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@ The Minimal Genome Concept : Identifying the Genetic
Requirements for Cellular Life

Scott N Peterson
The Institute for Genomic Research, USA

The sequencing of microbial genomes is progressing at ever increasing rates
and generating un-precedented quantities of sequence data. This data has
facilitated not only an expanded understanding of the individual microbial
genomes that have been sequenced but also enabled comparative and functional
genomics to be applied in ways not previously possible. At least 30% (average=39%)
of the total coding potential of each microbial genome that has been sequenced
to date represent genes whose function is impossible to predict based on current
databases and annotation strategies. Each additional genome sequenced also
adds to the growing list of genes referred to as “unique” (those genes that are
not only of unknown function but which have not been previously encountered).
The average fraction of each genome in this class is just over 13%. These
numbers were tabulated at a time when 36 microbial genomes had been
sequenced. Surprisingly, as we sequence more genomes and increase the number
of references in the sequence databases, we do not see a downward trend in the
number of genes of unknown function or unique genes. This fact raises
significant questions about our actual knowledge of hitherto “well-studied” model
organisms and the nature of evolution of genes and genomes. Has microbial
evolution really generated such an extensive repertoire of novel functions? How
can we begin to systematically study this apparent complexity?

One simple way to begin framing an analysis of microbial genomes is to divide
them into two parts: the genes that provide the 'core set of functions required by
all living cells. These genes carry out functions related to DNA replication,
transcription, translation, energy production and homeostasis. It 1s anticipated
that a genome made up soley of genes in this class would never be encountered
in nature, since this would require the organism to exist in a “perfect”
environment, free of any selective pressure. The remainder of any particular
genome is made up of accessory genes that carry out niche-specific functions.
The number of genes in the first set should be more or less constant in any given

genome, whereas the number of accessory genes may be relatively variable and



dictated by the particular environmental niche occupied by the microbe. It is
assumed that the vast majority of accessory genes provide some selective
advantage to the bacteria; and therefore, our ability to characterize the
environment of a microbe should allow better interpretation of the function of
genes in that genome. The converse is also true. By gaining a better ability to
interpret genome information, one should be able to make predictions about the
selective pressures faced by a microbe in its natural context.

On the surface, it would appear straight-forward to identify the core set of
genes present in all microbial genomes using comparative genomic approaches.
Koonin and colleagues at the NCBI used COGs analysis, a more sensitive
orthology identification tool compared to BLAST, on 21 completed microbial
genomes and found that only about 90 genes could be identified as widely
conserved in nearly all of the 21 genomes (1). This result is clearly at odds with -
our expectations as to the number of genes required for carrying out essential
cellular functions. Where has this approach gone wrong? It is unlikely that the
disparity of the results compared to expectations is a reflection of a hidden flaw
in the COG analysis itself. A trivial explanation of the result is that while there
is a common set of functions within the 21 genomes examined, the genes are too
distantly related to be easily identified. Another more attractive interpretation,
suggested by the authors, is that similar or identical functions may have evolved
independently more than once in evolutionary history. Given the independent
nature of the evolution of these functions, there would be no ancestral relation-
ships for sequence analysis algorithms to exploit. The term given to this process
is nonorthologous gene displacement (NODs). The inference from the failure to
find conserved core functions using sensitive sequence analysis methods is that
occurences of NODs are perhaps quite prevalent in genomes. There are scattered
examples of independent evolution of genes carrying out identical functions
particularly in the case of tRNA synthetases (2), but no systematic attempt has
been made to experimentally confirm the predictions made by this study in terms
of their prevalence in nature.

