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A minimal gene set for cellular life derived by comparison of
complete bacterial genomes
ARCADY R. MUSHEGIAN AND EUGENE V. KOONIN*
National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD 20894

Communicated by Clyde Hutchinson, University of North Carolina, Chapel Hill, NC, May 17, 1996 (received for review March 11, 1996)

ABSTRACT The recently sequenced genome of the para-
sitic bacterium Mycoplasma genitalium contains only 468 iden-
tified protein-coding genes that have been dubbed a minimal
gene complement [Fraser, C. M., Gocayne, J. D., White, O.,
Adams, M. D., Clayton, R. A., et al. (1995) Science 270,
397-403]. Although the M. genitalium gene complement is
indeed the smallest among known cellular life forms, there is
no evidence that it is the minimal self-sufficient gene set. To
derive such a set, we compared the 468 predicted M. genitalium
protein sequences with the 1703 protein sequences encoded by
the other completely sequenced small bacterial genome, that
of Haemophilus influenzae. M. genitalium and H. influenzae
belong to two ancient bacterial lineages, i.e., Gram-positive
and Gram-negative bacteria, respectively. Therefore, the genes
that are conserved in these two bacteria are almost certainly
essential for cellular function. It is this category of genes that
is most likely to approximate the minimal gene set. We found
that 240 M. genitalium genes have orthologs among the genes
of H. influenzae. This collection of genes falls short of com-
prising the minimal set as some enzymes responsible for
intermediate steps in essential pathways are missing. The
apparent reason for this is the phenomenon that we call
nonorthologous gene displacement when the same function is
fulfilled by nonorthologous proteins in two organisms. We
identified 22 nonorthologous displacements and supple-
mented the set of orthologs with the respective M. genitalium
genes. After examining the resulting list of 262 genes for
possible functional redundancy and for the presence of ap-
parently parasite-specific genes, 6 genes were removed. We
suggest that the remaining 256 genes are close to the minimal
gene set that is necessary and sufficient to sustain the
existence of a modern-type cell. Most of the proteins encoded
by the genes from the minimal set have eukaryotic or archaeal
homologs but seven key proteins ofDNA replication do not. We
speculate that the last common ancestor of the three primary
kingdoms had an RNA genome. Possibilities are explored to
further reduce the minimal set to model a primitive cell that
might have existed at a very early stage of life evolution.

The sequences of two small genomes of parasitic bacteria, Hae-
mophilus influenzae and Mycoplasma genitalium, have been re-
ported recently (1, 2). There is a qualitative difference between
complete bacterial genomes and any sequences, including viral
and organellar genomes, that have been available before. How-
ever small, a cellular gene set has to be self-sufficient in the sense
that cells generally import metabolites but not functional pro-
teins; therefore, they have to rely on their own gene products to
provide housekeeping functions. Analysis of protein sequences
encoded in the first two complete genomes based on this simple
notion resulted in the theoretical reconstruction of unknown
bacterial functional systems (3, 4). Here we systematically com-
pare the M. genitalium and H. influenzae protein sequences in an

attempt to define the minimal gene set that is necessary and
sufficient for supporting cellular life.
M. genitalium that has a 0.58 megabase genome, with only

468 protein-coding genes, has been proclaimed the minimal
gene complement (2). However, while this is the cellular life
form with the smallest known number of genes, there is no
evidence that it is indeed minimal. Clearly, the M. genitalium
genes are sufficient to support a functioning cell but there is
no indication as to what fraction of them is necessary.
M. genitalium and H. influenzae belong to Gram-positive and

Gram-negative bacteria, respectively (5), and are likely to be
separated from their last common ancestor by at least 1.5
billion years of evolution (6). H. influenzae is also a parasitic
bacterium with a relatively small genome that is 1.83 mega-
bases long and contains about 1700 protein-coding genes; its
evolution apparently included a number of gene elimination
events (1, 3). Therefore, the genes that are conserved in these
two bacteria are almost certainly essential for cellular function
and are likely to approximate the minimal gene set.
The original analysis of the H. influenzae and M. genitalium

proteins included only the most obvious sequence similarities
and the respective functional assignments (1, 2). We per-
formed an in-depth reanalysis of the H. influenzae and M.
genitalium protein sequences (3, 4) using the strategy devel-
oped in the recent studies on the Escherichia coli genome (7,
8). Here we use the results of a detailed comparison of M.
genitalium and H. influenzae proteins to derive and character-
ize the minimal gene set compatible with modem-type cellular
life. We then discuss possible directions of a further reduction
that may be undertaken to model a primordial cell.

MATERIALS AND METHODS
Sequences and Data Bases. The nucleotide sequences of the

H. influenzae and M. genitalium genomes were from refs. 1 and
2, respectively. The gene complement of each of the bacteria
was reevaluated. It has been reported that H. influenzae
possesses 1727 protein-coding genes (1). By merging overlap-
ping open reading frames that apparently belong to the same
gene and that have been separated because of frameshifts, and
by eliminating short genes whose existence could not be
corroborated, we have arrived at a set of 1703 predicted genes
(3). The M. genitalium genome has been reported to contain
470 protein-coding genes (2). Our analysis detected 468 genes,
two of which have been missed in ref. 2, while four of the open
reading frames reported in ref. 2 could not be confirmed in our
study. In addition, coding regions for two genes were extended.

All data base screening was against the protein and nucle-
otide versions of the daily updated nonredundant sequence
data base maintained at the National Center for Biotechnology
Information.

