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Abstract

Background: Although the protein-coding sequences in the Saccharomyces cerevisiae genome have
been studied and annotated extensively, much less is known about the extent and characteristics
of the untranslated regions of yeast mRNA:s.

Results: We developed a 'Virtual Northern' method, using DNA microarrays for genome-wide
systematic analysis of mRNA lengths. We used this method to measure mRNAs corresponding to
84% of the annotated open reading frames (ORFs) in the S. cerevisiae genome, with high precision
and accuracy (measurement errors £ 6-7%). We found a close linear relationship between mRNA
lengths and the lengths of known or predicted translated sequences; mRNAs were typically around
300 nucleotides longer than the translated sequences. Analysis of genes deviating from that
relationship identified ORFs with annotation errors, ORFs that appear not to be bona fide genes,
and potentially novel genes. Interestingly, we found that systematic differences in the total length
of the untranslated sequences in mMRNAs were related to the functions of the encoded proteins.

Conclusions: The Virtual Northern method provides a practical and efficient method for genome-
scale analysis of transcript lengths. Approximately 12-15% of the yeast genome is represented in
untranslated sequences of mMRNAs. A systematic relationship between the lengths of the
untranslated regions in yeast mMRNAs and the functions of the proteins they encode may point to
an important regulatory role for these sequences.
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Background

Messenger RNAs can carry a great deal of information in
addition to the sequence of the protein they encode. The
untranslated regions (UTRs) of mRNAs encode regulatory
signals for translation, stability and subcellular localization
[1]. Previous genomic studies of RNA transcripts have been
limited to large scale cDNA sequencing [2-4] and computa-
tional modeling [5,6]. Although computational methods for
predicting coding sequences from genomic sequences gener-
ally perform well, our ability to recognize and predict the
boundaries of transcripts from genome sequences is still

relatively unreliable. Genome-scale measurement of the
lengths of transcripts corresponding to each gene could pro-
vide important constraints for modeling boundaries and
splicing patterns from genome sequence, and give us insights
into the characteristics of the untranslated sequences of
mRNAs.

We have developed a DNA microarray-based method for
measuring transcript length on a genomic scale. This method,
called the Virtual Northern, is a complementary approach to
cDNA sequencing. It is lower in resolution, but relatively
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Figure |
Virtual Northern scheme.

rapid and cheap, and less sensitive to the inabundance of rare
messages or the difficulties in obtaining and cloning full
length ¢cDNAs [7].

The Virtual Northern scheme is summarized in Figure 1.
Poly(A) RNA is separated by length on an agarose gel. The gel
is sliced into a large number of thin slices, each of which con-
tains RNAs from a narrow range of lengths [8]. RNA from
each slice is then recovered, fluorescently labeled, and
hybridized to a separate DNA microarray. Systematic analysis
of the variation in the hybridization signal - across the series
of gel slices for each DNA sequence represented on the

microarrays - gives the length profile of all the transcripts that
contain that sequence (Figure 2). Transcript lengths can then
be determined from the peaks in those profiles. The method
is essentially a Northern blot in reverse: instead of a gene
probe labeled and hybridized to size-separated RNA immobi-
lized on a membrane, size-separated RNA is labeled and
hybridized to gene probes immobilized on a glass slide.

We chose to test the Virtual Northern method on the genome
of the budding yeast Saccharomyces cerevisiae for several
reasons. As the first fully-sequenced eukaryotic genome, the
S. cerevisiae genome is complete, well-studied and well-
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Figure 2

Examples of length profiles. Each length profile is a plot of the normalized
ratio from all 30 microarrays. The x-axis is the distance of the midpoint of
each gel slice from the origin. The black line indicates the threshold
fluorescence ratio for peak recognition of 2.0, and the closed circles
represent the three points used to calculate the midpoint of each peak.

annotated [9]. Furthermore, the genome is small and com-
pact enough to allow the whole genome to be printed on a sin-
gle microarray [10]. Finally, very little was known about the
lengths or diversity of lengths of S. cerevisiae transcripts.

Results and discussion

Evaluation of the Virtual Northern method

The Virtual Northern method was applied to the genome of S.
cerevisiae. After data quality filtering and array normaliza-
tion, each length profile was searched for peaks at a ratio
threshold of 2.0, resulting in 9,867 profiles with at least one
and as many as six peaks (Tables 1 and 2). The threshold of
2.0 was deliberately low to provide a measurement for as

Table |
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many genes as possible. An ordered map of all of the known
transcribed features of the S. cerevisiae genome was con-
structed based on a download of all annotated features from
the Saccharomyces Genome Database (SGD) [11] as of 25
January 2003. The 9,867 profiles were matched against the
ordered map, and as many peaks as possible were matched to
the appropriate gene based solely on three criteria: features
overlapped by the spot, genes directly adjacent to the spot on
the ordered map, and the potential of a spot to crosshybridize
to other genes with which it has high sequence similarity. As
a result, at least one peak from 8,928 (90%) profiles could be
matched to an annotated gene (Table 1). Of the 6,214 anno-
tated non-Ty/non-pseudogene open reading frames (ORFs),
5,189 (84%) were matched to at least one and as many as six
peaks (Table 3). Multiple measurements for the gene were
typically provided by duplicated spots, overlapping genes and
intergenic regions.

