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ABSTRACT 

Gene prediction programs, though useful, produce both false positive and 

false negative predictions. Transcriptional evidence from cDNA and EST 

sequences will not produce false positive gene models and provide the structure 

of a gene. However, this approach is hampered by high cost and the inability to 

sequence genes that have low expression. New methods that are low in cost and 

are capable of providing sequence for transiently expressed genes are needed. 

This thesis describes a method that targets undiscovered polyadenylated 

transcripts for characterization. Tag-based amplification of cDNA ends (TACE) 

consists of two components. First, sequence tags (i.e. SAGE tags) that could 

represent novel genes are selected. Second, the sequence found upstream and 

downstream of the tag is amplified via PCR. Resulting sequences are aligned for 

gene model characterization. TACE has produced evidence for six new genes, 

four annotation extensions, and two new gene models for a pseudogene and 

ncRNA. 

Keywords: Tag-based amplification of cDNA ends (TACE); Serial 

analysis of gene expression (SAGE); full-length cDNA; gene prediction; PCR; 

novel gene; sequence alignment, gene model, splicing, trans-splicing 

Subject Terms: Sequence Analysis, DNA; Gene expression – Data 

processing; Genomics; Molecular biology -- Technique; Bioinformatics 
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GLOSSARY 

UP The universal primer. This sequence is used in production of 
downstream amplicons. 

Modified oligo 
d(T) 

A poly(T) primer with an attached sequence used for the 
annealing of the UP primer. 

Upstream 
amplicon 

A PCR product created with an antisense SAGE tag primer 
and the SL1 primer. These amplicons represent all sequence 
found upstream of a SAGE tag primer. 

Downstream 
amplicon 

A PCR product created with a sense SAGE tag primer and the 
UP primer. These amplicons represent all sequence found 
downstream of a SAGE tag primer. 

TACE 
amplicons 

Collective term for both upstream and downstream amplicons. 

SAGE tag 
primer 

A TACE primer that is designed on a SAGE tag sequence that 
is thought to represent a novel gene. 

Intended target A cDNA species that is targeted by a SAGE tag primer. 

Unintended 
target 

A cDNA species whose sequence can be inappropriately 
amplified in TACE experimentation. 

True positive An amplicon that is produced in TACE via PCR amplification 
representing an intended target. 

False positive An amplicon that is produced through mispriming in the TACE 
PCRs. It is representative of an unintended target. 

 
 
 



 

CHAPTER 1: INTRODUCTION 

Traditional sequencing has relied on Sanger sequencing based on 

dideoxy chain terminators (Sanger et al. 1977). The method is based on random 

incorporation of elongation-terminating nucleotides into the growing strand 

annealed to the template. A given reaction is allocated all of the necessary 

nucleotides, but in addition, a specific type of nucleotide is designated as a 

terminator via removal of the 3’ oxygen. An amount that typically equated to 1% 

of the total nucleotides is added to a sequencing reaction. Resulting truncated 

products are visualized on a gel, and the length of products produced in these 

reactions determines the position of the terminating nucleotide. This technology 

has been used to sequence not only genomes, but also expressed sequence 

tags (ESTs), serial analysis of gene expression (SAGE) libraries, and cloned 

cDNA species. The basic dideoxy method is the most commonly used 

sequencing methods to date (Morozova et al. 2008). As a result of this, in April of 

2005, the total sequence in databases surpassed the 1x1011 bp mark (Hutchison 

2007). Still, the rate at which sequence information is generated with this method 

is a bottleneck to efforts geared at characterizing the genomes of related 

species, as well as revealing the sequence of transcriptional units found in cDNA 

libraries. The main issues that slow the rate of sequence acquisition through 

these methods involve library preparation, template preparation, and the 
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sequencing itself (Rothberg et al. 2008), all of which make high-throughput 

sequencing prohibitively expensive (Morozova et al. 2008). 

Through the innovation of next generation sequencing, many of these 

traditional bottlenecks that throttled progress have been sidestepped, leading to 

an increase in the rate of completed genomes. Driving the accelerated rate of 

this data generation are breakthrough technologies including Roche 454 

(Rothberg et al. 2008), Illumina Solexa (Bonetta 2006) and Applied Biosystems 

SOLiD (Morozova et al. 2008) sequencing methods. These technologies improve 

on dideoxy chain termination through massively parallel sequencing. 

454 sequencing relies on pyrosequencing (Ronaghi et al. 1998; Nordstrom 

et al. 2000) technology. After a DNA fragment ~500 bp in size is attached to a 

bead and amplified, sequencing occurs by determination of the base pair (bp) 

added by a polymerase in a growing nucleotide strand. This is done by exposing 

the elongation reaction to solutions of different nucleotides. When the appropriate 

nucleotide is present for elongation to continue, the incorporation of that 

nucleotide is detected by a signal produced by a chemiluminescent enzyme. 454 

sequencing produces sequenced genomes at a faster rate whose cost is 

decreased. The major strength of this technology is the large length of the 

sequence read provided. 

Solexa sequencing requires the attachment of adapters to each end of a 

~35 bp DNA fragment and anchoring on a Solexa chip. The fragment is then 

amplified and analyzed with the sequencing-by-synthesis principle using a 
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reversible terminator (Ruparel et al. 2005). The main strength of Solexa 

sequencing is the depth of coverage; it produces up to tens of millions of reads.  

SOLiD sequencing uses a bead capture method similar to 454 sequencing 

that isolates and amplifies a ~135 bp library molecule that includes two ~18 bp 

DNA fragments that are flanked and separated by universal sequences. The 

DNA fragments are then sequenced by annealing of a primer to one of the 

universal sequences followed by incubation with a dinucleotide attached to one 

of four fluorescent probes; only the one that complements the strand immediately 

3’ of said primer will be ligated and produce a signal. This is repeated until the 

extended primer reaches the end of the template, at which point it is discarded 

and a new primer that is truncated by 1 bp compared to the first is used to initiate 

a second round of sequencing. The benefit of this is that each bp in the 

sequence is reviewed twice, allowing distinction between sequencing error and 

valid polymorphisms.  

All of these methods increase the throughput and reduce the high cost 

associated with Sanger-based sequencing methods (Morozova et al. 2008), and 

are major contributors in the push to sequence the human genome for $1000 

(Bennett et al. 2005). Genomes are being published at an increasingly higher 

rate than ever before thanks to these technologies. However, the genomic 

sequence itself is only a blueprint from which we must find the important parts. 

The analysis of these parts have characterized protein-coding genes, given us 

insights into the degree of alternative splicing, and revealed the necessity of non-

coding RNAs (Zamore et al. 2005). Here too, next-generation technologies have 
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improved the throughput of sequence-based annotation, as well as increasing 

the depth of coverage. Still, problems exist with the random nature of this type of 

sequencing. As this thesis will outline, sequencing randomly selected cDNA 

clones will not recover sequences for transiently expressed genes, as the level of 

transcription of these genes is dwarfed by that of super abundant genes.  

Using the sequenced genome as a platform to understand the 

transcriptome is vital to answer questions posed by the bio-medical field 

(Consortium 2004) that aim to make personalized medicine viable. Our 

understanding of the transcriptome is furthered by efforts that include gene 

prediction by various programs, and the sequencing of transcripts that represent 

genes. While both have contributed in the drive to annotate the genome, 

collectively, they have not completed this task. This chapter will review the 

methods used to push this effort forward, and explain the roadblocks that have 

kept us from completely defining the transcriptome. 

1.1 Overview of gene prediction programs 

The push to make efficient use of the genome sequences has in part been 

driven by the development and application of gene prediction programs. One 

measure of the success of these and other employed methods would be to list 

the number of genomes that have been annotated to a degree that sees at least 

one gene model at every genetic locus in the genome. However, such an 

annotation does not exist for the genome of even a single higher eukaryote 

(Brent 2005). Here, I review these gene prediction methods, and discuss reasons 

why they fall short of producing the ideal genome annotation. 
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1.1.1 Ab initio programs 

Many gene prediction programs have been developed to annotate 

genomes ab initio, i.e. without the aid of any information other than the genomic 

sequence itself. Originally, Caenorhabditis elegans, a classic model organism in 

genomic science, was annotated with the GENEFINDER ab initio program 

(Spieth et al. 2006). Since then, various other programs have been developed to 

annotate this and other genomes. GENSCAN (Burge et al. 1997), a breakthrough 

gene prediction program that helped redefine genome annotation, is an example 

of this annotation method. GENSCAN and GENEFINDER are based on defining 

genes through identification of features recognized by splicing as well as by the 

general transcriptional and translational machinery. These include translational 

start sites (TSS), open reading frames (ORF), splice sites, and promoters. Other 

features, such as those that could indicate alternate isoforms, are not weighted 

as heavily. GENSCAN aims to identify protein-coding genes on both strands of 

analyzed genomic DNA. Genes predicted by this program have facilitated studies 

on their relevance in health and disease conditions. However, GENSCAN, while 

shown to be successful with predictions on short sequences, does have 

problems with predictions on larger genome sequences. For example, testing the 

program on a semiartificial genomic sequence (sag178) data set reveals that 

GENSCAN predicts an incorrect exon 41% of the time, a steep increase from the 

9% rate seen in testing with entire single gene sequences (Guigo et al. 2000). 

Additionally, an analysis of the human genome with GENSCAN only predicted a 

correct ORF at approximately 9% of the known ORFs (Flicek et al. 2003).  
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Other ab initio prediction programs have utilized the same rationale as 

GENSCAN. The FGENESH (Salamov et al. 2000) program seeks to define 

genes in a manner similar to GENSCAN. Features such as splice sites and TSS 

are used to define genes. FGENESH gives more weight to these structural 

features than GENSCAN does. This main departure from GENSCAN allows 

FGENESH to better predict the structure of a gene, although the potential coding 

ability of these predictions would not be as robust as that found with GENSCAN 

predictions. Another drawback is the observation that FGENESH does not 

predict initial or terminal exons with the same competence as internal exons. For 

instance, on std1 test data set generated from the Adh region of D. melanogaster 

genome (Reese et al. 2000), FGENESH predicted 100% of all internal exons 

correctly, but only 72% and 77% of initial and terminal exons, respectively, were 

predicted correctly (Salamov et al. 2000). These issues result in the splitting up 

of actual genes, or conversely, the joining of multiple genes into single gene 

models. 

Other attempts to predict genes have focused on both retaining a likely 

coding-sequence, as well as assuring proper intron lengths. The AUGUSTUS 

program (Stanke et al. 2003) defines predicted genes by considering the intron 

length distribution. Donor splice sites are defined by identifying patterns that are 

similar to splice site patterns. This approach is an improvement over GENSCAN 

in that it detects fewer false positives throughout intergenic regions. However, its 

use can be less efficient on genomes without consistent intron lengths. This 

program, when analyzing the EGASP dataset (a test set of the human genome 
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that represents 1% of its total size) (Guigo et al. 2006), is only sensitive to 11% of 

all annotated transcripts, and is specific with only 17% of these transcripts. 

Sensitivity is a measure of the number of real genes detected out of the total 

number of real genes in the test data set, and speaks to a programs ability to find 

genes that are actually there. Specificity is a measure of the number of real 

genes detected divided by the total number of genes predicted by the program. 

This is a measure of a programs ability to prevent prediction of features that do 

not exist. Clearly, the program is not able to completely annotate complicated 

genomes 

1.1.2 Comparative gene prediction programs 

Protein-coding genes are important functional elements of the genome; 

this leads to the realization that these genetic elements should be conserved 

between related species. At the time of this writing, there are 104 published 

eukaryotic genomes, with another 909 eukaryotic genomes in the process of 

being sequenced (Liolios et al. 2008). With multiple genomes now sequenced, it 

is possible to search for conserved genomic spans shared between them, and 

infer possible gene structures based on this similarity (Windsor et al. 2006).  

The expansion of assembled genomes serves as the foundation for gene 

prediction programs based on comparative genomics. One example of such a 

program is TWINSCAN (Korf et al. 2001). Here, cross-species genomic 

sequence similarity between two species is included in the parameters previously 

defined with GENSCAN. While the TWINSCAN approach increases the accuracy 

by 60% when compared to the GENSCAN results of a tested gene set produced 
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by Korf et al., TWINSCAN still only correctly predicts 14% of all known ORFs in 

the human genome (Flicek et al. 2003). Gene predictions based on comparisons 

of related species often turn out to be false positives, and the use of more than 

two informant genomes increases gene prediction performance only marginally 

(Eddy 2005) (Gross et al. 2006). The expectation that aligned genomes should 

reveal conserved, characterizable genes may be thwarted by the possibility that 

splice sites are not as highly conserved between species as was expected (Brent 

2005). Furthermore, conserved regions between related species can be 

deceiving, and suggest the presence of protein-coding genes that are either 

pseudogenes or not actually there. Sequencing of the mouse genome 

(Waterston et al. 2002) revealed that of the conserved genomic regions between 

this species and human, only about a third represent protein-coding genes (Brent 

2008). 

Other programs that rely on comparative genomics experience the same 

benefits and limitations imposed by their reliance on conserved sequences. 

GENEWISE (Birney et al. 2004) is a bioinformatics program that is used to find 

genes by comparing known protein sequences to genomic sequences. This line 

of investigation is hampered due to the proteins used in the alignments being 

pulled from cDNA libraries. Information extracted from these libraries are 

currently unable to comprehensively describe the proteome (Brent 2005). This is 

largely due to the random nature of cDNA sequencing that prevents the 

characterization of transiently expressed genes; this will be discussed in section 

1.2.2. In addition to this, the accuracy of such predictions only exceeds existing 
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methods when the aligned protein is highly similar to the protein encoded by the 

aligned locus.  

Another program, FGENESH++ (Solovyev et al. 2006), is based on the 

FGENESH program described in above, but incorporates mRNA/EST information 

from the RefSeq database (Pruitt et al. 2007). This program is useful because it 

can find TSS upstream of annotated coding portions of genes. In addition, it has 

the capability of detecting multiple isoforms associated with a single genomic 

locus. Regardless, it still has issues identifying all transcripts in the EGASP 

dataset due to the variability found in the non-coding untranslated regions of the 

transcripts. The program was sensitive to only 36% and specific to 42% of 

transcripts in the dataset. Due to the constraints discussed here, prediction 

programs based on comparative genomics face their own roadblocks that 

prevent them from being capable of fully annotating genomes. 

1.1.3 Combination of gene prediction programs 

Since no single gene prediction program seems to be capable of 

completely annotating genomes of eukaryotes, attempts have been made to 

combine multiple programs to build consensus predictions that can be used. One 

such “combiner” program is JIGSAW (Allen et al. 2005). This program uses the 

output of multiple gene prediction programs and sequence alignments to develop 

a consensus gene prediction, which JIGSAW reports. Testing with the EGASP 

dataset still shows that even this approach is not sufficient to rely on for genome 

annotation. It is sensitive to 34% of transcripts, and specific with 66% of them 

(Guigo et al. 2006). 
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Another combiner, GLEAN, has been used to improve genome annotation 

in the honey bee genome (Elsik et al. 2007). Five prediction sets from different 

gene prediction programs were considered to come up with the GLEAN set. This 

set produced more correct transcript predictions than any of the individual 

prediction sets that were used to as input for GLEAN. Still, it was only sensitive to 

53% of transcripts in the test gene set, and specific in 65% of the cases. While 

these number may seem impressive in light of the previous reviews, it should be 

noted that the honey bee genome has only recently been sequenced 

(Consortium 2006), and the gene list is probably not near completion.  

1.1.4 Conclusions 

Reliance on gene prediction programs alone is not sufficient for genome 

annotation. Species-specific genes are not always identifiable with programs that 

rely on conserved sequences between species (Hild et al. 2003). Moreover, while 

ab initio program performance may look impressive on single gene test data sets, 

this challenge is not representative of the task of genome annotation. Test data 

sets such as those based on the Adh genomic region of D. melanogaster (std1 

and std3) are more appropriate for testing these programs, which are sensitive to 

the protein-coding portions of genes 44% of the time, and are specific 30% of the 

time at best (Reese et al. 2000). Not only do ab initio programs have problems 

with correctly delimiting exon boundaries and suffer from high false 

positive/negative rates, they also only predict a single isoform at any given locus 

(Brent 2005). This is a problem for genomes that rely on alternative splicing. In 

humans, it has been predicted that between 40%-60% of genes are alternatively 
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spliced (Zahler 2005). While alternative splicing is not as prevalent in C. elegans, 

the process still plays a large role in the biology of the organism. As of the 

WormBase (www.wormbase.org) WS133 version of the C. elegans genome, 

there were 22,227 annotated protein-coding genes, of which 2,575 were 

alternatively spliced (Spieth et al. 2006). Conversely, comparative gene 

prediction programs, with the limitations inherent in a system that requires 

sequence similarity, is not solving the genome annotation issue with the 

revelation of more sequenced genomes. Reports of diminishing returns with each 

additional informant genome (DeCaprio et al. 2007; Gross et al. 2007) suggest 

this approach will fall short of satisfactorily annotating genomes. Also, while 

combiner programs are useful for reducing the rate of incorrect predictions, they 

are not sufficient for complete genome annotation due to the limitations inherent 

in the programs whose predictions are used as input. 

Although gene prediction programs have been used to produce tens of 

thousands of gene models in many different genomes, they suffer from high false 

positive and false negative rates. On the one hand, many genes predicted have 

been found to be spurious. On the other hand, many bona fide genes, especially 

those of unknown character, have been missed. This becomes especially evident 

when these programs are tested on actual genomes instead of gene test sets. In 

a 2006 report by Guigo et al., it was determined that the most accurate programs 

only correctly predicted 40% of the annotated genes in a 1% span of the human 

genome (Guigo et al. 2006).  False positive predictions were implied when the 

group tried to verify novel gene predictions made by reliable programs through 
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reverse transcription PCR (RT-PCR) and only recovered sequences from 3.2% 

of those predictions (Guigo et al. 2006). While gene prediction programs have 

done much to push genome annotation forward, either the nature of the 

annotation precludes programs from being an all-inclusive solution, or new, 

undiscovered gene characteristics need to be implemented in program design. 

1.2 Overview of transcription evidence 

Partial sequencing of randomly selected cDNA clones provides proof of 

active transcription of the selected clone. Instead of relying on a prediction, this 

type of evidence is a direct link to a genetic unit of transcription. The alignment of 

transcriptional evidence to the genome is special in that it offers solid evidence of 

gene models. Furthermore, it is useful in circumventing challenges posed by 

computational gene prediction. Uncovering new evidence of transcription can 

lead to the discovery of new signature features of genes. The prevalence of 

these new features is then considered in gene prediction program design. 

Transcriptional evidence can also satisfy the inherent problem of a comparative 

genomics approach because species-specific genes are found with this method. 

In turn, the species-specific gene sequence can then be used to identify paralogs 

in the host genome. Random sequencing of full-length cDNA clones is the gold 

standard for gene structure determination (Brent 2005), but is difficult to obtain 

for genes that are transiently expressed due to overexpressed genes being 

sequenced far more often. Meanwhile, EST data provides proof of transcription 

at many more sites that the sequencing of full-length cDNA clones. These two 

methods are the most important tools for transcriptome investigation (Nagaraj et 
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al. 2007). Still, these methods are not enough to address the genome annotation 

problem. This is due to the random nature of this type of sequencing. 

Overabundant transcripts flood cDNA libraries, preventing discovery of those 

transcripts whose expression levels are low or transient in nature. Yet another 

means of inferring the presence of genes is through the analysis of SAGE 

sequence tags, which will be discussed in this chapter. These tags not only give 

information on the level of expression of known genes, but also point to 

transcriptional activity of gene loci that remain unannotated. Here, I outline the 

main thrusts of sequence alignment annotation by EST and full-length cDNA 

alignment and discuss the problems associated with it. Finally, I explore the utility 

of SAGE in novel gene discovery. 

1.2.1 EST 

Low cost methods are necessary in order to obtain sequence data from 

the entire transcriptome of an organism. One of the early ways of doing this 

involved the production of randomly selected cDNA clones, which were 

sequenced with a single pass read to produce EST reads of ~400 base pairs (bp) 

length (Adams et al. 1991). These sequences are mapped to the genome, and 

are treated as evidence of transcription. While this method was originally 

developed for gene discovery, it is now also used to validate gene models 

(Jongeneel 2000) and support the presence of alternative transcripts (Rudd 

2003). ESTs can also detect polyadenylation signals associated with cDNA 

clones, and thereby distinguish between protein-coding transcripts and those that 

do not go through translation (Nagaraj et al. 2007).  
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The use of ESTs has its limitations, importantly among them being the 

inability to obtain the entire gene structure with their short sequence. About half 

of all full-length transcripts are too long to be entirely covered by EST sequence 

reads, and 5’ degradation of RNA samples prior to cDNA production can hide the 

true identity of a gene’s TSS (Brent 2008). The sampling of random clones leads 

to overrepresentation of abundant transcripts, and transiently expressed genes 

are difficult to characterize in their midst. Finally, the single pass read sequencing 

system often produces sequences of low quality (Jongeneel 2000), making 

production of complete ORFs for every gene locus even more difficult. 

1.2.2 cDNA 

Another method aimed at annotating genes involves the sequencing of 

full-length cDNA clones. This type of investigation is used to eliminate the 

uncertainty of false positive predictions made by programs, as well as validate 

the true positive predictions made by these same programs. For example, many 

full-length cDNA sequences have been produced to identify ORFs of candidate 

genes. This type of evidence is ideal when searching for genes (Johnson et al. 

2003; Brent 2005), because it generates both physical evidence of the predicted 

transcript, and details regarding the exon/intron boundaries. Full length cDNA 

sequences also resolve the gene boundaries of transcripts, which are not reliably 

predicted by computational methods (Harbers et al. 2005). One advantage this 

method has over EST sequencing is that it produces complete gene sequences. 

This allows the sequence to be mapped with more confidence to the genome. 

However, this approach is hampered by high cost and the fact that many genes 
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are expressed at low levels, transiently at yet unknown times, and regionally in 

yet unidentified tissue/cell types (Brent 2005). Like EST sequencing, sequencing 

of full length clones is carried out by randomly selecting those clones, and this 

leads to the difficulty found in characterizing these low abundance genes. 

1.2.3 SAGE tags 

The SAGE technique (Figure 1) was originally developed for both the 

profiling of gene expression (Velculescu et al. 1995; Gnatenko et al. 2003) and 

novel gene discovery (Velculescu et al. 1995; Polyak et al. 2001; Boheler et al. 

2003; Harbers et al. 2005). Briefly, polyadenylated transcripts are reverse 

transcribed with biotinylated oligo d(T) primers. The cDNA is then immobilized 

and isolated with streptavidin beads. These bound cDNA species are cut with an 

anchoring enzyme (for example, Nla III) to expose a 4 bp stretch of single 

stranded DNA (ssDNA) upstream of the downstream double stranded DNA 

(dsDNA). The beads are divided into two pools (pool A and pool B), and two 

different adapters, primer A and primer B, are attached to the ssDNA of each 

transcript in pool A and pool B, respectively. Nested in these universal primer 

sequences are binding sites for tagging enzymes, which will cleave dsDNA 14 bp 

(for the LongSAGE protocol (Wahl et al. 2005), 21 bp) downstream of the 5’ end 

of the ssDNA. Pools A and B are then joined, and the DNA ends distal to the 

attached primers are ligated to form ditags flanked by the primer A and B 

sequences. These sequences serve as a template for the amplification of the 

ditag. After amplification, the collective pool is treated with the anchoring enzyme 

to cleave the primer A and B sequences. The remaining ditags and ssDNA sites 
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are isolated, the ssDNA are allowed to anneal in a complementary fashion, and 

the resulting stretches of dsDNA SAGE tag sequences are cloned and 

sequenced. 

The expression profiles created with SAGE have a wide range of 

applications that include therapeutic target identification in cancerous tissues 

(Porter et al. 2006) and others of biological and medical importance (Wang 

2007). These profiles in turn have given evidence of transcription from 

unannotated regions of the genome, suggesting the presence of novel genes 

(Lonergan et al. 2006). The tag-based methodology behind SAGE itself has been 

adapted to novel gene discovery through its incorporation into methods such as 

Gene Identification Signature (GIS) analysis (Ng et al. 2005). Additionally, SAGE 

data has been interpreted to suggest the presence of novel isoforms that have 

been confirmed by RT-PCR (Ruzanov et al. 2007). These recent, successful 

efforts suggest that SAGE data has not been adequately exploited for gene 

discovery, as it can direct efforts to annotate genes that have gone undiscovered 

due to transient expression. Specifically, SAGE tags that overlap with 

unannotated regions of the genome point to these undiscovered genes. These 

uncharacterized SAGE tags can be the result of sequencing errors, but are also 

expected to be evidence of novel genes (Chen et al. 2002; Wang 2007). 
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Figure 1: SAGE experimental design 

The SAGE procedure produces cloned stretches of ditags that represent polyadenylated 
transcripts. Figure adapted from the (Velculescu et al. 1995). 
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Today, 33 SAGE libraries representing different tissue types (13 libraries) 

or developmental stages (20 libraries) characterize the C. elegans transcriptome. 

These libraries have been produced and made publicly available by the British 

Columbia C. elegans Gene Expression Consortium led by Drs. David Baillie, Don 

Moerman and their collaborators (McKay et al. 2003). These libraries combine to 

produce 221,179 SAGE tags as of WS160. As expected, the majority of the 

genome-mappable SAGE tags are associated with gene models of the C. 

elegans transcriptome. This is evident in the WS160 version of the N2 embryo 

SAGE library, where 78.4% of the SAGE tags overlap with gene models. These 

tags are accessible to the public. They are a resource that can provide partial 

evidence of novel genes. This evidence can be exploited to learn more about the 

genes that these SAGE tags are associated with. 

1.2.4 Conclusions 

Evidence of transcription is ideal when looking to confirm the existence of 

a genetic unit of transcription. Regardless, the sequencing of randomly selected 

clones is not enough to uncover information at all of the loci found throughout a 

genome. Support for this claim is apparent in the findings of the Mammalian 

Gene Collection (MGC) Project Team (Gerhard et al. 2004). 5’ ESTs were 

sequenced from 110 human and 80 mouse cDNA libraries, and those that 

appeared to contain complete ORFs were selected for high accuracy 

sequencing. These sequences brought the entire number of complete ORFs 

supported by ESTs to only 50%-60% of the expected number of genes in these 

organisms. This shortfall has also been seen in other organisms including C. 
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elegans (Wei et al. 2005). Other considerations of a cells transcriptome 

expression profile highlight issues with sequencing randomly selected clones. It 

has been estimated that anywhere between 83%-95% of all genes account for 

<20%-40% of total messenger RNA (mRNA) transcript mass in a typical cell 

(Carninci et al. 2000). The low abundance of most genes suggests that more 

needs to be done to target this pool for analysis, and that probing this gene set 

with random sequencing will remain inefficient. 

Another problems included in the uncovering of full-length transcripts with 

transcription evidence is the definition of the actual TSS. RNA degradation  

occurs most often at the 5’ end (Grudzien et al. 2006), and this leads to cDNA 

libraries with incomplete RNA representations. This can necessitate the 

assembly of ESTs from multiple clones in order to retain the extreme 5’ end of a 

gene, but this can lead to ESTs from different isoforms being incorrectly assigned 

to a single gene model (Brent 2008) 

These limitations cannot erase the knowledge that transcriptional 

evidence is the ultimate form of proof of a gene’s existence. When this is 

considered in addition with the knowledge that sequencing new genes is the only 

way to clear the roadblocks faced by gene prediction programs, development of 

methods to obtain missed genes becomes lucrative. One approach to this is to 

use evidence for genes, such as gene predictions or sequence tags as a basis 

for efforts directed at cloning the missing genes. For example, one could amplify 

the sequence of a predicted gene by developing gene specific primers targeting 

the prediction. An attempt at this was made in which the N-SCAN (Gross et al. 
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2006), Exoniphy (Siepel 2004), and TRANSMAP (Siepel et al. 2007) gene 

prediction programs made predictions on the human genome without the need 

for supporting cDNA evidence. Predicted novel transcribed sequences were used 

as a basis for primer development, and these primers were used in the 

polymerase chain reaction (PCR) that used a cDNA library that was reverse 

transcribed with an oligo d(T) primer as a template. Sequence alignments 

suggested the existence of over 160 genes that were not reported in major gene 

catalogs (Siepel et al. 2007). While these sequences do not confirm TSS or 

polyadenylation sites, the results show that efforts directed at characterizing 

missed genes are profitable. 

