagac caggtatatg cacaaaatga gatgcttgct tatcaacaga aggagtctac tgctcgcgtt gcgtctatta tggaaaacac caatctttcc aagcaacagc aggtttccga 
gattatgcgc caaatgctta ctcaagctca aacggctggt cagtatttta ccaatgacca aatcaaagaa atgactcgca aggttagtgc tgaggttgac ttagttcatc agcaaacgca 
gaatcagcgg tatggctctt ctcatattgg cgctactgca aaggatattt ctaatgtcgt cactgatgct gcttctggtg tggttgatat ttttcatggt attgataaag ctgttgccga 
tacttggaac aatttctgga aagacggtaa agctgatggt attggctcta atttgtctag gaaataaccg tcaggattga caccctccca attgtatgtt ttcatgcctc caaatcttgg 
aggctttttt atggttcgtt cttattaccc ttctgaatgt cacgctgatt attttgactt tgagcgtatc gaggctctta aacctgctat tgaggcttgt ggcatttcta ctctttctca 
atccccaatg cttggcttcc ataagcagat ggataaccgc atcaagctct tggaagagat tctgtctttt cgtatgcagg gcgttgagtt cgataatggt gatatgtatg ttgacggcca 
taaggctgct tctgacgttc gtgatgagtt tgtatctgtt actgagaagt taatggatga attggcacaa tgctacaatg tgctccccca acttgatatt aataacacta tagaccaccg 
ccccgaaggg gacgaaaaat ggtttttaga gaacgagaag acggttacgc agttttgccg caagctggct gctgaacgcc ctcttaagga tattcgcgat gagtataatt accccaaaaa 
gaaaggtatt aaggatgagt gttcaagatt gctggaggcc tccactatga aatcgcgtag aggctttgct attcagcgtt tgatgaatgc aatgcgacag gctcatgctg atggttggtt 
tatcgttttt gacactctca cgttggctga cgaccgatta gaggcgtttt atgataatcc caatgctttg cgtgactatt ttcgtgatat tggtcgtatg gttcttgctg ccgagggtcg 
caaggctaat gattcacacg ccgactgcta tcagtatttt tgtgtgcctg agtatggtac agctaatggc cgtcttcatt tccatgcggt gcactttatg cggacacttc ctacaggtag 
cgttgaccct aattttggtc gtcgggtacg caatcgccgc cagttaaata gcttgcaaaa tacgtggcct tatggttaca gtatgcccat cgcagttcgc tacacgcagg acgctttttc 
acgttctggt tggttgtggc ctgttgatgc taaaggtgag ccgcttaaag ctaccagtta tatggctgtt ggtttctatg tggctaaata cgttaacaaa aagtcagata tggaccttgc 
tgctaaaggt ctaggagcta aagaatggaa caactcacta aaaaccaagc tgtcgctact tcccaagaag ctgttcagaa tcagaatgag ccgcaacttc gggatgaaaa tgctcacaat 
gacaaatctg tccacggagt gcttaatcca acttaccaag ctgggttacg acgcgacgcc gttcaaccag atattgaagc agaacgcaaa aagagagatg agattgaggc tgggaaaagt 
tactgtagcc gacgttttgg cggcgcaacc tgtgacgaca aatctgctca aatttatgcg cgcttcgata aaaatgattg gcgtatccaa cctgca 



Comparative Microbial Genomics group C
e

n
te

r fo
r B

io
lo

g
ic

a
l S

e
q

u
e

n
c

e
 a

n
a

ly
s
is

         D
epartm

ent of S
ystem

s B
iology, Technical U

niversity of D
enm

ark   

40 3 Microbial Genome Sequences

Base Atlases to Visualize Base Composition Features

Figure 3.3 is an ‘absolute’ Base Atlas, or a graphical representation of the entire ϕX174 
DNA sequence plotted on a single figure (for the positive strand, the one represented 
in Fig. 3.11). Since we are interested in base composition analysis, the densities of the 
four bases are plotted by color intensity (the four outer circles). It is obvious that this 
DNA is quite T-rich, as there is far more red (T’s) than green (A’s), turquoise (G’s), or 
violet (C’s). It would be a challenge to see this at one glance from Fig. 3.1.