The precision of the Virtual Northern method was estimated
based on the deviations between transcript lengths inferred
from the Virtual Northern and their independently measured
lengths using rapid amplification of cDNA ends (RACE) and
on the variation among multiple measurements for the same
gene. A major limitation to the precision with which the
method can measure length is the means with which the
length separation is achieved. In this case, 30 equal-width
slices, representing RNAs of length 300-4,400 nucleotides
(nts), were excised from an agarose gel. Due to the approxi-
mately exponential relationship between gel mobility and
RNA length, the range of lengths represented by each equal-
width slice increased from 35 to 326 nucleotides with
decreasing distance from the origin over the range analyzed.
However, as a fraction of RNA length each slice remained a
constant 9%. Nevertheless, the average absolute deviation
between the 94 RACE-analyzed transcripts and their Virtual
Northern measurements was only 5.2%. Additionally, the

Results of data filtering and profile inspection

Spot type Number of spots on each array =~ Number of profiles after filtering (threshold 2.0) ~ Number of profiles matched to a gene
ORF 7,492 (6,398) 6,031 (5,498) 5,846 (5,304)
Intergenic 6,389 3,689 2,998
Intron 157 (133) 32 28

LTR 141 37 6
Mitochondrial 138 (71) 40 (28) 18 (12)
snRNA/snoRNA 44 3 2
tRNA 42 3 0

Ty 31 (28) 12 12
rRNA 23 (19) 17 (14) 17 (14)
Centromeric 16 | 0
Telomeric 10 2 |

Total 14,483 (13,291) 9,867 (9,311) 8,928 (8,377)

As these microarrays contained duplicated spots, the parentheses represent the number of unique spots or profiles in the dataset.
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Table 3

Number of peaks per profile

Number of times each gene is represented by a separate peak

Number of peaks Number of profiles (threshold

2.0)
| 7,253
2 1,963
3 505
4 12
5 29
6 5
Total 9,867

deviations between multiple measurements for the same gene
were calculated to estimate the error introduced by compar-
ing data from different spots; this average absolute deviation
was calculated to be only 0.93%. Therefore, we estimate the
average error in length measurement to be approximately 6-
7% (5.2% + 0.93%), the majority of which is due to the level of
precision with which the gel was sliced.

We estimated the accuracy of the Virtual Northern method
from the fraction of cases where a transcript's length meas-
urement was completely spurious and unrelated to its true
length. Several alternate sources of transcript length informa-
tion were compared to the Virtual Northern dataset, and the
fraction of discordant measurements was calculated for each
source. Measurements were considered discordant when they
differed from their alternate measurement by more than the
average error of 7%. Firstly, six RACE-measured transcripts
were excluded from the conversion of gel mobility to tran-
script length because they diverged too greatly from the best
fit line. Six discrepancies out of 100 gives an error rate of
6.0%. Data from three articles [12-14] that reported tradi-
tional Northern blot analyses of large numbers of yeast genes
were compared to our dataset. The published data of Richard
et al., Naitou et al. and Shiratori et al. showed five discrepan-
cies out of 9o genes (5.6%), six out of 89 (6.7%) and three out
of 38 (7.9%), respectively, for a total error rate of 6.5% (14 out
of 217). Our dataset was also compared to data from a test run
of the Virtual Northern method which covered a much
smaller overall length range. The comparison showed 133 dis-
crepancies out of 3,516 genes for an error rate of 3.8%.
Finally, 939 out of the 9,867 profiles in the dataset (9.5%)
were not matched to any known gene (Table 1). Comparison
to the test run data probably provides an underestimate of the
true error rate since the two agarose gels were run under iden-
tical conditions and any artifacts consistently associated with
gel electrophoresis would be shared. On the other hand, the
fraction of unexplained profiles is likely to be an overestimate
of the true error rate since unexplained peaks could be due to
novel or anomalous transcripts. Therefore we estimate the

Number of times represented Number of genes

| 2,337
2 2,069
3 675
4 88
5 17
6 3
Total 5,189

error rate to be approximately 6-7%, as indicated by the
RACE and traditional Northern comparisons, which should
be the most unbiased alternate sources of length information.

Relationship of transcript length to genome sequence
The transcript lengths of the 5,189 non-Ty/non-pseudogene
ORFs for which we obtained a measurement were compared
to their ORF length and to a theoretical maximum length.
ORF lengths were taken as annotated in the SGD and cor-
rected by subtracting the lengths of any annotated introns.
The theoretical maximum length for each ORF was calculated
to be the intron-corrected ORF length plus the lengths of its
flanking intergenic regions. This parameter is only a simplis-
tic theoretical maximum since it assumes that the transcript
from one ORF never overlaps adjacent ORFs, which is clearly
untrue; for example, there are cases where the ORFs them-
selves overlap [15].

The relationship between ORF length and transcript length is
shown in Figure 3. Transcript length shows an extremely
good fit to a linear relationship with ORF length. The param-
eters of the best fit line also show that, even over the entire
range from 300 to 4,000 nucleotides, transcript length
closely approximates the ORF length plus a fixed length of
approximately 300 nucleotides. With an average ORF length
for the entire yeast genome of 1,385 base pairs (bps), the aver-
age combined 5'- and 3'-UTR length can be calculated to be
256 nucleotides (1,385 times 0.0031, plus 312 minus 60
nucleotides for a poly(A) tail). A yeast mRNA can be well
modeled as the ORF plus an average UTR length of 256
nucleotides and a 60 nucleotide poly(A) tail. This agrees well
with the RACE data which shows an average combined UTR
length of 2776 nucleotides. Furthermore, since the mean inter-
genic region in the yeast is 536 bps, this simple mRNA model
predicts that, on average, the transcribed portions of adjacent
genes are nonoverlapping and separated by 280 bps (536 bps
minus 256 bps).

Transcript length is plotted against the theoretical 'maxi-
mum' length in Figure 4. Excluded from this plot are ORFs
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Figure 3

Relationship between ORF length and transcript length. Measured
transcript length in nucleotides (nts) is plotted against ORF length in base
pairs (bps). Green squares and red triangles indicate ORFs whose length is
greater than their transcript length and transcripts greater than their
theoretical maximum length, respectively. Parentheses indicate how many
spots of each type are plotted. The black line is the linear least-squares fit
to the blue 'Good' ORF circles. It has the parameters y = 1.0031x +
311.88 (R2=0.93).

which are annotated as overlapping another ORF since the
transcript lengths of virtually all such ORFs exceed their the-
oretical maximum length. Although there is clearly no simple
function which relates transcript length to maximum length,
there is clearly a pronounced tendency for transcript length to
be less than the theoretical 'maximum'. Accounting for the
imprecision of the measurement, only 3% of the total points
lie above the equality line in Figure 4. Thus, it appears that the
transcribed portions of yeast genes rarely overlap adjacent
ORFs.

