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ABSTRACT Whole-genome duplication approximately
108 years ago was proposed as an explanation for the many
duplicated chromosomal regions in Saccharomyces cerevisiae.
Here we have used computer simulations and analytic meth-
ods to estimate some parameters describing the evolution of
the yeast genome after this duplication event. Computer
simulation of a model in which 8% of the original genes were
retained in duplicate after genome duplication, and 70–100
reciprocal translocations occurred between chromosomes,
produced arrangements of duplicated chromosomal regions
very similar to the map of real duplications in yeast. An
analytical method produced an independent estimate of 84
map disruptions. These results imply that many smaller
duplicated chromosomal regions exist in the yeast genome in
addition to the 55 originally reported. We also examined the
possibility of determining the original order of chromosomal
blocks in the ancestral unduplicated genome, but this cannot
be done without information from one or more additional
species. If the genome sequence of one other species (such as
Kluyveromyces lactis) were known it should be possible to
identify 150–200 paired regions covering the whole yeast
genome and to reconstruct approximately two-thirds of the
original order of blocks of genes in yeast. Rates of interchro-
mosome translocation in yeast and mammals appear similar
despite their very different rates of homologous recombination
per kilobase.

Comparison of gene order among genomes can be used for two
purposes: inferring the phylogenetic relationships of species,
and estimating the number and type of genomic rearrange-
ments that have occurred since two genomes last shared a
common ancestor. Three mechanisms of rearrangement are
usually considered: inversion, transposition, and reciprocal
translocation (1–3). Gene order comparisons have been made
on sequenced organelle and viral genomes (4–8), and on more
sparsely mapped mammalian and plant nuclear chromosomes
(1, 8–10).

The genome of baker’s yeast (Saccharomyces cerevisiae)
contains approximately 55 large duplicated chromosomal re-
gions, as described by our laboratory (11), Mewes et al. (12),
and Coissac et al. (13). We proposed that these duplicated
regions (‘‘blocks’’) are traces of ancient tetraploidy in S.
cerevisiae that remain detectable after widespread deletion of
superfluous duplicate genes, sequence divergence of the re-
maining duplicates, and successive genomic rearrangements.
Patterns and characteristics of the duplicated blocks should
contain information about the original order of the blocks and
the number of rearrangements that have taken place since
genome duplication, as well as information about the extent of
gene retention versus deletion after the original genome
duplication. Analysis of the layout of duplicated blocks in the

genome points to reciprocal translocation as the main form of
large-scale genome rearrangement in yeast because, of the 55
blocks reported by Wolfe and Shields (11), only 5 have
different orientations relative to the centromere in the two
copies. This conservation of orientation with respect to the
centromere is characteristic of reciprocal translocations and
would not be expected if a significant role were played by either
inversion or transposition of large chromosomal regions.

In this study we tried to estimate properties of the yeast
genome prior to the whole-genome duplication, and to recon-
struct gene order evolution in its aftermath. We assumed that
the model proposed in our original study—duplication of the
whole genome in a single event—is correct, even though other
models (such as the duplication of many but not all chromo-
somes) cannot be ruled out absolutely (11–13). Our aim in this
study was to estimate the number of reciprocal translocations
that occurred, the original number of genes in the genome, and
the original order of the blocks that are now duplicated. The
methods used are based on comparative genomics, but they
differ from most previous gene order studies because the two
genomes we are comparing are not distinct but are indistin-
guishable, fragmented, and fused within the same nucleus.

We began by making computer simulations to model yeast
genome evolution. A genome was duplicated, genes were
deleted at random, and reciprocal translocations were made
between chromosomes. An algorithm equivalent to that used
to find duplicated blocks in the real yeast data (11) was applied
to the simulated genomes. These sets of blocks were then
analyzed in two ways. The first method involved reversing
reciprocal translocations to bring the genome back to a
symmetrical configuration (as would be expected immediately
after genome duplication), and using parsimony to choose
between alternative series of translocations. The simulations
showed that this method cannot regenerate the original block
order or provide an accurate estimate of the number of
translocations when this number is large. The second method
involved adjusting the parameters of the simulation (number
of duplicate genes retained and number of translocations) to
find the parameter ranges that yielded simulated genomes that
were similar to the yeast data in terms of number of blocks,
extent of the genome placed inside blocks, and number of
duplicate genes identified in blocks. It was possible to find
parameters for the simulations that produced duplicated block
patterns very similar to those in the real genome.

