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Summary

Our dream of determining the entire Escherichia coli
K12 genome sequence has been realized. This calls
for new approaches for the analysis of gene expres-
sion and function in biology’s best-understood organ-
ism. Comparison of the E. coli genome sequence with
others will provide important taxonomic insights and
have implications for the study of bacterial virulence.
Approximately 20% of E. coli genes have been desig-
nated FUN genes, because they have no known func-
tion or homologies to sequence databases. FUN genes
promise to have an exciting impact on bacterial
research. The post-genome era requires novel strate-
gies that address gene regulation at the level of the
entire cell. These strategies need to supersede the
reductionist approach to genetic analysis. Only then
will the genome sequence lead us to an understand-
ing of how a bacterial cell really works.

Introduction

The recent completion of several bacterial genome sequenc-
ing projects signals the end of many traditional strategies for
the analysis of gene function and a beginning for exciting
new technologies that can now be applied to basic questions
concerning cellular function. In this article, I hope to put the
importance of the E. coli genome sequence into context and
to consider its most interesting findings.

Why study E. coli ?

E. coli is a remarkable organism. It can use an impressive
array of molecules as carbon and nitrogen sources and
adapt rapidly when moved from benign to toxic environ-
ments. For example, infection of mammals by virulent E.
coli strains often involves aerobic growth on nutrient-rich

material at neutral pH, followed by rapid ingestion into
the contents of the stomach at a pH of 2. E. coli can sur-
vive this assault and colonize the intestinal tract; some
strains can go on to cause diarrhoea or even death.

Despite its amazing versatility, some regard E. coli as
little more than a small bag of enzymes designed to propa-
gate cloned DNA. In fact, research on E. coli has a long
and varied history. It was originally chosen as a model
system because of its ability to grow on chemically defined
media and its rapid growth rate in the laboratory. In the
1940s and 1950s, the simplicity of genetic analyses and
the ease of preparing enzymatically active cell extracts
for biochemical analysis made E. coli the experimental
model of choice. The concerted efforts of several gene-
rations of microbiologists, geneticists, biochemists and
others have taught us more about E. coli and the closely
related Salmonella typhimurium than about any other
organisms on earth. Consequently, the E. coli genome
sequence offers an unequalled opportunity to relate gene
sequence to biology. Up to now, we have focused on what
a bacterial cell needs to thrive in a few fairly specialized
niches, with too much emphasis on LB agar at 378C! Now,
we need to explore more exotic environments and deter-
mine what this organism is really capable of.

The 4 639 221 bp that define E. coli

The E. coli genome project was the first to be proposed
(Blattner, 1983) and has been the proving ground for
large-scale sequencing technology. Completion of the
sequence has taken 6 years, and the final annotated
version was deposited at Genbank in January 1997. Blatt-
ner et al. (1997) describe the complete E. coli genome
sequence, which comprises 4 639 221 bp of sequence
containing 4288 putative protein-encoding genes. These
genes can be classified into several functional groups
(Fig. 1). Two new operons for the degradation of aromatic
compounds, six new tRNA genes and three cryptic phages
were found. The complete repertoire of repeated sequences
has been defined, accounting for nearly 2% of the genome.
These include new REP, ERIC and Box C sequences scat-
tered throughout the genome. Almost 500 proteins from E.
coli (11.6% of the total) have known three-dimensional
structures or are homologous to proteins with known struc-
tures (http://pedant.mips.biochem.mpg.de/frishman/ecoli.
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html). Many genes of ‘unknown function’ were found for
the first time, and these will be discussed below.

At the time of publication, the sequences of more than
10 organisms will be available for analysis through the
World-Wide Web (www; Table 1), including the genomes
of Bacillus subtilis, Archaeoglobus fulgidus and Borrelia
burgdorferi, which have recently been completed. The
partial sequences of the closely related S. typhimurium
and S. typhi have been made available at http://genome.
wustl.edu/gsc/bacterial/salmonella.html. Other incom-
plete genomes may be accessed via NCBI (National
Center for Biotechnology Information; http://www.ncbi.
nlm.nih.gov/) or TIGR (the Institute of Genome Research;
http://www.tigr.org/).

