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Abstract

We have compared the results of estimations of the total number of protein-coding genes in

the Saccharomyces cerevisiae genome, which have been obtained by many laboratories

since the yeast genome sequence was published in 1996. We propose that there are

5300–5400 genes in the genome. This makes the first estimation of the number of intronless

ORFs longer than 100 codons, based on the features of the set of genes with phenotypes

known in 1997 to be correct. This estimation assumed that the set of the first 2300 genes

with known phenotypes was representative for the whole set of protein-coding genes in the

genome. The same method used in this paper for the approximation of the total number of

protein-coding sequences among more than 40 000 ORFs longer than 20 codons gives a

result that is only slightly higher. This suggests that there are still some non-coding ORFs

in the databases and a few dozen small ORFs, not yet annotated, which probably code for

proteins. Copyright # 2002 John Wiley & Sons, Ltd.

Keywords: Saccharomyces cerevisiae; gene number; hypothetical ORFs; questionable

ORFs; coding probability; smORFs

Introduction

There are about 7500 ORFs longer than 100 codons
in the whole S. cerevisiae genome. The lower length
limit of 100 codons was primarily accepted as an
arbitrary compromise in order not to miss many
real coding ORFs and to avoid a large number of
spurious, non-coding ORFs (Sharp and Cowe,
1991; Oliver et al., 1992). The first elimination of
spurious ORFs was done using the criterion that
of two overlapping ORFs, only one is coding and
usually it is the longer one. After this elimination,
the number of ORFs annotated as presumably
protein-coding sequences drops to about 6300
(Goffeau et al., 1996, 1997; Mewes et al., 1997).
Seeing the overrepresentation of short ORFs (100–
150 codons) in this set of ORFs, Dujon proposed
elimination of ORFs shorter than 150 codons if
their CAI<0.11 (Dujon et al., 1994, 1997; Dujon,
1996). However, this criterion has not been used
in annotations of all chromosomes. At that time
(1996–1997), the total number of annotated ORFs

in S. cerevisiae databases was still about 6200–6300
and the number of ORFs with known phenotypes
was about 2300. Based on the structural properties
of the set of known genes, and assuming that this
set was representative for the whole set of protein-
coding sequences in the yeast genome, the total
number of protein-coding intronless ORFs longer
than 100 codons was then estimated to be about
4800 (Cebrat et al., 1997, 1998a; Kowalczuk et al.,
1999; Mackiewicz et al., 1999). In this manuscript
we have analysed the whole set of potentially
coding sequences annotated in MIPS. The esti-
mated total number of coding sequences cited in
this manuscript (y5300) is consistent with our
previous estimations; 4800 coding among annotated
sequences in 1997, plus 86 added up to now in the
database, plus 473 interrupted genes and genes
shorter than 100 codons actually annotated in
MIPS, giving 5359. The overrepresentation of
short ORFs in the yeast databases has been pointed
out in many other papers (Andrade et al., 1997; Das
et al., 1997 Basrai et al., 1997; Mackiewicz et al.,
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1999). Recent analyses of the yeast genome per-
formed by Zhang and Wang (2000), and particu-
larly the comparative analyses of the S. cerevisiae
genome with other genomes (especially the 13
hemiascomycetous species closely related to S.
cerevisiae) performed by the Genolevures program
(see the series of papers in FEBS Lett 487, 2000; e.g.
Souciet et al., 2000; Blandin et al., 2000; Malpertuy
et al., 2000), have shown that many ORFs which
are still annotated in S. cerevisiae databases, in fact
do not possess orthologues (even among closely
related species) and/or some of them do not possess
compositional properties of known genes. This
suggests that the total number of protein-coding
ORFs in this genome is several hundred lower than
originally assumed. Our estimations and the results
of further genome analyses suggest that the choice
of ORFs for the elimination from databases was
correct, but the number of ORFs recently rejected
is still too low, and some other ORFs should be
eliminated from the databases as non-coding.
These results are supported by the reannotations
of the yeast genome recently done by other authors
(Wood et al., 2001).

Materials and methods

Databases

The sequences of the 16 S. cerevisiae chromosomes
and ORFs annotations were downloaded from
the MIPS database (http://mips.gsf.de/proj/yeast/)
on 7 September 2001. The database listed 6422
ORFs, including 3374 genes with known pheno-
types (grouped in class 1 in MIPS, referred below
to known genes). Coding probabilities (scores) of
particular ORFs counted by Zhang and Wang
(2000) were kindly supplied by the authors. Classi-
fication and annotation of ORFs performed by
the Genolevures program (Souciet et al., 2000;
Malpertuy et al., 2000) were downloaded from
http://cbi.labri.u-bordeaux.fr/Genolevures/Genolevures.

php3. According to the Genolevures program,
ORFs were grouped into the following classes:
probably spurious ORFs; ORFs conserved in non-
Ascomycetes; ORFs conserved only within Asco-
mycetes; and ORFs without homology in organisms
other than S. cerevisiae itself.