An analytic approach was developed based on the method
of Nadeau and Taylor (1) for estimating the number of
rearrangements between the human and mouse genetic maps.
The analytic approach was used to estimate the number of
reciprocal translocations in the real yeast data, given the
proportion of the genome that is spanned by known duplicated
chromosomal blocks. The estimate produced by this approach
falls within the range of estimates produced independently by
simulation. This estimate in turn permits estimation of a rateThe publication costs of this article were defrayed in part by page charge
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of chromosomal translocation in yeast and its comparison with
other species. Last, we investigated whether genome data from
additional species would allow us to determine the original
order of genes in yeast.

General Methods

Unit of Length. We took the distance between two genes to
be the number of genes located between them, rather than the
actual distance in kilobases, despite the fact that complete
sequence data are available for the genome. The number of
genes is a more natural unit when discussing the distribution
of reciprocal translocation sites because the probability of a
translocation event having been fixed between two points is
likely to be influenced most by the amount of noncoding DNA
in the interval, which is expected to be correlated more
strongly with the number of genes than with the physical
separation of the points along the chromosome. This unit is
also more natural when discussing the distribution of dupli-
cates that have been retained after diploidization because the
probability of deletion of a gene should not be strongly
influenced by its physical size.

Simulations and Identification of Duplicated Segments. In
simulations we assumed that there were no inversions, trans-
positions, or any other type of rearrangement except reciprocal
translocations; that translocations occur at random intergenic
locations; that gene deletion occurs by random deletion of
single genes; that sequence similarity is detected only between
genes duplicated during the tetraploidization; and that natural
selection does not impose any functional constraints on gene
order. In our model an original genome with eight chromo-
somes was duplicated and genes were deleted randomly until
the current configuration (5,790 genes on 16 chromosomes)
remained. This is a rough approximation of the process
associated with genome duplication and subsequent dip-
loidization (14). Reciprocal translocations were then made
between randomly chosen points in the genome, and blocks of
duplicated genes were identified by using criteria similar to
those in our original study (11). It was possible to fully
automate the block-finding process because all the duplicate
genes in the simulated data resulted from genome duplication
(there were no multigene families) and as a result blocks were
easily identifiable by a simple program. The blocks produced
were not very sensitive to the value chosen for the maximal
distance between intervening genes once this was greater than
about 20 genes. A maximal distance of 45 was used in practice.
A minimum of three retained duplicates was required for the
identification of a block. The program used to locate the blocks
in the simulated data was adapted for use on the real data to
permit direct comparison of the results with those in ref. 11.
Subtelomeric regions were ignored altogether because the
level of noise was too great for the identification of blocks
within these regions by this simple method. The threshold for
identifying duplicate genes in the real data was a BLASTP
score of 200. The resulting blocks were almost identical to the
blocks reported by Wolfe and Shields (11), which were iden-
tified by using a criterion of three duplicate genes per 50 kb.

Transformation of the Genome to a Symmetrical Configu-
ration. By ‘‘symmetrical configuration’’ we mean a configura-
tion of blocks in which the chromosomes can be grouped into
two identical sets. The computer program written to transform
the arrays of blocks to a symmetrical configuration is based on
a simple search method in which a symmetry improving
operation is chosen at each step. It does not find the shortest
or most parsimonious path by which a symmetrical configu-
ration can be achieved. Each point in Fig. 1 was constructed by
choosing the shortest of just 10 such paths to symmetry. It is
unnecessary to search further because from Fig. 1 we can see
that we are already achieving symmetry in fewer steps than

were involved in the simulation. The most parsimonious path
tells us little about the actual evolutionary path taken.