Targeting of predicted genes by PCR amplification is only one avenue 

taken to procure transcript evidence for a novel gene. Other clues suggesting the 

presence of undiscovered genes include sequence tags that do not overlap with 

annotated gene models. Uncharacterized SAGE tags have been used to develop 

primers that target suspected transcripts related to protein-coding genes. In this 

project, Xu et al. used these SAGE tags in a PCR that produced the sequence 

encapsulated by the SAGE tag and a universal sequence attached to the 

polyadenylation track in the reverse transcription step (Xu et al. 2008). The group 

successfully produced amplicons whose sequence mapped to the human 

genome and overlapped with the SAGE tag used in the PCR. SAGE tags have 

been used in novel gene discovery in the past (Velculescu et al. 1995; Polyak et 

al. 2001; Boheler et al. 2003; Harbers et al. 2005), and as evidenced here, can 

provide a means of recovering full-length gene models.  
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CHAPTER 2: TAG BASED AMPLIFICATION OF CDNA 
ENDS 

2.1 A method for full length characterization of novel genes 

The means of genome annotation described above have guided the 

formation of the current state of genome annotation. However, in these genomes, 

there are still many undiscovered genes which are likely to have low expression 

levels. Undiscovered genes may have features that are not currently known, and 

hence are not considered in the development of gene prediction programs. New 

approaches are needed to push the boundary on genome annotation.  

Current genome annotation methods rely heavily on either the sequencing 

and mapping of random cDNA transcripts, or gene predictions through various 

gene prediction programs. In this project, I developed the Tag-based 

amplification of cDNA ends (TACE) method, which aims to find new genes 

whose existence is suggested by transcriptional evidence. The TACE project 

aims to provide the gold standard of evidence that is aligned transcript 

sequences, but it targets those genes that due to low or transient expression are 

not easily discovered through cloning of random cDNA transcripts. TACE also 

provides full-length sequences of these genes, clearly defining both the TSS and 

the polyadenylation site. The information garnered from TACE results can in turn 

be used to improve prediction programs and increase their detection of true 

genes. 
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In this project, I use TACE to explore the utility of existing SAGE libraries 

for novel gene discovery in the C. elegans model organism. The C. elegans 

genome was the first metazoan genome to be sequenced (Consortium 1998), 

and provides a difficult testing ground for novel gene discovery, as many genes 

in this organism have been discovered over the long course of genome 

annotation for this organism. By sampling small sequence fragments (SAGE 

tags) of expressed transcripts, SAGE produces tag sequences related to 

expressed genes, including genes expressed at low levels.  

TACE amplifies and identifies new genes by using primers whose designs 

are based on the SAGE tag sequences, together with primers based on the 

trans-splice leader 1 (SL1) at the extreme 5’ end, and a universal primer 

sequence added to the extreme 3’ end. The SL1 sequence is attached to the 5’ 

end of approximately half of all C. elegans transcripts (Zorio et al. 1994), of which 

there were 20,063 as of WS160 

(http://wwwdev.sanger.ac.uk/Projects/C_elegans/WORMBASE). A modified oligo 

d(T) primer that incorporates the universal primer (UP) sequence is used to 

prime reverse transcription at the polyadenylation tracks of protein-coding 

transcripts. This means that while many transcripts that are not polyadenylated 

are transcribed and present in a total RNA sample, only those mRNA species 

that are polyadenylated are targeted for inclusion in the cDNA library. Other 

transcripts that are not polyadenylated, such as ribosomal RNA and ncRNA, are 

not translated into cDNA, and are eliminated from the cDNA library through a 

ribonuclease treatment of said library. Hence, all successful TACE results 
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represent protein-coding mRNA transcripts. Each selected SAGE tag is used to 

design a sense and antisense primer used in two PCRs. The transcript sequence 

that lies upstream of the SAGE tag is amplified using a primer based on the SL1 

sequence and the antisense SAGE primer. The transcript sequence downstream 

of the SAGE tag is amplified using the UP and the sense SAGE primer. The 

resulting PCR products are then cloned, sequenced, and mapped to the 

reference genome. While TACE targets undiscovered genes, some results 

suggest extensions to current WormBase gene annotations. WS160 was used as 

a reference in this work. Some alignments overlap with non-protein-coding 

genes, and suggest that their gene models need to be re-annotated (Figure 2). 

2.2 Application potential of TACE 

The TACE method relies on the presence of a polyadenylation sequence 

to which a universal sequence can be attached, and another universal sequence 

at the extreme 5’ end for all targeted transcripts. The C. elegans model organism 

is ideal for testing the TACE principle because it has a polyadenylation track. 

Additionally, approximately half of all C. elegans protein-coding transcripts are 

trans-spliced with the 22 bp SL1 sequence (Zorio et al. 1994). This trans-splicing 

occurs on all pre-mRNA transcripts that have an outron, which is a sequence 

resembling an intron at the extreme 5’ end of said pre-mRNA (Conrad et al. 

1991). While trans-splicing simplifies novel gene discovery in our model 

organism, it is not necessary for TACE, as a universal sequence can be attached 

to the extreme 5’ end of all transcripts through methods such as 5’ rapid 

amplification of cDNA ends (5’ RACE) (Suzuki et al. 1997).
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Figure 2: TACE experimental procedure 

Template cDNA is used in two PCRs that utilize primers based on the sequence of a SAGE tag, 
the SL1 sequence and modified oligo d(T) primer. The PCRs produce an amplicon representative 
of the sequence upstream of the SAGE tag location (PCR product 1), and another that comes 
from the downstream sequence (PCR product 2). These products are sequenced, and mapped to 
the C. elegans genome. Those sequences whose alignments overlap with the SAGE tag used in 
primer design are considered successful TACE experiments. 
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While this project targets undiscovered genes by examining SAGE data, it 

does not rely solely on this for development of PCR primers used in TACE. In 

fact, any partial sequence information that maps to an unannotated region of the 

genome can be used as a basis for primer design. These could include ESTs. 

This means TACE can be applied to other organisms that have not yet had their 

transcriptome probed with methods such as SAGE. 

In addition, TACE is a method that can be applied to eukaryotic organisms 

to target genes that are not supported by full cDNA sequences. These organisms 

must have accompanying sequencing data that is not associated with a gene 

model, a universal sequence attached to the 5’ end of all transcripts, and a 

polyadenylation track. The use of sequencing technologies such as Solexa and 

454 sequencing is expediting the production of transcriptome sequence 

accumulation. In the absence of processes such as trans-splicing in a model 

organism, a 5’ sequence can be attached with protocols such as 5’ RACE. 

Finally, the presence of a polyadenylation track is found in almost all eukaryotic 

mRNA species (Wahle et al. 1999). This track is needed to serve as a 3’ end 

binding site for a modified oligo d(T) primer with a universal sequence attached.  

2.3 Developing TACE 

The main limitation with TACE, as mentioned above, was the production 

of false positive amplicons. The best way to deal with this issue is to use 

stringent PCR conditions to prevent the mispriming that leads to the production of 

these false positives. Also, the likelihood of amplifying the upstream amplicon of 

a true positive is increased if the target is expressed at a high level. Therefore, 
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SAGE tags with the highest expression were tested before effort was spent on 

SAGE tags with lower expression. 

The issue of identifying targeted amplicons for isolation, cloning and 

sequencing, required a set of guidelines. In my work, I have developed such a 

protocol that aims to minimize effort spent cloning amplicons produced through 

mispriming. This protocol is outlined in section 4.3.3. 

As discussed, a potential issue in the PCR step of TACE was the use of a 

non-nested PCR primer in the amplification of the upstream amplicon. A possible 

remedy to this problem could include addition of an elongated sequence at the 5’ 

end of transcripts with 5’ RACE. The attached sequence would contain a stretch 

for the binding of a PCR primer at its 3’ end, and would include a stretch of 

sequence upstream of the mentioned binding site to increase the efficiency of the 

elongation step. However, this troubleshooting was not tested, as time 

constraints prevented this optimization. 

Finally, the issue of recovering full-length sequences from TACE 

experimentation was thwarted by the low expression of some of our SAGE tag 

primers. To optimize this situation, attempts were made to search tissue specific 

SAGE libraries for highly expressed tag sequences. These were used to 

generate SAGE tag primers that were used in PCR experimentation with cDNA 

template produced from tissues matching the SAGE library. Also, to retain as 

many full-length cDNA templates as possible, production of those libraries were 

carried out in RNAse free zones, with methods that inhibited RNAse activity. 
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CHAPTER 3: BIOINFORMATIC IDENTIFICATION AND 
DESIGN OF SAGE TAG PRIMERS 

To identify a gene whose structure is not known but whose existence is 

suggested by uncharacterized transcript sequences (e.g. ESTs (Adams et al. 

1991), SAGE tags (Velculescu et al. 1995), massively parallel signature 

sequencing tags (Brenner et al. 2000)), I designed TACE approach (Figure 2). 

The method amplifies the cDNA transcript that represents the mRNA sequence 

of the novel gene. Amplification is based on three primer sites. The first site is a 

sequence located at the extreme 5’ end of the target transcripts, and the second 

site is the universal primer sequence found downstream of the polyadenylation 

sequence. The third and final site, which is specific to the potential gene, 

corresponds to the genomic span that the uncharacterized tag maps to. This 

sequence is part of the potential gene, and is the basis for forward and reverse 

primers (tag sites) that are used with primers based on the 3’ and 5’ sites, 

respectively, in two PCRs. These PCRs amplify the sequence upstream and 

downstream of the potential gene. Amplicons are then sequenced and mapped 

to the genome for the construction of gene models. TACE provides not only 

evidence of novel genes, but also the complete transcript sequence of that gene. 

In this chapter, I outline the protocol that guided the identification of SAGE 

tags that were thought to represent novel genes. Then, I show what methods 

were used to design the final SAGE tag primer that was used in TACE 
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experimentation. Finally, I outline the different sets of SAGE tag primers 

produced, and discuss some alterations to the reviewed protocol that were made 

in the generation of each set of SAGE tag primers. 

3.1 SAGE tag selection 

The goal of the SAGE tag selection protocol was to create a list of SAGE 

tags that would be suitable candidates for SAGE tag primer design after data 

filtration. This was achieved by parsing through our downloaded SAGE data with 

filtration steps generated with the use of Perl scripting, which was followed by 

manual design of a SAGE tag primer used in TACE experimentation. The 

pipeline used to go from SAGE library download to SAGE tag primer is illustrated 

in Figure 3. A discussion of this protocol is given in sections 3.1.1 and 3.1.2. The 

effects of each step in the filtration process on the SAGE tag primer sets used in 

TACE experimentation are outlined in Table 1. 
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Figure 3: SAGE tag primer development 

SAGE tag pools (solid border) are put through various filtrations via perl scripting and 
bioinformatic analysis (broken borders) to produce a source of SAGE tag primers that are used in 
TACE experimentation (triple border). 1) SAGE tag libraries are downloaded from the MultiSAGE 
website. 2) All SAGE tags that do not fully map to the genome as one single uninterrupted 
alignment are discarded. 3) SAGE tags that map to annotated transcribed sequences are 
discarded. 4) SAGE tags that have a low level of expression and are possible errors in 
sequencing are discarded. 5) SAGE tags that are found to overlap with intronic sequences or 
map near a 5’ or 3’ boundary are eliminated. 6) Only tags with a GC content between 35% and 
50% are retained. 7) SAGE tags are edited into primer form. All SAGE tags that are likely to 
produce secondary structure (i.e. hairpins, homo-dimers, hetero-dimers) are discarded. 8) A final 
list of SAGE tag primers is procured.  
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 Starting 
SAGE 
tags (1) 

Genome 
mappable 
tags (2)  

Tags absent 
from 
transcriptome 
(3) 

Tags with 
reasonable 
expression 
(4) 

Tags absent 
from introns 
and gene 
boundaries 
(5) 

Tags with 
appropriate 
GC content 
(6) 

Tags 
that can 
serve as 
primers 
(7) 

SAGE 
tag 
primers 
tested 
(8) 

Set 
1 

16,587 13,743 3,052 616 418 128 39 30 

Set 
2 

14,701 10,534 4,755 365 41* 19 12 12 

Set 
3 

359,457 32,416 13,542 8,211 469 124 106 96 

Table 1: SAGE tag counts post-filtration 

The number of SAGE tags remaining after each filtration step is outlined for each experimental 
set used with TACE. The numbering associates filtered tag numbers with the filtration steps from 
Figure 3. 
Set 1: SAGE tags from the LongSAGE metalibrary 
Set 2: SAGE tags from the Mixed Stage with quality SAGE library 
Set 3: SAGE tags from the N2 Embryonic SolexaSAGE library 
* Tags in this group were also filtered to represent SAGE tags that overlap with LongSAGE data. 
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3.1.1 Data Download 

My source of uncharacterized tag sequences came from the WS160 

mappings of the MultiSAGE library (http://tock.bcgsc.bc.ca/cgi-bin/sage160). At 

my disposal were 33 SAGE libraries from unique SAGE experiments illustrating 

the C. elegans transcriptome. Of these,13 represented different tissues, and 20 

developmental stage libraries. In total, 16 of the 33 SAGE libraries were 

produced with the LongSAGE method, which produced 21 bp tags. TACE only 

used LongSAGE tags to develop SAGE tag primers. These libraries contained 

data from 221,179 different SAGE tag sequences with a PHRED score (Ewing et 

al. 1998) of at least 10. Briefly, a PHRED score is a value that represents the 

quality of the base-calling associated with a given sequence. A PHRED score of 

10 corresponds to a 10% error rate of base-calling. The ‘coding_RNA’, 

‘other_RNA’, and ‘genome’ tag mapping options were selected for the data 

download. These options explained the tag overlap with protein-coding genes, 

non-protein-coding sequences, and the genomic sequence, respectively. 

Ambiguous tags that mapped to multiple locations were removed from the 

download to ensure SAGE tags considered for TACE could only be produced 

from one locus. While ambiguous tags may actually be useful for TACE 

experimentation, they were removed to simplify the effort to prove the principle 

behind TACE. Antisense tags were filtered away to prevent tags that overlap with 

protein coding genes, but are not annotated as such, from being considered. 

Unmatched tags were retained to include those tags that did not overlap with 
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existing gene models. Finally, duplicate ditags were removed, as they were 

considered to be possible PCR artifacts. 

3.1.2 Filtration 

I chose to work exclusively with SAGE tags whose entire length could be 

mapped to a continuous stretch of the WS160 version of the C. elegans genome. 

To do this, I eliminated those tags that did not carry the genome tag mapping 

option in the C. elegans SAGE libraries. Subsequent to this, I selected for SAGE 

tags that did not overlap with a WormBase gene model by excluding SAGE tags 

that carried either one of or both of the ‘coding_RNA’ and ‘other_RNA’ tagging 

options. This produced a SAGE tag candidate list that was populated by tags that 

were mapped to the genome, but did not directly overlap with any annotated 

coding exons or ncRNAs. Since the goal of TACE was to discover new genes, 

our pipeline needed to retain only those SAGE tags that had a high probability of 

producing evidence of those new genes. To this end, I discarded all SAGE tags 

that were not located at least 500 base pairs away from a 5’ or 3’ boundary of 

any protein-coding, pseudogene, or non-coding RNA (ncRNA), as it was likely 

that these would only produce evidence of minor 5’ or 3’ extensions to existing 

gene models. The 500 bp limit was selected arbitrarily. The next filtration step 

removed SAGE tags associated with annotated introns. Again, this filtration step 

was taken to increase the likelihood of novel gene discovery. Nevertheless, these 

SAGE tags still represent a wealth of clues that could point to novel isoforms, 

and could be used in future TACE experimentation. A lower limit on observed tag 

frequency was set to select for SAGE tags that had more substantial evidence to 
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back up their existence, as SAGE tags with low observed frequency levels are 

more likely to represent sequencing errors than those seen with higher 

frequency. SAGE tags whose observed frequency was lower than 3 for every 

100,000 reads were taken off the list. The final filtration retained SAGE tags 

whose sequence was such that a primer of the same sequence would have a 

melting temperature similar to that of a primer based on the SL1 and universal 

primer sequences. For this reason, the list was further shortened to include only 

those tags whose guanine-cytosine (GC) content was between 35% and 50%. 

These calculations considered the SAGE tag sequences along with their 

anchoring enzyme binding sites (CATG). 

3.2 Primer design 

Each sequence was examined for their ability to form hairpins and 

homodimers with the bioinformatics tool Netprimer 

(www.premierbiosoft.com/netprimer). I selected this tool because it has been 

used successfully in the past for both primer design (Hayden et al. 2001) and 

analysis of secondary structure (Gibbs et al. 2004). Throughout prediction of 

secondary structure formation, any tag whose sequence produced a Gibbs free 

energy value lower than -6.8 kcal/mol at a temperature of 60°C was discredited 

as a candidate due to the likelihood of secondary structure formation. To 

examine the possibility of heterodimer formation between the SAGE tag and SL1 

sequence, I took advantage of the Oligo Analyzer 3.0 tool 

(www.idtdna.com/analyzer/applications/oligoanalyzer). This tool allows 

visualization of likely conformations of heterodimer formation, and provides Gibbs 
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free energy values to suggest the likelihood of such dimers (Owczarzy et al. 

2008). Again, a Gibbs free energy value cutoff was set at -6.8 kcal/mol, and all 

sequences that produced values below this were rejected. In order to retain as 

many candidate SAGE tags as possible, the sequences were edited if they did 

not meet the requirements imposed by the homodimer/hairpin/heterodimer 

analysis. Nucleotides were eliminated from either the 5’ or 3’ end of the 

sequence to produce a sequence that was not likely to form a homodimer, 

assuming the edited sequence produced a melting temperature that was 

calculated to be between 55°C and 65°C. Melting temperatures (Tm) were 

estimated with an online tool 

(www.biophp.org/minitools/melting_temperature/demo.php) that is based on 

nearest neighbour thermodynamics (SantaLucia 1998; von Ahsen et al. 1999).   

3.3 SAGE tag primer set production 

Different sets of SAGE tags were collected. This was done to test the 

effect of varying parameters in the SAGE tag selection protocol (Figure 3) on the 

success rate of TACE experimentation. These adjustments were made to test 

their impact on the rate of successful TACE experiments. An initial Preliminary 

Set was used to prove the principle behind TACE. Another three experimental 

sets, Set 1, Set 2, and Set 3, were developed for novel gene identification. These 

sets are detailed below, and the filtration effects on the experimental sets are 

outlined in Table 1. 
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3.3.1 Preliminary Set 

A SAGE tag data download (section 3.1.1) was not used to create this 

Preliminary Set. Six tags were manually identified from WormBase release 

WS160 that had an observed frequency of at least 3 reads for every 100,00 in 

any single library the tag was found in. All tags selected were produced with the 

LongSAGE method (Saha et al. 2002), and were 21 bp in length. Entire SAGE 

tag sequences were used as primer sequences.This set was developed as a trial 

set to test the TACE protocol. As such, rigorous filtration steps that were 

intended to select for SAGE tags that were likely to be indicative of novel genes 

were not closely adhered to. Only SAGE tags that overlapped with protein-coding 

genes were removed from the Preliminary Set. Therefore, step 3 of the SAGE 

tag primer development protocol (Figure 3) was amended to allow SAGE tags 

that overlapped with non-protein-coding elements of the transcriptome to be 

retained. Step 5 in the protocol, which normally required SAGE tags be at least 

500 bp away from a gene boundary, was not enforced, although the removal of 

SAGE tags that overlapped with introns was still carried out.  

3.3.2 Set 1 

Set 1 was the first attempt at increasing the throughput of TACE. The 

LongSAGE metalibrary was used as the source of SAGE tags from which the set 

was produced. This library was a collection of 16 different SAGE libraries that 

were produced with the LongSAGE method (Saha et al. 2002) and therefore 

contained data on 21 bp SAGE tags. The download of this library enforced a 

sequence quality filter that eliminated tags whose sequence was associated with 
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a PHRED score (Ewing et al. 1998) lower than 10. This filter was added to 

reduce the possibility of experimenting with tags produced from poor sequencing 

results. The download parameters used presented us with a list that included 

16,587 individual tag sequences. Finally, any SAGE tag primers already tested in 

the Preliminary Set were removed from the Set 1 list. The SAGE tag primer 

development protocol, as defined above, generated a thirty SAGE tag primer set.  

3.3.3 Set 2 

Set 2 used the mixed stage with quality SAGE library as a data source 

(Jones et al. 2001). This library was produced with normal SAGE, and therefore 

contained tags 14 bp in length. TACE only used sequences derived from 

LongSAGE data, so Set 2 candidate SAGE tags were required to overlap with 

LongSAGE tags, whose sequences were then used for primer design. The set 

was created in order to generate SAGE tag primers that were likely to be highly 

expressed in a mixed stage cDNA library, as they would be tested with a cDNA 

template that represented this library. As with Set 1, we used a sequence filter 

that required SAGE tags to have a PHRED score of at least 10 to be included in 

the download. The download parameters produced a list that included 14,701 

individual tag sequences. All LongSAGE tags that were tested in the Preliminary 

Set and Set 1 were subtracted from the Set 2 list. SAGE tag sequences were 

edited as described above to prevent secondary structure formation and control 

Tm when necessary. Following the filtration outlined above, a set that included 

twelve SAGE tag primers was produced. 
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3.3.4 Set 3 

Set 3 used SAGE libraries based on Solexa sequencing of the SWN21 

and SWN22 (McKay et al. 2003) embryonic samples. These libraries were made 

available by Dr. Don Moerman and Dr. Harald Hutter. Solexa SAGE produced 

more initial SAGE tags than the normal SAGE libraries because it achieves much 

deeper coverage. Solexa sequencing produces a SAGE library that is 20 times 

as large as a normal SAGE library (Bonetta 2006). The download excluded all 

SAGE tags whose sequence quality was associated with a PHRED score lower 

than 40. This was done to ensure quality of SAGE tag sequence, and also 

because the size of the libraries allowed for filtration to be this stringent and still 

produce large SAGE tag lists. Also, the reporting of normalized observed 

frequency was substituted with absolute observed frequency data. This produced 

a list of 359,457 individual SAGE tag sequences. The increased stringency was 

introduced to ensure that the tested SAGE tags were not a result of sequencing 

error. Additionally, this change relaxed the stringency involved with step 3 of the 

SAGE tag primer development protocol (Figure 3). This step was responsible for 

filtering out SAGE tags without reasonable expression, and was altered to allow 

SAGE tags with an absolute observed frequency of at least 2 reads to be 

considered as a SAGE tag primer. Another altered procedure involved step 5 of 

the SAGE tag primer development protocol. Here, instead of allowing SAGE tags 

mapping at least 500 bp away from a gene boundary to be considered, we only 

allowed those tags that mapped at least 1000 bp away. This was done to 

increase the chances of novel gene discovery. SAGE tag sequences were edited 

as described above to prevent secondary structure formation and control Tm 
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when necessary. After subtraction of all SAGE tags tested in earlier sets, this 

filtration produced a ninety-six SAGE tag primer set, with all primers being 

between 18 and 21 bp in length. 

3.3 Conclusion 

To prove the TACE principle, a Preliminary Set composed of six SAGE 

tags that did not overlap with protein-coding genes was used. Subsequently, a 

SAGE tag primer development protocol (Figure 3) was generated that 

successfully produced three experimental TACE sets. These experimental sets 

were intended to produce results that would reveal novel genes. All primers that 

were likely to be problematic in PCRs due to either inappropriate Tm or likelihood 

of secondary structure formation were eliminated from our experimental sets 

before effort was spent using them in the next phase of TACE. 

The finished SAGE tag primer sequences (sense), along with their reverse 

complement (anti-sense) were ordered from Invitrogen. These primers would be 

used in the next phase of TACE, which was employed to amplify and clone 

amplicons associated with the sequences found upstream and downstream of 

the SAGE tag primers. In Chapter 4, I will review the entire procedure that was 

used to obtain these TACE amplicons. 
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CHAPTER 4: PROCUREMENT OF TACE AMPLICONS 

To amplify TACE amplicons from the C. elegans transcriptome, I extracted 

total RNA samples representing both mixed stage and embryonic tissue. After 

removal of trace genomic elements, this RNA served as a template for reverse 

transcription, primed with the modified oligo d(T) primer. The produced cDNA 

libraries then served as templates for two PCRs for every SAGE tag primer 

tested, one targeting the upstream amplicon, and the other the downstream 

amplicon. The products of these PCRs were cloned and sequenced. This chapter 

explains the details relating to all steps taken to complete this phase of TACE 

experimentation. All primer sequences referred to in this chapter can be found in 

Appendix A. 

4.1 Worm growth and RNA isolation 

All isolations were performed on the N2 Bristol strain of C. elegans. All 

solutions used here are outlined in Appendix B. 

4.1.1 Mixed stage tissue production 

For each experiment, ten N2 hermaphrodites were seeded onto each of 

thirty 6 cm NGM plates streaked with OP50. The worms were incubated at 25°C 

for six days, after which the worms were washed off of the plates with M9 buffer. 

These worms were used to set up 500 ml of liquid culture. This liquid culture was 

supplemented with 12.5 ml of an HB101 bacterial food source. The culture was 
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incubated at 20°C with rotation for six days, through which 25 ml of the bacterial 

food source was added daily. The worm concentration was determined post-

incubation to be optimal (25 adult/L4 worms per 10µl) for harvesting, and the 

animals were collected into fifteen 50 ml tubes (BD Falcon, cat. # 352077). 

Washing was carried out by centrifuging the worms for five minutes in a 4°C 

environment at 1200 rpm, after which the excess M9 buffer was aspirated away. 

Worms were then resuspended with the addition of 30 ml of M9 buffer to each 

tube, followed by transfer to a 15 cm Petri dish (Fisher, cat. # 08-757-14). Worms 

were separated from bacteria by allowing the solution to settle, after which the 

motile worms were pipetted away from the bacteria (which was left behind on the 

dish floor) into 50 ml tubes.  This wash was carried out ten times with M9 buffer 

until no bacterial traces could be seen. The remaining worms were used as a 

source for RNA isolation. 

4.1.2 Embryonic tissue production 

For each experiment, two 6 cm OP50 streaked NGM plates were seeded 

with five dauer stage N2 hermaphrodites, and were incubated at 20°C for five 

days. From these plates, twelve 6 cm OP50 streaked NGM plates each received 

three young adult worms. These worms grew at 20°C for seven days, and were 

monitored to ensure the plates remained staged. This was done by ensuring 70% 

of the worms were gravid adults at the time of harvest. The worms were washed 

off of the plates with 15 ml of M9 buffer, after which the worm solution was 

placed on ice for one hour to allow the worms to settle. Excess M9 buffer was 

aspirated away, and the remaining worm pellet had 10 ml of double distilled 
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water added to it. The solution was distributed evenly onto eight 15 cm OP50 

streaked NGM plates. These worms were grown at 20°C for three days, and 

another check was made to ensure the plates were staged. The worms were 

washed off with 40 ml of M9 buffer, and were placed on ice for one hour. After 

the worms had settled, excess M9 buffer was removed, and the remaining worm 

pellet was redissolved as described and was distributed evenly onto thirty 15 cm 

OP50 streaked NGM plates. These worms were incubated at 20°C for three 

days, and a final check was made to ensure the worms were staged as gravid 

adults. These were washed with 160 ml of M9 buffer, and the total volume of the 

solution was reduced as described. 