Continuing to read this plot from outside to inside, the coding sequences are 
plotted next, and since they are all on one strand only one color is needed here (in 
case there are coding sequences on the strand complementary to the strand that is 
published, we color them red). The next circle is called AT skew, and is a measure of 
the bias of A’s towards one strand (and T’s towards the other). As will be discussed 
in Chapter 7, for some bacteria, the A’s are biased towards the replication leading 
strand, but in other bacterial chromosomes, including E. coli, which this phage nor-
mally infects, the T’s are biased towards the leading strand. The strong red color in 
this lane means that T’s are biased towards the strand represented by the sequence, 
implying that this is the leading replication strand. The next circle shows the GC 
skew, and since the scale is the same as that of the AT skew (+/− 0.20), the absence 
of dark colors indicates that the bias of G’s towards one strand or the other is not as 

1 Phage ϕX174 is a virus that packs its DNA as single strand DNA (ssDNA) in viroid particles, so 
it only contains this positive strand in viroid form.
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Fig. 3.2 Two views of the nucleotide sequence of the ϕX174 genome. The left view shows a 
selection of the restriction enzyme recognition sites originally described in the paper (the unique 
PstI site is red), and the right view shows all 11 protein encoding genes, along with their predicted 
transcripts. The origin of replication is indicated by an arrow
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The Importance of Visualization 41

strong as for the A’s in the previous circle. AT and GC skew are further explained 
in Chapter 7. Finally, the deviation of AT content from the chromosomal average 
percentage AT is plotted, ranging from 40% to 60% AT, with 50% AT in the middle; 
thus bright red regions contain lots of A’s or T’s, and the blue regions are GC-rich. 
There are four dark red regions in the innermost circle that are much more AT-rich 
than the rest of the chromosome.

The plot of Fig. 3.4 shows the same data as in Fig. 3.3, but now as a ‘relative’ Base 
Atlas: the data are normalized to the genomic average for the values in each lane; 
only values greater than three standard deviations above the average are colored. 
At first sight, this is a rather bleached version of the previous figure, but it does 
reveal different information. For instance, there is a region where A’s are highly 
overrepresented compared to the global A content (around 3.5 k), and a relatively 
small stretch where G’s are overrepresented (around 1 k). This isn't obvious from 
the previous, absolute Base Atlas because that is too colourful. Atlas figures can 
display lanes as either absolute ranges, or show regions that deviate by more than 
three standard deviations from the chromosomal average, or a combination of fixed 
and average lanes. The way to tell the scale is to look at the legend, which is always 
oriented with the outermost circle on the top, going towards the innermost circle 
at the bottom. At the right of each scale in the legend, ‘fix’ indicates a fixed range, 
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Fig. 3.3 Absolute DNA Base Atlas of the nucleotide sequence of the ϕX174 genome. The legend 
to the right explains what is represented from the outer to the inner circle. Shown are the fraction 
of each nucleotide along the genome (first four circles counting inwards), the coding sequences on 
the positive (clockwise) strand, the AT and GC skew, and the percent AT. In an ‘absolute’ Atlas all 
lanes are plotted with a fixed range



Comparative Microbial Genomics group C
e

n
te

r fo
r B

io
lo

g
ic

a
l S

e
q

u
e

n
c

e
 a

n
a

ly
s
is

         D
epartm

ent of S
ystem

s B
iology, Technical U

niversity of D
enm

ark   
42 3 Microbial Genome Sequences

while ‘dev’ means that the average is in the middle value (usually light gray) and the 
extreme ends represent plus or minus three standard deviations from the average.