Identification of biologically relevant groups of genes
whose transcripts deviate significantly from the linear
relationship between ORF and transcript length

Since transcript length showed such a good linear relation-
ship with ORF length, we investigated the possibility that
deviations from this relationship might be functionally
significant. We calculated the 'expected’ transcript length for
each protein-coding gene from its ORF length, based on the
linear equation described in the previous section, and deter-
mined the difference between the observed transcript length
and the expected transcript length for every gene with a Vir-
tual Northern measurement. We found no consistent correla-
tion between the deviation of a transcript's length from the
'expected’ length and its abundance [16], half-life [16] or
translation rate [17]. We then downloaded the Gene Ontology
(GO) annotation (biological process, molecular function and
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= Transcript > max (158)
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Figure 4

Relationship between the interval between flanking ORFs (‘'maximum'
length) and transcript length. Measured transcript length in nucleotides
(nts) for all nonoverlapping genes is plotted against the inter-ORF interval
for each gene. Red squares indicate those transcripts whose length
exceeds their theoretical maximum within the precision of the
measurement. The identity line is shown in black for clarity. Parentheses
indicate how many spots of each type are plotted.

cellular component) for every yeast gene from the SGD [18].
We compared the distribution of the residuals, between
observed and expected lengths, for every distinct GO
classification containing more than five genes in our dataset
to the distribution of all residuals in the dataset, using a Stu-
dent's t-test (two-tailed, unequal variance). This analysis
identified groups of genes with the same GO annotation
whose transcripts were on average significantly longer or
shorter than expected. Table 4 shows the ten most significant
GO annotations along with their associated ontology and t-
statistic.

As shown in Table 4, there were a number of functional
classes of genes with shorter-than-average UTRs. The most
significant class was the class of transcripts encoding ribos-
omal proteins. Those transcripts were the most significantly
deviant in UTR length with an average length 222
nucleotides, approximately 63% of the genome-wide average.
Strangely, there was an apparent lack of any functional
classes of genes with transcripts larger than average; only the
class of genes whose function was unknown were reasonably
significant. Inspection of these transcripts revealed that the
distribution was largely skewed by a handful of small, dubi-
ous ORFs whose signal probably derives from longer, adja-
cent or overlapping bona fide genes. When unnamed ORFs of
less than 400 bps in length were filtered out, the 'unknown'
class lost statistical significance.

Genome Biology 2003, 5:R2
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GO annotations whose transcripts had an average (observed minus expected) length significantly different than the average for all

transcripts

GO annotation t-statistic Ontology Comparison of distribution to average Number of genes
Structural constituent of 4.39E-55 MF Shorter 229
ribosome

Chaperone activity 1.27E-10 MF Shorter 82
Cytoplasm 4.49E-07 CcC Shorter 2,391
Unknown 5.79E-07 All Longer 2,313
Proteasome core complex 6.53E-07 CC Shorter 15
Response to oxidative stress 7.64E-07 BP Shorter 35
Nucleolus 2.70E-06 CcC Shorter 220
Gluconeogenesis 3.24E-06 BP Shorter 30
Peroxisome organization and 8.91E-06 BP Shorter 39
biogenesis

Chromatin assembly/ 1.43E-05 BP Shorter 24

disassembly

BP, biological process; MF, molecular function; CC, cellular component.

To determine if the unannotated genes were masking any
functional classes with larger than average transcripts, we
repeated the t-test analysis excluding the 2,313 genes lacking
either a biological process or molecular function annotation.
That analysis had no substantial effect on the functional
classes whose transcripts were shorter than average, but it
identified several functional classes with statistically signifi-
cant, larger than average transcripts. The top five are listed in
Table 5. These functional classes were particularly interesting
because they are enriched for proteins involved in the regula-
tion of dynamic cellular processes such as transcription, sig-
nal transduction, cell cycle control, and metabolism.
Messenger RNA transcripts may be longer than expected due
to the presence of additional sequences in their UTRs -
important for the regulation of their translation, cellular
localization, or decay.

Table 5

Figure 5 illustrates the features of both the functional classes
whose transcripts are, on average, shorter than expected and
those that are, on average, longer. The distributions of resid-
uals between observed and expected transcript lengths for
functional classes whose transcripts are shorter than average,
are exemplified by the distribution for transcripts encoding
ribosomal proteins. Such distributions appear to be approxi-
mately normally distributed, similar to the distribution of
residuals for all transcripts, but with a lower mean. On the
other hand, the distributions of residuals for functional
classes whose transcripts are longer than average, exempli-
fied by the distribution for transcripts encoding transcription
factors, are generally multimodal. Although the majority of
transcripts in those functional classes have UTRs comparable
in length to the genome-wide average, a subset of approxi-
mately 20% of those transcripts are from 180 to over 1,000

Top five statistically significant GO annotations associated with transcripts that are longer than expected

GO annotation t-statistic Ontology Number of genes
Nucleus 8.16E-06 Ccc 1,485
Transcription factor activity 9.43E-05 MF 311
Protein serine/threonine kinase 1.96E-03 MF 95

DNA binding activity 3.51E-03 MF 253

GI1/S transition of mitotic cell cycle 8.12E-03 BP 53

BP, biological process; MF, molecular function; CC, cellular component.
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http://genomebiology.com/2003/5/1/R2

--- Transcription factor
(245 genes)

— - Ribosomal subunit

/’ \ (209 genes)

! v | — All (5013 genes)

]

g o
e 2 Q
N

Q

Frequency (%)
N 8 S

H
Q

0 PR " T e
-600 -400 -200 0 200 400 600
Observed - expected transcript length (nts)

Figure 5

Distribution of residuals between observed and expected transcript
lengths. The distributions of the residuals are plotted for all genes, for 209
genes annotated as ribosomal subunits and for 245 genes annotated as
having transcription factor activity. The number of genes in each length bin
is plotted as a percent of the total number of genes in that distribution.

nucleotides longer than expected. Whereas shorter-than-
average UTRs appear to be a consistent, general feature of
ribosomal subunit genes, there is nothing inherent about
genes encoding transcription factors that predispose their
UTRs to be longer than average; the group of genes is merely
enriched for genes with long UTRs. The disproportionate rep-
resentation of genes with regulatory functions among the
genes with long UTRs suggests that those UTRs may contain
sequences important for precise regulation. The significance
of functional variation in UTR length merits further
investigation.