Making the Genome Symmetrical by Reversing Reciprocal
Translocations

Inspection of the map of duplicated regions (11) shows three
points where the symmetry of the map could be increased by
reversing apparent reciprocal translocations. These points
involve duplicated chromosomal blocks 14y23y37y50, 38y39y
50y52, and 5y6y32y33 (see ref. 11). In each of these cases four
blocks can be reduced to two larger blocks by undoing a
translocation. This observation suggests that it might be pos-
sible to ‘‘unscramble’’ the yeast genome by making a series of
reversals of reciprocal translocations until a completely sym-
metrical genome remains. We speculated that the shortest
series of reverse translocations leading to symmetry might
correspond to the evolutionary path taken by the yeast genome
after its duplication, and we investigated this possibility by
computer simulation. The problem of finding the minimal
number of translocations to transform the gene order of one
genome into another has been studied extensively (5, 7, 8, 15).
Here rather than calculating the translocation distance be-
tween two genomes we wish to examine sets of translocations
that relocate the paralogous blocks within a single genome so
that the chromosomes form two identical sets.

Genomes were simulated undergoing duplication, gene de-
letion, and multiple reciprocal translocations. Duplicated
blocks (containing three or more duplicate genes) in the
simulated genomes were then identified, and a search was
made for series of reciprocal translocations that would rear-
range these blocks into a symmetrical configuration. A search
routine in which translocations were chosen by a hill-climbing
approach (continually increasing the symmetry of the genome)
was developed. In simulations with 20 or fewer translocations
this search method usually returned the blocks to a perfectly
symmetrical configuration in the same number of steps as were
performed to bring about the configuration (Fig. 1). As the
number of translocations in the simulation is increased the
number of steps required to bring about symmetry levels off
and begins to fluctuate widely. The fraction of the genome that

FIG. 1. Simulations of rearranging a duplicated yeast genome and
then reconstructing its original structure. The number of steps taken
by our program to bring about symmetry in a configuration of blocks
is plotted against the number of reciprocal translocations in the
simulation that brought about the original block configuration. Each
point represents the shortest of 10 simulations of a 5,790-gene genome
with 446 pairs of retained paralogs. Five runs were carried out for each
value on the x-axis. Circles indicate the average fraction of the genome
that could be assigned to duplicated blocks in simulations (using a
minimum of three duplicated genes per block); this fraction declines
as more reciprocal translocations are made.
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can be placed in duplicated blocks decreases as the number of
translocations increases, and many smaller blocks are not
detected (Fig. 1). The effect of failing to detect some blocks (or
deleting some blocks from a data set) is to reduce the number
of steps required to return the remaining blocks to a symmetric
configuration (see also ref. 16). It then becomes possible to
return to a symmetrical genome in fewer steps than the original
number of translocations.

The shortest solution we found for the real yeast data (in a
nonexhaustive search) returned the blocks to a perfectly
symmetrical configuration in 41 steps [after three initial in-
versions to correct the five blocks whose orientation with
respect to the centromere is opposite to that of their copies
(11)]. Forty-one reciprocal translocations would give rise to 2R
1 C 5 90 pairs of duplicated chromosomal regions, where R
is the number of reciprocal translocations and C is the original
preduplication number of chromosomes (eight). Because we
have discovered only 55 duplicated blocks and because only
half of the genome is placed in blocks (11) we can be confident
that there are many smaller duplicated regions that have not
been discovered. Because the effect of deleting blocks only
decreases the number of steps required to return to a sym-
metrical configuration we can deduce that it is likely that there
have been more than 41 reciprocal translocations since ge-
nome duplication.

Numerical Estimate of the Number of Reciprocal
Translocations Since Duplication

Even when the number of reciprocal translocations in simu-
lations is so large that saturation has been reached for the
number of reverse steps required to achieve symmetry (Fig. 1),
the fraction of the genome that is assigned to duplicated blocks
continues to decrease almost linearly. This observation sug-
gests that approaches based on the latter measure might be
more effective ways to estimate the number of translocations
than the reverse-translocation approach taken above, when the
number of translocations is large.

