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Abstract 

The availability of high-throughput gene expression data and completely sequenced 

genomes from eight
 
species of nematodes has provided an opportunity to identify

 
novel cis-

regulatory elements in the promoter regions of Caenorhabditis
 
elegans transcripts. 

Motif discovery was performed in the promoter regions of genes expressed in the C. 

elegans intestine. We scanned the upstream regions of genes expressed in the intestine and ASE 

neurons for sequences similar to the binding sites of the transcription factors ELT-2 and CHE-1 

respectively and showed that they are more likely to contain high-scoring matches to these 

binding sites than upstream regions of other genes. 

To create the cisRED C. elegans database, we determined
 
orthologues for C. elegans 

transcripts in C. briggsae, C. remanei,
 
C. brenneri, C. japonica, Pristionchus pacificus, Brugia 

malayi
 
and Trichinella spiralis using the WABA alignment algorithm.

 
We pooled the upstream 

region of each transcript in C. elegans
 
with the upstream regions of its orthologues and identified

 

conserved DNA sequence elements by de novo motif discovery.
 
In total, we discovered 158,017 

novel conserved motifs upstream
 
of 3847 C. elegans transcripts for which three or more 

orthologues
 
were available, and identified 82% of 44 experimentally validated

 
regulatory 

elements from the ORegAnno TFBS database. We annotated 26% of the motifs
 
as similar to 

known binding sequences of transcription factors
 
from the ORegAnno, TRANSFAC and 

JASPAR databases. This is the first catalogue
 
of annotated conserved upstream elements for 

nematodes and can
 
be used to find putative regulatory elements, improve gene models,

 
discover 

novel RNA genes, and understand the evolution of transcription
 
factors and their binding sites in 

phylum Nematoda. 

We placed the cisRED motifs into groups based on sequence similarity and identified a 

series of motif groups that are associated with genes that have significant functional associations. 

Fifteen of the groups are specifically associated with ribosomal protein genes. Eight of these are 

extensions of the canonical C. elegans trans-splice acceptor site; two are similar to binding sites 

of transcription factors in other species. One was tested for regulatory function in a series of GFP 

expression experiments and was shown to be involved in pharyngeal expression. 
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1 Introduction 

The availability of large-scale biological data has resulted in the need for bioinformatic 

analysis and has simultaneously provided an opportunity to gain an unprecedented insight into 

gene regulation. One hundred eukaryotic genomes have been completely sequenced, including 

eight nematode genomes [1]. Gene prediction and annotation programs allow us to interpret the 

genome sequences and relate findings in one genome directly to all of the others. High-

throughput molecular biology techniques allow us to measure expression levels of all genes in 

any tissue. Finally, advanced computer algorithms and CPU clusters make it possible to sort 

through all of these data and find patterns that would take humans too long to find. The goal of 

this research is to increase our understanding of gene regulation in C. elegans through an 

extensive survey of upstream regions – searching for elements that are conserved among 

coexpressed genes, orthologous genes, and genes with related biological function. 

1.1 Gene Regulation 

All cells in an organism contain the same DNA sequence, but different cells use different 

genes at different times. Gene regulation is the process by which gene expression is turned on or 

off in a particular cell at a particular time. Gene regulation occurs at three levels: pre-

transcriptional, by way of chromatin organization, histone modification, and DNA methylation; 

cotranscriptional, by way of the activation or repression of transcription and the processing and 

transport of the message to the ribosome; and post-transcriptional, by way of translation 

efficiency, mRNA stability, and binding of the message by proteins and other RNAs. The three 

levels are interdependent and may overlap somewhat; for instance, chromatin remodelling is 

known to occur during transcription, and cotranscriptional processing has an impact on mRNA 

stability. Each of these components of gene regulation, not to mention the interactions of all 

components simultaneously, are only partially understood and are under active research. 

1.1.1 Pre-transcriptional Regulation 

The broadest and most general level of gene regulation occurs via organization of 

chromatin, by which broad genomic regions are made available or unavailable to transcription. 

In the nucleus, DNA is wrapped around blocks of eight histone proteins called nucleosomes. 

Each nucleosome has 147 base pairs (bp) of DNA wrapped around it, and the nucleosomes are 

typically spaced about 50 bp apart [2]. Post-translational modifications of the histones’ N-

terminal tails, such as acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, 

and ribosylation have a profound impact on the packing structure of the nucleosomes and thereby 
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influence the availability of the DNA for transcription [3]. Regions of the genome containing 

genes under active transcription in the cell are in the open euchromatin formation, characterized 

by methylation of specific lysine residues on histone H3 and other specific modifications. 

Regions not under active transcription, including silent genes, centromeres, telomeres, 

inactivated X chromosomes, and repeat sequences are in the tightly furled heterochromatin 

formation, characterized by acetylation and methylation of different lysine residues than that of 

euchromatin [2]. Some short intergenic regions are not bound by histones at all in order to allow 

DNA binding proteins such as transcription factors (TFs) to bind freely. These are the regions 

that are hypersensitive to DNase I (see section 1.2.1 below) [2]. 

The genomic pattern of chromatin organization changes through different stages of 

development and differs between tissue types [2]. Alteration of the pattern plays an important 

role throughout embryonic development and sexual maturation and is catalyzed by enzymes such 

as histone-acetyltransferases, deacetylases, and methyltransferases [3]. In mammals, direct 

methylation of the DNA is used to specify the chromatin pattern through multiple cell divisions 

in a process called genomic imprinting [2]. However, DNA methylation has not been observed in 

nematodes [4]; this may be due to the smaller number of cell types and the less complicated 

embryonic development of nematodes which requires less elaborate mechanisms of gene 

regulation. 

1.1.2 Cotranscriptional Regulation 

 Transcription is a complex process in which genes are copied from DNA to RNA by a 

DNA-dependent RNA polymerase enzyme. Eukaryotic cells contain three types of RNA 

polymerase: RNA polymerase I transcribes mainly ribosomal RNA genes, RNA polymerase II 

transcribes protein-coding genes, and RNA polymerase III transcribes small nuclear and transfer 

RNA genes [5]. Because it performs the majority of the transcription in the cell and has 

undergone the most study, this discussion will focus on the regulation of transcription by RNA 

Polymerase II. Aspects that impact the efficiency of transcription include: the binding of specific 

TFs to enhancers near the gene, the binding of general TFs and cofactors to the promoter region 

of the gene, recruitment of the RNA polymerase enzyme itself, initiation of RNA synthesis, and 

transition to the faster elongation phase of RNA synthesis. Additionally, while the RNA is being 

synthesized, it undergoes cotranscriptional modifications such as 5’ capping, cis-splicing, and 

polyadenylation [6]. Finally, after transcription is complete, the nascent RNA molecule is bound 

by stability-enhancing proteins and is transported out of the nucleus to undergo translation at the 

ribosome.  
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This entire process is regulated on many levels due to its complexity, however, the 

activation of the transcriptional machinery by gene-specific TFs is the most fundamental 

regulation mechanism [5]. The order in which the transcriptional components assemble is still 

under debate, but it is clear that the binding of the specific TFs to their DNA binding sites is the 

rate-limiting step. Here, we describe the transcriptional components in order of importance and 

specificity. 

The binding of specific TFs to DNA sequences upstream of a gene is the most essential 

step of gene activation. Specific TFs may act on various levels to control gene expression, 

including the spatial, tissue, and individual cell levels [7]. A single primary TF may be involved 

in the expression of many genes in a particular physiological region of an organism (the “spatial” 

level). For example the winged helix factor PHA-4 is responsible for most pharyngeal gene 

expression, even though more than one cell type is involved [8]. A primary TF may also be 

involved in the expression of genes in a specific tissue type. For example, the GATA-type zinc 

finger TF ELT-2 is involved in the expression of most or all genes in C. elegans intestinal cells 

[9]. Finally, TFs may act on the expression of genes in only a single cell type. For example, the 

Paired-type homeobox factor CEH-10 and the LIM-type homeobox factor TTX-3 specify the 

expression of certain genes in C. elegans AIY interneurons [10]. 

There are several mechanisms by which TFs or other proteins repress or prevent gene 

expression instead of activating it. For example, a repressing protein might lack an activation 

domain and also have a stronger affinity for the same DNA sequence as the activating factor, 

thereby blocking gene activation whenever the repressor is present. Similarly, a repressing 

protein might dimerize with an activating TF and prevent its ability to activate gene expression 

via a protein domain that physically blocks the DNA binding domain or activation domain of the 

activating TF [11]. Some proteins act as both activators and repressors depending on where they 

are bound in the genome, whether they are phosphorylated, or whether they are bound to a 

specific ligand or cofactor [11]. One example of a repressor in C. elegans is the PIE-1 protein, 

which is an RNA binding protein that represses transcription by blocking the phosphorylation of 

the RNA Polymerase II carboxy-terminal domain, thereby preventing transition to the elongation 

phase of transcription [5].  

The next important step in the initiation of transcription is formation of the pre-initiation 

complex. The pre-initiation complex is really a complex of subcomplexes, consisting of the RNA 

Polymerase II subcomplex, the TFIID subcomplex, and the mediator subcomplex, and is 
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regulated on many levels due to the interchangeable parts in each complex [5]. Each of these 

three subcomplexes will be discussed in turn. 

The RNA Polymerase II complex is a large enzyme that physically traverses the DNA 

strand and synthesizes the RNA strand. It has a large number of subunits that are called TFIIA, 

TFIIB, TFIIE, TFIIF, and TFIIH, some of which are themselves smaller complexes [12] (Figure 

1.1). The three-dimensional conformation of the entire complex is optimized to stabilize a short 

bubble of melted DNA, and also contains a groove for the nascent RNA strand [13]. The largest 

subunit of the complex has a carboxy-terminal domain that must be phosphorylated in order to 

make the transition from initiation to elongation. The carboxy-terminal domain also binds the 

components that are responsible for the cotranscriptional modifications discussed below. Other 

subunits of the RNA Polymerase II complex include chromatin remodellers, which modify the 

histones to a conformation that is suitable for transcription to proceed through the entire gene 

[5,14]. 

The TFIID complex is composed of the TATA binding protein, the cyclin-dependent 

kinase subunit, and 13 or 14 TATA binding protein-associated factors (Figure 1.1) [5]. The exact 

roles and structures of all of the subunits of the complex are still under investigation, but the 

overal structure of the complex has been shown to be conserved among yeast, C. elegans, 

Drosophila, and mammals [12]. The primary purpose of the TFIID complex may be to recognize 

the transcription start site (TSS) and anchor the RNA Polymerase II complex to the appropriate 

location on the DNA prior to transcriptional initiation. Several of the subunits of the complex are 

similar in structure to histones and may bind DNA in the same way [12]. Some eukaryotic 

promoters have a TATA sequence to which the TATA binding protein can bind; but many 

promoters lack a TATA sequence, and for others a TATA sequence has been predicted without 

experimental evidence to validate its function [7]. For those promoters that lack a TATA 

sequence, the TFIID complex may be recruited to the promoter by specific TFs, or else by 

modified histones in the promoter that are in the transcriptionally active state; three of the 

subunits of this complex are predicted to contain histone binding domains [12]. Once all of the 

necessary factors are in their appropriate locations on the gene promoter, including specific TFs 

and the RNA Polymerase II complex, and transcription has been initiated, the cyclin-dependent 

kinase phosphorylates the carboxy-terminal domain of the RNA Polymerase II complex, 

triggering the transition from the initiation phase to the elongation phase. The RNA Polymerase 

II complex then begins to traverse the DNA strand while the TFIID complex remains anchored at 

the TSS [12].  



 5 

The mediator complex was first biochemically purified in the late 1990s, but its 

importance to transcriptional regulation has only become clear in the mid 2000s [14]. It is a large 

and variable complex containing about 20 subunits and integrates regulatory signals from 

specific TFs into the transcriptional machinery [5,14]. It has been shown to be essential for the 

transcription of most genes in yeast and C. elegans because it bridges the gap between the RNA 

Polymerase II complex at the TSS and the specific TFs, which may be bound to the DNA 

sequence several hundred (or thousand) bases away [14,15]. Mediator contains at least three 

subcomplexes or modules, including the head, middle and tail modules. The head and middle 

modules interact with the RNA Polymerase II and TFIID complexes while the tail module 

interacts with the specific TFs bound further upstream, causing the DNA sequence between them 

to form a loop [15,16]. Mediator does not bind DNA directly and participates only in protein-

protein interactions; once transcription is initiated, the complex dissociates from the progressing 

RNA Polymerase II complex and remains at the TSS. There are several other interchangeable 

modules and subunits that are only present in the complex under certain circumstances and 

impact the binding strength and specificity of the interactions [15]. Mediator has been shown to 

be particularly important for the activity of nuclear hormone receptors such as thyroid hormone, 

sterol hormone, and vitamin D receptors. In the presence of the appropriate hormone, the 

receptors enable the mediator complex to recruit coactivators, acetylate histones, and activate 

transcription of specific genes, while in the absence of the hormone, the combined complex 

recruits corepressors, deacetylates histones and maintains the chromatin of those same genes in 

an inactive state [5,14,15]. As is the case for the other complexes and transcriptional regulatory 

complexes, the mediator complex is under active research. 

When all of the necessary elements are in place at the gene promoter, including the 

specific TFs, the mediator complex, the general TFs, and the RNA Polymerase II complex, 

transcription of the gene becomes possible. Transcription of the RNA molecule occurs in three 

phases: initiation, elongation, and termination [17]. During the initiation phase, the RNA 

Polymerase II enzyme and associated cofactors bind to the TSS and begin to synthesize the first 

few bases of RNA [17]. Binding of the RNA Polymerase II complex to the TFIID and mediator 

complexes results in the phosphorylation of the carboxy-terminal domain which produces a 

conformational change in the RNA Polymerase II enzyme that subsequently prompts the 

transition to the elongation phase [14]. During the elongation phase, the RNA Polymerase II 

enzyme slides rapidly along the DNA strand and synthesizes the rest of the transcript. Chromatin 

remodelling subunits remove the histones from the DNA in front of the polymerase enzyme and 
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reattach them to the DNA behind [18]. During the first transcriptional event of a gene, subunits 

of the enzyme may also acetylate the histones attached to the DNA of the gene to increase the 

efficiency of generation of further transcripts [17]. Once the RNA Polymerase II enzyme reaches 

the end of the gene, it dissociates from both the DNA strand and the nascent RNA strand and the 

carboxy-terminal domain is dephosphorylated [5]. The DNA strand may form a large loop 

structure, bringing the transcriptional termination site close to the TSS so that the enzyme can be 

recruited to the promoter of the same gene and produce further transcripts [17]. 

The order of the steps, including formation and binding of the three complexes, and 

transcriptional initiation and elongation is not entirely clear and may vary between genes. At first 

glance, it may seem logical that the specific TFs would bind first, they would then recruit the 

TFIID complex, which would in turn recruit the RNA Polymerase II and mediator complexes, 

and transcriptional initiation would not proceed until after all three complexes were present. 

However, it has been shown that the rate-limiting step of the entire procedure is the transition 

from initiation to elongation [17]. The complexes may combine at the promoter in any order, and 

in fact many eukaryotic promoters have an RNA Polymerase II enzyme and TFIID complex 

associated with them even though the gene is not being expressed. The transition to elongation is 

triggered by the phosphorylation of the carboxy-terminal domain, which only occurs once all of 

the complexes are in place [14,17]. The RNA Polymerase II enzyme may also initiate synthesis 

of the first few bases of the RNA transcript and then pause or abort the transcript if the specific 

TFs and mediator are not present. This allows gene expression to be switched on rapidly once the 

specific TFs and the mediator complex are bound [14,17].  

As the RNA is being synthesized, it is modified in three important ways: a modified 

guanine is attached to the 5’ end (the 5’ cap); internal sections of the RNA strand are removed 

and the remaining pieces spliced together; and after transcription is complete the RNA strand is 

cleaved at a specific site and a string of adenosines is added onto the resulting 3’ end [6]. All 

three of these operations are performed by a variety of subunits and enzymes that are attached to 

the phosphorylated carboxy-terminal domain of the RNA Polymerase II complex [6]. Capping is 

associated with the transition from initiation to elongation [17] and improves mRNA stability by 

protecting it from specific RNA exonucleases [6]. Splicing is performed by a mini-complex of 

small nuclear RNAs and proteins called the spliceosome [6]. During each splicing procedure, the 

small nuclear RNAs recognize the borders of the intron that is to be spliced out while the exons 

are coated with serine and arginine-rich proteins. Splicing regulates translation of the subsequent 

mature mRNA in two important ways. The serine and arginine-rich proteins improve the 
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efficiency of translation with the result that spliced mRNAs produce more protein per transcript 

than unspliced mRNAs [17]. Splicing also impacts the translated product directly: the exclusion 

of an essential coding exon or the inclusion of a stop codon-containing "poison exon" can 

prevent the transcript from being translated correctly [17]. As the RNA Polymerase II proceeds 

past the polyadenylation signal, the RNA is cleaved and polyadenylated, and the RNA 

Polymerase II complex dissociates from the DNA. The processed mRNA is packaged with RNA 

binding proteins to sequester the newly formed transcript from further interactions with the DNA 

strand and thereby prevent DNA damage. Regions of DNA that are under active transcription are 

often associated with a nuclear pore complex so that the transcript can be transported to the 

cytoplasm as soon as transcription and processing are completed [17]. If any of the processing 

steps fail, the transcript will be bound by proteins that mark it for immediate degradation and a 

nuclear exosome is recruited to degrade the transcript. This avoids the production of malformed 

or nonsense-containing proteins which may otherwise have deleterious effects.  

There are two related aspects of transcription and translation in nematodes that have not 

been observed in the nuclear genomes of insects or vertebrates: trans-splicing and operons. 

Seventy percent of C. elegans transcripts are trans-spliced during transcription: the original 5’ 

end of the transcript is removed and replaced with one of two 22 bp sequences that originate 

from small nuclear RNAs. The trans-splice acceptor site on the mRNA has a canonical sequence 

of UUUCAG and is typically located about 20 bp upstream of the translation start site. The 

purpose of trans-splicing is unknown but it is suspected to play a role in the initiation of 

translation [19]. A side-effect of trans-splicing is that it makes it impossible to determine the TSS 

from cDNA sequence because some or all of the 5’ untranslated region is lost during the trans-

splice procedure. Trans-splicing takes the place of the 5’ capping step (the donated sequence is 

already capped) and makes it possible for the C. elegans genome to organize its genes into 

operons. 

Operons are clusters of genes, close together on the same strand, that are all transcribed 

after a single RNA Polymerase II initiation event. As the first gene is transcribed, it is processed 

in the regular way (trans-spliced, cis-spliced, and polyadenylated). After the RNA Polymerase II 

reaches the end of the first gene, instead of terminating, it continues to transcribe the other genes, 

which are each trans-spliced and processed in turn. The polyadenylation and trans-splice 

acceptor sites cause the single transcript to be cleaved into separate mature mRNAs for each 

gene. Genes in operons are often coexpressed, but due to different rates of mRNA degradation 

may not always display correlated expression patterns [19]. 
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1.1.3 Post-transcriptional Regulation 

Once the gene has been transcribed, it is subject to further regulation at the RNA level. A 

large quantity of noncoding RNA is transcribed from defined noncoding RNA genes. Many of 

these ncRNA genes are clearly understood, such as ribosomal RNAs, transfer RNAs, and small 

nuclear RNAs. However, more recent research has shown that other classes of ncRNAs, 

including microRNAs and short interfering RNAs, are directly involved in the regulation of 

transcription, translation, and degradation of protein-coding mRNAs. The C. elegans genome 

contains at least 1300 noncoding RNA genes including at least 120 microRNA genes [20]. 

MicroRNAs are typically 20 to 22 nucleotides long and tend to be partially complementary to the 

3’ untranslated region of the mRNAs that they regulate. When they are coexpressed with a target 

gene, they form a double-stranded RNA complex that is immediately degraded, preventing 

translation of the target gene [21]. Several C. elegans microRNA genes, such as lin-4 and let-7, 

have been shown to be conserved in other eukaryotes including mammals, indicating that this is 

an ancient and efficent mechanism of gene regulation [20].  

Short interfering RNAs are 21 to 25 nucleotides long, and like microRNAs, block 

translation of mRNAs by forming a double-stranded complex [21]. Unlike microRNAs, short 

interfering RNAs are not involved in the regulation of ordinary genes but instead promote the 

degradation of transcripts from viruses and retrotransposons [22]. For both microRNAs and short 

interfering RNAs, the double-stranded complex is degraded by the RNA induced silencing 

complex, subunits of which have been found in all eukaryotes [22]. 

In addition to microRNA genes and short interfering RNA genes, more poorly defined 

noncoding RNAs have been detected that are transcribed from intergenic regions and introns of 

protein-coding genes [21]. Transcription of these RNAs has been shown to interfere with the 

binding of TFs and RNA Polymerase II to the DNA, thereby preventing the transcripton of a 

nearby gene [21]. All three types of regulatory noncoding RNAs have been detected in C. 

elegans, but except in a few well-defined cases, their impact on gene regulation is poorly 

understood. 

1.1.4 Focus 

For the purposes of this research we have focused primarily on specific TFs and their 

binding sites in the DNA near the TSS, and also focused on protein-coding genes rather than 

RNA genes. We did not investigate the role of pre-transcriptional and post-transcriptional 

regulation mechanisms, only co-transcriptional regulation characterized by the binding of 

specific TFs to evolutionarily conserved sites in the immediate upstream region of the genes. The 
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purpose of this research is to determine which portions of the upstream sequence are specific 

transcription factor binding sites (TFBSs).  

Terminology note: we will use TFBS to refer to a DNA sequence that is bound by a TF. 

A regulatory element is a DNA sequence that is involved in the regulation of a nearby gene; if 

the sequence is removed or altered, the expression of the gene is affected. Sometimes the terms 

TFBS and regulatory element are used interchangeably (both here and in the literature) under the 

assumption that a regulatory element functions via the binding of a TF. An enhancer is usually 

defined as a cluster of TFBSs which are far from the gene with which they interact, but the term 

may also be used interchangeably with regulatory element. Enhancers are usually discussed with 

respect to Drosophila and vertebrate genomes because TFBSs have not been shown to occur in 

distant clusters in C. elegans. 

1.2 Laboratory Investigation of Gene Regulation and Expression 

There are a wide variety of laboratory techniques with which to investigate gene 

regulation. Most methods are gene-centred: they investigate regulatory sequences upstream of 

one or more genes. Other methods are TF-centred: they investigate the targets of a specific TF 

[23]. Additionally, because regulatory elements tend to be conserved among coexpressed and 

orthologous genes, identification of such gene sets can greatly aid the discovery of new TFBSs. 

1.2.1 Gene-centred Approaches  

Because it can be difficult to accurately detect the expression level of a gene directly, a 

powerful technique to observe and estimate the timing and location of gene expression is through 

a reporter gene construct. Caenorhabditis elegans is a transparent organism, and therefore the 

most common reporter genes are for fluorescent proteins such as green fluorescent protein (GFP) 

and other colours such as yellow and red fluorescent proteins [7,24]. In a typical experiment, the 

upstream region of the gene of interest is amplified by the polymerase chain reaction (PCR) and 

cloned into a vector containing the GFP coding sequence. A large number of copies of the 

construct are injected directly into the C. elegans hermaphrodite gonad and the GFP is 

subsequently expressed in the next generation of worms in approximately the same tissue and 

developmental stages as the gene of interest. The expression of GFP can be observed directly and 

photographed, or quantified [25]. To improve specificity, nuclear localization signals can be 

added to the GFP protein sequence to sequester the GFP to the nucleus of cells within which it is 

expressed. Alternatively, an in-frame translational fusion construct can include the cellular 

localization signal of the original gene with the GFP to indicate where the gene product is 
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normally localized. The specific sections of each upstream region responsible for the observed 

expression pattern can be explored through scanning deletion mutagenesis: numerous GFP 

expression constructs are created for each upstream region, and a short section is deleted for each 

one. Those constructs for which the expression is lost indicate which specific portions of the 

upstream region are necessary for the expression of the gene and are therefore putative 

regulatory elements. 

Once a putative regulatory element has been identified, the next logical step is to test the 

DNA sequence for protein binding using an electrophoretic mobility shift assay. In this assay, the 

short DNA sequence (labelled with biotin or radioactive phosphorus atoms) is incubated both 

alone and with an extract of nuclear proteins; both samples are run on a nondenaturing gel. If the 

DNA binds a protein in the nuclear extract, the gel will show a shifted band in the column 

containing the DNA sequence with the nuclear extract but not the DNA sequence alone. To show 

specific binding, the labelled DNA and nuclear extract can further be incubated with the same 

unlabelled DNA sequence, and with unlabelled varied DNA sequence as competitors. If the 

protein binding is specific to the DNA sequence, the lanes with the same sequence as a 

competitor will show a reduction in the shifted band, while the lanes with a slightly different 

DNA sequence will not show a reduction in the shifted band. To prove the identity of the protein, 

an antibody specific to the predicted protein can be added as well; if the antibody binds to the 

protein that is bound to the DNA, gel lanes containing the antibody will show a third, 

supershifted band [26].  

DNase I endonuclease cleaves double-stranded DNA that is not bound by proteins, and 

hence is useful for two different protein-binding assays. The DNase I footprinting (or protection) 

assay is used to limit TF binding to specific bases of a specific sequence of DNA (for example a 

sequence that has already tested positive in an electrophoretic mobility shift assay). Labelled 

DNA sequence is incubated both alone and with a nuclear extract, and both samples are briefly 

exposed to DNase I and then run on a sequencing gel. The DNA without nuclear extract will be 

cleaved at every base, forming a band on the gel for every base of the sequence. In contrast, for 

the DNA with nuclear extract, those bases of the DNA covered by protein will not be digested by 

DNase, leaving a gap in the ladder [26].  

The DNAse I hypersensitivity assay is used to detect genomic regions that are free of 

nucleosomes. Very little DNA in a given cell type is not wrapped around nucleosomes; 

nucleosome-free regions are typically left open to allow binding of TFs and trancriptional 

complexes, which is why these regions are associated with enhancers and promoter sequences in 
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mammals. In this assay, nuclear DNA is digested with DNase I, and the digested DNA is 

extracted and mapped back to the genome using a southern blot or sequencing technique. On a 

genome-wide scale, the DNase I hypersensitivity assay can be used to identify putative 

regulatory elements, highly conserved regions, and promoters under active transcription [27].  

The yeast-1-hybrid method is a high-throughput approach for finding combinations of 

DNA binding proteins and their binding sites [28]. In this technique, a cDNA expression library 

is created in which each open reading frame is fused in-frame to a Gal4p activation domain (the 

“prey”). A second library contains a large set of promoter sequences linked to the coding 

sequence of a reporter gene (the “bait”). Yeast are transfected with one construct from each 

library; only those cells that contain a combination of bait and prey where the prey construct 

expresses a protein that binds to the bait construct will express the reporter gene. A large number 

of bait and prey combinations can be tested simultaneously, and for cells that test positive, both 

constructs can be sequenced. The advantage of this method is that it finds a large variety of DNA 

binding proteins regardless of whether they function as activators or repressors in vivo. The 

disadvantage is that like other yeast-hybrid methods, it is prone to false positives, and results 

need to be validated using a different method for confirmation of the protein-DNA interaction. 

The yeast-1-hybrid method has been used with great success to find novel DNA binding proteins 

in C. elegans [29]. 

1.2.2 Transcription Factor-centred Approaches 

SELEX (Systematic Evolution of Ligands by EXponential enrichment) is an in vitro 

method that is used to rapidly determine a series of putative binding sites for a TF [30]. Briefly, 

protein extracts are incubated with a large variety of double-stranded DNA oligonucleotides that 

all have the same end sequences. Antibodies are used to precipitate the TF of interest, or if no 

antibodies are available, the cell line or organism is transfected with an epitope-tagged variation 

of the TF. All precipitated DNA is amplified by PCR using primers that match the terminal 

sequences of the oligonucleotides. Several rounds of immunoprecipitation followed by PCR 

amplification are done, and eventually only sequences that bind the protein with high affinity 

remain in the sample; these are subsequently cloned and sequenced [30]. Several variations and 

optimizations of the technique exist to adapt it to RNA binding proteins and proteins for which 

some binding sites are known [31]. The advantages of the SELEX method are that it generates a 

high-quality set of TFBSs for a given TF and tends to find many binding site sequence 

variations. The disadvantages are that it does not produce genomic binding sites that can 
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subsequently be used to investigate the regulation of specific genes, and some proteins may only 

bind a subset of the sequences in vivo that they bind in vitro. 

Chromatin immunoprecipitation (ChIP) is used to detect regions of the genome that are 

associated with specific proteins, either TFs or histones with specific modifications [32]. In this 

technique, nuclear DNA is extracted from the tissue of interest, and all proteins attached to the 

nuclear DNA are crosslinked to the DNA using formaldehyde. The DNA is then sheared into 

small pieces, and antibodies are used to precipitate the protein of interest and all DNA associated 

with that protein. After this the crosslinks are reversed and the proteins are degraded, leaving 

only DNA that is highly concentrated for subsequences that are bound by the protein. The 

advantage of ChIP is that it finds only sites that are bound by protein in vivo. The disadvantages 

are that the method requires a specific antibody to the DNA binding protein, and that it finds all 

DNA near the protein, even if it is not bound directly, and the precipitation step is not completely 

accurate. The result is that many precipitated sequences do not contain a binding site for the TF, 

but it is not clear which are false positives and which are sequences that are bound by a protein 

that was bound to the TF due to DNA looping [33]. 