Overlapping and questionable ORFs

The number of bona fide protein-coding genes in the S. cere-
visiae genome is still unclear. Since the completion of the S.
cerevisiae sequence in 1996, several computational and
experimental approaches have been taken to identify previ-
ously undiscovered ORFs and to classify certain ORFs as
questionable, dubious, spurious, bogus or hypothetical
([15,19-23] and references therein). The Virtual Northern
method provides another piece of information to help distin-
guish true genes from ORFs erroneously annotated as hypo-
thetical genes. Since the method can only measure the lengths
of transcripts present in the experimental sample, this dataset
only represents those genes expressed under the two condi-
tions used in this experiment. Therefore, like any experiment
that depends on gene expression for signal, we cannot confi-
dently conclude that an unobserved gene does not exist. How-
ever, the presence of a transcript corresponding in length to,
and hybridizing to, an ORF provides strong presumptive evi-
dence that it represents a bona fide gene. As a demonstration,
alist of 820 ORFs classified as dubious was downloaded from
the SGD. This list represents a curation of experimental and
computational data from the articles listed above [15,19-23],
among others. Transcript measurements were available for
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243 of those ORFs. Of those, 192 showed good agreement
between ORF length and transcript length as discussed previ-
ously, indicating that these 192 of the 820 ORFs on the ques-
tionable list are likely to represent bona fide genes.

Overlapping ORFs encompass the majority of the questiona-
ble ORFs. Although examples of two real genes overlapping
each other exist, it is likely that most overlapping ORF pairs
contain only a single real gene [15]. The yeast genome has 873
non-Ty/non-pseudogene ORFs which overlap another gene.
Virtual Northern profiles passed our filtering criteria for 695
of those. For virtually all available overlapping pairs, both
members hybridized to a transcript of the same length, typi-
cally one that matched the predicted transcript length for one
of the two ORFs. In those cases, we assigned the measured
transcript to the ORF to which it more closely correlated,
unless the assignment was contradicted by hybridization to
an adjacent intergenic region. Overlapping ORFs with
approximately the same ORF length or with distinct tran-
script lengths were each assigned the transcript length meas-
urement from their respective hybridization result, and
presumed to each encode a separate transcript. As a result,
transcripts hybridizing to 428 ORFs were assigned to that
ORF, and 213 were assigned to the overlapping ORF instead.
The remaining 54 profiles had multiple peaks which matched
both ORFs. Although our data suggest that there are at least
54 examples of pairs of bona fide genes with overlapping
ORFs in yeast, most overlapping ORF pairs are represented
by only a single transcript.

Gene families with highly homologous members

The effect on transcript length measurement of cross-hybridi-
zation between ORFs with high sequence similarity was
examined. Sequence similarity data from an all-versus-all
BLAST comparison of every annotated feature and intergenic
region were available from the SGD. The profiles of all ORFs
with more than 70% sequence identity to another locus in the
genome were examined for the possibility of cross-hybridiza-
tion. As a result, 14 separate gene families with numerous
highly homologous members were identified, most of which
consisted of subtelomeric ORFs (complete gene lists are avail-
able online [24]). The cross-hybridization potential of the
COS, HXT, IMD, MAL, PRM, SSA and THI gene families could
not be determined. Although the different members of each
family all had similar measured transcript lengths, the ORFs
comprising each family were all of nearly identical length,
making it impossible to determine which family members are
truly expressed and which cross-hybridize. On the other hand,
despite an average nucleotide sequence identity of 75.6%
between members, the RPP family showed no evidence of
cross-hybridization: ORF lengths varied from 321 to 939 bps,
and the measured transcript lengths followed suit, increasing
from 499 to 1,090 nucleotides. The remaining six gene fami-
lies, namely the AAD, PAU, YRF, YAR066W-like, YBL108W-
like and YDR543C-like genes, are all subtelomeric. Their Vir-
tual Northern profiles were characterized by a large number of
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peaks, subsets of which are shared by their various family
members, consistent with extensive cross-hybridization.

OREF lengths greater than the measured length of the
cognate transcripts

As shown in Figure 3, there are 134 genes in the dataset whose
ORF length is greater than their measured transcript length.
In order to determine whether these measurements are spu-
rious or biologically relevant anomalies, traditional Northern
blots were performed on six of the 134 genes - YML104C,
YML116W, YML123C, YMR024W, YMR054W and YLR160C.
In five out of six cases, the transcript length, as measured by
the traditional analysis, was greater than the ORF length and
did not match the Virtual Northern measurement. In the case
of ASP3 (YLR160C), however, traditional Northern analysis
confirmed a transcript length of 600 nucleotides for a 1,089
bp OREF. A search of the literature showed that the transcrip-
tional initiation site of the ASP3 gene is regulated by nitrogen
catabolite levels. In conditions where the cell is not starved
for nitrogen, a transcript of 600 nucleotides is produced by
initiation at a downstream promoter, encoding an amino-ter-
minally truncated protein. Only during nitrogen starvation is
the full-length 1,200 nucleotide transcript produced [25]. A
search of the other genes among the 134 on the list identified
two genes, CBP1 (YJL209W) [26] and SIR1 (YKR101W) [27],
that are also known from published studies to show transcript
length regulation consistent with the Virtual Northern
results. Although it is likely, based on the traditional North-
ern analysis, that the majority of the 134 anomalously short
transcript lengths represent inaccurate measurements, many
of those genes are potential examples of regulated transcript
length.

