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ABSTRACT
The recent determination of the complete sequence of
chromosome Il from the yeast Saccharomyces

cerevisiae allows, for the first time, the investigation
of the long range primary structure of a eukaryotic
chromosome. We have found that, against a
background G+ C level of about 35%, there are two
regions (one in each chromosome arm) in whichG+C
values rise to over 50%. This effect is seen in silent
sites within genes, but not in noncoding intergenic
sequences. The variation in G + C content is not related
to differential selection of synonymous codons, and
probably reflects mutational biases. That the intergenic
regions do not exhibit the same phenomenon is
particularly interesting, and suggests that they are
under substantial constraint. The yeast chromosome
may be a model of the structure of the human genome,
since there is evidence that it is also a mosaic of long
regions of different base compositions, reflected in
wide variation of G+ C content at silent sites among
genes. Two possible causes of this regional effect,
replication timing, and recombination frequency, are
discussed.

INTRODUCTION

As vast amounts of DNA sequence data accumulate, it is
becoming possible to investigate whether the sequences of genes
(and their patterns of evolution) are influenced by their
chromosomal location. Perhaps the most striking result has been
the demonstration that base composition (G+C content) varies
enormously among mammalian genes and appears to be related
to their genomic context (1). For example, G+C content at third
codon positions (which are generally silent) varies among human
genes from less than 30% to over 90% (2), these values are
correlated with the G+C content of the introns and flanking
sequences of the same genes (3), and also among neighbouring
genes (4,5), suggesting that the base composition variation is a
local chromosomal effect. This has been interpreted as evidence
that the human genome comprises a mosaic of long regions
(“isochores’) of different base composition (1,6). A similar
genomic structure has been suggested for birds (1,6), and certain
monocotyledenous plants (7), although the data are as yet less
numerous. It is interesting, particularly with respect to elucidating

the origins and possible significance of this phenomenon, to ask
how widespread it is among other organisms.

Here we investigate base composition variation among genes
from the budding yeast Saccharomyces cerevisiae. In particular,
we have examined the recently determined complete sequence
of chromosome III (8); this chromosome is 315kb long, and
contains 160— 180 presumptive genes (8,9). The results indicate
position dependent variation in gene G+C content. Several
factors which may be related to, and perhaps cause this variation,
namely (i) codon usage, (ii) time of replication, and (iii) frequency
of recombination, are investigated. The latter two aspects are
probably better understood for this chromosome than for any
other, and codon usage has been more extensively analysed in
S.cerevisiae than in any other eukaryote (2,10—13).

MATERIALS AND METHODS

From the complete sequence (8) of chromosome III
(GenBank/EMBL/DDBJ accession number X59720), all 182
featured open reading frames (ORFs), and the intergenic regions
between them, were extracted using the ACNUC sequence
retrieval system (14). The featured ORFs are open reading frames
of more than 100 codons in length identified in Ref.8. Two
transposable elements, Ty2 (8) and Ty5 (15), were excluded
because codon usage in transposable element genes differs from
that in chromosomal genes (16). Two open reading frames (L26c,
R74c; in the terminology of Ref.8) were replaced by others which
completely overlap them (LX8c, RX13w; see the GenBank
entry), because the latter are longer, and have codon positional
nucleotide frequencies more typical of yeast genes (13). One gene
identified recently (17) as RIMI was added. This yielded a total
of 178 genes. There were only 153 intergenic sequences because
some ORFs overlap slightly. Introns (only two have been
identified on this chromosome) were excluded from the analysis.
It is possible that some of these ORFs are not genes, though it
is quite unlikely that long open reading frames exist by chance
in DNA of this base composition. In addition, in a sequence of
this length there may well be some errors (see, for example,
Ref.18), but we have found the overall results to be robust against
minor changes in the dataset.

To avoid any effects of amino acid composition, G+C content
for genes was calculated only from silent third codon positions
(i.e., excluding Met, Trp and termination codons). Codon usage
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Table 1. G+C content at silent sites in Saccharomyces cerevisiae.

No. of G+C content® Codon usage bias®

sequences Mean + SD (O/E) Mean CAI Rho
All genes® 575 0.38 = 0.07 2.9) 0.27 0.25
Chromosome III genes? 178 0.40 + 0.09 (2.8) 0.16 —0.05
Chromosome III noncoding 153 0.34 £ 0.05 (1.7) 1 -

2 For genes, G+C content was calculated only for silent third codon positions; O/E is the ratio of the

Observed/Expected standard deviations.

b Codon usage bias is measured by CALI, the codon adaptation index (19); Rho is the correlation coefficent

of G+C content with CAI.

