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The complete nucleotide sequence of Saccharomyces cerevisiae
chromosome VII has 572 predicted open reading frames (ORFs),
of which 341 are new. No correlation was found between G+C
content and gene density along the chromosome, and their varia-
tions are random. Of the ORFs, 17% show high similarity to
human proteins. Almost half of the ORFs could be classified in
functional categories, and there is a slight increase in the number
of transcription (7.0 %) and translation (5.2 %) factors when com-



pared with the complete S. cerevisiae genome. Accurate verifica-
tion procedures demonstrate that there are less than two errors
per 10,000 base pairs in the published sequence.

Before the publication in 1992 of the yeast chromosome III sequence1,
the only available S. cerevisiae genome sequence of appreciable size was a
contig of 24 kilobases (kb) from chromosome VII (refs 2, 3). A 60-kb
physical map covering the left arm of this chromosome between CEN7
and TRP5 markers had been built, allowing sequencing and transcrip-
tional mapping of nine ORFs located in the 24-kb region spanning the
PMA1 and ATE1 loci. Analysis of these data led to the estimation of a
minimum number of 5,300 expressed genes in yeast. In this centromeric
region a recombination frequency of 1 cM corresponded to an average
distance of 3.3 kb, compared with 2.9 kb for the complete chromosome.
These extrapolations have been confirmed by the complete 1,090,936
nucleotide sequence of chromosome VII, the fourth longest in S. cerevisiae.

Chromosome VII contains 564 ORFs of more than 99 codons, plus
eight smaller, previously identified, ORFs. Of these 572 ORFs, 19 are pre-
dicted to carry an intron at their extreme 58 end. The RPL6A gene is inter-
rupted by two introns, one of which codes for the small nuclear RNA39.
Of the 572 ORFs, 152 (26.5 %) had previously been characterized bio-
chemically, and an additional 79 (14 %) had been characterized pheno-
typically. Of these 231 known genes, disruption phenotypes have been
reported in 140 cases, of which 37 are lethal. An additional 61 ORFs (11
%) show a high similarity (FASTA score above 300 or one third of self
score) to another ORF of known function. However, if the threshold
FASTA score is lowered to 150, which is a significant value in many cases,
another 20 ORFs (3.5 %) could be envisaged to be of predictable func-
tion, raising the total number of ORFs of known or predictable function
to 312 (54.6 %). Of the remaining ORFs, 74 (12.9 %) are similar to pro-
tein sequences of unknown function, and 186 ORFs (32.5 %) show weak

or no significant similarity to any other protein sequence in the public
data libraries. Finally, the expression of 63 ORFs (11 %) is questionable
owing to their partial overlap with other ORFs (44) or to a combination
of small size (less than 150 codons) and low codon adaptation index (CAI
below 0.110)4. However, these criteria are not absolute as at least four
expressed ORFs from chromosome VII do not meet them: AGA2 (87
codons; CAI, 0.089), SOH1 (127 codons; CAI, 0.096), SPT4 (102 codons;
CAI, 0.109) and VMA21 (77 codons; CAI, 0.109). Almost 30 % of the
ORFs from chromosome VII are redundant, as 166 show high similarity
(FASTA score greater than 300 or one third of the self score) with other
yeast genes.

The average ORF size is 468 codons, the longest (YGL195w, GCN1)
being 2,672 codons. The average distance between ORFs located on the
same strand is 514 base pairs when not containing tRNAs or long 
terminal repeats (LTRs) and six are longer than 2,000 bp. In the case of
divergent promotors, the spacing is 553 bp, with two being longer than
2,000 bp. The mean size allocated to convergent terminators is only 304
bp, and one of these is longer than 2,000 bp. The mean G+C content of
inter-ORFs regions is 33 %. All of these values are very similar to those
found for the complete genome5.

An attempt has been made to classify chromosome VII ORFs in func-
tional categories (Table 1). Note that any given protein may belong to
more than one category. The percentage of ORFs from chromosome VII
in each functional category correlates with the functional distribution of
ORFs within the complete genome, with a slightly higher content in the
transcription (13 transcription factors) and protein synthesis (18 riboso-
mal proteins) categories.