Adjacent ORF anomalies

The transcript length information was matched to an ordered
map of the yeast genome, and adjacent ORF pairs were iden-
tified that showed not only the same transcript length but also
a transcript length anomalously long enough to contain both
ORFs. Forty-five loci matching these criteria were identified,
including five loci for which three adjacent ORFs are
involved. Nine of these loci had been identified previously
[15,21]. All 45 loci were analyzed by reverse transcriptase PCR
(RT-PCR) analysis to verify that adjacent ORF pairs are in
fact present on the same transcript, and 50 of the 95 ORFs
were subjected to RACE analysis. All 95 of these ORFs were
crosschecked against their orthologs in three other newly
sequenced budding yeast species [21] using the Synteny
Viewer at the SGD [28]. The results are summarized in Figure
6.1In 32 loci the ORFs are arranged in parallel, that is, head to
tail. In nine of those cases, the ORFs share the same transcript
and their annotation as separate ORFs appears to be due to a
sequence error. In five cases, the ORFs are apparently distinct
genes but the 3'-UTR of the upstream ORF contains all or part
of the downstream ORF. In the remaining 18 cases, one of the
two ORFs is present entirely or in part in the UTR of the other
gene but is not conserved in other yeast species and therefore
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is not likely to be a bona fide gene. In three loci the ORFs are
in a convergent, that is, tail to tail, arrangement. As above, in
two of those cases a pair of real ORFs have overlapping 3'-
UTRs, and in the remaining case the 3'-UTR overlaps an ORF
which is not conserved in other species. In eight loci the ORFs
are in a divergent, that is, head to head, orientation. Also as
above, in two cases a pair of real ORFs have overlapping 5'-
UTRs, and in four cases the 5'-UTR overlaps an ORF which is
not conserved in other species. In the remaining two loci, the
transcripts do not overlap but are coincidentally the same
(unusually long) length. Not shown in Figure 6 are two cases
of transcripts apparently involving three ORFs each. The evi-
dence suggests that all six of those ORFs may be real genes,
with overlapping UTRs in one case and overlapping ORFs in
the other. More detailed descriptions of each of these 95
OREFs are available online [24]. Although this class of anom-
aly was examined specifically for the purpose of identifying
ORFs which should be fused or extended due to introns or
sequencing errors, no new introns and few sequence errors
were identified. The most common reason for two adjacent
ORFs to share the same anomalously long transcript was that
the 3' or 5' UTR of one of the two ORFs was anomalously long
and significantly overlapped the other ORF (76% of the loci).
In most of those cases, the ORF that lacked a distinct tran-
script measurement of its own was not conserved in other
species and therefore may not be a bona fide gene (68%). In
some cases, the lack of a detectable transcript may be attrib-
utable to a lack of expression under the limited range of con-
ditions represented in our analysis.

Transcripts longer than the interval between flanking
ORFs

As shown in Figure 4, there are only 158 ORFs whose tran-
script length exceeds the length of the interval between the
flanking ORFs. Of those, 37 are among the ORFs described in
the previous section on adjacent ORF anomalies. The remain-
ing 121 cases presumably include both erroneous measure-
ments and additional cases of unusually long transcripts that
overlap adjacent ORFs. Although this set of genes was not
experimentally characterized further, 40 of those transcript
measurements were corroborated by hybridization results
from adjacent independent (generally intergenic) spots, and
are therefore likely to be accurate measurements of
abnormally long transcripts. The other 81, many of which
would correspond to extremely large differences between
transcript and ORF length, are not corroborated by the
expected hybridization pattern to adjacent sequences, and
thus are more likely to be erroneous measurements.

Introns and intron-containing ORFs

As shown in Table 1, of the 133 unique introns represented on
the microarrays, 32 hybridization profiles passed data filter-
ing. Exactly 30 of those 32 intron profiles had a correspond-
ing ORF profile in the dataset. The length measured by each
of those intron profiles was compared to the transcript length
measured by the corresponding ORF. The length
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Adjacent ORF anomalies. Eight different classes of adjacent ORF anomalies
are pictured schematically. Open boxes represent ORFs, and their arrows
represent their orientation from translational start to stop. Dashed open
boxes represent non-conserved ORFs. The solid lines indicate the
transcripts detected by Virtual Northern and RACE analysis. The dashed
portions of those lines represent variation in the extent of 3'-UTR overlap
between different cases. The number following each title lists the number
of loci in that class.

measurements were identical in three cases. In 25 cases
(83%), the transcript length inferred from the intron's
hybridization profile was consistent with the measured length
of the mRNA, inferred from the ORF hybridization profile,
plus the length of the intron. Thus it appeared to represent an
unspliced precursor. Finally, two gave unexplained, probably
erroneous lengths.

Although splicing and intron degradation are not instantane-
ous [29], it was uncertain, a priori, what signal the intron
spots would detect. It was comforting to observe that the
majority of those spots detected the small amount of
unspliced message in the cell. More confusing were the three
profiles with a peak corresponding to the length of the spliced
transcript. The observation for one of those genes, HAC1, was
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explained by its biology. The translation of HAC1 protein is
regulated by the unconventional splicing of HAC1 mRNA in
response to the accumulation of unfolded proteins in the
endoplasmic reticullum (ER) [30]. Thus, in unstressed cells,
both ORF and intron sequence would hybridize to the same
unspliced mRNA. Furthermore, the annotation of the other
two genes, YHLo50C and YJRo79W, has recently been
brought into question [21]. Comparison of those two genes to
their orthologs in other yeast species has suggested that the
boundaries of the intron of YHL050C are incorrectly anno-
tated, and that YJRo79W is not actually spliced. Thus, the
'intron’ sequence represented by those two profiles probably
includes or consists entirely of exon sequence.

Since a handful of intron spots were able to detect unspliced
mRNA, the profiles of all intron-containing ORFs were exam-
ined for secondary peaks consistent with an unspliced precur-
sor. Four ORF profiles (YDR064W, YGL103W, YKLoO2W
and YKL156W) were found to have a secondary peak consist-
ent with an unspliced precursor.