We repeated the simulations, varying two parameters to
reproduce the observed state of the yeast genome. These
simulations used reciprocal translocation as the sole mecha-
nism of chromosomal rearrangement, and the block layouts
they produced were similar to the structure of the real genome
(Fig. 2). The parameters varied were the number of reciprocal
translocations fixed since whole genome duplication, and the

number of genes retained in duplicate (paralogs†) after ge-
nome duplication (Fig. 3). We do not have an exact value for
the number of paralogs in the whole (real) yeast genome
because similar genes can be identified as paralogs only by their
occurrence in the correct position within a regional chromo-
somal duplication, and we do not have a duplication map for
all parts of the genome. Similarly, in the simulated genomes,
the number of pairs of paralogs recovered in blocks is less than
the actual number of paralogs present (Fig. 3).

Each cell of Fig. 3 shows characteristics of the genomes
produced from 200 simulations for a given combination of
input parameters. The values, in the yeast data, of the three
genome characteristics shown in Fig. 3 are 55 blocks, 0.51 of
the genome in blocks, and 365 pairs of paralogs in blocks. Only
input parameters in the region of 8% of duplicate genes
retained (400–450 pairs) and 70–100 translocations give re-
sults similar to the real data.

Analytic Estimate of the Number of Reciprocal
Translocations Since Duplication

It is also possible to convert the fraction of the genome in
blocks (Fig. 1) into an estimate of the number of translocations,
without computer simulation, by using an analytic method
analogous to that of Nadeau and Taylor (1). In their approach
to the similar problem of determining the combined rate of
rearrangements in mice and humans, Nadeau and Taylor
examined the average lengths of conserved linkage groups. In
yeast, because we have complete sequence information, we can
use the fraction of the genome that is spanned by paralogous
chromosomal blocks instead.

We wish to estimate the underlying number of chromosomal
regions (‘‘Segments’’) that were demarcated by reciprocal
translocations, rather than the number of duplicated regions
that can now be identified (‘‘Blocks’’). Each Block that has
been identified (11) is part of a larger Segment. Because we

†We use the word ‘‘paralogs’’ here specifically to refer to duplicate
genes produced by whole-genome duplication, and not to any other
sort of paralogs (17). Spring (18) proposed ‘‘tetralogs’’ as a name for
the four-member gene sets resulting from putative ancient octoploidy
of vertebrate genomes, and ‘‘homeologs’’ has also been used (19).

FIG. 3. Genome structure simulations in which the number of
reciprocal translocations and the number of retained paralogs were
varied. Each cell shows values for the number of blocks discovered in
the genome (top), the proportion of the genome that is in blocks
(middle), and the number of pairs of duplicated genes discovered
within blocks (bottom). Mean values among 200 replicates are shown.
The standard error on the number of blocks was #4; that on the
fraction of genome in blocks was #0.03; that on the number of paralogs
identified was #9. Shaded cells are within two standard errors of the
value for the yeast data. Fifty-five blocks covering 51% of the genome
and containing 365 pairs of paralogs have been mapped in the yeast
data (11).

FIG. 2. The duplicated chromosomal regions in a simulated ge-
nome with 446 pairs of paralogs retained and 75 reciprocal translo-
cations since duplication. These simulations gave rise to patterns and
densities of duplicated blocks that are similar to those mapped in the
real data (11). Circles indicate centromeres; bars show duplicated
blocks. The scale indicates numbers of genes.
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have assumed that paralogs are scattered randomly throughout
the genome, the number contained in a Segment of length x is
described by a Poisson distribution as in ref. (1). The proba-
bility that a Segment of length x contains three, or more,
paralogs and so would be identified is

O
k53
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~Dx!2

2
e2Dx,

where D is the density of paralogs in the whole genome. We
do not know the value of D exactly because only the paralogs
that occur in the correct position within a Block can be
identified as paralogs. We have a lower limit on D because we
know the number of paralogs that are contained in Blocks. We
can estimate the correct value of D in two ways. We can use
the simulations (Fig. 3) and note that there is a relatively small
window of densities for which our parameter values come close
to modeling the real data. The simulations suggest a density of
about 0.15 paralog per gene (i.e., 2 3 7.5%), but this method
has the undesirable effect of linking the analytic and simulative
methods of calculating the result. To avoid this linking we can
examine the number of cases where two genes that are
homologs (i.e., a significant ‘‘simple’’ BLASTP pair as defined
in ref. 11) are both located anywhere in the half of the genome
that has been mapped into Blocks, but their locations are such
that they are not considered to be paralogs. The number of
such internal duplicates should be approximately the same as
the number of strictly external nonparalog hits (i.e., with both
genes occurring outside Blocks) because the areas inside and
outside Blocks are approximately the same in extent. Any
excess in hits outside Blocks represents likely paralogs that
have not been identified because they are not contained in
Blocks of three or more. This method yields a density of 0.155
paralog per gene.