There are a number of subsequent methods following ChIP that can identify the DNA 

sequences in the sample. The classical method is to use a Southern blot or PCR to determine 

whether any of the DNA precipitated by the antibody matches one or more candidate sequences, 

but this method only identifies one sequence at a time [2,33]. More recently, a series of high-

throughput methods have been developed to identify most or all precipitated DNA sequences 

simultaneously. In the ChIP-chip method, the enriched DNA is hybridized to an array containing 

segments of genomic DNA [34]. Result quality from ChIP-chip is limited by the size of the 

genome and the number of sequences on the microarray or oligonucleotide array. For large 

genomes, sometimes arrays are used that contain only promoter sequences or sequences from 

specific genomic regions, but results from such an array are not genome-wide [2]. In the ChIP-

PET (paired-end tags) method, the DNA fragments are cloned and each end is sequenced [35]. 

The paired-end tags are then mapped back to the genome – a computationally complex task. 

Similarly, in the ChIP-SAGE method, the fragments are cloned and a short sequence tag is 

extracted from them, after which the tags are concatenated and sequenced [2]. These two 

methods were used in the interim while new, inexpensive sequencing technology was being 

developed. The most recent method to identify the enriched DNA sequences is called ChIP-Seq 

[36]. In this method, the first 30 to 100 bp of all precipitated DNA fragments are sequenced 

using the recently developed high-throughput massively parallel short-read sequencing methods 
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such as the Illumina 1G Genome Analyzer sequencing platforms. The sequences are mapped 

back to the genome and extended across their estimated length, and regions of the genome 

containing a large number of overlapping results are identified. This method has been shown to 

provide deep coverage of relevant binding sites using a small amount of enriched DNA starting 

material, with the result that it generates fewer artifacts than older sequencing methods [33]. 

ChIP-Seq has successfully been used to find binding sites for both TFs such as STAT1 [36,37] 

and histones with specific methylations, acetylations, and other variations [38,39]. 

1.2.3 Gene Expression and Orthologue Identification 

Accurate and timely expression of genes is important for the survival of an organism, and 

as a result we have two important expectations with respect to TFBSs. First, we expect that genes 

that are expressed at the same time or in the same tissue may be regulated by the same TF and 

therefore may contain similar binding sites in their upstream regions. Secondly, we expect 

TFBSs that deliver essential or advantageous gene expression patterns for an organism to be 

conserved through evolution while DNA sequence that does not impact gene expression will not 

be under evolutionary constraint.  

One way to discover new TFBSs is to look for similar sequence patterns in the upstream 

regions of coexpressed genes: genes that are all transcribed in the same tissue at the same time. 

In order to find sets of coexpressed genes, it is necessary to measure the expression of all or most 

genes simultaneously. Serial analysis of gene expression (SAGE) is a quantitative measure of 

mRNA levels in a tissue sample [40]. In the SAGE method, an elegant series of biochemical 

steps is used to extract a short representative sequence from each mRNA (Figure 1.2). The 

occurrences of each tag are counted, and the resulting tag counts are analogous to the quantity of 

mRNA transcripts from each gene in the original sample. A list of tags and their respective 

counts from a particular tissue is called a SAGE library. SAGE has been used to measure gene 

expression in a wide variety of tissues, notably human cancer tissues [41]. For C. elegans, the 

BC C. elegans Gene Expression Consortium has produced 31 SAGE libraries from various C. 

elegans tissues [42]. Two pairs of SAGE libraries are analyzed in Chapter 2. 

Another fruitful location in which to search for TFBSs is in the upstream regions of 

orthologous genes from different species. Orthologues are genes from different species that have 

very similar coding sequence because they originate from the same gene (through speciation 

events, not duplication) in the most recent common ancestor of the two species [43]. Orthologue 

assignments are made by comparing the protein or DNA sequences of all genes in one species to 

the sequences of all genes in another species. Orthologous genes will be more similar to each 
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other than they are to any other genes in the genome of the other species. However, species-

specific paralogous expansions may confound orthologue assignment methods. If the genome of 

one of the species contains a gene duplication that occurred after the two species diverged, both 

versions of the gene may be equally similar to the single gene in the other species in terms of 

sequence similarity. One of the two orthologues may be more similar than the other in terms of 

function, but it is not possible to tell which one this is from sequence analysis alone. For gene 

regulation analysis, one-to-many orthologue assignments should be avoided and only one-to-one 

orthologue assignments should be used because we only expect regulatory elements to be 

conserved for genes that perform the same function. 

Inparanoid is a web resource containing orthologue assignments based on reciprocal best 

BLAST alignments [43]. Comparisons and orthologue assignments from published genomes are 

posted at the Inparanoid website [44]. Another method to generate orthologue predictions is with 

the WABA alignment algorithm, which has been optimized to find long matches in one genome 

for protein-coding sequences from another genome [45]. WABA finds orthologues for a protein-

coding DNA sequence without requiring pre-existing gene predictions by searching for 

alignments where the first two bases of each amino acid codon are weighted more heavily than 

the third base in the codon, because for most codons the third base can vary freely without 

impacting the amino acid sequence. The results from WABA and Inparanoid are compared in 

Chapter 3. 

1.3 Transcription Factors 

There are such a large number of proteins that are involved in transcription at every stage 

that the term "transcription factor" is not well-defined. In this thesis, when we refer to TFs, we 

are mainly discussing specific TFs that bind specific DNA sequences and impact the expression 

of a subset of genes under specific circumstances rather than general TFs that are involved in the 

transcription of most or all genes. TFs contain a transcription regulation domain that interacts 

with other proteins and cofactors and a DNA binding domain (DBD) that interacts with DNA 

[11]. They frequently function as homo- or heterodimers or bind DNA in a complementary way 

[46]. Some TFs are alternatively spliced; different isoforms may have both different protein-

DNA interactions and different protein-protein interactions (such as dimerization) [46]. 

Variations such as isoforms and dimerization mean that the number of different ways TFs can 

impact gene regulation is potentially very large [11,46]. 

The transcription regulation domains are generally domains that form strong protein-

protein interactions, and may either activate or repress transcription, or both, depending on 
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context [23]. These domains often depend on the binding of coactivator proteins and non-protein 

ligands, or may need to be phosphorylated in order to function as activators [11]. Many TFs are 

shuttled between the cytoplasm and the nucleus while undergoing such modifications and 

interactions.  

TFs are usually classified based on the secondary structure of the DBD, and there are 

more than one hundred different families and subfamilies of these domains [11,23]. DBD 

families evolve more slowly than other protein sequences and are conserved across many 

species; multiple examples of orthologous TFs between C. elegans and humans have been found 

[46]. The DBDs from different genes are sometimes very similar to each other and may bind the 

same sequences and regulate some of the same genes or compete with each other for the same 

binding sites [46]. Most types of DBDs interact with the DNA via an alpha helix that is 

positioned in the major groove of the DNA strand; amino acid residues in the alpha helix form 

hydrogen bonds and van der Waals interactions with the bases of the DNA strand [11]. A few of 

the most common types of DBDs are described below. 

Homeodomain TFs contain a highly conserved 60 amino acid domain and are found in 

many species including C. elegans, Drosophila, and humans [11,46]. They tend to have 

important functions such as control over general body organization [11]. They are part of a larger 

superfamily of DBDs called the helix-turn-helix structural motif that is characterized by two 

alpha helices (one of which interacts with the major groove of the DNA) that are connected by a 

short chain of amino acid residues [26]. Another subset of the helix-turn-helix superfamily is the 

winged helix domain, which has an additional alpha helix and a beta sheet in addition to the 

helix-turn-helix structural motif. Winged helix TFs often contain two DBDs which bind a 

palindromic DNA sequence in a symmetrical fashion [47]. 

The helix-loop-helix DBD contains two alpha helices packed closely together and linked 

by a short loop. Like the helix-turn-helix superfamily, there are many variation of this structual 

motif [11]. TFs containing this domain tend to bind DNA as homo- or heterodimers [26]. 

Zinc finger domains have a protein structure in which a zinc 2+ ion is coordinated by four 

amino acid residues such as cysteine and histidine; there are several variations [11]. Zinc finger-

containing TFs are very common in most species and the zinc finger domains tend to occur in 

clusters with multiple fingers interacting with a continuous stretch of DNA [26]. Another type of 

DBD that bind zinc are the nuclear hormone receptors [11]. These TFs interact with lipophilic 

hormones that freely diffuse through the cell membrane, such as steroid hormones and vitamin 

D; their activation domain is only functional when they are bound to their hormone ligand and 
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bind as homodimers [11]. This type of TF is extremely common in C. elegans; C. elegans 

contains an estimated 274 different nuclear hormone receptors while humans have only 43 [46]. 

Leucine zipper or bZip DBDs are characterized by a long alpha helix that has a row of 

leucine (or other hydrophobic) residues along one side of the helix at one end only. These TFs 

form homo- and more often heterodimers through van der Waals interactions between the 

leucine residues on each subunit [26]. The other end of the alpha helix contains basic amino acid 

residues that interact with the major groove of the DNA strand [11].  

For species with sequenced genomes, most TFs can be predicted based on sequence 

similarity to known DBDs. However, not all genes containing predicted DBDs are true TFs. For 

example, some genes with zinc finger domains may be RNA binding proteins or may only bind 

other proteins. Recently, two curated lists of predicted C. elegans TFs have been published 

which estimated the total number of TFs at 934 and 664 respectively [7,46]. In one study, 127 

different families of DBDs were represented [7], and in the other study, 23 C. elegans TFs were 

found to contain two DBDs from different families [46]. It is expected that binding sites for 

human TFs can be used to predict binding sites for C. elegans TFs and vice versa [46]. 

1.3.1 Transcription Factor Binding Sites 

TFs can usually bind to a number of different sequences, with a stronger affinity for some 

sequences than others. The range of sequences they can bind to depends on the TF concentration 

[48], and endogenous binding sites for each TF are typically a series of similar but not identical 

sequences. For example, the C. elegans TF DAF-19 contains a winged helix DNA-binding 

domain (Figure 1.3 A) [49] and has been experimentally shown to bind a variety of similar, 

partially palindromic sequences that are 14 bp wide (Figure 1.3 B). 

A simple way to represent a variety of different sequences is the International Union of 

Pure and Applied Chemistry (IUPAC) consensus sequence, in which the four DNA letters can be 

substituted by other letters that represent two or more DNA bases simultaneously (Figure 1.3 C; 

Table 1.1) [50]. The advantage of the consensus sequence is that the sequence representation is 

very brief and is displayed in simple text. However, it contains no information as to how often 

each base appears in each position across orthologues, for example. 

A position frequency matrix (PFM) is simply a table containing the sum of the 

frequencies of each base in each position from a set of TFBSs (Figure 1.3 D). A PFM can be 

normalized to make the sum of each column (or the sum of the entire table) equal to one. The 

advantage of the PFM is that it summarizes and digitizes a list of similar sequences, and can be 

used to assign a similarity score to other sequences that are suspected to bind the same TF. 
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However, it is not a complete representation of the binding sequence set: the PFM loses 

information about which specific combinations of bases occur. 

A sequence logo is a multicoloured visual representation of a PFM (Figure 1.3 E) [51]. 

Along the X-axis of the logo are the positions of the binding sequences just as in the PFM. The 

Y-axis shows the information content (IC) measured in binary digits (bits) at each position. A 

perfectly conserved base has an IC of two bits just as a single DNA sequence has one of four 

bases, and therefore two bits of information, in each position of the strand. A position that is 

filled by one base in half of the examples and a second base in the other half of the examples has 

an IC of one in total. The error bars are an indication of how many sequences were used to 

generate the sequence logo: the more sequences that were used, the less it would be impacted by 

the addition or removal of one sequence and therefore the smaller the error bars. 

Three databases of experimentally validated TFBSs were used in this research, 

ORegAnno [52], TRANSFAC [53] and JASPAR [54]. ORegAnno was created at the Genome 

Sciences Centre by my colleagues Dr. Obi Griffith and Dr. Stephen Montgomery and consists of 

TFBSs that were curated from peer-reviewed publications and recorded in their genomic context. 

The record of genomic context in ORegAnno was a key improvement over other TFBS databases 

and the ORegAnno sites were used throughout this research as positive controls for TFBS 

prediction. ORegAnno currently contains 192 C. elegans TFBSs and 14 166 TFBSs in other 

species. 

TRANSFAC is a relational database that contains 319 TF binding sequences and PFMs. 

The TRANSFAC data is derived from published experiments, and the focus of the database is on 

eukaryotic gene regulation. JASPAR is an open-access, highly curated and non-redundant 

database of 59 TFBSs determined mainly by in vitro DNA binding experiments such as SELEX. 

The usefulness of both TRANSFAC and JASPAR to this research is limited to TF binding 

models; neither can provide positive controls for genomic TFBS prediction because none of the 

sites are tied to genomic locations that were experimentally shown to bind the TFs in vivo. 

1.4 Nematodes 

This research was carried out in the model organism C. elegans and other nematodes. 

Phylum Nematoda consists of a diverse collection of invertebrates, ranging in length from 1 mm 

(C. elegans) to 17 cm long or more (Ascaris intestinal roundworms) [55]. Non-parasitic 

nematodes subsist in a wide variety of natural habitats, including both dry and moist soil, 

seawater, arctic ice, and sulfur-rich sediments [56]. Parasitism has evolved independently in 

phylum Nematoda on at least four different occasions [57]. Parasitic nematodes are responsible 
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for a variety of human diseases including hookworm, river blindness, and guineaworm disease, 

as well as diseases of plants (including food crops such as potatoes and soybeans) and animals 

(both domestic and wild) (Figure 1.4).  

Most species of nematodes are gonochoristic; that is, they consist of both females and 

males [58]. However, various lineages of nematodes have independently evolved a 

hermaphrodite/male system of reproduction [59]. In these species, the hermaphrodites are 

essentially females that produce sperm for a brief period during early sexual development. They 

store the sperm, complete their development of female reproductive organs, and then use the 

sperm to fertilize their own eggs. This means that a single hermaphrodite can populate a new 

territory by itself. Males still exist in these species, and can fertilize the hermaphrodites’ eggs, 

but they only consist of 0.02% of the wild population [60]. 

C. elegans was described as a species in 1901 [61] and was suggested as a model 

organism by Dr. Sydney Brenner in the late 1960s [62]. C. elegans is a free-living bacteriovore 

that reproduces by the hermaphrodite/male system. It features an invariant, fully characterized 

lineage of embryonic and developmental cell division [63] and has been shown to be a tractable 

model for human cellular processes. An example of this is the research of Dr. R. H. Horvitz on 

apoptosis in C. elegans [64], a process which has since been shown to be important to cancer 

research. 

C. elegans was the first multicellular organism to have its genome sequenced: a draft was 

completed in 1998 [65], and the genome is updated on a monthly basis with gene predictions, 

annotations, and corrections [66]. The genome of C. elegans consists of six chromosomes, 

including five autosomes (labelled with Roman numerals I through V) and a sex chromosome 

(labelled X). The genome is only 100 Mbp in total, 1/30
th

 the size of the human genome, but it 

contains more than 20 000 genes, about 2/3 as many as in the human genome. This makes it 

especially suitable for studying gene regulation because its genes are close together, leaving 

much less intergenic sequence to search through for TFBSs. The C. elegans genome has been 

predicted to contain 660 to 900 TFs, of which about 200 are orthologues of human TFs [7,46,67]. 

In addition to C. elegans, the genomes of seven other species of nematodes have been 

sequenced. Four of them are in the same genus as C. elegans, one is in a different genus but is 

also a soil bacteriovore, and two are human parasites. The other species in genus Caenorhabditis 

are called C. briggsae, C. remanei, C. brenneri and C. japonica. These four species of 

Caenorhabditis are highly similar. All eat bacteria, especially E. coli [62] and are found in soils 

all over the world. A primary difference between them is microhabitat: different species of 
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Caenorhabditis attach themselves to different host species for the purpose of traveling to a new 

environment. Specifically, C. elegans is associated with slugs, C. briggsae is associated with 

snails, and C. remanei is associated with woodlice, while other species in genus Caenorhabditis 

are associated with carrion beetles, fruit flies, and palm weevils [68]. In addition, C. remanei, C. 

brenneri, and C. japonica are gonochoristic while C. elegans and C. briggsae are hermaphroditic 

(with some males). Only a few genes are thought to be involved in the conversion from 

gonochorism to hermaphroditism [69], but it has a large impact on the genome sequencing effort: 

the gonochoristic species do not inbreed as readily as the hermaphrodites and as a result their 

genomes are more varied and much more difficult to assemble [70]. 

The three more distantly related nematodes discussed here are Pristionchus pacificus, 

Brugia malayi, and Trichinella spiralis. P. pacificus, like C. elegans is a free-living soil 

bacteriovore, and it is associated with scarab and potato beetles [71]. P. pacificus is also a self-

fertilizing hermaphrodite, but it is hypothesized that the ancestors of C. elegans, C. briggsae, and 

P. pacificus all evolved hermaphroditism independently because intermediate species such as C. 

remanei and C. japonica are gonochoristic [59]. B. malayi is a mosquito-borne human parasite 

that causes lymphatic filariasis and elephantiasis [72], and T. spiralis is a parasite of pigs (and 

carnivores) that can be contracted by humans who have eaten undercooked infected meat [73]. 

The similarity of these species, especially those in genus Caenorhabditis, means that they 

are expected to share many of the same or very similar genes. A comparison of the C. elegans 

and C. briggsae genomes indicated that they have about 12 000 clear orthologues [74]. Several 

studies have shown that orthologous genes between C. elegans and C. briggsae also share TFBSs 

[75,76]. Orthologues between C. elegans and the other species were predicted as described in 

Chapter 3. 

1.5 Motif Discovery 

The SAGE technique can be used to find a set of coexpressed genes. Comparative 

genomics analysis can lead to the identification of a set of orthologous genes from different 

species. In both cases, we can generate a set of genes that may contain similar TFBSs in their 

otherwise disparate upstream regions. When we use computational methods to predict one or 

more TFBSs in a set of sequences based on sequence similarity, the prediction is referred to as a 

motif.  

The primary goal of computational motif discovery is to find short sequence variations 

that are found more often than expected in a sequence set, also referred to as a foreground set. 

The occurrence frequency of a motif in the foreground set is compared to its frequency in a 
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background set in order to establish the motif significance. It is not useful to find a motif that 

occurs frequently in the foreground in the absence of a comparison background set; that may 

result in finding a motif that occurs frequently in every sequence set or is very common in the 

genome. The background set must be chosen carefully and ideally is substantially larger than the 

foreground, with sequences that originate from the same general source as the foreground 

sequences. For best results, the foreground and background sequence sets should only differ in 

one key way. For example, the foreground sequences could be from genes that are coexpressed 

while the background sequences are from randomly chosen genes that are not coexpressed. 

Using the correct background ensures that any motifs that are found are associated with the 

primary characteristic of the foreground set (e.g. coexpression) and not due to a confounding 

factor.  

In this thesis we will discuss two computational methods to find motifs: Gibbs sampling 

and word-counting. The width of the expected motif must be specified in advance for both 

methods. When the widths of the hypothetical TFBSs are not known in advance, the methods can 

be run repeatedly using several widths and the results can be combined or compared to each 

other. 

Gibbs sampling is a stochastic motif discovery method that produces slightly different 

results each time it is run even when the initial parameters and sequences are the same. In this 

method, initial motif locations are chosen on each sequence at random. Over a series of 

iterations, the motif locations on each of the foreground sequences are shifted slightly and 

eventually converge onto similar sites. Gibbs sampling is a computationally efficient method that 

requires no pre-processing steps or large-scale data storage. The implementation of Gibbs 

sampling used in this research is MotifSampler [77]. MotifSampler uses a high-order Markov 

model to represent the frequency of each subsequence in the background set and is particularly 

robust at avoiding irrelevant motifs [78].  

Word-counting motif discovery algorithms methodically enumerate all n-tuples of bases 

found in a set of sequences, and then compile groups of similar frequent tuples in order to form 

the consensus sequence of a motif. The claim of this method is that it performs an exhaustive 

search and is therefore guaranteed to find the most frequent putative TFBSs in the set. Two 

word-counting motif discovery algorithms were used in this research: RSAT [79] and DME [80]. 

RSAT is a web-based tool that requires several steps: first the background set must be 

uploaded to the website, which produces a background enumeration file, then the foreground is 

uploaded together with the background enumeration file. RSAT then produces a list of sequences 
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that are found more often than expected in the foreground with respect to the background 

frequencies. The relative merits of MotifSampler and RSAT are discussed in Chapter 2. 

DME is similar to RSAT but more sophisticated in that it can find sequence variations 

and complete motifs of a specified information content in addition to individual overrepresented 

sequences. As a result it takes much longer to run and can only be used efficiently on small 

sequence sets. DME is discussed further in Chapter 4. 

1.6 Thesis Overview 

1.6.1 Assumptions 

For the purposes of this thesis research, we made the following assumptions: 

Transcriptional control is a primary element of gene regulation. Although gene 

expression and function is affected by factors other than mRNA transcription, such as chromatin 

compaction, histone methylation, and RNA processing, the focus of this research was on gene 

transcription as measured through SAGE. 

Transcription is controlled by TFBSs. Fine-tuned control of gene transcription has 

been shown to be mediated by TFs that bind to specific sites in the DNA near the genes being 

controlled; we had numerous examples of such sites from ORegAnno, and our objective was to 

search for more TFBSs. 

TFBSs are found in the upstream regions of genes in nematodes. Most known TFBSs 

in C. elegans were found within 1500 bp of the translational start site. Although a few examples 

were found in the literature of sites far further upstream and sites in the introns, only the 

immediate upstream region was shown to be specifically enriched for TFBSs. Any TFBSs that 

exist outside of this region were not found. 

TFBSs consist of 6 to 14 bp conserved motifs. Almost all known TFBSs in C. elegans 

fell into the length range of 6 to 14 bp, and displayed sequence conservation for some or all of 

the bases. We searched for other motifs that fit this pattern. 

Orthologous and coexpressed genes are likely to contain the same TFBSs. The 

experiments we performed were based on searching in sets of sequences that were expected to be 

enriched for functional TFBSs. The upstream regions of both orthologous and coexpressed gene 

sets were investigated for the presence of conserved motifs; both had been previously shown to 

contain shared TFBSs in nematodes. 
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1.6.2 Summary of Thesis 

The research was conducted in three phases: the first phase concerned TFBSs shared by 

coexpressed genes, the second phase concerned TFBSs shared by orthologous genes, and the 

third phase concerned the regulation of genes with a common function. 

In the first phase, described in Chapter 2, I worked with two collaborators to investigate 

gene regulation in specific C. elegans tissues, namely intestine and ASE neurons. My objective 

was to investigate gene regulation in these tissues using bioinformatic techniques such as motif 

discovery. We compared two SAGE libraries in each study to assemble lists of coexpressed 

genes for each tissue. Both collaborators possessed information on which TFs were responsible 

for regulating some of the genes in the tissue of interest. They had also assembled examples of 

binding sites for those TFs. For the Intestinal study, I performed motif discovery on a small set 

of specifically-expressed genes in order to obtain a set of putative TFBSs that were important for 

intestinal expression. For the ASE neuron study, the collaborator had already obtained a set of 

putative TFBSs. For both studies, I scanned the upstream regions of various sets of genes that 

were strongly expressed in the tissues of interest and showed that the level of gene expression in 

those tissues was related to the likelihood of finding a high-scoring match to the TFBS in the 

upstream region. 

In the second phase, described in Chapter 3, I performed a high-throughput comparative 

genomics analysis of the upstream regions of C. elegans protein-coding genes. For each gene in 

C. elegans, I predicted orthologues in the genomes of seven other nematode species. For those 

genes that had at least three high-quality orthologues, I combined the upstream region of each C. 

elegans gene with the upstream regions of its orthologues to form an orthologous upstream 

sequence region set. Motif discovery was performed on the upstream sequence region sets to 

identify conserved upstream motifs, and these motifs were placed in the cis-regulatory element 

database (cisRED) [81]. I compared the cisRED motifs to known TFBSs from both C. elegans 

and mammalian species and found that 26% of the cisRED motifs were similar. These annotated 

motifs are candidates for novel binding sites of characterized C. elegans TFs and uncharacterized 

C. elegans TFs that are orthologues of characterized mammalian TFs. Other motifs were 

identified as unannotated protein-coding exons and ncRNA genes. 

In the third phase, described in Chapter 4, I compared cisRED motifs to each other and 

placed them into groups based on sequence similarity. Many of the motif groups were associated 

with genes that also had functional similarity. I identified a total of 15 motif groups that were 

specifically associated with genes encoding ribosomal proteins. Eight of the motif groups were 
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extensions and variations of the canonical trans-splice acceptor site. One of the fifteen was tested 

for regulatory function in a series of GFP expression experiments and was shown to be 

associated with gene expression in the pharynx. 
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1.7 Chapter 1 Table 

Symbol Meaning Origin of designation 

G G Guanine 

A A Adenine 

T T Thymine 

C C Cytosine 

R G or A puRine 

Y T or C pYrimidine 

M A or C aMino 

K G or T Keto 

S G or C Strong interaction (3 H bonds) 

W A or T Weak interaction (2 H bonds) 

H A or C or T not-G, H follows G in the alphabet 

B G or T or C not-A, B follows A 

V G or C or A not-T (not-U), V follows U 

D G or A or T not-C, D follows C 

N G or A or T or C aNy 

Table 1.1 – IUPAC Letter Symbols for DNA Consensus Sequences 

Transcription factors frequently bind to a variety of different but related sequences. These letters are used 
to represent ambiguous DNA sequence [50]. 
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1.8 Chapter 1 Figures 

 

Figure 1.1 – Diagram of Cotranscriptional Gene Regulation 

RNA polymerase, which copies DNA into the RNA that subsequently directs protein synthesis, is guided 
in its work by transcription factors. Some of these factors form multisubunit complexes (cofactors) that 
serve as bridges between activators, which regulate the rate of transcription, and the RNA polymerase 
machinery. One class of cofactors, called TAFs, join with TATA binding protein to form the TFIID complex, 
and attach to the TATA box DNA at the gene's promoter. All cells use an elaborate transcription 
apparatus to express genes, but some specialized cells (e.g., ovaries, testes, neurons) use alternative 
versions. For example, Tjian and colleagues have shown that TAFII 105 (box) is specifically required for 
oocyte formation. Image and caption © 2009 Robert Tjian, Howard Hughes Medical Institute. Used with 
permission. 
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Figure 1.2 – Schematic of SAGE Technique for Gene Expression Quantification 

Polyadenylated RNA is extracted from the tissue and converted to complementary DNA for stability. 
Using a series of restriction enzyme digests, a 14 or 21 bp representative portion (called a “tag”) is 
extracted from each complementary DNA sequence. Tags are concatenated, sequenced, and counted. 
Tag sequences are compared back to gene sequences to determine from which gene they originated. 
Counts of each tag occurrence represent the quantity of transcribed mRNA from each gene that was 
present in the original tissue. Image reprinted from the Journal of Immunological Methods, Volume 250, 
by Yamamoto M, Wakasuti T, Hada A, and Ryo A, “Use of serial analysis of gene expression (SAGE) 
technology”, pp 45-66, Copyright 2001, with permission from Elsevier [82]. 
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Figure 1.3 – Examples of TFBS Representations 

A – Three-dimensional structure of the winged helix DNA binding domain bound to its site. Image 
reprinted by permission from Macmillan Publishers Ltd: in Nature, by Gajiwala KS, Chen H, Cornille R, 
Roques BP, Reith W, Mach B, and Burley SK, “Structure of the winged-helix protein hRFX1 reveals a new 
mode of DNA binding”, Volume 403, pp 916-921, Copyright 2000 [47]. B – Selection of sequences bound 
by DAF-19, a winged helix domain-containing TF, published by Efimenko et al. [49]. C – IUPAC 
consensus sequence of the TFBS in B (see Table 1.1 for IUPAC symbols). D – Position frequency matrix 
of the TFBS in B, showing the frequency of each base in each position. E – Sequence logo of the TFBS 
in B. The Y-axis indicates the information content (IC). Note that a perfectly conserved position has an IC 
of two (e.g. position 1), a position equally likely to contain either of two bases has an IC of one (e.g. 
position 9), and a position where all four bases are equally likely has an IC of zero (e.g. position 4).  
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Figure 1.4 – Phylogeny of Phylum Nematoda 

The phylogeny of phylum Nematoda is still under active reorganization. Shown is a list of nematode 
species from which small subunit RNA has been obtained to form a preliminary sequence-based (rather 
than morphology-based) classification, published by Mitreva et al. [57]. Species indicated with asterisks 
have genome sequence projects completed or underway – all of these except Haemonchus contortus 
and Meloidogyne hapla were analyzed as described in Chapter 3. Caenorhabditis sp. PB2801 was 
formally named C. brenneri after the publication of this figure. Image reprinted from Trends in Genetics, 
Volume 21, by Mitreva M, Blaxter ML, Bird DM, and McCarter JP, “Comparative genomics of nematodes”, 
pp 573-581, Copyright 2005, with permission from Elsevier. 
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2 Bioinformatic Methods for Investigation of Gene Regulation in Coexpressed 

Gene Sets
1
 

2.1 Introduction 

The upstream regions of coexpressed genes often share transcription factor binding sites 

(TFBSs). Many C. elegans researchers specialize in the gene expression and development of a 

specific tissue type, and require bioinformatic expertise for motif discovery to find the shared 

TFBSs. Recently, two studies were published regarding the investigation of gene regulation in a 

specific cell type. One study concerned the regulation of gene expression in the C. elegans 

intestine by the ELT-2 trancription factor (TF) (the “Intestinal study”) [1]. The other study 

concerned the regulation of gene expression in the C. elegans ASER sensory neuron by the 

CHE-1 TF (the “ASE neuron study”) [2]. Bioinformatic methods used in both studies were 

similar in that they involved the identification of coexpressed genes via the comparison of two 

SAGE libraries. One study featured bioinformatic motif discovery in a small set of specifically 

expressed genes and their orthologues in C. briggsae and C. remanei. Both studies featured the 

use of position frequency matrices to model relevant experimentally validated TFBSs. The 

primary bioinformatic goal of the studies was to determine how the distribution of sequences 

similar to the known TFBS differed in the set of coexpressed genes compared to all genes in the 

genome. The hypothesis was that genes in the coexpressed set were more likely to have a 

sequence similar to the TFBS in their upstream regions than genes in general. 