Abbreviations: Ndk, nucleoside diphosphate kinase; PTS, sugar phos-
photransferase.
*To whom reprint requests should be addressed at: National Center
for Biotechnology Information, National Library of Medicine, Build-
ing 38A, National Institutes of Health, Bethesda, MD 20894. e-mail:
koonin@ncbi.nlm.nih.Rov.
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1743 genes +
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Haemophilus influenza Rd KW20

1743 genes

Haemophilus influenza 86-028NP

1821 genes
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Genomic Sequence of an Otitis Media Isolate of Nontypeable
Haemophilus influenzae: Comparative Study with

H. influenzae Serotype d, Strain KW20
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In 1995, the Institute for Genomic Research completed the genome sequence of a rough derivative of
Haemophilus influenzae serotype d, strain KW20. Although extremely useful in understanding the basic biology
of H. influenzae, these data have not provided significant insight into disease caused by nontypeable H.
influenzae, as serotype d strains are not pathogens. In contrast, strains of nontypeable H. influenzae are the
primary pathogens of chronic and recurrent otitis media in children. In addition, these organisms have an
important role in acute otitis media in children as well as other respiratory diseases. Such strains must
therefore contain a gene repertoire that differs from that of strain Rd. Elucidation of the differences between
these genomes will thus provide insight into the pathogenic mechanisms of nontypeable H. influenzae. The
genome of a representative nontypeable H. influenzae strain, 86-028NP, isolated from a patient with chronic
otitis media was therefore sequenced and annotated. Despite large regions of synteny with the strain Rd
genome, there are large rearrangements in strain 86-028NP’s genome architecture relative to the strain Rd
genome. A genomic island similar to an island originally identified in H. influenzae type b is present in the
strain 86-028NP genome, while the mu-like phage present in the strain Rd genome is absent from the strain
86-028NP genome. Two hundred eighty open reading frames were identified in the strain 86-028NP genome
that were absent from the strain Rd genome. These data provide new insight that complements and extends the
ongoing analysis of nontypeable H. influenzae virulence determinants.

In 1995 Haemophilus influenzae strain Rd, a rough derivative
of H. influenzae serotype d strain KW20 (strain Rd hereafter),
became the first free-living organism to have its genome se-
quenced to completion (34). Importantly, this also helped es-
tablish the large-scale shotgun approach, mated with the utili-
zation of a scaffolding library and computer-assisted assembly,
as a rational and expeditious approach for the sequencing of
small bacterial genomes. Strain Rd was chosen as the proto-
typic bacterium for complete genome sequencing as it has a
genome size representative of other bacteria and a G!C con-
tent close to that of the human genome. Additionally, at the
time of sequencing, a physical map of the strain Rd genome
did not exist, so this genome was a good test for the approach
of shotgun sequencing, scaffolding, and assembly (34).

Although strain Rd is the exemplar organism for the current
small-genome sequencing rationale and an important model
organism for studying H. influenzae biology, strain Rd is a poor
model for the study of pathogenicity caused by members of the
genus Haemophilus. Serotype b strains of H. influenzae cause

invasive diseases, for example, meningitis, and nontypeable H.
influenzae (NTHi) strains principally have a role in localized
respiratory disease, particularly in otitis media, acute sinusitis,
and community-acquired pneumonia and have important con-
sequences in patients with chronic obstructive pulmonary dis-
ease or cystic fibrosis (59, 74, 95, 100, 108). Strain Rd, however,
is a derivative of a serotype d strain. Serotype d strains are
rarely associated with disease (23, 44, 94, 102).

Because one of the most useful sets of data in the study of an
organism’s biology is its genomic sequence, a number of inves-
tigations have identified and characterized genes found in H.
influenzae type b strains, H. influenzae biogroup Aegyptius
strains or in nontypeable strains that are not present in strain
Rd (13, 17, 30, 60, 64, 82, 106). Previously we carried out
partial analyses and comparisons of the genomes of two NTHi
strains, 1885MEE and 86-028NP, that were isolated from the
middle ear and nasopharynx, respectively, of children with
chronic otitis media (72). A genomic DNA-based microarray
approach was employed to compare the genomes of strains
1885MEE and Rd as well as the genomes of strains 1885MEE
and 86-028NP. In concert, a bioinformatics approach was used
to compare the published genome of strain Rd with that of
strain 86-028NP, which had been sequenced to threefold cov-
erage. These analyses suggested that the genomes of strains

* Corresponding author. Mailing address: Columbus Children’s Re-
search Institute, Center for Microbial Pathogenesis, 700 Children’s
Drive, Columbus, OH 43205-2696. Phone: (614) 722-2778. Fax: (614)
722-2818. E-mail: munsonr@pediatrics.ohio-state.edu.
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A human gut microbial gene catalogue
established by metagenomic sequencing
Junjie Qin1*, Ruiqiang Li1*, Jeroen Raes2,3, Manimozhiyan Arumugam2, Kristoffer Solvsten Burgdorf4,
Chaysavanh Manichanh5, Trine Nielsen4, Nicolas Pons6, Florence Levenez6, Takuji Yamada2, Daniel R. Mende2,
Junhua Li1,7, Junming Xu1, Shaochuan Li1, Dongfang Li1,8, Jianjun Cao1, BoWang1, Huiqing Liang1, Huisong Zheng1,
Yinlong Xie1,7, Julien Tap6, Patricia Lepage6, Marcelo Bertalan9, Jean-Michel Batto6, Torben Hansen4, Denis Le
Paslier10, Allan Linneberg11, H. Bjørn Nielsen9, Eric Pelletier10, Pierre Renault6, Thomas Sicheritz-Ponten9,
Keith Turner12, Hongmei Zhu1, Chang Yu1, Shengting Li1, Min Jian1, Yan Zhou1, Yingrui Li1, Xiuqing Zhang1,
Songgang Li1, Nan Qin1, Huanming Yang1, Jian Wang1, Søren Brunak9, Joel Doré6, Francisco Guarner5,
Karsten Kristiansen13, Oluf Pedersen4,14, Julian Parkhill12, JeanWeissenbach10, MetaHIT Consortium{, Peer Bork2,
S. Dusko Ehrlich6 & Jun Wang1,13

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 Illumina-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 overwhelming majority of the prevalent (more frequent)
microbial genes of the cohort and probably includes a large proportion of the prevalent human intestinalmicrobial 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.

