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Abstract 

I have used novel whole transcriptome sequence data generated from massively 

parallel high-throughput next generation sequencing technologies, namely 454 

pyrosequencing and Illumina sequencing, to perform comparative transcriptome analyses 

of C. elegans populations in specific biological conditions and developmental stages.  

Firstly, I have conducted transcriptome profiling of C. elegans in its first larval 

(L1) stage using data generated from the Roche 454 sequencing platform. I have used this 

data to refine gene structures, identify putative novel transcripts, and characterize the L1 

specific transcriptome. Secondly, I have taken Illumina paired-end sequencing 

transcriptome data generated from starved and fed populations of C. elegans in the L1 

stage and investigated metabolic and developmental gene expression changes that are 

specific to this developmental stage. Additionally I have taken advantage of this paired-

end data to perform de novo assembly of the short tag sequences to identify novel 

transcript structures with confirmed splice sites, providing greater confidence in novel 

gene structure discovery. Lastly, I have investigated global transcriptional responses to 

oxidative stress in aging defective aak-2 mutants. This analysis has led to the 

identification of potential downstream targets of the AMP-activated protein kinase, 

AAK-2, which is known to be involved in stress resistance and lifespan control in C. 

elegans. 

This study demonstrates the impact of new high-throughput sequencing 

technologies on genomic analysis, providing valuable insight into transcriptome 

complexity as a result of developmental, metabolic, and mutational effects in C. elegans. 

The approaches I have described here can be applied to transcriptome analyses of more 

complex organisms ultimately leading to investigation of transcriptional changes in 

human diseases. 
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1: General Introduction 

1.1  The birth of sequencing 

Since the discovery of the structure of DNA by Watson and Crick in 1953 [1], 

there has been tremendous effort applied to decoding genome sequences of many 

organisms including humans. Genomic sequencing began with the development of the 

Sanger Sequencing by Frederic Sanger in 1975 [2, 3], also known as the 

dideoxynucleotide or chain termination method. In this method, the DNA is used as a 

template to generate a set of DNA molecules that differ in length from each other by a 

single base. The DNAs are then separated by size, and the bases at the end identified, 

recreating the original sequence of the DNA. Sanger sequencing provided a means to 

learn the most basic genetic information, and was a method that fundamentally 

revolutionized the way in which biology was studied. However, despite large efforts to 

improve the efficiency and throughput of Sanger Sequencing, such as development of 

automated capillary electrophoresis [4] and computer driven assembly programs [5-8], 

this method remained costly and time consuming, especially for applications such as 

large scale sequencing required to sequence the whole genome of an organism such as a 

human.
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1.2 The genome age - sequencing the human genome 

 In 1990, the Human Genome Project (HGP) began [9, 10]. This publicly funded 

international collaboration aimed to decode the entire 3 billion basepairs of a human 

genome. The project took thirteen years to finish, with the draft sequence being released 

in 2003 [11]. The human genome sequence was completed using BACs (bacterial 

artificial chromosomes) to package discrete fragments of genomic DNA of approximately 

100 kb in size.  These genomic fragments were transformed into bacteria for 

amplification and maintenance. Restriction digest mediated ‘fingerprinting’ of the BAC 

inserts enabled overlapping regions of the inserts to be identified. In this manner, a tiling 

path of BAC insert fragments could in theory be assembled across the entire genome. 

This so-called physical map then acted a framework to align short sequences derived 

from the larger inserts [12]. 

Sequencing the ~100kb BAC inserts using the Sanger method was not feasible so 

a pipeline of subcloning was implemented to break up the genomic fragments into a more 

manageable sizes. BAC inserts were fragmented and subcloned into plasmid vectors, 

before being amplified, and sequenced. This 'shotgun' approach allowed for multiple 

overlapping tags to be assembled, reconstructing the entire sequence of each BAC insert 

(Figure 1.1). Once a BAC sequence was complete, the genomic position of the genomic 

fragment could be identified from the physical map. In this way, the whole genome was 

compiled. Proofreading and editing teams known as finishers would sift through the 

contig sequence alignments, correcting errors and ambiguous tags by eye. This pipeline, 

though labour intensive enabled high quality sequencing data to be produced in an 

efficient manner. 
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In 1998, a privately funded team led by Craig Venter of Celera Genomics, 

introduced a technique called 'whole genome shotgun sequencing’ (WGSS) by paired-

end sequencing [13]. With this approach, whole genomic DNA samples were 

mechanically sheared to create small fragments that were then packaged into plasmids 

and fosmid clones. Paired-end sequence information from these small inserts was then 

used to assemble the whole genome directly (Figure 1.1). WGSS was proven to be a 

more efficient and cost effective approach as it performed significantly faster at a lower 

cost. For this method to be effective however required greater depth in the genome 

coverage to eliminate ambiguous sequence mapping.  Celera succeeded in decoding its 

human genome in three years, at cost of approximately 1/10th of that of the BAC-based 

HGS approach. 

Even though WGSS provided much higher throughput than BAC-based 

approaches, it was still based on the fundamental science of the Sanger capillary 

sequencing method. The sheer scale of the resources that were required to sequence a 

single genome was prohibitively large for sequencing of individual genomes for medical 

or further research purposes. Clearly alternative approaches would be needed for 

elucidating an entire genome at a cost that would make individual sequencing feasible. It 

was not until 2005 that this possibility came closer. At this time a revolution in 

sequencing took place with the introduction of an alternative non-Sanger based 

sequencing strategy, 'sequencing-by-synthesis' [14]. This method radically increased 

sequencing throughput to unprecedented levels, and paved the way for the so-called 

'next-generation' sequencing era. 
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Figure 1.1 Sequencing pipeline used by the HGP and Celera Genomics. BAC sequencing (Left), WGSS 
(Right). 
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1.3 The Next-generation 

Next generation sequencing technologies have again fundamentally changed the 

way in which we think about genetic and genomic research, in a manner akin to the 

introduction of Sanger Sequencing in the 1970's. Next-generation sequencing 

technologies provide opportunities for global investigation of multiple genomes and 

transcriptomes in extremely efficient and timely manner at much lower cost than Sanger-

based sequencing methods could ever achieve. Applications that have already benefitted 

from these technologies include; polymorphism discovery [15], non-coding RNA 

discovery [16-19], large-scale chromatin immunoprecipitation [20-23], gene-expression 

profiling [24-28], mutation mapping and whole transcriptome analysis. Currently three 

commercially available next-generation sequencing platforms exist at the forefront of the 

sequencing industry, the original Roche 454 platform and the Illumina, and SOLiD 

sequencing technologies. 

1.3.1 Roche 454 Sequencing Technology 

Massively parallel sequencing-by-synthesis technology was first developed by 

454 Life Sciences in 2004 [14]. This strategy is based on a sequencing method known as 

pyrosequencing in which a nucleotide incorporated by DNA polymerase results in the 

release of pyrophosphate and subsequent emission of light. The intensity of light 

produced is directly proportional to the number of nucleotides added (Figure 1.2). The 

critical step in sequencing-by-synthesis that improved throughput enormously was 

emulsion PCR [29]. In this technique, each sheared DNA fragment is PCR amplified on 

the surface of an agarose bead individually emulsified in water-in-oil microreactors [14]. 
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Each DNA fragment is isolated and amplified approximately one million times on the 

surface of each bead. Next, the beads are deposited into 400,000 wells of picotiter plates 

(one bead per well), and the DNA fragments are sequenced in parallel using the 

pyrosequencing process [30]. This method produces sequence tags with average length of 

330 bases. 

1.3.2 Illumina Sequencing Technology 

The Illumina sequencing platform [31, 32] was introduced in 2006, and is based 

on the same principle as 454 sequencing technology being that it uses massively parallel 

'sequencing-by-synthesis'. The Illumina sequencing technology uses reversible 

terminator-based sequencing chemistry. All four bases are added simultaneously and 

each nucleotide incorporated carries a base-specific fluorescent label and the 3'-OH group 

which is chemically blocked which allows one nucleotide to be added at a time for each 

cycle. After each base incorporation, fluorescence intensity is captured and 3'-OH 

blocking group is chemically removed in preparation for the next base incorporation to 

occur by DNA polymerase. In Illumina sequencing, instead of the beads and picotiter 

plates as used in 454 sequencing platform, PCR reactions and sequencing take place on 

the surface of a transparent flow cell with arrays of oligonucleotide anchors bound to it. 

Adapters complementary to oligonucleotide anchors are ligated to the ends of the DNA 

fragments and these fragments are bound to the surface of a flow cell. As the free end 

binds to another adjacent oligo this forms a bridge as illustrated in Figure 1.3. 

Amplification and denaturation of the bridge result in clusters of single stranded template 

DNA ready for sequencing. 
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Figure 1.2 Roche 454 Pyrosequencing (For description see text). Adapted from Mardis ER. Annu Rev 
Genomics Hum Genet. 2008;9:387-402. Review.
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Figure 1.3 Illumina sequencing (For description see text). Adapted from Mardis ER. Annu Rev Genomics 
Hum Genet. 2008;9:387-402. Review.
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1.3.3 SOLiD™ Sequencing Technology 

The SOLiD system (the supported oligonucleotide ligation and detection system) 

from Applied Biosystems also uses emulsion PCR and flow-cell sequencing similar to the 

Roche 454 platform but is unique in that it has a ligation-based sequencing protocol. 

Another unique aspect of this system is the use of di-base probes for the ligation reaction 

(a two base encoding system). Sixteen probes are used in total labelled with four colours 

(four dinucleotide sequences are associated with one colour). As shown in Figure 1.4, 

after a series of di-base probe ligation cycles, the extended strand is removed and the 

primer complementary to the n-1 position is reset for another round of ligation cycles. 