Because the probability of having a region of length x with
no translocation point is e2x/L, where L is the average length
of all Segments, the probability density of identified Segment
lengths is
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The constant NyL is introduced for normalization, where N is
the total number of Segments.

The total fraction of the genome covered by identified
Segments, F, is then expected to be
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where G is the total length of the genome.
If L is small compared with G, the integral evaluated at G

approaches 0, so we evaluate the integral at 0 only:
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where 5,790 is the number of genes in the genome. F is the
proportion of the genome spanned by identified Segments—
i.e., the Segments containing the known Blocks.

If m is the expected length of a Segment that contains n
paralogs separated by a total distance r, then m 5 r(n 1

1)y(n 2 1) as in Nadeau and Taylor (1). We can modify our
figure for the fraction of the yeast genome covered by Blocks
to approximate the fraction of the genome spanned by iden-
tified Segments. We calculate the expected length of each
Segment from the range of the paralogs it contains, and sum
the Segments. The fraction of the genome covered by Blocks
is 0.496, and the estimated fraction of the genome in identified
Segments is 0.686 (not including some telomeric genes that
could not be confidently placed in Blocks or outside the
blocked region because of a high level of intertelomeric
similarity). The value of L required to give this result in Eq. 1
is 16.45 genes. This gives N 5 5790y16.45 5 352 Segments
(organized as 176 pairs). From 2R 1 C 5 176 pairs of
Segments, and C 5 8 chromosomes, the number of reciprocal
translocations (R) is approximately 84. In simulations the
standard deviation of the fraction of the genome under Blocks
was #0.03. This gives us an estimate of 84 6 15 (for approx-
imately two standard deviations) for the number of reciprocal
translocations that have been fixed in yeast since genome
duplication.

We can make a prediction of the number of additional
Blocks that we would expect to find if we relaxed the block-
finding criteria to include Segments containing only two
paralogs. The probability of a Segment of length x containing
y paralogs is [(Dx)yyy!]e2Dx. The expected number of Segments
of length x is (1yL)e2x/LN. Therefore the expected number of
Segments containing y paralogs is
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On the basis of a model with 446 pairs of retained duplicates
and 84 reciprocal translocations the expected value of the
number of Segments containing two paralogs is 26 6 5 (the
error was calculated from simulations; Table 1). The number
of additional two-member blocks found in the real data is 34.
This high value leads us to suspect that it could be difficult to
distinguish between genuine small duplicated regions and

Table 1. Theoretical predictions, results of simulations, and values
from the real data, of the number of blocks containing a given
number of paralogs

Number of
paralogs (P)

Number of blocks having P paralogs

Theoretical
prediction Simulation Real data

0 49.6 49.4 NA
1 35.6 35.9 6 5.9 NA
2 25.6 26.2 6 5.2 NA
3 18.4 18.5 6 4.3 10
4 13.2 13.2 6 3.5 10
5 9.5 9.6 6 3.1 6
6 6.8 6.8 6 2.5 4
7 4.9 4.8 6 2.1 6
8 3.5 3.3 6 1.7 6
9 2.5 2.4 6 1.4 1

10 1.8 1.8 6 1.2 4
11 1.3 1.3 6 1.1 2
12 0.9 0.9 6 1.0 1
13 0.7 0.6 6 0.7 4
14 0.5 0.4 6 0.6 0
15 0.3 0.3 6 0.6 0

16–20 0.8 0.6 6 2.6 1
21–25 0.1 0.0 0

The simulation results (mean 6 2 SD from 2,000 replicates) are from
a model with 446 retained paralogs and 84 reciprocal translocations.
NA, not applicable.
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statistical noise. The predicted number of one-member blocks
is 36 (Table 1).