Two www sites that have both been updated with the
complete genome sequence are particularly useful for

analysis of the E. coli genome. The excellent E. coli
databank site (http://genome4.aist-nara.ac.jp/) offers the
opportunity of identifying genes by name or location and
performing BLAST searches and SWISSPROT analyses
with just a few mouse clicks. Alternatively, the ECDC site
(http://susi.bio.uni-giessen.de/ecdc.html) allows access
to gene and open reading frame (ORF) maps of the entire
genome and lists of functional subsets of E. coli genes.
Another site that is a rich source for the classification of
E. coli genes is provided by NCBI, but this has yet to be
updated with the entire genome sequence (http://www.
ncbi.nlm.nih.gov/Complete_Genomes/).

E. coli genomic comparisons

At 4.64 Mb, the E. coli genome is the largest bacterium yet
sequenced (Table 1). Why is the E. coli genome so large?
It does not contain many duplicated genes or large non-
coding regions; in fact, the proportion of coding regions
is broadly similar throughout all sequenced bacterial
genomes, suggesting that none contain significant stretches
of redundant DNA. A useful concept for considering genome
function is that of ‘paralogues’, which have been defined
as ‘homologous genes in the same organism whose pro-
ducts perform related but not identical functions’ (Koonin
et al., 1996b). Around half of the genes in E. coli form
clusters of paralogues (when analysed from 75% of the
genome; Koonin et al., 1996b). The high proportion of
paralogous genes in E. coli is probably related to its ability
to adapt to novel environments. In contrast, only 35% of
genes from Haemophilus influenzae and 17% of genes
from Helicobacter pylori (Tomb et al., 1997) are para-
logous. This lower level of gene paralogy explains, in
part, the smaller genomes of H. influenzae and H. pylori.
One of the smallest bacterial genomes belongs to Myco-
plasma, as a consequence of its obligate parasitic lifestyle.

We now have the first opportunity to compare entire
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Fig. 1. The function of genes in E. coli. Genes have been assigned
to functional categories, according to the data of Blattner et al.
(1997). The number of unknown genes shown here may be
overestimated, as discussed in the text.

Table 1. Comparison of eight microbial
genome sequences.

Genome
Genome
size (Mb)

Number of
proteins per
genome

Proportion of
genome
predicted to
encode
proteins

Genes with
no predicted
function (%)

Escherichia coli 4.64 4288 88% 23%a

Haemophilus influenzae 1.83 1703 85% 14%b

Helicobacter pylori 1.7 1590 91% 31%a

Methanococcus jannashii 1.66 1731 NA 28%b

Mycoplasma genitalium 0.58 468 88% 13%b

Mycoplasma pneumoniae 0.82 677 89% 11%b

Saccharomyces cerevisiae 12.1 5885 72% 38%a

Synechocystis spp. 3.6 3168 87% 29%a

a. The criteria used to assess the proportion of unknown genes come from different published
sources and may be different.
b. Data from Koonin et al. (1997).
NA, data not available.
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eukaryotic and prokaryotic genomes. It was expected that
eukaryotes would prove to be more complex than prokary-
otes and have a much larger number of proteins owing to
the increased complexity of their subcellular organization.
However, Table 1 shows that Saccharomyces cerevisiae
has only 25% more proteins than E. coli (5886 vs. 4288
proteins). The proportion of protein functions that are
conserved between E. coli and yeast remains to be
determined.

The end of an era?