Five rounds of such primer reset are performed for each DNA fragment. This process 

ensures specificity of the di-base probe ligation. As a result, each colour-space read 

obtained for each di-base is compiled into a string, which is then aligned to a colour-

space reference sequence to decode the DNA sequence. 
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Figure 1.4 SOLiD sequencing (For description see text). Adapted from Mardis ER. Annu Rev Genomics 
Hum Genet. 2008;9:387-402. Review.
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To compare each of the approaches described above; for template preparation, the 

454 sequencing platform and SOLiD system both use DNA capturing micro-beads and 

emulsion PCR. The Illumina sequencing platform uses a microfluidic cluster station to 

add these fragments to the surface of a glass flowcell for bridge amplification. In terms of 

sequencing method, 454 sequencing and Illumina sequencing platforms are based on 

DNA synthesis using DNA polymerase while SOLiD system uses a ligation based 

approach using DNA ligase. Unique aspects of these platforms are that 454 sequencing 

platform uses the pyrosequencing method, Illumina platform uses cyclic reversible 

termination, and SOLiD platform uses di-base encoding scheme (Table 1.1). This 

technical variety in different sequencing platforms provides a broad usage for specific 

biological studies. 

Table 1.1 Comparison of next generation sequencing technologies (Metzker ML. Nat Rev Genet. 2010) 

Platform 
Template 

preparation 
Chemistry 

Read length 
(bases) 

Runtime 
(days) 

Gb per run 

Roche 454 Emulsion PCR Pyrosequencing 330 0.35 0.45 

Illumina 
Bridge 

amplification 
Cyclic reversible 

termination 
100 4.9 18 to 35 

SOLiD Emulsion PCR 
Cleavable probe 

sequencing by ligation 
50 7.14 30 to 50 
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1.4 Applications of next-generation sequencing 

The impact of next generation sequencing on biological research has been 

astonishing. This new technology has opened the door to new possibilities that were 

simply not feasible due to time constraints or high cost. High-throughput sequencing 

without the traditional cloning step offered by next-generation sequencing has been 

applied to various research areas, including but not limited to; metagenomics in 

comprehensive microbiom sequencing [33], global discovery of non-coding RNAs [16-

19], genome-wide mutation discovery such as SNPs or indels [34-36], identification of 

DNA and protein interactions [20, 22], finding epigenetic modifications of histones and 

DNA [37-40], and unveiling chromatin structure [41-45]. In addition, an area that next-

generation sequencing has changed greatly is transcriptome and gene expression profiling 

[24-28]. Overall, sequencing technologies have allowed these areas of study an 

unprecedented depth of data, needed to obtain unbiased and broad representation of 

normal and mutational variations. Additionally, the much higher coverage attainable 

enables comprehensive global genomic and transcriptomic analyses to be performed. 

1.5 Transcriptome and gene expression profiling (RNA-seq) 

Investigation of the transcriptional activities taking place within an organism is 

essential for a thorough understanding of how genomic information is translated into 

functional molecular mechanisms. Transcriptome composition can vary greatly 

depending on the stage of development, the tissue type under investigation, or varied 

environmental cues. For example, one can identify fundamental sources of phenotypic 

variations and gain insight into the basic mechanisms of gene expression control. 

Additionally, global genome and transcriptome sequencing studies have identified 
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previously unknown genome structures such as novel genes, complex splice variants, and 

regulatory elements including non-coding RNAs. There have been great efforts to 

improve throughput of gene expression profiling. Initially, in order to conduct such 

analyses and increase throughput, techniques such as microarray [46, 47] and SAGE 

(Serial Analysis of Gene Expression) [48-50] were developed.  

1.5.1 Microarray 

Microarray technology is a hybridization based approach that has been widely 

used in comparative gene expression studies as it provides a direct comparison of two 

samples [46, 47]. In this approach, samples that can represent thousands of genes 

competitively hybridize to the probes on microarray chips providing relative abundance 

of transcripts in the two samples, one of which is typically a control sample in a single 

experiment. From such comparative measurements one can identify a set of genes that 

shows statistically significant differential gene expression between the two samples. 

Microarray technology provided scientists with a high-throughput tool that has been 

applied not only to differential gene expression analysis, but also to various other 

projects, including; detection of the genomic regions of copy number changes in a disease 

state (array-CGH) [51, 52], identification of genome-wide protein binding DNA 

sequences (ChIP-on-chip) [53-55], and discovery of novel genetic transcribed regions 

(whole genome tiling array) [56-60]. 

Although the efficacy of this technology has been demonstrated repeatedly, there 

are drawbacks to this approach, such as low sensitivity for lowly expressed genes, high 

background noise signals, inability to quantitatively measure transcript abundance, and 

inability to detect unidentified or poorly characterized genes sequences [61, 62]. 
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1.5.2 Serial Analysis of Gene Expression 

Serial Analysis of Gene Expression (SAGE) [48] is a sequencing based approach, 

which was developed as an alternative method to expressed sequence tag (EST) 

sequencing [63-66]. SAGE was a more cost-effective and higher-throughput method 

relative to EST sequencing using Sanger sequencing.  

In SAGE, short sequence tags (18 bp) are generated from restriction digest of 

cDNA.  These fragments are concatenated into a long sequence of 20–60 tags and 

analyzed in one Sanger sequencing reaction [48]. This method has been successfully 

applied for several gene expression analyses [67, 68] and shown to be more sensitive in 

detecting low copy number transcripts as compared to EST sequencing [69]. 

 Although SAGE remains a useful method, and a variant technique, LongSAGE 

[50, 70] offers longer tag length (27 bp) for increased tag mapping accuracy, short tag 

length is a significant drawback. Many tags cannot be assigned to a single transcript 

locus.  Additionally, sequences that do not contain the appropriate restriction enzyme 

sites are neglected in this type of analysis. In addition, with the lower cost and efficiency 

that next-generation sequencing offers, it is now feasible to sequence the full-length 

cDNAs, giving an unbiased and complete coverage of a transcriptome. SAGE approaches 

that use Next-generation sequencing to generate sequence data have been developed, 

known as deepSAGE (Tag-seq) [24, 71], while the whole genome shotgun sequencing of 

full-length cDNA sequencing is termed RNA-seq [61, 62]. 

1.5.3 RNA-seq using next-generation sequencing 

It is evident that next-generation RNA-seq is replacing many of the contemporary 

gene expression and transcriptome profiling methods mentioned above. Since the 
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commercialization of next-generation sequencing platforms, new studies utilizing this 

method have exploded. Next-generation sequence tag lengths are getting longer and 

quality continues to improve. Next-generation sequencing is now more accurate and 

powerful in comparison to hybridization-based microarray methods [72]. Additionally, 

paired-end sequencing techniques, sequencing both ends of longer DNA fragments 

(200bp – 3kb), has improved mapping of these sequence tags to reference genomes and 

also enables identification of novel splice variants or differential expression of splice 

variants [73, 74].  

RNA-seq using next-generation sequencing has been demonstrated to be a 

superior method for comparative differential gene expression analysis [62, 75]. Marioni 

et al. compared next-generation sequencing, specifically Illumina technology, and array 

technologies for their ability to identify differentially expressed genes and for technical 

reproducibility.  This group concluded that Illumina sequencing produces highly 

reproducible data, eliminating the need for costly technical replicates. Additionally, they 

found that Illumina sequencing data is sufficient for quantitatively identifying 

differentially expressed genes while providing advantages in detecting lowly expressed 

genes, alternative splice variants, and novel transcripts [76, 77]. 
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1.6 C. elegans as a model for genome sequencing 

All new methods and advances require suitable systems in which to test their 

fallibility and limitations. In biology, a model organism that has repeatedly appeared at 

the forefront of new developments in the biological sciences is the nematode 

Caenorhabditis elegans. C. elegans is a free-living soil nematode which is used as an 

excellent experimental system in biology, in part due to its short life cycle, self-fertilizing 

reproduction, simple anatomy, and the ease of genetic and experimental manipulations 

[78-80]. Since C. elegans was first selected as a model organism by Sydney Brenner in 

1965 there has been a rapid accumulation of a tremendous amount of biological 

knowledge about this organism. MicroRNAs and their importance in gene regulation and 

development [81-85], the discovery of RNA interference and subsequent use for in vivo 

disruption of gene function [86-90], and the use of green fluorescent protein (GFP) in the 

investigation of protein and gene functions were all discovered and pioneered using C. 

elegans [91-93], to name a few. Most important of all, this knowledge is not only relevant 

to C. elegans worms, but ultimately to humans.  

C. elegans was the model for the original genome sequence and was the first 

metazoan to have its genome sequenced in its entirety. Alan Coulson and John Sulston 

created a YAC and BAC based physical map and sequenced the genome showing a proof 

of principle for this approach [94]. The C. elegans genome sequence (approximately 100 

million base-pairs) is now completely decoded and extensively annotated. There have 

been continuous efforts to improve this annotation, validating computational predictions, 

and identifying novel genetic structures [95-98]. Hence, C. elegans is the ideal system to 

study functional genomics as well as systems biology. According to the recent 
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WormBase release WS210, there are 24,273 genes including splice forms, and 40.9% of 

these genes are completely confirmed by transcription evidence such as mRNAs or ESTs, 

47.8% are partially confirmed, and 11.3% are predicted without any transcription 

evidence.  In addition to the genome, subsequent sequencing of genomes of other closely 

related nematode species such as C. briggsae, C. remanei, C. japonica, and C. brenneri  

have contributed greatly to comparative genomics and evolution studies [99-103]. 

The high quality genome sequence of C. elegans has been used as a standard for 

newly developed sequencing technologies for sequence quality assessment, and 

conversely, these next-generation sequencing platforms are rapidly extending biological 

knowledge of C. elegans and understanding of this complex organism. 

1.7 The Aims of this project 

In the work presented here, I illustrate three projects that make use of next-

generation sequencing technologies using C. elegans as a model. These projects 

demonstrate the power of high-throughput sequencing for identification of genome 

structure as well as global transcriptome analysis. Included is an overview of 

transcriptional activities that take place at a specific developmental stage and under 

different physiological conditions induced by: nutrient availability, chemical stress, and a 

mutation that disrupts function of a single gene. 