A 140 ml volume of cold double distilled water was added to the worm 

pellet, and the worms were divided into four 50 ml tubes. Subsequently, 25 ml of 

bleach solution was added to each tube, and the tubes were vortexed 

continuously for five minutes. The tubes were centrifuged for one minute in a 4°C 

environment at 1200 rpm. The supernatant was aspirated away, and each tube 

was washed via addition of 25 ml of cold M9 buffer, shaking, and centrifugation 

as described. This wash was repeated three times. The remaining embryonic 

tissue was used as a source of RNA for RNA isolation.  

4.1.3 Total RNA isolation 

All benchtops, pipettes, and machinery were cleaned with RNA zap wipes 

(Ambion, cat. # AM9780). The RNA isolation was carried out with the TRIzol 

reagent (Invitrogen, cat. # 15596018) and their protocol with some minor 
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modifications was employed. A 10 mL volume of TRIzol and 100 μg of Mussel 

glycogen (Roche, cat. # 10901393001) was added to a 1 g pellet of worm tissue 

and was vortexed for two minutes. The mixture was frozen in liquid nitrogen, after 

which it was quickly thawed in a 37°C water bath. After two freeze-thaw cycle, 

the mixture was incubated at room temperature for five minutes and 2 ml of 

chloroform (Sigma-Aldrich, cat. # 472476) was added before shaking and a 

second incubation of three minutes at room temperature. A 12,000 g 

centrifugation at 4°C was carried out for ten minutes and the upper aqueous 

phase was pipetted into a new 15 ml tube (BD Falcon, cat. # 352097).  A 5 ml 

volume of isopropanol was mixed with the sample and allowed to incubate at 

room temperature for ten minutes. The RNA was pelleted with another 

centrifugation as described above. The supernatant was removed and the pellet 

was vortexed with 10 ml of 75% ethanol, after which the mixture was centrifuged 

at 7,500 g for five minutes at 4°C. The ethanol was aspirated away and the pellet 

dried before being redissolved in 1ml of Diethyl pyrocarbonate (DEPC) (Sigma, 

cat. # D5758) treated water, and 1 μl of the sample was analyzed on an ND-1000 

spectrophotometer (NanoDrop Technologies) to determine the concentration.  

A 250 μg mass of total RNA was cleaned up using the RNeasy kit 

(Qiagen, cat # 74104).  During the cleanup, the optional DNAse treatment was 

employed to ensure no genomic contamination would carry over into downstream 

processing of the RNA. An ethanol based RNA precipitation was carried out. 

Briefly, total RNA was mixed with 2.5 volumes of anhydrous ethanol, 0.1 volumes 

of 5M ammonium acetate, and 1 μg of Mussel glycogen. This mixture was 
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vortexed and then incubated on dry ice for thirty minutes. The RNA was pelleted 

by centrifugation at 12,000 g for 30 minutes in a 4°C environment and the 

supernatant was removed with a pipette. The pellet was washed with 75% 

ethanol as described above. A 1 µL sample of the RNA was analyzed with the 

ND-1000 spectrophotometer, and another 1 µL sample was run on a 1% agarose 

gel to assess the quality of the RNA (Figure 4). The clear appearance of the 28S 

and 18S ribosomal RNA bands suggested the RNA had not degraded.  

4.2 Reverse transcription 

A cDNA library was produced for both tissue samples. Reverse 

transcription was carried out with the Superscript II reverse transcriptase kit 

(Invitrogen, cat. # 18064022). A 250 ng sample of RNA was mixed with 1 μl of 

100 μM modified oligo d(T), 1 μl of 10 mM dNTP, and was filled to 12 μl with 

DEPC treated water. The mix was incubated for five minutes at 65°C, placed on 

ice for one minute, and then briefly centrifuged. At room temperature, 4 μl of 5X 

FS buffer, 2 μl of 100mM DTT, and 1 μl of RNaseOUT (40U/ μl) (Invitrogen, cat. 

# 10777019) were mixed into the RNA sample, which was then incubated at 

16°C for one hour. Subsequently, 1 μl of Superscript II (200U/ μl) was mixed into 

the sample. This was placed in a 42°C water bath for 16 hours, after which it was 

given a 70°C heat treatment for ten minutes. Finally, 1 μl of Ribonuclease H (2U/ 

μl) (Invitrogen, cat. # 18021014) was added to the sample, which was incubated 

in a 37°C water bath for 15 minutes. 
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Figure 4: Total RNA sample 

Both Mixed Stage and Embryonic tissue samples were harvested for total RNA. The samples 
were cleaned with the RNeasy kit and run on a 1% agarose gel. 

1) 1 kb O’Gene DNA ladder 
2) Mixed Stage total RNA 
3) Embryonic total RNA 
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Libraries were put through two PCR tests, one to ensure that no genomic 

contaminants remained, and another that aimed to show that the library 

contained full length transcripts (Figure 5). The former test was completed by 

amplifying a fragment of the ama-1 gene that overlapped with an intron with two 

primers specific to ama-1 (ama-1_Forward and ama-1_Reverse). The product 

from the cDNA libraries was considered genome-free when the produced 

amplicons size correlated with the expected 354 bp length of the spliced form of 

the ama-1 gene encapsulated by the primers. Conversely, when the test was run 

with the genomic template, the produced amplicon size correlated with the 

expected 500 bp size of the entire genomic region flanked by the ama-1 primers. 

This proved the library contained cDNA transcripts exclusively, with no genomic 

contamination (Figure 5).  

The latter test was carried out by designing gene specific primers that 

were used in conjunction with the SL1 primer. Genes selected for this testing 

came from well established gene models that were annotated as being trans-

spliced from SL1 sequences. Produced amplicons were cloned, sequenced with 

Macrogen sequencing service (Seoul, Korea), and were mapped to the genes 

from which the gene specific primers were derived. These sequences can be 

found in Appendix C. By producing amplicons with the SL1 sequence intact, I 

proved that the library contained full-length transcripts (Figure 5). 
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Figure 5: cDNA library tests 

(A) PCRs using two cDNA templates to amplify 5’ portions of specific genes. These portions 
include the SL1 sequence attached to the extreme 5’ end of the transcript. Circles represent 
amplicons that were sequenced and found to include the entire 5’ region of the gene specific 
primer used in the PCR. 

1) 100 bp O’Gene DNA ladder (Fermentas) 
2) Template: Mixed Stage cDNA; Primers: SL1 + ubq-1 
3) Template: Mixed Stage cDNA; Primers: SL1 + rpa-0 
4) Template: Mixed Stage cDNA; Primers: SL1 + ttr-47 
5) 100 bp O’Gene DNA ladder (Fermentas) 
6) Template: Embryonic cDNA; Primers: SL1 + ubq-1 
7) Template: Embryonic cDNA; Primers: SL1 + rpa-0 
8) Template: Embryonic cDNA; Primers: SL1 + ttr-47 

(B) PCRs using two cDNA templates to amplify a segment of the ama-1 gene that includes an 
intron removed via mRNA processing. 

1) 1 kb O’Gene DNA ladder 
2) Template: Mixed Stage cDNA; Primers: ama-1_Forward + ama-1_Reverse 
3) Template: Embryonic cDNA; Primers: ama-1_Forward + ama-1_Reverse 
4) Template: Genomic DNA; Primers: ama-1_Forward + ama-1_Reverse 
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4.3 TACE amplicon generation, cloning and sequencing 

4.3.1 Upstream amplicons 

The reverse complement of each SAGE tag primer’s sequence was used 

as a primer in conjunction with a primer based on the SL1 sequence in a PCR. 

The PCR was initiated with a 94°C melt step for 2 minutes, followed by 32 cycles 

of a 94°C melt step for 15 seconds, a 61°C annealing step for 45 seconds, and a 

72°C extension step for 1 minute. This was followed by a final extension at 72°C 

for 5 minutes. An in-house Taq polymerase provided by Dr. Harald Hutter was 

used in all of the PCRs. This polymerase was generated with a protocol outlined 

earlier (Pluthero 1993). Amplicons produced by the PCRs were visualized with a 

1% gel electrophoresis, and extracted with a QIAquick Gel Extraction kit (Qiagen, 

ID 28704). The Preliminary Set, Set 1, and Set 2 SAGE tag primers were tested 

with the Mixed Stage cDNA library, while the Set 3 SAGE tag primers were 

tested with the Embryonic cDNA library. These amplicons were then cloned with 

the InsTAclone kit (Fermentas, #K1214). Cloned amplicons were submitted for 

sequencing and returned sequences were mapped back to the C. elegans 

genome with the BLAT tool (Kent 2002) on the WormBase website I opted to use 

BLAT because this program can take a spliced mRNA sequence (i.e. TACE 

cloned sequences) and align them to the genome in a way that reflects intron – 

exon boundaries (Kent 2002; Hinrichs et al. 2006). Those sequences that were 

found to overlap with the SAGE tag primer used to create the amplicon were 

termed true positive TACE results, and provided new evidence to support 

changes in the annotated C. elegans genome. 
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4.3.2 Downstream amplicons 

All amplicons whose alignments overlapped with the SAGE tag primer 

used in the production of upstream amplicons indicated which SAGE tag primers 

could be used in a subsequent PCR to amplify the sequence found downstream 

of the SAGE tag itself. The sense form of the SAGE tag primer was used with a 

universal primer I (UP-I) (Xu et al. 2008) in a primary PCR that ran for 15 cycles 

of 94°C for 15 seconds, 55°C for 30 seconds, and 72°C for 45 seconds. As with 

the above case, the Preliminary Set, Set 1, and Set 2 SAGE tag primers were 

tested with the Mixed Stage cDNA library, while the Set 3 SAGE tag primers 

were tested with the Embryonic cDNA library. The resulting PCR product was 

used as a template in a secondary PCR that used the SAGE tag primer and a 

universal primer II (UP-II) (Xu et al. 2008). This PCR program followed the 

parameters used in the PCR for amplification of the upstream amplicons. Again, 

amplicons were separated, excised and cloned as mentioned above. The UP-I 

and UP-II primers shared some overlapping sequence, but UP-II was nested 

away from the boundary of the modified oligo d(T) primer used to prime reverse 

transcription. The initial UP-I PCR was employed to first amplify targets of the 

sense SAGE tag primer, and the second UP-II PCR was used to efficiently 

amplify the downstream amplicon. Sequencing was carried out, and the 

downstream amplicon sequences were mapped as described. Those alignments 

that overlapped with the SAGE tag primer used in the production of the 

downstream amplicon were deemed true positives, as was the case for the 

production of upstream amplicons. Conversely, returned sequences that mapped 

to areas of the genome that were not associated with the SAGE tag primer were 
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deemed to be false positives. False positives were generated by mispriming of 

the SAGE tag primer during the PCR amplification. 

4.3.3 Amplicon selection protocol 

In order to select amplicons that were likely to be representative of the 

targeted amplicon, a protocol was developed. Each SAGE tag primer were put 

through multiple PCRs. These PCRs included 0% and 5% DMSO additives, with 

each PCR being run three times for a total of six PCRs for each SAGE tag 

primer. From this, amplicons of interest were selected for sequencing with the 

following criteria: 

1. The amplicon needed to be at least as bright as the 1500 bp 

fragment in the O’Gene Ruler from Fermentas (10 ng). 

2. If the amplicon was not as intense as the 1500 bp fragment in the 

ladder (24 ng), then it was required to be the only amplicon that 

was produced in the PCR. 

3. Amplicons that were more intense that the 1000 bp fragment 

automatically qualified as an amplicon of interest. 

From this initial pool, a collection of high value candidate amplicons were 

selected. They were chosen from those amplicons of interest that were found at 

least twice in both the 0% and 5% DMSO experiments. These were amplified, 

cloned and sent out for sequencing. 
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CHAPTER 5: SEQUENCE ALIGNMENT RESULTS 

TACE produced true positive results that fell into one of three categories 

based on the mapping alignments to the WS160 version of the C. elegans 

genome: novel gene, annotation extension and non-protein-coding gene overlap 

(Figure 2, Table 2). Results classified as novel genes are proof of entirely new 

genes discovered with the TACE method. The exons of these six new genes are 

all bordered by the canonical GT-AG splice signals, as is the case with most 

exons in C. elegans (Breathnach et al. 1978; Breathnach et al. 1981). Four 

tested SAGE tags produced results that suggest an extension to the annotated 

length of gene models. These annotation extensions align perfectly with 

annotated exons, and imply that either additional exons are transcribed with the 

gene, or the presence of a new isoform, or that terminal exons are longer than 

suggested by WormBase. Two unique cases, one that overlaps with an 

annotated pseudogene and another with an annotated ncRNA gene are 

interesting in that they insinuate predicted non-protein-coding genes may be 

protein-coding genes that come from polyadenylated mRNA transcripts. The 

Preliminary Set produced three true positives from six tested SAGE tag primers 

(50%). Set 1 produced four true positives out of thirty SAGE tag primers tested 

(13%), Set 2 produced two true positives of twelve tested primers (17%), and Set 

3 produced three true positives from 96 tested SAGE tag primers (3%). All 

successful TACE results from each set are outlined in Tables 3 - 6. 
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 Novel 
Genes 

Annotation 
Extensions 

Non-Protein 
Gene Overlap 

Total True 
Positives/SAGE  
tag Primers Tested 

Preliminary 
Set 

1 0 2 3/6 (50%) 

Set 1 3 1 0 4/30 (13%) 

Set 2 0 2 0 2/12 (17%) 

Set 3 2 1 0 3/96 (3%) 

Total 6 4 2 12/144 (8%) 

Table 2: Overview of TACE results 

Result classifications of twelve true positive results produced by TACE experimentation. 
Set 1: SAGE tags from the LongSAGE metalibrary 
Set 2: SAGE tags from the Mixed Stage with quality SAGE library 
Set 3: SAGE tags from the N2 Embryonic SolexaSAGE library 
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Result Sage tag primer SAGE tag 

location 
5’ 
mapping 
boundary 

3’ 
mapping 
boundary 

Status 

True 
Positive 
P.1 

CATGTCCTCTACGATCCTAAC II:8786920 II:8786297 II:8786940 Upstream 
amplicon; 
Overlaps 
F07H5.4 

(non-protein 
gene 

overlap) 

True 
Positive 
P.2 

CATGGGGGGAATTAATCCTCT II:9375812 II:9376228 II:9375792 Upstream 
amplicon; 
Overlaps 
C06C3.10 

(novel gene) 

True 
Positive 
P.3 

CATGTCTTTCGATTTTCCCCC II:10201159 II:10202155 II:10201139 Upstream 
amplicon; 

overlaps tts-
2 (non-

protein gene 
overlap) 

Table 3: Preliminary Set true positives 

Mapping result for cloned true positive results from the Preliminary Set. The status column lists 
which TACE amplicons (upstream or downstream) have been sequenced, and denotes the 
classification of the result. All co-ordinates and status notations are current as of WS198. 
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Result Sage tag primer SAGE tag 

location 
 5’ 
mapping 
boundary 

3’ 
mapping 
boundary 

Status 

True 
Positive 
1.1 

CATGCTTTTCTTCTTCGTTTC V:19434698 V:19434352 V:19434718 Upstream 
amplicon; 

evidence of 
novel gene 

True 
Positive 
1.2 

CATGAACAATCTGCCGTCGAA V:19432706 V:19433037 V:19432686 Upstream 
amplicon; 
overlaps 

C25F9.11 
(novel gene) 

True 
Positive 
1.3 

CATGTTGTTTTGACTGAGCTA V:5812558 V:5813070 V:5812538 Upstream 
amplicon; 
overlaps 
ZC250.4 

(novel gene) 

True 
Positive 
1.4 

CATGAGCAGAAGCTCAACTTT X:2346863 X:2335678 
X:2345479* 

X:2346883 Upstream 
amplicon; 
overlaps 
T01B6.1 

(annotation 
extension) 

Table 4: Set 1 true positives 

Mapping result for cloned true positive results from Set 1. The status column lists which TACE 
amplicons (upstream or downstream) have been sequenced, and denotes the classification of the 
result. All co-ordinates and status notations are current as of WS198. 
* Two true positive amplicons were produced with this SAGE tag primer. 
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Result Sage tag primer SAGE 

tag 
location 

5’ 
mapping 
boundary 

3’ 
mapping 
boundary 

Status 

True 
Positive 
2.1 

CATGTACACTACTAACAACCA II:15229392 II:15207408 
II:15216289* 

II:15229412 Upstream 
amplicon; 
overlaps 

Y46E12BL.4 
(annotation 
extension) 

True 
Positive 
2.2 

TGTAGAGCCCTTTAGATGG IV:4415360 IV:4408599 IV:4415616 Upstream + 
downstream 

amplicon; 
overlaps 

Y24D9A.1 
(annotation 
extension) 

Table 5: Set 2 true positives 

Mapping result for cloned true positive results from Set 2. The status column lists which TACE 
amplicons (upstream or downstream) have been sequenced, and denotes the classification of the 
result. All co-ordinates and status notations are current as of WS198. 
* Two true positive amplicons were produced with this SAGE tag primer. 
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Result Sage tag primer SAGE tag 

location 
5’ 
mapping 
boundary 

3’ 
mapping 
boundary 

Status 

True 
Positive 
3.1 

ATGCTTCACCTTCAATGAG X:14690912 X:14692922 X:14690759 Upstream + 
downstream 

amplicon; 
overlaps sox-3 

(annotation 
extension) 

True 
Positive 
3.2 

ATGTGTACTGTGACATTTCA III:7604003 III:7601399 III:7604022 Upstream 
amplicon; 

evidence of 
novel gene 

True 
Positive 
3.3* 

ATGGTCACAACAATTCTCTC II:10201159 II: 10202155 II: 10201139 Upstream 
amplicon; 

evidence of 
novel gene 

Table 6: Set 3 true positives 

Mapping result for cloned true positive results from Set 3. The status column lists which TACE 
amplicons (upstream or downstream) have been sequenced, and denotes the classification of the 
result. All co-ordinates and status notations are current as of WS198. 
* Amplicon was not cloned; only the PCR product was sequenced. 
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I used the AUGUSTUS (Stanke et al. 2003), and mGENE (unpublished)  

ab initio gene prediction programs to analyze genomic spans covered by the 

three resulting categories. The mGENE program identifies the structural features 

of genes, and then considers those features in the context of additional 

information such as maintaining coding potential in the prediction, and the known 

length distribution of introns. The FGENESH++ (Solovyev et al. 2006) and 

TWINSCAN (Korf et al. 2001) programs were also used to predict gene models 

for the genomic spans in question. Gene model alterations discussed here were 

found on the gene summary pages available through WormBase. Finally, I 

reviewed sequence homology between C. elegans and C. briggsae over these 

genomic spans. All regions of low similarity, high similarity, and high similarity 

with wobble-base mismatch as defined by the WABA program were considered 

(Kent et al. 2000). This chapter reviews the findings of these true positive results. 

Sequences described in this chapter can be found in Appendix C. 

5.1 Preliminary Set results 

5.1.1 True Positive P.1 (SAGE tag primer 20) 

The SAGE tag sequence CATGTCCTCTACGATCCTAAC was found to 

not overlap with any protein coding gene in the WS160 release of WormBase. 

The tag was neither associated with any introns. The observed frequency was 

found to be 17 for every 100,000 reads in the FACS sorted ASER neurons SAGE 

library, and the SAGE tag was deemed to be associated with a transcript whose 

expression level would be high enough for its full length cDNA sequencing. 
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Furthermore, the GC content of the tag was found to be 47.6%, which is 

acceptable for primer design. A primer sequence that included the entire SAGE 

tag sequence was generated. This primer was termed SAGE tag primer 20, and 

both a sense and antisense form of the primer were made for the amplification of 

sequence downstream and upstream of the SAGE tag, respectively.  

As of WS160, the SAGE tag primer 20 sequence mapped unambiguously 

to II:8786913..8786933. The closest protein-coding gene boundary that could 

have been associated with this SAGE tag was K08F8.6. The 3’ boundary of this 

gene was located at II:8781941, making an interval distance of 4973 bp between 

the two features. Having considered that the average length of C. elegans genes 

are found to be 1.83 kbp long (Gupta et al. 2007), the SAGE tag primer was 

expected to produce a completely novel gene.   

An upstream amplicon was produced with the SL1 and antisense form of 

SAGE tag primer 20. This was cloned and sequenced, after which it was found 

that the amplicon was 618 bp long. The first 22 bp of the sequence was found to 

represent the SL1 sequence that was trans-spliced onto the 5’ end of the 

transcript. The entirety of the rest of the sequence was found to align in the form 

of two exons. The initial exon was represented by the 23 bp – 228 bp region and 

mapped to II:8786297..8786504. The second exon mapped to 

II:8786551..8786940, and was associated with the 229 bp – 618 bp stretch of the 

sequence. The 3’ end of the second exon contained the SAGE tag primer. Both 

stretches of sequence aligned to their genomic locations with 100% identity 

(Figure 6). No downstream SAGE tag was produced for this TACE experiment.
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Figure 6: True Positive P.1 

Alignment of upstream amplicon of SAGE tag primer 20 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
20. 
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The AUGUSTUS and mGENE programs each predicted genes (g5127.t1 

and mGene_pred_3796.1, respectively) overlapping with portions of my aligned 

sequences. The AUGUSTUS prediction outlined a potential initial exon at 

II:8786237..8786497 and a terminal exon at II:8786544..8787421. While my own 

sequence alignment agrees closely with the predicted initial exon, as well as the 

start of the second exon, my alignments can not confirm the remainder of the 

AUGUSTUS prediction due to the missing sequence from the downstream 

amplicon. This amplicon was not produced by the time of this thesis writing. The 

mGENE prediction was not supported by my alignment, as the first exon mapped 

to II:8785283..8786497, and the second II:8786544..8786560. Compared to my 

gene model, this prediction included additional sequence upstream of my aligned 

initial exon, and also suggested a shorter second exon. Furthermore, 

TWINSCAN predicted a two exon gene that overlapped with a portion of my 

alignment. The first coding exon was found at II:8786384..8786471, and the 

second at II:8786551..8786627. While both predicted exons are shorter than 

what my evidence suggests of the situation’s reality, the 5’ boundary of the 

second exon is supported by my findings. FGENESH++ did not predict any 

exons overlapping with my aligned sequence. 

EST data supported my findings for the second exon, but only a portion of 

the first exon was also supported by this data. EST match yk801f03.5 was found 

to map as two exons. The first was located at II:8786408..8786504, while the 

second was found at II:8786551..8787044. This data supports the location of the 

intron proposed by my own alignment. Analysis reveals that while the T.1 
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sequence implies that there is additional sequence of the transcript upstream of 

the EST boundary, I am unable to make any assessment of the sequence at the 

3’ boundary without the downstream amplicon cloned and sequenced. A 

comparative look between the genomes of C. elegans and C. briggsae reveals 

that only the extreme 5’ region of my aligned sequence shared any similarity in 

sequence with C. briggsae. This sequence similarity was found at 

II:8785953..8786360. Therefore, only the first 64 bp of my alignment shared 

similarity with C. briggsae.  

On April 21, 2007, WormBase corrected the annotation of the mistakenly 

truncated F075H.4 pseudogene. This revision produced an annotated 

pseudogene that overlapped with most of my alignment. The first exon of this 

pseudogene was annotated between II:8786384..8786504, and the second 

II:8786551..8787046. While the status for this pseudogene is that of predicted, 

the position of the intron is supported by my alignment. However, my alignment 

also suggests that the true TSS is upstream of the annotated site. Furthermore, I 

cannot speak about the sequence downstream of the SAGE tag used in this 

experiment without the downstream amplicon. 

The full length of this pseudogene had been predicted on May 27, 2004, 

but was not correctly reported in WormBase until after the release of WS160. 

Still, my evidence suggests that if this truly is a pseudogene, then it is (i) actively 

transcribed, (ii) modified via trans-splicing, and (iii) polyadenylated. These are 

hallmarks of an actual gene. At the very least, the transcript should have its 

status changed to read as partially confirmed by cDNA. Clues to what possible 
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functions this gene may serve are unclear, as RNAi experiments have not 

revealed any abnormal phenotypes. Furthermore, there are no listed orthologues 

of F075H.4, so no function can be inferred from that of a close relative.  

5.1.2 True Positive P.2 (SAGE tag primer 24) 

The SAGE tag sequence CATGGGGGGAATTAATCCTCT did not overlap 

with any annotated protein coding gene or intron as of WS160. This SAGE tag 

had an observed frequency of 18 reads for every 100,000 in the FACS sorted gut 

cell SAGE library, hereby passing my expression level requirement. This SAGE 

tag had a GC content of 47.6%, and this was found to be sufficient for primer 

design. The entire SAGE tag sequence was used as a primer. This primer was 

termed SAGE tag primer 24, and both a sense and antisense form of the primer 

were made for the amplification of sequence downstream and upstream of the 

SAGE tag, respectively.  

As of WS160, the SAGE tag primer 24 sequence mapped unambiguously 

to II:9375783..9375803. The closest protein-coding gene boundary that could 

have been associated with this SAGE tag was C06C3.10. The 3’ boundary of this 

gene was located at II:9375924, making an interval distance of 121 bp between 

the two features. This SAGE tag was especially close to the 3’ boundary of this 

gene, so it was expected that this TACE experiment could have resulted in an 

extension to the annotated 3’ boundary of the C06C3.10 annotation.   

The upstream amplicon was cloned and a sequence of 414 bp was 

returned. The sequence aligned to the genome in the form of two exons, the 

 61



 

downstream one of which overlapped with the SAGE tag used in primer design 

for this case. The first 22 bp did not align to the genome, because they 

represented the 22 bp SL1 sequence spliced onto the amplified transcript. The 

first exon was represented by the 23 bp – 90 bp region of the sequence, which 

aligned to II:9376161..9376228. The second exon spanned the 91 bp – 414 bp 

region of the sequence, and aligned to II:9375792..9376115. Both amplicons 

mapped to the genome with 100% identity (Figure 7). The downstream amplicon 

was not cloned for this TACE experiment. 

Predictions made with both AUGUSTUS and FGENESH++ implied that a 

gene would be present, but that the transcriptional start site would begin with a 

third exon found upstream at II:9377002..9377076. However, mGENE made a 

prediction that suggested a transcriptional start site similar to my alignment. The 

first exon was located at II:9376153..9376220, and the second exon aligned to 

II:9375424..9376107. Furthermore, TWINSCAN predicted two coding exons in 

this region, the first exon spanning II:9376161..9376217, and the downstream 

one sitting at II:9375933..9376115. My own alignments are in close agreement 

with the predictions of mGENE and TWINSCAN for the transcriptional start site, 

and the beginning of the second exon. 
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Figure 7: True Positive P.2 

Alignment of upstream amplicon of SAGE tag primer 24 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
24. 
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Aligned EST data EC011541 suggested the presence of a gene whose 

first and second exons were located at II:9376161..9376196 and  

II:9375783..9376115, respectively. My data here implies that the true 

transcriptional start site is found upstream of that suggested by the EST data. 

Additionally, the annotated SL1 trans-splice site correlates with the 5’ boundary 

of my alignment, at which I also found the SL1 sequence. Further supporting 

evidence for this gene was not found through comparative analysis with C. 

briggsae, as there was no conservation of genome sequence found to overlap 

with the new gene model.  