One starting point is to experimentally identify essential genes for many
phylogenetically distinct organisms, followed by a functional analysis of those
essential genes that appear to perform unrelated activities. We have taken the

first steps in this regard by performing global transposon mutagenesis on a pair



of related organisms, Mycoplasma genitalium and Mycoplasma pneumoniae(3).
M. genitalium is an intriguing model organism since 1t has the smallest known
genome of any free-living organism characterized to date(4). As such, it represents
an organism that is closest to representing a core set of functions in its existing
gene complement. The wild-type M. genitalium genome contains a mere 480
protein coding sequences, whereas M. pneumoniae contains virtually all of the
genes found in M. genitalium plus an additional 210 genes. Our mutagenesis
studies indicated that the core set of essential functions (for growth in the
laboratory) may require as few as 300 genes. Of particular interest was the
finding that among the 300 functions thought to be essential for cellular life, 100
(one-third) are of unknown function. How do we interpret this startling fact?
That one third of the essential functions present in at least one microbe are of
unknown function causes one to speculate whether our pre-existing notions that
the fundamental principles and activities taking place in the simplest cellular life
forms are well characterized and understood. Alternatively, one must consider
the impact NODs may create. While it is easy to discount the former explana-
tion in favor of the latter, it should be recognized that the core functions,
namely, DNA replication, transcription, translation, energy production and
homeostasis are basically identified and therefore accounted for in the M.
genitalium genome.

More recently we have been extending the study described in collaboration with
Gail Cassell at Eli Lilly to compare the dispensability of genes in different
environmental contexts. One can use the information obtained regarding what
genes in the Mycoplasma genome are dispensable in the laboratory environment
as a comparison to other environments to gain clues about possible functions of
essential genes. For example, one could experimentally identify a list of genes
that are essential for an infection of a mammalian host. The difference between
the two lists (laboratory vs. in vivo) may also specify the genes in particular
that are required for aspects of virulence (virulence factors). This approach is
general and can be used to compare the list of essential genes for any two
environments of interest. This type of negative selection strategy is being used
in many different ways in microbial functional genomics as a means of
determining the role of a given gene by virtue of precise or sometimes imprecise

knowledge of how the selective environments differ.



There are many complications associated with attempts to define a minimal
genome(5). One obvious limitation of the transposon mutagenesis study is that it
only identified those genes that are dispensable in an otherwise wild-type
background. We wished to extend our analysis by disrupting the activity of
multiple genes in a single cell so that we could address the following questions:
how many genes can be simultaneously disrupted in M. genitalium? How many
different solutions are there to a minimal genome? And last, how would the
catalogue of dispensable genes obtained combinatorily, differ compared to what
was 1dentified using transposon mutagenesis? Toward this goal we have
mutagenized cultures of M. genitalium sequentially with the frame-shifting
mutagen, acridine orange. In theory, each successive round of mutagenesis
results in a population of cells with an increased mutagenic load. After eleven
cycles of mutagenesis, it is clear that the maintenance of viable cell cultures 18
non-trivial and can be taken as a qualitative measure that we are approaching
saturation. Despite this, our preliminary data suggests that the average cell in
the population contains approximately 30 presumed disruptive mutations. This
result is quite different than the 150-180 genes that could be disrupted individu-
ally. One explanation for this discrepancy is that dispensable genes, for the
most part, provide some selective advantage to the organism and that by
disrupting the function of several tens of genes simultaneously, we are simply
reducing the overall fitness of the organism. We are now in the process of
attempting to quantitatively rank dispensable genes in the M. genitalium genome
on a scale that ranges from neutral (provides no selective advantage) to nearly
essential (provides significant selective advantage) in the laboratory environment.
The strategy being used and results from our initial experiments will be
discussed.

The evolution of minimal genomes is of interest and is a clear reflection of the
parasitic lifestyle exhibited by the Mycoplasmas. Dramatic gene loss has
occurred during evolution of this group. This is presumably due to an existence
in a "relaxed” selective environment such that the maintenance of many genes
was of no value. The genomic relationship of the closely related Mycoplasmas
mentioned above is particularly curious in that the M. genitalium genome 1is
essentially a proper subset of the M. pneumoniae genome. The expectation is