The lists of disregarded spurious and very
hypothetical ORFs identified by Wood et al.

(2001) were downloaded from http://www.sanger.
ac.uk/Projects/S_cerevisiae

Many authors have assigned some ORFs as
spurious, hypothetical or questionable using differ-
ent criteria, based on homology, length, CAI value,
compositional properties or overlapping with other
ORFs. We have collected a set of ORFs suggested
as non-coding which have met at least one of the
following criteria:

(i) Assigned as probably spurious by the Genole-
vures program.

(ii) Assigned as spurious or very hypothetical by
Wood et al. (2001).

(iii) With ascribed coding probability lower than
0.5 according to Zhang and Wang (2000).

(iv) Classified as questionable ORFs in the MIPS
database.

All the data have been matched with the ORFs
database downloaded from MIPS, and the resulting
tables are available at our website (http://smORFland.
microb.uni.wroc.pl/). Moreover, in this database we
have included coding probability scores and other
compositional parameters counted for each ORF
by our methods, as well as a detailed description of
the methods. Parameters for a sample of ORFs are
shown in Table 1.

We have also analysed the set of 41 005 ORFs,
including the ORFs annotated in MIPS (6422) and
34 583 ORFs equal or longer than 20 codons and
not overlapping with ORFs annotated MIPS classes
1–3 (sequences with known functions or similarities
to known proteins).

Analysis of the DNA sequence asymmetry

Our method of discrimination between the coding
and non-coding sequences is based on parameteri-
zation of the asymmetry between sense and anti-
sense strands of ORFs. This method uses highly
degenerated parameters of DNA composition,
which leave out homology and arbitrarily chosen
criteria (length, overlapping, etc.). Therefore, it is
possible to find sequences with high coding prob-
ability which have no homology to any known
protein. Four parameters described below char-
acterize the compositional properties of each
sequence. The set of ORFs with already ascribed
functions is then compared with the set of all
ORFs and, using a statistical method, the approxi-
mated number of coding sequences in the set of all
ORFs is calculated. This number has been used for
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calculating the coding probability for each ORF in
the genome.

Parameters of asymmetry

To visualize the asymmetry of DNA sequence and
to show the biological meaning of the parameters
used, DNA walks are performed (Cebrat et al.
1998a; Cebrat and Dudek, 1998). Imagine that a
virtual walker starts its walk on the ORF sequence
from the first nucleotide of the start codon. Next, it
jumps to the first nucleotide in the second codon,
and so on (Figure 1A). It stops at the first

nucleotide of the last codon of the analysed ORF.
These walks (or jumps) are translated into a plot in
a two-dimensional space where the walker goes one
unit up if the visited nucleotide is guanine, down if
the visited nucleotide is cytosine, right if adenine
and left if thymine (Figure 1B). Then, the walker
does its walk for the second and the third codon
positions. Since there are very strong and specific
compositional trends in each position in coding
sequences, the plots ‘drawn’ by the walker are also
specific for each position in the codons and do not
resemble Brownian motion (Figure 1C).

In this study, we have used two pairs of para-
meters describing the walks obtained, which in fact
are measures of the asymmetry in the composition
of the first and the second positions in the codons
of ORF sequences:

S~ arctan (½G{C�=½A{T �) ð1Þ

V~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½A{T �2z½G{C�2

q
=

ffiffiffiffiffi
N

p
ð2Þ

where A, T, G and C are the numbers of respective
nucleotides in the first or second positions in
codons, and N is the length of the analysed ORF
in codons.

The parameter S (Figure 1B) represents the angle
between the x axis and the vector, determined by
the beginning and the end of the corresponding
walk (equation 1). It represents the relation between
the relative abundance of purines over pyrimidines
in complementary pairs of nucleotides. To avoid
infinite values of slopes, we have used a measure of
angle rather than tangent. Furthermore, the func-
tion of arctangent in many instances ‘normalizes’
distributions. The parameter V (Figure 1B) describ-
ing the asymmetry was the length of the vector
described by the beginning and the end of the walk
(equation 2). The length of vector representing a
sequence was divided by the square root of the
length of this sequence in codons. Such normal-
ization shows the relation between the length of this
vector and the average vector for random DNA
sequence of the same length.