Here, we describe the bioinformatic methods used in these two studies in detail. We 

expect that the comparison of these two studies will provide new insight into the investigation of 

gene regulation in coexpressed gene sets. First we will review the anatomy and development of 

the cell types in question, then examine the SAGE data. The bioinformatic results for each 

investigation will be summarized separately, and the conclusions will be discussed jointly. 

2.1.1 Anatomy and Cell Development 

2.1.1.1 The C. elegans Intestine 

The C. elegans intestine is clonally derived from the E cell at the 8-cell stage of the C. 

elegans developing embryo [3,4]. In the adult worm, the intestine consists of 20 large epithelial 

cells [5] which comprise one-third of the worm’s somatic cell body mass (Figure 2.1) [6]. 

                                                 
1
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Robertson, John F. Etchberger, Adam Lorch, James D. McGhee, Oliver Hobert, Donald G. Moerman, Steven J. 

Jones. Bioinformatic Methods for Investigation of Gene Regulation in Coexpressed Gene Sets. 
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The intestine is the powerhouse of the worm and drives all of its other abilities, especially 

locomotion and reproduction. The anterior portion is primarily responsible for enzymatic 

digestion of ingested food, while the posterior portion is responsible for nutrient absorption and 

storage [5]. There are a wide variety of proteins expressed in intestinal cells. Central to the 

digestive function of the intestine are lysozymes to destroy the bacterial cell wall, ATPases to 

break down the macronutrients released from the ground bacteria that enter the intestine from the 

pharynx [6], and enzymes such as proteases, nucleases, and phosphatases. The intestine also 

expresses the genes for transport and metabolic proteins such as glycosyltransferases and lipases 

involved in fatty acid metabolism [5]. Because intestinal cells require a large number of different 

proteins to function properly, they also express housekeeping genes required for translation, 

RNA processing, transcription, and chromatin organization at high levels [6].  

2.1.1.2 The C. elegans Nervous System and ASE Gustatory Neurons 

C. elegans has a relatively complex nervous system by which it senses and responds to 

the environment; it contains 302 neurons in total in the C. elegans hermaphrodite [7]. The 

nervous system consists of three types of neurons: motor neurons, interneurons, and sensory 

neurons, and their connectivity and function are invariant between worm individuals. Motor 

neurons activate rhythmic muscular contraction in body wall muscles, intestinal muscles, and 

vulval muscles, making it possible for the worm to move, defecate, and lay eggs. Interneurons 

link sensory input to action and are found in the central nervous system: the nerve ring in the 

head and the ventral nerve cord [8]. Sensory neurons can be separated into two types: ciliated 

and nonciliated. Nonciliated sensory neurons include the gentle touch mechanosensory neurons, 

while all thermosensory (temperature), olfactory (smell), and gustatory (taste) neurons are 

ciliated [9]. 

Ciliated sensory neurons typically occur in pairs, and are stimulated by their respective 

external cues via the tips of their cilia. Many cilia are exposed to the environment via the 

amphids, two pores on either side of the mouth [10]. Other ciliated sensory neurons reach the 

environment through the lips of the mouth and through phasmids (also pores) in the tail. The 

cilia of the thermosensory neurons are not exposed directly to the outside environment [11]. 

ASE neurons are gustatory neurons that allow the worm to detect water-soluble edible 

chemicals such as salts, amino acids, and small metabolites (Figure 2.2). There are two neurons 

in this class, ASER and ASEL, utilizing the right and left amphids respectively. The two neurons 

have a slight difference in chemoreceptor composition; the primary difference between them is 

that ASER expresses the gene gcy-5 while ASEL expresses gcy-7 and lim-6 [12]. When ASE 
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neurons are destroyed by laser ablation, the worm loses all ability to sense and move towards 

food in its environment, a process called chemotaxis [13]. The zinc finger TF CHE-1 is 

necessary for the expression of ASE-specific markers; a che-1 deletion mutant has a phenotype 

similar to that of a worm whose ASE neurons were destroyed [14]. 

2.1.2 Tissue-specific Expression 

Serial Analysis of Gene Expression (SAGE) is a laboratory technique used to measure 

gene expression in a specific tissue [15]. In this method, short sequences (called “tags”) are 

extracted from each polyadenylated RNA, concatenated, and sequenced. The tags are used to 

identify the genes that are expressed in that tissue, and the number of occurrences of each tag 

(the “tag count”) indicates the expression level. 

SAGE has been used to make a large number of libraries for a wide variety of C. elegans 

tissues under different conditions [16]. In both studies discussed here, we compared two SAGE 

libraries which had only one difference in the conditions in which they were made, and identified 

genes that were expressed much more strongly in one library than the other. All four SAGE 

libraries were created by the British Columbia C. elegans Gene Expression Consortium. 

2.1.2.1 Tissue-specific Expression in the Intestine 

For the Intestinal study, we compared gene expression, as measured by SAGE, in hand-

dissected C. elegans intestinal tissue (the intestinal library) to gene expression in whole worm 

(the somatic library). The somatic C. elegans tissue was estimated to consist of 1/3 intestine, and 

both SAGE libraries were approximately the same size in terms of total tag count, so an 

intestinal:somatic tag count ratio of three or more meant that the gene was expressed primarily in 

the intestine. 

We identified 74 genes that were specifically expressed in the C. elegans intestine (Table 

2.1). These genes had a very high expression in the Intestinal library (tag count greater than 50) 

and also had an Intestinal:Somatic tag count ratio greater than three. Additionally, ribosomal 

genes and genes with short upstream regions (suspected to be in the downstream position in an 

operon) were excluded from the list. 

We hypothesized that the transcription factor ELT-2 was the primary TF responsible for 

embryonic development and maintenance of gene expression in the adult worm intestine. ELT-2 

is known to be a GATA-type zinc finger factor via orthology to other GATA factors. Although 

the C. elegans genome contains two other intestinally-expressed GATA factors, ELT-4 and ELT-
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7, elt-2 is an essential gene while elt-4 and elt-7 are not: elt-2 loss-of-function mutants have 

malformed intestines and die shortly after hatching [17].  

The gene elt-2 is first expressed during embryonic development of the intestine [5]. We 

assembled a list of experimentally validated ELT-2 binding sites that were shown to be necessary 

for intestinal expression of their respective genes (Table 2.2). We did not find any examples of 

intestinally-expressed genes that were regulated by any other transcription factor. In order to see 

the sequence conservation in each position, we created a sequence conservation logo [18] from 

the list of ELT-2 binding sites that showed they were characterized by a central TGATAR motif 

(Figure 2.3). 

2.1.2.2 Tissue-specific Expression in the ASER Neuron 

For the ASE Neuron study, we compared gene expression in the ASER neuron to gene 

expression in the AFD neuron, a thermosensory neuron. The ASER SAGE library had been 

generated by taking advantage of the fact that the ASER neuron is the only cell in C. elegans to 

express the gene gcy-5 [12]. Worm embryos were injected with a DNA construct containing the 

gcy-5 promoter coupled to the green fluorescent protein (GFP) gene. As the embryos developed, 

only the ASER neurons expressed GFP, even though all cells in the embryo contained the DNA 

construct. The embryos were then disrupted and their cells sorted using a fluorescent-activated 

cell sorter (FACS). The GFP-expressing cells, which were all immature ASER neurons, were 

then processed using the SAGE technique in order to obtain a gene expression profile. A second 

SAGE library was made from pure AFD thermosensory neurons using a similar strategy; AFD 

neurons are the only cells that express the gene gcy-8 [19], and therefore a DNA construct 

consisting of the gcy-8 promoter coupled to GFP caused only the AFD neurons to fluoresce.  

We identified several categories of genes that were expressed more strongly in the ASER 

neuron compared to the AFD neurons. These included TFs, sensory receptors, and signaling 

proteins such as neurotransmitters and adhesion molecules. In total, we identified 1302 genes 

that appeared to be important to ASER cells (referred to as the ASE>AFD gene set), and we 

retested the expression of 49 of these by creating promoter-GFP DNA constructs, injecting them 

into worm embryos, and observing the subsequent expression of GFP. Seventy percent of them 

showed strong expression in ASE neurons. 

We identified CHE-1 to be the TF responsible for regulating gene expression in ASE 

neurons and characterized the CHE-1 binding site. For several of the genes which we had 

previously identified as being expressed in ASE neurons, we performed a series of deletion 

mutagenesis and GFP-construct experiments to narrow down the exact portion of each gene’s 
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promoter that was necessary to maintain ASE expression. Some of these genes were previously 

known to be regulated by CHE-1, and we showed that all of the GFP expression was lost in che-

1 loss-of-function mutant worms. We then performed competitive electrophoretic mobility shift 

assays to confirm that CHE-1 bound the sequences we had identified as necessary for ASE 

expression. Finally, we aligned all of the CHE-1 binding sites and observed that they had similar 

sequences (Table 2.3). We observed that these sites were similar to both the predicted CHE-1 

binding site [20] and to experimentally validated sites of the Drosophila CHE-1 orthologue 

GLASS [21,22]. 

Just as for the ELT-2 binding sequences, we generated a sequence conservation logo [18] 

of the CHE-1 binding site (Figure 2.4). The site had four invariant base positions and two highly 

conserved positions.  

2.1.3 Objectives and Approach 

For the Intestinal study, we knew that ELT-2 was responsible for the regulation of many 

intestinal genes, but we had few examples of ELT-2 binding sites. Our bioinformatics objectives 

were to determine which motifs were prominent in the upstream regions of the 74 transcripts 

(and their orthologues) we had identified as intestine-specific, form one or more position 

frequency matrices (PFMs) based on the motif discovery results, and scan the upstream regions 

of both intestinal and non-intestinal genes with the PFMs and determine whether there was a 

difference in the score distribution of the motif(s) in the various sets. 

For the ASE Neuron study, our bioinformatics objective was to find out whether genes 

that were specifically expressed in the ASE neuron were more likely to harbour a high-scoring 

CHE-1-like site, and whether the level of expression in ASER was related to the proportion of 

genes that had a high-scoring CHE-1-like site.  

A similar approach was used to address both sets of questions (Figure 2.5). In both cases, 

we compared two SAGE libraries to obtain sets of genes that were more strongly expressed in 

one tissue than the other tissue. We then used experimentally validated TFBSs to form a PFM 

and scanned the upstream regions of C. elegans genes for sequences that matched the PFM. 

Finally, we graphed the cumulative distribution of the maximum-scoring match to the PFM from 

each upstream region and showed that genes that were more strongly expressed in the tissue of 

interest were more likely to have a high-scoring PFM match in their upstream regions (Figure 

2.5, paired black and red arrows). For the Intestinal study, we also used a motif discovery step to 

obtain more examples of sequences resembling the TFBS and used them to augment the PFM 

(Figure 2.5, solitary black arrows). For the ASE Neuron study, we performed a statistical 
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analysis on the cumulative distributions to determine statistical significance (Figure 2.5, solitary 

red arrow). 

For the Intestinal study, we used two motif discovery algorithms, MotifSampler [23] and 

RSAT [24], and combined the results. It has been shown that some regulatory elements are 

conserved among species in the upstream regions of orthologous genes [25,26]. Therefore, we 

obtained orthologues for the 74 specifically-expressed genes in C. briggsae and C. remanei using 

the WABA alignment algorithm [27] and repeated the motif discovery procedure for the 

upstream regions of the orthologues. We also applied the same motif discovery methods to three 

sets of 74 randomly chosen genes from the C. elegans genome to determine the significance of 

motifs found in the specifically-expressed set. 

Motifs obtained from the two motif discovery programs were combined and then 

clustered using the OPTICS clustering algorithm [28]. A PFM was made from the sequences in 

the largest cluster by counting the frequency of occurrence of each base in each position of the 

motif and normalizing to make the sum of each column equal to one. We then used the PFM to 

score sequences by simply summing the values in the matrix for the bases corresponding to the 

sequence in question. 

From the PFM we created a sequence search pattern representing all nucleotide variations 

seen at each position of the motif. Some positions of the motif were invariant – only one 

nucleotide was seen – while in other positions only some nucleotides were seen. We scanned the 

upstream regions of all protein-coding transcripts in the C. elegans genome for matches to the 

pattern. Each sequence in each upstream region that matched the pattern was scored and 

recorded; we retained only the highest-scoring match in each upstream region. We then graphed 

the cumulative distribution function of the highest-scoring match in each upstream region in C. 

elegans, and compared this distribution to that of various subsets of genes (e.g. genes that were 

strongly expressed in the intestine or ASE neuron) obtained from the SAGE data. For the ASE 

Neuron study, we used the Kolmogorov-Smirnov test to determine whether the distributions of 

the gene subsets were significantly different from that of all genes. For those distributions that 

were different, we had shown that the level of gene expression in the tissue of interest was 

related to the likelihood of having a high-scoring motif in the upstream region. 

2.2 Results – Intestinal Study 

2.2.1 Motif Discovery and Clustering 

We used MotifSampler and RSAT to find motifs of width 6, 8, 10, and 12 bp in the 

upstream regions of the 74 intestinal genes and obtained 204 motif instances (Figure 2.6). The 
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motif discovery programs report motifs that occur more often in the foreground set than in the 

background. However, they do not report which motifs are similar to each other and how many 

different types of motifs there are. Therefore we applied a sequence alignment program followed 

by a clustering algorithm to the discovered motifs to place them into clusters of similar 

sequences.  

ClustalW [29] was used to align motifs with respect to each other. Flanking sequence was 

added to each motif to make all aligned sequences the same width, resulting in a column of 

sequences 23 bases wide. A simple mismatch counter was used as a distance function between 

aligned motifs, and the OPTICS hierarchical clustering algorithm [28] was used to place the 

resulting motifs into clusters. OPTICS indicated that there were two main signals in the motif 

discovery result, a large cluster consisting of 111 sequences and a small cluster consisting of 6 

sequences. The largest cluster featured a conserved TGATAA sequence (Figure 2.7), which 

strongly resembled the ELT-2 binding sites we had previously collected (Figure 2.3). 

Orthologues for the 74 C. elegans genes were identified in the genomes of C. briggsae 

and C. remanei using the WABA alignment algorithm [27], and the motif discovery, alignment, 

and clustering procedures were repeated for the upstream regions of these orthologues. For C. 

briggsae, orthologues were found for 57 of the genes while 39 orthologues were found in the C. 

remanei genome. In both cases, two clusters of motifs were formed, a large cluster resembling an 

ELT-2 binding site, and a small cluster that did not resemble anything seen in the other species 

(Figure 2.8). 

In the three sets of randomly chosen negative controls, no clusters of motifs of size 

greater than five were found. This showed that the small clusters of motifs were not significant; 

any set of genes could produce a weak, sparse motif by chance. Therefore, small clusters of 

motifs in all three species were ignored. 

2.2.2 Motif Distribution 

We combined the sequences in the large cluster of motifs discovered in the 74 C. elegans 

upstream regions (Figure 2.7) with the experimentally validated TFBSs (Table 2.2 and Figure 

2.3), a total of 127 sequences. The base frequencies of the central 10 most-conserved bases were 

tabulated and normalized to form a position frequency matrix (PFM) (Table 2.4). 

In order to visualize the level of conservation in each column of the PFM, we created a 

sequence conservation logo (Figure 2.9). All of these sequences were variations on the pattern 

NNNGATARNN except one. Therefore, we made the assumption that other ELT-2 binding sites 

would also match this pattern. We scanned the upstream regions of all protein-coding transcripts 
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in the C. elegans genome and scored each pattern match by summing the respective frequencies 

from the PFM and normalizing by the width of the pattern (10 bases), retaining only the highest-

scoring match from each upstream region. 

The lowest score that could be obtained from a matching sequence was 0.44, while the 

highest possible score was 0.8. The highest-scoring experimentally validated site had the 

maximum score of 0.8 (cpr-1), and the lowest-scoring experimentally validated site had a score 

of 0.53 (smd-1), but it was one of three ELT-2 sites upstream of that gene (see Table 2.2). The 

lowest-scoring freestanding ELT-2 binding site had a score of 0.64 (spl-1). 

We graphed the cumulative distribution of the highest-scoring match of all protein-

coding transcripts in the genome (Figure 2.10, black line). The results showed that 70% of C. 

elegans transcripts had a pattern match with a score of 0.65 or higher. Looking at only the 2816 

genes with a tag count greater than one in the intestinal SAGE library, we saw that the 

distribution of pattern matches was shifted to the right (Figure 2.10, magenta), indicating that 

these genes were more likely to have a high-scoring pattern match in their promoters. The 291 

genes that had a high expression in the intestinal SAGE library (count greater than eight) - and 

were also detected in the somatic cell library at roughly the same expression level - had a similar 

distribution (Figure 2.10, green). Genes that had a much higher expression level in the intestinal 

SAGE library than the somatic cell library had a distribution shifted even further to the right 

(Figure 2.10, blue). Almost 85% of these 534 genes had a pattern match with a score of 0.65 or 

higher. 

By contrast, a set of 33 ribosomal protein-coding genes, which were highly expressed in 

the intestine but did not have intestine-specific expression, had a distribution that was shifted to 

the left (Figure 2.10, orange), indicating that these genes were less likely to have a high-scoring 

pattern match in their upstream regions. Lastly, all 74 of the intestine-specific genes had a 

pattern match in their upstream regions, 90% of them had a pattern match with a score > 0.7, and 

almost 30% of them had a pattern match with a score of > 0.79 (Figure 2.10, red). As a negative 

control, we randomly selected and graphed the cumulative distribution function (CDF) of 100 

sets of 74 genes (Figure 2.10, cyan). The resulting curves formed a wide band around the whole 

genome curve, but we observed that the intestine-specific curve was far outside of this band, 

showing that the distribution is highly significant and could not have occurred by chance. 

2.3 Results – ASE Neuron Study 

For the ASE Neuron study, we assembled a set of experimentally validated CHE-1 

binding sites (Table 2.3) and made a PFM from them using the same normalization procedure we 
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used for the Intestinal study (Table 2.5). Our objective was to analyze the distribution of 

sequences matching a pattern formed from the CHE-1 sites to see whether they were associated 

with gene expression in the ASE neuron. 

The minimal pattern that matched all of the experimentally validated sites was 

GAADCMNHNNNH, and we used the same scanning technique with this pattern that we had 

used for the ELT-2 site pattern scan. The minimum possible score for a pattern-matching 

sequence was 0.4 and the maximum score was 0.73. Among the experimentally validated sites in 

Table 2.3, the highest-scoring site had a score of 0.72 (ceh-36), and the lowest-scoring site had a 

score of 0.57 (lim-6), but it is one of two CHE-1 sites upstream of that gene. The lowest-scoring 

freestanding site had a score of 0.61 (nlp-3). 

Using the same method as for the Intestinal study, we graphed the cumulative distribution 

of the highest-scoring match of all protein-coding transcripts in the genome (Figure 2.11, black 

curve). We observed that it formed a sinusoidal curve; 20% of transcripts had no match at all, 

and 30% of transcripts had a match with a score > 0.6. The first subset of genes that we looked at 

in comparison to this curve was the ASE>AFD gene set that we had initially identified as being 

important to ASER neurons. The scan produced results for 1273 of the genes (the others were 

not protein-coding), and the resulting curve was shifted only slightly down from the whole-

genome curve (Figure 2.11, purple). 

The curve for genes with a SAGE tag count > 4 in the ASER SAGE library and 0 in the 

AFD library was shifted to the right near the top of the curve, indicating that these genes were 

more likely to have a high-scoring match (Figure 2.11, magenta), while the curve for genes with 

a tag count > 4 in the AFD library and not observed in the ASE library was not shifted (Figure 

2.11, blue). Similarly, the curve for genes with a tag count > 6 in the ASE library and 0 in the 

AFD library was shifted even further to the right (Figure 2.11, grey). 

The curve for genes that were observed in both libraries but had an ASE:AFD tag count 

ratio > 5 was shifted downwards near the bottom of the curve (Figure 2.11, red), while the curve 

for genes with an AFD:ASE tag count ratio ≥ 5 was not shifted (Figure 2.11, green). Similarly, 

the curve for genes with an ASE:AFD tag count ratio ≥ 7 was shifted even further down (Figure 

2.11, orange).  

The CDF of the scores from the 27 experimentally validated CHE-1 sites from Table 2.3 

is shown on the graph in yellow (Figure 2.11). All of these have a score of 0.57 or higher, so the 

resulting curve is not near the curves from the other gene sets. In order to confirm that the scan 

was able to reproduce the experimental results, we also plotted the scan results from the genes 
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with experimentally validated sites (Figure 2.11, brown). There were only 24 results from this 

scan because we only used the maximum-scoring match from each of the genes, and one of the 

25 genes (lsy-6) was a microRNA gene rather than a protein-coding gene. For several genes, the 

scan found a different top-scoring motif than the experimentally validated site, either because the 

experimentally validated site was so far upstream that it was out of range, or because the scan 

found a match that had an even higher score than the experimentally validated site. However, for 

one of the genes (gcy-6), no match was found; the experimentally validated site was beyond the 

next-most upstream gene (trx-2). Finally, we randomly sampled 100 sets of 100 genes from the 

whole genome set to serve as negative controls. The curves for these sets formed a narrow band 

around the whole genome curve (Figure 2.11, cyan). 

We used the Kolmogorov-Smirnov test to determine which of the curves had a 

statistically significant difference in distribution compared to the whole genome curve. The 

difference in the distribution of the ASE>AFD gene set was not quite statistically significant 

(p=0.0597). Both of the curves from genes strongly and exclusively expressed in the ASE neuron 

(ASE tag count > 4 and ASE tag count > 6), and both curves from genes strongly 

overrepresented in the ASE neuron compared to the AFD neuron (tag count ratio ≥ 5 and ≥ 7) 

had significant p-values (p= 0.0486, 0.0309, 0.009, and 0.0089 respectively). By contrast, genes 

strongly expressed or overrepresented in the AFD neuron in comparison to the ASE neuron did 

not have statistically significant differences in their score distribution. Of the 100 negative 

control sets, two had p-values between 0.015 and 0.05, which is what we would expect to see by 

chance. 

2.4 Discussion and Conclusions 

2.4.1 Intestinal Study Discussion 

MotifSampler uses a Gibbs sampling algorithm that finds overrepresented motifs in a 

stochastic process. The advantage of using MotifSampler is that it finds whole motifs, including 

common sequences and minor variations on common sequences. However, the finding of each 

instance of a motif is dependent on the genomic context. If a common sequence is in the middle 

of a region of low complexity, MotifSampler will ignore it, even if it is identical to other 

instances. By contrast, RSAT uses a word-counting algorithm to obtain a complete count of all 

n-mers in both the foreground and background sequences and finds overrepresented n-mers 

rather than motifs. The advantage of RSAT is that it finds all instances of overrepresented 

sequences regardless of their genomic context, but the disadvantage is that each sequence is 

assessed individually; sequence variations are not included unless they are found independently. 
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Another limitation of RSAT is that it has a maximum motif width of 8 bp, with the result that it 

may miss wider overrepresented sites. Combining the results from the two algorithms mitigated 

the disadvantages of each method and ensured that almost all interesting sequences were located 

(Figure 2.6). 

The TGATAR motif cluster signal was weaker in C. briggsae than in C. elegans, and 

weaker still in C. remanei (Figures 2.7 and 2.8). Several factors may have contributed to the 

signal dilution. For example, not all of the 74 C. elegans upstreams contained a detectable 

TGATAR signal to begin with (70 of them had an instance of a motif from the motif discovery; 

59 of them had a signal strong enough to be used in the PFM). Not all of the genes had clearly 

identifiable orthologues, so some of the ELT-2-like sites in the other two species were not 

detected; for others, the orthologues may have been assigned incorrectly, in spite of our rigorous 

requirements, resulting in the incorporation of an upstream region that was not intestinally 

expressed. Additionally, we may not have identified the translation start sites of the orthologous 

genes accurately, so some of the orthologous ELT-2 sites may have been out of range of our 

search. Lastly, it is possible that C. briggsae and C. remanei have evolved to regulate some of 

the genes using something other than the ELT-2 TF. It is unlikely that the ELT-2 orthologue in 

C. briggsae and C. remanei binds to a different sequence in these two species, because GATA 

factors are conserved from yeast to mammals. 

We demonstrated the existence of several sites with a score of 0.66 that do not bind ELT-

2 and do not have an impact on gene regulation, and we hypothesized that the biologically 

relevant pattern matches to the PFM (that is, validated ELT-2 binding sites) are likely to lie in 

the range from just above 0.65 to 0.80. We observed that ELT-2-like sites were very common in 

the genome – about 70% of genes had a site above this threshold in their upstream regions 

(Figure 2.10). Some of these sites may be functional binding sites for one of the other nine 

GATA TFs in the C. elegans genome such as END-1 and END-3, which are known to regulate 

genes expression in the hypodermis [30]. However, ELT-2-like sites will occur by chance in the 

genome, and the pattern-match scan will find all sequences similar to an ELT-2 site whether they 

are functional or not, so most of the sites are not functional TFBSs. It is known that scanning for 

sites using a PFM will yield > 99% false positives [31], but our purpose here was not to find 

functional ELT-2 binding sites, only to demonstrate the relative distribution of ELT-2-like sites 

among intestine-expressed, intestine-enriched, and intestine-specific genes as compared to all 

genes. 
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Conversely, about 15% of intestine-enriched genes did not have an ELT-2-like site in 

their immediate upstream regions (Figure 2.10). Some intestinal genes may be regulated by one 

or more of the 108 intestine-enriched TFs that we identified instead of by ELT-2 directly. It 

makes sense that a worm would be able to fine-tune the expression of some intestinal genes 

depending on its diet and environmental conditions. We also identified a number of genes that 

are regulated by ELT-2 in conjunction with another TF. For example, ELT-2 and SKN-1 may 

jointly regulate antioxidant genes under stress conditions [32], and the metal-response gene mtl-2 

is activated by ELT-2 but repressed by an unknown TF in the absence of toxic metals [33]. 

The fact that other TFs must be involved in the regulation of at least some intestinal 

genes leads us to the question of why the motif discovery procedure only found ELT-2 like sites. 

We only used genes with strong, intestine-specific expression for the motif discovery step. We 

reported the single strong signal that we found and did not continue to search for weaker motifs. 

We briefly considered searching the upstream regions for nuclear hormone receptor (NHR) 

binding sites because 15 of the TFs expressed at high levels in the intestine were NHRs. 

However, NHRs have highly variable binding sites that can not be detected easily using motif 

discovery [34]. In order to detect the binding sites of other secondary TFs that control intestinal 

expression, we would need more specific gene expression data, such as a subset of intestinally-

expressed genes that are all upregulated under a specific dietary or environmental condition. 

2.4.2 Intestinal Study Conclusions 

We have shown that the set of intestine-specific genes was sufficient for the 

computational identification of a functional TFBS: the motif discovery results were concordant 

with the previously identified binding sites. We have also shown that the PFM was a valid model 

of the ELT-2 binding site: the likelihood of having a high-scoring ELT-2 binding site in the 

upstream region was related to the level and specificity of expression in the intestine. Both 

widely-expressed and intestine-enriched genes were more likely to have high-scoring ELT-2-like 

sites in their upstream regions, suggesting that ELT-2 is responsible for the intestinal expression 

of genes that are also expressed in other tissues.  

ELT-2 is the primary TF responsible for expression in intestinal genes, except 

housekeeping genes such as ribosomal proteins. The ELT-2 binding site was the only significant 

signal produced by the motif discovery procedure, and most intestinally-expressed genes have a 

high-scoring ELT-2-like site in their upstream regions. Other TFs may be used in conjunction 

with - or secondarily to - ELT-2 under specific environmental conditions. 
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Gene regulation in the intestine is evolutionarily conserved in other species in the genus 

Caenorhabditis. The ELT-2-like site was the only significant signal produced by motif discovery 

in the upstream regions of C. briggsae and C. remanei orthologues of the intestine-specific 

genes, providing further evidence for the predominance of ELT-2 as a regulator of gene 

expression in the nematode intestine. 

2.4.3 ASE Neuron Study Discussion 

2.4.3.1 Similarities and Differences between ASER and ASEL 

The primary SAGE library used in the ASE Neuron study was made from embryonic 

FACS-sorted cells expressing GFP from the gcy-5 promoter. During embryogenesis, cells divide 

and differentiate in an invariant process, and the ASE neuron on the right side of the embryonic 

worm always takes on the characteristics of the ASER neuron while the ASE neuron on the left 

becomes the ASEL neuron [4]. Both ASE neurons are gustatory, but once they mature, they have 

different sensitivities to salt ions [35] and express different chemoreceptors and 

neurotransmitters [7]. ASE neurons are born 350 min after fertilization, and remain in a hybrid 

state until 500 min after fertilization during which they both express some of the fate markers 

that are later expressed exclusively by either ASER or ASEL [12]. However, gcy-5 is exclusively 

expressed in the ASER cell at all stages of development [12], therefore, the SAGE library was 

made from > 90% pure ASER neurons, not from a mixture of both ASE neurons. GFP construct 

experiments performed on genes from the ASER SAGE library showed expression in both 

neurons, which implies that most genes in the ASE>AFD list are expressed in both ASE neurons. 