My gene model was found to overlap with the downstream exons of 

C06C3.10, a gene whose annotation update on April 26, 2007 produced a gene 

model with three exons. The two downstream exons overlapped with my own 

transcript evidence. As of WS198, the first exon is annotated between 

II:9377010..9377133, the second II:9376161..9376228, and the third 

II:9375968..9376115. The data for this model is listed as having been confirmed 

by cDNA. My data confirms the boundaries of the second exon, but suggests that 

it can serve as a trans-spliced TSS, and hence, the first exon for a new isoform 

of this gene. 

Early predictions by GENEFINDER and TWINSCAN were merged to 

suggest that the first exon of the WS198 annotated C06C3.10 gene was actually 

part of an upstream gene, C06C3.8. This was listed in WormBase on March 7, 

2005. It was not until EST data, presented on April 26, 2007, that the current 

model of C06C3.10 was entered into WormBase (accession evidence 

 64



 

NDB:EC032272). Clearly, this gene was misannotated due to the gene prediction 

programs failing to identify the downstream genes. Both TWINSCAN and 

GENEFINDER rely at least partially on genome comparison and identity by 

descent. As there was no conserved area of the genome between C. elegans 

and C. briggsae overlapping with my own transcript evidence, it may have been 

difficult to identify the true gene model without prior EST data.  

5.1.2 True Positive P.3 (SAGE tag primer 25) 

The SAGE tag sequence CATGTCTTTCGATTTTCCCCC did not overlap 

with any annotated protein coding gene or intron as of WS160. This SAGE tag 

had an observed frequency of 98 reads for every 100,000 in the FACS sorted 

ASER neurons SAGE library, thereby passing my expression level requirement. 

This SAGE tag had a GC content of 47.6%, and this was found to be sufficient 

for primer design. The entire SAGE tag sequence was used as a primer. This 

primer was termed SAGE tag primer 25, and both a sense and antisense form of 

the primer were made for the amplification of sequence downstream and 

upstream of the SAGE tag, respectively. 

As of WS160, the SAGE tag primer 25 sequence mapped unambiguously 

to II:10201130..10201150. The closest protein-coding gene boundary that could 

have been associated with this SAGE tag was R05H5.5. The 5’ boundary of this 

gene was located at II:10200729, making an interval distance of 401 bp between 

the two features. While this SAGE tag was somewhat close to the 5’ boundary of 

the R05H5.5 gene, it seemed unlikely that the SAGE tag was related to this 

transcript, as that would have meant the annotated transcription start site was 
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incorrect. Therefore, I felt the TACE experiment with this SAGE tag primer would 

result in the characterization of a novel gene. 

Using the SAGE tag primer 25 in conjunction with the SL1 primer, an 

upstream amplicon was produced with a PCR that was cloned and sequenced. 

The sequence was revealed to be 815 bp in length. Again, the first 22 bp 

corresponded to the SL1 sequence. The 23 bp – 291 bp stretch aligned to 

II:10201887..10202155 and represented the first exon of the gene, and the 292 

bp – 815 bp region aligned to the II:10201139..10201662. SAGE tag primer 25 

was found at the extreme 3’ end of the second exon. The second exon included 

the full SAGE tag primer sequence at its extreme 3’ end. Both exons mapped to 

the genome with 100% identity (Figure 8). No downstream amplicon was 

produced in this TACE experiment, 

AUGUSTUS predicted a gene that overlapped with my alignment, and 

suggested that the transcriptional start site was upstream of the position 

indicated by my sequence. The first exon was predicted to reside at 

II:10201879..10202287, and the second at II:10201074..10201654. The 

predicted location of the intervening intron is similar, although not exactly the 

same, as the location pointed to by my alignment. None of TWINSCAN, mGENE, 

or FGENESH++ predicted any overlapping genes.  
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Figure 8: True Positive P.3 

Alignment of upstream amplicon of SAGE tag primer 25 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
25. 
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Various EST data independently supported either one of the exons 

produced by my alignments. For example, the first exon of yk1318f08.5, located 

at II:10201887..10202155, agrees perfectly with my proposed first exon. 

Although the downstream exon falls short of supporting the entire length of my 

second exon, another piece of EST data, yk1318f08.3, maps to 

II:10202012..10202055. This agrees with my second exon, and will also buttress 

at least a fraction of the downstream amplicon when it is sequenced. 

Furthermore, an annotated SL1 splice site aligns perfectly with the 5’ end of my 

alignment, at which I did find the SL1 sequence attached. Genomic regions 

overlapping the aligned sequence are also found to be conserved in C. briggsae. 

The II:10201900..10202210 genomic span is conserved, and this covers most of 

the first exon. Further overlap is found in the conserved regions of 

II:10201440..10201660 and II:10201143..10201400.  

On October 9, 2002, the pseudogene R05H5.8 (tts-2) was changed to a 

ncRNA gene as a result of a WormBase communication with Dr. Steven Jones. 

While the status of this gene is listed as only predicted, it overlaps with both of 

the exons presented by my sequence. R05H5.8 is a single exon annotated 

between II:10201048..10202153. My sequence suggests that this gene model, if 

not incorrect, is at least not the only true model in this genomic span. The current 

model does not highlight the intron I have found at II:10201887..10201662.  

 Other than a rough prediction of the gene made by AUGUSTUS, none of 

the ab initio gene prediction programs were able to predict a gene in this region. 

Moreover, neither TWINSCAN nor GENEFINDER predicted a gene overlapping 
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with my sequence alignment. Due to the inability to reliably predict a gene in this 

region, the only recourse to gene prediction in this genomic region is to look for 

genes with similar genetic sequences to the genomic span in question. This is 

how tts-2 was found. The tts-2 gene was predicted based on similarity to the tts-1 

gene (Jones et al. 2001). My sequence alignment is the first to attempt to 

produce a full length cDNA sequence of the gene from this locus. This gene, 

being similar to a telomere RNA sequence, is missing most of the structural parts 

common to other telomerase RNA subunits.  It has been noted that RNAi 

targeting of tts-2 results in the embryonic lethal phenotype (Kamath et al. 2003). 

5.2 Set 1 results 

5.2.1 True Positive 1.1 (SAGE tag primer 28) 

The SAGE tag sequence CATGCTTTTCTTCTTCGTTTC did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of 16 reads for every 100,000 in the FACS sorted 

gut cell SAGE library, and passed my expression level requirement. This SAGE 

tag had a GC content of 38.1%, and this was found to be sufficient for primer 

design. The entire SAGE tag sequence was used as a primer. This primer was 

termed SAGE tag primer 28, and both a sense and antisense form of the primer 

were made for the amplification of sequence downstream and upstream of the 

SAGE tag, respectively. 
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As of WS160, the SAGE tag primer 29 sequence mapped unambiguously 

to V:19434525..19434545. The closest transcript boundary that could have been 

associated with this SAGE tag was M04C3.1a. The 3’ boundary of this gene was 

located at V:19437756, making an interval distance of 3211 bp between the two 

features. Having considered that the average length of C. elegans genes are 

found to be 1.83 k.b. long (Gupta et al. 2007), the SAGE tag primer was 

expected to produce a completely novel gene.   

With the production of the upstream amplicon, I cloned the product and 

submitted it for sequencing. A 345 bp sequence was returned, with the first 22 bp 

corresponding to the expected SL1 sequence. The sequence aligned as two 

exons, the first 23 bp – 268 bp stretch mapped to V:19434352..19434597, and 

the second 269 bp – 345 bp stretch mapped to V:19434642..19434718. Again, 

the second exon included the full SAGE tag primer sequence, and both of these 

alignments were mapped with 100% identity (Figure 9). A downstream amplicon 

was not obtained in this TACE experiment. 
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Figure 9: True Positive 1.1 

Alignment of upstream amplicon of SAGE tag primer 28 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
28. 
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All gene prediction programs used on the genomic sequence overlapping 

with my alignment predicted a gene. AUGUSTUS predicted a transcriptional start 

site upstream of the site represented by my sequence, with the initial exon being 

located at V:19434289..19434596. A second exon was predicted at 

V:19434641..19434872. The predicted intron is only off by one bp from my 

alignment, but my alignment suggests that the canonical GT-AG splice signal is 

used, while the predicted AUGUSTUS exon does not agree with this. The 

mGENE program predicted an initial exon at V: 19434351..19434596, and a 

second exon at V:19434641..19434869. This prediction closely resembles my 

alignment for the location of the first exon and the intron between the aligned 

sequence, but, like the AUGUSTUS prediction, is off by only one bp 

FGENESH++ predicted an initial exon at V:19434353..19434607, and a terminal 

exon at V:19434641..19434661. This prediction would have the second exon 

prematurely terminated, as my data point to this second exon extending to at 

least V:19434718. Finally, TWINSCAN suggests an initial coding exon at V: 

19434354..19434608 and a second coding exon at V: 19434642.. 19434662. 

These co-ordinates are similar to those found with the FGENESH++ prediction.  

Interestingly, no EST data is available as of WS198 to support my 

alignment. Neither is the genomic span conserved in C. briggsae. No trans-splice 

acceptor site has been annotated in this region. In fact, the only actual evidence 

for any transcriptional activity in this region is the unambiguously mapped 

LongSAGE tag used as the SAGE tag primer in this TACE experiment.  
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My alignment still suggests the presence of a transcript that has yet to be 

annotated as of WS198. This region may still be unannotated for sheer lack of 

any real transcriptional evidence; the predictions by themselves have not been 

enough to convince WormBase to enter a gene model. However, my sequence 

alignment should provide enough evidence for some form of gene model to be 

developed. 

5.2.2 True Positive 1.2 (SAGE tag primer 29) 

The SAGE tag sequence CATGAACAATCTGCCGTCGAA did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of 52 reads for every 100,000 in the FACS sorted 

gut cell SAGE library, and passed my expression level requirement. This SAGE 

tag had a GC content of 47.6%, and this was found to be sufficient for primer 

design. The entire SAGE tag sequence was used as a primer. This primer was 

termed SAGE tag primer 29, and both a sense and antisense form of the primer 

were made for the amplification of sequence downstream and upstream of the 

SAGE tag, respectively. 

SAGE tag primer 29 sequence mapped unambiguously to 

V:19432513..19432533 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was C25F9.t5. 

The 3’ boundary of this pseudogene was located at V:19431155. This left a 

distance of 1359 bp between the SAGE tag primer and C25F9.t5. This distance, 

while reasonably large, was not so great that it was inconceivable for the TACE 
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result to suggest a new annotation. Therefore, I expected this result to either 

overlap with the upstream pseudogene, or be indicative of a novel gene. 

A 327 bp upstream amplicon was procured with a PCR using the SL1 

primer and SAGE tag primer 29. This was cloned and sequenced; the first 22 bp 

were found to be the SL1 sequence, and the remaining sequence was found to 

align as two exons. The first 23 bp – 283 bp stretch mapped to 

V:19432775..19433037, and the 284 bp – 327 bp region to 

V:19432686..19432727. The second region included the SAGE tag primer 

sequence, and both amplicons mapped to the genome with 100% identity (Figure 

10). However, no downstream amplicon was cloned. 
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Figure 10: True Positive 1.2 

Alignment of upstream amplicon of SAGE tag primer 29 as of WS198. Included are applicable 
gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae alignments 
and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 29. 
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All gene prediction programs suggested the presence of exons that 

overlapped with my sequence. AUGUSTUS found two exons at 

V:19432774..19433088 and V:19432408..19432726. The predicted intron is only 

off by one bp from my alignment, but the transcriptional start site indicated by this 

prediction is farther upstream than the site indicated by my data. mGENE 

suggested an initial exon at V:19432774..19433036 and a terminal exon at 

V:19432592..19432726. The predicted initial exon boundaries is very similar to 

my boundary, as is the position of the intron. The FGENESH++ prediction puts 

an initial exon at V:19432774..19433023 and a second at 

V:19432701..19432726. The first exon prediction would recommend that the first 

exon’s 3’ boundary is found downstream of my alignment, while the prediction for 

the second exon implies it terminates before the position suggested by my 

alignment. Finally, TWINSCAN’s prediction places two coding exons at locations 

that overlap with my alignment, V:19432775..19433024 and 

V:19432702..19432727. This prediction finds a transcriptional start site 

downstream of mine, but agrees perfectly with my assessment of the position of 

the intron. 

EST sequence EC023321 outlines two exons at V:19432775..19432982 

and V:19432410..19432727. This data supports my placement of the intron 

between the two exons, but does not buttress my suggestion of the actual TSS 

being located upstream of the annotated TSS of the current gene model. A trans-

splice site is annotated at V:19433037..19433038, which supports my finding of 
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the SL1 sequence at the 5’ end of my aligned sequence. However, the genomic 

span in question is not found to be conserved in C. briggsae. 

On May 3, 2007, a gene model for C25F9.11 was generated based on the 

TWINSCAN prediction and available EST data (accession evidence: 

NDB:EC023321). The gene model outlines an initial exon at 

V:19432775..19433024 and a terminal exon at V:19432410..19432727. The 

combination of TWINSCAN and EST evidence has resulted in a gene model that 

supports my intron, but also fails to recognize that the transcriptional start site is 

at the upstream location my alignment suggests, being V:19433037. This gene 

was most likely missed until enough EST data became available to provide the 

WormBase team with the necessary basis for construction of the C25F9.11 

model. As of WS198, the status of C25F9.11 is set to partially confirmed by 

cDNA. 

Currently, this gene is not associated with any phenotypes as a result of it 

being targeted in RNAi experiments (Kamath et al. 2003). SAGE data points to 

this gene being notably expressed in the SWEG1 SAGE library (FACS sorted gut 

cells). In this library, 54 SAGE tags corresponding to this gene for every 100,000 

SAGE tag reads. A blastp match of e-value 2.2e-32 is made between C25F9.11 

and srw-86, a gene that produces a trans-membrane chemoreceptor. However, 

C25F9.11 is associated with a 91 amino acid protein, which is much too short to 

be a trans-membrane protein.  
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5.2.3 True Positive 1.3 (SAGE tag primer 36) 

The SAGE tag sequence CATGTTGTTTTGACTGAGCTA did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of13 reads for every 100,000 in the FACS sorted 

punc-4::GFP cells SAGE library, and passed my expression level requirement. 

This sequence had a GC content of 38.1%, and this was found to be sufficient for 

primer design. The entire SAGE tag sequence was used as a primer. This primer 

was termed SAGE tag primer 36, and both a sense and antisense form of the 

primer were made for the amplification of sequence downstream and upstream of 

the SAGE tag, respectively. 

SAGE tag primer 36 sequence mapped unambiguously to 

V:5812366..5812386 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was ZC250.3. The 

5’ boundary of this gene was located at V:5797939. This left a distance of 14428 

bp between the SAGE tag primer and ZC250.3. The large genomic span 

between the SAGE tag and the 5’ boundary, combined with the fact that the 

boundary was a 5’ boundary and not a 3’ boundary, suggested that the SAGE 

tag was not related at all to this gene. I expected SAGE tag primer 36 to produce 

evidence of a novel gene. 

Through an upstream TACE PCR conducted with the antisense SAGE tag 

primer 36 and the SL1 primer, a 501 bp amplicon was generated for cloning and 

sequencing. The first 22 bp matched the SL1 sequence. The 23 bp – 160 bp 
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stretch of my sequence mapped to V:5812933..5813070, and the 161 bp – 501 

bp stretch to V:5812538..5812878. The second exon included the SAGE tag 

primer 36 sequence at its 3’ boundary, and both exons mapped to the genome 

with 100% identity (Figure 11). No downstream amplicon was procured. 

The genomic span that covered the aligned sequences was probed with 

various gene prediction programs. AUGUSTUS found a two exon gene whose 

transcripts were mapped to V:5812933..5813138 and V:5812296..5812878. This 

prediction indicated that the transcriptional start site was found upstream of my 

aligned transcriptional start site. However, the intron between the two predicted 

exons matched perfectly with my intron. mGENE predicted another two exon 

gene with the initial exon at V:5812933..5813081 and the terminal exon at 

V:5812301..5812878. As with the AUGUSTUS prediction, the predicted mGENE 

intron agrees with my alignment, but the mGENE transcriptional start site is 

found upstream of the location suggested by my data. A model proposed by 

FGENESH++ lists two exons found at V:5812933..5813080 and 

V:5812715..5812878. This prediction relates to my sequence alignment in the 

same manner as outlined with the AUGUSTUS and mGENE predictions. 

TWINSCAN found coding exons at V:5812933..5813080 and 

V:5812715..5812878, mirroring the FGENESH++ prediction. 
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Figure 11: True Positive 1.3 

Alignment of upstream amplicon of SAGE tag primer 36 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
36. 
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EST sequence EC034792 produced two exons that mapped to 

V:5812933..5813140 and V:5812574..5812878. While the intron location agrees 

perfectly with my alignment, the initial, upstream exon is yet more evidence of a 

transcriptional start site that is found at a location beyond the 5’ boundary of my 

aligned sequence. The entire aligned sequence overlaps with a region of the C. 

elegans genome that is conserved in C. briggsae, but of note is a region of high 

conservation found at V:5812924..5813123. This region overlaps with the first 

exon of my alignment. No trans-splice acceptor site is located at the 5’ region of 

my alignment. 

A gene model for ZC250.4 was generated on May 2, 2007 based on the 

available EST data (EC034792). This gene was annotated as a two exon gene 

that mapped to V:5812933..5813140 and V:5812574..5812878 and is listed as 

being partially confirmed by cDNA. My alignment suggests that if this model is 

not prematurely truncated, there is at least another isoform whose 5’ boundary is 

found downstream of the current annotation. Additionally, this isoform would 

include sequence found downstream of the current 3’ boundary as defined in 

WormBase. The current gene model was originally missing because there was 

not enough evidence to support a gene model until EC034792 was sequenced 

and mapped. 

The ZC250.4 gene has not been put through any RNAi experiments as of 

WS198. A review of SAGE data suggests a very low level of expression for this 

gene, with the highest level being reported in mixed stage populations at an 

observed frequency of 3 SAGE tags for every 100,000 tag reads. The function of 

 81



 

this gene is uncharacterized, and while its related protein product is closely 

related to the C. brenneri protein CN:CN22457 (blastp e-value 1.5e-37), no 

possible function can be inferred from the relationship as CN:CN22457 is also 

uncharacterized.  

5.2.4 True Positive 1.4 (SAGE tag primer 43) 

The SAGE tag sequence CATGTTGTTTTGACTGAGCTA did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of 13 reads for every 100,000 in the FACS sorted 

punc-4::GFP cells SAGE library, and passed my expression level requirement. 

This sequence had a GC content of 42.9%, and this was found to be sufficient for 

primer design. The entire SAGE tag sequence was used as a primer. This primer 

was termed SAGE tag primer 43, and both a sense and antisense form of the 

primer were made for the amplification of sequence downstream and upstream of 

the SAGE tag, respectively. 

SAGE tag primer 43 sequence mapped unambiguously 

X:2346862..2346882 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was T01B6.1. The 

3’ boundary of this gene was located at X:2345765. This left a distance of 1098 

bp between the SAGE tag primer and T01B6.1. This SAGE tag, while not found 

within the proximity of T01B6.1, was still relatively close to a gene whose 

annotation was only partially supported by cDNA evidence. I realized that the 
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result of this TACE experiment may have suggested that this gene’s annotation 

was in need of an extension at its 3’ boundary. 

For the upstream amplicon, a 698 bp amplicon was produced and cloned 

with the methods described. The first 22 bp of this matched the SL1 sequence. 

The remaining sequence then mapped to the genome as seven different exons: 

Exon 1: 23 bp – 85 bp to X:2335678..2335740 

Exon 2: 86 bp – 203 bp to X:2335809..2335926  

Exon 3: 204 bp – 287 bp to X:2336234..2336317 

Exon 4: 289 bp – 411 bp to X:2337274..2337397  

Exon 5: 412 bp – 518 bp to X:2337445..2337551  

Exon 6: 519 bp – 665 bp to X:2345479..2345625  

Exon 7: 666 bp – 698 bp to X:2346851..2346883  

All exons mapped with 100% identity, and the expected SAGE tag primer 

sequence was found at the 3’ boundary of the last exon. This alignment was 

termed as Isoform A (Figure 12), as a second amplicon was produced with this 

PCR. 
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Figure 12: True Positive 1.4 Isoform A 

Alignment of Isoform A upstream amplicon of SAGE tag primer 43 as of WS198 (Hits track). 
Included are applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, 
C. briggsae alignments and SAGE data. The circled SAGE tag was used in the design of SAGE 
tag primer 43. 
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A second 5’ amplicon of 202 bp was also produced with PCR using the 

antisense SAGE tag primer and the SL1 primer. As with the 698 bp amplicon, the 

first 22 bp matched the SL1 sequence. This was followed by sequence that 

aligned as two exons. The first  23 bp – 169 bp mapped to X: 2345479..2345625 

and the next 170 bp – 202 bp stretch to X:2346851..2346883. The second 

stretch overlapped with the SAGE tag primer used in this experiment, and both 

exons mapped to the genome with 100% identity. The overlap of this second 

amplicon’s sequence with that of the first suggests that this is a case of a new 

isoform discovered by TACE experimentation. This alignment was termed 

Isoform B (Figure 13). However, no downstream amplicon was generated for this 

TACE experiment. 

A probe of the genomic span covered by my alignment with AUGUSTUS 

revealed two multi exon genes that overlapped with my sequence. The upstream 

gene prediction g18932.t1 was a six exon gene whose genomic co-ordinates 

were X:2335677..2337681. The second g18937.t1 prediction was a six exon 

gene that mapped to X:2345327..2348779. This prediction did not support my 

prediction of a single gene, but the start site of the downstream prediction 

(g18937.t1) fell within 150 bp of the start site of Isoform B. mGENE made the 

mGene_pred_17507.1 prediction that mapped as a ten exon gene. From 5’ to 3’. 

The exons mapped to:  
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Figure 13: True Positive 1.4 Isoform B 

Alignment of Isoform B upstream amplicon of SAGE tag primer 43 as of WS198 (Hits track). 
Included are applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, 
C. briggsae alignments and SAGE data. The circled SAGE tag was used in the design of SAGE 
tag primer 43. 
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Exon 1: X: 2335729..2335739  

Exon 2: X:2335808..2335925  

Exon 3: X:2336233..2336316  

Exon 4: X:2337273..2337396 

Exon 5: X:2337444..2337550 

Exon 6: X:2345478..2345624 

Exon 7: X:2346850..2346972 

Exon 8: X:2347955..2348032 

Exon 9: X:2348278..2348363 

Exon 10 X: 2348448..2348785 

The boundaries of the first seven predicted exons agreed well with the alignment 

of Isoform A. Also, predicted exons six and seven supported the findings of 

Isoform B. The FGENESH++ program predicted two genes, fgp20385.t1 and 

fgp20390.t1 that mapped to X:2335812..2345765 and X:2346814..2348191, 

respectively. The fgp20385.t1 predicted a transcriptional start site downstream of 

the one found in Isoform A. Additionally, the fgp20390.t1 prediction suggested a 

transcriptional start site downstream of the one found with Isoform B. 

TWINSCAN also predicted two separate genes whose exons overlapped with my 

alignments in predictions chrX.3.060.tw and chrX.3.066.tw. These predictions 

mapped to X:2335736..2337636 and X:2344864..2348572, respectively. These 
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alignments did not agree well with the transcriptional start sites predicted in either 

of the isoforms discovered with TACE. 

Supporting evidence for Isoform A was found in the CK582207 EST 

sequence. This sequence mapped as five exons. These exons were located at:  

Exon 1: X:2335814..2335926 

Exon 2: X:2336234..2336317 

Exon 3: X:2337274..2337397 

Exon 4: X:2337445..2337551 

Exon 5: X:2345479..2345594 

These alignments provided supporting evidence for my second, third, fourth, and 

fifth exons of Isoform A. Furthermore, it reinforced the 5’ boundary of the seventh 

Isoform A exon and the first exon of the Isoform B exon. One trans-splice 

acceptor site was found at X:2335677..2335678, supporting the Isoform A 

findings. While no such site was annotated that would support Isoform B, both 

sequences overlapped with genomic regions that were conserved in C. briggsae.  

On January 28, 2008, WormBase merged two gene models, T01B6.1 and 

T24D8.2, into one single gene (T01B6.1). This gene is annotated as a ten exon 

gene. The exons map to:  

Exon 1: X:2335678..2335740 

Exon 2: X:2335809..2335926 

Exon 3: X:2336234..2336317 
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Exon 4: X:2337274..2337397 

Exon 5: X:2337445..2337551 

Exon 6: X:2345479..2345727 

Exon 7: X:2346851..2346973 

Exon 8: X:2347956..2348033 

Exon 9: X:2348279..2348364 

Exon 10: X:2348449..2348616 

The current gene model is supported in part by my alignment, but exon 6 of the 

annotation is longer than the corresponding exons in both isoforms. The 

likeliness of the current model being completely correct is not significant as the 

model’s status is set as partially confirmed by cDNA. The current gene model 

was most likely missed until the EST sequence CK582207 suggested that the 

two gene models, T01B6.1 and T24D8.2, were actually the same gene. 

No RNAi experiments targeting T01B6.1 have produced phenotypes 

(Kamath et al. 2003). However, it has been reported in WormBase that the 

tm1908 allele of this gene is associated with the temperature induced dauer 

formation defective phenotype. The gene is most notably expressed in the FACS 

sorted pharyngeal gland cells SAGE library, where SAGE tags associated with 

this gene are seen 14 times in every 100,000 reads. The best blastp match to 

T01B6.1 is found in C. japonica, where the JA:JA01561 protein matches T01B6.1 

with an e-value of 7.6e-159. However, neither protein has any annotation as of 

WS198.  
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5.3 Set 2 results 

5.3.1 True Positive 2.1 (SAGE tag primer 77) 

The SAGE tag sequence CATGTACACTACTAACAACCA did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of 3 reads for every 100,000 in the mixed stage 

with quality SAGE library, and passed my expression level requirement. This 

sequence had a GC content of 38.1%, and this was found to be sufficient for 

primer design. The entire SAGE tag sequence was used as a primer. This primer 

was termed SAGE tag primer 77, and both a sense and antisense form of the 

primer were made for the amplification of sequence downstream and upstream of 

the SAGE tag, respectively. 

SAGE tag primer 77 sequence mapped unambiguously 

II:15229382..15229402 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was Y46E12BL.3. 

The 5’ boundary of this gene was located at II:15230280. This left a distance of 

879 bp between the SAGE tag primer and Y46E12BL.3. The intervening span 

was not large, but Y46E12BL.3 was listed as a gene model that had been 

confirmed by cDNA. Furthermore, it was thought that the SAGE tag, being 

upstream of the annotated Y46E12BL.3 TSS, would not likely be associated with 

this gene because SAGE tags are normally closely associated with the 

polyadenylation tracks of transcripts (Velculescu et al. 1995). For these reasons, 

I expected this TACE experiment to generate evidence of a novel gene. 
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The production of a 2,183 bp amplicon was achieved with the antisense 

SAGE tag primer 77 and the SL1 primer. The first 22 bp matched the SL1 

sequence. The remaining sequence mapped as a six exon sequence: 

Exon 1: 23 bp – 88 bp to II:15207408..15207474 

Exon 2: 89 bp – 342 bp to II:15220095..15220348 

Exon 3: 343 bp – 703 bp to II:15222734..15223094  

Exon 4: 704 bp – 794 bp to II:15224627..15224718  

Exon 5: 795 bp – 960 bp to II:15225936..15226101  

Exon 6: 961 bp – 2183 bp to II:15228192..15229412 

All exons mapped with 100% identity except for exon 4, which mapped with 99% 

identity. This could be a result of improper PCR amplification by the Taq 

polymerase used in TACE experimentation. The SAGE tag primer sequence was 

found at the extreme 3’ end of exon 7. This amplicon was not the only one 

produced with the mentioned primers that was found to overlap with the SAGE 

tag primer. Therefore, to avoid confusion, this sequence was referred to as 

Isoform A (Figure 14).  