€ 575 genes from throughout the genome, listed in Ref.13.
4178 open reading frames (presumptive genes) from chromosome III (see Materials and Methods for

details).

bias was measured by CAI, the codon adaptation index (19); CAI
values can range between 0 and 1, with higher values indicating
stronger bias. Values for silent site G+C content and CAI were
calculated using the CODONS program (20). The expected
standard deviation of G+ C content among genes was calculated
from the binomial theory, using the harmonic mean length of
sequences. ,

RESULTS

To analyse possible regional base composition variation in yeast
we have examined ‘silent’ sites, i.e., synonymously variable sites
within genes, and noncoding sequences, on the complete sequence
(8) of chromosome III. By comparison with a set of 575 gene
sequences from throughout the S. cerevisiae genome (13), it was
established that chromosome IIT appears to be representative of
the genome as a whole (Table 1). The G+C content of the entire
chromosome is 39%, while that for the genome has been
estimated (21) at 39—40%. The average value for G+C content
at silent sites in ORFs on chromosome III is similar to that for
all genes, and to the genomic base composition; chromosome
III genes exhibit at least as much variation as the genome-wide
dataset. The average G+C content in noncoding regions on
chromosome III is somewhat lower than the average at silent sites
in chromosome IIT genes; it is also less variable, both when
observed standard deviations are compared, and when the ratio
of observed/expected standard deviations are considered (Table
1). The G+C content value for each gene was plotted against
its position on chromosome III; the more G+C-rich genes did
not appear to be randomly distributed (Fig. 1a). When the
corresponding data for noncoding sequences were plotted, their
lower variability was evident, and there was less sign of any
spatial pattern (Fig. 1b). Regional effects became much clearer
when moving average values for 15 adjacent sequences (genes,
or intergenic regions) were considered (Fig. 2). Genes with a
high G+C content were seen to be clustered in two major
regions, one on each arm of the chromosome (Fig. 2a). Similar
patterns of regionalization of base composition variation were
evident for genes coded on each strand of the DNA (Fig. 2b).
Noncoding sequences did not show similar patterns: the only
apparent (small) peak was near the centromere (Fig. 2a).

To test whether the clustering of the more G+C-rich genes
was significantly greater than might occur by chance, we

performed simulations in which the order of genes was .

randomized, and the moving average G+C values for 15 adjacent
sequences were recomputed. We then asked whether any values
in the simulations were as high as those observed in the analysis

in Fig. 2a, where the observed values at the peaks in the left
and right chromosome arms were 0.48 and 0.52, respectively.
Out of 10,000 simulations in which all genes were shuffled, only
8 yielded a peak value greater than 0.52, but 426 yielded values
greater than 0.48. Therefore, separate simulations were
performed for genes from the two chromosome arms: 8 out of
10,000 simulations for the left arm genes yielded a peak value
greater than 0.48, and 3 out of 10,000 simulations for the right
arm yielded a value greater than 0.52. These simulations provide
strong evidence that the clustering of G+ C-rich genes in the two
arms is highly significant (P < 0.001).

The chromosome was then considered as if consisting of five
regions: two areas of high genic G+C content (the peaks in
Fig. 2a, taken to be located at 40—80 kb, and 200—260 kb,
respectively), and the three surrounding areas. The mean G+C
content values for genes and intergenic regions within these areas
are given in Table 2. With respect to mean intergenic G+C
content, there was no significant difference among the five regions
(analysis of variance: F, 143 4¢ = 0.41, p = 0.80); for genes,
there was no significant difference among the three regions with
low G+C content (F, 10745 = 0.64, p = 0.53), or between the
two regions with high G+C content (t-test: tgg g5 = 1.4, p =
0.16). Pooling the regions of high and low genic G+C content,
respectively, the mean G+C content values for genes differed
significantly between the two types of region (t;76 4 = 9.08,
p < 0.0001), but the mean values for intergenic sequences did
not (15145 = 0.43, p = 0.67). However, these statistical tests
must be taken with some caution, because the regions were
designated subjectively after considering Fig. 2a.

The relationship between silent site G+C content and codon
usage bias (measured by the CAI) of yeast genes was investigated.
Among genes from all chromosomes there was a small positive
correlation between the strength of codon usage bias and G+C
content, but for chromosome III genes there was no significant
correlation (Table 1). Furthermore, codon usage bias values
showed no relation to chromosome position, either when
individual genes were considered (Fig. 3a), or when a moving
average was plotted (Fig. 3b).