Estimation of number of protein-coding
sequences

Having each ORF described by four independent
parameters (S1, S2, the values of angles; and
V1, V2, the normalized lengths of vectors, for the

Figure 1. The method of DNA walks on coding sequence.
(A) Three DNA walks performed separately for each
position in codons beginning from start codon of ORF. (B)
Two-dimensional representation of the above three DNA
walks. Two pairs of parameters describing asymmetry of the
first and the second positions in codons have been shown:
S, angle between a vector representing the walk and x axis;
V, length of this vector. (C) Two-dimensional representation
of three DNA walks performed for the gene SNF12
(YNR023w) coding component of the SWI–SNF global
transcription activator complex
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first and the second codon positions, respectively),
we prepared distribution of all ORFs in four-
dimensional space. To compare the distribution of
coding sequences to the distribution of all ORFs,
we counted for genes with known functions the
average values, M, and the standard deviations, SD,
for each of the four parameters, P. The difference
between M and P of the given parameter for each
ORF was divided by SD (equation 3). The obtained
value, N, was a coordinate of the ORF in the four-
dimensional space and was used for counting the
Euclidean distance, D, of the ORF from the centre
of known genes distribution:

Ni~ Pi{Mij j=SDi ð3Þ

where Pi is a value of parameter i for a given ORF

[parameters S1, S2, are values of angles (in degrees)

and V1, V2, are normalized lengths of vectors for

the first and the second codon positions, respect-

ively], Mi is the average value of parameter i for

genes with known functions, SDi is SD of para-

meter i for genes with known functions, and Ni is

the normalized distance of an ORF to the centre of

known genes distribution of parameter i:

D~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X4
i~1

N2
i

vuut ð4Þ

After the data were grouped into classes, the modal

value for distribution of D for genes with known

functions was estimated. Then the distribution

functions of D for sets of all ORFs and of known

genes were prepared. Assuming that all ORFs with

D lower than the mode for known genes were

coding, the distribution function for genes with

known functions was respectively rescaled by multi-

plying them by ratio ORFm/Gm, where ORFm is the

number of ORFs in the distance lower than the

mode for known genes, and Gm is the number of

known genes in the same distance. From the

rescaled diagram, the approximated total number

of coding ORFs was counted for 5322 (Figure 2).
This method of approximation by definition

overestimates the total number of coding ORFs,
because there is an assumption that all ORFs closer
to the centre of distribution than the modal value
for known genes are coding. The distance of the
point describing a given ORF to the centre of
known genes distribution, and the approximate

number of coding ORFs, enable calculation of the
coding probability for each ORF (Table 1), which is
a fraction of all ORFs for which one could expect
to find phenotypes. For complete data for all
ORFs, see http://smORFland.microb.uni.wroc.pl/.

Results and discussion

Analyses of ORFs distribution on the torus
surface

Parameters S1 and S2, which are the angles of
vectors described by DNA walks for the first and
the second positions in codons, are the measure of
DNA asymmetry for each ORF. They may be used
for producing the distribution of ORFs in two-
dimensional space that is an unfolded surface of a
torus (Cebrat et al., 1997). In such representation,
each sequence is described by a point on the finite
surface of the torus (Figure 3A). In Figure 3 we
have shown the distributions of different sets of
ORFs. The location of ORF in this plot is related
to base composition of the first and the second
codon position (Figure 3B), e.g. ORFs in the sector
between coordinates (0u, x90u), (90u, x90u), (0u,
0u) and (90u, 0u) are relatively rich in guanine and