It has been estimated that the microbes in our bodies collectively
make up to 100 trillion cells, tenfold the number of human cells,
and suggested that they encode 100-fold more unique genes than
our own genome1. The majority of microbes reside in the gut, have
a profound influence on human physiology and nutrition, and are
crucial for human life2,3. Furthermore, the gutmicrobes contribute to
energy harvest from food, and changes of gut microbiome may be
associated with bowel diseases or obesity4–8.

To understand and exploit the impact of the gut microbes on
human health and well-being it is necessary to decipher the content,
diversity and functioning of the microbial gut community. 16S ribo-
somal RNA gene (rRNA) sequence-basedmethods9 revealed that two
bacterial divisions, the Bacteroidetes and the Firmicutes, constitute
over 90% of the known phylogenetic categories and dominate the
distal gut microbiota10. Studies also showed substantial diversity of
the gutmicrobiome between healthy individuals4,8,10,11. Although this
difference is especially marked among infants12, later in life the gut
microbiome converges to more similar phyla.

Metagenomic sequencing represents a powerful alternative to
rRNA sequencing for analysing complexmicrobial communities13–15.
Applied to the human gut, such studies have already generated some
3 gigabases (Gb) of microbial sequence from faecal samples of 33

individuals from the United States or Japan8,16,17. To get a broader
overview of the human gut microbial genes we used the Illumina
Genome Analyser (GA) technology to carry out deep sequencing of
total DNA from faecal samples of 124 European adults.We generated
576.7 Gb of sequence, almost 200 times more than in all previous
studies, assembled it into contigs and predicted 3.3 million unique
open reading frames (ORFs). This gene catalogue contains virtually
all of the prevalent gut microbial genes in our cohort, provides a
broad view of the functions important for bacterial life in the gut
and indicates that many bacterial species are shared by different
individuals. Our results also show that short-read metagenomic
sequencing can be used for global characterization of the genetic
potential of ecologically complex environments.

Metagenomic sequencing of gut microbiomes

As part of the MetaHIT (Metagenomics of the Human Intestinal
Tract) project, we collected faecal specimens from 124 healthy, over-
weight and obese individual human adults, as well as inflammatory
bowel disease (IBD) patients, fromDenmark and Spain (Supplemen-
tary Table 1). Total DNA was extracted from the faecal specimens18

and an average of 4.5 Gb (ranging between 2 and 7.3Gb) of sequence
was generated for each sample, allowing us to capture most of the

*These authors contributed equally to this work.
{Lists of authors and affiliations appear at the end of the paper.

1BGI-Shenzhen, Shenzhen 518083, China. 2European Molecular Biology Laboratory, 69117 Heidelberg, Germany. 3VIB—Vrije Universiteit Brussel, 1050 Brussels, Belgium. 4Hagedorn
Research Institute, DK 2820 Copenhagen, Denmark. 5Hospital Universitari Val d’Hebron, Ciberehd, 08035 Barcelona, Spain. 6Institut National de la Recherche Agronomique, 78350
Jouy en Josas, France. 7School of Software Engineering, South China University of Technology, Guangzhou 510641, China. 8Genome Research Institute, Shenzhen University Medical
School, Shenzhen 518000, China. 9Center for Biological Sequence Analysis, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark. 10Commissariat à l’Energie
Atomique, Genoscope, 91000 Evry, France. 11Research Center for Prevention and Health, DK-2600 Glostrup, Denmark. 12The Wellcome Trust Sanger Institute, Hinxton, Cambridge
CB10 1SA, UK. 13Department of Biology, University of Copenhagen, DK-2200 Copenhagen, Denmark. 14Institute of Biomedical Sciences, University of Copenhagen & Faculty of Health
Science, University of Aarhus, 8000 Aarhus, Denmark.

Vol 464 |4 March 2010 |doi:10.1038/nature08821
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Genome analysis of multiple pathogenic isolates of Streptococcus 
agalactiae: Implications for the microbial ʻʻpan-genomeʼʼ

Herve ́ Tettelina,b, Vega Masignanib,c, Michael J. Cieslewiczb,d,e, Claudio Donatic, Duccio Medinic, Naomi L. Warda,f, Samuel V. Angiuolia, Jonathan Crabtreea, Amanda L. Jonesg, A. Scott Durkina, Robert T. 
DeBoya, Tanja M. Davidsena, Marirosa Morac, Maria Scarsellic, Immaculada Margarit y Rosc, Jeremy D. Petersona, Christopher R. Hausera, Jaideep P. Sundarama, William C. Nelsona, Ramana Madupua, 
Lauren M. Brinkaca, Robert J. Dodsona, Mary J. Rosovitza, Steven A. Sullivana, Sean C. Daughertya, Daniel H. Hafta, Jeremy Selenguta, Michelle L. Gwinna, Liwei Zhoua,
Nikhat Zafara, Hoda Khouria, Diana Radunea, George Dimitrova, Kisha Watkinsa, Kevin J. B. OʼConnorh, Shannon Smithi, Teresa R. Utterbacki, Owen Whitea, Craig E. Rubensg, Guido Grandic, Lawrence C. 
Madoffe,j, Dennis L. Kaspere,j, John L. Telfordc, Michael R. Wesselsd,e, Rino Rappuolic,k,l, and Claire M. Frasera,b,k,m