Transposons

The yeast genome contains five different classes of retrotrans-
posable elements denoted as Ty1 to Tys [31]. Elements from
the first four classes exceed 5 kb, which is above the measured
length range for this dataset. Therefore, with the exception of
Tys, the Ty spots should not be able to detect full-length
transposon RNA. However, examination of Ty transcripts
typically identifies partial length transcripts around 3 kb in
addition to full length [32]. The 12 Ty profiles along with
seven Ty ORF profiles identified transcripts of 0.7 and 3.5 kb
for Ty1, 3.5 kb for Ty2, and 1.9 and 3.3 kb for Ty3. No reliable
transcripts were identified for Ty4 or Tys.

Mitochondrial transcripts

The yeast mitochondrial genome encodes 24 tRNAs, two
rRNAs, 9S RNA and 19 ORFs [33]. These genes are
transcribed into approximately 14 multigene primary tran-
scripts which are then extensively spliced and nucleolytically
processed [34]. The mitochondrial sequences represented on
the microarrays were therefore often theoretically capable of
hybridizing to a number of different processing intermediates
and alternately spliced transcripts. Interestingly, no
mitochondrial sequence had a Virtual Northern hybridization
profile with more than two detectable peaks. Nevertheless,
only 12 unique sequences could be unambiguously assigned
to a specific gene. Most of the sequences could possibly repre-
sent as many as four different genes.

rRNA, snRNA, snoRNA and tRNA

As annotated in the SGD, the nuclear yeast genome is cur-
rently known to encode 25S, 18S, 5.8S and 5S rRNAs, six
snRNAs, 67 snoRNAs, five stable RNAs and 299 tRNAs. Since
most stable non-protein coding RNAs are shorter than 300
nucleotides, only the 25S and 18S rRNAs, two snRNAs, eight
snoRNAs, and four stable RNAs are within the measured
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length range for this dataset. Of those, profiles exist for the
two rRNAs, the snRNA LSR1, the three snoRNAs (SNR17A,
SNR42 and SNR37), and the RNase P RNA component,
RPR1. Also, profiles were obtained for the 55 rRNA, SNR44
and three tRNAs, all of which are too small to have been
detected unless their electrophoretic mobilities were
aberrant. The measured stable non-protein coding RNAs pro-
vide the most aberrant measurements in the dataset. The Vir-
tual Northern profiles for the three snoRNAs matched their
annotated lengths almost perfectly, with deviations of, at
most, 11 nucleotides. The lengths inferred from the data for
LSR1, and the 25S and 18S rRNAs, however, were much
shorter than their annotated lengths. In contrast, the meas-
ured lengths of the large and small mitochondrial rRNAs
exceeded their annotated length by as much as 11%. Although
their aberrant migration is likely to be related to their stable
folded structure, it is unclear why rRNAs deviate from their
annotated length in such a nonsystematic way.

Intergenic regions

The yeast genome is currently annotated to contain 6,158
intergenic regions. After data filtering, 3,701 unique profiles
remained, representing 3,547 (58%) of the total intergenic
regions. The purpose of measuring the lengths of transcripts
that hybridize to intergenic sequences was two-fold. Inter-
genic sequences can provide an independent measurement
for the length of transcripts corresponding to adjacent ORFs,
by virtue of hybridization of the corresponding UTRs to the
'intergenic' sequences, and they can potentially identify novel
transcripts. Analysis of the entire dataset resulted in the
match of 2,877 intergenic hybridization profiles to one adja-
cent gene, and 112 to both adjacent genes, leaving 712 unex-
plained. An intergenic hybridization profile was considered a
match to an adjacent gene when its inferred transcript length
deviated from the transcript length inferred from the adjacent
ORF's profile by less than 7%.

The results for most (81%) of the intergenic sequences could
therefore be explained by hybridization to the UTRs of adja-
cent genes. The average fluorescent hybridization signal
measured for the intergenic spots was much lower than that
of their ORF counterparts. Thus, a significantly smaller per-
centage of intergenic spots than ORF spots passed the data
filtering criteria (Table 1). This was probably due to short
yeast UTRs providing relatively little sequence for hybridiza-
tion. Furthermore, the matches between the hybridization
profiles of intergenic sequences and those of the adjacent
ORFs show a strong 3'-end bias in which 78% of the matching
intergenic sequences are downstream of the ORF whose tran-
script measurement they match. It was expected that 3'-UTRs
should give a greater hybridization signal than 5'-UTRs. This
is because they are on average longer [1], and because the use
of dT primer, in addition to random primer, in the synthesis
of the cDNA hybridized to the microarrays, may have dispro-
portionately represented the 3'-UTRs in the fluorescently-
labeled probe.
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The existence of 712 intergenic profiles that do not match
either adjacent gene provides the possibility of identifying
novel transcripts. Since it is unlikely that 712 novel genes
remain to be discovered in the S. cerevisiae genome, it is
important to separate the most promising targets from the
large number of profiles that presumably represent spurious
or inaccurate measurements. First, the length measurement
from each profile was compared to the length of the intergenic
interval itself. Although it is possible for a novel transcript to
overlap other genes or for an intergenic interval's true length
to be masked by a spurious ORF, transcript length measure-
ments that vastly exceed the length of the intergenic interval
from which they derive are more likely to be erroneous. On
that basis, 450 intergenic regions were excluded from further
consideration. An additional 48 intergenic intervals had high
sequence similarity to other loci, and hybridization profiles
consistent with a cross-hybridization artifact. Finally, the
remaining 214 intergenic intervals were compared to 121
unique novel genes proposed by Oshiro et al. [19], Kessler et
al. [20], Brachat et al. [22] and Cliften et al. [23]. Out of those
214 intergenic regions, 48 were found to contain at least one
of the proposed novel genes. Thus, our list appears to be
strongly enriched for novel genes.