A second amplicon of 2,370 bp size was produced with the SAGE tag 

primer 77 and the SL1 primer. This sequence was cloned, sequenced, and 

named Isoform B (Figure 15). Again, the first 22 bp corresponded to the SL1 

sequence, with the remaining sequence mapping to the C. elegans genome in 

the form of six exons:.
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Figure 14: True Positive 2.1 Isoform A 

Alignment of Isoform A upstream amplicon of SAGE tag primer 77 as of WS198 (Hits track). 
Included are applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, 
C. briggsae alignments and SAGE data. The circled SAGE tag was used in the design of SAGE 
tag primer 77. 
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Figure 15: True Positive 2.1 Isoform B 

Alignment of Isoform B upstream amplicon of SAGE tag primer 77 as of WS198 (Hits track). 
Included are applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, 
C. briggsae alignments and SAGE data. The circled SAGE tag was used in the design of SAGE 
tag primer 77. 
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Exon 1: 23 bp – 275 bp to II:15216289..15216541 

Exon 2: 276 bp – 529 bp to II:15220095..15220348 

Exon 3: 530 bp – 891 bp to II:15222734..15223094 

Exon 4: 892 bp – 982 bp to II:15224627..15224718 

Exon 5: 983 bp – 1148 bp to II:15225936..15226101 

Exon 6: 1149 bp – 2370 bp to II:15228192..15229412 

The SAGE tag primer sequence was found at the extreme 3’ end of exon 7. The 

only difference between Isoform A and Isoform B was the first exon location. The 

remaining exons overlapped perfectly with each other. All exons of Isoform B 

mapped with 100% identity except for exon 4, which mapped with 99% identity. 

Normally, I would expect that the unaligned bp would be a result of either the Taq 

polymerase used to amplify the sequence making an error, or a mistake in the 

base-calling made in the sequencing effort. However, it was noted that the 

mismatch in this exon corresponded to the same mismatch found in Isoform A. 

Specifically, my alignments did not include a cytosine bp found at II:15224711 as 

of WS198. Seeing as how both sequences produced the same sequence with 

the same missed alignment at II:15224711, it becomes a real possibility that 

WS198 genome sequence erroneously includes an extra cytosine at this 

position. No downstream amplicons were produced for this TACE experiment 

AUGUSTUS made prediction g6502.t1, which mapped to 

II:15218401..15229620. While this prediction included exons that were partially 

supported by my sequence alignment, the terminal predicted exon, mapping to 
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II:15229109..15229620, provided some support for the existence of exon 6 for 

both isoforms. The g6502.t1 prediction was the only prediction that supported the 

alignment of my exon 6.  The first exon proposed in Isoform B was in partial 

agreement with the first exon of the g6501.t1 AUGUSTUS prediction, which 

mapped to II:15216302..15216533. However, the second exon of this two exon 

prediction did not overlap with any of my sequence alignments. mGENE 

prediction mGene_pred_4601.1 placed a five exon gene at locations overlapping 

with my alignment. The exon locations were: 

Exon 1: II:15207408..15207466 

Exon 2: II:15220087..15220340  

Exon 3: II:15222726..15223086  

Exon 4: II:15224619..15224710 

Exon 5: II:15225928..15226945 

The first four predicted exons agree well with the Isoform A alignment, but the 

fifth exon does not agree well with my aligned fifth exon, and the mGENE 

prediction does not support my aligned sixth exon. FGENESH++ made a 

prediction (fgp7240.t1) that mapped from II:15218464..15226623. This alignment 

was fairly similar to that seen with mGENE, and no predicted exon overlapped 

with my sixth exon. TWINSCAN made prediction chrII.16.038.tw that mapped to 

II:15218472..15226631, but this prediction only provided support to exons 2, 3, 

and 4 of my two sequence alignment. 
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A single EST sequence (EC011340) provided some support for my 

aligned Isoform A sequence by mapping to the genome in the form of three 

exons: 

Exon 1: II:15207346..15207474 

Exon 2: II:15220095..15220348 

Exon 3: II:15222734..15222928 

The 3’ boundary of Isoform A’s first exon, 5’ boundary of my third exon, and the 

entirety of my second exon are supported by this EST sequence. Unfortunately 

there were no further EST sequences that overlapped with my alignment. 

Furthermore, the first exon of Isoform B did not overlap with any ESTs aligned by 

BLAT. The genomic span encompassed by exons 1 through 5 of both isoform 

alignments were found to be conserved in C. briggsae. This was not true for my 

aligned exon 6. Additionally, no trans-splice acceptor sites were annotated to 

overlap with my alignments. 

The Y46E12BL.4 gene model has been a WormBase entry since May 28, 

2004. However, a modification made on July 12, 2007, extended the annotated 

TSS upstream. The current gene model supports a five exon gene: 

Exon 1: II: 15207346..15207474 

Exon 2: II: 15220095..15220348 

Exon 3: II: 15222734..15223094 

Exon 4: II: 15224627..15224718 
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Exon 5: II: 15225936..15226631 

The TSS is listed as the same as is indicated by EC011340, which is in conflict 

with my Isoform A sequence alignment. The Isoform B sequences first exon is 

not recognized by any gene model at all. Furthermore, exon 5 of Y46E12BL.4 

extends beyond the 3’ boundary indicated by my data, and the gene model does 

not recognize a sixth exon that I present here. Nevertheless, the gene model is in 

agreement with my sequence alignment for exons 2, 3 and 4. This model is listed 

as only being partially confirmed by cDNA evidence, and in the light of my 

alignments, should be revised. 

No phenotypes have been observed with RNAi targeting of Y46E12BL.4 

(Sonnichsen et al. 2005). A protein of high similarity to the translated gene is 

found in the C. brenneri CN:CN20478 protein (blastp e-value 1.4e-194). Both 

proteins contain the B30.2-like domain (InterPro: IPR001870). The B30.2 

domain, although its function is unknown, has been shown to interact with 

xanthine oxidase (Henry et al. 1998). The protein associated with Y46E12BL.4 

also has the TonB box (InterPro: IPR010916). The TonB-box is a domain that is 

associated with interaction with the tonB protein (Gudmundsdottir et al. 1989). 

This gene is expressed at a low level, with the highest representation being 

found in the dauer SAGE library (4 reads associated with Y46E12BL.4 for every 

100,000).  
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5.3.2 True Positive 2.2 (SAGE tag primer 85) 

The SAGE tag sequence CATGTAGAGCCCTTTAGATGG did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag had an observed frequency of 5 reads for every 100,000 in the mixed stage 

with quality SAGE library, and passed my expression level requirement. This 

sequence had a GC content of 47.6%, and this was found to be sufficient for 

primer design. The SAGE tag sequence was modified by eliminating the first two 

bp of the tag in order to produce the SAGE tag primer. This was done to bring 

the melting temperature of the SAGE tag primer closer to that of the SL1 and UP-

II primers. This primer was termed SAGE tag primer 85, and both a sense and 

antisense form of the primer were made for the amplification of sequence 

downstream and upstream of the SAGE tag, respectively. 

The SAGE tag primer 85 sequence mapped unambiguously 

V:4415360..441579 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was Y24D9A.1a. 

The 3’ boundary of this gene was located at V:4414672. This left a distance of 

689 bp between the SAGE tag primer and Y24D9A.1a. This span was not 

excessively long, but the Y24D9A.1a transcript was already annotated to be 

2,358 bp in length. This length was already greater than the average length of 

transcripts in C. elegans (Gupta et al. 2007). Additionally, the gene model was 

listed as having been confirmed by cDNA evidence. These issues led us to 
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believe that the result of this TACE experiment would produce evidence of a 

novel gene. 

An upstream amplicon of 3,085 bp length was cloned and sequenced. The 

first 22 bp were found to correspond to the SL1 sequence. The remaining 

sequence mapped to 8 genomic spans: 

Exon 1: 23 bp – 484 bp to IV:4408599..4409060 

Exon 2: 485 bp – 682 bp to IV: 4409810..4410008 

Exon 3: 683 bp – 754 bp to IV: 4410548..4410619 

Exon 4: 755 bp – 846 bp to IV: 4410736..4410827 

Exon 5: 847 bp – 1717 bp to IV: 4411376..4412246 

Exon 6: 1718 bp – 2026 bp to IV: 4412975..4413283 

Exon 7: 2027 bp – 2186 bp to IV: 4413328..4413486 

Exon 8: 2187 bp – 3085 bp to IV: 4414479..4415378  

These alignments mapped with 100% identity to the genome, except for exons 2 

and 7, which mapped with 99% identity. The SAGE tag primer 85 sequence was 

found at the 3’ end of exon 7.  

A downstream amplicon was produced with the SAGE tag primer 85 and 

the UP-II primer. This PCR product was cloned and a 308 bp sequence was 

returned. The 1 bp – 258 bp region mapped to IV:4415360..4415616, the 259 bp 

– 287 bp stretch represented a polyadenylation track, and the 288 bp – 308 bp 

stretch was found to be the UP-II primer sequence. The exon mapped with 100% 
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identity, and included the SAGE tag primer 85 sequence at its 5’ end. The 

alignment overlapped with exon 7 of the 5’ amplicon, and this overlap was a 19 

bp sequence that represented the SAGE tag primer 85. Hence, the 3’ end of this 

TACE experiment produced a full length gene model (Figure 16), and the 

terminal exon was updated to the following co-ordinates: 

Exon 8: IV: 4414479..4415616 

The g10361.t1 AUGUSTUS gene prediction lists an eight exon gene: 

Exon 1: IV: 4408555..4409060 

Exon 2: IV: 4409810..4410008 

Exon 3: IV: 4410548..4410619 

Exon 4: IV: 4410736..4410827 

Exon 5: IV: 4411376..4412246 

Exon 6: IV: 4412975..4413283  

Exon 7: IV: 4413328..4413486 

Exon 8: IV: 4414479..4415614 
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Figure 16: True Positive 2.2 

Alignment of upstream and downstream amplicons of SAGE tag primer 85 as of WS198 (Hits 
track). Included are applicable gene models, gene predictions, aligned ESTs, trans-splice 
acceptor sites, C. briggsae alignments and SAGE data. The circled SAGE tag was used in the 
design of both sense and antisense forms of SAGE tag primer 85. 
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The predicted start site here is slightly off from that suggested by my alignment, 

but the rest of the prediction is in very close agreement with my data. The 

extreme 3’ boundary of the terminal exons differ by only two bp. mGENE  

prediction mGene_pred_9399.1 maps to IV:4408823..4415613, and although the 

predicted transcriptional start site differs from my own, the rest of the alignment 

correlates well with my own. The fgp11058.t1 prediction by FGENESH++ is 

another eight exon gene that maps to IV:4408852..4414580. While exons 2 

through 7 support the alignment of my own exons 2 through 7, the terminal exon 

predicted in this instance is truncated in comparison to my exon 8. Finally, 

TWINSCAN prediction chrIV.5.106.tw maps to IV:4408828..4414580, and relates 

to my own alignment in a manner similar to that explained for the FGENESH++ 

prediction. 

Multiple EST sequences overlap with my alignments, but none clearly 

support the exon boundaries I have shown. Instead, only fragments of EST 

alignments overlap with the interior portions of my aligned sequence.  The 

yk1336h11.5 sequence aligns to IV:4408599..4409948, partially supporting 

exons 1 and 2 of my alignment. EST sequence yk1336h11.3 is found to map to 

IV:4411556..4412269, providing partial support for my alignment’s exon 5. 

Another overlapping EST read is found in yk135d7.3, which maps to IV: 

4413347..4414637. This read provides some support for the placement of exons 

7 and 8. A trans-splice acceptor site is found at IV:4408598..4408599, the 

location at which my 5’ alignment begins. Also, the entire genomic span my 

sequence maps to is conserved in C. briggsae.  

 102



 

Y24D9A.1a is an eight exon gene model that has been in WormBase 

since May 28, 2004. The model overlaps with all of my aligned exons, but only 

partially so with exon 8 of my alignment. While the gene model lists its terminal 

exon’s 3’ boundary at IV:4414672, my alignment suggests this exon’s true 3’ 

boundary is downstream at IV:4415616. My alignment is supported by the 

predictions made by AUGUSTUS and mGENE. Y24D9A.1a is a gene that is 

listed as being confirmed by cDNA, so my finding is surprising. Perhaps I have 

just discovered another isoform of this gene. It should be noted that the 

boundaries of the current gene model are not in exact agreement with the 

boundaries of my exons 4 through 8. Y24D9A.1a exons are located at: 

Exon 1: IV:4408599..4409060 

Exon 2: IV:4409810..4410008 

Exon 3: IV:4410548..4410619 

Exon 4: IV:4410736..4410827 

Exon 5: IV:4411376..4412246 

Exon 6: IV:4412975..4413283 

Exon 7: IV:4413328..4413486 

Exon 8: IV:4414479..4414672 

RNAi experiments targeting the Y24D9a.1a gene have resulted in sterile 

F1 phenotypes (Sonnichsen et al. 2005). The protein associated with Y24D9A.1a 

contains similarity to the occludin and the RNA polymerase II elongation factor 

ELL (InterPro: IPR010844). Occludin is a membrane protein that is found 
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localized to tight junctions (Furuse et al. 1993), and the ELL is a factor that can 

increase the catalytic rate of RNA polymerase II (Shilatifard et al. 1996). This 

gene is most highly represented in the FACS sorted punc-4::GFP cells SAGE 

library (SW038). For every 100,000 reads in this library, 7 are associated with 

this gene. 

5.4 Set 3 results 

5.4.1 True Positive 3.1 (SAGE tag primer 86) 

The SAGE tag sequence CATGCTTCACCTTCAATGAGC did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. The SAGE 

tag was seen 108 times in the Solexa SAGE library produced with the embryonic 

SWN21 sample, and 183 times in the Solexa SAGE library produced with the 

embryonic SWN22 sample. This was enough to satisfy my expression level 

requirement. This sequence had a GC content of 47.6%, and this was found to 

be sufficient for primer design. The SAGE tag sequence was modified by 

eliminating the first and final bp of the tag in order to produce the SAGE tag 

primer. This was done to bring the melting temperature of the SAGE tag primer 

closer to that of the SL1 and UP-II primers. Using the calculator found at 

www.biophp.org, the SAGE tag primer melting temperature was found to be 

60.6° C, while the SL1 primer was predicted to have a melting temperature of 

60.7° C. This primer was termed SAGE tag primer 86, and both a sense and 

antisense form of the primer were made for the amplification of sequence 

downstream and upstream of the SAGE tag, respectively. 
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The SAGE tag primer 86 sequence mapped unambiguously 

X:14690892..14690911 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was the sox-3 

gene. The 3’ boundary of this gene was located at X:14692170. This left a 

distance of 1260 bp between the SAGE tag primer and sox-3. The sox-3 gene 

model was only listed as being partially confirmed by cDNA. This pointed to the 

possibility that there were downstream sequences missing from the annotation. 

Furthermore, the transcript was only 639 bp long, well short of the average length 

of transcripts in C. elegans (Gupta et al. 2007). This TACE experiment could 

have either provided evidence of a novel gene, or an extension of the sox-3 

gene. 

An upstream amplicon was produced with the antisense SAGE tag primer 

86 and the SL1 primer. This 714 bp amplicon was cloned and sequenced. The 

first 22 bp of the sequence matched the SL1 sequence. The remaining sequence 

aligned to the genome providing evidence of four exons: 

Exon 1: 23 bp – 230 bp to X:14692713..14692920 

Exon 2: 231 bp – 356 bp to X:14692530..14692655 

Exon 3: 357 bp – 681 bp to X:14692155..14692479 

Exon 4: 682 bp – 714 bp to X:14690893..14690925 

Every exon mapped with 100% identity to the genome, and exon 4 contained the 

SAGE tag primer 86 sequence at its extreme 3’ end. 
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A downstream amplicon was produced with the sense SAGE tag primer 

86 and the UP-II primer. This amplicon, 198 bp in length, was cloned, sequenced 

and mapped to the C. elegans genome. The 1 bp – 145 bp mapped to 

X:14690759..14690911, signalling the true end of the transcript. The 146 bp – 

177 bp region represented the polyadenylation track of the cDNA, and the 178 bp 

– 198 bp region corresponded to the UP-II sequence. The exon mapped with 

100% identity, and included the SAGE tag primer 86 sequence at its 5’ end. The 

alignment overlapped with exon 4 of the upstream amplicon, and this overlap 

was a 19 bp sequence that represented the SAGE tag primer 85. The production 

of the 3’ end of this TACE experiment provided a full length gene model (Figure 

17), and the terminal exon was updated to the following co-ordinates: 

Exon 4: X:14690767..14690925 

AUGUSTUS made gene prediction g21078.t1, a three exon gene with the 

following genetic co-ordinates: 

Exon 1: X:14692711..14693073 

Exon 2: X:14692528..14692653 

Exon 3: X:14692099..14692477 

These exon boundaries somewhat agree with the boundaries inferred by my 

sequence alignment for the first three exons, but the AUGUSTUS prediction  
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Figure 17: True Positive 3.1 

Alignment of upstream and downstream amplicons of SAGE tag primer 86 as of WS198 (Hits 
track). Included are applicable gene models, gene predictions, aligned ESTs, trans-splice 
acceptor sites, C. briggsae alignments and SAGE data. The circled SAGE tag was used in the 
design of both sense and antisense forms of SAGE tag primer 86. 
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fails to pick up on the presence of the downstream exon indicated by my data. 

mGENE makes a prediction (mGene_pred_18917.1) that maps to 

X:14692052..14692918. Although the transcriptional start site supports my 

transcriptional start site more so than the AUGUSTUS prediction, it still does not 

support my exon 4. The FGENESH++ prediction (fgp22839.t1) maps to 

X:14692169..14692914, and closely resembles the mGENE prediction. 

TWINSCAN also predicts a three exon gene (X:14692171..14692916) with the 

three exon motif seen in earlier predictions. Every tested gene prediction 

program fails to support the presence of the downstream exon 4 of my alignment. 

There is no EST data to support any of my alignments. However, some of 

the genomic span my alignments overlap with are conserved in C. briggsae. The 

X:14692411..14692658 region is conserved, and overlaps with all of exon 2 and 

part of exon 3. Furthermore, the X:14692659..14693179 region is also 

conserved, and overlaps with exon 1. However, there is no conservation 

overlapping with the location of my exon 4. There is no trans-splice acceptor site 

overlapping with my alignment. 

The sox-3 gene overlaps well with the first three exons of my alignment: 

Exon 1: X:14692713..14692916 

Exon 2: X:14692530..14692655 

Exon 3: X:14692171..14692479 

However, the current model does not include exon 4 suggested by my alignment. 

This gene is listed as being partially confirmed by cDNA. This TACE experiment 
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has revealed that the sox-3 protein annotation is missing at least one exon that is 

downstream of the currently annotated 3’ gene boundary. 

The protein associated with the sox-3 gene has been found to have the 

high mobility group domain (HMG1/HMG2) (Interpro: IPR000910). Proteins with 

this type of motif are generally found to be components in chromatin that can 

bind single stranded DNA and unwind double stranded DNA. This protein can 

play important roles in assembling nucleoprotein complexes for various jobs, 

such as transcription initiation and DNA repair (Thomas 2001). No RNAi 

phenotypes have been associated with this gene (Kamath et al. 2003; 

Sonnichsen et al. 2005). The protein associated with the sox-3 gene is closely 

related to the C. remanei protein RP:RP18436 (blastp e-value: 1.4e-103). This 

protein has been shown to be expressed in both larval and adult stages of 

development, in the pharynx, intestine, rectal gland cells, nervous system, and 

head neurons (McKay et al. 2003; Hunt-Newbury et al. 2007). This gene is most 

highly represented in the N2 L2 SAGE library, with a frequency of 1 sage tag 

read for every 100,000 reads.  

5.4.2 True Positive 3.2 (SAGE tag primer 89) 

The SAGE tag sequence CATGTGTACTGTGACATTTCA did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. The SAGE 

tag was seen 63 times in the Solexa SAGE library produced with the embryonic 

SWN21 sample, and 72 times in the Solexa SAGE library produced with the 

embryonic SWN22 sample. This was enough to satisfy my expression level 
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requirement. This sequence had a GC content of 47.6%, and this was found to 

be sufficient for primer design. The SAGE tag sequence was modified by 

eliminating the first and final bp of the tag in order to produce the SAGE tag 

primer. This was done to bring the Tm of the SAGE tag primer closer to that of 

the SL1 and UP-II primers. Using the calculator found at www.biophp.org, the 

SAGE tag primer melting temperature was found to be 63.6° C, while the SL1 

primer was predicted to have a melting temperature of 60.7° C. This primer was 

termed SAGE tag primer 89, and both a sense and antisense form of the primer 

were made for the amplification of sequence downstream and upstream of the 

SAGE tag, respectively. 

The SAGE tag primer 89 sequence mapped unambiguously 

III:7603999..7604019 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was the T04A6.2 

gene. The 5’ boundary of this gene was located at III:7614786. This left a 

distance of 10768 bp between the SAGE tag primer and T04A6.2. The T04A6.2 

gene model was only listed as being partially confirmed by cDNA. However, the 

intervening genomic span between the SAGE tag primer and the mentioned 

gene was far too great for us to expect that the result would point to a extension 

to the existing gene model I expected this TACE experiment to produce evidence 

of a novel gene. 

The upstream amplicon was produced with the antisense SAGE tag 

primer 89 and the SL1 primer. An 820 bp amplicon was cloned and sequenced. 
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The returned sequence found that the first 22 bp matched the SL1 sequence. 

The rest of the sequence mapped to the genome: 

Exon 1: 23 bp – 145 bp to III:7601399..7601521 

Exon 2: 145 bp – 281 bp to III:7601569..7601704 

Exon 3: 282 bp – 486 bp to III:7601751..7601955 

Exon 4: 487 bp – 555 bp to III:7603645..7603713 

Exon 5: 556 bp – 819 bp to III:7603759..7604022 

The SAGE tag primer 89 sequence was located at the 3’ end of the fifth exon of 

my sequence. All exons mapped to the genome with 100% identity (Figure 18). 

No downstream amplicon was produced for this TACE experiment. 

The AUGUSTUS prediction program suggested the presence of a three 

exon gene with the g1528.t1 prediction: 

Exon 1: III:7601407..7601521 

Exon 2: III:7601569..7601687 

Exon 3: III:7601751..7601970 

These co-ordinates closely resemble those of the first three exons of my 

alignment. However, the prediction fails to recognize my fourth and fifth exons. A 

second AUGUSTUS prediction, g1529.t1, was found downstream of the initial 

prediction, but failed to support either the fourth or fifth exons of my alignment. 

mGENE made the mGene_pred_7085.1 prediction of a four exon gene: 
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Figure 18: True Positive 3.2 

Alignment of upstream amplicon of SAGE tag primer 89 as of WS198 (Hits track). Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
89. 
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Exon 1: III:7601407..7601704 

Exon 2: III:7601751..7603713 

Exon 3: III:7603759..7604042 

Exon 4: III:7604091..7604249 

Here, the first predicted exon combined my first two exons into one. The second 

predicted exon then combined exons 3 and 4 of my alignment. Finally, the third 

predicted exon supported the 5’ boundary of my aligned exon 5. While this 

prediction fails to identify the exons I have, and instead combines them into 

larger exons, the predicted boundaries of these exons match perfectly with the 

boundaries of the aligned exons at the boundaries of exons 1, 2 and 3 from the 

mGene_pred_7085.1 prediction. The FGENESH++ prediction (fgp8910.t1) was 

highly similar to the AUGUSTUS g1528.t1 prediction, with the exception that the 

third exon mapped to III:7601751..7601945. This provided more support for the 

first three exons of my alignment, but again, did not suggest the presence of my 

aligned exons 4 and 5. Finally, TWINSCAN made the chrIII.8.143.tw prediction, 

one that aligned to III:7597960..7601945. The final three exons of this prediction 

agreed well with the aligned exons 1, 2 and 3. However, this prediction 

suggested that the last three exons were part of a four exon gene that started 

upstream of my suggested transcriptional start site. Moreover, the prediction did 

not support my exons 4 and 5. 
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The FM247871 EST sequence provided some supporting evidence for my 

alignment. This sequence mapped as a three exon sequence to the C. elegans 

genome: 

Exon 1:7601392..7601446 

Exon 2:7601448..7601521 

Exon 3:7601569..7601618 

The first two exons of this EST read, when combined, correlate with the 

alignment of exon 1 from my data. Furthermore, the 5’ boundary of the third exon 

of FM247871 perfectly supports the 5’ boundary of my aligned exon 2. However, 

no other EST sequences are available to support the remaining exons from my 

sequence. An annotated trans-splice acceptor site is located at 

III:7601398..7601399, and this agrees perfectly with the transcriptional start site 

implied with my alignment. However, the alignment did not overlap with any 

genomic region conserved between C. elegans and C. briggsae.  

As of WS198, no gene models overlap with my alignment in any capacity. 

The short FM247871 EST sequence is the only such EST found in the immediate 

area aligned to by my sequence. Evidence of transcription at the genomic span 

encompassing my alignment comes from the SAGE tag sequence used in the 

SAGE tag primer 89 design, and a second SAGE tag that unambiguously 

overlaps with my alignment at III:7601654..7601674. My aligned sequence is 

most likely not overlapping with a gene model because even though there are 

various gene predictions made for this region, there is little agreement between 
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the various predictions as to what an actual gene model would look like. 

Furthermore, there is simply not enough sequence based evidence that maps to 

this region to generate a gene model.  

5.4.3 True Positive 3.3 (SAGE tag primer 133) 

The SAGE tag sequence CATGGTCACAACAATTCTCTC did not overlap 

with any annotated protein coding gene or intron as of WS160. Neither did it 

overlap with any pseudogene or ncRNA transcript as of this release. This SAGE 

tag was seen 6 times in the SWN21 SolexaSAGE library, and 5 times in the 

SWN22 library. This was enough to satisfy my expression level requirement. The 

sequence had a GC content of 42.9%, and this was found to be sufficient for 

primer design. The SAGE tag sequence was edited, and the first bp of was 

removed to produce the SAGE tag primer. This was done to bring the Tm closer 

to that of the SL1 and UP-II primers. This primer was termed SAGE tag primer 

133, and both a sense and antisense form of the primer were made for the 

amplification of sequence downstream and upstream of the SAGE tag, 

respectively. 

The SAGE tag primer 133 sequence mapped unambiguously 

X:4681114..4681133 in the WS160 WormBase release. The closest transcript 

boundary that could have been associated with this SAGE tag was the 

K02G10.4b gene. The 5’ boundary of this gene was located at X:4678037. This 

left a distance of 3078 bp between the SAGE tag primer and K02G10.4b. The 

K02G10.4b gene model was only listed as confirmed by cDNA, and with such a 
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great distance between the gene and SAGE tag primer 133, I expected this 

experiment to produce a new gene. 