Figure 2. Distribution functions of D, the Euclidean distance
from the distribution centre of genes with known pheno-
types, for a set of all ORFs annotated in MIPS and for a set of
genes with known phenotypes. Approximated number of all
coding ORFs was received by scaling-up the distribution
function for known genes assuming that all ORFs with D
lower than the mode for known genes (vertical dashed line)
were coding. See text for a more detailed description
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adenine in the first codon positions and rich in
adenine and cytosine in the second codon positions.
It can be seen that ORFs with known functions
form a very compact set in this space (Figure 3D).
All ORFs annotated in the MIPS database form
a much more dispersed set of points (Figure 3C).
In other plots we have shown the distributions
of different sets of ORFs, annotated in MIPS
but classified according to different criteria. ORFs
conserved in non-Ascomycetes form a set resem-
bling the distribution of genes with known
functions (Figure 3E). Conversely, ORFs without
homology in organisms other than S. cerevisiae
itself form much dispersed sets, not resembling the
distribution of coding sequences (Figure 3I). Even
the distribution of ORFs conserved in Ascomycetes
that have homology to only one of the 13 hemi-
ascomycetous species closely related to S. cerevisiae
is quite different from the distribution of coding
sequences. This suggests that in this set many of
ORFs are not coding (Figure 3G). On the other
hand, genes with assigned functions classified in
these two sets are distributed similarly to other
known genes (Figure 3J and 3H, respectively). In
Figure 3K we have collected ORFs which, accord-
ing to at least one author, are considered non-
coding (see Materials and methods). According to
our criteria, coding probabilities of these ORFs are
very low and they form a set quite different from
the set of genes with known functions. If we elimin-
ate these ORFs from the database, the number of
remaining ORFs will be 5492 (see the distribution
in Figure 3F). This number seems to be still over-
estimated because some ORFs, especially in the
set of ORFs without homology in organisms

other than S. cerevisiae itself, may be considered
non-coding. If we subtract the number of these
ORFs (132) from 5492, we receive the estimated
number of coding ORFs, 5360.

Evaluation of approximations of the total
number of coding ORFs

The first sets of ORFs annotated in databases were
over-represented by definition. Authors assumed
that it was better to include some false positives
than eliminate false negatives from databases.
Dujon proposed the elimination of ORFs shorter
than 150 codons if their CAI<0.11 (Dujon et al.,
1994, 1997; Dujon, 1996), which resulted in a gene
number of 5885 (Goffeau et al., 1996).

Approximations done by Zhang and Wang (2000)
suggested that there were no more than 5645
protein-coding ORFs. These authors constructed a
ranking of ORFs according to their coding
probabilities on the basis of some compositional
properties of known genes and ORFs generated in
intergenic sequences. Nevertheless, two phenom-
ena could influence their results: first, intergenic
sequences in the yeast genome are not random and
do not represent a sequence that generates ORFs
randomly with a probability indicated simply by its
nucleotide composition; and second, many non-
coding, questionable ORFs have a very strong
triplet structure and even asymmetry resembling
coding sequences, because they have been generated
inside coding sequences, usually in their antisense
(Cebrat et al., 1998b; Mackiewicz et al., 1999). We
have found that, according to parameters used by

Figure 3. Distribution of different sets of ORFs from the S. cerevisiae genome on the torus (A) and on the torus unfolded
surface (C–L). The location in this plot is related to base composition of the first and the second codon position.
Compositional properties of each sector are shown schematically in (B). The two upper standard letters in a sector indicate
the relative excess of given nucleotides in the first codon position, and the two bottom letters in bold italics indicate the
relative excess in the second codon position, e.g. ORFs in the quadrant sector between coordinates (0u, x90u), (90u, x90u),
(0u, 0u) and (90u, 0u) are relatively rich in guanine and adenine in the first codon positions and rich in adenine and cytosine in
the second codon positions. (A) All ORFs longer than 100 codons. (C) All ORFs annotated in MIPS database. (D) Genes with
known functions. (E) ORFs conserved in non-Ascomycetes. (F) ORFs remaining after excluding all ORFs non-coding
according to at least one author. (G) ORFs without known functions conserved in Ascomycetes which have homology only
to one of the 13 closely related to S. cerevisiae hemiascomycetous species. (H) Genes with known functions in the set shown
in (G). (I) ORFs without known functions and without homology in organisms other than S. cerevisiae itself. (J) Genes with
known functions in the set shown in (I). (K) ORFs that, according to at least one author, are considered non-coding. (L) ORFs
assigned as spurious by the Genolevures program. Each ORF is represented by a point with coordinates: x,
S1=arctan([G1–C1]/[A1–T1]), counted for the first positions in codons; y, S2=arctan([G2–C2]/[A2–T2]), counted for the
second positions in codons
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Zhang and Wang (2000), many overlapping ORFs
entirely included in longer ones are considered
coding (data not shown). That is why their
approximations could be overestimated. In addi-
tion, the gene number estimation done by Wood
et al. (2001), i.e. 5570, seems to be overestimated, as
the authors themselves stated.

