anti-leukaemia treatments have historically
sought to eliminate proliferating cells. But,
like normal HSCs, L-HSCs rarely proliferate
and so are resistant to such therapies. The
identification of L-HSC-specific genetic
targets, especially those involved in the
enhanced self-renewal seen in L-HSCs,
could lead to new treatments that stop the
disease atitssource. =
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Yeast rises again

Steven L. Salzberg

What's in a genome? The short answer is that you can’t really say in detail
for any one species until you have the genome sequences of a variety of
other species — some closely related, others less so — to compatre it with.

hile the human and mouse genomes
Whave lately dominated public dis-

cussions of genome science, yeast
researchers have quietly continued to forge
ahead with analysing Saccharomyces cere-
visiae and related yeast species. Yeast has long
been a favourite of biologists, who use itas a
model for investigating the biology of higher
organisms. Although yeasts are unicellular,
like bacteria, they have a cell nucleus, putting
them in the biological kingdom of eukary-
otes (Eukaryota), a group that includes
humans. Yeast was the first eukaryote to have
its genome completely sequenced, in 1996,
And yeast has long been a part of human
commerce and culture, being used in brew-
ing and baking since ancient times?. Saccha-
romyces cerevisiae itself was first isolated in
beerin 1837.

On page 241 of this issue, Kellis and col-
leagues® describe the results of sequencing
three more yeast species — Saccharomyces
paradoxus, S. bayanus and S. mikatae — and
comparing them with S. cerevisiae. Two of
these species, S. bayanus and S. paradoxus,
are used in winemaking, but the three new
species were chosen mainly because they
are evolutionarily very close to S. cerevisiae,
and the implications of the study go well
beyond brewing and viniculture. The analy-
ses will produce a substantial revision in our
knowledge of the yeast genome, and provide
strategic directions for how we might select
other sequencing targets to advance under-
standing of the human genome.

The original S. cerevisiae project was a
model of international collaboration among
small laboratories: 55% of the genome was

NATURE |VOL 42315 MAY 2003 | www.nature.com/nature

sequenced by a network of European labs,
with the rest of it being generated at five large
(at the time) centres. More than 600 scien-
tists participated in the project, sequencing a
cosmid (a 40-kilobase fragment) at a time
and finishing the sequences to a high level of
accuracy with minimal automation®. In the
seven years since then, genome sequencing
has moved increasingly into large-scale
factory operations: the three new genomes
were produced at a single centre using the
whole-genome shotgun strategy, which is
much more rapid than the earlier piecemeal
sequencing approaches.

The capacity of today’s largest centres
allows them to sequence a yeast genome —
12 million base pairs or so — in just a few
days of full-scale production. Developments

True regulatory element

Conserved gene
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in genome assemblers*® make it possible to
assemble the fragments produced by the
whole-genome shotgun approach into
relatively large pieces with few mistakes. This
assembly step works even better when a ref-
erence genome already exists: the assembled
fragments can be quickly mapped onto the
reference, assuming that relatively few
rearrangements have occurred since the
species diverged. As shown in Fig. 2 of Kellis
and colleagues’ paper (page 244), all 16
chromosomes from each of the three newly
sequenced genomes map beautifully onto
S.cerevisiae.

The main reason for sequencing the
three further yeast species is to better under-
stand S. cerevisiae. A few years ago, Cliften
and colleagues® and the French consortium
Génolevures’ independently conducted
studies that demonstrated the power of
sequencing close relatives of S. cerevisiae.
Both groups recommended full-scale
sequencing of additional yeast species,
which they argued would result in the dis-
covery of noncoding RNA genes, genes
encoding small proteins, and gene-regula-
tory sites. In a spot-on prediction, Cliften
etal. estimated that at least 40 small proteins
(shorter than 100 amino acids) would be
identified by comparing S. cerevisiae with
S. bayanus, S. mikatae and a third species.
Kellisand colleagues found 43.

Comparative genome sequencing also
helps to resolve the surprisingly difficult
question of just how many genes there are.
Genes— those parts of a DNA sequence that
encode proteins or functional RNA molec-
ules — are the basic components that do all
the work of a cell, from reproduction to
metabolism to inter-cell communication.
Nearly seven years after the yeast genome was
first published, the gene count stands at
approximately 6,128 (refs 7-9), only 150 or
so fewer than the initial estimate. But many
of these genes are still questionable: the
Génolevures programme, after analysing
sequences sampled from 13 different yeast

Spurious gene prediction
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Figure 1 Comparative genomics. Comparing the DNA sequences from several species makes it
possible to find regulatory regions — short sequences that turn genes on and off — and eliminate
spurious gene predictions. Red boxes highlight areas of sequence similarity between at least two
species. Functional sequences — genes and regulatory elements — tend to be conserved across all
species. The figure shows how one true regulatory element and one correctly identified gene might

emerge from a comparison of four yeast species.
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species (including S. bayanus), and failing to
find matches for 742 genes, estimated that the
gene count should be reduced to 5,651. The
crux of their argument was the assumption
that if a gene is functional, it should be con-
served among closely related species (see Fig.
1). Because the Génolevures project covered
only 20-40% of each genome, the possibility
remained that those ‘missing’ genes might be
found inthe unsequenced regions.

Kellisand colleagues® have now closed the
door on that possibility: their sequence data
cover 98% of two species and 93% of the
third. Based on sequence alignments among
the species, they largely confirm the results of
the earlier study and argue that 503 genes
should be deleted from the yeast catalogue,
leaving 5,726 genes, of which 43 are newly
discovered in their study.