First, I have used transcriptome (or RNA-seq) data generated from a sample of C. 

elegans synchronised at the first larval developmental stage using the Roche 454 

sequencing platform. From this analysis I have been able to take a global snapshot of the 

developing organism as well as refining our knowledge of transcriptome structure in this 
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organism. Second, I employed the Illumina sequencing platform to generate paired-end 

RNA-seq data for animals arrested at the first larval stage (L1) in the absence of food and 

an L1 population synchronised in a nutrient rich environment. This allowed me to 

compare and contrast biological processes occurring under these two dissimilar 

conditions. Finally, I have investigated paraquat induced oxidative stress response of 

aging defective C. elegans AMPK (AMP-activated protein kinase) mutant animals using 

Illumina generated transcriptome data. This analysis has revealed a global effect that 

disruption of a single gene can have on an organism’s transcriptome as well as lending 

insight into the mechanisms that are governed by the gene in response to stress. 

Together this body of work illustrates the potential that next generation 

sequencing platforms have to enhance our ability to investigate and understand the 

transcriptional nuances of a complex organism. The approaches taken here will help to 

decipher the transcriptomes of more complex organisms, ultimately that of the human 

transcriptome. 
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Caenorhabditis elegans: the first larval stage 

Transcriptome analysis for Caenorhabditis elegans based on novel 
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sequencing. Bainbridge MN designed the mapping algorithm.   

2.1 Abstract 

We have applied a high-throughput pyrosequencing technology for transcriptome 

profiling of C. elegans in its first larval (L1) stage. Using this approach we have 

generated a large amount of EST data which provides an opportunity for the discovery of 

putative novel transcripts and alternative splice variants that could be developmentally 

specific to the L1 stage. This work also demonstrates the successful and efficient 

application of a next generation sequencing methodology. 

We have generated over 30 million bases of novel Expressed Sequence Tags 

(ESTs) from L1 stage worms utilizing high-throughput sequencing technology. We have 

shown that approximately 14% of the newly sequenced ESTs map completely or partially 

to genomic regions where there are no annotated genes or splice variants, and therefore, 

imply that these are novel genetic structures. ESTs which map to intergenic (~1000) and 
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intronic regions (~580) may represent novel transcribed regions, such as unannotated or 

unrecognized small protein-coding or non-protein-coding genes or splice variants. ESTs 

which map across intron-exon boundaries (~300) indicate possible alternative splice sites, 

while ESTs which map near the ends of known transcripts (~600) suggest extension of 

the coding regions or UTRs. We have also discovered that intergenic and intronic ESTs 

which are well conserved across different nematode species are likely to represent non-

coding RNAs. Lastly, we have incorporated available Serial Analysis of Gene Expression 

(SAGE) data, generated from L1 stage worms, in order to predict novel transcripts that 

might be specifically or predominantly expressed in the first larval stage. 

We have demonstrated the use of a high-throughput sequencing methodology to 

efficiently produce a snap-shot of transcriptional activities occurring in the first larval 

stage of C. elegans development.  Such application of this new sequencing technique 

allows for high-throughput genome-wide experimental verification of known and novel 

transcripts. This study has provided a more complete C. elegans transcriptome profile and 

furthermore, has given insight into the evolutionary and biological complexity of this 

organism. 
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2.2 Introduction 

Computationally based genomic analyses have been able to accomplish 

interpretation of the genome of C. elegans on a global scale. The aims of some high-

throughput genomic projects have been focused on the identification of developmental 

stage, tissue, or cell specific ‘transcriptomes’ which attempt to describe transcribed 

regions and their relative abundance [1-3].  

Approaches such as Microarray, Serial Analysis of Gene Expression (SAGE) [4], 

and Expressed Sequence Tag (EST) analysis have been widely used for the identification 

of genes that are selectively turned on or off in specific cell or tissue types with regard to 

development, aging, and disease. These approaches have also provided experimental 

evidence for the confirmation of predicted gene structures, alternative splice variants [5], 

and non-coding RNAs (ncRNAs) [6].  

At present, there are approximately 340,000 C. elegans ESTs in WormBase 

which, in addition to available cDNA sequences, provide complete transcriptional 

evidence for 34.6% of the transcripts. The remaining transcripts are partially confirmed 

by ESTs or only computationally predicted by comparative genomics or ab-initio gene 

prediction methods (WS180 release notes).  

We have sequenced a large number of ESTs from a C. elegans cDNA population, 

synchronized at the L1 developmental stage, by a high throughput sequencing-by-

synthesis technology, namely 454 sequencing [7]. This method produces DNA sequences 

more rapidly and cost-effectively than the traditional Sanger sequencing approach and 

has been successfully utilized in other studies for various purposes such as expression 
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profiling and novel gene discovery [8-10]. We have generated more than 300,000 novel 

C. elegans EST sequences by this highly parallel sequencing method for this study. 

We have analyzed the novel sequence data to obtain a more complete C. elegans 

transcriptome profile, providing not only confirmation of computationally predicted 

transcripts but also the identification of potential novel transcripts, alternatively spliced 

variants, and non-coding RNAs [11]. In addition, the increased depth of this sequencing 

of C. elegans L1 cDNA sample facilitated a more sensitive search for novel transcribed 

regions that may be specific for the first larval stage of C. elegans. We have also 

investigated conservation of potential novel transcribed regions across available 

nematode species namely; C. elegans, C. briggsae, C. remanei, C. brenneri, B. malayi, 

and P. pacificus. 

2.3 Results and Discussion 

2.3.1 454 EST sequencing identifies known transcripts and partially confirms 

computationally predicted transcripts  

Using sequencing-by-synthesis technology we have generated a total of 300,453 

tags (30,907,940 bases) from an L1 specific cDNA sample with an average tag length of 

102 bases. An average 454 read accuracy is measured to be 99.4% with substantially all 

of the bases having Phred 20 or better quality [7]. Sequences identified as vector 

contamination were filtered out, using Crossmatch [12], resulting in a data set of 298,838 

454 ESTs which were aligned, using BLAST [13], to ~22,000 known and predicted C. 

elegans genes (WormBase release WS160). From this set a total of 229,989 454 ESTs 

(77%) were directly mapped to 6,132 known or predicted C. elegans genes by BLAST 

with high confidence value (p-value <= 9 x 10-7). Transcripts which have the greatest 



 

 30 

number of 454 ESTs (250 – 10,000) generally match ribosomal protein coding genes. 

This is expected as ribosomal protein coding genes are the most abundantly expressed 

type of genes. These data provide partial experimental evidence for approximately 200 

genes which have previously been predicted only through computational methods 

(Supplementary Table 2.1).  

22% of the 454 EST data (66,358 tags) had no significant matches to known or 

predicted C. elegans transcripts at the specified stringency and as such may represent 

previously unidentified genetic structures, such as: novel transcripts, L1 stage specific 

transcripts, novel splice variants and non-coding RNAs. The remaining 1% (2,491 tags) 

of the data ambiguously map to more than one transcript at the high stringency used, 

although these ambiguous matches are usually simple repeats or sequences of low-

complexity. 

2.3.2 454 EST tags are biased towards 3’ transcript ends 

The physical distribution of 454 EST tags which map across known transcripts 

from their 5’ to 3’ ends shows a larger coverage on the 3’ends (Figure 2.1A). This is 

likely due to the presence of partial transcripts in the cDNA sample. The lack of splice 

leader sequences also indicate under representation of 5’ ends of the transcripts. On 

average, six unique EST tags were mapped to each known transcript ranging from a 

single EST to 847 unique ESTs, with a median of 2 ESTs.  

2.3.3 Most statistically overrepresented genes identified by 454 ESTs correlate to 

developmental, reproductive, and cellular metabolic processes 

We performed GO (Gene Ontology) analysis on 6,132 genes identified by 454 

ESTs using GOstat [14]. The most statistically overrepresented GO annotations in 
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biological processes (p-val < 9x10-10) within this group of genes correlate to multicellular 

organismal development processes (i.e. larval development, post-embryonic body 

morphogenesis, positive regulation of growth, and homeostatic process), reproductive 

developmental processes in a multicellular organism (i.e. sex differentiation, gamete 

generation, genitalia development, and oviposition), and lastly, cellular metabolic 

processes (i.e. translation, cellular component organization and biogenesis, coenzyme 

biosynthetic process, and protein and RNA metabolic processes). 

2.3.4 454 ESTs that map to C. elegans’ genome identify putative novel transcripts 

or splice variants 

The 22% (66,358 tags) of 454 ESTs, which did not have significant matches to 

known or predicted C. elegans transcripts, was subsequently compared with C. elegans’ 

genomic sequence using BLAST.  As a result, 31,570 ESTs (14%) map to the genome at 

a high stringency (i.e. p-value <= 9 x 10-5). A stringent p-value threshold of 9x10-7 was 

used for mapping 454 ESTs to the transcriptome to ensure that tag alignments to the 

transcriptome were of very high quality and unlikely to occur by chance.  Subsequently 

this threshold was lowered here to 9x10-5 for alignments against the genome. Although 

this increases chance of incorrect alignment, it increases the total number of aligned tags 

and may facilitate the discovery of novel transcription events which can subsequently be 

validated.  

