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Abstract

Although many genome sequences have been determined, identification of genes and their elements

such as untranslated regions (UTRs), introns, and coding regions is still a significant challenge. We

have developed a novel sequencing-based method called RNA-Seq in which cDNA fragments are

subjected to high throughput sequencing using the Illumina platform, and short reads are

computationally mapped to the genome to identify the transcribed regions. We have successfully

applied RNA-Seq to generate a high-resolution transcriptome map of the yeast genome. We

demonstrate that most (74.5%) of the unique sequence of the yeast genome is transcribed. We used

this method to globally map 5′ UTR and 3′ UTR boundaries and confirmed many known and predicted

introns and demonstrated that others are not actively used. Our results suggest an alternative initiation

codon from that annotated for a number of known genes and demonstrate that many yeast genes

contain upstream open reading frames (uORFs). We also found unexpected 3′ end heterogeneity and

the presence of many overlapping genes. We also found many novel transcribed regions not identified

by other methods. These results indicate that the yeast transcriptome is more complex than previously

appreciated. Furthermore, RNA-Seq is demonstrated to be at least as accurate as DNA microarrays

for quantifying RNA expression levels and has a much larger dynamic range. We expect that RNA-

Seq will be a valuable general approach for high resolution mapping of transcriptomes in many

organisms.

Introduction

A large number of genome sequences have been determined, and with recent advances in DNA

sequencing technologies, many more genome sequences are likely to be elucidated. A major

challenge ahead is to identify the genes, exons and their boundaries. Such information is crucial

for understanding the functional elements of the genome, as well as determining when they

are expressed, and how they are regulated and function to mediate complex cellular and

developmental processes.

Often genes are identified through the presence of large open reading frames (ORFs) or through

sequence conservation (1,2). The shortcomings of these approaches is that they often fail to

identify short exons and do not reveal untranslated regions (UTRs) which can often lie

considerable distances from the start and stop codons. Moreover, genes and exons that are not

conserved will be overlooked in these analyses; this is particularly problematic for genes and

exons that do not encode proteins and whose sequences are often not conserved.
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An alternative approach to identify genes is to identify transcribed sequences. Expressed

sequence tag (EST) (3) or cDNA sequencing can identify highly expressed transcripts but has

difficulty finding those expressed at a low level. Moreover, biases exist for the identification

of 3′ ends, and finding the 5′ coding sequences of genes can be difficult. DNA microarrays

have proven to be a valuable tool for finding sequences expressed at a low level and generating

transcription maps of the genome(4,5). However, DNA microarrays cannot distinguish similar

but non-identical sequences and generally do not have the resolution to precisely identify the

5′ and 3′ boundaries of exons.

Here we describe a novel high throughput sequencing-based approach for global transcriptome

mapping called RNA Sequencing (RNA-Seq). In this method cDNA is generated and subjected

to massively parallel sequencing using Illumina technology and used to define exons, 5′ and

3′ boundaries, and introns, as well as quantify gene expression levels. We have successfully

applied RNA-Seq to map the transcribed regions of the yeast genome.

The yeast genome was initially annotated through the presence of ORFs and subsequently

though the identification of sequences conserved with other yeasts(1,2). More recently, many

transcribed regions of the genome have been revealed through the use of DNA tiling arrays

(6) and cDNA sequencing (7). Sequencing of cDNAs has revealed that the 5′ ends of many

genes are often heterogeneous in their start sites (7). In spite of all of these efforts, the annotation

of the yeast genome is far from complete. The 5′ boundary of many genes is not known and

the 3′ ends of nearly all yeast genes are not mapped; as such, little is known about the

characteristics of yeast UTRs and especially 3′ ends. This information is valuable since UTRs

are critical for controlling translation initiation, RNA localization and stability. Moreover,

defining the 5′ ends is essential for defining the likely ORFs and thus the protein coding regions

of each gene.