A lot of information on probability of coding by
questionable ORFs in the yeast genome has been
supplied by the Genolevures program, coordinated
by Dujon and published in a series of papers in
FEBS Letters 487 (e.g. Souciet et al., 2000; Blandin
et al., 2000; Malpertuy et al., 2000). The predicted
gene numbers were estimated on 5651 and 5547
(mean from two estimation made by two statistical
methods). Based on studies of homology with the S.
cerevisiae genome, other Ascomycetes (especially
the 13 hemiascomycetous species closely related to
S. cerevisiae) and non-Ascomycetes, the authors
have eliminated several hundred spurious ORFs
from the yeast databases. Figure 3L shows how the
distribution of the set of these eliminated ORFs
is different from the set of genes with known
functions (Figure 3D), suggesting that the elimina-
tion was correct. Some ORFs having one or even
two hypothetical homologues in other Ascomycetes
could also be non-coding. Furthermore, Wood et al.
(2001) have found that some S. cerevisiae ORFs
with homologues in hemiascomycetes are in fact
non-coding but are generated in the alternative
frame of real genes, which is a very common
mechanism of generating false reading frames in
genomes (Mackiewicz et al., 1999). Using asym-
metry parameters, we have approximated the total
number of protein-coding sequences among se-
quences annotated in MIPS (including genes with
introns and ORFs shorter than 100 codons) as 5322
(Figure 2). This predicted gene number in the yeast
genome is in agreement with the number of about
5360 that we have received after eliminating the
ORFs that are non-coding according to other authors’
criteria. Nevertheless, our approximations are higher
than the lower limit of estimations obtained by
Malpertuy et al. (2000), i.e. 5175, since they have
assumed the most restrictive conditions for qualify-
ing ORFs as coding on the basis of homology study.

The approximations performed with the whole
set of 41 005 ORFs longer than 20 codons have
given a number a few dozen higher, suggesting that
there are still some coding ORFs among ORFs
shorter than 100 codons.

Analysis of genome structure

There are some other premises which suggest that
the number of spurious ORFs eliminated by the
Genolevures program should be higher. We have
studied the distribution of distances between the
divergent ORFs in the yeast genome. It is widely
accepted that the number of overlapping divergent
coding ORFs should be negligible, if any. Such
overlapping genes with known functions have not
been detected in the yeast genome so far (Wood
et al., 2001). In Figure 4 we have shown the dis-
tribution of the distances, start-to-start, between
divergent pairs of different sets of ORFs. To
compare sets, the diagrams show the fraction of
ORFs in the given range of distance in the analysed
set, normalized by the modal value. There are still
many overlapping ORFs in the MIPS database,
while there are single overlapping frames in the set
of ORFs coding according to our criteria and in the
set of ORFs after rejection of sequences suggested
to be non-coding by the different criteria of other
authors. Elimination of ORFs by the Genolevures
program led by Dujon improved this situation
considerably, but after that elimination, overrepres-
entation of ORFs with short distances between

Figure 4. The distribution of the distances start to start
between divergent pairs of different sets of ORFs in the
yeast genome: all ORFs annotated in MIPS database (ORFS in
MIPS), ORFs remaining after elimination spurious ORFs by
Genolevures program (Genolevures), ORFs remaining after
excluding all ORFs non-coding according to at least one
author (non-coding excluded), ORFs assigned as coding
according to our criteria (approximated). To compare sets,
fraction of ORFs in the given range of distance in the
analysed set was normalized by the modal value. Dashed line
indicates border between negative and positive values of
distance. Negative values of distance indicate overlapping
regions of ORFs
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them is still observed. In some instances, it could be
possible that start codons in one or in both ORFs
should be shifted down the coding sequence. The
same conclusions could be drawn after analysis of
distances between convergently and tandemly ori-
entated ORFs (data not shown).

Length distribution of the coding ORFs

In our method, to avoid the influence of an ORF’s
length on its coding probability estimation, we have
divided the length of the vector representing an
ORF by the square root of the length of the ORF
(see Materials and methods). Thus, the value of the
parameter represents the measure of a statistically
significant trend in the sequence asymmetry. That
enables us to estimate the coding probability even
for very short ORFs. Furthermore, it also makes
the analysis of the length distribution of ORFs
reasonable. In Figure 5 we have shown the distribu-
tion of coding probabilities of ORFs longer than 20
codons in relation to their length. This probability
is very low but higher than zero even for the class of
ORFs 20–30 codons long, and it is still low for
ORFs just over 100 codons. In Figure 6 we have
compared the length distributions of different sets
of ORFs. Four sets have almost identical distribu-
tions (Figure 6A): 1, ORFs with already known
phenotypes, annotated class 1 in MIPS; 2, ORFs