ASER and ASEL have completely separate lineages going back to the 4-cell stage (ASEL 

derives from the ABa cell and ASER derives from the ABp cell); they do not both result from a 

single ASE precursor (Figure 2.12) [4]. Therefore, they must converge onto similar expression 

and function immediately after they are born, and then go on to diverge into ASER and ASEL as 

the embryo matures. Because they both synapse onto some of the same interneurons [36], it may 

be that the different neurotransmitters made by the two ASE neurons are used by the 

postsynaptic interneurons to distinguish which neuron the signal is coming from.  

The gene che-1 was already known to affect both ASER and ASEL – knocking out che-1 

destroys the function of both neurons [14]. We showed that promoters of both ASER-specific 

(gcy-5), and ASEL-specific (gcy-7 and lim-6) genes contain CHE-1 binding sites and require 

CHE-1 for expression. We hypothesized that both ASE neurons switch che-1 on shortly after 

they are born, and begin to express ASE genes, including some that later become exclusive to 

ASER or ASEL. They then complete the differentiation process via a bistable feedback loop in 
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which expression of inappropriate genes for each neuron are repressed. The origin of the switch 

in the bistable feedback loop is unknown, but it may already be present in the cell before 

differentiation occurs, because the lineage of ASER involves various other neurons on the right 

side of the worm and the lineage of ASEL involves the corresponding left-sided neurons (Figure 

2.12) [4]. 

This could be investigated by examining the gene expression of other neurons related to 

ASE by lineage. First we would need to determine left/right specific genes for each neuron pair, 

analogous to gcy-5 and gcy-7 for the ASE neurons. We could then generate GFP expression 

constructs and SAGE libraries from individual FACS-sorted cells just as was already done for 

the ASER neurons. From the SAGE data we would be able to find factors that left-sided neurons 

have in common with each other but not with the right-sided neurons; we could also investigate 

the upstream regions of the pooled left-specific genes and see if they have any motifs in 

common, then repeat the investigation with the right-specific genes. The AFD SAGE library 

would not be suitable for this type of analysis because it was made from both AFDR and AFDL. 

2.4.3.2 Summary of Functional Evidence of CHE-1 Binding Sites 

The approximate binding site of the CHE-1 TF was first predicted using the zinc finger 

binding site prediction generator C2H2-enoLOGOS [20]. The resulting prediction was strikingly 

similar to the eventual experimentally validated site and provided encouraging evidence for the 

function of the site, but was not specific enough to do ab initio scanning. Additionally, we found 

that two binding sites of the Drosophila TF GLASS [21,22], which has 100% amino acid 

identity with CHE-1 in the zinc fingers of the DNA binding domain, were very similar to those 

that we found for CHE-1. 

We found that the CHE-1 sites usually occurred in a single copy, primarily within 1 kb of 

the gene’s ATG, but occasionally further upstream and even beyond the next-most upstream 

gene. The binding sites functioned in an orientation-independent manner and were found on both 

strands of the DNA sequence (relative to the strand of the gene being regulated). We showed that 

the CHE-1 binding sites were necessary for ASE expression: deletion of the sites also prevented 

expression in ASE for all 17 genes tested. Similarly, the CHE-1 binding sites were found to be 

sufficient for ASE expression: we were able to restore ASE expression from a severely truncated 

promoter of ceh-36 by adding only a CHE-1 binding site. We were also able to induce ASE 

expression from a promoter that normally has no transcriptional activity at all by inserting eight 

concatenated CHE-1 sites. 
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Lastly, in the long series of deletion mutagenesis experiments aimed at determining 

regulatory elements for ASE-expressed genes, we only found one instance of a site that did not 

match the CHE-1 site. The non-matching site was upstream of lim-6, a homeobox-domain TF, 

and we hypothesize that it may be an autoregulatory element responsible for ASEL-specific 

expression of lim-6. 

2.4.3.3 Upstream Region Pattern Scan 

Comparison of experimental sites to the pattern-match scan of the upstream regions of 

the same genes provided a way to assess the accuracy of the scan results with respect to 

physiological CHE-1 binding sites (Figure 2.11). The similarity of the brown and yellow curves 

showed that results of the pattern scan provided a reasonable facsimile of the deletion 

mutagenesis results. However, in several cases, the scan found a different CHE-1-like site than 

the one that was found using laboratory methods. In three cases, the scan found a site that had an 

even higher score than experimentally validated site; the function of these sites is unknown. In 

three other cases, the experimentally validated site was out of range of the scan; for two of these, 

the scan found a lower-scoring pattern match (biological function unknown once again), and for 

the third upstream region no other match was found. In this last case, the gene gcy-6, the CHE-1 

binding site was in fact so far upstream that there was an entire gene (on the opposite strand) 

between the TFBS and the regulatory target. It is important to keep in mind that although the 

immediate upstream regions of genes are clearly enriched for regulatory elements compared to 

the rest of the genome, in practice such elements can be found in a variety of other locations.  

Although the CHE-1 TF was clearly essential to the function of ASE neurons, not all 

ASE-expressed genes had CHE-1 sites in their immediate upstream regions. For some of them, 

the CHE-1 site was simply out of range of the scan; others may have been regulated by one or 

more of the 68 TFs that were expressed at a higher level in the ASE neurons than in the AFD 

neurons. These TFs could be used to fine-tune gene expression in the ASE neuron under 

different environmental conditions. For example, flp-4 has been shown to be expressed in the 

ASE neurons [12], and we found that its expression was CHE-1 dependent, but its upstream 

region contained no CHE-1 binding site. Other genes in the ASE>AFD list may not have been 

ASE-specific and may have been regulated by factors common to neurons including ASE but 

excluding AFD.  

Conversely, some genes not expressed in ASE seemed to have high-scoring CHE-1-like 

sites in their upstream regions. One of these, upstream of the serpentine receptor srt-63, was 

tested and found to function as a CHE-1 site on its own and in the context of the gcy-5 promoter 



 48 

but not in the context of the srt-63 promoter. Promoters with CHE-1-like sites that are not 

expressed in ASE may contain binding sites for other TFs that prevent CHE-1 binding. Further 

scanning deletion mutagenesis experiments will need to be performed on the regulatory regions 

of genes with inactive ASE motifs to clarify what other sequences and factors determine the 

functionality of the ASE motif. 

Interestingly, for sets of genes with very high expression in ASE cells and no expression 

in AFD (ASE only, > 4 and > 6 tag counts, magenta and grey), maximum separation from the 

whole genome curve occurred around a score of 0.62, indicating that these sets had a much 

higher proportion of high-scoring motifs than all genes in the genome (with p-values of 0.0486 

and 0.0309 respectively). By contrast, for sets of genes with very high expression in ASE cells 

relative to AFD cells (ASE>AFD 5x and 7x, red and orange), maximum separation occurred at a 

score of around 0.5, indicating that these sets had a much lower proportion of genes with no 

motif at all (with p-values of 0.009 and 0.0089 respectively). 

At least one example was found of a microRNA gene that was regulated by CHE-1 (lsy-

6). This gene together with another microRNA gene (mir-273) has previously been shown to be 

central to the bistable switch that governs the difference in gene expression between ASER and 

ASEL [12]. However, our pattern-match scan did not find the CHE-1 site upstream of lsy-6 

because we limited our analysis to protein-coding genes on the basis that they are better 

understood and their genomic boundaries better defined. The importance of microRNAs to the 

gene regulation of ASE neurons shows that microRNAs should be taken into consideration in 

future analyses, both as targets of regulation by TFs and as mechanisms of gene regulation. 

2.4.4 ASE Neuron Study Conclusions 

We have shown that the comparison of two SAGE libraries made from FACS-sorted cells 

is a powerful technique to identify tissue-specific genes. We identified transcripts specific to 

ASE gustatory neurons (as compared to AFD thermosensory neurons), including protein-coding 

transcripts, microRNAs, and antisense RNAs, and showed that a wide variety of chemoreceptors, 

TFs, and neurotransmitters are expressed in ASE neurons. 

CHE-1 is the primary, but not the only, TF that regulates ASE-specific expression. ASE-

expressed genes were significantly more likely to have a high-scoring CHE-1 like site in their 

upstream regions; the higher the genes’ expression in ASE, the more significant the difference 

was. About half of the ASE-expressed genes did not have a CHE-1 binding site in their 

immediate upstream regions. Some of these may be directly regulated by CHE-1 but have a 

CHE-1 binding site outside of the search zone. Others may be regulated by one of the other 78 
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TFs expressed in the ASE neurons, including TFs whose expression is activated by CHE-1 and 

TF(s) that were responsible for the initial activation of CHE-1 expression. 

The CHE-1 binding site is both necessary and sufficient for expression in ASE neurons 

for many genes. However, the function of CHE-1 binding sites is context-dependent, and this 

dependence is not fully understood: many genes have a CHE-1-like site in their upstream regions 

but are not expressed in ASE. 

2.4.5 Overall Discussion 

In both the Intestinal study and the ASE neuron study, we formed a TF binding model 

from a list of putative TFBSs. In the Intestinal study, the list originated from the results of a 

motif discovery procedure, while for the ASE neuron study, it originated from a series of 

experimentally validated TFBSs. The advantages of using motif discovery are that it is less time- 

and resource-consuming than laboratory research and can be used to leverage a large quantity of 

gene expression data to find novel TFBSs. However, in order for motif discovery to be 

successful, gene expression data, generated under specific conditions, is required to produce a 

reasonably-sized list of co-regulated genes. Additionally, TFs responsible for regulation of genes 

must have specific binding sites whose similarities are computationally detectable. Highly 

degenerate TFBSs, binding sites with no consistent width, and sites that appear frequently in the 

genome can not be found using computational methods. Even when all requirements are met, as 

they were in the Intestinal study, motif discovery can not distinguish between functional binding 

sites and DNA sequences that are similar to the TFBS but are not bound by the TF. It is likely 

that some of the examples we used for the ELT-2 binding model were not functional ELT-2 

binding sites. In contrast, the advantage of using only experimentally validated binding sites is 

that the model will be more accurate and undiluted by nonfunctional sites. However, the time-

consuming nature of deletion mutagenesis experiments means that there will be fewer examples 

of experimentally validated binding sites, and if there are too few examples, the binding model 

will not be able to successfully distinguish significant score distributions. Therefore, the best 

binding model will be made from a combination of experimentally validated sites and motif 

discovery results.  

For both studies, the statistically significant differences in the distributions of the gene 

sets showed that the scanning procedure was a useful way to assess the validity of the binding 

model and simultaneously explore the association between the TFBS and gene regulation in the 

tissue in question. However, the PFM binding model is not infallible and it is unlikely that all of 

the pattern matches, including the high-scoring ones, are functional binding sites. The 
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comparison of the scan results with the experimentally validated CHE-1 sites for the same genes 

revealed that the scan picked up different sequences part of the time. Additionally, a sequence 

pattern scan (or any other bioinformatic technique) will necessarily have very strict parameters 

(length of upstream region, exclusion of coding sequence of nearby genes, maximum-scoring site 

only) that the actual physiological TF-DNA interaction does not have. We should keep the 

limitations of motif discovery and motif scanning in mind when we look at computationally-

derived results and not assume that a high score (by whatever metric we are using) automatically 

translates to biological significance. Conversely, the lack of a significant computational result 

does not mean that the sequence in question has no function.  

In both analyses we observed that many genes in the coexpression group did not have a 

binding motif or anything resembling it. There are three explanations for this finding. The first 

explanation is that the genes were not regulated by the primary TF we were looking at and there 

was no site to find; this possibility was already discussed for each study individually above. The 

second possibility is that there were matching sites, but they were outside the range of sequence 

we looked at. Other places where the sites might have been include: further upstream of the gene 

(including in the coding sequence, in the introns, or beyond an upstream gene), in the introns of 

the gene itself, or downstream of the gene. For this study we focussed our search on the 

immediate upstream region because it has been shown to be specifically enriched for TFBSs, but 

this necessarily meant that we missed some of them. The third explanation is that our PFM-based 

pattern scan did not accurately separate functional TFBSs from non-binding DNA sequence. The 

PFM was merely a model based on sequence similarity and did not take into account the 

energetics of TF-DNA binding and the mechanics of gene activation. It was entirely dependent 

on the input set of sequences; more and/or different input sequences would have changed the 

model and thereby changed the output from the scan. Some genes may have had several weak 

binding sites instead of one strong one, and some sequences sites may have strongly bound the 

TF in question even though they did not match the pattern or had a low score by our metric. We 

used a very simple binding model because it produced significant results, and because without 

more details of the biophysical properties of the TF-DNA binding relationship there was no clear 

way to improve on it. Overall, a limitation of the entire analysis is that we can not distinguish 

which of these three explanations was the correct one for each gene that did not have an 

associated pattern match. 

In both analyses we found one major TFBS and showed that high-scoring sequences 

matching the TFBS were found in significantly higher proportions in the upstream regions of 
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genes with enriched expression in the tissue of interest compared to the upstream regions of all 

genes. In both cases the TF we analyzed seemed to be the primary TF for that tissue; deletion of 

the gene for the TF caused complete failure of the development of the tissue. Both expression 

analyses showed that other TFs are also expressed in these tissues, and that these TFs may fine-

tune the expression of some of the genes in the tissue. In order to find them we would need more 

specific data showing changes in gene expression in that tissue under different conditions.  

The difference in distributions was greater for the ELT-2 analysis than for the CHE-1 

analysis, and there are several possible reasons for this. First, ELT-2 had a more specific binding 

site: the average information content (a measure of conservation) of the ELT-2 PFM was 1.3 

while the average information content of the CHE-1 binding site was 1.0. Secondly, we had more 

examples of experimentally validated ELT-2 and putative ELT-2 sites, so the resulting binding 

model was more accurate. Thirdly, the disparity between the ELT-2 and CHE-1 results may 

simply be an artifact of the possible scores between the pattern matches: there were 2048 

possible 10bp sequences that matched the ELT-2 pattern and 13 824 12mers that matched the 

CHE-1 pattern. Lastly, it is possible that gene regulation in the intestine was (relatively speaking) 

broad and general with one primary controlling TF, while gene regulation in the ASE neuron was 

more complex, with fewer genes but more elements of transcriptional control. 

2.4.6 Overall Conclusions 

We have shown that SAGE libraries made from both FACS-sorted and microdissected C. 

elegans tissue are sufficiently accurate measures of gene expression to obtain sets of coexpressed 

and differentially expressed genes. A SAGE library made from a single tissue under normal 

environmental conditions provides a general picture of gene expression for that tissue. 

Motif discovery in the upstream regions of coexpressed genes, or TFBSs found using 

deletion mutagenesis, or preferably a combination of both methods, can be used to form a valid 

TF binding model. This confirms that TFBSs are shared among coexpressed genes and implies 

that motifs identified in their upstream regions may be functional TFBSs, even if the binding 

protein is unknown. 

In the absence of further information regarding the energetics of TF binding, a position 

frequency matrix is a valid model of a TFBS that is simple and makes no unwarranted 

assumptions. Scanning and scoring the upstream regions of genes for matches to the PFM can 

provide information regarding the distribution of sequences similar to the TFBS. Genes that were 

coexpressed in the tissue of interest were statistically more likely to have a match to the PFM 

compared to all genes in the genome. While the expression of some genes seemed to be 
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controlled by a single TFBS, many other TFs are present in both intestine and ASE neurons, and 

regulation of other genes is clearly more complex. A more detailed understanding of the 

expression of those genes would require more specific gene expression data under a wide range 

of conditions. 

In general, the results from both studies show that bioinformatics, high-throughput gene 

expression measurement methods, and laboratory research can be combined to obtain a multi-

faceted understanding of gene regulation.  

2.5 Methods 

2.5.1 Motif Discovery 

Upstream regions of the 74 genes in C. elegans (Table 2.1; genome sequence obtained 

from WormBase version WS140) and their orthologues in C. briggsae (from Cb25) and C. 

remanei (genomic sequence from the Genome Sciences Centre at Washington University in St. 

Louis) were collated into three species-specific files. Orthologues were determined using WABA 

[27]; only single WABA alignments that matched right from the ATG of the C. elegans sequence 

were retained. The upstream regions were taken as the lesser of 1500 bp (excluding masked 

repeats) or the distance to the end of the nearest upstream gene; a minimum upstream sequence 

length of 100bp was required. MotifSampler (widths 6, 8, 10 and 12 bp; [23]) and RSAT Oligo-

analysis (width 8; [24]) were used to detect motifs. MotifSampler was run using the following 

parameters; -p 0.3 -s 1 -n 5 -r 100. The ‘r’ parameter specifies 100 iterations of Gibbs sampling; 

in order to reduce noise, only motifs that were detected in at least seven of the iterations were 

retained. 

Species-specific backgrounds were generated for both methods. For MotifSampler, 

concatenated upstream regions from a large set of randomly chosen genes were used as the 

background, while for RSAT, counts of all 8mers in all upstream regions were used. Separate 

background counts were generated for each species using the RSAT custom background tool. All 

results were combined into one file. Overlapping motifs were merged into one, except in cases 

where there was a clear dimer: two motifs very close together. 

Detected motifs were aligned with ClustalW [29] and clustered with OPTICS [28], using 

a base mismatch counter as a distance function between pairs of aligned motifs.  

2.5.2 Scanning: ELT-2 Sites 

Just as for the motif discovery procedure, upstream regions were defined as the lesser of 

1500 bp upstream of the ATG (not including masked repeat sequence) or up until the end of the 
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previous gene, whichever is shorter. A minimum upstream length of 100 bp was required to 

exclude genes in operons. DNA sequence was obtained from build WS140 of the C. elegans 

genome assembly, and the all-gene list was obtained from WormPep, using the 5’-most 

transcript in case of multiple transcripts for a gene. 

A position frequency matrix (PFM) was generated using the combined results from the 

largest OPTICS cluster of motifs from C. elegans upstream regions and experimentally-

determined sites (127 sequences in total; Table 2.4). All but one of these sequences were 

variations on the pattern NNNGATARNN (the exception was AATGATATAT). The upstream 

regions of all genes in the genome were scanned for instances of this pattern. 

To attach a relative value to the quality of a match for a given sequence to the PFM, 

instances were scored by summing respective frequencies in each position and normalizing to the 

number of base pairs in the site (10). The maximum-scoring match for each upstream sequence 

region was recorded, and the cumulative distribution function of various sets of genes was 

graphed (Figure 2.10). 

2.5.3 Scanning: CHE-1 Sites 

We created a PFM from 27 ASE motifs that had been experimentally confirmed by 

EMSA to be CHE-1 binding sites (Table 2.5). All sites matched the pattern GAADMNHNNNH, 

and we scanned all upstream regions of protein-coding genes for matches to this pattern. The 

same set of C. elegans upstream regions was used, pattern matches were scored using the PFM, 

and the cumulative distribution functions were graphed using the same procedure as for the ELT-

2 sites. Statistical significance of the difference between each set and the all-gene set was 

calculated using the Kolmogorov-Smirnov test as implemented by Matlab (Figure 2.11). 
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2.6 Chapter 2 Tables 

 B0218.8 C03B1.12 C03G6.15 C05D2.8 C06B3.3 C07B5.5 C07D8.6 C08H9.2 

C10C5.4 C14A6.1 C15C8.3 C28C12.5 C30G12.2 C34F11.3a C39B10.3 C41C4.6 

C45G7.3 C49C3.4 C50B6.7 C52E4.1 D2096.8 F14F4.3a F15E11.12 F21F8.3 

F22A3.6a F28A12.4 F28D1.5 F28H7.3 F32B5.8 F41H10.7 F41H10.8 F42A10.6 

F44C4.3 F46E10.1b F53A9.8 F54F11.2 F57F4.4 F57F5.1 F58B3.1 F58G1.4 

H06I04.4a H22K11.1 K03A1.2 K07C6.4 K07H8.6a K09D9.2 K09F5.3a K11D2.2 

K12H4.7a M02D8.4a M03A8.1 M04G12.2 M88.1 R02E12.6 R06C1.4 R07E3.1 

R09B5.6 R09F10.1 R57.1a T01D3.6a T07C4.4 T10B5.7 T15B7.2 T20G5.2 

T21H3.1 Y119D3B.21 Y22F5A.4 Y22F5A.5 Y39B6A.1 Y49E10.16 Y54F10AM.8 Y69F12A.2a 

ZK1320.2 ZK896.7 

Table 2.1 – List of 74 Intestine-specific Transcripts 

We identified these 74 transcripts as being specifically expressed in the C. elegans intestine by 
comparing a SAGE library made from dissected intestine to a SAGE library made from whole adult worms.  
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Sequence Gene Distance from ATG Reference 

TTCTGATAAGGG -159 

CATTGATAAGCT 
vit-2 vitellogenin 

-105 
[37,38] 

AACTGATAGCAA -1135 

AACTGATAAGGG 
ges-1 carboxylesterase 

-1123 
[39] 

TACTGATAAGAA -175 

GATTGATAAGAC 
cpr-1 cysteine protease 

-79 
[40] 

AACTGATAAAAT mtl-1 metallothionein -319 

AACTGATAAAGG -305 

AGCTGATAACAG 
mtl-2 metallothionein 

-90 

[33] 

TGATGATAAAGT gcs-1 glutamyl-cysteine synthetase -116 [32] 

TGTTGATAAGAT -874 

CACTGATAACGA -860 

GGTAGATAGAAC 

smd-1 S-adenosylmethionine 
decarboxylase 

-795 

AGGTGATAAGAT -133 

TAGTGATAATGG -119 

CAGTGATAATAG -110 

AGTTGATAGTGA 

Y46G5A.19 spermidine synthase 

-97 

[41] 

TTGTGATAATGA spl-1 sphingosine-1-phosphate lyase -320 [42] 

AACTGATAAAAG pho-1 acid phosphatase -122 [17] 

Table 2.2 – Experimentally Validated ELT-2 Binding Sites 

In order to compare sequences bound by the transcription factor ELT-2, we assembled this list of 
experimentally validated ELT-2 binding sites from the literature. 
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Gene Locus CHE-1 site Distance upstream Strand Score 

R03C1.3 cog-1 ATGAAGCCGTAGATAG -3402 - 0.69 

K01B6.1 fozi-1 AAGAAGCCTTAAAAGT -775 + 0.72 

K03E6.1 lim-6 #1 TGGAAACCTTATGAGC -130 - 0.64 

K03E6.1 lim-6 #2 GTGAAGCACCTTATAA -110 + 0.57 

C37E2.4 ceh-36 AAGAAGCCTTAGAACC -430 + 0.72 

C55B7.12 che-1 GTGAAGCCACAATTTT -250 + 0.62 

C32C4.6 lsy-6 CGGAAGCCGTAAAATA -104 - 0.7 

ZK652.5 ceh-23 TGGAAGCCAATTATTT -862 - 0.63 

AH6.1 gcy-1 #1 TAGAAGCCGCAAAAAG -280 - 0.67 

AH6.1 gcy-1 #2 ACGAAGCCACTTTTTA -142 + 0.6 

R134.1 gcy-3 TAGAAGCCGTGTTTTC -133 + 0.63 

ZK970.5 gcy-4 AAGAAGCCAATCATCT -35 + 0.63 

ZK970.6 gcy-5 AAGAAGCCCCCAAATG -160 + 0.63 

B0024.6 gcy-6 TAGAAGCCTACAAACA -1463 + 0.63 

F52E1.4 gcy-7 GTGAAACCTTATTTTT -109 - 0.65 

ZC412.2 gcy-14 ATGAAACCTTGCAATA -57 - 0.65 

C17F4.6 gcy-19 GAGAAGCCGTACAACT -675 + 0.71 

F21H7.9 gcy-20 AAGAAACCTTTCAATA -60 - 0.66 

T03D8.5 gcy-22 GGGAAGCCCTTCAAAT -145 - 0.69 

F48C11.3 nlp-3 TAGAAGCCCCTCACAA -1292 - 0.61 

F18E9.2 nlp-7 GTGAAACCCTGTTAAG -1769 - 0.61 

F07D3.2 flp-6 AAGAAGCCTTATTAGA -1504 + 0.65 

F33D4.3 flp-13 AGGAATCCCTACAAGA -46 - 0.66 

E01H11.3 flp-20 AAGAAACCTTATCTTT -765 - 0.64 

R13H7.2 R13H7.2 TGGAAGCCGTAGCTTT -3696 + 0.64 

F55E10.7 F55E10.7 TTGAAACCATAGACTA -847 + 0.63 

C36B7.7 hen-1 TGGAATCCTTAGATCC -857 + 0.66 

Table 2.3 – Experimentally Validated CHE-1 Binding Sites 

In a series of experiments using GFP expression constructs, we assembled a series of 27 CHE-1 binding 
sites upstream of 25 ASE-specific genes. 
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  1 2 3 4 5 6 7 8 9 10 

A 0.74 0.28 0.07 0 1.00 0 1.00 0.97 0.19 0.54 

C 0.04 0.29 0.01 0 0 0 0 0 0.15 0.09 

G 0.13 0.13 0.01 1.00 0 0 0 0.02 0.53 0.2 

T 0.09 0.31 0.91 0 0 1.00 0 0.01 0.13 0.17 

Table 2.4 – Position Frequency Matrix of Experimental and Putative ELT-2 Binding Sites 

Experimentally validated ELT-2 binding sites were combined with the large cluster of motifs discovered in 
the upstream region of the 74 genes to form an estimate of the ELT-2 binding site. Base frequencies in 
the central 10 conserved bases were tabulated and normalized to make the sum of each column equal to 
one. This PFM was subsequently used to score matches to the pattern NNNGATARNN found in the 
upstream regions of C. elegans genes. 
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PFM 1 2 3 4 5 6 7 8 9 10 11 12 

A 0 1.00 1.00 0.26 0 0.04 0.19 0.11 0.56 0.22 0.67 0.52 

C 0 0 0 0 1.00 0.96 0.22 0.22 0.07 0.26 0.07 0.07 

G 1.00 0 0 0.67 0 0 0.22 0 0.11 0.19 0.04 0 

T 0 0 0 0.07 0 0 0.37 0.67 0.26 0.33 0.22 0.41 

Table 2.5 – Position Frequency Matrix of Experimentally Validated CHE-1 Sites 

We generated a position frequency matrix from the CHE-1 binding sites in order to search for similar sites 
in the upstream regions of various groups of genes. 
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2.7 Chapter 2 Figures 

 

Figure 2.1 – Diagram of Basic Worm Anatomy 

Diagram of three major systems of C. elegans hermaphrodite anatomy: The digestive system, which is 
made up of the pharynx, intestine, and rectum; The reproductive system, which is made up of two gonad 
arms, spermatheca, uterus, fertilized eggs, and vulva; and the nervous system, which is made up of head 
neurons, the ventral nerve cord, and the dorsal nerve cord (not shown). Image Copyright 2005 Wormatlas 
www.wormatlas.org [43]. Used with permission. 



 60 

 

 

Figure 2.2 – Diagram and Image of the ASE Neuron in the C. elegans Head 

Top Left: Diagram showing the locations of both ASE neurons. Chemoreceptors are exposed to the 
environment via cilia in the amphids near the mouth (cyan portion at left). The dendrites extend along the 
length of the head; the neurons also make contact with other sensory neurons and interneurons in the 
nerve ring (looped portion). Bottom Left: An adult C. elegans expressing the gcy-5::GFP construct. 
Because the ASER neuron is the only cell in C. elegans to express gcy-5, the construct will clearly 
distinguish this cell from all others. Top left and bottom left images Copyright 2005 Wormatlas 
www.wormatlas.org [44]. Used with permission. Right: A C. elegans embryo expressing the GFP 
construct in the ASER cell at the 3-fold stage. Image Copyright 2007, Genes and Development Online, 
www.genesdev.org, by Cold Spring Harbor Laboratory Press [2]. Used with permission. 
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Figure 2.3 – Logo of Experimentally Validated ELT-2 Binding Sites 

Logo showing the TGATAR motif that characterizes the ELT-2 binding sites from Table 2.2. Image 
substantially similar to an image from Developmental Biology, Volume 302, by McGhee JD, Sleumer MC, 
Bilenky M, Wong K, McKay SJ, Goszczynski B, Tian H, Krich ND, Khattra J, Holt RA, Baillie DL, Kohara Y, 
Marra MA, Jones SJ, Moerman DG, and Robertson AG, “The ELT-2 GATA-factor and the global 
regulation of transcription in the C. elegans intestine”, pp 627-645, Copyright 2007, with permission from 
Elsevier. 
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Figure 2.4 – Logo of Experimentally Validated CHE-1 Binding Sites 

Logo of the 27 experimentally validated CHE-1 binding sites from Table 2.3. Note that the first half of the 
motif is characterized by a prominent GAARCC pattern while the second half is poorly conserved. 
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Figure 2.5 – Flowchart of Approach 

Analysis steps carried out for the Intestinal study are indicated with black arrows while steps carried out 
for the ASE Neuron study are indicated with red arrows. In both cases, we used two contrasting SAGE 
libraries, one made from the tissue of interest (intestine and ASER neurons respectively) and the other 
made from a contrasting tissue (whole worm and AFD neurons respectively), to generate sets of genes 
that were expressed more strongly in one tissue than the other. For the Intestinal study, we also used the 
SAGE libraries to generate a list of 74 genes that were specifically expressed in the intestine. We then 
used the motif discovery programs MotifSampler and RSAT to find motifs in the upstream regions of 
these genes. The discovered motifs were formed into clusters using the OPTICS clustering algorithm, and 
members of the largest cluster, which were all variations on the pattern NNNGATARNN, were combined 
with experimentally validated ELT-2 binding sites to form a Position Frequency Matrix (PFM). For the ASE 
Neuron study, motif discovery was not performed and only experimentally validated CHE-1 binding sites 
were used to generate the PFM because there were many more experimentally validated sites. In both 
studies, the PFM was used to scan the upstream regions of various sets of genes, and the cumulative 
distribution functions of the highest-scoring results for the gene sets were graphed. Finally, for the ASE 
Neuron study only, the differences between the distribution functions were smaller and the Kolmogorov-
Smirnov test was used to identify which pairs of gene sets had statistically significant differences in the 
distribution of high-scoring sites. 