Conclusions

We developed a 'Virtual Northern' method for measuring
RNA transcript lengths on a genomic scale, and applied it to
the genome of the yeast S. cerevisiae. Overall, the technique
worked well. Despite limiting ourselves to examining RNA
representing only two growth conditions, and a length range
of 300-4,400 nucleotides, we obtained 9,867 electrophoretic
migration profiles, which provided a length measurement for
84% of the annotated ORFs in the yeast genome. Evaluation
of the precision of the length measurements estimated meas-
urement error at about 6-7% of the transcript's length. It is
likely that further narrowing the length range of each frac-
tion, for example by running a gel longer and cutting more
slices, would not only increase precision but would also fur-
ther sample each peak, providing an additional parameter
which could be used to more accurately discriminate true
peaks from spurious measurements. Evaluation of the
accuracy of the method suggested that only about 6-7% of the
measurements were spurious. A higher level of accuracy can
generally be obtained by raising the threshold for peak
assignment.

Virtual Northern analysis of the yeast genome has provided a
number of insights into its organization. A measurement of
the length of nearly every mRNA in the yeast genome has
uncovered a strongly linear relationship between the length of
an ORF and the length of its RNA transcript. This relationship
indicates that the average mRNA consists of the protein cod-
ing sequence and 260 nucleotides of untranslated sequence,
assuming a 60-nucleotide poly(A) tail [35]. Further compari-
sons of the measured transcript lengths to the genome
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sequence have shown that, despite the compactness of the
yeast genome, there are few overlaps between transcripts of
adjacent genes.

Our results show that the untranslated regions of mRNAs
comprise 12-15% of the yeast genome sequence, highlighting
the potential importance of these sequences in the post-tran-
scriptional regulation of mRNAs. A striking relationship
between gene function and the length of the UTRs provides
further evidence for such a regulatory role. Since the func-
tional classes of genes with longer than average UTRs were
predominantly involved in the regulation of cellular proc-
esses, especially transcription, we hypothesize that those
transcripts have UTRs longer than average because they con-
tain additional sequences that play a role in regulating their
fate. There are now numerous examples of UTR sequences
that participate in the regulation of mRNA export from the
nucleus, localization in the cell, translation, or decay [1].
Thus, those transcripts whose UTRs are longer than average
are good targets for the investigation of the post-transcrip-
tional regulation of mRNA. The possibility that certain func-
tional classes, such as the ribosomal subunit genes, are under
a selective pressure for short UTR length also merits further
investigation.

Our global analysis of transcript lengths has provided new
evidence for the existence of some genes and against the exist-
ence of others, identified possible genome annotation errors,
and revealed a novel link between UTRs and gene function.
Examination of the length data from ORFs whose status as
bona fide, transcribed genes is in question (for example,
OREFs that overlap each other) has provided evidence for the
existence of some of these genes and additional evidence
against the existence of others. Analysis of genes whose meas-
ured transcript length was less than that of the corresponding
ORF identified possible examples of regulated transcript
length. Analysis of pairs of adjacent ORFs with unusually long
transcript measurements has identified loci that may be mis-
annotated. Finally, the length measurements obtained from
intergenic spots identify potential novel genes.

The Virtual Northern technique should be readily applicable
to the study of any nucleic acid sample from any organism.
Our analyses focused on genome organization and annota-
tion. Such analyses would be equally useful in other organ-
isms with compact genomes. For example, the measurement
of transcript length in a bacterial genome would provide a
quick identification of the operon structure of that species. In
species with a transcriptome more diverse and complicated
than S. cerevisiae, genome-wide transcript length measure-
ment could also be used to explore transcript length changes
during RNA splicing and nucleolytic processing, or to assay
the diversity of transcripts produced from a single gene under
separate conditions or from separate tissues.
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The method may also prove useful for a range of technical
purposes. For example, since Virtual Northern measure-
ments are less susceptible than ¢cDNA libraries to underesti-
mating transcript length, they could be used as a verification
that nominally full-length ¢cDNAs are truly full length. An
analogous technique could be used for genome-wide meas-
urement of electrophoretically (or otherwise) separated DNA
fragments, such as restriction fragments. Since the length
profiles of thousands of arrayed DNA elements such as
cDNAs, sequence-tagged sites (STSs) or genomic DNA clones
can be determined in a single experiment, the technique
could be used for genome sequence assembly, high-through-
put clone fingerprinting, mapping cDNAs, STSs, or clones to
chromosomes, or restriction mapping whole genomes.

Materials and methods

RNA preparation

S. cerevisiae strain S288C was grown at 30°C to ODg, = 1.0
in yeast extract/peptone/dextrose (YPD) medium and to
ODg,, = 1.7 in yeast extract/peptone/galactose (YPGal)
medium. Total RNA was prepared from each culture by hot
phenol extraction [36], poly(A) purified using the Oligotex™
mRNA kit from Qiagen, and pooled.

Length fractionation

A 50 pg aliquot of the pooled poly(A) RNA and a RNA ladder
(a mix of the Millennium™ and Century™ markers from
Ambion) were heat denatured for 10 min at 65°C in forma-
mide, placed on ice and then immediately loaded on a 1.2%
low melting point agarose gel in 1X TAE running buffer. The
poly(A) RNA was loaded in a wide (5 cm) well to prevent over-
loading the gel. The RNA was then separated by electrophore-
sis at high voltage (approximately 9 V/cm) for 2 hours.
During electrophoresis, the running buffer was passively
recirculated, and the apparatus was cooled to prevent the gel
and running buffer from overheating. The ladder lane was
excised from the gel and visualized by ethidium bromide
staining. Based on the mobility of the ladder bands, a portion
of the poly(A) RNA lane, corresponding approximately to
RNAs of length 300-4,400 nucleotides was cut into 30 slices
of 2 mm each. RNA was then recovered from each length
fraction by B-agarase digestion. Each agarose slice was melted
at 70°C for 10 min, and then digested with 2 Units of AgarACE
enzyme (Promega) at 42°C for 2 hours. The products from
each agarase reaction were recovered using a Microcon-30
column (Amicon) and washed twice with 10 mM Tris pH 7.0
buffer.