The putative transmembrane spans have been computed with the
KKD algorithm6 using a rather low threshold7 that takes into account not
only the fully hydrophobic spans, but also the predicted amphipathic a-

letters to nature

82 NATURE | VOL 387 | SUPP | 29 MAY 1997

FFiigguurree  11 Top, position of genetic elements along chromosome VII. Middle,
compositional variation curve; each point represents the average G+C
content in a 40-kb sliding window (steps are 500 bp); the horizontal line
represents the average G+C (38%). Bottom, gene density is expressed as

the fraction of nucleotides within ORFs versus the total number of
nucleotides in sliding windows of 40 kb (steps are 500 bp); the horizontal
line represents the average gene density (0.71). 
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Table 2   Similarity of yeast chromosome VII ORFs of unknown function
with human proteins
Yeast ORF Human protein

YGL150c SNF2a transcription activator that 
cooperates with the oestrogen and retinoic acid 
receptors

YGL125w methylenetetrahydrofolate reductase

YGL106w calmodulin

YGL003c probable cell-division control protein CDC 55

YGR034w new ribosomal protein similar to the human ribosomal 
protein L26

YGR043c transaldolase

YGR217w first putative calcium channel in yeast similar to the 
human voltage-dependent L-type calcium channel a1 
subunit

YGR231c prohibitin, which inhibits DNA synthesis and regulates 
proliferation

YGR256w phosphogluconate dehydrogenase

The similarity threshold is a FASTA score higher than 300 or higher than one 
third of self score.

Table 1   Functional categories of yeast ORFs from chromosome VII
Functional category ORFs

Number Percentage

Metabolism 55 9.0

Energy 19 3.1

DNA synthesis 10 1.6

Transcription 43 7.0

Protein synthesis 32 5.2

Protein destination 18 2.9

Transport facilitation (permeases) 18 2.9

Intracellular traffic 17 2.8

Cell structure 19 3.1

Organelle assembly 11 1.8

Signal transduction 5 0.8

Cell division 24 3.9

Cell rescue 12 1.9

Retrotransposons 13 2.1

Unclassified 318 51.8

Total 614

helices which, when present in a bundle, can contribute to the formation
of a polar channel within the lipid bilayer. Of the 572 ORFs, 359 (63 %)
show no predicted transmembrane spans or are known to be soluble, 79
(14 %) carry at least three putative spans or are known to be membrane
bound, and 134 (23 %) have one or two predicted hydrophobic a-helices,
a feature which does not necessarily mean that they are membrane-
bound. All ORFs have been submitted to PSORT analysis8 to predict their
subcellular localization. If we consider a high certainty score to be at least
0.8 for a given localization, and a low one to be less than 0.5 for all other
possible localizations, only 76 ORFs match these criteria: 37 ORF prod-
ucts predicted to be in the nucleus, 16 in the endoplasmic reticulum, nine
in the mitochondria, nine in the plasma membrane, two in the vacuole,
two in the peroxisome, and one secreted outside the cell. For the 23 chro-
mosome VII proteins of known subcellular localization, the PSORT pre-
diction was correct in 14 cases (61 %). Note that three of the six ORFs
that exhibited an erroneous nuclear localization were ribosomal proteins
which are known to carry a nuclear localization signal to allow the
biosynthesis of the ribosome particles9.

By applying the program PYTHIA10 to search for simple repeats within
a gene, we detected at least 19 genes with regularly repeated nucleotides
corresponding to repeated amino acids in the encoded proteins. Some of
these regions are composed of single amino-acid repeats, including 21
aspartates (in YGL227w), 13 aspartates (YGL058w, RAD6), 11 and 8 glut-
amines (YGL066w), 18 asparagines (YGR233c), 15 asparagines
(YGL014w), 10 asparagines (YGL013c, PDR1), 23 serines (YGR023w) or
16 serines (YGR130c). We also identified more complex repeats, such as
(T S/N ATTT A/E S X4)11 in YGR296w (=Y8), (QQQP)9 in YGL122c
(NAB2), (DEEE)3 in YGL164w, (AQ)14 in YGL181w (GTS1), (TSSS)9 in
YGL028c, or (HN)5 in YGL178w (MPT5). 

A systematic search for similarities with human proteins was 
performed for the 572 ORFs of yeast chromosome VII. A total of 95 ORFs
(16.6 %) show a very significant similarity (FASTA score higher than 300
or higher than one third of self score) with human proteins, of which
these 79 (13.8%) correspond to known yeast proteins whose function is
often closely related to the function of the human homologue. Similarities
of some of the 16 previously unknown ORFs (2.8 %) with human pro-
teins are shown in Table 2.