The upstream amplicon was produced with the antisense SAGE tag 

primer 133 and the SL1 primer. An amplicon of about 700 bp was produced, 

isolated, and sent out for sequencing. However, at the time of thesis writing, I 

have not been able to clone the amplicon due to time constraints. The uncloned 

sequence found that the first 22 bp matched the SL1 sequence. The rest of the 

sequence mapped to the genome: 

Exon 1: 23 bp – 112 bp to X:4682600..4682689 

Exon 2: 113 bp – 211 bp to X:4682281..4682379 

Exon 3: 212 bp – 556 bp to X:4681170..4681514 

Because the upstream amplicon was not cloned, it did not overlap with the SAGE 

tag primer 133 sequence, as this primer sequence was used to initiate 

sequencing. However, the genomic span between the 3’ edge of exon 3 and the 

5’ end of SAGE tag primer 133 is only 35 bp, so there is little doubt that this 

amplicon was produced through the proper targeting of the primer to the targeted 

cDNA template (Figure 19). All exons mapped with 100% identity to the WS198 

genome. No downstream amplicon was made for this TACE experiment. 
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Figure 19: True Positive 3.3 

Alignment of uncloned upstream amplicon of SAGE tag primer 133 as of WS198. Included are 
applicable gene models, gene predictions, aligned ESTs, trans-splice acceptor sites, C. briggsae 
alignments and SAGE data. The circled SAGE tag was used in the design of SAGE tag primer 
133. 
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The g19311.t1 prediction made by AUGUSTUS overlapped with the True 

Positive 3.3 result: 

Exon 1: X: 4682598..4682719 

Exon 2: X: 4682265..4682377 

Exon 3: X: 4680912..4681512 

These co-ordinates closely resemble those of the first three exons of my 

alignment, excluding the 3’ boundary of exon 3. However, since the downstream 

amplicon was not produced for True Positive 3.3, our alignment cannot support 

the predicted 3’ boundary of g19311.t1. The FGENESH++ program predicted a 

two exon gene with the fgp20823.t1 prediction. The first exon mapped to 

X:4682598..4682674, and the second to X: 4681362..4681512. This prediction is 

similarly close to our alignment, but it is missing exon 2 of True Positive 3.3. The 

mGENE  program failed to make an overlapping prediction. Finally, TWINSCAN 

made an overlapping prediction with the three exon chrX.5.115.tw prediction: 

Exon 1: X: 4682600..4682676 

Exon 2: X: 4682281..4682379 

Exon 3: X: 4681364..4681514 

While the TSS suggested by this prediction is close to that suggested by out 

alignment, all other boundaries, excluding the 3’ boundary of exon 3, match 

perfectly. This prediction and my alignment support each other more so that 

when my alignment is compared to the predictions of other programs. 

 118



 

My alignment does not overlap with EST sequences. Furthermore, there is 

no annotated trans-splice acceptor site at the 5’ end of my alignment. However, 

the True Positive 3.3 alignment does overlap with areas of the genome 

conserved between C. elegans and C. briggsae. In fact, the entire region 

overlapped by the alignment, including the introns, are encapsulated in the 

conserved region, which is located at X:4680845..4682842. 

As of WS198, no gene models overlap with my alignment in any capacity. 

The only evidence of transcription for this genomic span comes in the form of 

SAGE tags. One other LongSAGE tag (sequence: 

CATGCAGATGAAGTCTTTCAC) that could also represent the gene implicated 

by my alignment is located at X:4680957..4680977. However, this tag is seen 

239 times in the SWN21 SolexaSAGE library, and 526 times in the SWN22 

library. These observed frequencies are much higher than that for the SAGE tag 

primer 133. It is possible that this highly expressed SAGE tag could represent a 

new isoform of the novel gene. It should be noted that this SAGE tag sequence 

was considered as a SAGE tag primer in the production of Set 3, but was 

rejected due to its ability to form a homodimer. My aligned sequence is most 

likely not overlapping with a gene model because the few gene predictions that 

overlap with this region do not agree well with each other. Furthermore, there is 

simply not enough transcript evidence that maps to this region to generate a 

gene model.  
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5.5 Result analysis 

My TACE results point to the presence of new genes or, at the very least, 

new gene models/annotations. These updates have important implications for not 

only the annotation of the C. elegans genome, but also possibly for gene 

prediction programs. TACE can either confirm predictions made for which there 

currently is no supporting transcriptional evidence, or suggest cues of 

transcription that are not currently recognized by these programs. The blastx 

program (Altschul et al. 1997) is used to translate a given nucleotide sequence in 

all six reading frames. The resulting proteins are compared to a non-redundant 

protein database, and matches of high similarity are returned. I used blastx to 

examine the true positive sequences provided by TACE. This was done to 

determine if the result was indicative of a new protein that had not been entered 

into the database. For those sequences that did not return a hit, I used tblastx 

(Altschul et al. 1997) with the refseq_genomic database to identify sequences 

from other Caenorhabditis species that could be related to the genetic sequences 

discovered in C. elegans with TACE. The tblastx program translates the TACE 

sequences to an amino acid sequence in all six frames, and then reports 

sequences in other organisms that could produce a similar protein. Finally, I used 

OrthoCluster (Zeng 2008) to visualize regions of synteny between C. elegans 

and C. briggsae, and checked if the TACE results were involved in synteny 

blocks. The OrthoCluster analysis was completed in a collaborative effort with 

Ismael Vergara. An analysis of the findings is presented for each successful 

TACE experiment, and an outline of these results can be found in Table 7. 
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Result Sequenced 
Amplicons 

Novel blastx hit (E value < 
0.1) 

Novel tblastx hit (E 
value < 0.1) 

Synteny 
hit 

P.1 Upstream No No No 

P.2 Upstream Yes (ref|NP_494436.1|; C. 
elegans) 

N/A No 

P.3 Upstream No Yes (ref|NC_009843.1|; C. 
briggsae) 

No 

1.1 Upstream No No No 

1.2 Upstream Yes (ref|NP_507775.2|; C. 
elegans) 

N/A No 

1.3 Upstream Yes (ref|XP_001674243.1|; C. 
briggsae) 

N/A No 

1.4 Upstream Yes (ref|XP_001675919.1|; C. 
briggsae) 

N/A Yes 

2.1 Upstream Yes (ref|XP_001679943.1|; C. 
briggsae) 

N/A No 

2.2 Upstream & 
Downstream 

Yes (ref|XP_001671243.1|; C. 
briggsae) 

N/A No 

3.1 Upstream & 
Downstream 

Yes (ref|XP_001677822.1|; C. 
briggsae) 

N/A Yes 

3.2 Upstream Yes (ref|NP_496095.1|; C. 
elegans) 

N/A No 

3.3 Upstream* No Yes (ref|NC_009846.1|; C. 
briggsae) 

No 

Table 7: Analysis of TACE True Positives 

The sequences that were found to be true positive results of TACE were analyzed to determine 
their uniqueness. Sequences were used as queries to determine if known proteins could be 
related to them. If that failed, then the sequences were used as queries in a tblastx to see if the 
sequence was specific to C. elegans or if it was shared in other species. A further analysis was 
done to see if the sequences were related to synteny blocks between C. elegans and C. briggsae 
*: This amplicon is uncloned   
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Analysis of the six novel gene TACE results (True Positives P.2, 1.1, 1.2, 

1.3, 3.2, 3.3) revealed that 1.1 was a completely novel gene, and that any protein 

associated with 3.3 was not associated with an entry in the non-redundant 

protein database. While only upstream amplicons were recovered for these 

proteins, an analysis of the possible ORFs of these sequences suggested that 

the longest coding stretch was encompassed with these sequences. Therefore, 

sequencing of the downstream amplicons will reveal the nature of 3’ UTRs 

associated with these results. An overview of these results are outlined in Table 

8. 

Those TACE results that were classified as annotation extensions (True 

Positives 1.4, 2.1, 2.2, 3.1) were reviewed to determine the nature of their 

suggested updates to current gene models. It should be noted that these results 

could support a new gene model, but could also imply the existence of new 

isoforms in addition to the gene models overlapping with these TACE results. 

Analysis of annotation extension ORFs either produced amino acid sequences 

that diverged from that of the corresponding gene model, or produced evidence 

for an extension of a 3’ UTR. This analysis is outlined in Table 9. 
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 WS198 
Status  

EST 
support 
(>50%) 

Trans 
splice 

ORF (a.a. = 
amino acids) 

UTR Amplicon 

P.2 Overlaps 
C06C3.10 

Supported Unannotated 79 a.a., 
sequence 

divergent from  
C06C3.10 

11 bp 5’ UTR 
(unanotated) 

Upstream 

1.1 Novel gene Not 
supported 

Unannotated 83 a.a., no 
similar hits in C. 

elegans 

2 bp 5’ UTR Upstream 

1.2 Overlaps 
C25F9.11 

Supported Annotated 91 a.a., 
equivalent to 

C25F9.11 

13 bp 5’ UTR 
(unanotated) 

Upstream 

1.3 Overlaps 
ZC250.4 

Supported Unannotated 61 a.a., 
equivalent to 

ZC250.4 

116 5’ UTR 
(unannotated) 

Upstream 

3.2 Novel gene Not 
supported 

Annotated 73 a.a., similar to 
F40C5.2 

146 bp 5’ UTR Upstream 

3.3 Novel gene Not 
supported 

Unannotated 108 a.a., no 
similar hits in C. 

elegans 

13 bp 5’ UTR Upstream 
(uncloned) 

Table 8: Novel gene sequence analysis 

Novel gene sequences were revewied. Those TACE results that had half of their alignment 
lengths overlapped by EST data were considered to be supported by ESTs. TACE results whose 
TSS did not correspond with an SL1 trans-splice as annotated in WormBase were also 
highlighted. ORFs were translated, and the ORF that produced the longest coding sequence was 
compared to ORFs of overlapping gene models. In cases where there was no overlapping gene 
models, the amino acid sequence that was related with the ORF was used in a blastp search to 
identify similar proteins encoded by C. elegans. 
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 Longest 

ORF 
length 

Comparison between True 
Positive and overlapping 
gene model 

Amplicon Summary 

1.4(A) 195 a.a. Overlaps T01B6.1. 1.4(A) carboxy 
terminal 11 a.a. differ from gene 

model. 

Upstream amplicon: 
Downstream amplicon 
needed for complete 

coding sequence 
comparison 

New coding 
sequence 

1.4(B) 37 a.a. Overlaps T01B6.1. 1.4(B) lacks 158 
a.a. at amino terminal of gene 

model, and carboxy terminal 11 a.a. 
sequence differs from gene model. 

Upstream amplicon: 
Downstream amplicon 
needed for complete 

coding sequence 
comparison 

New coding 
sequence 

2.1(A) 350 a.a. Overlaps Y46E12BL.4. 2.1(A) 
carboxy terminal 43 a.a. differ from 

gene model. 

Upstream amplicon: 
Contains stop codon, need 
downstream amplicon for 

3’ UTR comparison 

New coding 
sequence 

2.1(B) 411 a.a. Overlaps Y46E12BL.4. 2.1(B) 
carboxy terminal 43 a.a. and amino 

terminal 77 a.a. differ from gene 
model. 

Upstream amplicon: 
Contains stop codon, need 
downstream amplicon for 

3’ UTR comparison 

New coding 
sequence 

2.2 670 a.a. Overlaps Y24D9A.1a. 2.2 3’ UTR 
includes additional 943 bp 

sequence 

Upstream and 
downstream amplicon 

New 3’ UTR 

3.1 212 a.a. Overlaps sox-3. 3.1 includes 175 bp 
3’ UTR 

Upstream and 
downstream amplicon 

New 3’ UTR 

Table 9: Annotation extension sequence analysis 

Annotation extension TACE results were reviewed to determine the differences between the gene 
model sequences and the TACE results associated with them. Four cases suggested different 
coding sequences that that suggested by the gene models, and two suggested new 3’ UTR 
sequences for gene models. 
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5.5.1 True Positive P.1 analysis 

A blastx result with the P.1 result indicated that the only match with an E 

value less than 0.1 was the hypothetical protein F07H5.4 found in C. elegans 

(pir||T20564, E value: 6e-12). This protein was the same one that the P.1 

sequence overlapped with, as seen in Figure 6. Since this revealed nothing new 

about the nature of the gene related to the P.1 sequence, I performed a tblastx 

search with it. Again, only one hit (ref|NC_003280.8|, E value 3e-27) was found 

to produce an E value less than 0.1 by C. elegans at the locus the result aligned 

to. All TACE results suggest the presence of a polyadenylated, and therefore 

protein-coding, transcript. Furthermore, this gene seems to be specific to C. 

elegans. Seeing as how this gene is specific to this organism, any attempts to 

detect it through comparative genomic approaches would have likely failed. The 

F07H5.4 gene should be re-annotated as a protein-coding gene. The analysis 

with OrthoCluster did not suggest that this gene was part of a larger block of 

synteny. 

5.5.2 True Positive P.2 analysis 

 Multiple hits were returned with a blastx search with the P.2 sequence as 

a query. The best match was the C06C3.10 protein found to overlap with the 

aligned P.2 sequence (Figure 7). In the C. elegans genome, another hit was 

made to the lin-8 gene (ref|NP_494436.1|, E value 8e-6). This gene negatively 

regulates lin-3, which controls vulval cell fate through regulation of another set of 

genes (Andersen et al. 2007).  Outside of C. elegans, the query found a hit in C. 
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briggsae (emb|CAP36826.1|, E value 2e-4) that matched a hypothetical protein, 

CBG19613. Furthermore, the blastx result produces a hit that matched the lin-8 

gene in C. briggsae (emb|CAP36842.1|, E value 0.05). Obviously, this sequence 

is not only related to proteins that are well understood, but is also conserved in 

the C. briggsae organism. As mentioned above, the gene was most likely missed 

in the first place because gene predictions suggested a gene model that merged 

C06C3.10 with C06C3.8, and until new EST evidence was made available on 

April 26, 2007, there was no evidence to suggest the presence of exons 

overlapping with our P.2 result. OrthoCluster did not find evidence suggesting 

this sequence could have been part of a synteny block. 

5.5.3 True Positive P.3 analysis 

The P.3 sequence was used as a query with the blastx program. However, 

no hits with an E value less than 0.1 were generated. Subsequently, P.3 was 

used as a query in the tblastx program. The top hit was a match to the genomic 

span that the P.3 sequence aligned to (ref|NC_003280.8|, E value 7e-174). 

However, another hit was found in the C. briggsae genome (ref|NC_009843.1|, E 

value 6e-11). This similarity suggests that the aligned sequence is conserved in 

other species, and is likely a transcriptional unit. Currently, WormBase suggests 

that an ncRNA (tts-2) gene is transcribed from this locus. Our sequences come 

from cDNA libraries that represent polyadenylated transcripts, so our result 

suggests that this is not necessarily a ncRNA gene, but a protein-coding gene. 

This sequence was not found to be part of a synteny block via analysis with 

OrthoCluster. 
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5.5.4 True Positive 1.1 analysis 

 The 1.1 sequence, as of WS198, does not overlap with any gene model. A 

blastx search with its sequence produced no matching hits with an E value under 

0.1. When a tblastx search was run with the sequence, no matches were found in 

other than the one that matched the sequence that True Positive 1.1 originally 

aligned to. Therefore, this gene not only produces a novel protein, but is also 

only found in the C. elegans proteome. This gene is truly unique. The 

overlapping gene predictions are therefore validated to a degree by this result. 

The gene has most likely remained unannotated due to the uniqueness shown in 

this analysis. The analysis with OrthoCluster did not suggest that this gene was 

part of a larger block of synteny. 

5.5.5 True Positive 1.2 analysis 

 This sequence produced a blastx hit (ref|NP_001122859.1|, E value 5e-

45) matching the C25F9.11 gene with which the sequence itself overlaps (Figure 

10). It also produced a hit (ref|NP_507775.2|, E value 5e-31) with the srw-86 

gene in C. elegans. This gene produces a G protein coupled receptor (GPCR), a 

transmembrane receptor found only in higher eukaryotes (King et al. 2003). 

GPCRs are often associated with disease phenotypes, and are targeted by 

medical drugs because they are accessible to hormone and drug therapy (Insel 

et al. 2007). However, the gene represented by this TACE result is too short to 

be a transmembrane protein, the translated 1.2 sequence simply shares 

similarity with the srw-86 protein sequence. Furthermore, no hits were made to 

proteins belonging to other Caenorhabditis species. A tblastx search with the 1.2 
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sequence revealed that only the same locus to which the sequence originally 

mapped produced a similarity hit with an E value lower than 0.1 

(ref|NC_03283.9|, E value 4e-58). This gene is specifically found only in C. 

elegans, although it seems that it may be a paralog of other genes found in the 

organism. As pointed out above, this gene went unannotated until EST evidence 

of the gene became available on May 3, 2007. This gene is not part of any 

synteny block as discovered with OrthoCluster. 

5.5.6 True Positive 1.3 analysis 

 Firstly, the 1.3 sequence was used as a query in a blastx search. This 

returned two matches that both had an E value under 0.1. The first match 

(ref|NP_001123072.1|, E value 2e-39), as expected, represented the ZC250.4 

gene that overlapped with the 1.3 sequence alignment (Figure 11). The second 

match (ref|XP_001674243.1|, E value 1e-23) overlapped with a hypothetical 

protein in C. briggsae, CBG09315. While there were no other hits that showed 

similarity with proteins from other Caenorhabditis species, this result still 

insinuates that the gene is conserved. However, while there were no other 

results listed with blastx, results found with the Compara (Rogers et al. 2008) tool 

found on WormBase suggested that ZC250.4 had other related proteins found in 

other Caenorhabditis species. These include proteins from C. brenneri 

(CBN02223, CBN14214), C. japonica (CJA04949), and C. remanei (CRE31072). 

This gene, being conserved, was most likely more easy to identify because of 

this fact. However, the gene was not found until EST evidence supported a gene 
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model on May 2, 2007. The gene is not part of a synteny block found between C. 

elegans and C. briggsae via analysis with OrthoCluster. 

5.5.7 True Positive 1.4 analysis 

 While two isoforms were found in this result, I used Isoform A in this 

analysis because it encompassed both Isoform B and sequence upstream of that 

isoform. Using the sequence as a query in a blastx search revealed multiple hits. 

As expected, the top hit was a match to T01B6.1, the same protein overlapping 

with the 1.4 alignment (Figure 12). However, another two hits matched C. 

briggsae genes CBG2137 (ref|XP_001675919.1|, E value 5e-77) and CBG2130 

(ref|XP_001675916.1|, E value 5e-74). Furthermore, a match to the query was 

found in a species related to our model organism, B. malayi. The Bm1_20145 

protein matched the 1.4 Isoform A sequence (ref|XP_001895484.1|, E value 2e-

8). The Compara (Rogers et al. 2008) tool found more orthologs to the protein 

product of T01B6.1. Proteins found in C. remanei (CRE21567), C. brenneri 

(CBN22321), and another closely related organism, P. pacificus (PPA00046) 

were among these. This is another sequence that is found in other species, and 

is related to protein-coding sequences in these species as well. Again, this gene 

was not detected earlier until the discovery of supporting EST data was made, as 

described above. The isoforms here were found to fall within a region of synteny 

between C. elegans and C. briggsae (Figure 20) overlapping 

X:4509828..4618658 in C. briggsae. 
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Figure 20: True Positive 1.4 synteny alignment 

The True Positive 1.4 Isoform A sequence was used as a query in a blast search with the C. 
briggsae genome as the target. The high scoring pairs (HSPs) of the result overlapped with a 
region of synteny as defined by OrthoCluster, which aligned to X:4509828..4618658 in C. 
briggsae. 
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5.5.8 True Positive 2.1 analysis 

The sequencing of 2.1 provided two amplicons with different initial exons. 

However, the results were highly similar between the two, with only E values 

differing slightly. Hence, I used the Isoform A sequence of the 2.1 result in this 

analysis. The sequence was used as a query for a blastx search. Many hits with 

low E values were returned. The first hit was a match to the Y46E12BL.4 protein 

overlapping with the Isoform A sequence alignment (Figure 13). However, 

another hit was found to match the C. briggsae gene CBG20654 

(ref|XP_001679943.1|, E value 9e-116). This was a significant match. Another hit 

match the SSB-4 protein found in B. malayi (ref|XP_001900109.1|, E value 2e-

79). This protein contains the TonB box which, as described earlier, is involved in 

binding to the TonB protein (Gudmundsdottir et al. 1989). The TonB protein is 

known to bind outer membrane proteins that are in turn associated with a ligand, 

and then promote ligand translocation through the membrane (Moeck et al. 

2001). Also, the Compara tool (Rogers et al. 2008) suggests proteins 

orthologous to Y46E12BL.4 exist in other organisms related to C. elegans. These 

are found in C. remanei (CRE11856), C. brenneri (CBN09030, CBN23552), and 

C. japonica (CJA18909). The sequence of this gene is well conserved not just in 

species that are closely related to C. elegans, but also in other species such as 

D. melanogaster. The extension to the Y46E12BL.4 annotation is likely missing 

due to a lack of EST evidence supporting it. The analysis with OrthoCluster did 

not suggest that this gene was part of a larger block of synteny. 
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5.5.9 True Positive 2.2 analysis 

 Both upstream and downstream amplicons were produced to make the full 

length sequence found in 2.2. When this was used as a query for blastx, various 

hits came back, signalling that this gene was conserved in other species related 

to our model organism. Beyond the expected hit matching the Y24D9A.1a protein 

that overlapped with our 2.2 sequence alignment, another hit matching the C. 

briggsae CBG01680 protein was found (ref|XP_001671243.1|, E value 1e-167). 

The next closest hit matched the Bml_52385 protein found in B. malayi 

(ref|XP_001901945.1|, E value 1e-15). The Compara (Rogers et al. 2008) tool 

found that the Y24D9A.1a protein had further homologs in C. remanei 

(CRE10064), P. pacificus (PPA02101), and C. japonica (CJA04623). This protein 

is well conserved. However, this protein was never truly missed in WormBase. 

Our TACE experiment simply suggests an extension, which is most likely missing 

due to the lack of EST evidence supporting such an extension. The gene was not 

found to be part of a synteny block with OrthoCluster analysis. 

5.5.10 True Positive 3.1 analysis 

The sox-3 gene that overlapped with the full length alignment of the 3.1 

sequence matched the top blastx hit found, as expected. Other hits suggested 

that this protein was conserved in other worm species as well. The C. briggsae 

CBG07572 protein matched the 3.1 sequence well (ref|XP_001677822.1|, E 

value 4e-84), as did the B. malayi Bml_12200 protein (ref|XP_001893910.1|, E 

value 9e-41). Both of these genes encode for proteins with the HMG box, which 

as mentioned previously has been implicated as being necessary for the activity 
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of proteins such as transcription factors (Thomas 2001). Compara (Rogers et al. 

2008) again suggests that this protein is highly conserved, pointing to orthologs 

in different worm species. These include proteins in C. remanei (Cre-sox-3), C. 

japonica (Cjp-sox-3), P. pacificus (Ppa-sox-3), and C. brenneri (Cbn-sox-3). This 

protein is highly conserved, and our results suggest that the transcript associated 

with the C. elegans sox-3 protein is longer than currently annotated. This gene 

was found to fall within a synteny block with OrthoCluster analysis (Figure 21). 

This block was found at X:18423859..18606135 in C. briggsae. 
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Figure 21: True Positive 3.1 synteny alignment 

The True Positive 3.1 sequence was used as a query in a blast search with the C. briggsae 
genome as the target. The high scoring pairs (HSPs) of the result overlapped with a region of 
synteny as defined by OrthoCluster, which aligned to X:18423859..18606135 in C. briggsae. 
. 
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5.5.11 True Positive 3.2 analysis 

The sequence produced for 3.2 was still completely novel as of WS198. 

Therefore, I was surprised to see that the sequence produced multiple blastx hits 

when it was used as a query. The top hit was to another C. elegans protein, wee-

1.3 (ref|NP_496095.1|, E value 1e-33). The wee-1.3 protein product is required 

for oocyte maturation in C. elegans (Detwiler et al. 2001), and silencing of the 

wee-1.3 gene leads to a host of phenotypes that include embryonic lethal, 

maternal sterile, and larval arrest (Detwiler et al. 2001; Piano et al. 2002). The 

next hit matched the C. briggsae CBG01053 gene (ref|XP_001678102.1|, E 

value 2e-20). This protein is also defined as the wee-1.3 protein. This gene has 

been completely missing from WormBase due to a lack of supporting EST data. 

The overlapping gene predictions are supported by the evidence of the 3.2 

sequence. Still, the predictions do not match perfectly with the 3.2 alignment. 

This is a perfect case to study the features unique to this sequence that could 

implicate other unannotated sequences as genes. The aligned sequence was not 

found to fall within a synteny block via OrthoCluster analysis. 

5.5.12 True Positive 3.3 analysis 

The aligned sequence was still novel as of WS198. I ran the True Positive 

3.3 sequence as a query with the blastx program, and no hits with an E value 

under 0.1 were found. Subsequently, I used the sequence with the tblastx 

program. As expected, the top hit matched the genomic coordinates that the 

sequence originally aligned to in C. elegans. The next hit was to the C. briggsae 
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genome (ref|NC_009846.1|, E value 1e-39). This sequence is novel, and 

although it overlaps with some gene predictions, it can still be investigated for 

features that may not be weighted heavily enough in gene prediction. These new 

features may be found by investigating the sequence surrounding the TSS and 

splice sites. Also, the genomic spans ability to produce a protein-coding 

transcript could be reviewed. Also of note is the low level of expression for the 

SAGE tag primer used in the production of the True Positive 3.3 sequence. This 

suggests that TACE is capable of providing evidence of transcription for genes 

that are expressed at low levels. The aligned sequence was not found to fall 

within a synteny block via OrthoCluster analysis. 
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CHAPTER 6: DISCUSSION 

6.1 Potential problems with TACE 

The main problem inherent in TACE is that it relies on amplification with 

primers that will anneal to transcripts that represent different genes. This is 

because the binding sites for the extreme 5’ end and 3’ end of transcripts are 

found on many different transcripts as common anchor sites (Figure 2). These 

primers (SL1 primer and universal primer), when paired with a gene specific 

primer, may produce amplicons that do not represent the intended target. As an 

example, The SL1 primer will amplify all transcripts that are trans-spliced with 

SL1. Subsequently, any of these genes that have sequence that is similar to the 

gene specific primer could pose as a template for amplification. This mispriming 

will lead to the production of an unintended target (false positive), and because 

the size of the targeted amplicon is unknown, all amplicons produced must be 

investigated to ensure a specific SAGE tag primer has been thoroughly 

experimented with. This results in time and effort spent on false positive 

amplicons, and can be a real problem when these unintended targets are 

expressed at a level much greater than the intended target (true positive). 

Another issue involves the streamlined process of testing multiple primers 

based on transcript evidence (i.e. SAGE tag primers). While one would hope that 

multiple amplicons would be representative of different isoforms, often the finding 

is that most of these additional amplicons are false positives produced through 
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mispriming. Other experiments that have attempted to amplify targets with the 

use of one gene-specific primer and a universal primer have produced similar 

results (Xu et al. 2008). Further to this, since we do not know what the expected 

size of TACE amplicons is, the likelihood that these false positive amplicons will 

be chosen for investigation is just as great as it is for true positive amplicons. A 

protocol that identifies as many amplicons that represent the intended target is 

difficult to develop because of the variance between the primers themselves and 

their ability to work with universal primer sequences.  

Other issues can arise. TACE relies on PCR amplification with a primer at 

the extreme 5’ end of the transcript. This could make annealing difficult, as the 

polymerase used in amplification may have problems with the elongation step 

originating from a template with little sequence upstream of the annealed portion. 

It is also possible that if this problem were to arise, the only template that would 

be amplified would be one that had two stretches of sequence that would allow 

the SAGE tag primer to act as both a forward and reverse primer via mispriming. 

We are targeting transcripts whose expression may be at a low level. 

Because of this, RNA quality must be maintained in order to ensure that copies 

of these genes that are full-length remain there . If any degradation were to occur 

at the 5’ end, the attempts at producing amplicons representing sequence 

upstream of our gene specific primer will fail, and only unintended targets will be 

produced. Also, even if the 5’ end is kept intact, it is possible that other 

unintended targets could become amplified if their sequence included stretches 

that the SAGE tag primer could inappropriately anneal to. This is especially 
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possible if this unintended target is overly abundant in comparison to the 

intended target.  