such that gene loss would occur in both species in unequal ways once they



diverged from a common ancestor. Given our understanding of the evolution of
this lineage it is reasonable to assume that the differences between the two
genorhes are the result of additional gene loss events in M. genitalium rather
than gene acquisition events in M. pneumoniae. The fact that gene loss has only
occurred in M. genitalium since speciation implies that M. genitalium was able to
occupy a new environmental niche with an even more relaxed selection relative to
M. pneumoniae. The consequences of this are dramatic as evidenced by the
extant genomes. We are interested in understanding what levels of variation
exist among different strain of these two species. We have initiated an
examination of the genomes of both clinical isolates and laboratory strains from
both M. genitalium and M. pneumoniae using DNA microarrays representing the
genomes of both species and a method referred to as comparative genome
hybridization (CGH). The results of our preliminary studies will be presented

and the implications of the results discussed.
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Table 1. Features of linear chromosome of .S, avermutilis.

Length (bp) 9,025,608
G+C content (%) 70.7
Protein-coding genes
Assigned function 4,501
Hypothetical 3,073
Total 7,574
Average CDS size (bp) 1,034
Coding (%) 86.2
RNA
rRNA 168

A 3,078,738-3,077,209
rrmB  5,029,279-5,027,750
mmC  5,759,344-5,760,873
rmD  6,124,388-6,125,917
rmE 7,765,515-7,767,044
rmF 8,328,598-8,330,127

tmRNA 6,202,758-6,203,146

tRNA 68 (43 species)
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238
3,076,898-3,073,775
5,027,439-5,024,317
5,761,184-5,764,306
6,126,228-6,129,350
7,767,351-7,770,474
8,330,438-8,333,560

meiC'

58
3,073,687-3,073,562
5,024,229-5,024,104
5,764,394-5,764,519
6,129,438-6,129,563
7,770,611-7,770,736
8,333,648-8,333,773
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pk‘s4
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Physical map (Asel) and distribution of secondary metabolite biosynthetic gene

clusters in S. avermitilis.

ave, olm, pte, pks1-5: polyketide biosynthtic gene clusters containing typel polyketide synthase genes; pksg-9: polyketide biosynthtic gene clusters
containing typell polyketide synthase genes; rpp: polyketide biosynthtic gene clusters containing other type polyketide synthase genes; nrps1-8; peptide
biosynthetic gene clusters; cr, geo, pti, she, terp: terpene biosynthetic gene clusters; hpd, melC, melC', sid, spp: pigment and siderophore biosynthetic

gene clusters; oriC: replication origin; rrnA-F: rRNA operons. 6.5Mb-core region contains essential genes for growth.
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® Genome analysis of two lactic acid bacteria,
Lactococcus lactis and Streptococcus thermophilus

Stanislav D. Ehrlich, Laboratoire de Genetique Microbienne,
Institut National de la recherche Agronomique, 78350 Jouy en Josas, France

L. lactis and S. thermophilus are two
bacteria used as starters in milk indus-
try, for cheese and yogurt production,
respectively. It can be estimated that
the annual consumption worldwide is
over 10® for the former and 10* for the
latter, which brings human population
into contact with very high numbers of
these bacteria. However, these bacteria
are phylogenetically close to pathogenic
streptococci. These considerations high-
light two incentives to raise the level of
our knowledge about these bacteria.
One 1is to characterize the molecular
basis of their useful technological prop-
erties, thus opening the avenues to
improve them and the other is to ascertain
their innocuous nature as an important
step towards these goals we undertook
genome sequencing of the two bacteria.
The sequence of the L. lactis genome
was reported recently (Bolotin et al.,

Genome Research, 11, 731 (2001) while -

that of S. thermophilus has been com-
pleted and is in the process of detailed
analysis and is thus the main focus of

the present text.