 64 

 

Figure 2.6 – Motif Discovery Example 

Diagram showing findings for six genes as an example. RSAT results (width 8) are in red; MotifSampler 
results: Width 6 are magenta, Width 8 are cyan, Width 10 are yellow, Width 12 are green. The combined 
result, which we used for the rest of the analysis, is shown as white boxes. Note that for some genes the 
RSAT and MotifSampler results agree perfectly, and for some genes they disagree perfectly, but for most 
genes they agree on some instances and disagree on others. 
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Figure 2.7 – Logo of Largest Cluster of Sequences from Motif Discovery in C. elegans  

Motifs obtained from the motif discovery process were aligned using ClustalW and clustered using 
OPTICS. The sequence logo of the largest cluster, consisting of 111 sequences from 59 of the genes, is 
shown. 
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Figure 2.8 – Logo of the Largest Cluster of Motifs from C. briggsae and C. remanei  

Motif discovery, alignment, and clustering from the upstream regions of 57 C. briggsae (top) and 39 C. 
remanei (bottom) orthologues of intestine-specific genes yielded a result very similar to what was seen in 
C. elegans.  
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Figure 2.9 – Logo of Experimental and Putative ELT-2 Binding Sites 

This sequence logo shows the conservation of the sequences used to form the PFM in Table 2.4. Note 
that the bases in positions four to seven are invariant, forming the core of the GATA-factor binding site. 
Image substantially similar to an image from Developmental Biology, Volume 302, by McGhee JD, 
Sleumer MC, Bilenky M, Wong K, McKay SJ, Goszczynski B, Tian H, Krich ND, Khattra J, Holt RA, Baillie 
DL, Kohara Y, Marra MA, Jones SJ, Moerman DG, and Robertson AG, “The ELT-2 GATA-factor and the 
global regulation of transcription in the C. elegans intestine”, pp 627-645, Copyright 2007, with permission 
from Elsevier. 
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Figure 2.10 – Cumulative Distribution Function of Maximum Intestinal PFM Score 

Lines are colour coded as follows: Black = all protein-coding promoters in the C. elegans genome; 
Magenta = promoters from genes expressed in the intestine (intestine tag count > 1); Green = promoters 
from widely-expressed genes (Intestine tag count ≥ 9; somatic tag count >0; 0.67 ≤ I/S tag ratio ≤ 1.5); 
Blue = promoters from intestine enriched genes (intestine tag count ≥ 9; somatic tag count > 0; I/S tag 
ratio ≥ 2); Red = The 74 highly expressed intestine specific promoters (Table 2.1) used in the 
computational analysis; Orange = promoters from ribosomal protein genes expressed in the adult 
intestine (somatic tag count > 0; I/S tag ratio ≥ 2); Cyan = 100 independent random samplings of 74 
promoters from the entire genome. Image substantially similar to an image from Developmental Biology, 
Volume 302, by McGhee JD, Sleumer MC, Bilenky M, Wong K, McKay SJ, Goszczynski B, Tian H, Krich 
ND, Khattra J, Holt RA, Baillie DL, Kohara Y, Marra MA, Jones SJ, Moerman DG, and Robertson AG, 
“The ELT-2 GATA-factor and the global regulation of transcription in the C. elegans intestine”, pp 627-645, 
Copyright 2007, with permission from Elsevier. 
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Figure 2.11 – Cumulative Distribution Function of Maximum ASE Neuron PFM Score 

Lines are colour coded as follows: Black = all promoters in the C. elegans genome; Purple = promoters 
from the ASE>AFD gene set; Magenta = promoters from genes with a tag count > 4 in the ASE library 
and a count of 0 in the AFD library; Blue = promoters from genes with a tag count > 4 in the AFD library 
and a count of 0 in the ASE library; Red = promoters from genes with an ASE:AFD tag ratio ≥ 5; Green = 
promoters from genes with an AFD:ASE tag ratio ≥ 5; Grey = promoters from genes with a tag count > 6 
in the ASE library and a count of 0 in the AFD library; Orange = promoters from genes with an ASE:AFD 
tag ratio ≥ 7; Brown = promoters from protein-coding genes with experimentally validated CHE-1 sites in 
Table 2.3; Yellow = Experimentally validated CHE-1 binding sites from Table 2.3; Cyan = 100 
independent random samplings of 100 promoters from the entire genome. Image substantially similar to 
an image from Etchberger et al., Copyright 2007, Genes and Development Online, www.genesdev.org, 
by Cold Spring Harbor Laboratory Press [2]. Used with permission. 
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Figure 2.12 – Embryonic Cell Lineages of ASE and AFD Neurons 

Excerpts of the embryonic cell lineage as determined by John Sulston showing the origins and related 
cells of ASER, AFDR, ASEL, and AFDL. Top: The ASER and AFDR neurons both originate from a 
lineage that produces a large number of other neurons on the right side of the worm. Bottom: ASEL and 
AFDL originate from a corresponding lineage for neurons on the left side. The two lineages separate at 
the four-cell stage of embryogenesis: the right-sided neurons originate from the ABa cell and the left-
sided neurons originate from the ABp cell (not shown). Image reprinted from Developmental Biology, 
Volume 100, by Sulston JE, Schierenberg E, White JG, and Thomson JN, “The embryonic cell lineage of 
the nematode Caenorhabditis elegans”, pp 64-119, Copyright 1983, with permission from Elsevier. 
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3 C. elegans cisRED: A Catalogue of Conserved Genomic Elements
2
 

3.1 Introduction 

The binding of transcription factors (TFs) to DNA sequences upstream of a gene is an 

important element in transcriptional control [1]. The genome of the nematode C. elegans is well 

characterized and almost all of its genes have been identified [2], including 664 genes predicted 

to encode TFs [3]. However, binding sites have been identified for less than 50 of these TFs, and 

transcriptional regulation is understood for only a few genes. Because regulatory elements are 

shared among the upstream regions of orthologous [4,5] and coexpressed [6,7] genes, 

computational methods involving DNA sequence motif discovery among upstream regions of 

putative coregulated (orthologous or coexpressed) genes have been used to direct laboratory 

experiments such as reporter gene and gel shift assays [5,8]. Recently, the pace of genome 

sequence generation has increased and the assembled sequences of eight nematode species have 

become publicly available. Here, we take advantage of this information and attempt to predict 

regulatory elements in upstream regions of C. elegans genes by comparing these regions to 

orthologous regions in other nematode genomes. We hypothesized that most regulatory elements 

are conserved between many of the eight species, and conversely, that many conserved promoter 

elements have regulatory function. 

To find novel regulatory elements in the C. elegans genome using a comparative 

genomics approach, we used eight sequenced nematode genomes that were available from either 

the WormBase [2] or Washington University Genome Sequence Center public FTP servers 

(Supplementary Table 1). These included the genome sequences or assemblies of C. elegans [9], 

C. briggsae [10], C. remanei (unpublished), C. brenneri [11], C. japonica (unpublished), 

Pristionchus pacificus [12], Brugia malayi [13], and Trichinella spiralis [14]. 

The first five of these species are in the same genus as C. elegans [15] (Figure 3.1). C. 

elegans diverged from the other species in genus Caenorhabditis between 18 and 100 million 

years ago [10,16]. P. pacificus is similar to Caenorhabditis species in that it is also a free-living 

soil bacteriovore, and is grouped in the same clade; C. elegans and P. pacificus diverged between 

280 and 430 million years ago [12]. B. malayi and T. spiralis are mammalian parasites from 

different clades [17], and are therefore much more remotely related. C. elegans and B. malayi 

                                                 
2
 A version of this chapter has been published. Monica C. Sleumer, Mikhail Bilenky, An He, Gordon Robertson, 

Nina Thiessen, and Steven J. M. Jones Caenorhabditis elegans cisRED: a catalogue of conserved genomic 

elements (2009) Nucleic Acids Research 37(4):1323-1334, nar.oxfordjournals.org. Copyright 2009 Oxford 

University Press. 
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diverged between 350 and 540 million years ago [12], while C. elegans and T. spiralis diverged 

more than 600 million years ago [14]. 

Of the eight nematode genomes, only C. elegans has been extensively characterized in 

terms of gene location, expression, and function. Given this, we first identified orthologues for 

C. elegans protein-coding genes in the other seven genomes using WABA (Figure 3.2) [18]. 

Although genes have been predicted for some of the species, and orthologues from C. elegans to 

C. briggsae and C. remanei have been inferred, we chose to use a single consistent orthologue 

prediction method for all species. We included alternative transcripts for C. elegans genes 

because such transcripts frequently have different translation start sites (ATG) and transcripts 

with the same ATG can have different predicted orthologues if the coding exons vary widely. 

We then assembled sets of orthologous upstream sequence regions (Figure 3.2). To do 

this, we pooled the upstream region of each C. elegans transcript with that of its predicted 

orthologues, extending each upstream region to the next protein-coding sequence, to a maximum 

of 1500 base pairs (bp). We used the Gibbs sampler MotifSampler [19] to find conserved DNA 

sequence motifs in each set of upstream region sequences. All motifs were loaded into the C. 

elegans cisRED database [20] and are publicly available via the database web interface at 

www.cisred.org. We used 44 experimentally validated transcription factor binding sites (TFBSs) 

from ORegAnno [21], found in 28 of the upstream regions, to validate the motif discovery 

process. Lastly, we compared motif sequences to TF binding sequences from TRANSFAC [22], 

JASPAR [23], and ORegAnno, and annotated a motif as similar to a binding sequence if the 

comparison was statistically significant. 

3.2 Results 

3.2.1 Orthologue Identification 

For each of the 23,212 C. elegans chromosomal protein-coding transcripts, we used the 

WABA algorithm [18] to identify putative orthologues in the other seven genomes. WABA is 

similar to BLAST and was originally designed for use in nematodes [10,24]. We found WABA 

to be particularly useful for our purposes because it finds putative orthologues for protein-coding 

DNA sequences from an annotated genome to a newly assembled, unannotated genome without 

intermediate gene prediction and translation steps.  

WABA and InParanoid results were concordant. In order to determine whether 

WABA results were reliable compared to protein-level orthologue determination, we compared 

its output to the InParanoid database [25]. We found that InParanoid identified 12,197 one-to-

one orthologues between C. elegans and C. briggsae genes, while WABA identified single 
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orthologues for 12,326 C. elegans transcripts (Figure 3.3). Of these 12,326, InParanoid also had 

identified single orthologues for 11,231 (91% of 12,326 and 92% of 12,197). Of the 11,231 C. 

elegans transcripts with both a single WABA orthologue and a single InParanoid orthologue, the 

WABA orthologue overlapped the InParanoid orthologue for 11,104 (98.9%), and the start site 

of the WABA orthologue was within 750 bp of that of the InParanoid orthologue for 9645 

(86%).  

C. brenneri had two matches for many C. elegans transcripts. All four species from 

genus Caenorhabditis had at least one match for 14,000 to 18,000 of the C. elegans transcripts 

(Figure 3.3). C. briggsae and C. remanei both had single matches for about 12,000 C. elegans 

transcripts and two matches for approximately 3000 additional transcripts. However, for C. 

brenneri, a disproportionately small number of C. elegans WormPep sequences had one match 

and a large number had two matches. The result was that far fewer C. elegans transcripts had 

suitable orthologues in C. brenneri (< 4500) than in the other two Caenorhabditis species (> 

6000), even though all three species are the same evolutionary distance from C. elegans. As 

expected, the three more distant nematode species (P. pacificus, B. malayi, T. spiralis) had far 

fewer WABA-predicted orthologues than the more closely related nematodes.  

Because the analysis described in this paper involved regions directly upstream of ATGs, 

it was important to accurately identify the N-terminal of each orthologue. Therefore, only high-

quality orthologues, i.e. single WABA matches that started at the ATG of the C. elegans 

transcript, were used for the next step of the analysis. 

3.2.2 Orthologous Upstream Sequence Regions 

Orthologous upstream sequence region sets were formed by pooling the upstream region 

of each C. elegans transcript with that of its orthologues from the other genomes. Only 

transcripts with at least three out of a possible seven high-quality orthologues were retained. The 

resulting collection contained upstream sets for 3847 C. elegans transcripts, but was somewhat 

redundant due to both transcripts from the same gene that shared the same ATG and transcripts 

on bidirectional promoters that shared the same upstream region; 3544 different transcript 

upstream regions and 3458 genes were represented. Taking orthologous sequences into account, 

the collection contained 3551 unique upstream sets. WABA identified a unique region of each 

unannotated genome as an orthologue 96% of the time. Only 141 transcripts had orthologues that 

overlapped those of another transcript. These may be a result of a gene duplication event that 

occurred in C. elegans after it diverged from the other species. 
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Bidirectional promoters were highly conserved among nematodes. We identified 132 

C. elegans bidirectional promoters shorter than 1500 bp, of which 25 (19%) were perfectly 

conserved among all species for which orthologues were found and another 89 (67%) were 

conserved among orthologues from other species in genus Caenorhabditis. Only 10 (8%) 

bidirectional promoters were not conserved in any of the species. We also noted that five (4%) of 

the transcript pairs on bidirectional promoters had similar or identical protein-coding sequences 

and as a result had the same orthologues. 

Most transcripts only had orthologues in other species of genus Caenorhabditis; only 

14% had orthologues in P. pacificus, B. malayi, or T. spiralis. There were 1027 (27%) C. 

elegans transcripts with orthologues in all four of the other Caenorhabditis species, and another 

2298 (60%) transcripts had orthologues in three out of four of these species (Figure 3.4). Only 

202 (5%) transcripts had orthologues in P. pacificus as well as in some Caenorhabditis species, 

188 (5%) transcripts had orthologues from at least one of the two parasitic nematodes but not P. 

pacificus, and 116 (3%) transcripts had orthologues from both P. pacificus and a parasitic 

nematode. Only three transcripts had orthologues from P. pacificus and both parasitic nematodes 

but not from any species in Caenorhabditis. Finally, 13 transcripts had orthologues in all seven 

nematode species: rpl-2 (B0250.1), cyn-10 (B0252.4b), rps-13 (C16A3.9), phi-18 (C37C3.2 

transcripts b&c), D1054.14, rps-9 (F40F8.10), rpn-6 (F57B9.10b), T10C6.5, cdc-37 

(W08F4.8a), W09G12.5 (now known as F38A1.8), rab-30 (Y45F3A.2), and aps-3 

(Y48G8AL.14).  

Chromosomes III and X were overrepresented among the transcripts in the set, while 

Chromosomes IV and V were underrepresented (Pearson χ
2
 p-value < 10

-15
). In contrast, the 

proportion of transcripts on Chromosomes I and II was not significantly different (Figure 3.5). 

3.2.3 Motif Discovery 

A multi-species high-order Markov background model improved MotifSampler’s 

specificity. MotifSampler can use a high-order Markov background model to reduce the 

probability that it will return unmasked repeats and other low-complexity sequences as a motif 

[26]. This was important for nematode genomes because they are 57-70% AT and contain much 

low-complexity sequence.  

Extensive testing was done to determine settings for MotifSampler parameters that 

maximized the sensitivity while minimizing the total number of motifs. We found that the 

sensitivity was >80% when we retained motifs with MotifSampler scores above the 70
th

 

percentile but decreased rapidly for score thresholds above the 80
th

 percentile. The coverage 
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(proportion of bases covered by at least one motif) decreased linearly as we increased the motif 

score threshold from the 50
th

 to the 90
th

 percentile. Therefore, we retained only the top 30% of 

motifs found by MotifSampler. 

A substantial number of motifs were very wide. Of the total of 158,017 motifs found, 

14 bp motifs were the most common of the five widths (Figure 3.6). After overlapping motifs 

were merged, the distribution of motif widths developed a long tail: many of the motifs were 

much wider than 14 bp, nearly 4000 motifs were ≥ 30 bp wide, and the widest motif was 212 bp.  

Most motifs were found in all sequences of the orthologous upstream sequence 

region set. The majority of the upstream sequence region sets consisted of C. elegans and three 

or four sequences from other Caenorhabditis species (Figure 3.4). The motif discovery algorithm 

found 84% of motifs in all species of the sequence set, with the result that most motifs had a 

species depth (i.e. the number of species in which the motif was found) of four or five, including 

C. elegans. Four percent of motifs had a depth less than four, 59% of motifs had a depth of four, 

33% had a depth of five, and 4% had a depth greater than five. All but 20 of the motifs had a 

depth of at least three. Motifs that were not found in all sequences came from upstream sequence 

sets in which one or more of the sequences was very different from the others. For example, the 

motifs were not found on a sequence from one of the more distant species or on a sequence that 

was highly repetitive. 

The conserved proportion of upstream regions varied widely. Of all unmasked bases 

of C. elegans upstream regions, 45% were covered by at least one motif. The interquartile range 

of coverage of upstream regions was 36% to 58%, while a few upstream regions were nearly 

completely covered with motifs and other upstream regions were only 8% covered. There was a 

weak negative correlation (r = -0.43) between coverage and upstream length: shorter upstream 

sequences tended to have higher coverage (i.e. be more highly conserved). The spatial 

distribution of motifs across the upstream regions was uniform. No significant difference was 

seen between the distribution of motifs with respect to the ATG and the distribution of motifs 

with respect to the opposite end of the sequence (KS test, p > 0.2). 

3.2.4 Validation 

Discovered motifs were compared to experimentally validated TFBSs from the literature 

to gauge the success of the motif discovery process. For the 44 experimentally validated sites in 

the upstream regions under examination, 36 (82%) overlapped with motifs by at least 50% of the 

TFBS width, and 29 (66%) overlapped a motif completely. A complete list of experimentally 

validated sites and all cisRED motifs that overlapped them is shown in Supplementary Table 2. 
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For example, the following sites were found: the PHA-4 site near tph-1 (ZK1290.2b) [27] (Figure 

3.7 A), a DAF-12 site near lit-1 (W06F12.1c) [28] (Figure 3.7 B), and an ‘Early-2’ motif near 

K07C11.4 described by Gaudet et al. [4] (Figure 3.7 C). Of the eight known sites that were not 

found, seven were poorly conserved and one was a low-complexity PHA-4 site. 

Motif p-values and information content were uncorrelated with motif function. We 

assigned a preliminary score to each motif using a simplified version of the scoring function 

described by Robertson et al. [20] in an attempt to evaluate its significance with respect to gene 

regulation. This score measured two parameters: depth of the motif (relative to the depth of the 

input set, which was from four to eight), and the average conservation of the bases (weighted by 

evolutionary distance, with more distant species weighted more heavily). The width of the motif 

was not included in the scoring function because experimentally validated TFBSs are as narrow 

as six bp and as wide as 16 bp. Each motif was then assigned a p-value indicating its rank in the 

distribution of scores of all 158,017 motifs. However, we found no relationship between the p-

values and the functionality of the motifs; motifs overlapping experimentally validated sites were 

as likely to have a high p-value as a low p-value. 

Motif information content (IC; a measure of the degree of conservation [29]) ranged from 

0.7 bits to a perfectly conserved two bits with an the interquartile range of 1.45 to 1.75 (Figure 

3.8). As was the case for the scoring function, IC was not useful in discriminating motifs that 

overlapped TFBSs; we observed no difference in the distribution of average IC between motifs 

overlapping experimentally validated sites and all motifs. 

Functional regulatory elements were not the most highly conserved portions of the 

upstream regions. For example, we found 20 motifs in the 371 bp upstream region of xbx-1 

(F02D8.3) and its orthologues in C. briggsae, C. remanei, C. brenneri, and C. japonica, resulting 

in a coverage of 62% (Figure 3.9). This upstream region also contained an experimentally 

validated DAF-19 site [30], which was found by our method. However, five of the other motifs 

were more strongly conserved than the DAF-19 site (indicated by consensus sequence logos 

[31]; average IC also shown for each). 

3.2.5 Annotation to Reveal Similarity to Known TFBSs 

Five percent of the motifs were similar to TFBSs previously characterized in C. 

elegans. Motifs for which the C. elegans sequence displayed some similarity to one of 13 sets of 

TFBSs in C. elegans were identified and assigned a p-value indicating the significance of the 

similarity. We found that 36 of the motifs that overlapped experimentally validated sites by at 

least five bp could be annotated using this procedure. These could be separated into two groups: 
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20 motifs had very significant annotation p-values of < 0.00015, and the other 16 had less 

significant annotation p-values (p > 0.0009). Given this, the stringent threshold of 0.00015 was 

used for the ORegAnno binding sequence annotations. Four of the TFs had no annotated motifs 

below this threshold; sequences that were the same as or similar to these TFBSs appeared 

frequently enough among the non-conserved parts of the upstream regions that they could not be 

applied to the motifs with confidence. The TFs that were not annotated successfully were: PHA-

4, DAF-12, the ‘Heat Shock Element’ described by GuhaThakurta et al. [32], and the ‘Late-2’ 

element described by Gaudet et al. [4]. A total of 7650 TF-motif combinations were annotated, 

representing 7449 different motifs; several motifs were annotated as similar to more than one 

TFBS. The most commonly annotated TFBS was DAF-19: 1305 motifs were annotated as 

similar to a DAF-19 site (Supplementary Table 3). 

Eleven percent of the motifs were similar to TFBSs from TRANSFAC; 15% were 

similar to TFBSs from JASPAR. In order to determine whether any of the motifs were similar 

to binding sequences identified in species other than C. elegans, the same procedure was used to 

annotate the motifs using binding sequences from TRANSFAC and JASPAR. TRANSFAC 

contained binding sequences for 319 different TFs, which were mainly characterized in 

mammalian species. We chose a stringent threshold (p < 10
-5

) and annotated 17,740 (11%) 

motifs as similar to 221 TRANSFAC TFBSs. The most commonly annotated TFBS was 

PAX5/BSAP: 969 motifs were similar to this site (Supplementary Table 3). 

The annotation results using TFBSs from JASPAR overlapped substantially with the 

TRANSFAC results because the two databases use some of the same sources [33]. However, 

because the binding sequences in JASPAR were non-redundant, we chose a higher p-value 

threshold (p < 10
-4

) for the JASPAR annotations, and annotated 23,331 (15%) motifs as similar 

to binding sites of 39 TFs. As with the TRANSFAC results, the most commonly annotated TFBS 

was BSAP/PAX5: 2041 motifs were similar to this site based on JASPAR binding sequence 

examples (Supplementary Table 3). In total, 40,396 (26%) motifs were annotated with at least 

one TFBS from one of the three databases.  

3.2.6 cisRED Web Interface 

All data and results discussed here, including orthologous upstream sequence region sets 

for each transcript, motifs found, and annotations, are available via the web interface at 

www.cisred.org [20]. URLs for motifs in figures
 
are shown in Table 3.1. Additionally, all 

WABA and MotifSampler data are available on request. The features of the web interface are 

described below.  
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The main page allows the user to search the cisred motifs by exact transcript name 

(WormBase ID) or motif ID, search for analyzed transcripts in a specified genomic location, and 

search for motifs containing a given sequence (Figure 3.10). 

The user can also browse transcript names in alphabetical order and annotated motifs by 

TF name. On the Gene View page the user can view information about an analyzed transcript 

followed by a list of motifs that were found upstream of that transcript. 

This page shows the transcript and its upstream region in their genomic context via two 

embedded UCSC genome browser images. The list of motifs shows the genomic location, 

consensus sequence logo, and annotations (if applicable) for each motif, each of which are linked 

to the appropriate Motif View page.  

Each motif has its own ID number and dedicated URL, which is linked back to the Gene 

View page belonging to the transcript the motif is associated with. On the Motif View page the 

user can see the genomic coordinates of the motif and its associated upstream region, a list of 

species the motif is found in, a list of annotations and their associated p-values (if applicable), 

the logo, the consensus sequence, the position frequency matrix, and the exact genomic 

coordinates and sequence for each species. On the Annotation page the user can view the motifs 

that were found to resemble a given TFBS. 

The page shows the TFBS name and source (TRANSFAC, JASPAR, or ORegAnno) and 

the total number of motifs associated with this annotation. This is followed by a paged list of 

motifs, sorted by annotation p-value, each of which are linked to the appropriate Motif View and 

Gene View pages. In this way a user can quickly find motifs that strongly resemble a TFBS of 

interest. 

3.2.7 Applications 

Several examples of applications of the information in the cisRED C. elegans database to 

current questions in nematode genomics, gene annotation, evolution, and gene regulation are 

illustrated below. 

Some wide motifs were unannotated protein-coding exons. There were 3918 motifs ≥ 

30 bp wide. While many of these were in coding exons belonging to other transcripts of the same 

gene, others represented novel findings. Some of the wide motifs resembled protein-coding 

exons even though no coding exon was annotated by WormBase in that location. For example, a 

120-bp motif was found immediately upstream of the ATG of Y73B3A.12, a member of the 

Calmodulin family (Figure 3.14 A). It had a depth of six species, occurring in all species except 

C. briggsae and P. pacificus. A BLASTX [34] search for the C. elegans motif sequence returned 
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many matches to Calmodulin genes of various species, which indicated that this region of the C. 

elegans genome is likely to be a coding exon that was not annotated by WormBase. 

Some highly conserved wide motifs may be noncoding RNA genes. A 143-bp motif 

was found upstream of grd-7 (F46H5.6) (Figure 3.14 B), and all but five of the bases were 

perfectly conserved among four species of Caenorhabditis (this transcript had no acceptable C. 

japonica orthologue). The C. briggsae sequence included a one-bp insertion, causing a shift in 

the consensus sequence logo [31] at the 125
th

 base of the motif. A BLAST search for this 

sequence returned no matches. However, WormBase indicated that the motif overlapped a 

predicted noncoding RNA gene near the 3’ UTR of unc-10 (T10A3.1b). This finding provides 

support for the predicted RNA gene in that location and its strong conservation in three other 

species suggests that it is functional. It also provides a hypothetical function for other very wide 

motifs that do not appear to be protein-coding. 

Several very highly conserved motifs occurred in all eight nematode species. Thirteen 

transcripts had high-quality orthologues in all seven non-annotated species, and were associated 

with 115 motifs that occurred in all eight species. For example, a highly conserved motif was 

found in the 5’ UTR of rps-13 (C16A3.9) (Figure 3.14 C). Of the 12 bases that make up the 

motif, seven bases were perfectly conserved in all eight species.  

Annotated motifs provided new information regarding TFBS locations and 

evolution of TF binding and function. The motif annotation process, which used TF binding 

sequences for both mammalian and C. elegans TFs, returned many novel binding site candidates. 

For example, a motif similar to a DAF-19 binding site was found near kin-2 (R07E4.6b; Figure 

3.14 D). The annotation results can also be used to suggest novel binding site candidates for 

uncharacterized TFs that are orthologues of characterized mammalian TFs. For example, a 

human ATF4-like motif was found near Y34B4A.10 (Figure 3.14 E). Finally, the annotation 

process revealed information concerning the conservation of TFBSs in the more distant 

nematode species. For example, a DAF-19-like site near the uncharacterized gene C54C6.6 

(Figure 3.14 F) showed that the site was strongly conserved in P. pacificus and weakly 

conserved in B. malayi.  

3.3 Discussion 

The application of WABA to the seven non-C. elegans genomes revealed information 

about the recently sequenced genomes of C. brenneri and C. japonica. All four species in genus 

Caenorhabditis had similar overall numbers of matches to C. elegans WormPep sequences 

(Figure 3.3). However, compared to C. briggsae and C. remanei, there was a disproportionately 
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small number of WormPep sequences that had one match and a large number with two matches 

in the C. brenneri genome. This anomaly may be because the draft genome sequence of C. 

brenneri is derived from a strain that was inbred and yet heterozygous over 30% of its genome. 

As alleles are highly differentiated in this species, the genome assembly contains alternative 

forms of many genes that were assembled independently [35]. C. japonica had 16% fewer 

matches to C. elegans WormPep protein-coding sequences than the other Caenorhabditis 

species, and had fewer high-quality orthologues. This may have been due to both the greater 

evolutionary distance between C. elegans and C. japonica and the poorer genome assembly of C. 

japonica, which was released very recently and was still in draft stages (Supplementary Table 1). 

High-quality orthologues among the more distant nematode species were even more rare; only 

14% of examined C. elegans transcripts had high-quality orthologues in Pristionchus pacificus, 

Brugia malayi, or Trichinella spiralis. In addition to interference from the low quality of these 

genome assemblies, the WABA algorithm may be too stringent to find orthologues if the 

genomes are too distant. In order to minimize the impact of genomic anomalies and maximize 

the likelihood of finding evolutionarily conserved upstream motifs, we limited this investigation 

to transcripts with at least three high-quality orthologues. The resulting collection of orthologous 

upstream sequence region sets was strongly conserved and included only 17% of WormPep 

transcripts. 

Of the 132 bidirectional promoters examined in this study, 86% were conserved among 

the species of genus Caenorhabditis. The majority of bidirectional promoters in C. elegans have 

previously been found to be conserved in C. briggsae [36]; given the high rate of conservation, 

bidirectional promoters must be an important mechanism for controlling gene regulation among 

gene pairs. Some gene pairs on bidirectional promoters are coexpressed while others have a 

mutually exclusive gene expression pattern [36]. Documentation of the conserved elements in 

these promoters, in combination with the examination of the expression patterns of the 

transcripts involved, may help to clarify these mechanisms of gene regulation. 