Several chromosome VII ORFs show a high degree of similarity with
interesting proteins from other organisms. These include: YGL236c, simi-
lar to the glucose-inhibited division (gidA) protein of the bacterium
Escherichia coli; YGL201c, similar to the intestinal DNA replication pro-
tein of the rat Rattus norvegicus; and YGL054c, similar to the Cni protein
necessary for anterior–posterior and dorsal–ventral patterning in the fruit
fly Drosophila melanogaster.

Another interesting feature of S. cerevisiae chromosome VII is the exis-
tence of a pseudogene, which has been confirmed by direct polymerase
chain reaction (PCR) sequencing on the yeast genome. This pseudogene,

YGL259w, contains two frameshifts, and only one of the three ORFs is
longer than 99 codons. However, all three parts show a high similarity
with YIR039c, a hypothetical aspartyl proteinase. Another curious feature
is the presence of three ORFs in the same frame separated by two stop
codons. The rightmost one, YGL238w, corresponds to the CSE1 chromo-
some segregation gene. The leftmost ORF, YGL241w, shows 17% identity
over 1,053 amino acids with CSE1, whereas the central ORF shows no
similarity with this protein. Finally, a possibly unique feature in the yeast
genome is the tail-to-tail arrangement of the SMD1 (YGR074w) and
PRP38 (YGR075c) genes, with their respective ORFs terminating on
opposite strands without any intervening nucleotide between the stop
codons11. This region, as well as the CSE1 region, have been verified by
direct PCR sequencing on the yeast genome.

Chromosome VII contains six yeast retrotransposons: three Ty1s, one
Ty2, one Ty3 and a pseudo-Ty, which contains, in addition to the normal
frameshift separating the Ty1A and Ty1B coding sequences, two
frameshifts splitting both ORFs in two parts. Of 35 tRNA genes identified,
eight are interrupted by introns. All LTRs on chromosome VII are associ-
ated with a tRNA (for review, see  ref. 12), except for the two Ty5 LTRs
located close to the left telomere; however, 12 tRNAs are not associated
with LTRs. The positions of tRNAs, Tys, LTRs and putative ARS 
consensus have been compared to G+C content and gene density along
the chromosome (see Fig. 1). No clear correlation could be identified
regarding the location of these genetic elements. Furthermore, no statisti-
cal correlation exists between the G+C content and the gene density
curves (correlation coefficient, 0.04) when highly overlapping, neigh-
bouring sliding windows (98.7 % overlap) are used. These G+C content
and gene density variations are not significant, as the same analysis per-
formed on several random mixes of the original sequence yields similar
G+C content and gene density variations. A similar graph was obtained
using non-overlapping neighbouring windows along the sequence after
removal of Ty and LTR elements. In this case, a good correlation was
found between the G+C content of the genes and the gene density (corre-
lation coefficient, 0.98), as well as between the G+C content of silent posi-
tions of codons in genes and the gene density (correlation coefficient,
0.66). Finally, there is no significant difference in the G+C content of the
coding regions on each strand: 40.07 % G+C and 305 ORFs on the Wat-
son strand, and 39.95 % G+C and 267 ORFs on the Crick strand.

The physical map of chromosome VII has been constructed indepen-
dently from the genetic map using the meganuclease I-SceI to produce in
vitro nested fragmentations of the chromosome13,14. The cosmids chosen
for sequencing were screened from two genomic libraries14 and complet-
ed using a few cosmids from the physical map constructed by L. Riles
(unpublished). The left telomere has been cloned15 and the right telomer-
ic sequence was obtained from a PCR fragment amplified from a strain
carrying the pEL61 plasmid15 integrated in the subtelomeric region.

The quality of the sequence of chromosome VII was assessed using dif-



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 rese-
quencing 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 dis-
crepancies 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 inter-
genic regions. Indeed, the quality assessment procedure led to the correc-
tion 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 successful-
ly demonstrated the viability of the whole-genome random ‘shot-
gun’ 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-chro-
mosome ‘shotgun’, and describe the particular difficulties encoun-
tered 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 approxi-
mately 30% have been sequenced previously. This chromosome
shows features typical of a small Saccharomyces cerevisiae chro-
mosome.

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 contain-
ing 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 chromo-
some IX is YIL129C, which encodes a hypothetical protein of 2,376
amino acids. The YIL129C protein is similar to another hypothetical pro-
tein 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 diffi-
cult 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.