be identified and added to the pan-genome. Although the confi-
dence interval is rather large, the probability that this average
number would be zero is smaller than 6 ! 10"4. This finding
suggests that the GBS pan-genome is open and that its size grows

with the number of independent strains sequenced (Fig. 3 Inset). To
verify whether an open pan-genome model is unique to GBS, we
repeated the analysis by using the complete sequence of five strains
of Streptococcus pyogenes [group A Streptococcus (GAS)] and eight
strains of Bacillus anthracis, which are known to have different
levels of genomic diversity (data not shown). As in the case of GBS,
each additional GAS genome added an average of 27 new genes to
the pool, leading to an open pan-genome. In the case of B. anthracis,
the number of specific genes added to the pan-genome dropped to
zero after the addition of a fourth strain. This result probably
reflects the fact that B. anthracis is a highly clonal, recently evolved
species in which genome variability is associated only with virulence
plasmids (23, 24). Alternatively, the sequenced strains may belong
to the same evolutionary clade and may not adequately represent
the B. anthracis species.

Genome Diversity Is Independent of Capsular Serotype. Convenient
phenotypic traits, such as agglutination by specific antisera against
the capsular polysaccharide surrounding bacterial cells, have been
widely used to classify bacteria within the same species, and this
information has been used for epidemiology, vaccine design, and
therapy. Recently, MLST analysis based on fragments of seven
conserved core genes indicated that the GBS serotype does not fully
correlate with actual evolutionary relationships (7, 25). To charac-
terize the genetic relationship between the eight genomes of GBS
isolates, a dendrogram was drawn according to the distribution of
genes across the strains (Fig. 4). Among the genomes compared,
two belong to serotype Ia (515 and A909), two are serotype III
(NEM316 and COH1), and two are serotype V (2603 and CJB111).
Furthermore, strains 515 and NEM316 belong to the same ST type
(ST23). Comparative analysis of the strains’ gene content (see Table
7, which is published as supporting information on the PNAS web
site) showed that strains of different serotypes and different MLST
type often share a higher number of genes than strains of the same
serotype, resulting in a serotype-independent clustering of the eight
strains. In support of this conclusion, global genome comparisons
at the nucleotide level indicate that strains from two different but
related serotypes, type Ia strain 515 and type Ib strain H36B, were
the least conserved, with 85% identity over 90% of the genome,
whereas the two most conserved strains, 2603V!R and COH1 (95%
identity over 96% of the genome), belong to two distinct serotypes
(type V and III, respectively) and to two different MLST types.

Functional Classification of the Core and Dispensable Genes. Genes
belonging to core and dispensable genomes have been classified
according to their predicted functional role (see Fig. 5, which is
published as supporting information on the PNAS web site). As

Fig. 2. GBS core genome. The number of shared genes is plotted as a
function of the number n of strains sequentially added (see Materials and
Methods). For each n, circles are the 8!![(n " 1)!!(8 " n)!] values obtained for
the different strain combinations. Squares are the averages of such values. The
continuous curve represents the least-squares fit of the function Fc #
!c exp["n!"c] $ % (see Eq. 1 in Supporting Text) to data. The best fit was
obtained with correlation r2 # 0.990 for !c # 610 & 38, "c # 2.16 & 0.28, and
% # 1,806 & 16. The extrapolated GBS core genome size % is shown as a dashed
line.

Fig. 3. GBS pan-genome. The number of specific genes is plotted as a
function of the number n of strains sequentially added (see Materials and
Methods). For each n, circles are the 8!![(n " 1)!!(8 " n)!] values obtained for
the different strain combinations; squares are the averages of such values. The
blue curve is the least-squares fit of the function Fs(n) # !s exp["n!"s] $ tg(#)
(see Eq. 2 in Supporting Text) to the data. The best fit was obtained with
correlation r2 # 0.995 for !s # 476 & 62, "s # 1.51 & 0.15, and tg(#) # 33 & 3.5.
The extrapolated average number tg(#) of strain-specific genes is shown as a
dashed line. (Inset) Size of the GBS pan-genome as a function of n. The red
curve is the calculated pan-genome size

P'n( $ D % tg'# ()n & 1* % !sexp)"2!"s*!
1 & exp)"'n & 1(!"s*

1 & exp)"1!"s*

(see Eq. 4 in Supporting Text), with values of the parameters obtained from
the fit of Fs(n) (see Eq. 2 in Supporting Text).

Fig. 4. Dendrogram of the eight GBS genomes. Shared gene information
was used to cluster proteins into groups by using the single-linkage method of
the program CLUSTER (http:!!rana.lbl.gov). Groups were then converted into
profiles of presence or absence of each gene (0 or 1) in the eight GBS strains
and used as input to PAUP* 4.0b10 (Sinauer, Sunderland, MA) for dendrogram
drawing and bootstrapping. Numbers at the nodes indicate bootstrap values.
Serotypes and MLST types of each strain are within parentheses.

Tettelin et al. PNAS " September 27, 2005 " vol. 102 " no. 39 " 13953
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be identified and added to the pan-genome. Although the confi-
dence interval is rather large, the probability that this average
number would be zero is smaller than 6 ! 10"4. This finding
suggests that the GBS pan-genome is open and that its size grows

with the number of independent strains sequenced (Fig. 3 Inset). To
verify whether an open pan-genome model is unique to GBS, we
repeated the analysis by using the complete sequence of five strains
of Streptococcus pyogenes [group A Streptococcus (GAS)] and eight
strains of Bacillus anthracis, which are known to have different
levels of genomic diversity (data not shown). As in the case of GBS,
each additional GAS genome added an average of 27 new genes to
the pool, leading to an open pan-genome. In the case of B. anthracis,
the number of specific genes added to the pan-genome dropped to
zero after the addition of a fourth strain. This result probably
reflects the fact that B. anthracis is a highly clonal, recently evolved
species in which genome variability is associated only with virulence
plasmids (23, 24). Alternatively, the sequenced strains may belong
to the same evolutionary clade and may not adequately represent
the B. anthracis species.