The remaining ESTs (8%) which do not map to either the transcriptome or 

genome is composed of contamination, low complexity or poor quality sequences (Figure 

2.1B). From this analysis, 530 additional genes (along with 6,132 genes found in the 
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previous step) were identified by ESTs mapping completely to their introns or partially to 

exons.  
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Figure 2.1 (A) Histogram showing the distribution of 454 ESTs mapping to C. elegans transcripts. 
Coordinate 0 on the x axis represents the transcripts’ 5’ end. (B) Summary of 454 EST mapping result to 

the C. elegans transcriptome and genome (C) Categorization of genomic 454 EST hits
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2.3.5 Genomic EST hits are categorized according to genomic mapping locations 

The 31,570 ESTs that align to the genome have been subdivided into the 

following categories: ESTs which map to intergenic regions (50%), intronic regions 

(14%), and transcript ends/UTR regions (19%), EST tags that split into two separate 

alignment blocks (3%), and those which span exon and intron boundaries suggesting 

alternative splice junctions (11%). The last 3% mapped to overlapping transcripts (Figure 

2.1C). We have investigated each category to search for genetic structures such as 

putative novel genes, splice variants, and ncRNA genes from each genomic region. Some 

of the genomic regions already have computational predictions or other previously 

sequenced ESTs supporting the presence of such structures, and some do not have any 

other information to support these findings. Lack of other experimental and 

computational evidence may indicate possible splicing errors or unknown genetic 

features.  

2.3.5.1 Intergenic ESTs 

We have classified intergenic ESTs as those ESTs which mapped within 

intergenic regions of the genome but did not overlap with adjacent genes. A total of 8,449 

intergenic ESTs, mapped to 1,061 intergenic regions ranging from single counts to 

coverage with over 1,000 tags (including identical ESTs). 120 of these intergenic regions 

have five or more unique ESTs mapping within them (Supplementary Table 2.2).  

Most intergenic regions (~850) have one unique EST cluster (i.e. identical and 

overlapping ESTs) mapped, ~150 intergenic regions have two clusters, ~35 intergenic 

regions have three  clusters, ~20 have four clusters, and  finally, one intergenic region has 

14 EST predicted clusters. 
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Figures 2.2A, B, and C show the intergenic regions with the most ESTs. There are 

no protein coding gene predictions in these intergenic regions, although there are some 

small open reading frames within these intergenic regions.  However, as indicated in the 

figures, the regions where most ESTs map show a high conservation between C. elegans 

and C. briggsae. Additionally, BLASTX analysis of these regions (nucleotide to protein, 

via six-frame translation) reveals protein homology against reference protein datasets 

from the genomes of yeast, fly, worm, and human, and also against SwissProt and 

TREMBL [15]. These EST loci may represent novel genes that are small or extension of 

neighboring genes.  

Interestingly, the neighbouring gene to the novel EST hits shown in figure 2.2B, 

gsa-1 (R06A10.2), encodes a Gs alpha subunit of heterotrimeric G proteins which affects 

L1 larval stage viability, movement, and egg laying [16]. gsa-1 is confirmed both by 

previously sequenced cDNAs and ESTs.  We postulate that the 454 ESTs may therefore 

indicate UTR extension of gsa-1 or alternatively, a splice variant. It is also interesting to 

note that the number of 454 ESTs mapped near the 3’end of gsa-1 is much greater than 

the number of previously sequenced ESTs mapped to gsa-1. This may indicate that 454 

EST sequencing has much deeper coverage of L1 stage mRNA sample, or alternatively, 

the potential novel splice variant shows a relatively higher level of expression at the L1 

stage.  

Finally, previously sequenced ESTs (Yuji Kohara, unpublished) overlap with 454 

ESTs in the intergenic region shown in figure 2.2C. These ESTs support a possible 3’ end 

extension of the neighbouring gene, nhr-88 (K08A2.5a). The ESTs generated by Yuji 

Kohara (yk1039b06, yk1074f06, yk1232e09), are also generated from an L1 stage C. 



 

 36 

elegans cDNA library. Because nhr-88 has been determined to belong to a gene cluster 

containing genes that are significantly enriched in L1 muscle [17], this example implies 

that our 454 EST sequencing data has deep coverage of L1 enriched genes.  

The size of the intergenic regions to which the 454 ESTs map ranges from 114 bp 

to 38,046 bp. Though we observe a positive correlation between the physical distribution 

of EST hits and the intergenic size (Pearson correlation coefficient of 0.46) we found no 

correlation between the size of the intergenic region and the number of ESTs that mapped 

to it. The distribution of intergenic EST hits across intergenic regions was observed to be 

relatively uniform which is unexpected given that we anticipated witnessing a bias 

towards the ends of the intergenic regions (i.e. close to neighbouring genes) which would 

likely represent UTRs or novel terminating or initiating exons of the bordering genes. 

EST hits in the middle of large intergenic regions distant from neighbouring genes 

represent more likely candidates for novel transcripts including ncRNA genes [18].  
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Figure 2.2 (A) The intergenic region on chromosome III with 49 unique 454 ESTs. (Note: genomic regions shown are not to the same scale).
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Figure 2.2 continued. (B) The intergenic region on chromosome I with the most number of unique 454 ESTs (99) in this analysis. (Note: genomic regions shown 
are not to the same scale)
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Figure 2.2 continued. (C) The intergenic region on chromosome II with 62 unique 454 ESTs. The 454 EST clusters in the middle of these intergenic regions with 
black vertical bars represent deep EST coverage, and conservation of these regions between C. elegans and C. briggsae is shown. These ESTs may represent a 
novel gene or extension of the neighboring gene. (Note: genomic regions shown are not to the same scale)
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2.3.5.2 Intronic ESTs 

We have classified intronic ESTs as those ESTs which mapped completely within 

introns. Intronic EST matches may represent novel exons (i.e. alternative splicing) as 

well as novel overlapping transcripts on the opposite strand. Non coding RNAs are also 

known to be present in intronic regions [11]. A total of 1,921 ESTs with over 90% 

alignment were mapped within introns of 584 C. elegans transcripts using BLAST (p-

value <= 9 x 10-5) (Supplementary Table 2.3). 262 of these genes only had the intronic 

EST hits without any ESTs completely mapping to their annotated exons. These ESTs 

may indicate that there are ncRNA genes or novel transcripts on the opposite strand 

within the introns. Our reasoning behind this speculation is that the probability of a gene 

having only intronic ESTs without any ESTs mapping to its annotated exons is low for 

the possibility that the intronic ESTs are derived from a novel exon of that gene. In fact, 

the recent WormBase version (WS180) added four new protein coding genes within some 

of these introns but on the opposite DNA strand and the ESTs mapped in the introns 

match those new genes (Figure 2.3A, Supplementary Table 2.4).  

2.3.5.3 5’ and 3’ end ESTs  

5’ and 3’ end ESTs are ESTs that partially map to the beginning or end of 

transcripts (i.e. 5’/3’ UTRs or terminating/initiating exons). These EST matches are also 

interesting in that they may contain regulatory elements such as subcellular localization 

signals [19] and cis-elements for mRNA stability and translation [20]. 131 transcripts 

were found to have ESTs mapping to their 5’ ends (Supplementary Table 2.5) and 956 

transcripts had ESTs mapped to their 3’ ends. These 3’ and 5’ end 454 ESTs represent 

UTR or coding region extensions potentially including alternative start and stop codons.  
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Table 2.1 Summary of Gapped-EST matches and putative novel structures 

% Cov Gap size Chr First alignment block Second alignment block 
Putative novel 

structure 

98 480 I 390514 to 390558 391038 to 391059 Skipped exon 

96 489 I 5761023 to 5761058 5761547 to 5761592 
Novel End exon 

confirmed* 

98 101 I 7642453 to 7642487 7642588 to 7642631 Novel end exon 

98 62 I 9724862 to 9724908 9724970 to 9725025 
Alternate exon-intron 

boundary 

98 157 I 11931105 to 11931163 11931320 to 11931345 Novel internal exon 

92 45 II 2782924 to 2782962 2783007 to 2783086 
Novel end exon 

confirmed* 

98 224 II 10828328 to 10828404 10828628 to 10828667 Confirmed intron* 

91 461 II 13635576 to 13635653 13636114 to 13636163 Confirmed intron* 

98 548 II 14747166 to 14747225 14747773 to 14747821 Novel end exon 

98 306 III 8552492 to 8552538 8552844 to 8552868 
Alternate exon-intron 

boundary 

92 277 III 11751557 to 11751606 11751883 to 11751921 
Novel end exons 

confirmed* 

92 1364 III 12639534 to 12639558 12640922 to 12640967 Novel internal exon 

98 926 IV 9350535 to 9350565 9351491 to 9351529 Confirmed intron* 

97 900 V 1981345 to 1981373 1982273 to 1982364 Novel end exons 

98 50 X 11824129 to 11824180 11824230 to 11824259 
Novel transcript/novel 

end exons 

* A recent WormBase release (WS180) has since confirmed these exon-intron boundaries; the original 

mapping analysis was done using WB160.  

2.3.5.4 Gapped ESTs 

When one end of an EST tag maps to a genomic location and the other end of the 

EST tag maps to a location some distance away (i.e. two separate alignment blocks), we 

have categorized these as ‘Gapped ESTs’. ESTs that map to the ends of two adjacent 

exons confirming known introns (approximately 29,000 ESTs) are not included in this 

dataset as they were examined in the initial comparison to the transcriptome. Fifteen such 

‘Gapped EST’ hits were found (Figure 2.3B) confirming novel exon-intron boundaries 
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and providing strong experimental evidence for novel transcripts or alternative splice 

variants with skipped exons, novel internal or end exons, or novel exon-intron boundaries 

(Table 2.1). Six of these EST matches confirm updated gene structures in recent 

WormBase release (WS180). 

2.3.5.5 Exon-intron boundary ESTs 

ESTs that map across exon and intron boundaries are a possible indication of 

novel alternative splicing events (i.e. alternative 5’ or 3’ splice sites) or, alternatively, 

cDNAs that have been partially processed with some introns left intact. These EST hits 

could also provide experimental confirmation for incorrect splice site predictions in the 

current gene models especially for those that lack experimental validation. 