Sequencing of the S. thermophilusgenome
has been carried out as a collaboration
Institut
National de la Recherche Scientifique in

between three institutions,

France, Universite Catolique de Louvain
in Belgium and Integrated Genomics,
Inc. in Chicago, Illinois. We sequenced 2
different strains, CNRZ1066 and LGM,
both isolated originally from yogurt.
Sequence was anotated using ERGO
suite, which is a proprietary software
of IGL

CNRZ1066 genome has 1796232 bases
and codes some 2002 ORFs. It has an
average GC content of 39%, carries 6 rrn
operons, 56 regions related to IS squences
(but only 14 intact Tnases, of 6 types)
and one prophage remnant. By this
feature it differs clearly from the se-
quenced L. lactis strain, which carries
no less than 6 prophages. The sche-
matic genome representation is shown in
Fig 1. Classification of the ORF's in func-
tional categories is displayed in Fig 2.

, S.
thermophilus *

CNRZ1066
7.6Mb
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Fig 1. S. thermophilus genome. The
black circle depicts the gevnome and
the bars indicate the scale, in 100 Kb.
Replication origin is at the top. The
blue and violet bars indicate positions
of IS-related regions and rrn operons,
while red and green circles show the
GC content and GC skew.
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Fig 2. Classification of the ORFs in
functional categories. Different colors
indicate the functional categories, slices
of the circle denote the proportion of
different categories, the numbers refer
to the ORFs in each category.

Comparison of the genomes of the
two food bacteria and two pathogenic
and S.

pneumoniae, indicated the existence

streptococci S. pyogenes
of common genes and also food-
specific and pathogen-specific genes.
A substantial proportion is related to
nitrogen and carbon metabolism
among the former and the latter,

respectively.

We have found over 200 ORFs that
are truncated. About half are related
26%
proteins and about 13 % to carbon
ORFs
the

to transposases, to surface

metabolism. Same are

generally 1nactivated in two

sequenced strains.

indicate that S.
thermophilus has undergone loss and

Genome analysis



decay of many virulence-related genes and also of carbohydrate metabolism
genes, which probably explains its innocuous nature. A comparison with S.
pneumoniae virulence-related genes (Tetelin et al., Science. 293, 498, 2001) is
shown in Table 1.

Among the main technological properties of S. thermophilus is the capacity to
grow in milk, to produce the texture of the fermented milk and to grow in
symbiosis with Lactobacillus bulgaricus, the other bacterium required for yogurt
production.

We have found genes involved in urea degradation that are specific for S.
thermophilus and are required for growth of the microorganism in milk. We have
also found an exopolysaccharide operon, which codes for polymers important for
the texture of yogurt and shown a high diversity of the operon in different

strains.

Table 1. Comparison of virulence-related genes in S. pneumoniae and S. thermophilus

S. pneumoniae S. thermophilus
present inactive active (%)
Adherence 9 5 1 44 .4
Host defense 23 10 3 304
Metabolism 34 28 11 50.0
Transport 29 33 12 72.4
Other 22 11 0 50.0
Total 117 87 27 51.3

The symbiosis of two yogurt bacteria involves two following processes: (1) L.
bulgaricus degrades casein and provides amino acids for growth of S.
thermophilus. In turn, S. thermophilus produces excess of formate, thought to be
used for purine synthesis by L. bulgaricus. We have confirmed the absence of a
cell-wall protease in the S. thermophilus genome, in keeping with the low
proteolytic capacity of this bacterium. We have also found that a gene involved
In Inactivation of pyruvate-formate lyase, the enzyme that generates formate,
appears to be truncated and thus non-functional, which could lead to the

overproduction of formate.



Comparisons of fully sequenced genomes have indicated that the closest relative
of S. thermophilus is S. mutans, suggesting the oral origin of S. thermophilus.
Genome alignments indicated that streptococci undergo frequent genome
inversions. We found that they miss a gene encoding RecQ helicase that possibly
suppresses such inversions in other organisms. In addition, pathogenic strepto-
cocci lack sbcBC genes, which are known to be suppressors of recombination,
while S. thermophilus and L. lactis have them. Interestingly, these genes are
localized in the vicinity of transposase remnants, indicating that they were
acquired by horizontal transfer. These observations suggest that pathogenic
streptococci might rely on efficient recombination to better face challenges from
their hosts while milk bacteria, which live in a much less challenging environment,
may have benefited by suppressing their recombination. However, many genome
rearrangements are clearly due to the presence of insertion sequences, which
contribute to the overall genome dynamics, both in pathogens and in milk

bacteria.

