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ferent approaches. As well as partial overlaps between the regions
sequenced by two laboratories, putative frameshift checking, alignment of
the sequence with previously published data and a few random resequencing verifications were performed on cosmid subclones. A new
method for verifying specific regions of the sequence was developed for
this chromosome (G. V. et al., manuscript in preparation) and applied to
several other chromosomes. The extrapolation from the number of discrepancies observed in the overlaps (102,049 nucleotides, 9.4 %) to the
whole sequence suggests that the nucleotide sequence of chromosome VII
is 99.974 % accurate. The quality of the coding regions, where frameshifts
are quite easy to check, is probably much higher than that of the intergenic regions. Indeed, the quality assessment procedure led to the correction of a total of 90 errors mainly located in the coding regions. A total of
56,344 bp (5.2 %) have been resequenced, and the comparison with the
original data makes it possible to estimate that about 120 errors remain in
the chromosome VII sequence. Parts of the sequence were published
independently16–30 before assembly of the contig and application of the
final quality controls; several other manuscripts are in the press.
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Large-scale systematic sequencing has generally depended on the
availability of an ordered library of large-insert bacterial or viral
genomic clones for the organism under study. The generation of
these large insert libraries, and the location of each clone on a
genome map, is a laborious and time-consuming process. In an
effort to overcome these problems, several groups have successfully demonstrated the viability of the whole-genome random ‘shotgun’ method in large-scale sequencing of both viruses and
prokaryotes1–5. Here we report the sequence of Saccharomyces
cerevisiae chromosome IX, determined in part by a whole-chromosome ‘shotgun’, and describe the particular difficulties encountered in the random ‘shotgun’ sequencing of an entire eukaryotic
chromosome. Analysis of this sequence shows that chromosome
IX contains 221 open reading frames (ORFs), of which approximately 30% have been sequenced previously. This chromosome
shows features typical of a small Saccharomyces cerevisiae chromosome.
The sequence derived for chromosome IX is 439,886 nucleotides in
length, and 71.6% codes for proteins or predicted proteins. There are 219
non-overlapping ORFs equal to or greater than 100 amino acids long, and
a further two ORFs (YIL060W and YIL059C) that overlap; these are
short, and both have a low codon adaptation index (CAI). Although it is
unlikely that both are coding, one could not be selected above the other as
more likely to encode a protein. A single Ty3-2 retrotransposon containing three ORFs is present on the left arm of chromosome IX (between
bases 205,217 and 210,644), leaving 218 S. cerevisiae-derived ORFs
encoded on this chromosome, of which 116 are on the Crick strand, and
102 (+ 3 transposon ORFs) are on the Watson strand. Of these, 66
(30.3%) have been sequenced previously. A further 68 (31.2%) have some
similarity to genes in S. cerevisiae and other organisms for which some
functional information is available. However, 74 (33.9%) of the predicted
genes on this chromosome cannot be assigned even a putative function
based on sequence similarity. These can be divided into two groups: those
that show no similarity to current database entries (53, 24.3%), and those
that are similar to predicted genes of unknown function (21, 9.6%). The
remaining 10 (4.6%) are putative pseudogene ORFs.
The average length of a chromosome IX ORF is 476 codons, with an
average of one ORF every 1,993 base pairs. The largest ORF on chromosome IX is YIL129C, which encodes a hypothetical protein of 2,376
amino acids. The YIL129C protein is similar to another hypothetical protein encoded on Caenorhabditis elegans chromosome III (EMBL database,
accession numbers CEF21H11, U11279 and ORF F21H11.2) over a
region of 2,009 amino acids. In total, 20 chromosome IX ORFs are longer
than 1,000 codons. Short S. cerevisiae genes with no homology are difficult to detect6. On chromosome IX, five ORFs with less than 100 codons
have been identified, but future analysis will probably reveal additional
short coding regions. Less than 4% of the ORFs on chromosome IX are
predicted to be spliced; eight ORFs contain introns. None of the tRNA
genes on this chromosome are spliced.