Supplementary Table 2.6 lists 284 transcripts with 454 ESTs that map across their exon 

and intron boundaries.  
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Figure 2.3 (A) An example of intronic ESTs, showing 454 ESTs map to the gene, K09E2.3, which is added to a recent WormBase release (WS180) within the 
intron of K09E2.2. There are also other ESTs recently added that confirm K09E2.3. (B) An example of a Gapped-EST, suggesting alternative splicing or 
correction of the current gene model. (Note: genomic regions shown are not to the same scale) 
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2.3.6 Exon-intron boundaries with 454 ESTs mapped show weaker 3’ splice site 

conservation 

We have analyzed splice sites for the transcripts which have ESTs mapped across 

exon-intron boundaries, and found the consensus 3’splice sites (i.e. TTTTCAG) are less 

well conserved as compared to the transcripts that have splice sites confirmed by ESTs or 

RNAs as shown in Figure 2.4A. The weaker conservation of the 3’ splice sites may be a 

feature of alternate splice sites or simply be more prone to erroneous splicing events.  

2.3.7 454 ESTs mapped to different genomic regions show average GC contents 

similar to the genomic averages 

Comparisons of GC contents of the 454 EST tag sequences, in different genomic 

regions, with overall C. elegans genomic sequences are shown in Figure 2.4B. As 

expected, EST tag sequences that mapped to exons have the highest GC content, and 

these are close to the average for annotated coding sequences of the whole genome (~ 

45%). It might be expected that 454 EST tags, which mapped to intergenic and intronic 

regions, would have GC content close to that of coding sequence if they represent novel 

transcripts or exons. However, the intergenic and intronic EST tag sequences have similar 

% GC to the average GC contents of intergenic and intronic sequences for the genome, 

~34% and ~28% respectively, suggesting the ESTs that map to intergenic regions or 

introns represent evidence for non-coding transcribed sequences rather than protein 

coding sequences as ncRNA genes do not show as strong base composition biases as do 

protein coding sequences [21].  
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2.3.8 Intergenic regions with 454 ESTs show a higher degree of cross-species 

conservation  

Conservation of intergenic regions across different nematode species is evidence 

for functional genetic structures. These intergenic regions, with 454 ESTs mapped to 

them, were aligned with other nematode species namely: C. briggsae, C. remanei, C. 

brenneri, B. malayi, and P. pacificus, using ClustalW. Approximately 1000 intergenic 

regions in total were randomly selected for this analysis, providing a 1:1 ratio of 

intergenic regions with 454 ESTs aligned and ones without. These intergenic regions had 

three to six orthologous sequences for multiple sequence alignments depending on the 

availability and existence of orthologous sequences. Intergenic regions, with mapped 454 

ESTs, had overall higher average ClustalW alignment scores than the ones without 454 

ESTs (Figure 2.4C). This higher degree of conservation of the intergenic regions with 454 

ESTs represents further evidence that supports the presence of putative novel functional 

transcripts identified by the 454 EST sequences. 

2.3.9 Cross-species EST-to-genome comparisons identify highly conserved ESTs 

and species specific ESTs 

Another important analysis is the cross-species comparison of ESTs that map to 

the genome. We have compared the well annotated genomes of C. elegans and C. 

briggsae, as well as the C. remanei genome that has more recently become available. 

Strong and abundant EST matches, on well conserved genomic regions, is strong 

evidence supporting the presence of novel genetic structures. We were interested in 

comparing EST hits and cross-species conservation of the genomic regions where the 

ESTs align. Such characterization of EST hits unique to one species and EST hits in 

conserved regions may offer evolutionary clues to alternative splicing. 
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Figure 2.4 (A) Chart showing the conservation of consensus 3’ splice sites (TTTTCAG) of confirmed transcripts and transcripts with exon-intron boundary 454 
EST hits. (B) Chart showing a comparison of 454 ESTs and C. elegans whole genome for GC content of different genomic regions
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Figure 2.4 continued. (C) Average ClustalW alignment score comparisons for intergenic regions with or without 454 ESTs for different numbers of orthologous 
sequences (D) Chart showing 3524 unique C. elegans intergenic 454 ESTs mapped to C. briggsae, C. remanei, and C. brenneri 
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We have examined both species specific and species conserved splicing events by 

mapping the intergenic 454 EST sequences to C. briggsae, C. remanei, and C. brenneri 

by BLAST. A total of 3,524 unique C. elegans ESTs, which were aligned to intergenic 

regions at the high stringency, were mapped to C. briggsae, C. remanei, and C. brenneri. 

The top 5% of the BLAST hits, with the highest scores, were most common among the 

three nematodes, but C. remanei had the greatest number of high score BLAST hits 

(~15%) with E-values lower than 1E-04 (Figure 2.4D). The intergenic regions where 

these ESTs are aligned are highly conserved across species as expected, and synteny of 

these genomic regions also seems to be well conserved (data not shown). These highly 

conserved EST hits across species likely represent novel transcripts. EST alignments with 

poor scores, such as BLAST hits with E-value higher than 10, indicate that the ESTs 

mapped uniquely to C. elegans at high stringency. These EST sequences may be from 

novel transcripts that are unique to C. elegans, although it is also possible that some or all 

of these ESTs may be transcriptional noise. 

2.3.10 Highly conserved ESTs are mapped to ncRNAs 

Non-coding RNAs are anticipated to be conserved [13]. The conservation of 

primary structure for ncRNAs is known to be variable when the secondary structure is 

expected to be more highly conserved across species [22]. It is also known that 

expression of ncRNAs vary with developmental stages [23], and therefore, our ESTs may 

identify ncRNAs highly expressed in L1 stage. 

We have selected and examined the EST loci that are highly conserved across 

species (E-values lower than 1E-04), and have at least 5 or more EST tags mapped in the 

middle of large intergenic regions (> ~10Kb) away from neighbouring genes (Table 2.2). 
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These EST hits are the most probable candidates for novel transcripts, and in fact, many 

of these EST loci are either mapped to ncRNAs that are identified, confirmed, and added 

to more recent WormBase or ncRNA predictions performed by RNAz [24]  (Figure 2.5A 

and B). 

Table 2.2  Most highly conserved 454 EST loci in intergenic regions 

Count Intergenic Coordinates Intergenic distance Dist. to nearest gene EST count 

1 I:12824792..12825228 436 10 6 

2 I:1841201..1842444 1243 107 13 

3 II:11162247..11171658 9411 4258 5 

4 II:15226621..15230280 3659 763 13 

5 II:5956644..5961678 5034 612 16 

6 II:9773798..9774904 1106 150 9 

7 III:11170439..11171970 1531 377 17 

8 III:12130215..12152775 22560 7576 5 

9 III:1733092..1743238 10146 4249 10 

10 III:1743309..1752172 8863 1819 6 

11 III:2768655..2770841 2186 687 6 

12 III:3664472..3667602 3130 79 19 

13 III:4098100..4121436 23336 1088 8 

14 III:8935324..8944721 9397 1136 18 

15 IV:9934182..9935039 857 229 25 

16 V:1075619..1081451 5832 939 18 

17 V:1361139..1373418 12279 403 5 

18 V:1980421..1982526 2105 6 11 

19 V:5932735..5933473 738 180 5 

20 V:6336709..6357288 20579 1448 6 

21 X:15012843..15026225 13382 4845 8 

22 X:15616440..15620416 3976 928 7 

23 X:16927937..16944791 16854 1211 22 

24 X:837757..838677 920 315 6 

The most conserved intronic ESTs map to C. elegans gene K04G7.10 and its C. 

briggsae ortholog. Consistent with well conserved EST loci in intergenic regions, these 

ESTs may represent a ncRNA as they overlap with a ncRNA prediction within the intron, 

however, alternatively this could be a novel exon as GeneFinder has predicted an exon in 

that region (Figure 2.5C). 
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2.3.11 454 ESTs support computational ncRNA gene predictions 

Currently, there are  ~1,300 [11] annotated functional ncRNAs in WormBase of 

which 39 are in our data set, including snoRNAs, miRNAs, 21URNAs, rRNAs, and some 

ncRNAs that could not be assigned to any functional class (Table 2.3). We suspect that 

454 ESTs may represent precursor RNAs such as pre-miRNA and pre-snoRNAs which 

are known to be polyadenylated [25-27] since our RNA preparation was done using a 

polyA dependent method. However, it is also possible that potential ncRNAs that are 

identified in this study may belong to polyadenylated ncRNA classes such as mRNA-like 

ncRNAs (mlncRNAs) [28]. 

Single-sequence RNA secondary structure predictions, without using comparative 

genomes, only take into account thermodynamic models and energy minimization which 

are not sufficient to achieve the necessary sensitivity and specificity for ncRNA 

prediction. For that reason, we have compared the 454 EST mapping result with RNAz 

[24] ncRNA predictions which incorporate homology information of the RNA secondary 

structure to make predictions for ncRNAs. This approach, using C. elegans and C. 

briggsae, has proven fruitful in identifying over 2000 putative RNA loci [18]. 
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Figure 2.5 (A, B) Representative 454 EST data which identify known ncRNAs (C) The most conserved 
cross-species intronic 454 EST hit mapping to a RNAz ncRNA prediction (Note: genomic regions shown 
are not to the same scale)
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Table 2.3  ncRNA genes identified by 454 ESTs (incomplete) 