While the large majority of orthologous regions in the other species were associated with 

only one C. elegans transcript, some functionally related groups of C. elegans transcripts had 

fewer orthologous representatives in the unannotated nematode genome sequences. Most cases 

of overlapping orthologues in the unannotated genomes belonged to large gene groups such as 

serpentine receptors. This may be because the four other species of Caenorhabditis are 

associated with different types of decaying matter [37]; C. elegans may have more of these types 

of receptors to help it find its specific type of food while the other species may have expanded 



 84 

different receptor families. In some cases, two C. elegans genes with overlapping orthologues 

were side by side (on the same or opposite strand), which suggests that a gene duplication event 

occurred in C. elegans after C. elegans diverged from the other Caenorhabditis species. 

The transcripts that had a sufficient number of orthologues to be used in this analysis had 

a different chromosomal distribution from the entire set of WormPep transcripts, suggesting that 

certain regions of the genome are more highly conserved than others (Figure 3.5). Chromosome 

III is known to be rich in genes with yeast orthologues [9] and essential genes [38] such as those 

required for cell division [39]. A detailed analysis of synteny in the C. elegans and C. briggsae 

genomes has previously revealed that orthologues are overrepresented on Chromosomes III and 

X and underrepresented on Chromosome V [40].  

Because regulatory elements are not readily distinguishable from other conserved 

upstream elements, the primary goal of this study was to catalogue all conserved elements of the 

upstream regions. We did not preface the motif discovery procedure with a multiple sequence 

alignment so as to avoid the preconditions that conserved elements be in the same order (with 

respect to the distance from the ATG) and contained within alignable sequence. We tested 

several motif discovery algorithms and found that while MotifSampler was the most suitable 

program for this purpose, a high-order background model was essential because nematode 

intergenic sequence frequently contains low-complexity sequence.  

In order to assess the effectiveness of the motif discovery procedure, we compared 

discovered motifs to experimentally validated TFBSs from ORegAnno. The motif discovery 

algorithm was highly successful at finding experimentally validated sites, with a sensitivity of 

82%. The upstream regions of the positive controls were only characterized with respect to 

locations of TFBSs (or predicted TFBSs; in some cases, the binding TF is not known). No 

sections of these upstream regions have been definitively shown not to have regulatory function. 

Because it is not possible to estimate the false positive rate without true negatives, we only used 

sensitivity and coverage to choose the threshold for motif inclusion.  

We found 20 motifs upstream of xbx-1 (F02D8.3), of which five were more highly 

conserved than the one corresponding to the DAF-19 site (Figure 3.9). Because functional 

analyses of promoter sequences tend to reveal only a few short TFBSs (see for example 

[4,6,27,32]), it seems unlikely that all of this conserved sequence has regulatory function. 

However, because the upstream sequence of xbx-1 is uncharacterized other than the DAF-19 site, 

it is possible that some of the other motifs also have regulatory function.  
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While this study has focused on characterizing conserved elements, there is clearly much 

more to what constitutes a regulatory element than just conservation. Both TFBSs [41] and TFs 

[42] have been shown to be conserved among C. elegans, C. briggsae, and C. remanei. For the 

highly conserved transcripts studied here, we did not find regulatory elements to be more 

conserved than other portions of the upstream regions. There was no difference in the 

distribution of average IC between motifs overlapping experimentally validated sites and all 

motifs (Figure 3.8). Thus, attempts to assign a score to each motif indicating the probability that 

it had regulatory function were unsuccessful. In light of these results, we decided to retain all 

motifs that we identified, regardless of their conservation score.  

Experimentally validated sites that were not found were poorly conserved or highly 

degenerate, and so were not reported by the motif discovery algorithm. Not all TFBSs were 

conserved; many of the experimentally validated sites had low IC while others were not found at 

all using our parameters for motif discovery. Additionally, some of the experimentally validated 

sites that our method did not identify may have been outside of the region we examined on the 

orthologous sequences, and there may be other ways to regulate transcription of the orthologues, 

perhaps using different TFs with a parallel function. The AT-rich sites such as PHA-4 [27] are 

highly degenerate and extremely common in the genome. Nematodes must have a way to 

distinguish functional from non-functional sites in vivo, perhaps via histone modifications [43]. 

In a preliminary comparison of conserved regions in C. elegans and C. briggsae, Siepel 

et al. [44] found that 18-37% of the genomes were conserved, but considered this to be an 

underestimate because they used phastCons-aligned regions. They anticipated that improved 

results could be generated by using additional nematode genomes. They suggested that highly 

conserved elements may contain multiple overlapping binding sites, be under protein-coding or 

RNA structural constraints, or have “as-yet-undiscovered functions”. They also suggested that 

some conserved regions may have “mutational rather than selectional explanations” and may be 

“shielded from mutations or subjected to hyperefficient repair”. The results described here were 

generated with eight nematode genomes. Consistent with their suggestion that alignment might 

underestimate conservation, we found that conserved elements identified using motif discovery 

resulted in a median coverage of 45% of the upstream regions. This proportion represents the 

amount of upstream sequence that was conserved to approximately the same degree as TFBSs, 

some of which are highly degenerate. Again consistent with their discussion, many wide motifs 

were in annotated or unannotated protein-coding exons belonging to the same gene. Protein-

coding motifs can often be recognized by their codon-like conservation pattern in which every 
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third base is poorly conserved because it can be substituted by several different nucleotides 

without changing the amino acid sequence (Figure 3.14 A); protein-coding regions also tend to 

have significant results following a BLASTX [34] search. Motifs that appear to be protein-

coding but are not annotated could be used to refine C. elegans gene models. Some wide non-

protein coding motifs were in 5’ and 3’ UTRs and may be target sites of RNA binding proteins 

or microRNAs, while others may represent noncoding RNA genes (Figure 3.14 B). 

Most motifs were found in all sequences of the input set, with the result that most motifs 

have a species depth of four or five including C. elegans. The motif discovery algorithm 

preferred depth over conservation; if the best available version of the motif on one of the 

sequences was quite different from the others, it was included rather than excluded. This 

provided us with an opportunity to observe the evolution of conserved upstream elements among 

the more distant nematode species. Several motifs were found in all eight species and were very 

highly conserved (Figure 3.14 C), suggesting the presence of ancient genomic elements near 

essential genes.  

Motifs for which the C. elegans sequence displayed a significant similarity to a 

characterized TFBS were annotated as such. We observed that conserved sequences similar to a 

wide variety of mammalian TFBSs appeared in C. elegans upstream regions. This annotation is 

preliminary and the intention was not to exhaustively annotate occurrences of TFBSs from 

TRANSFAC or JASPAR, but merely to assess which ones seemed to occur frequently among 

conserved parts of upstream regions as compared to non-conserved parts of upstream regions. 

There was substantial overlap between the annotation results using TRANSFAC and JASPAR, 

as JASPAR is a more thoroughly curated subset of TRANSFAC. The results from the two 

databases were consistent. For example, the most commonly annotated TF was the same for 

TRANSFAC and JASPAR (PAX5/BSAP) (Supplementary Table 3). Similarly, CREB was the 

fourth most commonly annotated TF from JASPAR and the third most commonly annotated TF 

from TRANSFAC. 

Because certain characterized TFs in JASPAR, TRANSFAC, and ORegAnno had 

strongly variable or very few binding sequences, we chose to require a C. elegans sequence to be 

similar to a specific binding sequence rather than generate binding models such as position 

weight matrices for each TFBS. The limitation of this method was that all mismatches between 

the C. elegans sequence and a binding sequence were treated equally, which may have generated 

false positive annotations. Estimating the false positive rate requires a set of true negatives, and 

such a set is not available. Not all binding sites could be annotated using this method — some 
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TFs, such as PHA-4 and DAF-12, had so many variations in their binding sequences and were so 

common in the upstream regions that none of the motifs could be annotated with that TFBS at a 

p-value below the threshold. Motifs were much more likely than non-conserved upstream 

sequence to be similar to a TFBS. The distribution in scores between the motifs (by definition 

evolutionarily conserved) and non-conserved upstream sequence was different for most TFs. 

A DAF-19-like site was found upstream of kin-2 (R07E4.6b) (Figure 3.14 D). In addition 

to the high conservation of this site and its strong similarity to a DAF-19 binding site, we have 

further supporting evidence of its functionality. First, DAF-19 is known to regulate gene 

expression in ciliated neurons, and kin-2 is expressed in ciliated neurons [45]. Secondly, KIN-2 

is known to interact with RIC-8 [46], and ric-8 (Y69A2AR.2) has been shown to be regulated by 

DAF-19 as well [41]. 

A human ATF4-like motif was found near Y34B4A.10 (Figure 3.14 E). According to 

WormBase, the C. elegans homologue of the human atf4 gene is atf-5 (T04C10.4) [2]. The 

binding site of C. elegans ATF-5 is uncharacterized; perhaps conserved elements that are similar 

to the human ATF4 site could be tested for binding with, and regulation via, C. elegans ATF-5. 

A DAF-19-like site was found upstream of the uncharacterized transcript C54C6.6 

(Figure 3.14 F). This site was shown to have substantial similarity in the more distant nematode 

species P. pacificus and B. malayi. The conservation of the site in these species suggests that 

they also have the DAF-19 TF and may use it to regulate the expression of some of the same 

genes. This example illustrates that annotated motifs can increase our understanding of gene 

regulation in these species. 

3.3.1 Conclusions 

We have shown that WABA is an effective tool for finding orthologues for highly 

conserved transcripts among nematode genomes. We applied WABA to all annotated protein-

coding transcripts from C. elegans; however, only transcripts with at least three high-quality 

orthologues were included in the motif discovery step. We identified conserved elements in the 

upstream regions of 3847 C. elegans transcripts (17% of all C. elegans transcripts). 

We found that identification of putative regulatory elements via motif discovery among 

orthologous upstream regions resulted in a sensitivity of 82%, which suggests that most 

regulatory elements are conserved. However, we also found that the upstream regions also 

contain numerous other conserved elements, and that regulatory elements are not the most highly 

conserved elements in these upstream regions. Therefore, while conserved motifs are enriched 
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for regulatory elements, conservation alone can not be used to distinguish regulatory elements 

from other conserved elements. 

All of our results are publicly available via the web interface at www.cisred.org. Gene 

regulation researchers can use the web interface to see all conserved elements and their 

annotations for any gene of interest. For work involving laboratory methods such as reporter 

gene assays and gel shift assays to investigate the regulation of these genes, the cisRED data can 

immediately focus the search onto conserved and possibly annotated elements in upstream 

regions.  

Many of the conserved elements in the cisRED database are in 5’ and 3’ UTRs of 

different transcripts; some of these may be candidate targets for RNA binding proteins. 

Additionally, some of the wide, highly conserved motifs may serve as novel noncoding RNA 

gene candidates. Those motifs that appear to be protein-coding can be used to refine and expand 

existing gene models. 

Twenty-six percent of the conserved elements were found to be similar to known TFBSs 

and were annotated as such. These annotations are useful in three important ways. First, they 

provide novel candidate binding sites for TFs that are already characterized in C. elegans. These 

sites could be tested by researchers who are interested in targets of the TFs. Secondly, the 

annotations provide novel binding site candidates for uncharacterized TFs that are orthologues of 

characterized mammalian TFs. This takes advantage of existing information about TF binding in 

mammals to expand our understanding of gene regulation in C. elegans. Lastly, the annotations 

make it possible to assess evolution of TFs, their binding sites, and the process of gene regulation 

in general by comparing both the TF protein sequence and their predicted binding sites across the 

different nematode species. The conservation of annotated sites in more distantly related 

nematodes implies that they have the same TFs as C. elegans and use them to regulate some of 

the same genes.  

3.4 Methods 

3.4.1 Orthologue Identification 

Genome sequences were obtained from the WormBase and Washington University FTP 

servers (Supplementary Table 1). WS170 was used because the cisRED web interface makes 

extensive use of the UCSC Genome Browser and that was the version of the C. elegans genome 

at UCSC as of May 2008. WABA [18] was used to find one or more orthologous sequences in 

each of the other genomes for each of the 23,212 chromosomal protein-coding transcripts in 
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WormPep. Only single alignments from WABA that aligned beginning at the ATG of the C. 

elegans sequence (i.e. ‘high-quality orthologues’) were retained. 

3.4.2 Orthologous Upstream Sequence Regions 

The upstream region of each C. elegans WormPep transcript was combined with the 

upstream regions of its orthologues in the other nematode genomes to form an orthologous 

upstream sequence region set. Only transcripts that had at least three out of a possible seven 

high-quality orthologues were used. Of the 192 curated C. elegans TFBSs in ORegAnno, 83% 

were within 1500 bp of the ATG. The remaining TFBSs were sparsely distributed up to 9 kbp 

upstream and up to 9 kbp downstream of the ATG; the region further upstream than 1500 bp was 

not enriched for TFBSs. Half of C. elegans transcripts had another gene within 1500 bp of the 

ATG. The upstream sequence used was defined as 1500 bp upstream of the ATG (including the 

5’ UTR, if present) or up to the end of the nearest protein-coding transcript, WABA match, or 

end of contig. The 1500 bp excluded masked repeats and undefined sequence (Ns), and was 

limited to a maximum total length of 3000 bp. A minimum of 100 bp was required for C. elegans 

to avoid transcripts whose upstream region was too short to analyze efficiently. We excluded 59 

C. elegans transcripts for this reason; of these the closest upstream transcript was on the same 

strand for 28 and on the opposite strand for 31. 

3.4.3 Motif Discovery 

We applied the motif discovery algorithms MEME [47], CONSENSUS [29], and 

MotifSampler [19] to the upstream sets and compared their relative performance in detecting a 

set of experimentally discovered TFBSs obtained from ORegAnno. Of the three methods, only 

MotifSampler could detect the positive controls with greater than 25% sensitivity and combining 

the results of two or more methods did not improve the sensitivity. Consequently, we used only 

MotifSampler to detect motifs in the orthologous upstream sets. For each orthologous upstream 

sequence region set, a background sequence set was generated that contained randomly selected 

upstream sequences from each species in the same proportions as the foreground sequences. A 

third-order Markov background model was then generated from each background sequence set. 

MotifSampler was run using the following parameters: -p 0.3 -s 1 -n 25 -r 30. The ‘r’ 

parameter specifies 30 iterations on each sequence set; we used the score assigned to each motif 

by MotifSampler to retain the top 30% of motifs from each sequence set. Motif discovery was 

performed using target widths of 6, 8, 10, 12, and 14 bp because 86% of C. elegans TFBSs in 

ORegAnno are in this width range. Motifs that overlapped consistently on all sequences on 
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which they were found were merged into one motif. Motifs for which MotifSampler returned 

multiple instances on the C. elegans sequence were separated and matched with the most 

conserved instance of that motif on each orthologous sequence. Motifs that occurred on the 

orthologous sequences but not on the C. elegans sequence were discarded. Each motif in the 

cisRED database is an aligned collection of sequences containing one sequence from the C. 

elegans upstream region and not more than one sequence from each orthologous upstream 

region. 

3.4.4 Validation 

Experimentally validated TFBSs from ORegAnno [21] were used as positive controls for 

motif discovery. ORegAnno contains 192 TFBSs for C. elegans, of which 44 were found in 28 

of the upstream regions of this analysis. An experimentally validated TFBS from ORegAnno was 

considered to be discovered when the predicted motif overlapped at least 50% of the site. The 

average information content (IC) of each motif was calculated as described by Hertz and Stormo 

[29]. 

3.4.5 Annotation to Show Similarity to Known TFBSs 

Binding sequences for characterized TFs were obtained from TRANSFAC (version 9.2) 

[22], JASPAR (version 4) [23], and ORegAnno. Each TF in these databases was associated with 

a set of between one and 179 sequences that had been experimentally shown to bind that TF.  

The C. elegans sequence of each motif was compared with each database TF and scored 

as follows. The score between the C. elegans sequence and a single binding sequence was the 

number of mismatches between the two sequences divided by the width of the binding sequence. 

We required a minimum overlap of five bp between the motif and the binding sequence; flanking 

genomic sequence was included as needed. We retained the minimum score with respect to 

relative strand orientation and position of the two sequences, and the minimum such score over 

all of the TF’s binding sequences.  

We assigned a p-value to the retained score for each motif-TF pair based on the 

background score distribution of that TF, which we generated by scoring 1000 randomly chosen 

C. elegans upstream sequences that were not covered by motifs. Motifs were annotated as similar 

to a binding site if the p-value of the motif-TF score was below a threshold as follows: 

ORegAnno binding sites: p-value threshold = 0.00015; TRANSFAC binding sites: p-value 

threshold = 0.00001; JASPAR binding sites: p-value threshold = 0.0001. 
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3.5 Chapter 3 Table 

Figure URL 

3.7 A http://www.cisred.org/c.elegans4/siteseq?fid=157071 

3.7 B http://www.cisred.org/c.elegans4/siteseq?fid=130462 

3.7 C http://www.cisred.org/c.elegans4/siteseq?fid=92832 

3.9 http://www.cisred.org/c.elegans4/gene_view?ensembl_id=F02D8.3 

3.10 http://www.cisred.org/c.elegans4/ 

3.11 http://www.cisred.org/c.elegans4/gene_view?ensembl_id=T27B1.1 

3.12 http://www.cisred.org/c.elegans4/siteseq?fid=126133 

3.13 http://www.cisred.org/c.elegans4/c.elegans4/group_content_view?aid=30009 

3.14  A http://www.cisred.org/c.elegans4/siteseq?fid=151292 

3.14  B http://www.cisred.org/c.elegans4/siteseq?fid=71907 

3.14  C http://www.cisred.org/c.elegans4/siteseq?fid=17781 

3.14  D http://www.cisred.org/c.elegans4/siteseq?fid=102892 

3.14  E http://www.cisred.org/c.elegans4/siteseq?fid=136618 

3.14  F http://www.cisred.org/c.elegans4/siteseq?fid=37257 

Table 3.1 – Figure URLs 

All results are available via the cisRED web interface. URLs of motifs in figures are indicated. 
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3.6 Chapter 3 Figures 

 

Figure 3.1 – Phylogenetic Tree of Species 

C. briggsae, C. remanei, and C. brenneri are all more closely related to each other than they are to C. 
elegans, while C. japonica is an outgroup within genus Caenorhabditis. Pristionchus pacificus, like C. 
elegans, is a hermaphroditic bacteriovore and belongs to the same clade of nematodes as C. elegans, 
but Brugia malayi and Trichinella spiralis are mammalian parasites from other clades in phylum 
Nematoda. Evolutionary distances are not to scale. 
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Figure 3.2 – Flowchart of Method 

Assembled genomes for the eight genomes and WormPep sequences for C. elegans were obtained from 
FTP servers at WormBase and Washington University Genome Sequence Center. Orthologues of C. 
elegans protein-coding transcripts in the other seven genomes were inferred using WABA. The upstream 
region of each C. elegans transcript was pooled with the upstream regions of its orthologues from the 
other genomes to form orthologous upstream sequence region sets. Only C. elegans transcripts with at 
least three high-quality orthologues were used for this analysis. The motif discovery algorithm 
MotifSampler was used to find conserved elements in each orthologous upstream sequence region set, 
which were placed in the cisRED C. elegans database. Motifs were examined for similarity to 
experimentally validated transcription factor binding sequences from TRANSFAC, JASPAR, and 
ORegAnno, and those motifs with a significant resemblance to a binding sequence were annotated as 
such. All motifs and their annotations are publicly available via the web interface at www.cisred.org. 
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Figure 3.3 – Number of WABA Matches for 23,212 Chromosomal C. elegans WormPep Transcripts 

The number of C. elegans transcripts with exactly one match starting from the ATG (‘high-quality 
orthologues’) is shown at the bottom, in dark blue. The number of remaining C. elegans transcripts with 
exactly one match is shown in light blue. The number of C. elegans transcripts with two matches in the 
comparison genome is shown in yellow, and the number of C. elegans transcripts with three or more 
matches is shown in green. 
 



 95 

 

Figure 3.4 – Species Composition of Orthologous Upstream Sequence Region Sets 

The upstream regions of C. elegans transcripts were pooled with the upstream regions of their 
orthologues from the other seven genomes to form orthologous upstream sequence region sets. Only C. 
elegans transcripts with at least three high-quality orthologues were used, resulting in a total of 3847 sets. 
Of these, 1027 contained sequence from all four species in genus Caenorhabditis (dark blue), while a 
total of 2298 of the sets contained sequence from all but one of the four Caenorhabditis species (various 
shades of light blue). Only 522 of the sets contained sequence from Pristionchus pacificus, Brugia malayi, 
or Trichinella spiralis; 13 sets contained sequence from all seven species (purple). 
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Figure 3.5 – Chromosomal Distribution of Orthologous Upstream Sequence Region Sets 

The proportion of WormPep transcripts on each of the six chromosomes (black), and the proportion of 
transcripts used in this analysis (grey). 
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Figure 3.6 – Histogram of Motif Widths 

MotifSampler was used to find motifs of width 6, 8, 10, 12, and 14 bp. Motifs that overlapped in all 
sequences were merged to form wider motifs, with the result that 3918 motifs were ≥ 30 bp wide and the 
widest motif was 212 bp. 
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Figure 3.7 – Examples of Experimentally Validated Sites 

A – A motif that overlaps a PHA-4 site upstream of tph-1 (ZK1290.2b); B – A motif that overlaps a DAF-12 
site upstream of lit-1 (W06F12.1c); C – A motif that overlaps an ‘Early-2’ site upstream of K07C11.4. 
Locations of experimentally validated sites are indicated by black boxes. cisRED URLs are indicated in 
Table 3.1. 
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Figure 3.8 – Cumulative Distribution of Information Content of Motifs 

The cumulative distribution functions of the average information content for all motifs (red) and for motifs 
that overlapped experimentally validated TFBSs from ORegAnno (blue). 
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Figure 3.9 – Example of High-coverage Upstream Sequence Region with an Experimentally 
Validated Site 

The upstream regions of xbx-1 (F02D8.3) and its orthologues in C. briggsae, C. remanei, C. brenneri, and 
C. japonica are indicated by black lines. The ATG of each transcript or putative orthologue is at the right 
edge of the figure. The logos of the top six most-conserved motifs and their IC are shown; the locations of 
these motifs in each upstream sequence are indicated by coloured bars. The locations of the remaining 
motifs are indicated by grey bars. Motifs are sorted by IC with the most conserved motif at the top. The 
experimentally validated DAF-19 site is indicated. The cisRED URL is indicated in Table 3.1. 
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Figure 3.10 – The cisRED C. elegans Web Interface Main Page 
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Figure 3.11 – An Example of a cisRED C. elegans Web Interface Gene View Page. 
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Figure 3.12 – An Example of a cisRED C. elegans Web Interface Motif View Page. 
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Figure 3.13 – An Example of a cisRED C. elegans Web Interface Annotation View Page. 
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Figure 3.14 – Examples of Applications 

A – A 120-bp motif upstream of Y73B3A.12, a member of the Calmodulin family; B – A 143-bp motif 
upstream of grd-7 (F46H5.6); C – A deeply conserved element upstream of rps-13 (C16A3.9) with a table 
showing motif sequences in all eight species; D – A DAF-19-like site upstream of kin-2 (R07E4.6b); E – 
An ATF4-like site upstream of Y34B4A.10; F – A DAF-19-like site upstream of C54C6.6 with a table 
showing motif sequences in four species from genus Caenorhabditis, plus B. malayi and P. pacificus. 
cisRED URLs are indicated in Table 3.1. 

 

 

 



 106 

3.7  References 

3.7.1 Supplementary Material 

Supplementary 
Material 

Link 

Supplementary Table 
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Supplementary Table 
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4 Conserved Elements Associated with Ribosomal Genes and Trans-splice 

Acceptor Sites
3
 

4.1 Introduction  

The cisRED database ([1]; Chapter 3) contains 158 017 conserved motifs in the upstream 

regions of 3847 C. elegans transcripts. These motifs were identified by comparing the C. elegans 

upstream regions to their orthologous counterparts in seven other nematode genomes. Twenty-

six percent of the motifs were found to be similar to known transcription factor binding sites 

(TFBSs) from the ORegAnno [2], JASPAR [3], and TRANSFAC [4] databases. However, the 

significance and function of almost all motifs remains unknown. We anticipate that many of 

them may represent previously undiscovered regulatory elements. 

Here, we attempted to find novel functional elements by identifying sequences found 

repeatedly among the cisRED motifs and placing them into groups based on sequence similarity. 

We assessed the motif groups’ significance with respect to the function and expression of their 

associated genes. Finally we tested the most significant motif group for regulatory function using 

green fluorescent protein (GFP) and electrophoretic mobility shift assays (EMSAs). 

We started with all 158 017 motifs from the cisRED C. elegans database of conserved 

elements (Figure 4.1). These motifs were short sequences from the upstream regions of C. 

elegans protein-coding transcripts that are partially or completely conserved in the orthologous 

regions of three or more other nematodes. In this analysis we used only the C. elegans sequence 

of each cisRED motif. 

We used the DME word-counting motif discovery algorithm [5] to find sequences and 

variations that were found more frequently in conserved portions of C. elegans upstream regions 

(i.e. cisRED motifs) than in the upstream regions in general. This strategy simultaneously formed 

groups of motifs that contained the same sequence. We then used the web-based tool DAVID [6] 

to assess the significance of each motif group by determining whether genes that shared 

members of the same motif group also shared Gene Ontology, PFAM, and other annotations. We 

observed that eight of the first 20 motif groups of width-12 base pairs (bp) were significantly 

associated with ribosomal genes, so we focused further research on these. 

The most significant ribosome-associated motif group (the “constitutive motif”) was 

associated with 120 genes, of which 28 were ribosomal, and others were involved in embryonic 

development, larval development, and multicellular organismal development. For eleven of the 
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120 genes, we had GFP construct expression data from the BC C. elegans Gene Expression 

Consortium [7]. We tested the importance of the motif for the expression pattern of each of the 

eleven genes using a series of GFP constructs. Four of the eleven genes showed a difference in 

expression between constructs including the motif and constructs excluding the motif or with a 

mutated motif. We then tested the motif from two of these genes for the ability to bind nuclear 

proteins via an electrophoretic mobility shift assay. 

4.2 Results 

4.2.1 Motif Grouping 

Motifs were formed into 3265 groups based on sequence similarity. DME found 

sequences that appeared more often than expected in the set of cisRED motif sequences 

compared to the 3847 upstream regions from which the motifs were derived. We used DME in 

an iterative process; the most significant motif group was found first, and then the central two 

bases of each instance of the group were masked with Ns before the next iteration. This way we 

ensured that each group was unique and not just a minor variation or 1-bp shift of a previously 

found motif. 

DME iterations were run independently for widths of 6, 8, 10, 12, and 14 bp, the same 

primary widths as the cisRED motifs themselves (Table 4.1). All 158 017 of the motifs in the 

cisRED database had a width of at least six bp, therefore they were all eligible for grouping at 

that width; in contrast, only 72 935 of the cisRED motifs had a width of at least 14 bp.  

The parameters for DME were set such that the stringency for motif sequence similarity 

was relaxed as the motif width increased. The requirements for width-six motif groups were set 

to a maximum stringency: an information content (IC) of two or perfect match. This meant that 

all members of motif groups of width six contained the same hexamer. For motif groups of width 

eight, the IC requirement was 1.8, meaning that each motif group consisted of motifs containing 

octamers that differed in only one position. For motif groups of width 14, the IC requirement was 

only 1.5. In spite of the relaxed IC requirements, motif groups of high width were far smaller 

than those of low width. This was due to the relative rarity of long sequences, and the smaller set 

of motifs from which to draw. 

Seventy-six overrepresented hexamers were found among the cisRED motifs. The 

first motif group was the hexamer GATAAG. This sequence appeared 1469 times among the C. 

elegans sequences of the cisRED motifs and only 2245 times among all C. elegans upstream 

regions from which the cisRED motifs were derived. Because the cisRED motif sequences 

amounted to a total of 2.15 Mbp and the upstream regions amounted to a total of 4.16 Mbp (non-
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repeat-masked), the expected number of occurrences for the hexamer among the motifs was 

1160, therefore this hexamer was significantly over-represented. Similarly, the second hexamer 

motif group consisted of motifs containing the palindrome CACGTG. This sequence appeared 

699 times among the C. elegans upstream regions, of which 502 were conserved. After 76 

hexamer-based motif groups were found, DME was no longer able to find any further hexamers 

that were over-represented among the cisRED motifs with respect to the upstream regions. The 

76
th

 hexamer motif group was the sequence GCGTTG, which appeared 813 times in total among 

the upstream regions and 412 times among the cisRED motifs, only slightly more often than the 

expected number of 407. The smallest hexamer motif group was the palindrome GGGCCC, 

which appeared 65 times among cisRED motifs and 118 times in the upstream regions. After 76 

iterations, 28 478 (18%) of motifs were in at least one hexamer motif group (Table 4.1). 

Four hundred eighty-nine overrepresented octamers were found. Of the cisRED 

motifs, 11 965 were of width 6 or 7 (Figure 3.6) and hence were ineligible for width-eight motif 

grouping, leaving 146 052 available motifs. The first motif group of width 8 consisted of motifs 

that contained the sequence CTGCGYCT. This sequence appeared 506 times in total among the 

upstream regions and 371 times among cisRED motifs (the expected number of occurrences was 

261). Members of the second octamer motif group all contained the sequence GHGCGCGC. 