Here we use the RNA-Seq approach to determine the comprehensive gene structure and

transcriptional landscape of the yeast genome. Our results demonstrate that much of the yeast

genome (including intergenic regions) is transcribed, and reveal the presence of many new

transcribed regions that were not found by other approaches. Using this method, we mapped

the 5′ and 3′ boundaries of most genes, confirmed previously known and predicted introns, and

quantified gene expression levels with a high degree of confidence. Our analyses also revealed

new initiation codons for many of the annotated yeast genes, identified genes that contain new

upstream open frames (uORFs), and demonstrated 3′ end heterogeneity for many yeast genes.

In addition to revealing much new information concerning the yeast genome, the RNA-Seq

approach described here will greatly facilitate gene discovery and genome annotation in other

organisms.

Mapping Transcribed Regions in the Yeast Genome Using RNA Sequencing

To map the transcribed regions of the yeast genome, we followed the scheme presented in

Figure 1. Poly(A) RNA isolated from yeast cells grown in rich media (see Materials and

Methods) was used to generate double stranded cDNA by reverse transcription using either

random hexamers or oligo(dT) primers. The double stranded cDNA was fragmented and

subjected to high throughput Illumina sequencing in which 35 bp of sequence was determined

from the fragment ends. Two technical and two biological replicates were performed for each

sample of random hexamer and oligo(dT) primed cDNA for a total of 14,125,182 and

15,787,335 reads, respectively. These sequence reads were subjected to informatics analyses

(Fig. 1B) using an in-house developed algorithm (see Materials and Methods). To eliminate

repeats, sequence reads that map to multiple sites in the yeast genome were removed from

subsequent analysis. In addition, to accommodate for polymorphisms and sequence errors

relative to the reference genome, up to two mismatches were allowed in the comparison. Of
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29,912,517 total reads, 15,870,540 (56%) were mapped to unique regions in the genome using

this approach (fig. S1 and Supplemental Table S1).

The quality of our results was assessed by several criteria. First, none of the 29,912,517

sequence reads matched the 3.5 kb regions of the genome in which URA3, LEU2, MET15, and

HIS3 segments were deleted in the yeast strain that we used, and strong signals are particularly

apparent over annotated genes (Fig. 1C); thus our mapping is specific. Second, our technical

and biological replicates were in close agreement with one another; the technical replicates for

each sample had a 0.99 Pearson correlation coefficient; the coefficients for the biological

replicates were between 0.93 and 0.95 (fig. S2). In addition, the data generated from random

hexamers and oligo(dT) primers were also closely correlated (0.97) and visually showed

similar patterns of expression (fig. S2). Therefore, we merged all of these data sets, and the

subsequent analyses were performed using the merged data set.

Extensive Expression of the Yeast Genome

RNA-Seq analyses revealed extensive expression of the whole yeast genome (Fig. 2A and 2B).

Mapping of all of the sequenced tags to the yeast genome revealed that a total of 74.5% of the

genome is expressed, at least at a low level (Fig. 2C and 2D). We detected more reads from

the 3′ ends than from the 5′ ends of annotated genes. This trend is general since an aggregated

plot over all yeast genes reveals a similar result (fig. S3). The 3′ bias is presumably due to

enrichment of 3′ sequences during poly(A) purification as well as enhanced priming at 3′ ends.

In spite of this bias, the deep sequencing allowed detection of signal across the entire gene.

Overall, 85% of the bases that we detect as expressed overlapped with those found using DNA

tiling microarrays (6)

We next used the dataset to investigate the overall transcriptional activity of genes in the

genome. Using the scoring system described below which detects transcription above a

particular threshold, we detected significant expression for 4,666 of the 5099 annotated ORFs

(91.5%) in the Saccharomyces Genome Database (SGD) (Fig. 2). It is important to note that

for this analysis we removed 1,178 ORFs whose 3′ ends lie within 100 bp of one another and

whose transcripts might overlap. In addition, 237 ORFs were not analyzed because they have

non-unique sequences in their 3′-ends. A high expression level was observed for 20% of the

genes; Gene Ontology analysis revealed that genes such as those involved in biosynthetic

pathways and ion transport are specifically enriched in the highly expressed category, as

expected (P < 2.3 × 10−58; see Supplemental Table S2 for complete list). Medium and low

expression levels were observed for 39% and 33% of the genes respectively. As expected we

did not detect expression of many genes whose function is not required in the growth conditions

analyzed. These include genes involved in meiosis, sporulation, mating, cell differentiation,

sugar transport, and vitamin metabolism (6). The expression level for 34 genes was validated

by qRT PCR (See below).