Genome Diversity Is Independent of Capsular Serotype. Convenient
phenotypic traits, such as agglutination by specific antisera against
the capsular polysaccharide surrounding bacterial cells, have been
widely used to classify bacteria within the same species, and this
information has been used for epidemiology, vaccine design, and
therapy. Recently, MLST analysis based on fragments of seven
conserved core genes indicated that the GBS serotype does not fully
correlate with actual evolutionary relationships (7, 25). To charac-
terize the genetic relationship between the eight genomes of GBS
isolates, a dendrogram was drawn according to the distribution of
genes across the strains (Fig. 4). Among the genomes compared,
two belong to serotype Ia (515 and A909), two are serotype III
(NEM316 and COH1), and two are serotype V (2603 and CJB111).
Furthermore, strains 515 and NEM316 belong to the same ST type
(ST23). Comparative analysis of the strains’ gene content (see Table
7, which is published as supporting information on the PNAS web
site) showed that strains of different serotypes and different MLST
type often share a higher number of genes than strains of the same
serotype, resulting in a serotype-independent clustering of the eight
strains. In support of this conclusion, global genome comparisons
at the nucleotide level indicate that strains from two different but
related serotypes, type Ia strain 515 and type Ib strain H36B, were
the least conserved, with 85% identity over 90% of the genome,
whereas the two most conserved strains, 2603V!R and COH1 (95%
identity over 96% of the genome), belong to two distinct serotypes
(type V and III, respectively) and to two different MLST types.

Functional Classification of the Core and Dispensable Genes. Genes
belonging to core and dispensable genomes have been classified
according to their predicted functional role (see Fig. 5, which is
published as supporting information on the PNAS web site). As

Fig. 2. GBS core genome. The number of shared genes is plotted as a
function of the number n of strains sequentially added (see Materials and
Methods). For each n, circles are the 8!![(n " 1)!!(8 " n)!] values obtained for
the different strain combinations. Squares are the averages of such values. The
continuous curve represents the least-squares fit of the function Fc #
!c exp["n!"c] $ % (see Eq. 1 in Supporting Text) to data. The best fit was
obtained with correlation r2 # 0.990 for !c # 610 & 38, "c # 2.16 & 0.28, and
% # 1,806 & 16. The extrapolated GBS core genome size % is shown as a dashed
line.

Fig. 3. GBS pan-genome. The number of specific genes is plotted as a
function of the number n of strains sequentially added (see Materials and
Methods). For each n, circles are the 8!![(n " 1)!!(8 " n)!] values obtained for
the different strain combinations; squares are the averages of such values. The
blue curve is the least-squares fit of the function Fs(n) # !s exp["n!"s] $ tg(#)
(see Eq. 2 in Supporting Text) to the data. The best fit was obtained with
correlation r2 # 0.995 for !s # 476 & 62, "s # 1.51 & 0.15, and tg(#) # 33 & 3.5.
The extrapolated average number tg(#) of strain-specific genes is shown as a
dashed line. (Inset) Size of the GBS pan-genome as a function of n. The red
curve is the calculated pan-genome size

P'n( $ D % tg'# ()n & 1* % !sexp)"2!"s*!
1 & exp)"'n & 1(!"s*

1 & exp)"1!"s*

(see Eq. 4 in Supporting Text), with values of the parameters obtained from
the fit of Fs(n) (see Eq. 2 in Supporting Text).

Fig. 4. Dendrogram of the eight GBS genomes. Shared gene information
was used to cluster proteins into groups by using the single-linkage method of
the program CLUSTER (http:!!rana.lbl.gov). Groups were then converted into
profiles of presence or absence of each gene (0 or 1) in the eight GBS strains
and used as input to PAUP* 4.0b10 (Sinauer, Sunderland, MA) for dendrogram
drawing and bootstrapping. Numbers at the nodes indicate bootstrap values.
Serotypes and MLST types of each strain are within parentheses.

Tettelin et al. PNAS " September 27, 2005 " vol. 102 " no. 39 " 13953
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Proc Natl Acad Sci USA, 102:13950-13955 (2005).

8! = 40,320 
possible

permutations

2. How is the core- and pan-genome calculated?
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The Burkholderia Pan- and Core Genome 223

multiple species per genus, the E. coli pan- and core genome curves are strikingly 
divergent.

A study based on seven sequenced E. coli genomes predicted that the E. coli 
pan-genome was open, and that each new E. coli genome sequenced would have, 
on average, about 441 genes (Chen et al. 2006). This predicted number of new 
genes seems rather high, compared to the 30 or so genes predicted to be added 
with each new Streptococcus genome (Tettelin et al. 2005). We have estimated 
the number of new genes as approximately 80 per E. coli genome, based on 
32 sequenced E. coli genomes; we estimate the E. coli species pan-genome to con-
tain about 9433 genes, whilst the core genome contains 2241 genes  (Willenbrock 
et al. 2007).