Possible Clustering of Duplicates

The approach of trying to reverse reciprocal translocations
produced symmetrical arrangements of the 55 known blocks in
41 steps (after three initial inversions). In Fig. 1, 41 reverse
steps is on the lower extreme of the scatter when the graph has
become saturated, which is the region of interest because the
other methods show that there have been approximately 84
reciprocal translocations since genome duplication. However,
in other simulations in which the number of blocks was fixed
from the outset at 55 (results not shown), 41 was close to the
mean number of operations required for the return to a
symmetrical configuration. This discrepancy arises because the
simulations that produced the closest match to the real values
of genome parameters (Fig. 3) tended to have slightly larger
numbers of duplicated blocks than were discovered in the yeast
data. In many cases this difference was only about 1–2 standard
deviations and may not be systematic, but a nonrandom
distribution of paralogs could also explain the shortage of
discovered blocks (20). If paralogs tend to be located in
clusters more Segments than might be expected could fail to
contain three paralogs, the requirement for identification. It
was not possible to test for clustering of paralogs over the
whole genome because they cannot be identified outside
blocks. No clustering was discovered when all duplicates were
taken into account. Some clustering of duplicates may occur
for functional reasons—for example, the frequent duplication
of pairs of adjacent ribosomal protein genes transcribed di-
vergently from a shared promoter. If there is an excess of
undiscovered blocks because of clustering of retained dupli-
cates we would expect this to affect the numbers of smaller
blocks. Using the analytic method to predict the number of
blocks of a given size that we would expect to find in the data,
we find that the expectation is consistently higher than the
actual value for blocks containing six paralogs or fewer (Table
1). This is what we would expect if clustering of duplicates is
preventing the discovery of some smaller blocks.

Establishing the Original Gene Order

We considered the possibility that the approach of finding the
most parsimonious path to genome symmetry might reveal
some aspects of the original (pre-duplication) block order,
even though the number of steps in this series is too few, as
explained above. However, there are a great many equally
parsimonious paths returning the data to a symmetrical con-
figuration in the shortest number of steps. This degeneracy is
intrinsic. The two operations in Fig. 4 have the same effect on
symmetry. Because reverse translocations are commutative
(except possibly those involving more than one operation on a
single chromosome arm) whole sets of stepwise equivalent
operations can give rise to vastly different configurations of
blocks in the same number of steps. For example, almost any
series of 20 reverse translocations, each of which maximally
improves the symmetry at each step, could be used to return
a simulation involving 20 reciprocal translocations to symme-
try. Because each of these translocations has an alternative that
improves the symmetry to exactly the same degree (Fig. 4) we
have 220 sets of possible final block orders brought about by 20
operations on the data. We cannot distinguish between these
block orders without further information.

This degeneracy, in the case of yeast, could in principle be
resolved by the inclusion of information from one other species
that diverged from S. cerevisiae at around the time of genome
duplication. We find in simulations that we can completely
reconstruct the order of the blocks in a duplicated yeast-like
genome, using as an outgroup a second species that diverged

from it immediately prior to duplication, if fewer than 40
reciprocal translocations have been fixed in the duplicated
genome (results not shown). Above this number of transloca-
tions the solution begins to decay, because if both copies of a
block have been shifted by reciprocal translocation we no
longer have any information from the duplicated genome
about their original locations. In simulations with a realistic
number (75) of reciprocal translocations, approximately two-
thirds of the duplicated chromosomal blocks that contained
sufficient numbers of paralogs for identification could be
placed in their original order by using a species that diverged
shortly before genome duplication (results not shown).

Similar gene order reconstructions are possible even without
genome duplication, but sequence information from a third
species is required. Using sequence information from three
species that diverged at around the same time to determine
ancestral gene order is more reliable than the method de-
scribed above because in this case all the genes in the genome,
not just the paralogs making up blocks, can be used to infer the
original gene order.