Mapping Gene Boundaries and UTRs Using RNA-Seq

The 5′ and 3′ UTRs of eukaryotic genes are critical for their regulation and can control

translation efficiency, localization and mRNA stability. The majority of yeast genes have been

annotated only using ORFs, and thus the 5′ and 3′ boundaries and UTRs of most yeast genes

have not been defined. A cDNA sequencing study did reveal 5′ UTRs of many genes and found

considerable heterogeneity (7);however, many 5′ ends have not been annotated and little

information is available concerning 3′ ends. The RNA-Seq data provides potentially valuable

information to map 5′ and 3′ UTRs flanking the ORFs, and thereby accurately predict

translation start sites and other interesting features such as upstream ORFs (uORFs).
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To map the 5′ ends of genes using RNA-Seq, we first generated a very large data set of mapped

5′ ends using RACE. The 5′ ends of 1331 genes were amplified using primers near the ends to

generate 5′ RACE PCR products, which were subsequently sequenced and mapped to the

genomic sequence (Supplementary Table S4). We then developed an algorithm for mapping

the 5′ ends of transcribed regions detected by RNA-Seq by searching for a sharp reduction in

signal. Protein coding genes with a very low level of expression were excluded from the

analysis. The algorithm was initially trained using a subset of the RACE mapped ends (125

ends from chromosomes I, II and III) and then applied to the entire RNA-Seq dataset. This

method allowed us to determine the 5′ boundary regions for 4,665 transcribed yeast genes.

Comparison of these results with 1025 boundaries that we mapped using 5′ RACE revealed

that the 5′ boundaries identified by the two methods lie within 50 bp of one another for 786

genes (77.9%; Fig. 3A, top left panel). Thus, the 5′ boundaries defined in our analyses are

reasonably accurate. We then combined the 5′ RACE results with the RNA-Seq results and

defined 5′ boundaries of 4835 yeast genes. An example is shown in Fig. 3B in which the 5′
UTR boundary of YKL004W has been defined both by 5′RACE and RNA-Seq data.

We also determined the 5′ UTR sequence length of yeast genes. The median length was 50

with a range of 0 to 990 bp (Fig. 3A; top right panel). Our analyses revealed 241 genes in which

a potential ATG is present less than 10 bp from the 5′ end. Although there are precedents for

short 5′ UTRs (8), we do not know if these ATGs or if internal ATGs are used in some or all

of these cases.

We also globally mapped the 3′ boundaries of yeast genes, which has not been performed

previously. Two methods were used: one that searches for a rapid decline in RNA-Seq signal

and the other that identifies end tags with poly(A) sequences containing a novel stretch of 3 or

more consecutive As that lie next to a genomic yeast sequence. A detailed description of this

algorithm will be presented elsewhere. Using these methods we precisely mapped the 3′
boundaries of 5212 transcribed yeast genes and deduced the transcribed strand (Supplementary

Table S4). Examples are shown in Fig. 3C and D. Our results are largely consistent with that

described using a cDNA sequencing approach. Many of the discrepancies that exist are likely

due to the 3′-end heterogeneity (discussed below) (Fig. 3A, bottom left). In addition, the end

tags allow RNA-Seq analysis to precisely call 3′boundaries even when transcripts are

overlapping at their 3′ends (Fig. 4).

Surprisingly, we found evidence that the transcription of a large number of yeast genes overlaps

with transcription from the other strand. Of 4646 verified (i.e. not dubious) ORFs that are

expressed, 793 contain overlapping 3′ ends. This compares with 17 ORFs that were annotated

in SGD. Thus, overlapping transcription is common in the yeast genome.