RNA type Gene name Chr Status Location 

miRNA Y105E8A.31 I Predicted 3'UTR of Y105E8A.16 

miRNA F08F3.11 V Predicted Intergenic 

ncRNA F54D7.7 I Predicted Overlap with 3'UTR of F54D7.4 

21URNA C46G7.7 IV RNAs Intergenic 

21URNA C08F11.38 IV RNAs Intron of C08F11.13 

21URNA T23G4.18 IV RNAs Intergenic 

21URNA T23G4.24 IV RNAs Intergenic 

21URNA F55B11.13 IV RNAs Intergenic 

21URNA Y105C5A.159 IV RNAs Intergenic 

21URNA Y51H4A.106 IV RNAs Intergenic 

ncRNA F09E10.10 X ESTs Intergenic 

ncRNA C30E1.9 X ESTs Intergenic 

RNA pseudogene D1005.t1 X predicted Intergenic 

RNA pseudogene ZK380.t2 X ESTs Intergenic 

rRNA F31C3.11 I ESTs Intergenic 

rRNA F31C3.9 I ESTs Intergenic 

snoRNA R12E2.17 I RNAs Intron of R12E2.3 

snoRNA F25H5.9 I RNAs Intron of F25H5.3 

snoRNA T10B9.11 II RNAs Intergenic 

snoRNA M106.6 II RNAs Intron of M106.1 

snoRNA H06I04.9 III Predicted Intron of H06I04.4 

snoRNA ZK643.9 III RNAs Intergenic 

snoRNA Y43B11AR.7 IV ESTs Intron of Y43B11AR.4 

snoRNA F17C11.14 V RNAs Intron of F17C11.9 

snoRNA K09E9.5 X mRNA Intergenic 
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Table 2.4  Intergenic 454 ESTs overlapping with RNAz ncRNA predictions 

EST EST coordinate 
Predicted ncRNA 

coordinate 
Intergenic coordinate 

062385_1158_0389 I:9863279..9863316 I:9863183..9863302 I:9862287..9863587 

004771_1566_3251 II:15165861..15165910 II:15165800..15165950 II:15165619..15166104 

074784_3939_2069 III:11474420..11474530 III:11474520..11474625 III:11474411..11479792 

313519_0405_2992 IV:3168808..3168913 IV:3168772..3168891 IV:3155983..3169942 

320686_1504_2153 V:5440646..5440778 V:5440615..5440736 V:5438973..5446748 

322033_3470_0718 V:11801636..11801764 V:11801572..11801690 V:11800350..11803726 

240717_0095_3913 V:12296851..12296944 V:12296911..12297022 V:12293608..12302290 

093179_3480_2283 X:17010136..17010216 X:17010094..17010200 X:17008275..17013376 

104650_3438_2367 X:6961371..6961474 X:6961430..6961548 X:6956349..6967668 

We compared RNAz ncRNA predictions for C. elegans and 332 unique 454 ESTs 

mapped to intergenic regions. We found 19 ncRNA predictions in close proximity to 454 

ESTs (within 100bp), with nine of these predicted ncRNAs overlapping with the 454 

ESTs in intergenic regions (Table 2.4). We have also compared the intronic 454 ESTs 

with the RNAz ncRNA predictions and found that ten introns contained both 454 ESTs 

and ncRNA predictions within 100bp, and 5 introns had intronic ESTs that overlap with 

ncRNA predictions (Table 2.5). These ESTs that map to ncRNA predictions may 

represent novel ncRNAs. 
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Table 2.5 Intronic 454 ESTs overlapping with RNAz ncRNA predictions 

EST coordinate 
Predicted ncRNA 

coordinate 
Intron coordinate Gene 

III:4689667..4689728 III:4689566..4689715 III:4689399..4690021 T04A8.5 

III:7160222..7160329 III:7160256..7160375 III:7159674..7160467 K04G7.10 

V:18041446..18041591 V:18041383..18041481 V:18041071..18041867 Y59A8B.6 

V:18041446..18041593 V:18041501..18041624 V:18041071..18041867 Y59A8B.6 

V:6881222..6881352 V:6881154..6881264 V:6881209..6881399 K11C4.3 

X:9091394..9091461 X:9091460..9091597 X:9090452..9092219 H08J11.2 

2.3.12 L1 SAGE and 454 ESTs overlap by 50% 

We have investigated both the commonalities and differences between the large 

amount of available SAGE data [3] (http://elegans.bcgsc.ca/home/sage.html) and the 

novel 454 EST data. Both datasets were generated from the same mRNA preparation of 

L1 stage animals and as such are a direct comparison of these two gene expression 

measuring techniques.  

The number of genes that were identified by SAGE and ESTs independently from 

L1 stage animals is 5,115 and 6,132, respectively, but the number of genes that were 

identified by both methods is only 3,068. Hence, 2,047 genes were identified by SAGE 

only and 3,064 genes were identified only by ESTs. It is worth noting that while the same 

mRNA sample was used for both SAGE and 454-EST analyses, the inherent differences 

in the technologies used may have introduced discrepancies in gene identification. For 

example, approximately half of the genes identified by SAGE only have a single SAGE 

tag which may not be sufficient evidence for expression of those genes due to possibility 
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of erroneous assignment [4], and approximately 12% of the genes identified only by 454 

ESTs do not contain NlaIII restriction enzyme site required for a transcript to be 

identified by SAGE [4, 29]. 

Spearman correlation of the transcript abundances, measured by SAGE and ESTs, 

was calculated using genes that have both SAGE tags and ESTs mapped to them. The 

correlation coefficient is 0.36 which is not as high as we initially expected considering 

both EST and SAGE libraries were prepared from the same mRNA sample. This, 

however, raises interesting questions as to how well each dataset represents the complete 

picture of transcriptional activities. It could be that, from the large scale of transcriptional 

activities, each snap-shot represents only a partial picture of it, or that the transcriptional 

activities that each experiment contains significant amounts of new information, although 

it could simply be due to discrepancies between different gene expression profiling 

methods. 

2.3.13 L1 SAGE and 454 ESTs identify putative novel L1 stage enriched genes 

We have compared 454 ESTs and SAGE tags which map specifically to 

intergenic regions. There are 166 intergenic regions that have both L1 454 ESTs and L1 

SAGE tags mapped to them (Supplementary Table 2.7). When we examined intergenic 

regions with SAGE tags which are enriched in L1 stage but lowly expressed in embryo 

and other developmental stages, we observed a good correlation between the L1 enriched 

SAGE tags and L1 454 ESTs. In other words, most intergenic regions with SAGE tags 

that are expressed highly in L1 stage also had 454 ESTs mapped in close proximity. We 

speculate these loci may represent novel coding or non-coding transcripts that are 

potentially L1 stage specific but expressed in low abundance. Additionally, we postulate 
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that both intergenic SAGE tags enriched in L1 and L1 454 ESTs which map together in 

regions without any genes in their vicinity may represent putative novel transcripts that 

may be enriched in the L1 stage of C. elegans. Additionally, ESTs and SAGE tags which 

map near the 3’ end of genes might represent 3’ UTR extensions and as such can provide 

evidence of expression for those genes at the L1 stage. 

2.4 Conclusions 

We have successfully demonstrated the use of the next generation sequencing 

technology (454 sequencing-by-synthesis approach) for transcriptome analysis in an 

extremely efficient manner. We have identified a number of putative novel genetic 

structures from the transcriptome snapshot obtained from this analysis including putative 

novel splice variants and non-coding RNAs that might be stage specific. 

2.5 Methods 

2.5.1 mRNA and cDNA preparation 

Total RNA from a pooled sample was prepared using TRIZOL Reagent 

(Invitrogen Life Technologies, Carlsbad, CA) following the manufacturer’s instructions 

and was assayed for quality and quantified using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Mississauga, ON) and RNA 6000 Nano LabChip kit (Caliper 

Technologies, Hopkinton, MA).  Contaminating genomic DNA was removed from total 

RNA by DNAse1 treatment using DNAfree (Ambion, Austin, TX) following the 

manufacturer’s instructions.  First strand cDNA synthesis was prepared from 2ug of total 

RNA using the Powerscript Reverse Transcriptase (cat#639501, Takara Bio Inc. Shiga, 

Japan).  For the first strand synthesis custom biotinylated primers containing a 
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recognition sequence for the type IIS restriction enzyme Mme1 were used at a final 

concentration of 1uM [454-3F-biotin, 5’-/Biotin/-AAG CAG TGG TAA CAA CGC ATC 

CGA CTT TTT TTT TTT TTT TTT TTT TTV N-3’; 454-3A, AAG CAG TGG TAA 

CAA CGC AGA GTA CGC GGG ].  The resulting single stranded cDNA was amplified 

using the Advantage 2 PCR kit (BD Biosciences Clontech, Mountain View, CA) in a 

final volume of 1000ul with the addition of 454-3A at a final concentration of 240nM.   

The cycling conditions consisted of an initial denaturation at 95oC for 1 min followed by 

20 cycles of 95oC for 30 seconds, 65oC for 30 seconds and 68oC for 6 min.  After 

amplification the DNA was recovered using a QIAquick PCR Purification kit (Qiagen) 

according to manufacturer’s instructions.  Following column elution, the DNA was 

bound to pre-washed M280 Streptavidin beads (Dynal Biotech) and subjected to Mme1 

digestion according to manufacturer’s instructions (New England Biolabs) in the 

presence of S-adenosylmethionine.   Following a 2.5 hr incubation at 37oC the 

supernatant was removed and subjected to Phenol Chloroform Isoamyl alcohol [pH 8.0] 

(100ul; Fisher) extraction in phase-lock gel tubes (heavy) 0.5ml (Eppendorf) and the 

600ul aqueous phase precipitated by the addition of 2750 l of 100% EtOH, 8 l of mussel 

glycogen (Invitrogen) and 360 l of 7.5M NH4OAC and incubation at -20oC overnight.  

The precipitate was recovered by centrifugation at 14,000 RPM for 30 minutes at 4oC in 

an Eppendorf Benchtop Refrigerated Centrifuge (Eppendorf model 5810R) and washed 

in 70% EtOH, resupended in 14ul dH2O.  The DNA quality was assessed and quantified 

using an Agilent DNA 1000 series II assay (Agilent). In preparation for 454 sequencing, 

3ug of the cDNA sample was nebulized to a mean fragment size of 600 ± 50 bp, end 
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repaired and adapter ligated according to the standard procedures described previously 

[7]. 

2.5.2 454 sequencing and sequence analysis 

We have adapted the standard procedures for 454 sequencing described 

previously [7]. We also followed standard post-run bioinformatics processing on the 454 

platform to determine tags that passed various quality filters.  