In conclusion, the availability of the genome sequence of two main lactic acid
bacteria opens novel avenues for research, to promote our understanding of the

overall physiology of these organisms and of their useful properties.

@ Exploring pathogen biology through genome sequencing

Julian Parkhill, The Sanger Institute, Wellcome Trust
Genome Campus, Hinxton, Cambridge, CB10 1SA U.K.

The Pathogen Sequencing Unit at the Sanger Institute has been involved in
sequencing the genomes of a number of bacterial pathogens of humans. In each
case the genomic sequence and analysis has provided new iﬁsights into different
aspects of the mechanisms by which pathogens interact with their hosts and
adapt to new niches over short and long periods of time. These principles will be
discussed with reference to four different pathogens; Neisseria meningitidis,

Salmonella typhi, Yersinia pestis and Mycobacterium leprae

Neisseria meningitidis is one of the causative agents of bacterial meningitis. The
Sanger Institute sequenced the genome of 72491, a serogroup A strain of N.
meningitidis (Parkhill et al., 2000). The genome is 2.18 megabases (Mb) long, with



a G+C content of 51.8% and is predicted to contain 2,121 coding sequences
(CDS). Most of the time, N. meningitidis is a commensal organism, colonising the
naso- and oro-pharynges without causing overt symptoms. Occasionally,
however, the organism can gain access to the blood, and from there to the
meninges, causing the symptoms of septicaemia and meningitis. Mechanisms of
immune evasion have been well studied in Neisseria, and include the phenomenon
of phase variation. This is a random change in the surface properties of the
organism, usually of polysaccharide or protein antigens, caused by random
changes in expression of the genes encoding these antigens. These changes in
expression are in turn due to changes in the length of short nucleotide repeats,
usually within the coding sequences, that switch the gene into, and out of, the
correct reading frame. These short repeat runs are readily identifiable from the
genome sequence itself, and the sequence therefore allowed the cataloguing of all
the genes that are subject to this type of regulation. However, the sequence also
revealed further levels of repetitive DNA, previously unprecedented in bacterial
genomes. Many of these repeats were arranged in arrays, some up to several
kilobases (kb) long, and analysis revealed these clusters to be predominantly
adjacent to genes involved in the production of surface structures. Given the
natural competency of Neisseria, it, was postulated that these repeats might be
involved in directing the exchange of acquired DNA to these regions, thus
increasing the potential for modification of surface-exposed structures. A second
class of local repeats was postulated to be involved with the modification of the
C-termini of specific proteins through exchange of alternative coding sequences.
Comparison of the serogroup A sequence with those of close relatives appear to
support these hypotheses, and this will be discussed.

Salmonella enterica serovar Typhi (Salmonella typhi) is the cause of acute
typhoid fever, and the Sanger Institute has sequenced the genome of a recent
multi-drug resistant clinical isolate, CT18 (Parkhill et al., 200la). The chromo-
some is 4.81 Mb long, with a G+C content of 52.1 %, and is predicted to contain
4,599 CDS. The strain also contains two plasmids, pHCM1 and pHCM2, of 218 and
106 kb with 249 and 131 CDS respectively. S. typhi is a member of the
Entrobacteriaceae, and as such is related to Escherichia coli. Previous genetic
comparisons between pathogenic Salmonellae and non-pathogenic Escherichia
have revealed the presence of pathogenicity islands; large, often mobile,
chromosomal segments that appear to have been horizontally acquired and
contain important pathogenicity determinants, such as type-IIl secretion systems.
Our analysis of S. typhi, and comparisons with the previously sequenced E. coli