The median length of the 3′ UTR was 104 bp with a range of 0 to 1461 bp (Fig. 3A, bottom

right panel). Interestingly although most yeast genes have a single precise 3′ end (within 1–2

bp) there are many genes that have heterogeneous 3′ end sequences in a very localized region

(usually 2–10 bp) suggesting some variability in 3′ end processing at the polyA signal. In

addition, there are 540 genes that appear to be using more than one poly(A) site (i.e. peaks

greater than 10 bp apart), which to our knowledge has not been reported previously for yeast.

An example of local heterogeneity and multiple 3′ end sites is evident in the well characterized

ACT1 gene of yeast (fig. S4); the gene contains at least two regions of polyA addition.

Reannotation of the Yeast Genome

One of the major problems of genomic sequence-based gene annotation is that it is often

difficult to predict the precise ATG start codon of a given gene, particularly when the 5′ end

of the transcript has not been mapped. In the yeast genome the first ATG at the 5′ end of an

ORF is usually annotated as the start codon. However, in some databases, but not all, the second
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ATG is annotated in cases for which predicted amino terminal protein coding sequence was

not conserved (9,10). The ability to accurately determine the 5′ end should help assess which

ATG is the actual start codon; such information is crucial for understanding and characterizing

the proteome.

Our RNA-Seq analysis revealed 35 genes whose 5′ end resides upstream of an ATG codon that

is 5′ and in-frame to the annotated ATG initiation codon; thus, the protein is potentially longer

than previously predicted using the current annotation. Fig. 5A shows the example of

YBL068W whose ORF is extended by 16 amino acids. We also found 29 genes whose 5′ end

is located downstream of the annotated ATG suggesting that these proteins are shorter than

previously predicted. RACE/Sequencing confirmed the 5′ ends for 4 of these genes.

We also examined our RNA-Seq and RACE data for the presence of introns. Many introns

have been reported in yeast based on sequence conservation, microarray analyses or other

studies. Few have been experimentally verified by sequence analysis. We developed an

algorithm for detecting introns through the presence of discontinuous sequences whose

boundaries contained GT and AG/AC as well as sequence tags that span the intron boundary.

This algorithm readily detected 240 of 306 known introns. This included three examples of

introns that were not annotated at the time of our analyses. Sequence tags that spanned all 240

verified that transcripts from these genes are spliced. An example of an intron confirmed by

RNA-Seq is shown in Fig. S4. Overall, this work provides the first experimental sequence

confirmation of nearly all yeast introns.

For the 66 introns that are not validated by the above method, we also examined 30 whose

parental genes are expressed. In four cases, YPL075W, YKL150W, YNL128W-A and

YKL186C, the intron sequences are clearly expressed at similar levels as the adjacent ORF

(Fig. 3E and fig. S5); furthermore we did not find evidence for splice junction tags for these

genes but we did find evidence for unspliced products. Thus, we believe that transcripts from

these genes are not spliced at appreciable levels in vegetative cells. For one of these cases a

similar conclusion was suggested from microarray data (11). Two of these cases affect the

predict protein sequence. Thus, overall RNA-Seq can facilitate to validate introns as well as

rule out their significant presence within an RNA population.

Upstream ORFs are Present in Many 5′ UTRs of Yeast Genes

Recent analysis of eukaryotic genomes predicts that many 5′ UTRs may contain uORFs (12).

17 yeast genes have been identified with uORFs, and uORFs upstream of the yeast GCN4 and

CPA1 genes have been shown to regulate the expression of the Gcn4 protein(13) and

degradation of the CPA1 mRNA (14) respectively. Our RNA-Seq and 5′ RACE data predict

uORFs upstream of the start codon for 321 (6%) of yeast gene transcripts (Fig. 5). These uORFs

are predicted to encode proteins ranging in size from 50–120 amino acids. GO analysis of these

genes reveals that genes encoding DNA binding proteins (P < 0.0027, FDR adjusted) and

anatomical structure and development (e.g. sporulation; P< 0.0045, FDR adjusted) are

significantly enriched for uORFs (Fig. 5B). The presence of uORFs in DNA binding proteins

is quite interesting as it suggests that these genes are likely to be extensively regulated at a

translational level. Thus, many yeast genes contain uORFs capable of producing small proteins

and/or regulating their downstream genes.