6.2 TACE overview 

In total, TACE provided evidence for new gene models in twelve different 

instances; with a total of 144 SAGE tags tested, this produces an overall success 

rate of 8.3%. Between the experimental sets tested, Set 3 produced the lowest 

rate of successful SAGE experiments with only 3 of 96 tested SAGE tags 

recovering upstream amplicons. While this could be a result of increasing the 

distance between selected SAGE tag and gene boundaries to 1,000 bp, it also 

increased the ratio of novel genes discovered to successful TACE results that did 

not represent novel genes. Of the twelve upstream amplicons recovered, 

corresponding downstream amplicons were only found for two cases. However, 

with further work, more of these downstream amplicons should be obtainable. 

While TACE is not yet a high-throughput method, it still has been shown to work. 

Targeted use of TACE to annotate regions of the genome to which sequence 

tags align could be fruitful. It can also be used to characterize gene models that 

are not confirmed with cDNA evidence. The method has its limitations, but also 

unrealized potential.  

6.2.1 Issues with downstream amplicons 

Currently, I have produced downstream amplicons for two of the twelve 

upstream amplicons. The length of the 3’ portion of genes is important. Any given 

transcript may have multiple isoforms whose terminal exon length varies. This is 
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important for issues such as gene regulation. Isoforms with longer terminal exons 

will be associated with different sequences that can be targeted by silencing 

mechanisms, such as that offered by micro RNA (miRNA) (Mangone et al. 2008). 

Furthermore, the lack of knowledge on the 3’ UTR in C. elegans is apparent in 

the observation that only about half of the known transcripts have an annotated 

3’ UTR (Stein et al. 2001; Bieri et al. 2007).  

Having cloned the upstream amplicons, obtaining the downstream 

amplicon is achievable. Currently, the protocol for such amplifications calls for 

the sense form of the SAGE tag primer to be used in conjunction with the 

universal primers. While this can work, sometimes identification of targeted 

amplicons can be difficult because of the presence of other amplicons that 

represent mispriming throughout the PCR. Furthermore, as with the production of 

the upstream amplicon, estimation of what the size of a targeted downstream 

amplicon should be is impossible. Nevertheless, these downstream amplicons 

can be obtained through the use of the primer pair suggested. Recovery of more 

downstream amplicons was not achieved due to time constraints that prevented 

optimization of individual TACE amplifications. More effort to cloning and 

sequencing amplicons produced with downstream amplifications will result in 

recovery of these downstream amplicons.  

Should the usage of a sense SAGE tag primer with the UP primers not 

produce a valid downstream amplicon, other options can be attempted to procure 

these PCR products. One possible scenario that would require an alternative 

PCR design would be if the targeted product was too short to differentiate 
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between the product and primer dimers. In this case, a new primer to be used in 

conjunction with the UP primers can be developed. This primer would be nested 

within the upstream amplicon sequence recovered in the first amplification. This 

would allow the additional benefit of discounting any amplicons whose length is 

under a minimum that could be calculated based on the alignment of the new 

primer to the upstream amplicon’s sequence.  

6.3 Limitations of TACE 

TACE has other issues as well. None of the experiments produced 

targeted amplicons whose length I can estimate. As the nature of TACE has 

revealed, some results can be indicative of new genes, which would suggest that 

amplicon length must at least be shorter than the distance between the SAGE 

tag used for primer design and the nearest 3’ gene boundary. However, I have 

produced results in which a SAGE tag primer that aligned to a co-ordinate as far 

away as 1260 bp from such a boundary actually overlapped with that gene 

boundary (True Positive 3.2). With no solid way to discount the likelihood of 

discovering a successful TACE result through amplicon size, this line of 

experimentation can lead to the use of resources to characterize unintended 

targets. Our implementation of TACE relied on the SL1 sequence to help amplify 

upstream amplicons. This dependency is another limitation, as only 70% of C. 

elegans transcripts are trans-spliced (Zorio et al. 1994), thereby limiting further 

the pool of possible true positive reactions. Furthermore, novel gene discovery in 

the most well annotated metazoan genome is difficult, and the field of remaining 

discovery is diminishing. The use of gene finding techniques that rely on the 
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trans-splicing of transcripts have suggested that there were ~1000 undiscovered 

trans-spliced genes as of 2004 (Hwang et al. 2004), but many genes have been 

discovered since then. To further highlight the rate of novel gene discovery, only 

three of my original six novel gene discoveries with TACE remain completely 

novel as of WS198. 

Attempts at producing amplicons that originate from transcripts that have 

yet to be identified can be troubling. Frequently, cloned amplicons would be 

sequenced, and I would find that the amplicon was produced from mispriming 

throughout the PCR. Other studies that have made similar efforts to identify novel 

genes or gene fragments have also reported production of a large number of 

false positives  (Xu et al. 2008). These problems are in part associated with the 

use of the SL1 and universal primer sequences, which are found on multiple 

cDNA transcripts. Any mispriming that is allowed with the SAGE tag primer will 

create species that are most likely legitimately amplified with either of the primers 

found at the extreme ends. Various attempts at eliciting upstream amplicons 

were confounded by this type of error. It seems that in most cases, SAGE tag 

primers were required to be complementary to the mispriming template at the 3’ 

end of the primer sequence (Table 10). It has been noted that one of the most 

important criteria in primer design is that the 3’ ends of primers need to be highly 

specific (Flicek et al. 2003), because the 3’ sequence is vital in determining what 

the primer will bind to. This mispriming led to a high level of amplification for 

these unintended targets (Figure 22), which led to effort wasted in their 

characterization. I hypothesize that the mispriming happens primarily when there 

 142



 

is a lack of a perfect target for the PCR. By perfect target, I mean a template that 

has a perfect sequence for the SAGE tag primer to bind to, and is SL1 trans-

spliced. Without a perfect target, other imperfect targets that have a high degree 

of complementarity with the primers could serve as templates for the 

amplification of unintended targets. The amplification of these false positives can 

be limited by prevention of degradation of targeted low expression transcripts, to 

ensure that intended targets are available for TACE experimentation. Also, 

increasing the stringency of the PCR amplifications can limit the amplification of 

unintended targets. Other methods, such as using multiple rounds of PCR 

amplifications with nested primers (as employed for recovery of downstream 

amplicons) could be tested to increase the chance of amplifying intended targets. 

Additionally, the rate of TACE success could be increased if all TACE PCR 

products, regardless of intensity, were investigated. This would add to the labour 

required by TACE, but could increase its validity as a genuine genome 

annotation tool. 
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SAGE tag primer : Amplicon 
Size 

Off 
By Matching (underlined) 

Amplified 
Gene 

75:0.5 8 GCGGAGTTAAGCTCCAT C15F1.6 

75:1.2 3 GCGGAGTTAAGCTCCAT C47E8.5 

77:0.3 6 TGGTTGTTAGTAGTGTACATG F42C5.8 

77:1.1 9 TGGTTGTTAGTAGTGTACATG F20B6.2 

78:0.4 8 CGGACCTCAGATTGTGA R05F9.6 

79:0.7 5 TCCCACTCCCCTGAT B0280.5 

79:1.0 3 TCCCACTCCCCTGAT F54E2.4 

80:0.8 5 CGCCTTGTACCACATG C12D12.2 

80:1.1 4 CGCCTTGTACCACATG B0365.3  

Table 10: Examples of misprimed amplicons 

Breakdown of mispriming nature. The underlined portions of the primer sequences (written from 
5’ to 3’) are the parts that are annealing to the transcript listed in the ‘Amplified Gene’ column. 
The ‘Off By’ column is a measure of the number of bp in the primer that do not complement the 
matched sequence in the amplified gene. 
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 1       2      3      4     5       6     7     8 

 

Figure 22: Amplification of unintended targets 

Visualization of unintended target amplicons outlined in Table 10. Circles indicate amplicons that 
were cloned and sequenced. Approximate amplicon sizes outlined in Table 10 correspond to size 
of circled amplicons. PCR amplifications used a mixed stage cDNA template. 

1) 1 kb O’Gene DNA ladder 
2) Primers: SAGE tag primer 74 + SL1 
3) Primers: SAGE tag primer 75 + SL1 
4) Primers: SAGE tag primer 76 + SL1 
5) Primers: SAGE tag primer 77 + SL1 
6) Primers: SAGE tag primer 78 + SL1 
7) Primers: SAGE tag primer 79 + SL1 
8) Primers: SAGE tag primer 80 + SL1 
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6.4 Discovery potential of TACE 

As shown here, the proof of principle behind TACE has been proven 

viable. In addition, valuable transcriptome information can be produced with 

concerted effort on a small list of SAGE tag primers. With this use of TACE, we 

have found 13% of all SAGE tag primers used in Set 1 produced true positives. 

With Set 2, 16% of all SAGE tag primers produced true positives. This result 

suggests that matching the libraries given SAGE tag primers come from to the 

cDNA template they were tested on does not noticeably increase the rate of true 

positive detection. Furthermore, the use of Solexa SAGE libraries does not 

present SAGE tags that are more likely to produce true positive results, as 

evidenced by the 3% success rate seen with Set 3. 

The success rate could also be further improved upon with further testing. 

Approximately 70% of all SAGE tag primers produced multiple amplicons, all of 

which were not investigated. Further exploration of TACE PCR products that are 

not amplified intensely could produce more true positive results, further 

increasing the yield of TACE. 

TACE will have real value in updating annotations of genes through their 

extension. In addition, it also produces transcript evidence of novel genes. The 

true ability of TACE remains to be discovered, as the preliminary experimentation 

presented here does not exhaust the possible results that can be produced with 

the tested SAGE tag primers. However, this work suggests the method can at 

least be used in a low-throughput context to identify novel genes  that are missed 
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by conventional means, as well as update annotations that are being missed due 

to a lack of agreement between different methods of genome annotation. 

6.5 TACE in the context of sequence-based gene discovery 

Various methods have been developed to provide transcriptional evidence 

of novel genes. As mentioned earlier, cDNA sequence mapped to the genome is 

ideal when developing a new gene model, as it provides both physical proof of 

transcription, and serves as the basis for gene model design. TACE aims to 

provide this type of evidence specifically for those genes that remain 

undiscovered. However, this type of targeting is evident in other efforts, which 

are compared with TACE here. 

6.5.1 Semi-nested PCR with uncharacterized SAGE tags 

Xu et al. reported a new method involving the use of uncharacterized 

SAGE tags as primers in PCRs (Xu et al. 2008). This was tested on the C. 

elegans model organism. Briefly, a universal primer sequence was attached to 

the polyadenylation track through the use of a modified oligo d(T) primer in 

reverse transcription. The reverse transcription was carried out, after which a 

step with a terminal transferase was used to add three cytosines to the 3’ end of 

the cDNA strand (5’ end of mRNA template). A universal cap sequence that 

included three guanines complementary to the added cytosines was then 

annealed to the 3’ end of the first strand cDNA molecule, and served as a primer 

sequence in a PCR amplification. These steps provided the authors with a cDNA 

library with universal sequences at both the 5’ and 3’ end of the cDNA species. 
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The authors attempted to amplify sequences downstream of 11 uncharacterized 

SAGE tags, and produced 10 true positive results. 

This method produced successful PCRs at a higher rate than TACE. The 

SAGE tags used in their experiment were normal SAGE tags, so the length of the 

primers used in Xu et al. PCRs were shorter than those used in TACE. However, 

while the method suggests that the sequence upstream of the SAGE tag primer 

could be obtained, the authors do not report any results for this. A drawback in 

this method is the use of a terminal transferase to add an annealing site for the 

universal cap sequence. Partially degraded mRNA would still receive the 

universal cap, and upstream sequences would not represent the true full-length 

sequence. This issue is prevented with the TACE methodology, which only 

generates full-length sequences. Furthermore, the proof that TACE can produce 

upstream and downstream amplicons is presented in my work. Proof that semi-

nested PCR with uncharacterized SAGE tags can achieve this remains to be 

presented. 

6.5.2 RT-PCR guided by gene predictions 

Other means of producing transcript evidence while targeting novel genes 

can take their clues from gene predictions that do not overlap with confirmed 

genes. One such effort involved the generation of primer pairs that specifically 

targeted the start and stop codons of gene predictions made in the C. elegans 

organism by GENEFINDER. These primer pairs targeted sequences, which at 

most had only partial transcriptional evidence in the form of ESTs (Reboul et al. 

2003). Impressively, approximately 12,000 of these primer pairs produced 

 148



 

products that were cloned and sequenced. Approximately 4,000 of the products 

were found to support gene models overlapping genomic spans with no EST or 

cDNA evidence.  

Later attempts that followed the same line of thought on gene discovery 

were posed with the problem of procuring even more gene models from C. 

elegans. The low hanging fruit offered by this line of study had already been 

picked, so a new effort attempted to provide transcriptional evidence by following 

predictions made by TWINSCAN, which was shown to be more efficient that 

GENEFINDER in terms of both detecting genes and determining exon 

boundaries (Wei et al. 2005). Primer pairs were developed to amplify 265 

different gene predictions. Of the products produced form these primers used in 

PCR experimentation, 146 sequences were generated that provided transcript 

evidence of the TWINSCAN predictions. 

These methods have high throughput as a major advantage over TACE. 

The gene predictions made provide an estimate for the amplicon size that would 

be selected for cloning and sequencing. Furthermore, the use of two gene-

specific primers, instead of only one used with a universal primer, limits the 

amount of time spent investigating false positive amplicons. However, both of 

these methods aim at the coding region of protein-coding genes, and do not 

provide evidence of the untranslated regions associated with these genes. These 

regions can be important in terms of gene regulation and localization. TACE does 

provide true full-length sequences. Furthermore, while programs like TWINSCAN 

rely on comparative genomics, TACE uses sequence tags. Therefore, TACE 
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does not rely on conserved genes found in related species, and can help resolve 

gene models for genes that may be specific to the studied organism. 

6.6 Conclusion 

My work has proven the principle behind TACE works. Furthermore, 

limitations in its use have been highlighted. This work has excluded the 

possibility of TACE being used as a high throughput means of annotation. Means 

of improving the rate of TACE success should be explored. Instead of testing 

many different SAGE tag primers at once, only a handful of SAGE tag primers 

should be tested, with every amplicon produced being investigated. The role of 

this method in transcriptome annotation has yet to be defined, as more testing 

should be done on a variety of SAGE tag primers based on SAGE tags with 

different characteristics. However, the protocol behind TACE has been proven 

valid. In a genome that has been highly studied and thoroughly annotated, TACE 

has produced new gene models, and updated others with full-length sequence 

that includes protein-coding and untranslated sequences as well. TACE results 

clearly show that while some gene prediction programs correctly imply the 

existence of genes at loci where there is no gene model, most of these 

predictions are not correct in defining splice sites. Further to this, TACE results 

have shown that these gene prediction programs can incorrectly divide a single 

gene model into two separate models, and are also capable of missing entire 

exons. The disparity between the reality and the prediction of transcription 

illustrated by these results should be further investigated to determine if these 

programs can update the criteria used in gene prediction to optimize their 
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functionality. This type of investigation may include analysis of sequence 

surrounding splice sites and TSS. 
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APPENDICES 

Appendix A: Primer sequences (5’ -> 3’) 

SL1: GGTTTAATTACCCAAGTTTGAG 
Modified oligo d(T): 
CCAGACACTATGCTCATACGACGCAGTTTTTTTTTTTTTTTTVN 
UP-I: CCAGACACTATGCTCATA 
UP-II: CACTATGCTCATACGACGCAG 
ama-1_Forward: TTCCAAGCGCCGCTGCGCATTGTCTC 
ama-1_Reverse: CAGAATTTCCAGCACTCGAGGAGCGGA 
ubq-1: GTTGTACTTCTGGGCGAGCTGA 
rpa-0: CTGGTCCCATTCCAGTGTTCTG 
ttr-47: TTGAATCGACGGAAAGCAGTTT 
SAGE tag primer 20 (Sense form): CATGTCCTCTACGATCCTAAC 
SAGE tag primer 24 (Sense form): CATGGGGGGAATTAATCCTCT 
SAGE tag primer 25 (Sense form): CATGTCTTTCGATTTTCCCCC 
SAGE tag primer 28 (Sense form): CATGCTTTTCTTCTTCGTTTC 
SAGE tag primer 29 (Sense form): CATGAACAATCTGCCGTCGAA 
SAGE tag primer 36 (Sense form): CATGTTGTTTTGACTGAGCTA 
SAGE tag primer 43 (Sense form): CATGAGCAGAAGCTCAACTTT 
SAGE tag primer 77 (Sense form): CATGTACACTACTAACAACCA 
SAGE tag primer 85 (Sense form): TGTAGAGCCCTTTAGATGG 
SAGE tag primer 86 (Sense form): ATGCTTCACCTTCAATGAG 
SAGE tag primer 89 (Sense form): ATGTGTACTGTGACATTTCA 
SAGE tag primer 133 (Sense form): ATGGTCACAACAATTCTCTC 
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Appendix B: Solutions and reagents 

 
NGM Plates 
 
OP50 Tryptic Soy Broth 
1 g Tryptic Soy 
 
- Fill to 50 ml with double distilled water. 
- Autoclave. 
- Innoculate with a colony of OP50 bacteria. Incubate with rotation at 

37°C for 16 hours. 
- Store at 4°C. 
 
Plate Base Mix 
5.5 g Tris hydrochloride 
2.4 g Tris hydroxymethyl methylamine 
31 g Bacto Peptone (Difco) 
80 mg Cholesterol 
20 g NaCl 
 
- Mix. Store at room temperature. 
 
Plate Agar 
11.8 g Plate Base Mix 
36 g Agar 
 
- Fill to 2 L with distilled water. 
- Using sterile technique, pour out Plate Agar into multiple Petri dishes 

(Fisher) 
- Once gels form, streak with OP50 Tryptic Soy Broth. Store at 4°C. 
 
Liquid Culture 
 
1M Potassium Phosphate, pH 6.0 (1 L) 
136.1 g KH2PO4 
800 ml distilled water 
 
- Adjust to pH 6.0 with 15g solid KOH 
- Fill to 1 L with distilled water 
 
Trace Metal Solution (5ml of 100X) 
0.346 g FeSO4*7H2O 
0.930 g Na2EDTA 
0.098 g MnCl2*4 H2O 
0.144 g ZnSO4*H2O 
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0.012 g Cu SO4*5H2O per 500 ml 
 
- Autoclave. Wrap in aluminum foil 
 
1M Potassium Citrate, pH 6.0 (100ml) 
21.01 g citric acid, monohydrate 
80 ml distilled water 
 
- Adjust to pH 6.0 with 17 g of solid KOH. 
- Fill to 100 ml with distilled water. Autoclave. 
 
S-medium (500 ml) 
2.9 g NaCl 
25 ml 1M KPO4, pH 6.0 
475 ml ddH2O 
 
- Autoclave. Cool to room temperature. 
- Using sterile technique, supplement each 500 ml with the following: 
 
0.5 ml of 5mg/ml cholesterol in 95% EtOH (Keep away from flame!) 
1.5 ml of 1M MgSO4 
5 ml of 100X trace metals solution 
5 ml 1M K-citrate, pH 6.0 
5 ml Gibco 100X Pen/Strp/Neo 
5 ml 100X Nystatin 
3 ml 0.5M CaCl2 – stir while adding this reagent, do not allow precipitate to form. 
 
Bacterial Food Source 
 
0.17 KH2PO4 (1 L) 
17 g KH2PO4 
 
- Fill to 1 L with double distilled water. 
- Autoclave. 
 
Superbroth (2.5 L) 
30 g bactotryptone 
60 g yeast extract 
20 ml 50% glycerol 
2.25 L of double distilled water 
250 ml sterile 0.17 KH2PO4 
 
- Autoclave, and then add the following. 
 
85 g K2HPO4 
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Preparation 
- Make 5 volumes of the 2.5 L Superbroth recipe with 6 L erlenmyer 

flasks. 
- Innoculate 5 ml of HB101 in each of the flasks of Superbroth, grow for 

16 hours at 37°C with rotation at 225 rpm. 
- Spin down bacteria in 4x400 ml jars with a 15 minute centrifugation at 

4000 rpm at a 4°C temperature. Pour off supernatant. Repeat until entire 
bacterial population is pelleted. 

- Resuspend bacterial pellets with 200 ml of S-medium (see above) in 
each flask. 

 
M9 Buffer 
 
1M  MgSO4 (1 L) 
92 g MgSO4 
 
- Fill to 1 L with double distilled water. 
- Autoclave. 
 
Buffer (1 L) 
3.0 g KH2PO4 
6.0 g Na2HPO4 
5.0 g NaCl 
1.0 ml 1M MgSO4 
  
- Fill to 1 L with double distilled water. 
- Autoclave 
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Appendix C: Raw sequences 

SL1 + ubq-1: 
Green: SL1 sequence 
Red: ubq-1 sequence (complementary) 
GGTTTAATTACCCAAGTTTGAGTCATGCAAATCTTCGTCAAGACTCTGACGG
GTAAGACTATTACCCTCGAAGTCGAGGCTTCCGATACCATTGAGAATGTCAA
GGCCAAGATCCAAGACAAGGAGGGAGTCCCACCAGATCAGCAAAGATTGAT
CTTCGCCGGAAAGCAACTCGAGGATGGACGTACTCTCTCCGACTACAACAT
CCAAAAGGAGTCTACTCTCCACTTGGTGCTCCGTCTTCGTGGAGGAATCAT
CGAGCCATCTCTCCGTCAGCTCGCCCAGAAGTACAAC 
 
SL1 + rpa-0: 
Green: SL1 sequence 
Red: rpa-0 sequence (complementary) 
GGTTTAATTACCCAAGTTTGAGTCTTTAAAACGTAACCGCACGCGATCCTTA
ATTCACCAAGATGGTTAGGGAAGACAGATCTACTTGGAAGGCTAACTACTTC
ACCAAGCTTGTCGAGCTTTTCGAGGAATACCCAAAATGCCTTCTCGTCGGC
GTTGACAACGTTGGATCCAAGCAAATGCAAGAGATTCGACAAGCCATGAGA
GGACATGCTGAGATCCTTATGGGAAAGAACACCATGATCCGTAAGGCTCTT
CGTGGACACCTCGGAAAGAATCCATCCCTTGAGAAGTTGTTGCCACACATC
GTCGAGAACGTCGGATTCGTTTTCACCAAGGAAGATCTCGGAGAAATCCGC
TCCAAGCTTTTGGAAAACCGTAAAGGAGCCCCAGCCAAGGCTGGTGCCATC
GCTCCATGCGACGTCAAGCTTCCACCACAGAACACTGGAATGGGACCAG 
 
SL1 + ttr-47 
Green: SL1 sequence 
Red: ttr-47 sequence (complementary) 
GGTTTAATTACCCAAGTTTGAGCATGAAACTGATAGTAATTTTATGCCTTTTG
GCCGTTGCTGTAGCCGCAAGTATTATTGGAAAGAAAGCTGTTGGAGCAAAA
GGAACACTTCTCTGTGGAAACACTCCAGCTTCAAATGTTAGAGTACGATTGT
TCCGTGTGAAACCAGGAAAGAAGGATGATATCAACCAAATGCTCGACGAAG
AGTACACTGGACCACAAGGAATGTTCCATGTCGAAGGAAACTCCAATGGAT
TCCCATTAAATGAAACAGATCTTCATCCAGTACTTTCTATCTATCACCTTTGT
GATGATGATCCGAAGAAATTGGAGAAAACTGCTTTCCGTCGATTCAA 
 
P.1: SL1 + SAGE tag primer 20 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 20 sequence 
GGTTTAATTACCCAAGTTTGAGGTAATTATACCTACCAATGGAAATGTTGATC
ATACCTACAACATTATTTCATTGGTTATCAATGTAATCGTTCCAAATATCAAA
GATGTATCTAGATGATCCATCTTCTATAGATTACCTCATCTCAGTTGATGATC
ACCTCGCCGCCGTATCTATCAAGCCACTAAAGTCAAGTATTCTCCTTTTTGA
CAGTGTCTAACTAATAAGTATCCTGGTAAACCAAATGAATAGTCATGGATGG
GTACCCCTTGTCCAATTTGGACGATGTGTAAAGCTATTTTGAATGGCACACT
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CGATCCAGTTAACCTGTGTGCTCACGGAAATAGTCGTGTGACATAACTGTG
CAGAGCTTTAAAGTTGAATGCAACTTTGGCCGCCTCGTTCCAAAACCAGATA
CACACATTCAAAATGTTTCTTGGTTCGAGATTGTCTCGAATCCGACGACATA
GACTCTCCGATGCTTGTGTCATGTCGAATGGAATTTTCGAGTGTTCTTTTTC
GATTTGAATCGTCATCCTTTTTCTCATGCCGCCTCGTTTCAGTCATTTTTCGG
ACGCTGAGAATGACATGCAACTCATGTCCTCTACGATCCTAAC 
 
P.2: SL1 + SAGE tag primer 24 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 24 sequence 
GGTTTAATTACCCAAGTTTGAGAACGTTCAAAAATGGAATCCAACACCACAC
CACTGTCACTCGATTGTCAGCCAACAAAACATCAATCTATTCAATCGGACTT
TTCGGAAAAACTGCATCAACTCGTTTGTCAAGCAAAACGGATCGCTCACGA
GCATCCGGAACGTGCGGAGACTTTATGCAAGACGCTTTTCGACACTGTTTC
GGCATTTGATCAAGATGATTATGTTTGTGTGAAGGATGAGGAATTGGCTGAG
AGACAGTCCAGATAATTTTCCTGTATCATATTTTGAATTATTCATATTCAGAAT
AATTCATATTCAGTTCCGAACTCTTTATTGTCATCTCATGATACTTCTATCGA
CCGTAATTCTAACGTTCACAATGAATACCATGGGGGGAATTAATCCTCT 
 
P.3: SL1 + SAGE tag primer 25 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 25 sequence 
GGTTTAATTACCCAAGTTTGAGATGTGAATCTCATCTTGGTCTAATTCAATTT
GAACAACACTTCTGAATCTTTGAAGCTCTCAAACTTGGCCGAATCATCTGCA
ATTGATCCCTGTCTTTTGATTTTTGAGGAGACAATTGATGCCTCTGGATTATG
GGAACATCAAAACGACAAAGAATTTCAAACTTTTATGAATAGAAGAAGCATG
TGACGAACAATTTTAATAATCTATATCTGCTCTCAAAAAATTTTTGAAAAAAAA
ACGAAAAATATTTTTGGCGATTTTGAGGTGATCACCGTCGTCATTCGCTGCG
AGTGCCCCCGGTGACAGATGTACAGACCCCTTTCCGCCCCACCCACATTTC
CACTATAGTATGTCCCCCAACTGTCCCCACAACAAAACTCCCGTCTTTCTCC
AGTTACTCTCCCGGTCACTCCCGAAAACAGTCTCAGCATGTTCATTCAAACA
TGTTCAATCTACCCACTCCCCAAGAAGTCTTTCAGTGTTTGGTTACTTCGGTT
CCAGCACAACTCTTCATCCTTCCCCCGTCCCAGTGTCATTTTCGTTCATTTG
CTTCTTCTTTTCCTAATTTTTTATTTTTCAATCCCGTCAAAATTTCCCATATTTT
TAGATGCTCTTTTGTTCTTCATGAATTTCTCTTGGCTCTGTGTCAGTAAACGA
TGATCTGGAAATGTTCTAGAACGTTCAAGAAACATTATGTTGTTCATATATTT
TTGTACAATAGCGCCCCCAACAGTCTTTCAGATATTATTTTCTAGTTAGTCTG
CTCACATGTCTTTCGATTTTCCCCC 
 