To appreciate the significance of the E. coli genome
sequence, it is useful to consider the information that was
previously available. The genetic map of the E. coli chromo-
some already contained 1958 genes (Berlyn et al., 1996),
most of which had already been defined biochemically and
genetically (Riley and Labedan, 1996). The approximate
map location of unknown genes could be obtained by
Southern hybridization of an ordered gene library con-
structed in lambda phage (Kohara et al., 1987). Analysis
of global regulation of gene expression in E. coli had
been started by Chuang et al. (1993). The laboratory of
Neidhardt had provided us with the Gene–Protein index,
which catalogued 1150 spots from two-dimensional gels
and identified 400 proteins. This index gives information
about the relative expression of these proteins under
varied environmental conditions (Van Bogelen et al.,
1996). These and other crucial data have been compiled
in the second volume of the invaluable bacterial encyclo-
paedia Escherichia coli and Salmonella; Cellular and
Molecular Biology (Neidhardt, 1996) and represent the
end of an era for E. coli research.

Research in the post-genome era

Even before the genome sequence was completed,
researchers had already drawn important conclusions
based on the partial sequence data that had been made
available through Genbank. Taxonomists had considered
phylogenetic questions (Ochman and Lawrence, 1996),
evolutionary biologists had investigated protein evolution
(Koonin et al., 1996a), evidence was amassed for hori-
zontal gene transfer within the E. coli species (Médigue
et al., 1991) and available sequences were analysed in
great detail (Hénaut and Danchin, 1996).

Now that the entire genome sequence is available, we
can embark on global approaches for the analyses of E.
coli genes. For example, the yeast two-hybrid system
has already proved to be an invaluable tool for identifying
E. coli proteins that interact with each other (Fields and
Song, 1989). In addition, new high-affinity sites for particu-
lar DNA-binding proteins can be revealed by the genomic
SELEX procedure (Singer et al., 1997). When allied with
the genome sequence, these methods will rapidly yield

information about novel interacting proteins and simplify
the identification of new DNA-binding sites.

Previously, gene functions and regulatory information
have been obtained from one operon at a time or, at most,
from single regulons. Now, the genome offers us new pos-
sibilities: ‘chip’ technology (De Risi et al., 1996) promises
to reveal the patterns of expression of every gene on the
E. coli genome. The chip contains a grid of up to 64 000
individual oligonucleotides or polymerase chain reaction
(PCR) products, which collectively represent the entire
genome. Sequential sampling of mRNA after subjecting
bacteria to physiological stress, followed by hybridization
to the genomic chip, could allow the visualization of regu-
latory cascades of gene induction. Similar experiments
following the inhibition of transcription should allow the
simultaneous determination of the rate of mRNA degrada-
tion for every gene. Analysis of mRNA isolated from
strains mutated in individual global gene regulators
should lead quickly to the complete characterization of
the members of each regulon. An alternative approach
involves the new IVET and STM techniques, which could
be used to find genes expressed in novel environmental
situations (Hensel and Holden, 1996, Heithoff et al.,
1997).

It is clear that the response of bacteria to external stimuli
involves more than just mRNA expression. Increased
mRNA levels do not always lead to greater protein expres-
sion, because the translation of mRNA is influenced by
factors such as codon usage, mRNA stability and protein
turnover. Consequently, approaches that consider the
proteome (defined as the ‘protein complement expressed
by a genome’) will be crucial. All approaches to the study of
protein expression by E. coli will build on the work of Van
Bogelen et al. (1996) who used two-dimensional gel ana-
lysis to examine environmental effects on protein expres-
sion. New electrospray mass spectrometry techniques
should allow the identification of the remaining 750 spots
from two-dimensional gels (Mann and Wilm, 1995), allow-
ing genes to be associated with the protein regulation pro-
files that already exist. Similar techniques will be used to
identify post-translational modifications of proteins, such
as phosphorylation or acetylation.