Microarray analysis

One third of the recovered material from each length fraction
was reverse transcribed in the presence of amino allyl-dUTP.
A mix of dT,, and random nonamer was used to prime the
reaction in order to maximize the reverse transcription of
both polyadenylated and non-polyadenylated RNAs. The
resulting cDNA was fluorescently labeled by coupling reactive
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Calibrating the relationship between gel mobility and transcript length.
The precise gel mobilities of 94 transcripts are plotted against the base 10
logs of their exact lengths based on their 5'- and 3'-ends as determined by
RACE. The exponential fits to the top, middle and bottom 2 cm of gel are
shown by three black lines with the best fit parameters y = -0.0167x +
4.3456 (R2=0.94), y = -0.0176x + 4.4088 (R2=0.92) and y = -0.0228x +
4.8286 (R2=0.91) respectively.

Cys to the amino allyl groups on the incorporated dUTP.
Whole-genome yeast microarrays containing spotted DNA
segments, representing every ORF and intergenic region,
were produced [10], and each labeled length fraction was
hybridized to a separate microarray [37]. To provide an inter-
nal hybridization reference, a 1.5 pg aliquot of the pooled
poly(A) RNA was reverse transcribed using the same protocol
as the length fractions, fluorescently labeled by coupling the
c¢DNA to Cy3, and included in each hybridization. Microar-
rays were scanned with an Axon Instruments (Foster City,
CA) scanner, and the data collected with GENEPIX PRO 3.0
software (Axon Instruments). The Cys5/Cy3 fluorescence ratio
data was then filtered for quality. Spots with defects apparent
from visual inspection, or with a background-corrected inten-
sity in the reference channel less than 225 were excluded from
further analysis. For each electrophoretic profile based on the
30 measurements for each analyzed DNA sequence, the
median background-corrected reference channel intensity for
all spots in the profile was calculated. Profiles with more than
nine missing data points, or whose median background-cor-
rected reference channel intensity was less than 250, were
excluded from further analysis.

For normalization between the length fractions, an internal
standard was prepared with a pool of in vitro-transcribed
Bacillus subtilis RNAs [16]. PCR products representing five
different B. subtilis DNAs were printed onto the microarrays
and in vitro transcribed into RNA. A mix of 400 pg of each B.
subtilis RNA was doped into each gel slice during the agarase
digestion, and into each 1.5 ug reference aliquot before labe-
ling. The internal standard gives us a way to account for
differences in the efficiency of RNA recovery between the
length fractions.
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Peak finding

For each normalized length profile, a particular length frac-
tion was considered a peak if its normalized fluorescence ratio
was greater than a specified threshold (Figure 2) and greater
than the normalized fluorescence ratios of the two flanking
length fractions. In order to estimate the gel mobility for each
transcript more precisely, each peak was fit to a normal distri-
bution. For each peak, the Gaussian equation of form y =
A*exp [-(x-M)2/V] that uniquely fits the peak fraction and its
two adjacent length fractions (Figure 2) was calculated where
x is the midpoint of each length fraction's position in the gel
in millimeters and y is the normalized ratio. The mean of the
distribution, M, for each peak was taken as the estimated
mobility of the transcript represented by that peak.

RACE analysis

The precise 5'- and 3'-ends of selected transcripts were deter-
mined by the rapid amplification of cDNA ends (RACE) tech-
nique using the FirstChoice™ RLM-RACE kit from Ambion.
To determine the 3'-end, the pooled poly(A) RNA was reverse
transcribed using a dT primer with a 5' linker, and the result-
ing cDNAs are amplified by PCR using a gene-specific primer
in conjunction with a primer based on the 5' linker. To deter-
mine the 5'-end, the pooled poly(A) RNA was subjected to a
series of enzymatic reactions that replaced the 5'-cap with an
oligoribonucleotide [38]. The resulting RNA was then reverse
transcribed, and PCR amplified using a gene-specific primer
in conjunction with a primer specific to the capping oligo. For
additional specificity, the product of the first amplification
was subjected to second round of PCR using another gene-
specific primer upstream of the first. PCR amplification prod-
ucts from both 3'- and second round 5'-RACE were cloned
using the TOPO TA cloning® kit from Invitrogen. Plasmid
DNA was purified from bacterial culture with QIAprep® Spin
and Turbo kits from Qiagen, cycle sequenced using ABI
BigDye sequencing chemistry, and analyzed on an ABI Prism
3100 Genetic Analyzer (Applied Biosystems). Plasmid inserts
containing the proper primer sequence were matched to the
S. cerevisiae genome sequence using WU-BLAST [39] at SGD
to find the precise 5'- or 3'-base pair of each transcript.

Conversion of gel mobility to transcript length

The estimated mobility of a set of 94 transcripts was com-
pared to their exact length as deduced from the sequence of
the 5' and 3' ends, determined by RACE and the published
genome sequence [8]. The exact length of RACE-measured
transcripts was taken to be the distance in nucleotides
between the first and last nucleotide of each transcript rela-
tive to the genomic sequence, minus any introns, plus 60
nucleotides to represent a poly(A) tail [35]. As expected, the
data showed an excellent fit to an exponential relationship
between gel mobility and transcript length. The data were
split into three equal mobility ranges (the top 2 cm of gel, the
middle 2 cm and the bottom 2 cm), and the best fit to an expo-
nential equation was calculated for each mobility range (Fig-
ure 7). The precise mobility of every peak within each range
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was then converted to an inferred transcript length using the
corresponding exponential equation.

Northern blot analysis

Traditional Northern blot analysis was performed on selected
genes using the NorthernMax™ kit from Ambion. Pooled
poly(A) RNA (0.5 ug) was separated in a 1%TAE agarose gel,
blotted to BrightStar-Plus™ membrane (Ambion), and
hybridized to labeled PCR products. The same PCR ampli-
cons used to print the microarrays were labeled with bioti-
nylated dATP using the reverse PCR primer. Hybridizations
were performed overnight at 45°C. The resulting blots were
washed and imaged using the BrightStar™ BioDetect™ kit
from Ambion and autoradiographic film.
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