The Burkholderia Pan- and Core Genome

As a final example of what insights can be obtained from multiple genome 
sequences, we will consider the Burkholderia genus (another Proteobacteria, in 
this case of the β-division). There are 54 Burkholderia genomes currently avail-
able, and this genus represents quite a broad spectrum of organisms, including one 
of the largest genomes sequenced so far (B. xenovorans is 9.8 Mbp). We included 
all 54 Burkholderia genomes in our analysis (Fig. 12.6). This shows an estimate 
of the full extent of diversity one can observe in bacterial genera. Note that in this 

Pseudomonas Vibrio

Salmonella E. coli / Shigella Yersinia

20

10

15

5

10

15
x 1000

x 1000

20

10

15

5

x 1000

5

10

15
x 1000

5

10 

15
x 1000

5

Pan-genome
Core genome

Novel gene families
Novel genes

Fig. 12.5 The pan-genome and core genome for five different Proteobacterial genera. The 
Salmonella graph represents one species (Salmonella enterica), whereas the E. coli/Shigella figure 
contains both E. coli and four different Shigella species. The other graphs represent multiple spe-
cies per genus. All graphs are drawn on the same scale

 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.

12
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Figure 3 Core and pan genome plot of the Pseudomonas genomes.
Azotobacter is highlighted. The number of pan genome for all strains
used is 29,696 (dashed line on top) and the core genome is reduced to

443 (dashed line below). The light purple color indicates where P.
putida is added, and the light red column indicates where A. vinelandii
is added

Figure 4 BLASTMatrix shows the homology between the pairs of genomes compared (green) and homology within each genome itself (red)
based on the 50/50 rule
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Abstract The genus Pseudomonas has gone through many
taxonomic revisions over the past 100 years, going from a
very large and diverse group of bacteria to a smaller, more
refined and ordered list having specific properties. The
relationship of the Pseudomonas genus to Azotobacter
vinelandii is examined using three genomic sequence-based
methods. First, using 16S rRNA trees, it is shown that A.
vinelandii groups within the Pseudomonas close to Pseu-
domonas aeruginosa. Genomes from other related organ-
isms (Acinetobacter, Psychrobacter, and Cellvibrio) are
outside the Pseudomonas cluster. Second, pan genome
family trees based on conserved gene families also show A.
vinelandii to be more closely related to Pseudomonas than
other related organisms. Third, exhaustive BLAST compar-
isons demonstrate that the fraction of shared genes between
A. vinelandii and Pseudomonas genomes is similar to that
of Pseudomonas species with each other. The results of
these different methods point to a high similarity between
A. vinelandii and the Pseudomonas genus, suggesting that
Azotobacter might actually be a Pseudomonas.

Introduction

Pseudomonas bacteria are naturally widespread in the
environment. For example, the plant pathogen, Pseudomo-

nas syringae has been linked to the environmental cycle of
water as an ice nucleus in the clouds and is found in rain,
snow, lakes, and plants [31]. Because of its abundance in
the environment, the Pseudomonas genus was first charac-
terized long ago, and over the past hundred years, it has
gone through many taxonomic revisions. The number of
organisms placed in the Pseudomonas group grew steadily
over a period of 60 years. However, through refinement of
defining criteria, many bacteria were moved to other genera
over the next 50 [24, 36, 42, 47].

Early studies based on rRNA–DNA hybridization
postulated five RNA subdivisions in the genus, where
rRNA group I, including the type species Pseudomonas
aeruginosa, was named after the genus as Pseudomonas
[34]. Studies on the determination and comparison of 16S
rRNA sequences of Pseudomonas species resulted in the
clustering of Pseudomonas into two groups: P. aeruginosa
and Pseudomonas fluorescens [32]. Later on, the extensive
study of Anzai and collaborators on more than 100
Pseudomonas species based on 16S rRNA sequence
comparison suggests seven clusters from the group of
species of Pseudomonas sensu stricto, which also agreed in
some parts with Palleroni’s report in 1973 [3]. Although it
is still a widely accepted method, debates on the poor
resolution of the phylogeny analysis with rrs gene
sequences lead to the idea of using other marker genes
to characterize and classify Pseudomonas, such as gryB,
rpoD, oprI, oprF, and rpoB sequences [2, 8, 13, 57]. In
another study, ten housekeeping genes were used to assess
the phylogeny of 2,4-diacetylphloroglucinol-producing
fluorescent Pseudomonas spp. [16]. Other phenotypic
methods, such as siderotyping, were also suggested for
the classification of plant-associated Pseudomonas [30].
Pseudomonas sensu stricto (rRNA similarity group I)
could be further divided into subgroups due to its
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Table 1 Core gene families in Bacteroides with high copy number

Protein family Seq. description Seq. length Mean number in bacteroides

ORTHOMCL0 Two-component system sensor histidine kinase response regulator 1,353 10.6

ORTHOMCL4 Beta-galactosidase 1,292 5.3

ORTHOMCL2 Family multidrug resistance protein 1,072 5.0

ORTHOMCL5 Alpha- -mannosidase 1,250 4.5

ORTHOMCL39 Rna polymerase ecf-type sigma factor 171 2.9

ORTHOMCL71 Alpha-glucosidase 687 2.5

ORTHOMCL14 Propionyl-carboxylase subunit beta 517 2.4

ORTHOMCL6 Two-component system response regulator 242 2.4

ORTHOMCL86 Galactoside o-acetyltransferase 192 2.4

ORTHOMCL668 Conserved hypothetical exported protein 182 2.3

ORTHOMCL563 Arylsulfatase precursor 514 2.3

ORTHOMCL33 186 2.3

ORTHOMCL15 Iron compound abc permease protein 354 2.2

ORTHOMCL201 Gfo idh family 495 2.2

ORTHOMCL969 148 2.1

ORTHOMCL32 Glucose-1-phosphate thymidylyltransferase 296 2.1

ORTHOMCL42 Dtdp-4-dehydrorhamnose-epimerase 196 2.0

ORTHOMCL57 Two-component system response regulator 265 2.0

ORTHOMCL50 O-acetylhomoserine -lyase 433 2.0
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Figure 3 Pan- and core genome plot of Bacteroides and Para-
bacteroides genomes. The blue line (core) represents the conserved
number of orthoMCL protein families. The red line (pan) indicates the
cumulative number of orthoMCL protein families in the genomes.
Green bar indicate the number of novel orthoMCL protein families in

the genome. The relative size of the core protein families to the total
genome size (% Core) is based on the 1,085 protein families shared by
Bacteroides and Parabacteroides (excluding B. capillosus and B.
pectinophilus), On average, 27% of the proteins is shared in the core
protein families