This sequence is a partial palindrome (whenever the base in the second position is a C). It is also 

possible for instances of this sequence to overlap substantially with each other. Including all 

overlapping instances on both strands, DME counted a total of 447 instances of this sequence 

among the upstream regions, of which 328 were in cisRED motifs. The smallest octamer motif 

group was the palindrome GGCTAGCC, which appeared twice among cisRED motifs and only 

three times in total among the upstream regions.  

After 489 motif groups were found and their central bases were masked out, DME was 

unable to find any more octamers that were overrepresented among cisRED motifs. The last 

octamer motif group found was TGACGGTG, which appeared 73 times in the upstream regions, 

of which 37 were in cisRED motifs; the expected number of occurrences among cisRED motifs 

was 36. Many of the octamer motif groups overlapped with each other and with the hexamer 

motif groups; 19 824 of the motifs were in at least one octamer motif group.  

Nine hundred overrepresented decameric motif groups were found. Of the entire set 

of cisRED motifs, 125 822 were at least 10 bp wide and therefore eligible for decameric 

grouping. The first width-10 motif group had the consensus sequence GAKACGCAGN; 

sequences that matched this pattern appeared 402 times in the upstream regions, of which 282 
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were within cisRED motifs. The second decameric motif group had the consensus sequence 

GTCYCGCMRC, which appeared in 155 cisRED motifs and 215 times in the upstream 

sequences. The smallest decamer motif group was the palindrome CAATGCATTG, which 

appeared twice among the upstream regions; both occurrences were in cisRED motifs. DME did 

not terminate automatically and was stopped after 900 iterations had run. The 900
th

 decameric 

motif group had the consensus sequence TAACMCGWCT, which appeared 14 times in the 

upstream regions, 11 of which were in cisRED motifs. After 900 iterations, 16 583 of the motifs 

were in decameric motif groups. 

Nine hundred overrepresented dodecameric motif groups were found. There were 

101 348 cisRED motifs with a width of 12 or more bp. Many of the first few width-12 motif 

groups were very interesting and are discussed in detail below. The two smallest dodecameric 

motif groups were the palindromes MTACTRYAGTAK and RWGTTGCAACWY. Both of 

these sequences had five occurrences in the upstream regions, all of which were in cisRED 

motifs. Just as for the decameric motif groups, DME did not terminate automatically and was 

stopped after 900 iterations; The last dodecameric motif group had the consensus sequence 

YGGCGGCRSCAB. Sequences matching this pattern were observed 12 times in the upstream 

regions and 11 times among cisRED motifs. After 900 iterations, 11 963 of the motifs were in 

dodecameric motif groups. 

Nine hundred overrepresented width-14 motif groups were found. Only 72 935 

(46%) of the motifs were wide enough to be eligible for width-14 motif grouping. The first 

width-14 motif group overlapped very strongly with the first width-12 group, with a consensus 

sequence of KSGTCYSSSMRCGA. However, it was not a superset, because the width-12 group 

included some motifs that were exactly 12 bp wide, and it was also not a subset because the IC of 

the width 14 group was lower and more sequence variations were included. The second group 

had the consensus sequence RYRWGTGYKASYGT, which appeared 44 times in the upstream 

regions and 37 times among the cisRED motifs. The smallest motif group had the consensus 

sequence SWGCCWYRWGGCWS, which appeared five times in the upstream regions, four of 

which were in cisRED motifs. After 900 iterations, DME was terminated. The last motif group 

found had the consensus sequence RWMAWTMTYGKCGT which appeared six times among 

the upstream regions, all of which were in cisRED motifs. Of the eligible motifs, 8725 of them 

were in groups after 900 iterations.  

In total, 45 312 (29%) of motifs were in 3265 overlapping groups after all DME iterations 

were completed. Half of the motifs were in more than one group. A summary of the motif 
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grouping result numbers is shown in Table 4.1. Motif groups are browsable via the cisRED web 

interface at www.cisred.org/c.elegans4/all_groups?showab=0&showdn=1. Additionally, each 

motif group has its own URL at www.cisred.org/c.elegans4/group_content_view?aid={Group 

ID} (note that “{Group_ID}” must be replaced by the Group ID of the motif group in question).  

4.2.2 Functional Characterization of Genes with DAVID 

We used DAVID [6] to examine the associated genes of each of the first 20 motif groups 

at each width to see if they had any functional similarities. For the hexameric motif groups, all 

20 groups had significant multiple testing-corrected associations. For example, the fifth group, 

consisting of all instances of the sequence GGGCGG among the motifs, was significantly 

associated with genes involved in DNA binding, including homeobox genes. Six of the motif 

group associations were with ribosomal proteins. 

For the octameric motif groups, 17 out of the first 20 groups had significant associations. 

For example, the first motif group was associated with ATP-binding and mitochondrial proteins. 

Four of the top 20 motif groups were associated with ribosomal proteins. Similarly, 16 of the 

first 20 decameric motif groups were significantly associated with gene categories such as 

nucleotide binding, cytoplasmic proteins, transit peptides, and anatomical structure development. 

Once again, eight of the decameric groups were associated with ribosomal proteins. The same 

general results were observed for dodecameric and width-14 motif groups: 11 of the 

dodecameric groups were significant (eight of them with ribosomal proteins), and eight of the 

width-14 groups were significant, six of them with ribosomal proteins. 

4.2.3 Description of Eight Motif Groups Associated with Ribosomal Genes 

We observed that many of the significant motif groups were associated with ribosomal 

genes, so we decided to concentrate further research on these motifs. Specifically, eight of the 

top 20 dodecameric motif groups were associated with between six and 28 ribosomal genes, with 

a total of 63 ribosomal genes between them (Table 4.2). There were only 96 ribosomal genes in 

the set of genes used for the cisRED database, and there are only 176 ribosomal protein genes in 

total in the C. elegans genome, so this was a substantial proportion. Three pairs of ribosomal 

proteins were on bidirectional promoters and therefore had the same upstream region. Each 

ribosomal gene had no more than one instance of each motif group (with one exception: there 

were two instances of motif group 1469 upstream of Y119D3B.16) and no more than three 

different motif groups in its upstream region.  



 114 

In order to determine whether any of the motifs were similar to previously determined 

TFBS in nematodes and other organisms, we first looked at whether they were associated with 

cisRED annotations (section 3.2.5). The results for the first motif group (hereafter referred to as 

the “Constitutive Motif”) are described below. Fifteen of the 35 motifs in group 1474 were 

annotated as similar to the UNC-30 site, which is TAATCC [8]; none of the other motifs had any 

significant association with cisRED motif annotations. 

Some of the motif groups were similar to known TFBS in other species. We then 

performed a second comparison using the Transcriptional Element Search System (TESS) [9]. 

Once again results for the Constitutive Motif are described below. Motif Group 1467 was found 

to be significantly similar to the binding site for mouse ZF5, whose consensus binding sequence 

is GSGCGCGR [10] (Table 4.2). Motif group 1469 had significant similarities to the binding 

sites for both EBP-45 (binding sequence TGTTTGC [11]) and HNF3-family transcription factors 

(binding consensus sequence described as YGTTTRT in rat [12] and TRTTTGY in the frog 

Xenopus laevis [13]). Motif group 1474 was found to be significantly similar to the binding site 

for Delta EF1 in the chicken genome (binding sequence AGGTG [14]) even though the motif 

group sequence was not a perfect match. Motif group 1484 was significantly similar to the Zeste 

binding site in Drosophila melanogaster (binding consensus sequence YGAGYG [15]). 

The motif groups are associated with cytoplasmic ribosomal proteins. C. elegans, 

like other non-photosynthetic eukaryotes, has ribosomes associated with two different 

intracellular localization patterns, cytoplasmic and mitochondrial [16]. We examined whether the 

ribosomal motif groups were associated with cytoplasmic ribosomal genes, mitochondrial 

ribosomal genes, or both. Mitochondrial ribosomal genes are not specifically annotated in the C. 

elegans genome, but some of them are tentatively identified with KOG (eukaryotic clusters of 

orthologous groups) designations [17]. Of all ribosomal transcripts in the cisRED database, 102 

were annotated as ribosomal by KOG, and 24 of these were annotated as mitochondrial 

ribosomal proteins. Of the 63 ribosomal genes with a ribosomal motif in their upstream region, 

50 were annotated as ribosomal by KOG, and only three of these were annotated as 

mitochondrial ribosomal (B0303.15, K07A12.7, and Y48C3A.10). The two-tailed p-value for this 

distribution is 4.2e-5 by the Fisher Exact Test; therefore, the motifs we found are specifically 

associated with cytoplasmic ribosomal genes and not with mitochondrial ribosomal genes. 

4.2.4 Motifs Overlapping Trans-splice Sites 

Motif group 1474 is an extension of a trans-splice acceptor site. We observed that one 

of the motifs (Group ID 1474) had a strong strand bias: 28/35 instances were on the same strand 
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as the nearest gene. We also observed that this motif almost always occurs about 20bp upstream 

of the translation start site (ATG). Those instances on the opposite strand tended to be on 

bidirectional promoters, at the far end of the upstream region, and therefore just upstream of (and 

on the same strand as) the other gene of the promoter. We also found that 28/35 instances of this 

motif group overlapped annotated SL1 and SL2 trans-splice sites in Wormbase. 

Several other motif groups are extensions of trans-splice acceptor sites. In order to 

investigate the connection between motif groups and trans-splice acceptor sites more thoroughly, 

we searched for other motif groups that were also associated with trans-splice acceptor sites 

(Table 4.3). Of all 3265 motif groups, at least 16 had a majority of motifs that overlapped with 

trans-splice sites. Almost all of these also had significant associations with ribosomal genes 

(some were too small in number to have significant associations). All were variations or 

extensions of the canonical trans-splice site TTTCAG [18].  

4.2.5 Motif Group 1466 – The Constitutive Motif 

The first dodecameric motif found by DME was the largest and the most significant with 

respect to ribosomal genes, so we investigated further to try to determine its function. We 

observed that it was GC-rich and very strongly conserved, especially the instances near 

ribosomal genes. It tended to appear about 300bp upstream of the ATG of the gene and was not 

strand-biased (Figure 4.2). It also tended to be found about 30bp upstream or downstream of one 

of the other ribosomal motifs such as 1471, 1477, or 1484. It was not found to co-occur in an 

upstream region with motif group 1469 or 1470. 

The constitutive motif was found upstream of 28 ribosomal genes, of which two pairs of 

genes were on bidirectional promoters and therefore had the same upstream regions: lsm-1 

(F40F8.9; a small nuclear ribonucleoprotein splicing factor) and rps-9 (F40F8.10), and rps-30 

(C26F1.4) and rpl-39 (C26F1.9). 

The constitutive motif was not similar to a known TFBS. We noticed that 89/147 of 

the motif instances were annotated in cisRED as similar to the HSAS element described by 

GuhaThakurta et al. [19]. Specifically, GuhaThakurta et al. showed that the sequence 

GGGTCTC was involved in the regulation of hsp-16-2; the subsequence GGTCTC (reverse 

complement of GAGACC) was part of the constitutive motif. The result was that all instances of 

this motif that had a further C at the end of the motif were annotated as similar to the HSAS 

element, accounting for 25% of all cisRED motifs annotated as similar to the HSAS element. 

However, none of the HSAS elements in the GuhaThakurta et al. paper bore any further 

resemblance to the constitutive motif. The rest of the constitutive motif is GC-rich and the HSAS 
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elements tended to be flanked by AT-rich sequence, so it is unlikely that they are connected. We 

also used TESS to search for any other similarities to known TFBS, but the search returned no 

results of interest. 

4.2.6 GFP Testing of Function 

We performed a series of GFP experiments to determine whether the presence of motif 

was related to gene expression. The BC C. elegans Gene Expression Consortium had previously 

created many GFP constructs and recorded their subsequent expression pattern [7]. Those 

constructs were made using 3 kbp upstream regions or the intergenic region if it was less than 3 

kbp. The focus of the Consortium was on genes with human orthologues, but very few ribosomal 

genes were included. Of the 120 genes with an instance of motif group 1466 in their upstream 

regions, 11 had had GFP constructs made by the Consortium, only one of which was a ribosomal 

gene. However, all 11 of these constructs drove strong expression across a number of different 

tissues and stages of development, and were therefore good candidates for further dissection of 

their promoter regions for assessment of promoter activity. 

For each of the eleven upstream regions that had both an instance of the constitutive 

motif and previous GFP expression data, three GFP constructs were made: one that included the 

motif, one that excluded the motif, and one that introduced a mutation in the center of the motif 

(Figure 4.3). These constructs were injected into the gonad of gravid hermaphrodites, and the 

worm progeny were allowed to grow to adulthood. Photographs were taken of the worms and 

their GFP expression was observed and recorded. 

GFP expression constructs indicated that the constitutive motif is involved in 

regulation of pharyngeal expression. For four of the genes, we found that the construct 

including the motif produced some GFP expression in the pharynx while the construct excluding 

the motif and the construct with a mutated motif showed little or no pharyngeal expression 

(Table 4.4, “Tentative Positives”, Table 4.5). Two of the genes had inconclusive results because 

the GFP expression was not correlated with the presence of the motif in the construct (Table 4.6). 

Two genes showed no difference in gene expression between the three constructs and were 

therefore construed as negative results with respect to motif function. Three genes had no GFP 

expression at all from any of the three constructs, and therefore the function of the motif can not 

be determined. 
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4.2.7 Electrophoretic Mobility Shift Assay 

We tested two of the primers from the GFP experiments done on C34E10.6 and F25H2.5 

to see if protein binding could be detected via an electrophoretic mobility shift assay. We used a 

biotinylated probe and compared the bands resulting from the free probe, probe with cytosolic 

extract, and probe with nuclear extract. We also performed a competition assay using varying 

concentrations of unlabelled competitor probes, both the same-sequence and mutated. 

The electrophoretic mobility shift assay did not indicate protein binding to the 

constitutive motif. None of the gel lanes showed any shifted bands (Figure 4.4). There was no 

difference in the results from the free probe lanes, the lanes containing nuclear extract, and the 

lanes containing unlabelled competitor. The positive control did show a shifted band in the lane 

containing nuclear extract. 

4.3 Discussion  

The DME iterative process, while computationally inefficient, was very effective in 

identifying sequences that were conserved in the upstream regions of C. elegans protein-coding 

transcripts more often than expected (Table 4.1). We observed that it tended to skew towards 

relatively GC-rich sequences because the AT content was considerably lower among cisRED 

motifs (60.7%) than among the upstream regions (65.8%). It also found the largest group first; 

there was a general trend towards smaller and smaller groups as the DME iterations progressed. 

DME counted each instance of a motif group including overlapping sequence instances; 

palindromes were counted twice. This meant that DME skewed slightly towards repeating and 

palindromic sequences: the total counts were higher and therefore the difference between the 

foreground count and the expected foreground count was higher. We did not consider this to be a 

confounding factor because TFBSs are sometimes palindromic or partially palindromic due to 

the binding of homodimeric TFs. For example, the C. elegans X-box TF DAF-19 binds an 

imperfect palindromic sequence [20]. 

A confounding issue was that many of the cisRED motifs overlapped substantially. In a 

few cases a series of overlapping cisRED motifs caused DME to identify a sequence as over-

represented when most or all instances in the foreground referred to a single genomic location. 

However, some of the upstream regions overlapped as well – bidirectional promoters and 

alternative transcripts of the same gene – which mitigated the effect of overlapping cisRED 

motifs somewhat. 

We observed that DME found motifs that appear more often in the foreground than the 

background, but not necessarily significantly more often. For example, the last octamer motif 



 118 

group appeared 73 times in the upstream regions, of which 37 were in cisRED motifs. The 

expected number of occurrences among cisRED motifs was 36. By the Fisher Exact Test, the p-

value for this distribution is 0.57 because the experimental value is so close to the expected 

value. In contrast, the first octamer motif group appeared 506 times in the upstream regions and 

371 times among cisRED motifs, and the expected number was only 261; the p-value for this 

distribution is less than 10
-100

. This is why we terminated DME after 900 iterations for motif 

widths 10, 12, and 14; the low information content requirement made it possible for DME to find 

a virtually unlimited number of very small motif groups of dubious importance and significance. 

 An advantage that DAVID has over other Gene Ontology (GO) [21] analysis tools is that 

it is able to determine whether gene groups are enriched for terms from other gene annotation 

sources such as the Protein Information Resource [22] and the KEGG Pathway Database [23] in 

addition to the GO itself. We found that the PIR keywords tended to be both more specific than 

the GO terms and had annotations for more of the genes associated with motif groups, and as a 

result we obtained more information about the motif groups than we would have from looking at 

only GO terms. 

We also found that DAVID has several disadvantages. It is a web-based tool that is not 

designed to be used in a high-throughput way. The HTML-based API is limited both by the 

maximum URL length and by the internal limit of 400 genes – several of our gene groups 

exceeded this limit and were not analyzed completely by DAVID. Although it is possible to 

upload a background gene list for a single gene list, it is not possible to use the correct 

background list in the API, with the result that some of our significant p-values may be off by 

several orders of magnitude. However, due to the extreme p-values, it is not expected that this 

incongruity impacted the true significance of any of the motif groups described here. 

Any gene group enrichment analysis method will produce some false negatives. A lack of 

significant associations does not mean that the genes have nothing further in common. The 

possibility of gene group significance decreases as the group size decreases; small gene groups 

(less than ten genes) will not be significant unless all of them fall into a specific and rare 

category. Large gene groups will be highly significant even when only a minority of the genes 

fall into the same category. 

Eight of the top 20 motif groups in both decameric and dodecameric series of DME 

iterations were enriched for ribosomal genes. We decided to concentrate our efforts on the 

dodecameric motif groups because although both sets had similar p-values and were probably 
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equally valid, the dodecameric groups had fewer genes associated with them, making further 

analysis more straightforward. 

Several of the ribosomal motif groups were similar to experimentally validated TFBSs as 

determined by TESS (Table 4.2). Motif group 1467 was found to be similar to mouse ZF5, but 

the section of the motif group that matched ZF5 was also the least-conserved portion, so it is 

unlikely that the similarity is important. The similarity of motif group 1467 to EBP-45 and 

HNF3-family TFs may be more interesting. Both of these TFs have similar binding sites, and 

because HNF3-family TFs are conserved between frog and rat, they may also be present in C. 

elegans. The similarity of motif group 1474 to the rat Delta EF1 site is probably not important. 

The site sequence is not a perfect match, and it seems likely that the importance of this site and 

the other trans-splice acceptor site-related motif groups is due to splicing factors binding to the 

RNA, not TFs binding to the DNA. The similarity of motif group 1484 to the Drosophila Zeste 

site is worthy of note: the site similarity is in the perfectly-conserved portion of the motif group. 

Additionally, Zeste is a polycomb-group protein that has a known orthologue in C. elegans: 

MES-2 [24]. The C. elegans mes-2 knockout mutant has the maternal effect sterile phenotype, 

which means that MES-2 is an important protein required for germline development. 

Closer inspection of the strand- and location-biased motif group 1474 revealed that not 

only was it an extension of a trans-splice acceptor site, but also that several other motif groups 

were also trans-splice acceptor site extensions (Table 4.3). It makes sense that the trans-splice 

locations would be conserved in the orthologous regions, as it is logical that the other nematodes 

also perform trans-splicing of transcripts. The canonical trans-splice site is TTTCAG; our results 

suggest that the trans-splice acceptor site may be more complex. One of the motif groups (1082) 

was a noncanonical extension at the 5’ end of the trans-splice site: for nine genes (of which three 

were confirmed ribosomal), we saw the pattern GTAATCCAG at the trans-splice site. The other 

motif groups were all extensions of the trans-splice site at the 3’ end, beyond the CAG. There 

were three specific extensions of the pattern: CAGGTAA (motif groups 87, 569, 1474, and 

2376), CAGGGTA (motif groups 111 and part of 580), and CAGGGTT (motif groups 365 and 

part of 580). It is not clear why ribosomal genes in particular would have special trans-splice 

acceptor sites. Perhaps ribosomal transcripts have a signal that fast-tracks them for processing 

and translation, allowing other transcripts to be translated after more ribosomes are made.  

Although it is clear that the ribosomal genes discussed here are in general enriched for 

cytoplasmic ribosomal genes, it is possible that one or more of the motif groups is associated 

with nuclear-encoded mitochondrial ribosomal genes. The three KOG-annotated mitochondrial 
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ribosomal genes only had instances of motif groups 1469 and 1470 in their upstream regions. 

These same two motif groups were found to co-occur the least with other ribosomal motif 

groups. In contrast, half of the instances of the constitutive motif (group 1466) were found to 

occur in close proximity to instances of motif groups 1471, 1477, or 1484 in a striking pattern 

(Figure 4.2). Without more information as to the specific function of each of these ribosomal 

genes, it is difficult to investigate these occurrence patterns in more depth. 

Four of the eleven genes tested using GFP constructs displayed a dependence on the 

constitutive motif for pharyngeal expression (Table 4.4, Table 4.5). It is not clear why the motif 

was related to expression in the pharynx as opposed to other tissues, because these genes are 

normally expressed in most or all tissues. For one of the positive results (F09B9.3), the 

constitutive motif was in the WormBase-annotated 5’ UTR, suggesting that the genome contains 

an additional transcription start site between the motif and the gene’s ATG. The motif seemed to 

be better-conserved in the upstream regions of the genes that had positive indications of function, 

but most of them were well enough conserved to be found repeatedly by motif discovery of the 

upstream regions and their orthologues. The motif was very poorly conserved for two of the 

eleven genes (Y57G11C.13 and T05H4.1, which had “unclear” and “tentative negative” results 

respectively). They were so poorly preserved that although they were found within cisRED 

motifs in an earlier unpublished version of the cisRED database, they were not within motifs in 

the published cisRED database. Only one ribosomal gene was tested with GFP (rpl-17, or 

Y48G8AL.8a), but because no GFP expression was observed for any of the three constructs, we 

were unable to determine whether the motif was involved in the regulation of the expression of 

this gene. 

The electrophoretic mobility shift assay did not display any evidence of protein binding 

to the constitutive motif in vitro. There are two possible explanations for this result: either the 

motif does bind a TF and we were unable to detect it, or the motif does not bind a TF. If we were 

unable to detect TF binding that does occur in vivo, it is possible that the concentration of the TF 

in the nuclear extract was too low for us to be able to see a shifted band. It is also possible that 

the DNA sequence we used for the assay was too short for the protein to bind, or that the 

constitutive motif only binds a TF in concert with another nearby sequence such as one of the 

other motifs that we found. If the motif does not bind a protein in vivo, it must have some other 

function because its conservation is too significant to have occurred by chance, and its 

association with ribosomal genes is very strong. It may be part of the 5’ UTR in all of the genes 
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and thereby functions at the RNA level rather than the DNA level, for example as an RNA 

binding protein binding site or antisense RNA binding site. 

4.3.1 Conclusions 

The motif grouping program DME was successful in finding interesting sequences that 

were conserved in the orthologues much more often than expected. The motif groups had 

significant functional associations, showing that the repeated, evolutionarily conserved 

sequences that we found could not have occurred by chance and have some sort of biological 

importance. The p-values for the ribosomal motif groups were extremely low after multiple 

testing correction was performed, and robust in the sense that similar statistics were calculated 

repeatedly, regardless of variations in the width of the motif and the IC.  

At least one of the eight ribosomal motifs is similar to a known binding site of a TF that 

has a C. elegans orthologue and warrants further investigation of this connection. Trans-splice 

sites are strongly conserved for ribosomal genes and follow specific patterns that are extensions 

of the canonical trans-splice sites. 

The constitutive motif is usually found 300 bp upstream of the ATG of ribosomal genes 

and tends to occur in close proximity to instances of motif groups 1471, 1477, or 1484. GFP 

construct experiments in broadly expressed genes indicated that it may have a direct impact on 

the pharyngeal expression of some genes, but its influence on the expression of ribosomal genes 

remains undetermined. Electrophoretic mobility shift assays were inconclusive and did not 

determine whether the the motif requires flanking sequence to bind a protein detectably or 

whether the motif functions at the RNA level rather than the DNA level. 

4.4 Methods 

The C. elegans sequence of all cisRED motifs were extracted and combined into a single 

FastA file. All C. elegans cisRED upstream regions were combined into a background FastA file 

(original genome build: WS170). A version of DME that did not preface the word-counting step 

with a repeatmasking step and did not weight motif IC by base composition was obtained from 

Dr. Andrew Smith. DME was run using the parameters indicated in Table 4.7 at each width. 

After each iteration, the two central bases of each motif in the new group were masked to Ns and 

DME was re-run until it either could no longer find any overrepresented sequences, or reached 

900 iterations. All motif groups were uploaded to the cisRED database as ‘de novo’ motif 

groups. 
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Entrez gene IDs for all genes associated with the first 20 groups at each width were 

extracted and analyzed by DAVID via the HTML-based API. The following annotation 

categories were included in the HTML links: GOTERM_BP_ALL, GOTERM_CC_ALL, 

GOTERM_MF_ALL, INTERPRO,PFAM, PIR_SUPERFAMILY, KEGG_PATHWAY, 

SP_PIR_KEYWORDS, BIND DIP, and MINT. For motif groups with more than associated 400 

genes, only the first 400 genes were analyzed (in alphabetical order). 

Primers were designed for GFP constructs as shown in Table 4.8. Constructs were 

generated by PCR and injected into the gonads of gravid hermaphrodites. Worms were incubated 

at 21 degrees Celsius and progeny were observed and photographed in the microscope five days 

later. 