Detection of Novel Transcribed Regions

Our analysis of cDNA sequences of polyA(+) RNA revealed extensive transcription in

intergenic regions (Fig 5D). Therefore, we systematically searched intergenic regions for

stretches of 150 bp or greater whose expression is statistically significant (see Methods). An

example has been shown in Fig. 5F. We classified 487 regions with signals well above
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surrounding regions. Of these, 204 novel regions had not been observed by microarray analyses

or cDNA studies. We tested 18 regions found by RNA-Seq, but not other methods, for

confirmation of expression using quantitative RT-PCR experiments and random hexamer and

oligo(dT) primed cDNA; in 16 cases the regions were found to be transcribed (Supplemental

Table S3). Thus, RNA-Seq results indicate that a number of novel regions in the yeast genome

are transcribed and present in polyA(+) RNA.

Quantitative Monitoring of Gene Expression Levels Using RNA-Seq

RNA-Seq is a quantitative method and can therefore be used to quantify RNA levels in the

cell. It is of high sensitivity and, thus, potentially more accurate than microarray-based

methods, at least for genes expressed at a low level. To determine if RNA-Seq data can be used

to quantify gene expression, we determined the median signal in a 30 bp window located

immediately upstream of the 3′ ends of the annotated stop codon (Supplementary Table S4);

genes with overlapping 3′ ends in this region were removed from this analysis. Subsequently,

the expression levels of 34 genes predicted to be expressed at a range of high, medium, and

low levels were measured by qPCR. We found a strong correlation (R=0.98) between the qPCR

and RNA-Seq data (Fig. 6A). As expected, the discrepancies are largest among the genes

expressed at a low level. The results were better than those obtained by measurements of RNA

expression in a similar yeast strain using standard expression microarrays (R=0.72; Fig. 6C.

(15) or tiling DNA microarray analysis (R=0.48; Fig. 6B and (16)). Moreover, the dynamic

range of RNA-Seq is at least 8000 fold as compared to ~60 fold for DNA microarrays (see Fig.

6 scale of panels B and C). These results indicate that RNA-Seq can be used to accurately

quantify RNA expression levels and has a superior dynamic range as compared to DNA

microarrays.

Discussion

Here we describe a novel RNA-Seq method to map transcribed regions of sequenced genomes.

This method offers several advantages compared to existing technologies, particularly DNA

microarrays, which are currently the most commonly used tool for mapping transcribed regions

(4,5). First, it allows interrogation of all unique sequences of the genome, including those that

are closely related; as long as unique bases exist they can be monitored. Microarrays often

cannot readily distinguish closely related sequences due to cross-hybridization. Second,

because a large number of reads can readily be obtained, the method is very sensitive and offers

a large dynamic range; we found that RNA-Seq has an 8000 fold dynamic range (see Fig. 6).

This is likely due to the low background of RNA-Seq; indeed, analysis of over 29 Million reads

did not reveal a single tag that corresponded to deleted regions of the genome. Thus, RNA-

Seq can detect and quantify levels of RNAs expressed at very low levels. In contrast, DNA

microarrays have a dynamic range of 60–100 fold and the quantification of RNAs expressed

at a low level can be difficult; the reduced dynamic range of microarrays is likely due, at least

in part, to cross-hybridization to the different probes in the array. Indeed, comparison of our

RNA-Seq data with that of published results (15) revealed that RNA-Seq was significantly

better for quantification of RNA levels than standard gene expression microarrays. Third,

RNA-Seq can allow accurate determination of exon boundaries. The 3′ polyA signature offers

a precise definition of 3′ UTR boundaries, and mapping of discontinuous sequences coupled

with the recognition of splicing consensus sequence allows discovery of introns. In principle,

determination of the exact boundaries of 5′ ends by overrepresentation of 5′ end sequences is

also possible. However, because a) yeast 5′ ends are often heterogeneous (7,17) and b) we

performed an amplification step we did not obtain nucleotide resolution in our study. Rather,

an approximate location was deduced by a sharp transition in signal over a small interval.