DISCUSSION

Mammalian chromosomes appear to be a mosaic of ‘isochores’,
regions several hundred kilobases in length which differ in base
composition, but within which base composition is relatively
homogeneous (1,6). Recently, it has been suggested that variation
in base composition may be similarly dependent on genomic
location in a wide range of (if not all) eukaryotes and even
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Figure 1. G+C content at silent sites along yeast chromosome III. a, 178 open reading frames. b, 153 intergenic sequences. The ellipse indicates the position of

the centromere.

prokaryotes (22,23). However, the latter studies have not
considered chromosome position and have focussed on G+C
content at the third positions of genes, without taking into account
variation in codon usage. This point is critical, because in diverse
species (e.g., an insect, Drosophila melanogaster (24); a fungus,
Aspergillus nidulans (25); a slime mould, Dictyostelium
discoideum (26); and an enteric bacterium, Serratia marcescens
(27)), analyses have indicated that silent sitt G+C content
variation among genes can be largely accounted for by the
frequencies of certain ‘optimal’ codons; these frequencies are in
turn related to the level of gene expression.

Here we have demonstrated that genes from different regions
of S.cerevisiae chromosome III have different levels of silent site
G+C content. This is particularly interesting because it is quite
unexpected: an earlier examination of long S. cerevisiae sequences
revealed their G+C content values ‘to be within a narrow range
around that of the whole genome’ (4), while in the studies cited
above (22,23) yeast was the one eukaryote in which those authors
did not find much G+C variation among genes. There has been
extensive documentation of the fact that yeast genes vary
considerably in codon usage bias, depending on their level of
expression—can this explain the variation in G+C content? In
yeast genes expressed at a high level, codon usage is very biased
(10), and 22 translationally ‘optimal’ codons have been identified
(13): in the most strongly biased genes very few other codons
are used. However, of these 22 optimal codons, 50% end in
C or G, and so there would not necessarily be any correlation
between the strength of codon usage bias and silent site G+C
content (and none was observed among chromosome III genes).
Also, it has been reported that highly expressed transcripts are
encoded by genes scattered over the chromosome (9), and we
have found that genes with high or low codon usage bias
(measured by the CAI) show no particular distribution along the
chromosome. Thus, the G+C content variation among
chromosome III genes does not appear to be related to gene
expression level: we infer that it is due to the genes’ location.

There is no reason to expect that chromosome III is atypical
among yeast chromosomes. Genes located throughout the genome
show levels of G+C content variability similar to those on
chromosome III. Interestingly, when multivariate statistical
analysis (correspondence analysis) is applied to codon usage in
yeast genes, the second most important trend among genes is

Table 2. G+C content in regions of yeast chromosome II.

Genes Intergenic sequences

Region? N® Mean = SD° N Mean + SD°

0-40 25369 = 56 18329 =+ 53
40-80 26442 = 7.1 21329 =+ 6.1
80—200 62357 = 6.1 58 341 = 5.0
200—260 42 470 =103 34339 =+ 5.1
260-315 23350 = 6.2 22342 + 4.1
High G+C regions? 68 462 = 9.3 55335 x 55
Low G+C regions® 110 35.8 = 6.0 98 339 =+ 49

3 Coordinates of the region are given in kilobases.

b Number of sequences.

¢ Mean and standard deviation of G+C content; for genes the value refers to
silent third codon positions.

4 Regions 40—80kb and 200—260kb.

¢ Regions 0—40kb, 80—200kb, and 260—315kb.

highly correlated with G+C content at silent sites. [For the 575
genes from throughout the genome (13), the positions of genes
on the second axis produced by the correspondence analysis, and
the silent site G+C content values for those genes, are correlated
with a coefficient of 0.85 + 0.02.] The primary trend among
genes is that already discussed, i.e., variation in the extent of
usage of optimal codons, accounting for 34% of the variation
among genes; the secondary trend (i.e., G+C content) can
explain a further 6.4% of this variation. [Recently, we have
reported similar observations from correspondence analysis of
codon usage in a related yeast, Candida albicans (28), although
the number of genes available for analysis was far more limited. ]
Thus, the G+C content variation is a relatively minor effect by
comparison with the major variation in usage of optimal codons;
furthermore, without the precise map locations provided by the
complete sequence of S.cerevisiae chromosome III, it was not
apparent that this base composition variation is related to gene
location.