Genome Atlases to Visualize Chromosomes

The analysis of DNA base composition is interesting in itself, but a Base Atlas dis-
plays only a fraction of the type of information a genomic atlas can provide. The 
next step is to combine this with the presence of genes, and to also indicate regions 
containing repeats in DNA sequences. Structural features of the DNA can also be 
plotted. That way, we start to produce what we call a Genome Atlas, providing a 
quick overview of some of the most important and informative features in a microbial 
chromosome, plasmid, or phage. Figure 3.5 represents a Genome Atlas of the ϕX174 
genome.

Of the circles of the Base Atlas of Fig. 3.4 we have chosen to represent only 
AT skew (as a fixed average) and percent AT (as deviation). Three outer circles 
have been added to the atlas, representing DNA structural properties: intrinsic DNA 
curvature in the outermost, followed by stacking energy and position preference. 
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Fig. 3.4 Relative Base Atlas of the ϕX174 genome. In this Atlas the colors represent the regions 
where the base density varies more than three standard deviations from the genomic average. To 
the right of each scale is indicated whether fixed average or three standard deviations are plotted. 
The numbers below the scales indicate how color intensity was chosen. This relative Base Atlas 
(and not the absolute version of Fig. 3.3) is the default Base Atlas used in the remainder of the 
book
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5‘-AGGCAAAGTCGCCATGCTGCCATCTGGTGCCCCCAGATGGCAGCATGGCGACTTTGCCT-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACCACGCCGGTCTACCGTCGTACCGCTGAAACGGA-5’

5‘-AGGCACGTGAGAATGAATTCCTGCTTTAGATCTAAAAGGCAAAGCTTTGCCT-3’

3‘-TCCGTGCACTCTTACTTAAGGACGAAATCTAGATTTTCCGTTTCGAAACGGT-5’

5‘-AGGCAAAGTCGCCATGCTGCCATCTGGCCAGATGGCAGCATGGCGACTTTGCCT-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACCGGTCTACCGTCGTACCGCTGAAACGGA-5’

5‘-AGGCAAAGTCGCCATGCTGCCATCTGGTCCGTTTCAGCGGTACGACGGTAGACC-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACCAGGCAAAGTCGCCATGCTGCCATCTGG-5’

5‘-AGGCAAAGTCGCCATGCTGCCATCTGGGGTCTACCGTCGTACCGCTGAAACGGA-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACCCCAGATGGCAGCATGGCGACTTTGCCT-5’

5‘-AGGCAAAGTCGCCATGCTGCCATCTGGTGCCCAGGCAAAGTCGCCATGCTGCCATCTGG-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACGACGGGTCCGTTTCAGCGGTACGACGGTAGACC-5’

5‘-AGGCAAAGTCGCCATGCTGCCATCTGGAGGCAAAGTCGCCATGCTGCCATCTGG-3’

3‘-TCCGTTTCAGCGGTACGACGGTAGACGTCCGTTTCAGCGGTACGACGGTAGACC-5’

5‘-AGAGAGAGATCTAGACTAGAGAGAGAGAGATACCCTAGAGAGAGAGAGAGAAAG-3’

3‘-TCTCTCTCTAGATCTGATCTCCCTCTCTCTATGGGATCTCTCTCTCTCTCTTTC-5’
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SUMMARY

Proteins display a hierarchy of structural features at
primary, secondary, tertiary, and higher-order levels,
anorganization thatguidesourcurrentunderstanding
of their biological properties and evolutionary origins.
Here, we reveal a structural organization distinct from
this traditional hierarchy by statistical analysis of
correlated evolution between amino acids. Applied
to the S1A serine proteases, the analysis indicates
a decomposition of the protein into three quasi-inde-
pendent groups of correlated amino acids that we
term ‘‘protein sectors.’’ Each sector is physically con-
nected in the tertiary structure, has a distinct func-
tional role, and constitutes an independent mode of
sequence divergence in the protein family. Function-
ally relevant sectors are evident in other protein fami-
lies as well, suggesting that they may be general
features of proteins. We propose that sectors repre-
sent a structural organization of proteins that reflects
their evolutionary histories.