A Closer Look at Bacteroides 479

Microbial Ecology, 61:473-485, (2011).
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with lower CG content, though it also includes L.
delbrueckii, whose CG content is quite a bit higher. This
clustering, based on these core genes, corroborates the inter-
strain similarities already reported for their complete
genomes, as shown in Fig. 2. The Streptococcus genus is
separated into two large clusters in Fig. 4. Two clusters are
also observed for the Enterococcus species, while Lactococ-
cus is placed outside all other genera.

A more commonly used procedure is to compare only
a small subset of core genes. In population biology,

MLST of six or seven core gene fragments is frequently
used to assess evolutionary distances between isolates
within a species. MLST analysis is based on DNA
sequences. We adapted this approach to perform in silico
MLST for all isolates within a genus, as a measure for
evolutionary distance of core genes, and used this for
analysis of three genera. Unfortunately, despite the
reputation of MLST as being generally applicable and
despite a considerable number of gene families being
conserved even between Firmicutes and Bifidobacteria
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with lower CG content, though it also includes L.
delbrueckii, whose CG content is quite a bit higher. This
clustering, based on these core genes, corroborates the inter-
strain similarities already reported for their complete
genomes, as shown in Fig. 2. The Streptococcus genus is
separated into two large clusters in Fig. 4. Two clusters are
also observed for the Enterococcus species, while Lactococ-
cus is placed outside all other genera.

A more commonly used procedure is to compare only
a small subset of core genes. In population biology,

MLST of six or seven core gene fragments is frequently
used to assess evolutionary distances between isolates
within a species. MLST analysis is based on DNA
sequences. We adapted this approach to perform in silico
MLST for all isolates within a genus, as a measure for
evolutionary distance of core genes, and used this for
analysis of three genera. Unfortunately, despite the
reputation of MLST as being generally applicable and
despite a considerable number of gene families being
conserved even between Firmicutes and Bifidobacteria
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identified the relative strong conservation of information
storage genes; this was observed for all genera analyzed.
When all genomes were divided into a pathogenic and a

non-pathogenic group, the pan-genome of both groups
showed a surprisingly similar COG distribution; however,
their core genome differed considerably. It was observed
that, in the core genome of non-pathogenic genomes,
genes for post-translational modification and chaperones
were enriched.

Figure 8 BLAST Atlas of Lactobacillus with L. rhamnosus strain
Lc705 (top) and Lb. johnsonii strain NCC533 (bottom) as the
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Table 4 Relative fractions of
COG groups within the func-
tionally annotated genes for
non-pathogens/pathogens. The
arrows indicate how the reported
percentages increase or decrease
in the core genome compared to
the pan genome.

COG groups Non-pathogens Pathogens

Pan (%) Core (%) Pan (%) Core (%)

Information storage 33.5 64.4 ↑↑ 29.3 42.4 ↑↑

Cell. process, signalling 22.0 16.6 ↓ 25.7 18.9 ↓

Metabolism 44.5 20.2 ↓↓ 44.9 38.7 ↓
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3. Who cares?  What are pan-genomes good for?

phylogenetic relationships in any collection of isolates from
one species. If one has to select a 'standard' gene set
specifically for the species under investigation, it weakens
the general application of MLST considerably.

Pan-Genome Comparisons

MLST analyzes allelic differences in genes whose
presence has to be conserved in all genomes. However,
we hypothesized that genes that are variably present could
provide useful information as to the true relatedness of the
analyzed genomes. Since the variable fraction contain genes
that are present in some, absent in other genomes, a
phylogenetic analysis cannot be performed to capture all
information. Figure 3 displays a pan-genome clustering tree,
based on the gene families that are variably present in the
analyzed genomes (gene families comprising singletons were
excluded). The hierarchical clustering obtained by this
analysis correctly separates the Shigella spp. and S.
Typhimurium from Escherichia spp. and, within the latter

genus, separates E. coli from the other Escherichia spp
(Fig. 3). Moreover, all E. coli O157:H7 genomes now cluster
together, as do the K12 derivatives (W3110, MG1655, DH1,
BW2952, DH10B, and ATCC8739). The strains belonging
to phylogenic group B are also positioned in one cluster,
to which the non-pathogenic commensal strain HS also
seems to belong. All these are avirulent isolates, and it is
quite impressive that all these are positioned close
together in the tree. We conclude that this analysis of
variable genes identifies inter-strain relationships that can
be correlated to the lifestyle of the organisms.

The contribution of every genome to the complete
pan-genome of E. coli and related organisms is demon-
strated in Fig. 4, where the pan-genome and core genome,
as defined by other authors [40] of the analyzed sequences
is plotted. The number of novel gene families for every
added genome is also shown. As can be seen, all genomes
contribute to the increase of the pan-genome. This
increase is less strong when similar genomes are added
(for instance all four K12 genomes, or the B strains). The
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CLUSTALW, and viewed with MEGA4 [50] (see Electronic
supplementary material (ESM) Fig. 1).