1.1: SL1 + SAGE tag primer 28 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 28 sequence 
GGTTTAATTACCCAAGTTTGAGAAATGGTGAGCTTCGAATTCAATGGAAAAC
GCCGCGATTTCGAAAATTTCGAGAAGGCTCAAGAATGGGGCGATGAACGAG
TTTTAAAAATTGATGATGAGTGTGGAAATAAATGGCTCTTATTAAGAAATTTC
AAAACATCAGACAGATTTGGGCAGACCATCGCGCCAGGAATTTTGGCGGAA
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ATTCGGGAGTTGGATGCTGAAAAGCTTGCAATCCAGTCATTTTTAGATATTG
CCAAAGATGATCAATGATAATCAATGGTAATTGTTGGAGCTCTCCGTCGATC
GTGTTCTTCAATTCATGCTTTTCTTCTTCGTTTC 
 
1.2: SL1 + SAGE tag primer 29 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 29 sequence 
GGTTTAATTACCCAAGTTTGAGAAAGAGATCTGCAATGCTGTCATTCACATTT
GACAACAAAGAGAGTGATTTTGCCGATTTGGGAGAAGCAAGAGATTGGCTC
GAAAAGCTCAAAGAAGAAATTGAATTCATCATGCTTATGCAAGAACATTGCT
CCAGACCGACCCTTACCCAGAAAGAACGCGCTGCAAATGAAGACACGGTGA
ACAATTGTGCGGCAACCCTTGCGACTCTTCAACGTAAAAAATCTGAGTTTAA
AATATTTTTGAAAAATGCAGAGGATGCTTTGACCGCCGTTCGCTCTCCATGA
ACAATCTGCCGTCGAA 
 
1.3: SL1 + SAGE tag primer 36 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 36 sequence 
GGTTTAATTACCCAAGTTTGAGAATTCCCACTTCCTACTGTAGATGCTGACTT
CTACAAATCGCAAATTTGCCAGTTGCCCCCAATATTCGGGCACGCTGTGCA
CACACCTCAGCTCATAGAGCCCACAACATTTTTGATGAAAACTGACAGTTTA
ATTGTTGATTCTCTCCGAACAACATGTCTCAAAAATGCAGTCAAACAAGCTT
CGATCCGACACCACAACTTGACAAAGACATCAAAGCCTTTGAGGAGTACTG
TAGGATCCATGAACGCATTGAGCTCATTATCCTCTTTAATGGGCTCACTTGT
CATCACACAATGATTTCAACAACTCTTCAACATTCTTCATATTCTTCTTGACA
CGTGTTTGCTAGGAACGTTTCCATCAAACGATCAGTTGGTAGATTCTTCCTA
CCATCATCATCATACTCTCTTCGTTTCAAATATTTATTCTTTTTTCTTCCCCCA
TCTATTTACCCATGTTGTTTTGACTGAGCTA 
 
1.4 Isoform A: SL1 + SAGE tag primer 43 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 43 sequence 
GGTTTAATTACCCAAGTTTGAGATTGTTTAACGAGATCCTCAACAAAAAACG
GTGACAGACAGAACAAAAGGCAATTGAAATGAGGGACATGCAACCCCCGTC
AATGGGACTCAATGGATTTGGCAGAAGAAGTCACAACTTTTCATCGCCGTCT
CTCGTCGATTACAGATCTCAGCCGCATCATTACGGATCCCAACCAAGCATA
GTACAGAACGGAGGAAGCCAGTCTCCACCAGACTACGCCTTATTGTTCGAC
GCACCAGTTGTTGTTCTCAGATCTAAAAAGCCAAGCACCGTACGATCAGCAA
AAGAAGAATCAAGGCTACGATCTCAACAGCCACCAAGCAACATTCAACGAG
TTCAGGCAATCCGTAGCCGTCCACAGTCCACTGCATCTTACAACAGTTTAGC
TTCATCCGGAATGGAAAATCTCCAGTGGCGAAATTCAGTTATGTCCTCTGTG
ACTCCAGATAATCGCCGGCATACGCTGTACGACGAAGAAGACAACCCACGA
GTGGCACGATTGGAATATTTTCAAGGAGAAGAGAGTGAAATGTTGAAACGT
GGCCAAGATCAAGCGACAAAACTTCTGGAATGGTACAAAGAACGTCTGCTT
TCGGTTCAGAAAAAAGCGAGGCTCTTGAAACAAGGGAGTGTCTCACTGGAT
CCCGCTGTACATGAGCAGAAGCTCAACTTT 
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1.4 Isoform B: SL1 + SAGE tag primer 43 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 43 sequence 
GGTTTAATTACCCAAGTTTGAGGCACGATTGGAATATTTTCAAGGAGAAGAG
AGTGAAATGTTGAAACGTGGCCAAGATCAAGCGACAAAACTTCTGGAATGG
TACAAAGAACGTCTGCTTTCGGTTCAGAAAAAAGCGAGGCTCTTGAAACAAG
GGAGTGTCTCACTGGATCCCGCTGTACATGAGCAGAAGCTCAACTTT 
 
2.1 Isoform A: SL1 + SAGE tag primer 77 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 77 sequence 
GGTTTAATTACCCAAGTTTGAGCGACAAGAAGTTTCGTCTATGATGGGAGCT
CGACAATCGACGACGTCACATCACGACACTTTTCAAGTGTCCCCATCATCTG
ATGCTTGCTCGACGAGCTCATCAACATATGCCCGCCCGGCGGCGGCGGCG
CATTCAGCCGGCAACAACTCATCATCCTCATCATCAAACGCCGGCGGCGGC
GACGGCTACCATCGTTCGAACTCCTCGGGCTCTTCCACACGGCCTGTAGCG
GCGACTCGTGAACGAAAAAGCTATGCAGTGGCGGCCGGAAGATCCGCACC
GATGCGGAGTCTTTCGCCGGCTCATCCGAGTGCAGTGATGAGCGGTATGG
ATGACTTCTTACGACCGGATCGATTCGATCGTATTATGCAAATGACAAAACC
AGATCAATTCATTCAAGAGCAACATTCATGGAATCCAGAAGATCGATCATTG
AACATATTCGTGAAAGACGAGGACAAATTCACATTCCACCGGCACCCTGTC
GCACAAAGTACAGATTGTATTCGCGGAAAGATGGGCTACAGCCGGGGATTC
CACGTATGGCAAATCGAATGGCCTGAACGGCAGCGAGGAACACATGCTGT
GGTTGGAGTTGCGACGAAGAATGCTCCACTACACGCTGCCGGATATACGGC
ATTGATTGGTACCACTGATGAGAGTTATGGATGGGATATTACACGACGAGAA
TGCCATCACGATTCGAAGCACACAATGACATGGAGGTATCCGTTCAGTAATA
GTCGAGATGTGTATAATGTTCTGATAAGTTCTACTGTATTCTGGATATGGATG
AAGGATACATGGCATTCGCCACAGACGACGAGTTCCTCGGAGTTGCATTCC
GAAATCTCAAAGGAAAAACGTTATACCCAATTGTGGCGGCCGTTTGGGGTC
ACTGCGAGATTAGTATGAGATATCTGGGATCACTGGAACCCGAGCCGTTAT
CGTTGTCCGAACTGTGTCGACGCCGTGTCCGAATCGAGATGGGTGCCCAG
CCGGAAGATCACATTGAGCAGCTGATGATTCCACCGATTCTCAAGCGATATT
TGATGTATCAGTATTGATTGATTATTGCAGCATTTTCATCAAGAATTCACTTTT
TTTTCAAATTTTCAGTGTGTGCCTTTTTCGCTTTTTCTCGCTGACTGATTAAA
GCCTAAAAAAAAACTTCAATGGGGTTATTCGTGTGATTTCGAAAAATGCAAA
ACACGTATTTTTATAAGTTTTCCCTTCGAAAAATGTTTAAAAAAATGCAGAAA
AATGCAAAAAAAATGTCTAAAAATTCAGAAAAGTGTCTTAAAAATGCAGAAAA
ATGTCAAAAAAAAGTAGAAAATTTCTAAAAATGCAAAAAAATGTTTTTAGAAA
TGCGTTAATTTTTTGACATTTCCCTGCATTTTCTGGCATTTTTTGCCATTTTTT
GACATTTTTTTGGCATTTTTTGACTTTTTTTTTTGGCATTTTTTGACATTTTTCC
CCGAAAAATGTCAAAAAAAATGTAGGAAAATGTCTGAAAATGCCGAAAAATG
TCAAAAAAATGCAGAAAAATGTCAAAAAAATGCAGAAAAATTTCTAAAAATGC
AAAAAAATGTTTTTAGAAAGGCATTTTCTCCCCCGAAAAATGTCAAAAAATGC
AGGAAAATGTCAAAAAAAAGCAGGAAAATGTCGAAAAATTCTTTTGAAAACT
GAATGCTTTTTTGACATTTTTCTGCATTTGTCTTTGACATTTTTTTATCATTTTT
TGACATTTTTCCGGGGAAAAATCTATAAAAATGCAATTTTGACATTATTCGTC
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ATCACATGAATAACCTGATAAAAGTTAATTGTACCATTCGATGTATAGTGCCT
TTTCTCCCATTTAGCTTTTTGACTTTTTTTTAAAAATCTTTTTCATTTTTGGAGT
TTTTTGGAATTTTCCCCACACACACATCCCCACGGGTTTTCGCCCCTCGGTT
CGCACATTTCTCCGATTTTTTTCGTCTTTTTTTTTACTTTTTTTGAATTTTTCAA
AATTTCCCACAAACCCTGTCAAAATTGATCAATTTGTGAACACTCTCAGTTTT
ATATTGAATATATTGTGTTTTTTTTTTCCAAATTTTTTTATGCAAAAATCCTCCT
AACCTTAAGGTTTTTCCCCCATGTACACTACTAACAACCA 
 
2.1 Isoform B: SL1 + SAGE tag primer 77 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 77 sequence 
GGTTTAATTACCCAAGTTTGAGAACCTACAAGATCATCAAGACATGATGGGC
CCGGGCGAAGAAGAAGAAGAGCAACTGTTCGACACGACGCCTGAAGGATC
CGAAGACGACGACTACGATATGGTGATGTACGACGAGTCGTCGGCGGATA
GCTCGTTCTCGGTGCCCACCAGCACTGTGCCATCATCGGTCGCTGAAACCT
ATGAGACGATGGACACGGACGCCGGATTTTCGACGGATAGTGAAATGGAAC
GGCTTGTCGAGTTGAGATCAGTGTCCCCATCATCTGATGCTTGCTCGACGA
GCTCATCAACATATGCCCGCCCGGCGGCGGCGGCGCATTCAGCCGGCAAC
AACTCATCATCCTCATCATCAAACGCCGGCGGCGGCGACGGCTACCATCGT
TCGAACTCCTCGGGCTCTTCCACACGGCCTGTAGCGGCGACTCGTGAACGA
AAAAGCTATGCAGTGGCGGCCGGAAGATCCGCACCGATGCGGAGTCTTTC
GCCGGCTCATCCGAGTGCAGTGATGAGCGGTATGGATGACTTCTTACGACC
GGATCGATTCGATCGTATTATGCAAATGACAAAACCAGATCAATTCATTCAA
GAGCAACATTCATGGAATCCAGAAGATCGATCATTGAACATATTCGTGAAAG
ACGAGGACAAATTCACATTCCACCGGCACCCTGTCGCACAAAGTACAGATT
GTATTCGCGGAAAGATGGGCTACAGCCGGGGATTCCACGTATGGCAAATCG
AATGGCCTGAACGGCAGCGAGGAACACATGCTGTGGTTGGAGTTGCGACG
AAGAATGCTCCACTACACGCTGCCGGATATACGGCATTGATTGGTACACAC
TGATGAGAGTTATGGATGGGATATTACACGACGAGAATGCCATCACGATTC
GAAGCACACAATGACATGGAGGTATCCGTTCAGTAATAGTCGAGATGTGTAT
AATGTTCTGATAAGTTCTACTGTATTCTGGATATGGATGAAGGATACATGGC
ATTCGCCACAGACGACGAGTTCCTCGGAGTTGCATTCCGAAATCTCAAAGG
AAAAACGTTATACCCAATTGTGGCGGCCGTTTGGGGTCACTGCGAGATTAG
TATGAGATATCTGGGATCACTGGAACCCGAGCCGTTATCGTTGTCCGAACT
GTGTCGACGCCGTGTCCGAATCGAGATGGGTGCCCAGCCGGAAGATCACA
TTGAGCAGCTGATGATTCCACCGATTCTCAAGCGATATTTGATGTATCAGTA
TTGATTGATTATTGCAGCATTTTCATCAAGAATTCACTTTTTTTTCAAATTTTC
AGTGTGTGCCTTTTTCGCTTTTTCTCGCTGACTGATTAAAGCCTAAAAAAAAA
CTTCAATGGGGTTATTCGTGTGATTTCGAAAAATGCAAAACACGTATTTTTAT
AAGTTTTCCCTTCGAAAAATGTTTAAAAAAATGCAGAAAAATGCAAAAAAAAT
GTCTAAAAATTCAGAAAAGTGTCTTAAAAATGCAGAAAAATGTCAAAAAAAAG
TAGAAAATTTCTAAAAATGCAAAAAAATGTTTTTAGAAATGCGTTAATTTTTTG
ACATTTCCCTGCATTTTCTGGCATTTTTTGCCATTTTTTGACATTTTTTTGGCA
TTTTTTGACTTTTTTTTTTGGCATTTTTTGACATTTTTCCCCGAAAAATGTCAA
AAAAAATGTAGGAAAATGTCTGAAAATGCCGAAAAATGTCAAAAAAATGCAG
AAAAATGTCAAAAAAATGCAGAAAAATTTCTAAAAATGCAAAAAAATGTTTTT
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AGAAAGGCATTTTCTCCCCCGAAAAATGTCAAAAAATGCAGGAAAATGTCAA
AAAAAAGCAGGAAAATGTCGAAAAATTCTTTTGAAAACTGAATGCTTTTTTGA
CATTTTTCTGCATTTGTCTTTGACATTTTTTTATCATTTTTTGACATTTTTCCG
GGGAAAAATCTATAAAAATGCAATTTTGACATTATTCGTCATCACATGAATAA
CCTGATAAAAGTTAATTGTACCATTCGATGTATAGTGCCTTTTCTCCCATTTA
GCTTTTTGACTTTTTTTTAAAAATCTTTTTCATTTTTGGAGTTTTTTGGAATTTT
CCCCACACACACATCCCCACGGGTTTTCGCCCCTCGGTTCGCACATTTCTC
CGATTTTTTTCGTCTTTTTTTTTACTTTTTTTGAATTTTTCAAAATTTCCCACAA
ACCCTGTCAAAATTGATCAATTTGTGAACACTCTCAGTTTTATATTGAATATAT
TGTGTTTTTTTTTTCCAAATTTTTTTATGCAAAAATCCTCCTAACCTTAAGGTT
TTTCCCCCATGTACACTACTAACAACCA 
 
2.2: SL1 + SAGE tag primer 85 (full length sequence) 
Green: SL1 sequence 
Grey: SAGE tag primer 85 sequence 
Red: UP-II sequence (complementary) 
GGTTTAATTACCCAAGTTTGAGACTGAAATCGTGTGAAAAGGTCGATCGAAT
CGATTGCTGAAAAATCGAGAGATTCGAGAGACAACGGCCCACCAAAGCCGT
ACGTAGACAATCGTTCGTGCTTCTCCACACGCCCACGCACACGTGCACACA
CGTGCCGTGCGTTCGTCGTTTTCTTCTTCTTACGGGTTCATAATATAGTATTG
TGTGTTGGTGTGACGCTTCCTGCTCTTTTTCGATTTGCTGAAAAATGCTGAA
ATCATCGTCTGGAAACATGCATCATTTTTCAACGGGCAGCTCATCTGCTATC
ATCGCCTCCTCCTCATCCTCCTCTTCATCGTCGAATGGTTACGGTCACTCGC
CACGTGACTTGCTCACCGGAGCAGCAGTTGCGAATGGTGGTGGTGGTGGA
TTCGGTGGTGTCGCCGGTGTGGCATTTGCTACGACGTCACCGCCGACGCC
TGTTAATTTGGATGTGCAACGAATCGACTGTACCGATGAGACGACGGTTGTA
ATGGTAAAGCTGACGGATGAAATGTTTGCAGCTCTTCAAGAAAGTCAACGAA
GTGGTAACCACTTCGGATAAACGTTAACGATAAGGAAGGACGCGTCGAAAT
TGGCGATGGTACAGCTTCGTCAAAAACCAACAATACTTTTTATTTCCAAAAG
CAAACGGTGCCGGAACAAACGGATACTCTTGTACACTCGGGTGGAGGCGTT
CGAAATGTCGGAACGTACAAAACAAAATACCAAATTCAAGCAACAGACCGGT
CATTTCAAGAAACGAAGAAGCGAGCTGAGCTCCGTGCTGAAGTGGAAAAAA
GTCGAGGAACGAAACAGATGAAAAAAAGCGGAGTCACATGTAGCTCTTCTC
GATACCACAACTCTTCCAATTCGACGCCACGTAGCATGAACAGTGCTCCGA
ATTCGTCACGTGTGAGCCCATCATTCATGTCATCGTCATCGTCAAAAGCTTC
GACAAGCCACGTGACGACGAACAACTCGAAAGGAACACCAAATAATGGCTC
AGAGAGCAAGAAAATTGATATGACACCGCAACTGATGAAACATTCGATCAAA
AAACGAATTATCCATTTGATTGTCACACAAAAGTATAGCAACTGGGAGGAAG
TGTACAAGAAGTTGAAATCTGATGGTCTGCCTGAAGAAAAGGATGAAATTGA
GAAAATTCGGAGTTGTGTGGAAGAGGTTTCCGAGACACGGCCTGAAATGTC
TGTAATGTCACTTCGAACAAGTTTTCTCTCAGAAGTAGATCAACGATGGATG
TTCTTTAATCAAGAGGAAAAGTCGCATGTTCGACGTCTATGTAACTCGGGAT
CCCGTGTCGGTCCAACTGACAACAACTTTGCTCCATTGAGAAAGAAGGGAA
TGGAACGGATCACGGCGAGTTCGAAGACTGAAAAAGATAAAGTGAAGGAGA
AGCTAGAAGAAGCGGCGAAGATCCCGAGCCCGCCGAAAGATCAAAAGTCA
CTTCCGTCAATTGTCGAGGAGGACGACTATTATACGGCTCCGCCGGAGCCG
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GCGAATAAGCGCCGTGCTCATAACTTGGCTCCACCACCACCGCCACCAGTT
CAAGTGGTAACTCCACAGACGACGTCTTCTCAGACTGAGACTGGCCCACTG
CCGCCGAAACGAACGAAACGGCCCGAATCGTCGAGCCCGCAACTGGAGCG
GTCATCGCAACCAGCTTCTAAGCTCAACCCCATCAAACTGGCAGCAACGAT
TGCGATGCAACCGATCCCAAAGTGTGATCCTCCACCACCACCACCATCACG
TGACACTTATCATCACAACGTGGCATCTGTCGCCGTGAATGGAGGTGGCTC
CACTGCGTCGAGCCGAGTCTCATCGCCAGCTTCATCTCTCTCGTCACCGAG
TCAACCATCGTGTAACTGGGAGAAACAGTTTGGAGATATTAAGACACTTTCT
GAAGCTGAAGCTTATTTTAAGCAATTTCATAAGGAATATCCATTGTATATGGA
ATGTCATGAAATGTTGACGAAAGTTTCATCCGAATTTCGAGGGCTTGAAGTG
AAGCTGCTCAACTGCAGTTGCTCTTAGTAAAACGTCACCGTCACCGCAGAAT
ATGCAGAATGTGAAGCAAATTGAAAAGAACGTACAGAATCGATATGCACACT
TTGAGAAGGATCCCGAATTTATGAAAGCTCGCCAACGTCACACGGATCTTC
GCTCGAAGCTAAACGTACTGAAGACTCGTATCGGTAGCTGAGAAAAAATGC
GACGGCAATCATCGACAAATGTCTGAGAAGCTTCCCTCCCGACGAGAATAG
CTCTTCCCTTCTAGTGTCATCCATCCATTTCCAAAGCTTCACCCGCCCCAAA
TGAAATTGATCCGTGTGTCCTCCCTCCCAAAACAAACAAACAAACAAACAAA
AAACCAATATTTTATCCATTTGAAACATGACGGTTCAACATGCTTTCCACAGC
GCCTTTTCCACTCCCCTTCCCCCCACCCGAATATATCCCGACGAAAAAACCA
ATTCATTTCACAAATCATCTCTCTTGCGTCTCTCCGTCTCTTTTCTCTCTCTCT
CTCTCTCTTTCCGTTCTCATTTGCTGGTTCAAAAGTTACATACATATGTATAT
AAATATATACATATTTTATTTTATTATTTCTCTTCTCCCCTCTCGTTCACTCAG
TTTATCTCGTTTCTTCCCCCCGTAGCTCCTCATCACCCTCGTCCTCGTCTAAT
TTGTGATTATAAGCTGATATTGGTGTTGATATCCATGTGATTTTTTTTCTTAAT
TTTTTTTTGGTTAGAAGAGATTCAAAGTAGCCCTCCCCCCCCAGCATCGAAT
ACCCACTTTTTTTGATTCTTTTGGATAGCGAAAAAAAAATTACAATAAAACCC
CCCAAGCCCCCCACACACACTTGTCAAAGGCCGGTGATAAAAAGATACAAC
TCACGGATTTTTCGTTTTTTTTTCTATTTTGTTTTTTTTTCTTTCACCCTGTTTC
TCCTTAATCTCTTTTTTTATCGTGTAATCGTGTTTTTTTTTTGCCTTTTCCCAC
TCCCCTGATCATGTAGAGCCCTTTAGATGGACTGTGCCTTTTTGACTAGCGA
TTTTTCAATTCTAAATTCAATTCATATTTTCCACAATCCCCATTTTCTCTCTCT
ATTGCGCGGTTGTTGCCCCCATTAAGCCGGGAACCAGACACTTTTGTGGCA
TAGTTTTTTTTGTAGATTTGACCCCCACCGTATTTTTTTTTTCGATTATCCTTT
TTTTGAAAACCGTATTTTATTCTCTTTTTGAAACCAAATAAATGTTATTTGCGT
CTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACTGCGTCGTATGAGCATAGT
G 
 
3.1: SL1 + SAGE tag primer 86 (full length sequence) 
Green: SL1 sequence 
Grey: SAGE tag primer 86 sequence 
Red: UP-II sequence (complementary) 
GGTTTAATTACCCAAGTTTGAGCGGTATGACTGACCTCTCTTGTCTGTATCC
TTCACTTTTATGCACTGAAGCTGCAAAAACATCTTATGACGAAGACACAACG
TCTGTTTCATCTGGTTTAAGCCCTCCGGGCTCTCCAGTCGATCTACAAAACT
CGCTGGATCATGTGAAACGGCCGATGAATGCATTTATGGTTTGGAGCAGAG
GACAGAGAAGGAAAATGGCACAGGATAATCCAAAAATGCACAATTCCGAAA
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TAAGTAAACGGTTGGGTGCAGAATGGAAACAGCTATCAGAGCAGGAAAAAC
GACCATTTATTGATGAAGCAAAACGGCTCAGAGCTTTACATATGAAGGAGCA
CCCAGACTACAAATACCGTCCACGAAGAAAGCCAAAATCCTCCAATCTGAA
GCAACAACCTCGTTTGAACATCGCCATGCCAACCATCCCGCCACAATCACTT
TTCAACTATTCCACAGCATTCGACTCATTGAAAACCCATGACCTCTCCCAAT
ACTACTCATCATTCTTCCAATCGACCGTATTATCCGGCTCAACCTATGCTCC
ATACAATATGATGGCTGCTTATGCGAGACAAGCTGCAGCCGTGGCTGCTGC
AAGTCAAGTGTCGGCTTCAACAACGCCAACAGCTCCTGCCACGTAACTTGC
TGAATTGTCATGTTTGCTCAATACCATGCTTCACCTTCAATGAGCAGAATCTC
CCTACAAATGCCATACAGACAAATTGATTCTAATTTTTCGATAATTTTGATTC
GAATGTGCTATGTGCAACCTACCTGTACTTTTCTATTTTGCTGTATCTTCCAT
AAATGAAATATAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACTGCGTCGTA
TGAGCATAGTG 
 
3.2: SL1 + SAGE tag primer 89 (upstream amplicon) 
Green: SL1 sequence 
Grey: SAGE tag primer 89 sequence 
GGTTTAATTACCCAAGTTTGAGCATTTCAGACGTTGAAACGACGATTCGTCC
GACCTGCAATCCTGTTCCCACACTGTTTTGTCTCCACCGCGGGGAGCTTTAA
GCAGTGGCTGCAAGCACCATCAGACGACAAAGGACAAGACGGTGAATACAA
AGGATTGGAGGACATGGAATTGACTTGGGAACCGGAATTACCGGCAGTAGC
GGTGGCCATCCGACTGCTCGCTTTCATGCTGCAATTGAAGACCGGCAATTG
CAAGTTGGTGCTCAATTTGTCAATAATCAACAGCACACTCCCATCCAAAGCC
CAGAGACTTCTGAAGACGACGATGAGAATCCACCAAAGGCTCAACGCCATT
TGTTCACTGGCGCAGTGCCTTGTCGCTTGAACTTTGATAGCGAACAAGATGA
CGATGAGGAGCAGGCGACCCACTCATCATCCAACGGCCTTCATTCCGAGAT
GACAAACTTTTAGGGTGGCAAAGCTATTGAGCCCCAAATGAACCGGAGAGC
CCGCCGAGAATGAACGATGTCATTGATAAACTTGGAAAACGAGAAACTTCAA
GATCGGCGTAATCTAACTTCGTCATCGTCAAGTAGCCGCATCATTTGAACCG
AAATCGTCTCTGAATCGTTAAAATCATCACACTGGATCTGGAGATGGATTCA
GTAATAATTCTCTGATTCCAATTTGAGATCAAGAACACACGGAAAAATATCTC
TGCGACTCACCGAGCAACAGTTAGATGGGACAAATCAGAATGATGTGATCG
ACGAGACTCCACCACCAACACGCTCATGTGTACTGTGACATTTCA 
 
3.3: SL1 + SAGE tag primer 133 (uncloned upstream amplicon) 
Green: SL1 sequence 
GGTTTAATTACCCAAGTTTGAGACAAAACAAAACAATGGTGCTCAGGATACA
AGACATAGCAATCGTCTTTCTCCTCATTGTCCTAATGGATTTTGCATTGGCC
CATGAAAAATTCTTGGTGAGGAAAGGAGGACGACTGGATCGACTGCACAAG
CGAACGTTGCACGACTGGAAGAACGCCGTCCATAAACATCGTCACCGACGA
CACAGGCACAAGAGGCGACGTCATTACAGAGATGGTGGTTTTCGGGTCGAC
AACATACTTGCACAAATGGACTCTTTCGTCCGCCCTCGCTTCGGACGATCC
GTGGGATATGCCGAGTGGCGGAATCATGGTCACACAGGAATTGACGTGACA
TAGCTTAAAGAATGACACAAAGAAAGATATCAATATTTGACTGAAGAGCGTC
AAAGTTCAACAAATGTTTGTGAATATAAGTATAGAAAAGCAGTCCTCCCTTAT
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CCCCCAATGACTTATTCCTCTTCTTTCGTTTCACAGCTTTATCAATCACTTTA
CAACTATCTTCTCCATTCCTTTCTCCCCCACCCACGCTT 
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