INTRODUCTION

How does the amino acid sequence of a protein specify its bio-
logical properties? Here, we intend the term ‘‘biological proper-
ties’’ to broadly encompass chemical activity, structural stability,
and other features that may be under selective pressure. A stan-
dard measure of the importance of protein residues is sequence
conservation—the degree to which the frequency of amino acids
at a given position deviates from random expectation in a well-
sampled multiple sequence alignment of the protein family
(Capra and Singh, 2007; Ng and Henikoff, 2006; Zvelebil et al.,
1987). The more unexpected the amino acid distribution at
a position, the stronger the inference of evolutionary constraint
and therefore of biological importance. However, protein struc-
ture and function also depend on the cooperative action of amino
acids, indicating that amino acid distributions at positions
cannot be taken as independent of one another (Gobel et al.,
1994; Lichtarge et al., 1996; Lockless and Ranganathan, 1999;

Neher, 1994). A more informative formulation of sequence
conservation should be to include pairwise or even higher-order
correlations between sequence positions—the statistical signa-
ture of conserved interactions between residues. Indeed, anal-
yses of correlations have contributed to the identification of
allosteric mechanisms in proteins (Ferguson et al., 2007; Hatley
et al., 2003; Kass and Horovitz, 2002; Lee et al., 2008, 2009;
Peterson et al., 2004; Shulman et al., 2004; Skerker et al.,
2008) and were found to be sufficient for recapitulating native
folding and function in a small protein interaction module (Russ
et al., 2005; Socolich et al., 2005).
These findingsmotivate a deeper theoretical and experimental

analysis of correlations of sequence positions with the goal of
understanding how protein sequences encode the basic
conserved biological properties of a protein family. Here, we
carry out this analysis using a classic model system for enzyme
catalysis, the S1A family of serine proteases (Hedstrom, 2002;
Rawlings and Barrett, 1994; Rawlings et al., 2008). We find that
the nonrandom correlations between sequence positions indi-
cate a decomposition of the protein into groups of coevolving
amino acids that we term ‘‘sectors.’’ In the S1A proteases, the
sectors are nearly statistically independent, are physically con-
nected in the tertiary structure, are associated with different
biochemical properties, and have diverged independently in
the evolution of the protein family. Functionally relevant and
physically contiguous sectors are evident in other protein
domains as well, providing a basis for directing further experi-
mentation using the principles outlined in the serine protease
family. Overall, our data support two main findings: (1) protein
domains have a heterogeneous internal organization of amino
acid interactions that can comprise multiple functionally distinct
subdivisions (the sectors), and (2) these sectors define a decom-
position of proteins that is distinct from the hierarchy of primary,
secondary, tertiary, and quaternary structure. We propose that
the sectors are features of protein structures than reflect the
evolutionary histories of their conserved biological properties.

RESULTS

From Amino Acid Sequence to Sectors
The S1A family consists primarily of enzymes catalyzing peptide
bond hydrolysis through a conserved chemical mechanism, but
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biochemical properties. Nevertheless, the sectors have clearly
interpretable tertiary structural properties (Figure 3). The red
sector comprises a contiguous network of amino acids built
around theS1pocket, theprimary determinant of substrate spec-
ificity (Hedstrom,2002) (Figure3A). Thecolorgradient in Figure3A
represents residue weights, revealing a tertiary structural organi-
zation inwhich thestrongest contributors arecenteredaround the
S1 pocket and weaker positions comprise the surrounding. This
sector includes residues in the environment of the S1 pocket
that are known to contribute to its mechanical stability, providing
a rationale for their cooperative action (Bush-Pelc et al., 2007;
Perona et al., 1995). This sector is clearly involved in catalytic
specificity;mutation of residues comprising this sector are known
to influence specificity for substrates in several S1A family
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Figure 3. Structural Connectivity of the
Three Sectors
Residues comprising each sector displayed in

space filling representation with a van der Waals

surface on the tertiary structure of rat trypsin

(PDB 3TGI [Pasternak et al., 1999]). The blue

sector comprises a ring of residues within the

core of the two b barrels (B), the red sector

comprises the S1 pocket and its environment (A),

and the green sector comprises the catalytic

mechanism of the protease located at the interface

of the two b barrels (C). In each panel, residues are

gradient colored by strength of contribution to the

sector (Figures 1E and S3).