Genetic analyses will be revolutionized by the availabil-
ity of the genome sequence. In future, the location of an
insertion mutation in the E. coli genome will only require
the sequencing of less than 100 bp of flanking DNA. There
will be no need to use traditional genetic means of gene
mapping or to use conventional hybridization approaches
for the identification of cloned genes. It will be rare to clone
genes by digesting DNA with restriction enzymes, because
all genes can now be cloned in one step by PCR-related
technology. We will no longer need to sequence novel
genes from E. coli, which should give us more time to
design interesting experiments.
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Implications for the study of bacterial virulence

Emerging problems with microbial infections and increased
bacterial antibiotic resistance lend impetus to our goal of
understanding how a bacterial cell works. Unlike virulent
E. coli, Erwinia, Shigella, Salmonella, Yersinia and other
members of the Enterobacteriaceae, K-12 was originally
a commensal member of the gut microflora and does not
cause disease in animals or plants. E. coli can cause six
distinct syndromes of diarrhoea, as well as urinary tract
and other infections. It is known that the E. coli K-12
genome contains many genes that are important patho-
genicity factors in other species, but it also lacks many sig-
nificant virulence genes (Groisman and Ochman, 1994).
The E. coli genome sequence will allow such virulence
genes to be identified and studied in the genetically amen-
able context of K-12. The different E. coli strains that cause
varied diseases have acquired sets of specific virulence
genes on plasmids, phages or within pathogenicity islands.
A simple approach to identifying pathogenicity islands
involves the construction of a lambda gene library of a
pathogenic E. coli strain and sequencing the ends of each
clone. Subsequent alignment with the E. coli K-12 sequence
would reveal gene insertions of interest.

The availability of the E. coli and other bacterial genome
sequences is already influencing microbial vaccine deve-
lopment. Genome sequences of virulent bacteria reveal
new cell surface proteins or virulence factors that are cur-
rently being tested for vaccine production.

The start of the FUN

Blattner et al. (1997) found a large proportion (38%) of E.
coli genes that could not be assigned a function. However,
Blattner et al. made no attempt to predict functions of puta-
tive proteins that did not have similarity to well-character-
ized protein families. The authors note that ‘when the
functions of the hit sequences were varied and there was
no solid agreement even for type of function, or when only
one sequence was hit, no function was assigned to the
query ORF, and it was classified ‘‘unknown’’ ’. Conse-
quently, this estimate of ‘unknown’ genes is likely to be
an overestimate. Koonin et al. (1996b) have developed a
more sophisticated procedure, which relies on improved
database searching programs that can identify weaker,
but still statistically significant, similarities. This approach
has been used on an incomplete version (75%) of the
genome sequence to show that genes of unknown func-
tion occupy 23% of the genome sequence available in
1996. Unknown genes were defined as having no estab-
lished function and having negligible or weak database
similarity, and so represent completely new classes of
proteins. (Koonin et al., 1996b; see http://www.ncbi.nlm.
nih.gov/cgi-bin/Complete_Genomes/ectable?entrez).

I propose that we follow the example of the yeast genome
and designate this class of genes ‘FUN’ (function
unknown; Dujon, 1996). Koonin et al. will publish a com-
plete survey of FUN genes in E. coli, which are expected
to occupy around 20% of the genome, accounting for
approximately 860 genes (E. V. Koonin, personal commu-
nication). The proportions of FUN genes in other bacteria
range from 13% to 29% (Table 1).

FUN genes already offer new strategies for antibiotic
development. A number of FUN genes are conserved
throughout the currently available bacterial genomes but
are not found in eukaryotes (represented by S. cere-
visiae). Such gene products make ideal candidates as tar-
gets for antibiotic therapy. Alternatively, the identification
of essential FUN genes by insertional mutagenesis may
reveal crucial proteins, which could be the basis of novel
antibacterial therapies.

What will FUN genes tell us?

The high proportion of FUN genes offers an unexpected
challenge to the E. coli community. It had been expected
that most of the genes involved in basic biochemical and
metabolic processes had already been identified and that
the genome sequence would simplify the identification of
the few remaining genes. Now, we have the first opportu-
nity to identify the 860 FUN genes, as until now they have
been effectively invisible.

Visual inspection of the genetic map of E. coli shows
that FUN genes are dispersed throughout the chromo-
some, many being part of operons, others appearing to
be transcribed as individual genes. Are FUN genes con-
served between pathogenic and non-pathogenic bacteria?;
between Gram-negative and Gram-positive species? Such
in silico (i.e. computer-based) analysis could reveal impor-
tant new gene families.