Nonetheless, overall we provide a useful map of exon boundaries with the RNA-Seq approach.
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Using RNA-Seq we generated a high-resolution transcription map of the yeast genome. We

globally mapped the 3′ ends of the yeast genome for the first time and found remarkable

heterogeniety at the 3′ ends of many yeast genes. A large fraction of genes contain local

heterogeneity in 3′ ends suggesting differential local processing events. In addition we found

more than one polyA location for 540 yeast genes, suggesting different regions of polyA site

selection. In many organisms, alternative polyA sites have been shown to produce unique

transcripts with distinct biological properties by altering their protein coding capacity (18)

translational regulation (19,20), stability (21) and intracellular localization(22). It will therefore

be important to determine if differential functions exist for the alternative 3′ UTRs of yeast

genes with multiple polyA addition sites.

One important aspect of our study is the discovery that S. cerevisiae contains a large number

(793) of expressed genes with overlapping 3′ ends. Pervasive occurrence of overlapping

transcripts property may be a unique feature to S. cerevisiae and other organisms that lack

Dicer homologs and thereby avoid mRNA processing and degradation. Overlapping

transcription at the 3′ ends could lead to interesting forms of gene regulation in which

neighboring genes can potentially influence the expression of one another.

In addition to revealing alternative 3′ ends of genes, RNA-Seq allowed us to map the 5′ ends

and introns of the majority of yeast genes. We found that the first ATG in 35 genes resides

upstream of the annotated start codon in SGD, and for 29 others the first ATG lies downstream

of the annotated start codon. Although we cannot ascertain that the upstream ATGs are used

in translation, they are consistent with the expectation that the first ATG is usually used in

eukaryotes (23). For cases where the 5′ end is mapped downstream of the annotated ATG, we

presume that a downstream ATG is used, at least in the vegetative growth conditions that we

analyzed. It is possible that a longer message and the annotated ATG is used in other cell types.

Finally, we confirmed the existence of 240 introns. Interestingly we observed instances in

which there an annotated intron but no evidence for splicing; the lack of sequence tags that

span the intron indicates that they are not abundantly spliced at least in vegetative cells. In two

instances presence or absence of the intron affect the resulting protein product. Thus, RNA

Seq can define the presence of introns as well as their absence, at least at a particular level

within an mRNA population.

The mapping of 5′ ends is particularly valuable for understanding not only gene regulation but

also biochemical and genetic characterization of the genome. Currently extensive efforts are

underway to biochemically characterize the yeast genome using protein microarrays and other

methods (24,25). Likewise, efforts to genetically characterize the yeast genome are underway

using overexpression experiments and other methods (26). Assignment of the proper ATG is

crucial for ensuring that the entire native protein and gene is analyzed in these studies.

Therefore, the reannotated data generated in this analysis will provide a valuable resource to

the scientific community for characterization of gene and protein function.

Our study also revealed a large number of genes (321) with uORFs, which have been implicated

in gene regulation (27). In yeast, thus far only 17 genes have been reported to contain uORFs

(27). Therefore, our data indicate that uORFs are much more prevalent than previously

appreciated, indicating that many genes may be regulated using uORFs. Our finding that many

DNA binding proteins contain uORFs suggests that these key regulators are often likely to

contain additional mechanisms controlling their regulation. To date only the expression of the

GCN4 (13) and CPA1 (28) have been shown to be controlled by uORFs; our results suggest

that this mechanism is much more widespread.

Our method of analyzing polyA RNA using fragmentation of yeast cDNA proved useful for

defining gene boundaries. We have also varied the RNA Seq protocol by preparing RNA
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lacking ribosomal RNA. Fragmentation of this RNA and then generation of cDNA using

random primers followed by Illumina sequencing of the ends revealed more uniform gene

coverage. However, the gene boundary definition was not as distinctive for yeast genes and

thus the resulting data were not as useful for this study.

In addition to characterizing known yeast genes, we also found evidence for novel transcribed

regions of the yeast genome. We find that, overall much (74.5%) of the yeast genome is

transcribed. We believe this transcription is not an artifact because of the very low background

of RNA-Seq. Moreover, these data are consistent with previous studies in which lacZ insertions

lacking an initiation ATG are often expressed even when located in intergenic regions (29,

30). The extensive transcription of the yeast genome allows a significant fraction of the genome

to be expressed and therefore is likely to be valuable for the evolutionary selection of novel

gene function(31).