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Ten ORFs have been identified as contributing to five putative pseudogenes. These ORFs have very good homology to genes or predicted genes,
but are separated from an adjacent ORF with homology to the same protein by internal stop codons or frameshifts. These areas have been
sequenced on S. cerevisiae genomic DNA, and the frameshifts and stop
codons confirmed. However, at least two pseudogene ORFs, YIL168W
and YIL167W, probably constitute the single gene SDL1, which codes for
a serine dehydratase7. This gene is not present elsewhere in the S. cerevisiae genome and is not essential in S. cerevisiae. A second putative pseudogene is highly similar to hexose transporter genes, and may also simply
prove to be mutated in AB972 rather than being a true pseudogene. All
putative pseudogenes are located near the telomeres of the chromosome.
For this and other S. cerevisiae chromosomes, the intergenic distance
between two adjacent ORFs varies depending on their orientation with
respect to each other. Of the adjacent ORFs on chromosome IX, 95 are
arranged in tandem, 54 are divergent and 55 convergent. For ORFs
arranged in tandem the intergenic distance averages 472 basepairs; ORFs
with divergent promoters average 619 bp; and ORFs with convergent terminators average 421 bp. This is consistent with the greater information
content required for transcription initiation and regulation than for transcription termination.
Chromosome IX also contains ten tRNAs, five solo delta elements, one
solo sigma element, two sigma elements flanking a transposon, and a single solo tau element.
Reports describing the features of the other small yeast chromosomes
suggest that they have used a variety of strategies to achieve a certain minimum length8–10, and this seems to be the case for chromosome IX. Its

Figure 1 Overall molecular architecture of chromosome IX. The top line
indicates positions of tRNA genes, solo long terminal repeat (LTR) or Ty
elements (thin vertical lines) or clusters of them (thick vertical lines) along
the chromosome map. The panels show variation in gene in gene density (top) and base composition (bottom) along the sequence-based map
of chromosome IX (scale in kilobases from left telomere). Vertical broken
lines indicate the centromere. Gene density is expressed as the probability for each nucleotide to be part of an ORF, and was calculated using
sliding windows of 30 kb (steps of 0.5 kb) for the Watson strand alone
(red line), the Crick strand alone (green line), and the sum of both (black
line). G+C richness (%) was calculated from the silent positions of
codons using a sliding window of 13 consecutive ORFs (horizontal broken
line indicates average percentage G+C at silent positions of codons,
35.8%).
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right telomeric region is gene poor, with only 25.3% of the sequence contributing to ORFs over approximately the last 15 kilobases of the chromosome. Chromosomes I and VI, the two smallest yeast chromosomes, also
have a low coding density in their telomeric regions. Ten ORFs on chromosome IX are thought to contribute to five putative pseudogenes, all of
which are located in the telomeric regions (four in the left telomeric
region and one in the right). Four of these putative pseudogenes have a
high degree of similarity to sequences repeated elsewhere in the yeast
genome (the remaining putative pseudogene may be a mutated copy of
SDL1, as discussed previously). Two of these occur in a 21-kb region of
the chromosome IX left telomere, which is duplicated almost exactly on
the chromosome X left telomere. Comparison of these two pseudogene
ORFs with the equivalent regions on chromosome X shows that one
region is interrupted by a frameshift on that chromosome, but the second
is a single ORF. The putative pseudogene on the right arm of the chromosome is highly similar to a single ORF on chromosome XIII. The centromere11 of chromosome IX is located towards the right end of the
chromosome between bases 355,627 and 355,744.
Sequencing has revealed the definitive chromosomal position for all
genes on chromosome IX. The resulting physical map correlates well with
the genetic map12 for this chromosome. Local variations in the ratio of
cM to kb occur throughout this chromosome. For example, the region
bounded by the genes REV7 and HOP1 has a significantly lower ratio of
0.3, indicating that recombination events in this area are less frequent
than for the chromosome as a whole.
A cluster of genes on this chromosome occurs within its smaller, right
arm between bases 399,775 and 415,615 (YIR023W to YIR032C). Six of
the ten ORFs in this region are involved in the allantoin degradation
pathway13,14.