The “Primer Including Motif” DNA sequence was also used for the electrophoretic 

mobility shift assays, and the “Primer Mutating Motif” DNA sequence was used as the mutated 

competitor. Labelled probes were biotinylated at the 5’ end of both strands. Primers were 

annealed by incubating the mixed oligos at 1000x concentration at 65 degrees Celsius followd by 

slow cooling. Cytosolic and nuclear extracts were obtained from mixed-stage worms. The 

reactions were run on an ice water-immersed 8% gel in 0.5X TBE. Poly dI-dC was used as a 

non-specific competitor (as opposed to salmon sperm DNA).  
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4.5 Chapter 4 Tables 

Width (bp) # of Available Motifs Min IC # Groups  Smallest Largest # Motifs in Groups Group ID Range 

6 158 017 2.0 76 65 1452 28 478 1 to 76 

8 146 052 1.8 489 2 543 19 824 77 to 565 

10 125 822 1.7 900 4 282 16 583 566 to 1465 

12 101 348 1.6 900 5 155 11 963 1466 to 2365 

14 72 935 1.5 900 5 91 8725 2366 to 3265 

Table 4.1 – Summary of Motif Grouping Results 

DME was run iteratively on cisRED motifs to form them into groups based on sequence similarity. For 
width 6 bp, all motifs were eligible, while for width 14bp, only 72 935 motifs were available. For widths 6 
and 8, DME terminated automatically with no motif groups left to find after 76 and 489 iterations 
respectively, while for widths 10, 12, 14, the process was terminated after 900 iterations. The number of 
motifs in each group varied widely between groups. 
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Group 
ID 

Iteration 
Number 

Background 
Count 

Num 
Motifs 

Num 
Genes 

Num  
Ribosomal  

Benjamini 
P-value 

Logo Characteristics 

1466 0 200 147 120 28 2.60E-24 

 

Constitutive Motif;  
Discussed further below 

1467 1 162 113 103 8 2.80E-08 

 

Similar to ZF5 site 

1469 3 118 87 76 10 2.40E-11 

 

Similar to HNF3 family TFBS 
and EBP-45 site 

1470 4 86 69 65 6 6.40E-07 

 

 

1471 5 99 74 65 14 2.80E-16 

 

 

1474 8 36 35 23 8 1.20E-10 

 

Strand bias; Trans-splice site; 
Similar to Delta EF1 site 

1477 11 123 78 63 12 5.70E-14 

 

 

1484 18 31 28 21 7 9.30E-04 

 

Similar to Drosophila Zeste 
site 

Table 4.2 – Summary of Ribosomal Protein-associated Motif Groups 

The first column shows the Group ID of each motif group in the cisRED database, and the second column 
shows the iteration number of the dodecameric series of motif groups. “Background Count” shows the 
number of instances of the motif group sequences among all cisRED upstream regions, and “Num Motifs” 
shows the number of instances of the motif group among cisRED motifs. “Num Genes” shows the number 
of different genes associated with each motif group, and “Num Ribosomal” shows how many of these 
were annotated as ribosomal by DAVID, while “Benjamini P-value” indicates the Benjamini-corrected p-
value of this proportion of ribosomal genes. Lastly, the logo of each motif group (from all instances, not 
only ribosomal instances) and other characteristics of each motif group are shown.  
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Group ID Width 
Iteration 
Number 

Background 
Count 

Num 
Motifs 

Num Trans-
Splice Sites 

Num Genes 
Num 
Ribosomal 

Benjamini 
P-Value 

Logo 

87 8 10 339 224 123 154 19 1.7E-12 

 

111 8 34 110 76 55 49 11 5.7E-14 

 

365 8 288 87 47 24 37 9 5.6E-5 

 

569 10 3 161 119 101 78 21 5.3E-21 

 

580 10 14 89 66 58 41 13 4.3E-18 

 

1082 10 516 18 14 11 9 3 6.4E-2 

 

1474 12 8 36 35 28 23 8 1.2E-10 

 

2376 14 10 23 22 14 15 4 4.8E-3 

 

Table 4.3 – Selection of Motif Groups that Overlap Trans-splice Acceptor Sites 

The first column shows the Group ID of the motif group in the cisRED database. The second and third 
columns show the width of the motif group and the DME iteration number for that width. “Background 
Count” shows the number of instances of the motif group sequences among all cisRED upstream regions, 
and “Num Motifs” shows the number of instances of the motif group among cisRED motifs. “Num Trans-
Splice Sites shows how many of the motifs overlap trans-splice acceptor sites in WormBase. “Num 
Genes” shows the number of different genes associated with each motif group, and “Num Ribosomal” 
shows how many of these were annotated as ribosomal by DAVID, while “Benjamini P-value” indicated 
the Benjamini-corrected p-value of this proportion of ribosomal genes. Lastly, the logo of each motif group 
(from all instances, not only ribosomal instances) is shown. 
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ID Gene Name Orig. GFP Construct Construct Incl. Motif Construct Excl. Motif Construct w/ Mut. Motif 

Expression: Pharynx Other Pharynx Other Pharynx Other Pharynx Other 

Motif + + - Mutated 

Tentative Positives 

A3 C34E10.6 +++ +++ + + - - - - 

A5 F09B9.3 +++ +++ + - - - - - 

A6 F25H2.5 +++ +++ +++ + + + - + 

A7 F54D8.2 +++ +++ +++ ++ + + - + 

Unclear 

A2 C26D10.2 +++ +++ ++ ++ + + - - 

A11 Y57G11C.13 +++ +++ ++ ++ - - + + 

Tentative Negatives 

A4 F07A11.2a +++ +++ ++ ++ ++ ++ ++ ++ 

A9 T05H4.1 +++ +++ ++ ++ ++ ++ ++ ++ 

No Expression 

A1 C13B9.3 +++ +++ - - - - - - 

A8 M01F1.3 +++ +++ - - - - - - 

A10 Y48G8AL.8a +++ +++ - - - - - - 

Table 4.4 – Summary of Observed GFP Expression 

GFP expression is described for four GFP constructs for each of the eleven genes tested in this study: 
the expression observed by the BC C. elegans Gene Expression Consortium (“Orig. GFP Construct”), 
from the first construct (“Construct Incl. Motif”), from the second construct (“Construct Excl. Motif”), and 
from the third construct (“Construct w/Mut. Motif”). GFP expression is separated into pharyngeal 
expression and expression in all other tissues because pharyngeal expression showed the greatest 
differences. The level of GFP is indicated by one to three ‘+’, while no GFP expression is indicated by ‘-’. 
Genes are sorted into four categories: those that showed a clear difference in expression that correlated 
with the presence of the motif (“Tentative Positives”), those that showed a difference in expression that 
was not correlated with the presence of the motif (“Unclear”), those that showed no difference in 
expression between the three constructs (“Tentative Negatives”), and those that showed no GFP 
expression from any of the three constructs (“No Expression”). Bold values show the loss of pharyngeal 
expression for the four tentative positive results. 
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Gene Construct Including Motif Construct Excluding Motif Construct with Mutated Motif 

C34E10.6 

  

 

F09B9.3 

 

 

 

F25H2.5 

 

 

 

F54D8.2 

 

 
 

 

Table 4.5 – GFP Images for Tentative Positives 

GFP images for the four upstream regions that resulted in a tentative positive indication of motif function. 
For each upstream, the construct including the motif produced GFP expression in the pharynx, while the 
constructs excluding the motif and with a mutated motif produced no pharyngeal expression. 
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Gene Construct Including Motif Construct Excluding Motif Construct with Mutated Motif 

C26D10.2 

 

  

Y57G11C.13 

   

Table 4.6 – GFP Images for Unclear Results 

GFP images for the two upstream regions that resulted in an unclear indication of motif function. For each 
upstream, the construct including the motif produced GFP expression in the pharynx. For C26D10.2, the 
construct excluding the motif also produced some pharyngeal expression and the construct with a 
mutated motif produced no expression. For Y57G11C.13, the construct excluding the motif produced no 
expression and the construct with a mutated motif produced GFP expression in a variety of tissues. 
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Width Parameters 

6 -C 0.25,0.25,0.25,0.25 -n 1 -i 1.9 -w 6 -r 0.25 -g 0.0 

8 -C 0.25,0.25,0.25,0.25 -n 1 -i 1.8 -w 8 -r 0.25 -g 0.0 

10 -C 0.25,0.25,0.25,0.25 -n 1 -i 1.7 -w 10 -r 0.25 -g 0.0 

12 -C 0.25,0.25,0.25,0.25 -n 1 -i 1.6 -w 12 -r 0.25 -g 0.5 

14 -C 0.25,0.25,0.25,0.25 -n 1 -i 1.5 -w 14 -r 0.25 -g 1.0 

Table 4.7 – DME Parameters 

Parameters used for the word-counting motif discovery algorithm DME at each of the five widths are 
indicated. 
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Gene Primer Including Motif Primer Mutating Motif Primer Excluding Motif Reverse Primer 

C13B9.3 cggggaggtctcgcaacgaaatga cggggaggtctcttaacgaaatga ttcactggttgttcgttgga cggcgatcaacacgattg 

C26D10.2 ttacttcgctgcgagaccatacgaa ttacttcgctaagagaccatacgaa cgaatgggtatcgtttcgc gttgttcctcttcgattctgaaa 

C34E10.6 tccatttcgttgcgagacccgctg tccatttcgttaagagacccgctg gcggtctagcctgtttcagt taacgaacgcgaagcgata 

F07A11.2a tctcaaccggagcgttgcgagacc tctcaaccggagcgttaagagacc tgatctttcgatcgttctcg aattccgcagattttggatg 

F09B9.3 agacgaacatcgctgcgagaccag agacgaacatcgctaagagaccag ggacgaatagctcgcatctc tctgcgttatggaagaacagaa 

F25H2.5 aggtcgggtctcgccacgtgctgaagta aggtcgggtctcttcacgtgctgaagta tcgtttcatttgtgtcggag tcagtgttgctgattttcgg 

F54D8.2 atttcaccggctggtctcgcagcgaa atttcaccggctggtctcttagcgaa agacggcctctccgttattt cggttgatgtcggatacctt 

M01F1.3 attgcgtatcgtggcgagacccat attgcgtatcgtgaagagacccat atggctttttccgctatcct acccgagctaggatgcttaaa 

T05H4.1 acttcctgagcgttgcgagacctgt acttcctgagcgttaagagacctgt tccacaaaagaacacctccc tttgatatcgtcattctgttggag 

Y48G8AL.8a acacaagatcgcggcgagacccat acacaagatcgcgaagagacccat ttcgcttgcgcctttaaata gtgaaccttcgtgatttcgac 

Y57G11C.13 tcgatcgcggcgaaacccgtcctcgaaa tcgatcgcgaagaaacccgtcctcgaaa aaacccgtcctcgaaactg tcttgaatattgatgttgaatgag 

Table 4.8 – Primers Used for Generation of GFP Constructs 

Primers for the three GFP constructs generated for each of the eleven genes. All constructs used the 
same reverse primer near or overlapping the ATG of the tested gene. This was also the same reverse 
primer that was used by the BC C. elegans Gene Expression Consortium. The “Primer Mutating Motif” 
differs from the “Primer Including Motif” by two bases; the same mutation was introduced in all cases. The 
“Primer Excluding Motif” was 12 to 62 bases downstream of the “Primer Including Motif”. 
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4.6 Chapter 4 Figures 

 

Figure 4.1 – Flowchart of Approach 

We used the DME algorithm to place the cisRED C. elegans conserved element database motifs into 
groups based on sequence similarity. We then used DAVID to identify motif groups that were associated 
with genes that also had significant functional similarity. We concentrated our research on eight of the first 
20 motif groups that were associated with ribosomal proteins. The largest and most significant of these 
seemed to be associated with both ribosomal proteins and other constitutively expressed genes (the 
“constitutive motif”). We tested this motif for regulatory function via a series of GFP constructs using the 
upstream regions of 11 genes for which we had previous GFP expression data. Four of the 11 genes 
showed a difference in GFP expression between constructs including the motif and constructs excluding 
the motif or with a mutated motif. Two of these were tested for protein binding via an electrophoretic 
mobility shift assay. 
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Figure 4.2 – Ribosomal Instances of the Constitutive Motif 

The constitutive motif was found upstream of 28 ribosomal transcripts, of which two were on bidirectional 
promoters. Shown here are the 26 ribosomal upstream regions; instances of motif group 1466 are shown 
in red. Instances of motif groups 1467, 1471, 1477, 1474, and 1484 are shown in cyan, magenta, grey, 
blue, and green respectively. The motif logo for all instances of the constitutive motif in these regions is 
also shown. 
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Figure 4.3 – Schematic of GFP Constructs 

For each gene with both previous GFP constructs and an instance of the constitutive motif in its upstream 
region, three constructs were made. The first construct consisted of the gene’s upstream region up to and 
including the motif but no further, the second construct was slightly shorter such that the motif was 
excluded, and for the third construct, we introduced a mutation in the central CG of the motif via a primer.  
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Figure 4.4 – Electrophoretic Mobility Shift Assay 

Electrophoretic mobility shift assays were performed on two of the positive results from the GFP 
experiments. For each assay, we compared the free probe, probe with whole-worm cytosolic extract, and 
probe with whole-worm nuclear extract. We also performed a competition assay using the labelled probe, 
nuclear extract, and varying concentrations of unlabelled competitor and mutated competitor. We also 
performed a positive control using a sequence that had previously been shown to bind protein from the 
nuclear extract. The lanes in the two EMSAs are as follows (from left to right for each gel): 
1. Free biotinylated probe 
2. Biotinylated probe + N2 cytosolic extract 
3. Biotinylated probe + N2 nuclear extract 
4. Biotinylated probe + N2 nuclear extract + 200x molar excess of unlabelled probe 
5. Biotinylated probe + N2 nuclear extract + 20x molar excess of unlabelled probe 
6. Biotinylated probe + N2 nuclear extract + 2x molar excess of unlabelled probe 
7. Biotinylated probe + N2 nuclear extract + 200x molar excess of unlabelled "mutated" probe 
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5 Conclusions 

5.1 Summary of Major Findings 

Chapter 2 contains a description of the bioinformatic methods used in studies of gene 

regulation in C. elegans intestinal cells and sensory neurons. We used the motif discovery 

algorithms MotifSampler and RSAT to discover a primary motif in the upstream regions of 

genes that are specifically expressed in intestinal cells. We generated models for the ELT-2 and 

CHE-1 binding sites using a combination of experimentally validated binding sequences and 

motif discovery results. We then scanned the upstream regions of C. elegans genes to determine 

the score distribution of sequences that matched the binding models. Finally, we graphed the 

relative frequency of high-scoring sites in various sets of genes in a cumulative distribution 

function. 

We showed that ELT-2 is the primary transcription factor (TF) responsible for gene 

regulation in the C. elegans intestine, and that intestinally expressed genes are more likely to 

have a high-scoring ELT-2-like site in their upstream regions than other genes. Similarly, we 

showed that CHE-1 is the primary but not the only TF responsible for gene regulation in C. 

elegans ASE neurons, and that the CHE-1 binding site is necessary and sufficient for the 

expression of most ASE-expressed genes. 

More generally, we confirmed that coexpressed genes often share transcription factor 

binding sites (TFBSs) in their upstream regions, and that regulatory elements can be found by 

motif discovery in the upstream regions of coexpressed genes. We modelled TFBSs with 

position frequency matrices and found new TFBS candidates by using the PFMs to scan for 

high-scoring matches. 

In Chapter 3, we predicted orthologues in the other seven nematode species using 

WABA, and identified conserved elements in the orthologous upstream regions using the motif 

discovery algorithm MotifSampler. The resulting motifs were used to generate the cisRED C. 

elegans database. We validated the motif discovery process using previously found TFBSs from 

the ORegAnno database and annotated motifs as similar to known TFBSs from the ORegAnno, 

TRANSFAC, and JASPAR databases. 

We found that 17% of C. elegans protein-coding transcripts have clearly identifiable 

orthologues in at least three of the other seven species. The 82% sensitivity showed that most 

TFBSs are conserved in orthologous upstream regions. Notably, we found that the intergenic 

regions of highly conserved orthologous genes are highly similar, and that experimentally 

validated TFBSs were not the most-conserved portions of the upstream regions. Many of the 
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conserved elements were similar to TFBSs from C. elegans and other species, while others were 

identified as coding exons and ncRNAs. 

In Chapter 4, we placed cisRED motifs into groups based on sequence similarity, 

simultaneously identifying sequences and sequence variations that are conserved in the 

orthologous regions much more often than expected. We identified motif groups that occurred in 

the upstream regions of genes that also had significant functional associations. Many of the 

significant functional associations were with ribosomal proteins: We identified seven ribosome-

associated motif groups and eight variations of the trans-splice acceptor site that are also 

associated with ribosomal protein genes. Finally we designed and generated a series of GFP 

expression construct experiments to test the regulatory function of the largest, most significant 

ribosome-associated motif group.  

We found that many sequences appear numerous times among cisRED motifs, indicating 

that they are conserved more often than expected. Some groups of genes that share the same 

conserved sequence in their upstream regions were also similar in terms of function as annotated 

by the Protein Information Resource [1] and Gene Ontology [2]. Ribosomal genes in particular 

were often found to have two or three of a set of seven sequences in their upstream regions, 

about 300 bp upstream of the translation start site (ATG). Ribosomal genes also tended to have 

one of four trans-splice acceptor site variations about 20bp upstream of the ATG. Four of eleven 

GFP expression construct experiments showed a dependency on the presence of the constitutive 

motif for pharyngeal expression. We also tested the motif for protein binding via an 

electrophoretic mobility shift assay (EMSA). We were unable to determine whether or not the 

constitutive motif binds a protein in vivo. 

5.2 Discussion 

5.2.1 Revisit Assumptions 

Transcriptional control is a primary element of gene regulation. The coexpressed 

gene projects showed that presence of a specific site in the upstream region is related to mRNA 

levels in the tissue as measured by SAGE. However, the motif discovery approach is limited and 

can not be used to elucidate all aspects of gene regulation. During the course of the research 

described here, it has become clear that chromatin compaction, chromatin organization, and 

histone modifications play major roles in gene regulation [3]. Because more than 99% of DNA 

sequences that match a TFBS do not bind a TF in vivo [4], an important way in which these 

epigenetic factors may impact TF-controlled transcription is by influencing which regions of the 

DNA are available for TF binding and transcription in a particular tissue or time. 
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Transcription is controlled by TFBSs. In the ASE neuron project, we performed a 

number of experiments to show that the CHE-1 binding site was both necessary and sufficient 

for the ASE expression of a number of genes. In the GFP expression experiments in Chapter 4, 

we showed that presence of the constitutive motif was related to pharyngeal expression. 

However, we did not show that the constitutive motif was bound by a TF. 

The mechanism of the interaction between the TFBS (bound by TFs) and the 

transcription start site (TSS) is explained by the looping model. Several independent experiments 

have shown that the mediator complex and the RNA polymerase II complex at the TSS interact 

directly with the specific TFs bound to sites farther upstream, enabling transcription to be 

initiated [5-7]. 

We do not yet understand how fine-grained the control of transcription is by means of 

this mechanism. C. elegans contains 600 to 900 genes for proteins with putative DNA binding 

domains [8,9], many of which may be involved in transcriptional regulation. However, binding 

sites are known for fewer than 50 of these TFs. Therefore it is reasonable to focus on TFBSs as a 

primary mechanism of gene regulation even though it is not the only component involved. 

TFBSs are mostly found in the upstream regions of genes in nematodes. Of the 192 

C. elegans TFBSs in ORegAnno, 159 (83%) were within 1500bp of the ATG, while 20 (10%) 

were further upstream and 13 (7%) were further downstream. Similarly, a few of the CHE-1 

binding sites found by scanning deletion mutagenesis were too far upstream to find with our 

PFM scan. For example, the CHE-1 binding site responsible for the ASE expression of gcy-6 

was beyond the next-most upstream gene. However, overall it is clear that the immediate 

upstream region is specifically enriched for TFBSs while the other regions are not.  

TFBSs consist of 6 to 14 bp conserved motifs. All examples of TFBSs in C. elegans 

were less than 17 bp wide, with 96% in the range of 6 to 14 bp, so this underlying assumption is 

still valid. However, 11% of the conserved upstream elements were 20bp or wider, with the 

result that the TFBSs could not be clearly identified if they were within these wide conserved 

regions. 

Orthologous and coexpressed genes are likely to contain the same TFBSs. We found 

numerous examples of conservation of TFBSs in the upstream regions of both orthologous and 

coexpressed genes. The upstream regions of intestinal and ASE-expressed genes were much 

more likely to contain ELT-2-like and CHE-1-like sites than genes in general. When motif 

discovery was performed on the upstream regions of the C. briggsae and C. remanei orthologues 

of intestine-specific genes, the same motif was found as for C. elegans.  
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5.2.2 Unexpected Findings 

The most surprising finding was the degree of conservation in the upstream regions of the 

orthologous genes. An unstated assumption of the orthologous upstream analysis was that 

conserved upstream elements would be sparse enough that the TFBSs would be prominent in the 

conserved portions of the upstream regions. The Caenorhabditis species are more evolutionarily 

distinct from each other (in terms of substitutions per site) than humans are from mice and other 

mammals [10]. With four or five species to compare, the probability that long stretches of DNA 

would be conserved by chance is very low, but we found that most upstream regions contained 

multiple regions of highly conserved sequence. This means that the intergenic regions are not 

under neutral evolution but are under active conservation to a large degree. 

We also found that although TFBSs are conserved, they are not the most-conserved 

portions of upstream regions. For reasons that remain unclear, sequences of unknown function 

remain highly conserved while TFBSs are only conserved in the positions important for TF 

binding. The practical result of these findings is that orthologous conservation is not good 

evidence for regulatory function, even when five or more nematode genomes are compared.  

The most interesting findings were the ribosomal-associated motif groups. We expected 

to re-discover previously known TFBSs among the motif groups; and in fact we may have. The 

most significant hexameric motif group was the sequence GATAAG, which looks similar to the 

ELT-2 binding site. We did not explore most motif groups and do not know at this point how 

many overlap with known sites or with motif annotations. However, finding so many motif 

groups that were associated with ribosomal proteins was completely unexpected. To our 

knowledge, nobody has investigated the regulation of ribosomal genes in any species, so this 

could be a completely new discovery. Although we were not able to determine exactly what the 

functions of the ribosomal motif groups were, their p-values were so significant that they could 

not have occurred by chance. They are clearly worthy of further investigation. 

5.3 Future Directions 

The results of the intestinal and ASE neuron projects left a number of unanswered 

questions that could be investigated in the future. For example, we could examine the regulation 

of genes that were highly expressed in intestine and ASE neurons but did not have high-scoring 

matches to the PFMs. Initially, we could search for matches further upstream, in introns, and 

further downstream to confirm which genes are clearly not regulated by ELT-2 and CHE-1. We 

could then perform motif discovery on the upstream regions of these genes to search for a 

secondary motif involved in their regulation. We may be able to find a novel site that is the target 
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of one of the other TFs that are present in those tissues. We could also perform a chromatin 

immunoprecipitation using ELT-2 and CHE-1 to experimentally validate the high-scoring 

matches that we found. This would improve the binding models of the two TFs and produce a 

larger set of positive controls for future motif discovery efforts. 

An important follow-up to the cisRED database motif annotation result would be 

experimental validation of the annotated motifs. For example, we could investigate motifs that 

are both similar to the CHE-1 binding sites and also are associated with neuronal genes. Using 

GFP expression constructs and chromatin immunoprecipitation, we could determine whether 

these motifs have regulatory function and bind CHE-1 as predicted. We could also perform a 

statistical analysis on the annotated motifs to determine which TFBSs tend to co-occur in the 

upstream regions of the same genes. 

As described in the Chapter 3 discussion, there are several unexplored applications of the 

cisRED database. Investigating the importance of some of the very wide motifs could lead to the 

discovery of more unannotated exons and ncRNA genes. The deeply conserved motifs could be 

investigated for conservation in more distant species such as arthropods and vertebrates.  

Only 12% of C. elegans protein-coding genes have annotated 5’ untranslated regions 

(UTRs), primarily due to the incertitude of the transcription start site caused by trans-splicing. 

We used the translation start site to define the gene start in the cisRED project, partly because so 

few genes have 5’ UTRs and partly because WABA, being optimized only for protein-coding 

sequence, can only find orthologous sequence starting from the ATG. The result is that many 

cisRED motifs are in the 5’ UTRs of their respective genes (for those genes that have annotated 

5’ UTRs), and this leads us to a number of further questions: Are motifs in 5’ UTRs more or less 

likely to be annotated as similar to TFBSs compared to motifs in true intergenic regions? Are 

they more or less likely to be in motif groups? How well conserved are the 5’ UTRs? 

The motif grouping results were fairly preliminary and left many unanswered questions. 

The constitutive motif requires further exploration for us to fully understand its significance. The 

most obvious experiments to perform would be to use more GFP expression constructs to test the 

constitutive motif for regulatory function in the upstream regions of ribosomal genes. Because it 

seemed to co-occur with other motif groups, it would be interesting to test all of the motifs in the 

upstream region of each ribosomal gene. An alternative GFP expression test would be to 

concatenate several copies of the constitutive motif (or a combination of several ribosomal motif 

groups) and attach them to GFP driven by a low-expression core promoter to see whether they 

are capable of inducing ectopic expression in any tissues.  



 142 

Further EMSAs are necessary to determine whether any of the ribosomal motif groups 

bind proteins in vitro. In our EMSA experiments, we only used a very short piece of DNA; we 

may get a more conclusive result if we used a longer piece of DNA containing the constitutive 

motif together with instances of the other motif groups. If we obtained a positive EMSA result, 

we could follow up that experiment with a biochemical purification of the binding protein 

followed by mass spectrometry in order to identify it.  

Many of the motif groups that had significant functional associations were unexplored in 

this research and may provide further insight into gene regulation in C. elegans. In particular, 

motif groups that were significantly associated with homeobox genes, transit peptides, and 

anatomical structure development would be suitable for further investigation. Additionally, a 

statistical analysis of co-occurrence could be performed for the motif groups as was suggested 

for the annotated motifs. 

Many interesting developments have materialized in the field of C. elegans gene 

regulation during the course of this research. The Marian Walhout group at the University of 

Massachusetts Medical School has published a series of papers about C. elegans TFs and their 

binding sites as determined by yeast-1-hybrid experiments [9,11-13]. The purpose of these 

experiments is to determine which TFs are involved in the regulation of which genes. The 

findings of the Walhout group could be combined with the results of the cisRED database to 

determine which uncharacterized C. elegans TFs might bind to cisRED motifs. 

Recently, a Caenorhabditis Genome Analysis Consortium has been formed to generate a 

comprehensive analysis of the five Caenorhabditis genomes. Anticipated topics of investigation 

include: gene and orthologue prediction, ncRNA gene prediction, repeat detection, whole-

genome alignments, protein families, and regulatory sequence analysis. (Erich Schwartz, 

personal communication). Over twenty research groups are participating in the project and 

preliminary results will be presented at the 17
th

 International C. elegans Meeting at UCLA in 

June 2009. Similarly, the National Human Genome Research Institute recently approved funding 

for the modENCODE project, a large-scale analysis of gene regulation for both C. elegans and 

Drosophila melanogaster (www.modencode.org). Aspects of this project include transcriptome 

analysis, chromatin function, histone variants, regulatory elements, and 3’ UTRs. It will be 

interesting to compare the results of both the consortium and the modENCODE project with the 

results of the similar but much less extensive C. elegans cisRED database. 

Lastly, this research has several applications to human and other mammalian systems. 

Mammalian cisRED databases already exist for human, mouse, and rat genomes [14]. Although 
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conserved upstream elements were found for these species, and motifs were annotated for 

similarity to known sites from TRANSFAC and JASPAR, the motif grouping with DME was not 

performed on these databases. Given the remarkable success of the C. elegans motif grouping 

procedure, the same techniques for the mammalian cisRED databases should produce interesting 

results. Also, the mammalian motifs were not examined for similarity to C. elegans TFBSs such 

as CHE-1. We could see if the human genome contains an orthologue of CHE-1, whether it has a 

similar binding site in the human genome, and whether it is also involved in the regulation of 

neuronal genes in mammals.  

5.4 Philosophy 

5.4.1 Innovation 

Many of the techniques used in this research were well-established. MotifSampler and 

RSAT have each been cited more than 200 times and have been used for regulatory element 

discovery in a wide range of species. The mammalian cisRED database, which was developed by 

a large team of researchers at the Genome Sciences Centre, was published in 2006 and has since 

been cited more than 40 times. Motif discovery, position frequency matrices, and motif scanning 

are common methods to explore the regulation of small sets of coexpressed genes. Comparative 

genomics is a relatively long-established field, especially for mammalian genomes. However, 

several aspects of this research were entirely novel. 

We have described the first large-scale analysis of multiple nematode genomes. The 

genomes used in these analyses were made available by several genome sequencing 

organizations, but we were the first to analyze more than three of them simultaneously. We are 

also the first to apply mammalian transcription factor binding models to C. elegans to see 

whether our understanding of gene regulation in mammals can be applied to nematodes. We are 

also the first to use DME secondarily to the results of another motif discovery program, and also 

to use motif discovery on an input set (the cisRED C. elegans motif sequences) that did not 

originate from coexpressed genes, orthologous genes, chromatin immunoprecipitation sequence, 

or any other set of sequences that are known to share TFBSs. The cisRED motifs were simply a 

set of short sequences that are partly or wholly conserved in the orthologous regions of other 

nematodes, but they were all determined independently and are otherwise unrelated.  

It may not have been possible to find the trans-splice acceptor sites and other ribosomal-

associated motif groups using any other method. Although ribosomal genes are known to be 

coexpressed [15], they tend to display a high constant level of expression in all tissues, rather 

than different levels of expression under different conditions, so the coexpression may not be 
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considered interesting. We did not find any publications regarding the regulation or upstream 

conservation of ribosomal genes, nor did we find any recent findings regarding trans-splice 

acceptor site variations.  

5.4.2 Impact 

Both collaborators went on to publish more papers that built on our findings. ELT-2 was 

confirmed to be the primary TF for intestinal gene regulation [16]. The Hobert lab continued to 

investigate the significance of the asymmetry between the ASER and ASEL neurons [17]. The 

cisRED C. elegans database is publicly available and designed to be easy to use. People 

interested in the regulation of a specific gene and targets of a specific TF can find candidates for 

further investigation. The impact of the motif grouping results remain to be seen. They may 

represent a small breakthrough in our understanding of ribosomal genes, gene regulation and/or 

trans-splicing. Alternatively, because very little related research has been published in these 

areas, it may take some time before the results connect with other scientists’ findings. 

5.4.3 Bioinformatics 

This research would not be possible without recent advances in DNA sequencing 

technology, computer algorithms, and computer processing speed. Four of the eight genomes 

were released while the cisRED database project was already underway and the other four were 

updated annually throughout the course of the project. With sequencing technology increasing in 

speed and decreasing in cost each year, research projects in the areas of comparative genomics 

and gene regulation are going to continue to increase in scope. Some of the algorithms we used 

were already available at the start of the research (e.g. MotifSampler), but others were published 

and integrated into the analysis pipeline after preliminary cisRED motif discovery results were 

already complete (e.g. DME). Computer processing speed and storage space continue to 

improve. The large-scale orthologue predictions and motif discovery portions of the cisRED 

analysis pipeline would not have been possible without the GSC parallel computing cluster. 

Advances in all three of these fields will continue to promote our understanding of DNA and 

other fields in bioinformatics such as systems biology. 

Unlike chemistry and physics, biology is not a science that can be deduced from first 

principles. Instead, we observe a complicated system already in progress (whether it is on the 

scale of whole geographical regions or biochemical reactions too small to be seen with the 

microscope) and try to understand what is happening. At every scale of investigation, every 

aspect of biology turns out to be far more complicated than we expected or imagined. From 
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Leeuwenhoek’s surprising discovery of bacteria in the 1670s to the more recent failure (so far) of 

protein structure prediction methods, our current understanding can not prepare us for what we 

are about to discover. Scientific advances are made by investigating something that has not been 

investigated before, even if its usefulness or importance is uncertain. 

Bioinformatics is our attempt to establish a field of theoretical biology. There are only 20 

primary amino acids and four DNA bases; both are easy to digitize. DNA sequence is 

responsible for the astounding complexity of the biosphere, and yet it has no discernible meaning 

or information outside of its biological context. In order to understand what a given DNA or 

amino acid sequence might mean, we have to form a simple model, form testable hypotheses, 

and only test one element at a time. We inevitably find that the model can be used to explain 

some initial findings, but when the model is extrapolated, it does not fit every case or even a 

majority of cases. There are always levels of other factors going on that we are not aware of and 

may not be aware of for years.  

When this research was first proposed, it seemed clear that, based on the few TFBSs that 

had been discovered, many more TFBSs were waiting to be found if we searched for them. 

While the research was underway, other scientists were discovering that chromatin organization 

and histone modifications had a major impact on gene regulation that we were not taking into 

account. Simultaneously, it was discovered that transcription is not limited to protein-coding 

genes; numerous noncoding RNA genes influence cellular processes and many genes are 

transcribed in the antisense direction as well as the sense direction. During the course of our own 

research, we observed that upstream regions are more highly conserved than expected. It is 

possible that portions of intergenic regions may be conserved simply because they have few 

opportunities to mutate, not just because they are physiologically important. At the same time, 

TFs bind to such a wide variety of sequences under different conditions that their binding sites 

do not stand out in the highly conserved background. Once again, biology has proven to be 

complex at a different level than our experiments were designed for. We will need to integrate all 

of the new discoveries to form a completely different model, and continue our investigations. 
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