After high quality sequence tags were obtained, BLAST analysis was performed 

as in Bainbridge et al. 2006 [2]. Sequences were first trimmed of low quality bases using 

trim2 (-M 10) [30] and mapped to C. elegans transcriptome (WormBase release WS160) 

using wuBLAST (BLAST: [http://blast.wustl.edu], version 2.0 May 10th, 2005) [31]. 

BLAST hits with a p-value ≤ 9 × 10
-7 (comparable to BLAST E-value of ~ 9 × 10-13), 

which corresponds approximately to a 60 base pair contiguous perfect match in the data 

set, were considered to be successful hits against the transcriptome. Sequences that did 

not map to C. elegans transcriptome were then aligned with wuBLAST to C. elegans 

genome (p ≤ 9 × 10
-5, comparable to BLAST E-value of ~ 9 × 10-11). The positions of 

significant hits with respect to exons, introns, intergenic regions, ESTs, SAGE tags and 

other DNA alignment features, were determined using the perl Ensembl API (version 35) 

and Ensembl database (WormBaseWS160). Also, ClustalW (version 1.74) was used for 

cross species multiple sequence alignments. 
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3: Transcriptome comparison of starved and fed 

Caenorhabditis elegans in the first larval stage 

Transcriptome comparison of starved and fed Caenorhabditis elegans in 
the first larval stage. In preparation. 

Heesun Shin, Shu-Yi Chua, Martin R. Jones, Steven J.M. Jones, David L. Baillie 

Heesun Shin carried out the data analyses and wrote the manuscript. Shu-Yi Chua 
and Martin R. Jones prepared the mRNA samples and constructed cDNA 
libraries. Steven J.M. Jones and David L. Baillie conceived of the study. 

3.1 Abstract 

We have used a massively parallel next-generation sequencing platform, namely 

Illumina paired-end sequencing, to obtain whole transcriptome shotgun sequence data 

(RNA-seq) from starved and fed C. elegans animals in the first larval stage (L1). We 

have compared these transcriptomes to reveal differentially expressed genes between 

these two developmental states. Additionally, we have compared these transcriptomes 

with available data obtained using other expression profiling methods including; 

deepSAGE (Tag-seq) and microarray experiments to gain insight into the biological 

processes that are involved in the starvation response. 

The differentially expressed genes in starved and fed L1 animals give insights to 

transcriptional activities and biological processes involved in transition from low 

metabolic and developmentally arrested state to high metabolic state of growth and 

development and implicates the involvement of developmental pathways regulating dauer 

and innate immunity. 
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We have also demonstrated de novo assembly of short sequence tags, taking 

advantage of paired-end sequence data, using an available tool, ABySS, for identifying 

novel transcripts and alternative splice variants. 

3.2 Introduction 

In C. elegans, embryogenesis results in the establishment of the main body plan 

of the animal, post-embryonic development commences when the egg hatches in the 

presence of food. Newly hatched L1 stage larvae begin to feed and grow, and after 3 

hours, cell division resumes [1]. Largely in this initial developmental stage, precursors 

for nervous, reproductive, and coelomocyte systems begin to divide.  Five motor neurons 

(VAn, VBn, VCn, ASn, VDn) out of the eight classes of motor neurons are generated at 

the end of L1 stage from 13 precursors (W, P1-P12) [2, 3] as well as a several other 

neurons from Q, G1, H2 and T blast cells. Also during the second half of L1 

development, somatic gonad precursors (Z1 and Z4) and germ line precursors (Z2 and 

Z3) start to divide. By the end of L1 stage, the mesoblast, M, divides to give body 

muscles, a set of sex myoblasts, and in the hermaphrodites, two coelomocytes [2, 3]. 

After L1 stage, animals then go through three subsequent larval stages, L2, L3 and L4, 

and proceed into adulthood. 

When eggs hatch in the absence of food however, the first stage larvae implement 

a developmental arrest.  L1 arrest is comparable to the dauer state, an arrested state that 

animals may enter at the end of L2 stage in unfavourable environmental conditions such 

as starvation, high temperature, and crowding. However, unlike dauer larvae, L1 arrested 

larvae do not display morphological changes [4].  



 

 63 

Similar to long-lived stress resistant dauer larvae, during L1 arrest, energy 

homeostasis pathways and stress response pathways are found to be up-regulated [4]. 

Also, genes known to be involved in aging become active and likely aid the larvae to 

resist stress. More specifically, insulin/IGF signalling mediated by the PI3K pathway is 

known to regulate L1 arrest and furthermore, the forkhead transcription factor, DAF-16 is 

required for the arrest [4, 5].  

Here, we have compared the transcriptomes of starved and developmentally 

arrested L1 larvae with that of fed and growing L1 larvae. From this comparison, we 

aimed to investigate developmental and nutritional influence on transcriptional behaviour 

in these animals. Investigation of the L1 arrest offers a great opportunity for such 

comparison as metabolic processes are at a minimum while fed L1 animals are in a state 

of active metabolism and development. 

In this study, the Illumina high-throughput next-generation sequencing platform 

[6] was used to sequence the transcriptomes of arrested and feeding populations of L1 

larvae. This approach employed paired-end sequencing, which provided additional 

information that was advantageously used for mapping sequence tags to the reference 

genome and transcriptome [7].  

Additionally, we have used a de novo short tag assembly program, ABySS [8] to 

perform de novo assembly of the transcriptomes. This program uses the paired-end 

sequence information to build more extensive contigs. ABySS is also capable of 

assembling alternative splice variants separately. Novel transcripts can also be identified 

with greater confidence using this approach as large contigs can confirm splice junctions 

if transcripts contain introns [9].  
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Overall, we have demonstrated how next-generation sequencing enabled not only 

identification of transcriptome structure, including novel gene structure discovery but 

also, profiling of differential gene expression in a single experiment. This again shows 

the power and value of this new technology over more traditional methods such as 

microarray [10] or SAGE [11]. 

3.3 Results and discussion 

3.3.1 Illumina sequence data and mapping to C. elegans transcriptome and 

genome 

Using the Illumina sequencing platform, we have obtained a large amount of 

transcriptome sequence data from full-length cDNA libraries constructed from two 

distinct populations of animals. The first set of data was generated from developmentally 

arrested C. elegans worms hatched in the absence of food for 18 hours (L1 starved). The 

second data set was generated from synchronised L1 stage animals fed for 6-8 hours after 

the starvation block was removed by the addition of a food source, E. coli OP50 (L1 fed) 

(Figure 3.1).  

 

Figure 3.1 Timeline for sample collection for starved and fed L1 stage animals. 

A total of 628,421,304 bases of sequence data were generated from the L1 starved 

full length cDNA sample, and 951,058,332 bases from the L1 fed sample. Sequencing 

was done using the Illumina paired-end sequencing platform. This provided additional 
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advantages in identifying and confirming novel transcripts and splice variants. The 

Illumina paired-end sequencing platform generates sequences from both ends of sheared 

cDNA sequence fragments that are approximately 200 bases in length. When the 

sequence pairs are mapped to a reference transcriptome, those sequence pairs that 

mapped to a gene with the expected distance (i.e. around 200 bases away from each 

other) represent transcription of not only the actual sequences, but also the whole 200 

bases of transcript. Additionally, sequence pairs that map with an incorrect distance 

indicate the presence of potential novel splice variants such as skipped exons or retained 

introns. Sequence pairs that do not map to the transcriptome are subsequently mapped to 

the reference genome. Sequence tags that map with the expected distance to the genome 

likely identify novel transcripts. 

Table 3.1 summarizes the results of mapping paired-end sequences to the C. 

elegans transcriptome. For both L1 starved and L1 fed samples, approximately 87% of 

the sequences mapped to the transcriptome with the expected distance, confirming 

existing transcript models and revealing the remarkably deep coverage and high 

sensitivity of our sequencing data. 

Approximately 34,000 sequence tags in the L1 starved sample and 23,000 

sequence tags in the L1 fed sample mapped either farther away or closer to each other 

than the expected distance. This data suggested potential novel splice variants. In 

addition, 117,000 and 88,000 sequence tags in L1 starved and L1 fed respectively 

mapped to two adjoining genes, providing evidence for new merged gene models.  

The confirming pairs of sequences identified approximately 20,000 C. elegans 

genes in each data set as shown in Table 3.2. We then compared the 19,000 or so 
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common genes found in both L1 starved and L1 fed for their expression levels as 

determined by the number of sequence tags that mapped to them. This analysis generated 

a correlation coefficient between the two samples of 0.69 (Figure 3.2A). The distribution 

of the number of sequence tags mapping within a gene is shown in Figure 3.2B. A similar 

distribution was seen for L1 starved and L1 fed data, though a slight shift to the right was 

observed in the L1 starved curve relative to L1 fed curve.  

3.3.2 Statistically significant differential gene expression between L1 starved and 

L1 fed 

In order to classify statistically significant differential gene expression between 

L1 starved and L1 fed samples, we normalized the data by the total library size (i.e. total 

sequence tag number), and by the gene length. This was done in order to remove any 

gene length bias. After the normalization, we then used Audic-Claverie statistics [12, 13] 

to identify genes that were significantly differentially expressed between starved and fed 

samples. This method is based on the assumption that tag counts of the same gene in two 

libraries will be well approximated by the Poisson distribution. Audic-Claverie statistics 

takes into account the influence of random fluctuations as well as sampling size of 

expression profile data. We also calculated fold changes of transcript abundance between 

the two datasets ( ), and compared the percent ranking within each dataset. 
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Table 3.1 Summary for Illumina paired-end sequence mapping to C. elegans transcriptome 

 
L1 starved L1 fed 

Mispaired 
wrong orientation 

78,380 0.52% 62,744 0.28% 

Suspect Pair 
correct orientation, incorrect distance 

34,302 0.23% 22,714 0.10% 

Confirming 
correct orientation, correct distance 

12,966,558 86.66% 19,757,438 87.25% 

Spanning 
pair mates mapped to different genes 

116,972 0.78% 88,090 0.39% 

Unpaired 
pair mate could not be mapped 

883,100 5.90% 1,356,630 5.99% 

Unmapped 
only pair mate was mapped 

883,100 5.90% 1,356,630 5.99% 

Total tag count 14,962,412 100.00% 22,644,246 100.00% 

Table 3.2 Number of genes identified by Illumina paired-end sequences 

Genes identified by Illumina (more than 5 tpm*) 

L1 starved L1 fed 

20909(12891) 19824 (11254) 

*tpm: tags per million 
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Figure 3.2 Correlation (A) and distribution (B) of the number of sequence tags mapped to genes in L1 
starved and L1 fed samples. 