members (Craik et al., 1985; Hedstrom,
1996; McGrath et al., 1992; Perona et al.,
1993; Wang et al., 1997), and this sector
correlates well with positions mutated in
transferring chymotryptic specificity into
trypsin (Hedstrom et al., 1994).

The blue sector comprises another
contiguous group of amino acids, but is
structurally distinct from the red sector;
the constituent residues run through the
interior of both of the b barrels that com-
prise the core structure of the protease
(Figure 3B), but also extend from both
b barrels to directly contact the catalytic
triad residues (Figure 4B). Mapping of
residue weights in this sector indicates
a few foci joined by intervening positions
with lower weights, as if the activity of
this sector is a more distributed rather
than localized property of the protein
structure. Unlike the red sector, prior
work establishes no unified role for this
sector, likely because blue sector resi-
dues are not obviously distinguishable
from the general milieu of residues in the
protein core that are similarly conserved
and well-packed (Figures 4 and S7).

Finally, the green sector forms another
contiguous group of amino acids, located

at the interface between the two b barrels that make up the
protease (Figure 3C). Residues within this sector include the
catalytic triad (H57, D102, and S195), and surrounding residues
known to be important for the basic chemical mechanism of this
enzyme family (Baird et al., 2006; Hedstrom, 2002), and for some
forms of allosteric control over this activity (Guinto et al., 1999;
Huntington and Esmon, 2003). Like the red sector, residue
weights are largest around a hotspot (the catalytic residues),
and fall off in surrounding positions. This sector includes one
disulfide bond pair (C42-C58), substitution of which has been
shown to cooperatively interact with mutation of S195 (Baird
et al., 2006). Indeed, triple mutation of C42A, C58A/V, and
S195T is sufficient to convert trypsin from a serine protease
to a threonine protease. We conclude that the green sector

Cell 138, 774–786, August 21, 2009 ª2009 Elsevier Inc. 777



katP >

espP >

L
7

0
2

8
 >

L
7

0
3

1
 >

e
tp

D
 >

etp
E

 >

etpL >

EHEC-hlyA >

EHEC-hlyB >

L
70

72
 >

L
7

0
8

6
 >

L
7

0
9

1
 >

L
70

95 >

traI >

E
H

E
C

-hlyC

E
H

E
C

-h
ly

B

E
H

E
C

-h
lyA

L7
09

5

0k
12.5k

2
5

k

37.5k
50k

62
.5

k
7

5
k

GENOME ATLAS

Center for Biological Sequence An
http://www.cbs.dtu.dk/

Intrinsic Curvature

0.08 0.30

Stacking Energy

-9.52 -6.41

Position Preference

0.11 0.17

Annotations:

CDS +

CDS -

Watson Repeats

5.00 7.50

Crick Repeats

5.00 7.50

Percent AT

0.30 0.70

Resolution: 37

E. coli  pO157
GenBank Acession AF074613     92,077 bp

 %AT content varies locally, along chromosomes

Friis, Jensen, and Ussery
Genetica, 108:47-51, (2000).



Comparative Microbial Genomics group C
e

n
te

r fo
r B

io
lo

g
ic

a
l S

e
q

u
e

n
c

e
 a

n
a

ly
s
is

         D
epartm

ent of S
ystem

s B
iology, Technical U

niversity of D
enm

ark   

rR
N

A
rR

N
A

rR
N

A

rRNA

rR
N

A
rR

N
A

rR
N

A

rR
N

A

rRNA

rR
N

A

O
ri

g
in

0M

0.5M
1M

1.5M

2
M

2.5
M

BASE ATLAS

Center for Biological Sequence Analysis
http://www.cbs.dtu.dk/

G Content
fix
avg

0.00 0.23

A Content
fix
avg

0.00 0.45

T Content
fix
avg

0.00 0.45

C Content
fix
avg

0.00 0.23

Annotations:

CDS +

CDS -

rRNA

tRNA

AT Skew
fix
avg

-0.12 0.12

GC Skew
fix
avg

-0.10 0.10

Percent AT
dev
avg

0.67 0.75

Resolution: 1120

C. tetani E88 
2,799,251 bp

Diagnosis, epidemiology and antibiotic resistance of the genus Clostridium, (Duchesnes C., Mainil J, Pelkonen S. and Menozzi MG, 
editors), Proceedings of the meeting, Presses de la Faculté de Médecine Vétérinaire de l'Université de Liège, pages 60-66, (2004).  

4.  Oligomer skews



0M

0.5M

1
M

1.5M2M

2
.5

M
3M

D. psychrophila LSv54

3,523,383 bp

BASE ATLAS

G Content
fix
avg

0.10 0.29

A Content
fix
avg

0.15 0.31

T Content
fix
avg

0.15 0.31

C Content
fix
avg

0.10 0.29

Annotations: CDS +

CDS -

rRNA

tRNA

AT Skew
fix
avg

-0.07 0.07

GC Skew
fix
avg

-0.07 0.07

Percent AT
dev
avg

0.48 0.58

Resolution: 1410

 243D.W. Ussery et al., Computing for Comparative Microbial Genomics, Computational 
Biology 8, DOI 10.1007/978-1-84800-255-5_14, © Springer-Verlag London Limited 2009

Chapter 14
Evolution of Microbial Communities; or, 
On the Origins of Bacterial Species

Outline Evolution can be thought of as the adaptation or optimization of species to 
their environment. Since, at the level of microorganisms, there can be considerable 
differences in microenvironments, it is not hard to imagine that many bacteria have 
a constant need to be adaptable and ready to change to new surroundings. In this 
final chapter, we will take a look at the processes that drive evolution, and at the 
evolutionary traces that are visible in the DNA sequences of genomes. Mobile DNA 
elements play an important role in evolution and an example is given for insertion 
sequences in Shigella flexneri. Genome islands can be considered genetic ‘building 
blocks’ that can be added to or removed from a genome core. Finally, we will take a 
closer look at Vibrio cholerae, to see how this species differs from other Vibrio spe-
cies, and how a relatively small set of genes can be responsible for niche adaptation 
(and sometimes speciation). The amount of genomic diversity within closely related 
bacterial populations is far greater than anyone had imagined, and the raw material 
for evolution is abundant in the microbial world.

Introduction

As mentioned in the first chapter, cells obey the laws of chemistry and physics, 
and there is no need to invoke supernatural forces to explain the physical mechani-
cal events happening inside bacterial cells. One of the undercurrent themes of this 
book has been to build up a firm ‘post-genomic’ foundation from which to view the 
bacterial communities. We’ve now come full circle, and in this last chapter, we will 
have a look at the evidence for evolution within individual genomes, and how we 
can extrapolate such observations to bacterial populations.

In order for evolution to happen, three components are necessary: (1) a number 
of organisms must have a diverse set of traits that have different advantages under 
different conditions, (2) these traits must have the ability to change, and finally (3) 
selection must take place by some particular condition so that (some of) these traits 
become dominant in the offspring population. We can add the time factor to this as 
an essential component, because evolution is rarely instantaneous. Before turning to 
biological examples, we will first take a closer look at evolution in general.
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Streptomyces coelicolor, strain A3(2)
7769 genes, aligned at translation start, 

difference in AT content from average (Z-score)
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Codon Usage in Streptomyces coelicolor strain A3