Regulatory sequences, which sit outside
genesand turn them on and off, are the key to
understanding how a genome fits together.
Whether we are comparing human and
mouse, or yeast and yeast, we still have to
answer the puzzling question of how seem-
ingly huge differences in physical, bio-
chemical or behavioural characteristics can
result from sometimes tiny differences in the
protein sequences. Regulatory sites occur
virtually anywhere in the vast areas between
protein-coding regions, and they can be
identified because — unlike non-functional
regions — they are conserved. The closer two
species are, the more regulatory sites they are
likely toshare. Unfortunately, if the speciesare
close enough, many pieces of non-functional
DNA will be conserved merely by chance. A
nice solution to this problem is to sequence
more than two related species, dramatically
increasing the signal-to-noise ratio (Fig. 1).
The idea is that functional sequences should
be conserved across multiple species, whereas
chance conservation will only appear in
pairwise comparisons. Using this principle,
Kellis and colleagues have identified 42 novel
sequence motifs that appear likely to have
biological functionsinyeast.

The most dynamic parts of the yeast
genome are the chromosome ends, called
telomeres. Kellis et al. aptly describe the
rapid change and exchange going on in these
regions as “genomic churning” The telo-
meres contain many genes not found else-
whereinthe genome,and itappearsthat they
form a crucible in which genomic change
occurs: as the telomeres swap back and forth
between chromosomes, they can carry pieces
of genes along with them, which may
combine with others to create new genes.
Similarly rapid changes are evident in the
telomeres of the malaria parasite Plasmodium
falciparum™. Given the important events
associated with these regions, sequencing
of telomeres of the human genome —which,
so far, have been neglected —should become
apriority.

1f8% of the estimated protein complement
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of yeast was wrong, how much of the human
counterpart might be eliminated by a similar
study of mammalian species? How many
genes and regulatory regions would be dis-
covered? The human gene count has already
dropped from more than 31,000 to just
under 25,000 (refs 12, 13) in the two years
since the initial genome publication.
To understand our own genome better, we
should sequence the genomes of several
other mammals besides mouse and rat (both
are almost done), choosing species that vary
in their evolutionary distance from humans.
Atthe chromosome level, only primates have
as much structural similarity to human as
these four yeast species share, and even
those have different chromosome numbers:
chimpanzee (Pan troglodytes) has 24, gibbon
(Hylobates concolor) has 25, and macaque
(Macaca fuscata) has 21. At the sequence
level, we might gain more information from
studying more distant mammals, such as
cat (Felis catus), pig (Sus scrofa) and dolphin
(Tursiops truncatus).

This new study of yeast genomes® makes

Molecular biology
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itclear that comparative genome sequencing
has tremendous analytical power: it offers
the prospect of enhancing our knowledge of
thousands of genes at once as well as provid-
ing fresh clues about the function of the
vast amount of genomic DNA that does not
encode genes. As it has done before, lowly
yeast shows us a path towards a better under-
standing of our own biology. n
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Disruptive influence

Marco Foiani

Recombination is a vital cellular process implicated in DNA metabolism —
but it must be tightly controlled. The discovery of a protein that disrupts
recombination intermediates sheds light on the control mechanisms.

and co-workers' and Veaute and col-

leagues? describe a biochemical mech-
anism that controls the genome ‘shuffling’
occurring in dividing cells and in DNA
repair. Their findings have implications for
how genome stability is maintained, and
hence for the development of cancer.

Genome shuffling is referred to as
‘recombination’, and is a cellular process by
which extensive tracts of DNA are moved
from one part of the genome to another.
There are several recombination pathways®,
some not yet well characterized, which are
routinely used by normal cells to repair
damaged chromosomes, to assist in DNA
synthesis, and even to regulate gene expres-
sion. Recombination also occurs during the
production of eggs and sperm, in which its
function is to mix the genetic information
such that each egg and each sperm is
genetically different.

Despite its importance, however, recom-
bination can sometimes be harmful: it can
generate damaging genomic rearrange-
ments, as well as intermediate structures that
cannot be processed normally. Cells need
to coordinate recombination with other
responses to DNA damage, with progression
through the cell-division cycle, and with

O n pages 305 and 309 of this issue, Krejci
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chromosome replication. Otherwise, cells
invariably become genetically unstable as
the proteins that bring about recombination
take over the chromosomes. During DNA
replication, for instance, the double helix
unwinds and separates, and the two strands
are used as templates to make another helix.
Replication frequently stalls, and a ‘check-
point’ ensures that the separated DNA (the
replication fork) maintains its integrity
during these pauses. Without this check-
point, abnormal replication intermediates
form and are processed by unscheduled
recombination®. In addition, in some in-
herited human diseases — Werner, Bloom
and Rothmund-Thomson syndromes —
mutations in enzymes implicated in DNA
metabolism (DNA helicases) cause increased
recombination, genome instability and a
predisposition to cancer®.

So cells must have mechanisms to control
recombination and to prevent harmful
chromosome rearrangements. One possible
mechanism in yeast involves the Srs2 protein
(a human relative of which has not yet been
discovered, but it is surely only a matter of
time). Srs2 is another DNA helicase — it can
unwind double helices — and it has previ-
ously been implicated in DNA replication, in
restarting the cell cycle after DNA-damage-
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