Analysis of the intergenic regions reveals that many of them likely form novel transcription

units. The exact number of novel transcription units is difficult to determine since it is subject

to an arbitrary threshold, but there are at least 487 transcribed regions of high confidence. Of

these, 204 have been discovered only by RNA-Seq. Examination of 18 novel transcribed

regions using qRT PCR confirms that the majority are expressed, indicating that these regions

make bona fide RNAs in yeast.

In conclusion, our novel RNA-Seq method described here allowed us to map the transcriptional

landscape of the yeast genome and define for the first time UTRs and many novel transcribed

regions. In the future, application of this method should aid in determining precise

transcriptional landscape of other genomes, including those of complex mixtures of organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flowchart of experimental and informatics of RNA-Seq method

A) RNA Seq experimental pipeline. B) Informatics pipeline. C) A snapshot of the mapped

RNA-Seq reads showing no expression in a deleted gene (LEU2) and an expressed neighboring

gene (YCL017C).
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Figure 2. Extensive expression of the yeast genome revealed by RNA-Seq

A) The genome distribution of transcribed regions. Colors represent different transcription

levels for each base (log2 tag count). B) Distribution of transcribed regions on chromosome

VI. C) Histogram of transcribed bases. D) A summary of the transcription level of the

transcriptome.
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Figure 3. Analyses and mapping of 5′ and 3′ gene boundaries

A) Size differences of 5′-UTR between RNA-Seq and our RACE data (top left) or RNA-Seq

3′-UTR data and cDNA sequencing data(7) (bottom left). Distributions of the size of 5′-UTR

(top right) or 3′-UTR (bottom right) is also shown. B) A comparison of 5′-UTR determined by

RNA-Seq or by 5′-RACE for gene YKL004W. C) 3′-UTR determined by RNA-Seq based on

end tags for gene YDR460W, YDR004W, and YDR461-C, or YDR004W that is also

determined by cDNA sequencing (7). Endtag_W and Endtag_C represent RNA-Seq reads that

contain polyA tails on either Watson or Crick strands, respectively. D) 3′-UTR determined by

RNA-Seq based on sharp expression decrease, comparing to cDNA data(7). End tags
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information were not used in this case due to low scores. UTR, untranslated region; RACE,

rapid implication of cDNA ends
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Figure 4. Precise annotation of UTRs using RNA-Seq

New annotations of the UTRs in a previously well annotated region on chrVI (A) and a

relatively poor annotated region on the same chromosome (B). In the new annotation, ORFs

are denoted by dotted lines, and arrows denote transcription direction. UTRs are denoted by

green shaded boxes flanking the ORFs. cDNA transcripts in red are high confident ones and

those in blue are low confident ones (7)
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Figure 5. Annotation of upstream ATG, uORF and novel transcribed regions

A) RNA-Seq reveals genes that may have upstream start codon (uATG, in red) relative to the

existing annotated ATG (blue). B) Some genes have ORFs (uORFs) upstream of the major

annotated ORF. GO analysis revealed that they are significantly enriched in DNA binding

(molecular function) and anatomical structure and development (biological process). P-values

are False Discovery Rate adjusted. C) An example of uORF (boxed and in red). D) Size

distribution of novel transcribed regions. E) Novel transcribed regions that have been covered

by cDNA sequencing(7) in percentages. F) An example of a novel transcribed region with a

polyA signal (shaded in red).
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Figure 6. Comparison between RNA-Seq data with qPCR, tiling array and gene expression
microarrays

A) Comparison of the transcription level for 34 ORFs determined by RNA-Seq or quantitative

PCR (qPCR). B) Comparison of the transcription level for 4,846 ORFs determined by RNA-

Seq with published tiling array (16). C) Comparison of the transcription level for 4,422 ORFs

determined by RNA-Seq with the published gene expression microarrays (15). Pearson linear

correlation coefficients (corr) are shown in A–C. D) Transcription level distribution for 5,099

ORFs by RNA-Seq.
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