2,577,562 codons in 7,825 orfs examined
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proteins  Size (bp)                Organism                                            %AT     tRNA  rRNA    Accession 
5,379   5,231,428 bp   Escherichia coli CFT073       49.5     89	 7	 AE014075
5,361   5,498,450 bp   Escherichia coli O157 RIMD    49.5    105	 7	 BA000007
5,349   5,528,445 bp   Escherichia coli O157 EDL     49.5     98	 7	 AE005174
5,066   5,065,741 bp   Escherichia coli UTI89        49.4     88	 7	 CP000243
4,905   5,688,987 bp   Photoghabdus luminescens      57.2     85	 7   	AP009048
4,685   4,938,920 bp   Escherichia coli strain 536   49.5     81	 7	 CP000247
4,600   4,809,037 bp   Salmonella entericia CT18     47.9     79	 7	 AL513382
4,492   5,064,019 bp   Erwinia carotovora            49.0     76	 7	 BX950851
4,468   5,082,025 bp   Escherichia coli APEC 01      49.4    103	 7	 CP000468
4,452   4,857,432 bp   Salmonella typhimurium LT2    47.8     85	 7    AE006468
4,445   4,755,700 bp   Salmonella entericia SCB67    47.8     85	 7	 AE017220
4,436   4,607,203 bp   Shigella flexneri 2a301       49.1     97	 7	 AE005674
4,337   4,646,332 bp   Escherichia coli K-12 W3110   49.2     86	 7	 U00096
4,331   4,639,675 bp   Escherichia coli K-12 MG1655  49.2     86	 7	 AP009048
4,323   4,791,961 bp   Salmonella enterica Ty2       47.2     78	 7	 AE014613
4,277   4,369,232 bp   Shigella dysenteriae Sd197    48.8     85	 7	 CP000034
4,224   4,825,265 bp   Shigella sonnei Ss046         49.0     97	 7	 CP000038
4,167   4,702,289 bp   Yersinia pestis Antiqua       52.3     68	 7	 CP000308
4,142   4,519,823 bp   Shigella boydii Sb227         48.8     91	 7	 CP000036
4,116   4,574,284 bp   Shigella flexneri 5str8401    49.1     91	 7	 CP000266
4,093   4,585,229 bp   Salmonella entericia ATCC9150 47.8     82	 7	 CP000026
4,090   4,600,755 bp   Yersinia pestis KIM           52.4     73	 7	 AE009952
4,073   4,599,354 bp   Shigella flexneri 2457T       49.1     98    7	 AE014073
4,008   4,653,728 bp   Yersinia pestis CO-92         52.4     70    6	 AL590842
3,981   4,534,590 bp   Yersinia pestis Nepal516      52.4     72    7	 CP000305	
3,974   4,744,671 bp   Yersinia pseudotuber. IP32953 52.4     85	 7	 BX936398
3,895   4,595,065 bp   Yersinia pestis Mediaevails   52.3     72	 7	 AE017042
2,432   4,171,146 bp   Sodalis glossinidius          45.3     69	 7    AP008232
  611     697,724 bp   Wiggelsworthia glossinidia    77.5     34	 2	 BA000021
  610     791,654 bp   Blochmannia pennsylvanicus    70.4     39	 1	 CP000016
  595     686,194 bp   Baumannia cicadellinicola     61.2     39	 2	 CP000238
  589     705,557 bp   Blochmannia floridanus        72.6     37	 1	 BX248583
  564     640,681 bp   Buchnera aphidicola APS       73.7     32	 1	 BA000003
  545     641,454 bp   Buchnera aphidicola Sg        74.7     32 	 1	 AE013218
  504     615,980 bp   Buchnera aphidicola BBp       74.7     32	 1	 AE016826
  182     159,662 bp   Carsonella ruddii Pv          85.4     28	 1	 AP009180

    GenomeBiology 2006, Volume 7, Issue 9, Article 237 



www.cbs.dtu.dk/services/GenomeAtlas/
 87 projects found 

as of 5 August, 2009
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    Microbiology, 150:1603-1606, (2004). 



*: TAA
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H: CAT
Y: TAT
N: AAT
D: GAT
F: TTT
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T: ACA
A: GCA
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