genome, identified more of these pathogenicity islands, but also revealed that the
large majority of the insertion and deletion events that have occurred between the
two genomes are small, each containing only a few genes. Examination of the
genes contained within these regions revealed the potential for importanf effects
on the biology and pathogenicity of the organism. Unexpectedly, the genome
analysis also revealed the presence of many pseudogenes (at least 200), many of
which were likely to have been involved in pathogenicity and host-interaction.
Inactivation of these genes could potentially explain important aspects of the
phenotype of this pathogen, and this will be discussed. Extension of the
comparison to the more closely related genome of Salmonella enterica serovar
Typhimurium confirmed and extended these findings. Of the two plasmids,
pHCM1 contains nearly all of the determinants that make this strain resistant to
the majority of the front-line drugs used to treat typhoid fever, and comparison
of this plasmid to the older Tet-resistant plasmid R27 uncovered potential
mechanisms for the acquisition of these determinants. The second plasmid,
pHCM2, is phenotypically cryptic, but sequence analysis shows that it is closely
related to pMT1, the plasmid from Yersinia pestis that carries some of the major

virulence genes for that organism.

Yersinia pestis is the cause of plague, a flea-borne disease that has been
responsible for some of the most devastating epdemics suffered by humanity. The
Sanger Institute has sequenced the genome of strain CO92, a biovar Orientalis
strain isolated from a recent fatal case of pneumonic plague in the USA (Parkhill
et al., 2001b). The genome is 4.65 Mb, with a G+C content of 47.6%, and contains
4,012 predicted CDS. The virulence of Y. pestis has been extensively studied over
many years, and many of the virulence characteristics of the organism have been
attributed to various plasmid-borne systems. A 70 kb plamid, pCD1, is common
to all pathogenic Yersiniae, and contains 97 CDSs, including those encoding the
type-11I secretion system responsible for exporting virulence effector proteins into
the host cell cytoplasm. Two other plamids, pMT1 (96 kb) and pPCP1 (9.6 kb)
are unique to Y. pestis, and carry the F1 capsule and murine toxin, and the
pesticin genes respectively. It has been shown that Y. pestis is a recently emerged
clone of the gastro-intestinal pathogen Y. pseudotuberculosis, and that acquisi-
tion of the latter two plasmids appears to have played a pivotal role in this
emergence. Analysis of the Y. pestis genome allowed the identification of a
number of novel chromosomal virulence determinants related to both the
mammalian and flea hosts. Many of these appear to have been acquired before
Y. pestis split from Y. pseudotuberculosis, suggesting some interaction between



Y. pseudotuberculosis and insects before the emergence of Y. pestis. As with S.
typhi, there are many pseudogenes identifiable, both on the chromosome and on
the plasmids, and again, aspects of the phenotype and evolution of Y. pestis are
potentially explainable in terms of recent gene inactivation.

Mycobacterium leprae is the agent of leprosy, and is related to the bacterium
that causes tuberculosis, M. tuberculosis. The Sanger Institute sequenced the
genome of M. leprae strain TN (Cole et al., 2001). The M. leprae genome is 3.27
Mb, with a G+C content of 57.8%. Remarkably, the genome only appears to
encode 1604 intact genes, leading to a gene density approximately half that of
other bacteria. Comparisons with M. tuberculosis revealed that much of the rest
of the genome contains non-functional gene remnants, and at least 1,116
pseudogenes could be identified in the sequence. M. leprae appears to be in the
advanced stages of genome degradation or down-sizing, and, as with S. typhl and
Y. pestis, many aspects of the life-style of the organism can be explained in these

terms.

Cole, S.T., et al. (2001) Massive gene decay in the leprosy bacillus. Nature, 409,
1007-1011.

Parkhill, J., et al. (2000) Complete DNA sequence of a serogroup A strain of
Neisseria meningitidis 72491. Nature, 404, 502-506.

Parkhill, J., et al. (2001a) Complete genome sequence of a multiple drug resistant
Salmonella enterica serovar Typhi CT18. Nature, 413, 848-852.

Parkhill, J., et al. (2001b) Genome sequence of Yersinia pestis, the causative
agent of plague. Nature, 413, 523-527.
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