Evidence of several interchromosomal duplications occurs on chromosome IX. As well as the large region common to the left telomeres of chromosomes IX and X already described, a smaller region at the right
telomere shows good homology with the telomeres of several other chromosomes. There are also several other internal chromosomal regions with
long-range homology to other chromosomes. The largest of these is an
area common to chromosomes IX and XIV, occurring at 89,233–186,363
and 478,568–616,076, respectively, and containing 15 homologous ORFs.
Smaller interchromosomal duplications have also occurred, including a
region at 230,272–258,279 repeated on chromosome V at
273,881–305,178 and a region at 46,201-69,525 repeated on chromosome XI at 617,636–639,600.
A further long-range feature previously observed for S. cerevisiae is a
variation in the percentage G+C content along the length of its chromosomes15. In most cases the G+C composition for the third base of each
codon has been analysed, as this is less influenced by biases in amino acid
composition. For several chromosomes a periodic variation in G+C content has been observed. A plot of third-position G+C composition for
chromosome IX (Fig. 1) shows that, as for other chromosomes, G+C
content varies along its length. Consistent with previous analyses, the
region around the centromere of the chromosome has low G+C content;
the highest content occurs in peaks separated by about 100 kb.
The occurrence of first-, second- and third-codon position G+C composition was analysed for individual ORFs, as well as G+C composition in
intragenic regions and the total G+C content of the chromosome (Fig. 2).
This was superimposed on a chromosome map showing individual
ORFs, as the usual method for plotting G+C composition uses a large
window to calculate the average third-position G+C content of several
adjacent ORFs, making it difficult to ascertain whether high G+C composition is a general trend in a particular region or derives from a single
ORF. This method correctly predicted the peaks in third-position G+C
content already described for chromosome III (data not shown).
In regions producing peaks of G+C content several adjacent reading
frames show higher than average third-position G+C. Specific areas noted
include 1–6, 52–67, 93–97, 175–180, 266–276, 308–313, 380–385 and
421–424 kilobases, with up to six ORFs contributing to each region. The
areas of high G+C content are much more pronounced in chromosome III,
with many more reading frames over a much longer distance contributing
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to the two main peaks on each of the chromosome arms (results not
shown).
As expected, the G+C content in intergenic regions is, on average,
lower than that for coding DNA. However, it is not uniformly low, and
local areas of high G+C content can be observed in some non-coding
areas. The largest of these regions have been examined in detail for potential coding sequence. Although any ORFs present in these areas could
conceivably be coding, they are all short, and standard methods for predicting coding sequences suggest that this is unlikely. A BLASTX search
does not show any significant similarity to other S. cerevisiae ORFs, indicating that these areas are not remnants of ancient pseudogenes. Other
possibilities have not yet been fully investigated.
Very few genes show high G+C content in position 2 of their codons.
However, YIL169C, a putative glycoprotein, and YIR019C (STA1), a glucoamylase gene, show high second-position G+C content. Both genes code
for proteins with a biased amino-acid composition. YIR019C is surrounded by regions low in G+C, but coincides with a high G+C peak on a plot of
overall G+C content (results not shown), showing that a single gene can
cause a peak on these plots. The role of these differences in base composition found in all yeast chromosomes has not been determined, although
high G+C content might promote DNA replication or recombination.
The chromosome IX sequencing project served to highlight the difficulties involved in a whole-chromosome ‘shotgun’ project. This approach is
described in detail in the Methods section. The purity of the starting chro-

mosomal DNA is critical to avoid redundant sequencing effort and to
minimize problems in assembly. Contamination of the chromosome IX
preparation with DNA from other chromosomes resulted in a large number of single reads in the database that were not from that chromosome,
but which increased the complexity of sequence assembly, slowing down
both assembly and subsequent manipulation of contigs. Re-running the
PFG-purified chromosome on a second pulsed-field gel has been shown to
improve significantly the purity of the DNA preparation16. Data from the
whole-chromosome ‘shotgun’ helped to fill the gaps in the cosmid and
lambda libraries, but on their own were difficult to manage. The cosmid
clones provided a framework on which to build data from the wholechromosome shotgun.