For the second method, the pan genome family tree
(Fig. 2) of all the genomes was generated using BLASTP
similarity between each proteome, as described in Snipen
and Ussery's method [45]. The “50/50 rule” was used to
define the homology, meaning that a protein is assumed to
be in the same family if 50% of its length shows 50%
sequence identity with the reference protein [51]. Accord-
ing to this criterion, genes that have a significant hit to each

other are considered to be in one gene family. In order to
see the relations between the different gene families, a
matrix is constructed containing the gene families in
columns and the genomes in rows, assigning 1 for the
presence of that gene family in the corresponding genome
and 0 otherwise. Manhattan distances are calculated from this
matrix and hierarchical clustering is made. This tree shows the
similarities based on the shared gene families, excluding the
gene families that are represented only in one genome
(ORFans) [45].

Figure 1 16S rRNA tree gener-
ated with the neighbor-joining
method with 1,000 bootstrap
resamplings. The tree shows the
evolutionary relationships of A.
vinelandii with the Pseudomo-
nas genus and other Gammap-
roteobacteria based on their 16S
rRNA sequences

A. I. Özen, D. W. Ussery

Microbial Ecology, in the press (2011)
DOI: 10.1007/s00248-011-9914-8
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Core and Pan Genome Analysis

In order to make a pan–core genome analysis, BLASTP
similarity analysis was used and a pan–core genome plot
was generated based on the clustering from the pan genome
family tree (Fig. 3). Pseudomonas genomes were plotted
first, followed by the other genera. Azotobacter was added
after P. stutzeri and then Acinetobacter, Psychrobacter, and,
finally, Cellvibrio. The plot goes from the first to the last
column in an information accumulative manner. Each
column shows the BLAST hit results against all the
previous ones in terms of new genes, new gene families,
and pan and core genome sizes. The accumulative number
of all gene families found (blue line in Fig. 3) increases as
new genomes are added, leading to the pan genome in total,
whereas the number of common gene families found in all
genomes (red line in Fig. 3) decreases with genome
addition, leading to the core genome at the end [53].

BLASTMatrix

In this method, the protein BLAST identities were used
to compare the proteome of each genome against all the
other proteomes, pictured by a BLASTMatrix (Fig. 4),
showing the fraction of genes shared between different
genomes in the green cells [7]. The percentages in the
cells are calculated by the number of gene families shared
in two genomes over the union of the gene families found
in both. Similarity criterion was again the 50/50 rule for
the selection of significant hits and for the gene family
assignment as in the pan genome family tree method. The
term “homology” is also used to indicate the similarity
based on shared gene families between two genomes.
Protein BLAST results of a genome against itself
(excluding self-hits) were used to define the protein
homology within the same genome, as seen in the red
cells.

Figure 2 Pan genome family tree. The tree shows the phylogenetic relationships based on the gene families found in the pan genome, excluding
the families found in only one genome. Color coding is again based on Table 1

Azotobacter or Pseudomonas?

Microbial Ecology, in the press (2011)
DOI: 10.1007/s00248-011-9914-8
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New genes
New gene families
Core genome
Pan genome

1 :  Pseudomonas aeruginosa PAO1 
2 :  Pseudomonas aeruginosa LESB58  
3 :  Pseudomonas aeruginosa UCBPP−PA14 
4 :  Pseudomonas aeruginosa PA7 
5 :  Pseudomonas putida KT2440 
6 :  Pseudomonas putida F1 
7 :  Pseudomonas putida GB−1 
8 :  Pseudomonas putida W619 
9 :  Pseudomonas entomophila L48 
10 :  Pseudomonas fluorescens Pf0−1 
11 :  Pseudomonas fluorescens Pf−5 
12 :  Pseudomonas fluorescens SBW25 
13 :  Pseudomonas syringae pv. tomato str. DC3000 
14 :  Pseudomonas syringae pv. syringae B728a 
15 :  Pseudomonas syringae pv. phaseolicola 1448A 
16 :  Pseudomonas mendocina ymp 
17 :  Pseudomonas stutzeri A1501 
18 :  Azotobacter vinelandii DJ  
19 :  Acinetobacter baumannii AB0057
20 :  Acinetobacter baumannii AB307−0294 
21 :  Acinetobacter baumannii ACICU 
22 :  Acinetobacter baumannii AYE 
23 :  Acinetobacter baumannii ATCC 17978 
24 :  Acinetobacter sp. ADP1 
25 :  Acinetobacter baumannii SDF 
26 :  Psychrobacter arcticus 273−4 
27 :  Psychrobacter cryohalolentis K5 
28 :  Psychrobacter sp. PRwf−1 
29 :  Cellvibrio japonicus Ueda107  

Figure 3 Core and pan genome plot of the Pseudomonas genomes.
Azotobacter is highlighted. The number of pan genome for all strains
used is 29,696 (dashed line on top) and the core genome is reduced to

443 (dashed line below). The light purple color indicates where P.
putida is added, and the light red column indicates where A. vinelandii
is added

Figure 4 BLASTMatrix shows the homology between the pairs of genomes compared (green) and homology within each genome itself (red)
based on the 50/50 rule

A. I. Özen, D. W. Ussery

Microbial Ecology, in the press (2011)
DOI: 10.1007/s00248-011-9914-8
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Questions:

●Which core-genome is likely to be the largest?

30

Consider the following taxonomic groups:
Proteobacteria (phyla)
Enterobacteriaceae (family)
Escherichia (genus)
E. coli (species)

●Which pan-genome is likely to be the largest?

●How would you expect the addition of a low-quality 
unfinished genome to affect the size of the core- and 
pan-genome?
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