conserved in non-Ascomycetes; 3, ORFs remaining
after excluding all ORFs that are non-coding
according to at least one author; 4, 5322 ORFs
with the highest coding probability according to us.
The other three sets of ORFs (Figure 6B) are: 5,
suggested to be non-coding at least by one author;
6, without homology in organisms other than S.
cerevisiae itself; 7, ORFs conserved in Ascomycetes
which have homology to only one of the 13
hemiascomycetous species closely related to S.
cerevisiae have overrepresented groups of shorter
ORFs, especially of the class just above 100 codons
long. It is characteristic that the set of ORFs
conserved in Ascomycetes only is overrepresented
also by short ORFs, suggesting that there are still
some non-coding ORFs in this set, indicating again
that it is possible to find homologues even for non-
coding ORFs in related species. On the other hand,
the length distribution of known genes belonging to
sets 6 and 7 resemble the distribution of other
known genes (data not shown).

There is a possible mechanism explaining why
non-coding ORFs, even those that have homo-
logues in other species, could exist in genomes. It
could involve intragenomic recombinations which
generate fragments of coding sequences with ORFs
in antisense (Mackiewicz et al., 1999). One can
argue that ORFs specific for a narrow group of
species could be so specific that they escape our
criteria of coding estimation, but why are these
ORFs shorter? Some mathematical approaches
have indicated that, if the prevailing number of
questionable ORFs code for proteins, then proteins
coded by them would form new protein families—
almost each one for itself (Fisher and Eisenberg,
1999). It was hard to accept the hypothesis that the
number of about 1200 protein families known
should be doubled by a simple assumption that all
ORFs annotated in S. cerevisiae databases are
coding. Moreover, we would have to allow over-
lapping of genes with their 5k regions.

Our explanation of the existence of these ORFs
takes into account that coding sequences and the
genetic code itself have specific properties of gener-
ating long ORFs in alternative frames, particularly
in the antisense strand (Cebrat and Dudek, 1996;
Cebrat et al., 1998b). Many of these ORFs may
have arisen by duplications of coding sequences
nesting overlapping non-coding ORFs. Duplicated
sequences accumulated mutations which eventually
generated stops in the ‘maternal’ reading frames of
the original genes, leaving the generated non-coding

Figure 5. The distribution of coding probabilities of ORFs
in relations to their length. Note that both axes are in
logarithmic scale. The plot was obtained by analysis of the
set of 41 005 ORFs, including the ORFs annotated in MIPS
(6422) and 34 583 ORFs equal or longer than 20 codons
and not overlapping with ORFs annotated MIPS classes 1–3
(sequences with known functions or similarities to known
proteins)
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ORFs. That is why these ORFs have composi-
tional properties of non-coding overlapping frames
entirely nested inside known genes. We have found
about 700 ORFs in the MIPS database whose
putative protein products have homologues in
frames different from the frame that had been
assumed in the database as coding (Mackiewicz

et al., 1999). We have identified ORFs with com-
positional properties of non-coding overlapping
frames also in other genomes (Mackiewicz et al.,
2002). There is a lot of evidence that the yeast
genome underwent many duplications in the past
(e.g. Wolfe and Shields, 1997), which is why this
scenario seems to be plausible.

Figure 6. The length distributions of different sets of ORFs. (A) ORFs with known phenotypes; ORFs conserved in non-
Ascomycetes; ORFs remaining after excluding all ORFs non-coding according to at least one author; 5322 ORFs with the
highest coding probability according to us (approximated). (B) ORFs suggested as non-coding at least by one author; ORFs
without homology in organisms other than S. cerevisiae itself; ORFs conserved in Ascomycetes which have homology to only
one of the 13 closely related to S. cerevisiae hemiascomycetous species; 5322 ORFs with the highest coding probability
according to us (approximated), shown here in the same scale for comparison
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Although some antisense ORFs exhibit triplet
structure and sequence asymmetry characteristic for
coding sequences, they possess completely different
codon usage compared to real genes. The prob-
ability that they really code for proteins is very low.
In fact we have noticed the property of the genetic
code of generating antisense ORFs (Cebrat and
Dudek, 1996) and we have found only three genes
out of more than 200 sequences in the yeast genome
which could arise in this way (Cebrat et al., 1998b).
The problem of (non)coding in non-coding frames
and coding of overlapping ORFs was recently
widely discussed by Boldogkoi (2000).

Combined data of coding probabilities counted
by us for each ORF and some data published by
other authors are available on our website (http://
smORFland.microb.uni.wroc.pl/).
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