Figure 2 G+C composition of chromosome IX (drawn to scale). The top
graduated line represents the chromosome split into 50-kb segments, with
ORFs indicated below this as coloured boxes. ORFs located on the Watson
strand are shown above those on the Crick strand. ORFs encoding previously identified genes are shown in red, those with similarities to known
genes in yellow, those with similarities to hypothetical proteins in orange,
and those with no significant similarities in green; pseudogene ORFs are
shown in blue. tRNA genes are shown as white boxes, as are transposonderived ORFs, with LTRs shown in dark blue (delta), turquoise (tau) and

pink (sigma). Below this, variations in G+C composition (calculated using a
sliding window of 200 bases) are shown as bars, with gradations of red
varying from 35% to 45% (P.R., unpublished data); areas lower than 35%
G+C are white, and those over 45% are red. Five bars of G+C variation are
shown: the lowest bar shows total G+C content; the second shows G+C
content in intergenic regions alone; and the G+C composition in each of
the three bases of each codon are shown above this, with the central of
the five bars representing first-position G+C, the next representing secondposition G+C, and the top bar showing third-position G+C content.
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Methods

The chromosome IX sequencing project was initiated using a lambda clone library
generated by M. Olsen and L. Riles17. This was an inefficient approach because of
short insert sizes (20 kb) and relatively large overlaps (about 5 kb) between lambda
clones. Few cosmids were available at the time, so the approach of randomly ‘shotgun’ sequencing the entire chromosome was attempted.
Yeast genomic DNA was electrophoresed on pulsed-field gels18. To increase the
purity of the chromosomal preparation, yeast plugs were excised early in the run
after chromosome IX had entered the gel, reducing the background DNA level.
Degradation of the material of higher molecular weight occurs with prolonged running of the gel and is the likely cause of contamination of material of lower
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molecular weight. The chromosome IX band was excised under long-wave
ultraviolet transillumination to minimize DNA damage. Chromosomal DNA was
purified by melting and phenol extraction, sonicated and end repaired. Two
libraries were prepared: fragments 1.4–2 kb in length were cloned into M13mp18,
and fragments 6–9 kb long were cloned into the phagemid vector pBS. Over 10,000
independent M13 clones were sequenced and assembled into a database using the
program XBAP19. Sequencing strategy and methods used for sequence assembly are
as described19–25. The lambda-clone consensus sequences were also entered into this
database, which contained several thousand contigs at this stage, most of which
contained a single gel read. We concluded that the chromosome IX DNA preparation was approximately 30% contaminated with DNA from other chromosomes,
and that this was the source of most single-read contigs. This contamination,
together with repetitive sequences in the database, caused many problems with the
data assembly.
To overcome this problem, all single-read contigs were removed from the working copy of the chromosome IX database and collected in a secondary database. As
further data was generated, the secondary database was periodically rescreened, and
single reads were re-entered if they found matches in the primary database. This
reduced the number of reads in the primary database to approximately 7,000, which
represented coverage of the chromosome five times over. The database still
contained several hundred contigs. At this stage a cosmid library covering most of
chromosome IX became available17. The chromosomal ‘shotgun’ data were ‘seeded’
with reads from cosmid clones selected to give coverage over regions not previously
sequenced by lambda clones. This approach also allowed the chromosome to be
split up into manageable sections to solve double-stranding and compression problems. A minimal ‘shotgun’ of 300–500 reads was performed on each cosmid clone.
Data from these cosmids were entered into the chromosome IX ‘shotgun’ database
to contiguate the entire chromosome, and into separate cosmid databases for ease of
handling, together with overlapping reads from the whole-chromosome shotgun.
Each cosmid-sized project was contiguated, double stranded and all compressions
were resolved.
Three regions of the chromosome remained unrepresented in either cosmid or
lambda libraries: the left and right telomeres, and a region near the centre of the
chromosome flanked by lambda clones 6569 and 3299. The right telomere was
sequenced by primer walking using a plasmid clone26. The left telomere was finished
using data from the whole-chromosome ‘shotgun’ and some primer walking from
polymerase chain reaction (PCR) products generated from PFGE-purified chromosome IX DNA. The gap near the centre of the chromosome was filled using data
from the whole-chromosome ‘shotgun’ and by sequencing a 1 kb fragment generated by PCR from genomic DNA. The gap between the lambda clones 6569 and 3299
was approximately 7 kb.
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