Discussion

Our simulations involved several assumptions. Chromosomal
inversions and gene transposition were ignored as possible
mechanisms of gene order change. This assumption is reason-
able because inversions and transpositions on a scale large
enough to produce blocks containing at least three paralogs
are evidently uncommon (11). We assumed also that reciprocal
translocations are evenly distributed even though this is open
to debate (21, 22). If reciprocal translocation sites are not
random our result for the number of translocations since
genome duplication is likely to be an underestimate. Our
estimates of the proportion of genes retained in duplicate, and
the number of genes in the original genome, are sensitive to the
sequence similarity threshold used in the analysis (BLASTP .
200, which is quite stringent). The choice of similarity thresh-
old should not, however, affect the estimate of the number of
translocations; detecting additional paralogs in yeast is anal-
ogous to mapping additional genes in humans and mice, and
the inclusion of these extra pieces of data should not substan-
tially alter the estimates of the extent of rearrangement (1, 23).

The 70–100 reciprocal translocations estimated to have
occurred would have produced 148–208 paired duplicated
chromosomal blocks if each breakpoint was unique. One-third
of these (55 blocks) were large enough to be detected in our
original study (11), and the remainder must correspond to

FIG. 4. An example of the two indistinguishable solutions to the
problem of reversing a single reciprocal translocation in S. cerevisiae.
The translocation involves duplicated chromosomal blocks 14, 23, 50,
and 37 (see ref. 11).
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blocks containing two, one, or even no duplicated genes. We
estimate that 36 one-member blocks and 26 two-member
blocks exist (Table 1), but it will be difficult to identify them
because of statistical noise. It may be possible to map more of
the yeast genome into blocks by using different sequence
similarity cutoffs or search methods, or by including other data
such as tRNA gene locations. In our previous analysis (11) we
made the naive assumption that, because we discovered about
400 paralogs in half the genome, there would be 800 in the
whole genome. In fact, the block-finding approach preferen-
tially finds the most duplicate-rich regions of the genome. As
shown in Fig. 3, we now envisage that the ancestral yeast
genome had about 5,350–5,400 protein-coding genes, not
5,000 (11). We have identified only 1y3 of the blocks, but these
contain about 80% of the paralogs (Fig. 3).

The most effective way to study how the yeast genome has
evolved after its duplication would be to sequence the genome
of a second, closely related, ascomycete species. This would
reveal most of the original order of the duplicated yeast blocks,
and should enable us to identify the 49 anticipated ‘‘zero-
membered’’ blocks (Table 1). These are segments of the yeast
genome that are ‘‘sisters’’ derived from genome duplication,
but where no paralogous genes have been retained. A second
genome sequence would also provide a definitive test of
whether the entire yeast genome was duplicated (11), or just
large portions of it. Genome sequencing projects, or ‘‘single-
pass’’ sequencing surveys, are in progress for Schizosaccharo-
myces pombe, Candida albicans, Kluyveromyces lactis, Ashbya
gossypii (24), and several species in the Saccharomyces sensu
stricto group. The extent of gene order conservation between
yeast and either Sch. pombe or C. albicans is probably too low
to permit reconstruction of much of the original yeast genome
(25), but the others should be useful. Because the Saccharo-
myces sensu stricto species share the genome duplication (25)
it may be possible to determine their phylogenetic relation-
ships by using gene order information alone. For example (see
Fig. 4), if we can determine the ancestral order of blocks 14,
23, 50, and 37 by using, say, information from K. lactis, we can
identify which pair of adjacent blocks represents the derived
state and then search the other Saccharomyces sensu stricto
yeasts for synapomorphy.

Our estimate that 70–100 reciprocal translocations have
occurred in roughly 100 million years (Myr) (11) since yeast
genome duplication results in an estimate of the rate of
genomic rearrangement in yeast that is quite similar to the rate
in humanymouse comparisons [about 100–180 rearrange-
ments, also in approximately 100 Myr (1, 23, 26, 27)]. This is
surprising, given their very different genome sizes (12 Mb in
yeast; 3,000 Mb in humans) and rates of homologous recom-
bination (1 centimorgan corresponds to '3 kb in yeast but '1
Mb in humans). The two organisms have similar genome sizes
in centimorgans, suggesting that the ratio (expressed in terms
of rearrangements per centimorgan per year) between rates of
translocation and homologous recombination may be similar
in the two taxa. Estimates of rates of genomic rearrangement
in plants indicate that they too may be similar to mammals (10,
28), but whether there is really a molecular clock for chromo-

somal rearrangement as proposed by Paterson et al. (10) will
not be clear without better maps for many taxa.
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