What might these FUN genes be? Some will be pre-
viously uncharacterized players in metabolic and regula-
tory processes that have already been identified. Some of
the FUN genes may be evolutionary relics, which are no
longer expressed under any conditions. Others will be
so-called cryptic genes, like the rcs and bgl genes (Bender,
1996). Genes are termed cryptic when we have not found
conditions under which they are expressed; often particular
environmental stimuli may be identified by doing extensive
studies with a barrage of unusual chemicals and substrates.
An example of a cryptic gene that was subsequently shown
to be inducible is celF. Originally, expression of the celF
gene could only be shown at high temperatures, which
caused cell death (Droffner and Yamamoto, 1992). Subse-
quently, a screen of random luciferase fusions showed that
celF could be induced by nickel, a completely unexpected
result (Guzzo and DuBow, 1994). Similar strategies could
reveal patterns of expression of FUN genes.
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The 860 FUN genes could be the first indication that E
coli has completely novel abilities and previously unsus-
pected properties. These may include survival in novel
environments, cell–cell communication, the existence of
discrete subcellular microenvironments, novel sensing
mechanisms involving unknown signalling molecules or
even hitherto unknown sources of energy. Phenomena
that could be explained by FUN genes include the intrigu-
ing and complex morphogenesis observed during the
growth of E. coli colonies (Shapiro, 1995).

Does the high number of FUN genes represent a failure
for the process of genetical and biochemical research in E.
coli ? No, it is not the research process itself that is flawed;
indeed, it has been extremely successful in explaining many
aspects of gene expression and regulation. For instance,
detailed genetic analyses can identify all genes involved
in simple metabolic systems, such as the lac operon. How-
ever, it is more difficult to identify genes involved in novel
processes. The problem is not related to the tools we
have at our disposal but to our limited imagination. Given
a particular question, a geneticist can design a screen to
identify most types of mutations in structural genes or to
dissect more complex systems by the isolation of genes
that suppress particular mutant phenotypes. Obviously,
we have not been asking the right questions. The genome
sequence gives us the opportunity to study all FUN genes
and to characterize their function using the power of
‘reverse genetics’ or to analyse their patterns of expres-
sion with chip technology (De Risi et al., 1996).

We have already identified many global regulatory sys-
tems in E. coli involving the CRP, FIS, H-NS, IHF, LRP
and RpoS proteins. Nevertheless, it is conceivable that
gene expression could be co-ordinated in ways that Jacob
and Monod never dreamed. FUN genes could encode a
hypothetical family of ‘integrative’ regulatory proteins,
which co-ordinate other cellular regulatory systems under
certain unknown environmental conditions. Such regula-
tors could have been disguised from genetic identification
by in-built redundancy or plasticity of function. Integrative
regulatory proteins could function as a higher level of
‘government’ within E. coli, controlling and organizing
behind the scenes.

Towards an integrative approach?

Until now, E coli research has been essentially reduction-
ist, involving the understanding of particular genes and
proteins. Much of this work is now complete, with meta-
bolic pathways being understood down to the level of
three-dimensional protein structures. However, there are
clear limits to reductionism for molecular biologists (Bray,
1997). The challenge now is to integrate our current know-
ledge by considering how regulatory systems communi-
cate, how proteins interact and how gene expression is

co-ordinated. This approach offers our first hope of under-
standing how an entire organism functions at the most
intimate level.

Conclusion

We now have everything we need to complete our dis-
section of E. coli and to synthesize this knowledge into
understanding the workings of an entire cell, rather than
of isolated regulatory systems. Now is the time for creative
ideas rather than new technology. E. coli research pre-
sents the opportunity to move from a reductionist position
towards an integrative approach for the first time. Let us
hope that a concerted effort, with open collaboration
throughout the bacterial community, will help us unlock
the secrets suggested by the genome sequence.
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