An obvious question is whether the G+C content variation in
yeast is a similar phenomenon to that observed in the human
genome (1). The regions of different G+C content on yeast
chromosome III are about 40— 120 kb in length (Fig. 2a; Table
2). This is rather shorter than the presumed size of human
isochores, although their lengths have not been estimated with
any accuracy. Chromosomes in yeast have an average length a
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Figure 2. Moving average G +C content at silent sites along the yeast chromosome III sequence; each point is the weighted average for 15 adjacent sequences (weighting
was by the number of sites in each sequence). a, G+C values for coding (open circle) and noncoding (closed circle) sequences. b, Coding sequences on the Crick
(open circle) and Watson (closed circle) strands. The ellipse indicates the position of the centromere.
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Figure 3. Codon usage bias and gene position on yeast chromosome III. a, CAI values for individual genes. b, Moving average of CAI values for 15 adjacent

genes. The ellipse indicates the position of the centromere.

little under 1 megabase, whereas human chromosomes are on
average around 100 megabases long. Human genes are also
longer than those in yeast (since most human genes contain
introns), and the intergenic regions in humans are also longer
than those in yeast. Thus, given this difference in scale between
the two genomes, if isochores do exist in yeast, they might be
expected to be shorter than those on human chromosomes.
However, this depends critically on what the causes of this aspect
of chromosome structure are, and whether these factors are the
same in the two species.

Since silent sites in human genes appear to be under little, if
any, selective constraint, their base composition is expected to
reflect mutational biases (5,29,30). Consequently, the G+C
content variation along the human genome has been interpreted
as evidence that different regions of chromosomes are subject
to different mutational spectra (5,31 —33). Similarly, codon usage
(and hence silent site base composition) in yeast genes, other than
those which are highly expressed, appears to be largely influenced
by mutational biases (11,12).

Why might mutational biases vary among chromosome
regions? For mammals, we have speculated that this arises

because the regions are replicated at different times (and that the
intracellular conditions which influence the spectrum of
mutations, such as the relative concentrations of free nucleotide
pools, vary during the replication cycle) and that the more G+C-
rich regions are those replicated early (5). [It has recently been
suggested that there is no correlation between G+ C content and
time of replication for human genes (34); however, the time of
replication varies among tissues, and since the data cited do not
refer to germline cells, it may not be relevant.] The time of
replication has been measured (35) for several points along the
first 200 kb of yeast chromosome III, and the G+ C-rich peak
in the left arm of the chromosome (Fig. 2a) coincides
approximately with an early replicating region; the replication
time data do not extend as far as the location of the peak in the
right arm.

Alternatively, it has been suggested that base composition
variation around the human genome may be correlated with the
local frequency of recombination (A.Eyre-Walker, pers.comm.),
since recombination events involve DNA repair, and that process
is biased to G + C-richness (36). Comparison of distances on the
physical and genetic maps of yeast chromosome III has indicated



that recombination frequencies are higher towards the middle of
the two chromosome arms (8,9). Thus, on the large scale, the
areas of higher G+C content and higher recombination frequency
may coincide. On a shorter scale, there does not appear to be
a clear correlation between these two factors. Four ‘hot spots’
of recombination have been identified on chromosome II
(reviewed in Ref.37). One hot spot lies between HIS4 and BIK1
at about 68 kb, within the G+C-rich region on the left arm,
though a little to the right of its peak. A second hot spot lies
to the left of (perhaps 10kb away from) THR4; THR4 is in centre
of the G+C-rich peak on the right arm. A third hot spot may
be close to the small peak to the left of the centromere (Fig. 2a),
but the fourth (near 85 kb) does not appear to be in a G+C-rich
region. Of course, if G+C-richness and high recombination
frequency are correlated, it remains to be determined whether
either effect causes the other.

In the human genome, G+C content in noncoding sequences
(introns or flanking sequences) is highly correlated with that at
silent sites in the neighbouring coding sequences (4). However,
the yeast and human genomes differ in this respect: the intergenic
regions of yeast chromosome III do not exhibit base composition
variation similar to the silent sites in genes. It might have been
expected that intergenic sequences are under relatively little
constraint, and should be influenced by any regional mutational
biases. Thus, the observation that the intergenic sequences within
the G+C-rich peaks do not show the same elevated G+C content
as the silent sites in genes is particularly interesting. In yeast these
intergenic regions are much shorter than in the human genome
(the average length on yeast chromosome III is 638bp). Since
many regulatory elements are located within these regions, these
may constitute a selective constraint on base composition.

In conclusion, it remains to be seen whether the factors
determining regional genic base composition variation are the
same in the human and yeast genomes. However, whether
replication time, recombination frequency, or some other factors
are the underlying cause(s), the issue is likely to be more easily
resolved for a ‘model’ organism like yeast.
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