A 

B 

log(normalized sequence tag counts) 
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The number of tags expected to map to a gene is not only dependent on the 

expression level and length of the gene, but also the composition of the RNA population 

that is being sampled. This might account for the slight rightward shift of the histogram 

of L1 starved tag number distribution mentioned above (Figure 3.2B). In order to tackle 

this potential problem, we used a scaling normalization method [14] that took into 

account gene composition bias. Such a bias may occur by, for instance, a group of genes 

over-represented in one dataset which may cause under-representation of the other 

remaining genes in the sample. We used edgeR [15] to do these calculations. This method 

calculates scaling or normalization factors using relative RNA production of two 

samples, essentially a global fold change, which is used for detection of differential gene 

expression, based on the assumption that the majority of the genes are not differentially 

expressed.  

The density plot in Figure 3.3A shows the distribution of log-fold changes 

between the L1 starved and L1 fed samples after the normalization procedure of 

accounting for the total number of tags. Figure 3.3B is the log-fold change against log-

concentration plot or M-versus-A plot for the genes in L1 starved and L1 fed where log-

fold change or M is gene-wise log-fold changes ( ) and log-

concentration or A is absolute expression levels ( ). As 

can be seen, log-fold change (M) for these samples was concentrated around zero and 

less variation in the M values among highly expressed genes was observed. This 

suggested that there is no significant gene composition bias between the two samples. 

However, there was a slight shift towards higher expression in the L1 starved sample (as 
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indicated by the red line). Using this data we calculated a normalization factor of 1.25 

which was integrated into the differential gene expression analysis. 

Differentially expressed genes were determined using an exact test for the 

negative binomial distribution in the edgeR package and using the calculated 

normalization factor, which has strong parallels with Fisher's exact test. The most 

significantly changed genes are outlined in red in Figure 3.4. Genes were identified using 

two different stringencies at p-values of less than 0.05 and less than 0.001 respectively. 

Genes that showed significant differential expression between L1 starved and L1 fed, as 

determined by Audic-Claverie (A-C), mostly overlapped with the genes identified from 

the edgeR exact test after the scaling. Figure 3.5 shows the M-versus-A plots for 

significantly differentially expressed genes between L1 starved and L1 fed before (A-C 

method) and after the scaling normalization (edgeR method). However, it is noticeable 

that after the scaling normalization there was a slight upward shift on the M values of the 

significantly differentially expressed genes. We selected genes that were found to be 

differentially expressed as determined by the edgeR exact test after the scaling 

normalization and with p-values of less than 0.001 (Supplementary Table 3.1). 

The majority of these selected genes were also on the opposite ends of the percent 

ranking. In other words, they were not only significantly differentially expressed in terms 

of abundance but their expression ranking within each sample was also significantly 

different from each other, as shown in Figure 3.6.  This result gives greater confidence in 

the validity of our results, which includes less than 10% of the total genes (1926 genes in 

Supplementary Table 3.2). Some of the most differentially expressed genes are shown in 

Table 3.3.  
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Figure 3.3 A. Distribution of log-fold changes between gene expression levels in L1 starved.  B.  L1 fed transcriptomes and a plot of the log-fold change (M) 
against the log-concentration (A) for each tag. 

A B 
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Figure 3.4 MA plots for significantly differentially expressed genes between L1 starved and L1 fed (p-val < 0.05 (on the left) and p-val < 0.001 (on the right)) 
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Figure 3.5 MA plots for significantly differentially expressed genes between L1 starved and L1 fed before on the left (Audic-Claverie statistics) and after the 
scaling normalization on the right (edgeR exact test). There is a slight upward shift after the scaling normalization compared to before. 
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Figure 3.6 Plot for percent rank comparison of genes in L1 starved and L1 fed showing only the genes on 
the opposite ends of the percent ranking. 100% represents the highest and 0% the lowest, expression in 
each sample. 
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Table 3.3 Most significantly differentially expressed genes between L1 starved and L1 fed. 

Gene CDS 
L1 fed 
(tpm) 

L1 starved 
(tpm) 

Log2 

(L1s/L1f) 
p-val Gene Description (Concise)* 

T22F3.11 T22F3.11a 2.18 792.00 8.19 0.00E+00 
 

C42D4.3 C42D4.3 8.76 765.00 6.13 0.00E+00 
 

Y38E10A.14 Y38E10A.14 17.40 793.00 5.19 0.00E+00 
 

tts-2 tts-2 23.70 882.00 4.90 0.00E+00 
 

sodh-1 K12G11.3 318.00 3800.00 3.26 0.00E+00 
 

col-160 F57B1.4 108.00 1110.00 3.04 0.00E+00 
 

tts-1 tts-1 377.00 2000.00 2.09 0.00E+00 
 

gst-5 R03D7.6 209.00 1080.00 2.06 0.00E+00 
gst-5 encodes a putative glutathione-S-transferase that inhibits CEP-1- and 
HUS-1-dependent germline apoptosis, as do BMK-1, RAD-50, and RAD-51. 

asp-6 F21F8.7 1080.00 3060.00 1.18 0.00E+00 aspartic protease. 

unc-15 F07A5.7 1060.00 2750.00 1.05 0.00E+00 

The unc-15 gene encodes a paramyosin ortholog; UNC-15 protein physically 
interacts with MHC A, one isoform of myosin heavy chain (MHC) in striated 
muscle; UNC-15 accumulation is decreased in the absence of UNC-54 (myosin 
B), implying that degradation of UNC-15 is inhibited by its binding myosin B; 
conversely, myosin B (but not MYO-3/myosin A) fails to accumulate in unc-15 
mutants. 

unc-54 F11C3.3 1500.00 3480.00 0.89 0.00E+00 

unc-54 encodes a muscle myosin class II heavy chain (MHC B); UNC-54 is the 
major myosin heavy chain expressed in C. elegans and is required for 
locomotion and egg-laying; in vivo and in vitro, UNC-54 interacts with ITR-1, 
an IP3 receptor, and this interaction may provide a link between calcium 
signaling and the muscle cytoskeleton; UNC-54 is a thick filament component 
that is expressed in multiple muscle cell classes including body wall, 
intestinal, anal depressor, and sphincter muscles as well as sex-specific 
muscles that develop post-embryonically. 
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Table 3.3 continued. 

Gene CDS 
L1 fed 
(tpm) 

L1 starved 
(tpm) 

Log2 

(L1s/L1f) 
p-val Gene Description (Concise)* 

gei-7 C05E4.9a 2530.00 929.00 -1.77 0.00E+00 

gei-7 encodes a predicted isocitrate lyase/malate synthase, an enzyme 
known to function in the glyoxylate cycle; GEI-7 was identified in a screen for 
proteins that interact with GEX-3, a homolog of human HEM-2 which is 
required for embryonic development; GEI-7 is required for embryonic 
morphogenesis and appears to act downstream of DAF-16 to influence 
lifespan. 

K02F2.2 K02F2.2 3360.00 1000.00 -2.07 0.00E+00 

K02F2.2 encodes the C. elegans S-adenosylhomocysteine hydrolase (SAHH) 
ortholog; by homology, the product of K02F2.2 is predicted to catalyze the 
hydrolysis of S-adenosyl-L-homocysteine to adenosine and L-homocysteine; 
loss of K02F2.2 activity via RNAi results in embryonic and larval lethality, 
abnormal body morphology, sick animals, and uncoordinated locomotion. 

F54D7.7 F54D7.7 3410.00 952.00 -2.16 0.00E+00 
 

T05E11.3 T05E11.3 2170.00 579.00 -2.23 0.00E+00 
 

crt-1 Y38A10A.5 3100.00 786.00 -2.30 0.00E+00 

crt-1 encodes an ortholog of calreticulin (a calcium-binding molecular 
chaperone of the endoplasmic reticulum); crt-1 is dispensable for viability, 
but required for normal sperm development, male mating efficiency, some 
forms of necrotic cell death, and hermaphrodite fertility at high 
temperatures (which may reflect a stress response); crt-1 expression is 
induced by stress; CRT-1 protein binds Ca(2+) and can suppress heat-induced 
protein aggregation in vitro; crt-1(bz29) and crt-1(bz30) mutants suppress 
necrotic cell death induced either by mec-4(d) or by a constitutively activated 
Gas subunit; crt-1(bz29); crt-1's suppression of necrosis is itself partly 
reversed by thapsigargin, which enhances calcium release from the 
endoplasmic reticulum; crt-1(bz30), and crt-1(jh101) mutants grow more 
slowly, and have reduced broods at 25 deg. C.; crt-1(jh101) mutants are 
slightly shorter than normal and have defective sperm; CRT-1 and ITR-1 serve 
partly redundant functions in vivo, since crt-1;itr-1(sa73) are highly infertile 
and slow-growing with greatly slowed defecation; a number of proteins, 
notably HSP-3/4 and PDI-2/3, are over-expressed in crt-1(jh101) mutants and 
crt-1(jh101);cnx-1(nr2009) double mutants. 
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Table 3.3 continued. 

Gene CDS 
L1 fed 
(tpm) 

L1 starved 
(tpm) 

Log2 

(L1s/L1f) 
p-val Gene Description (Concise)* 

col-167 T10E10.2 1300.00 298.00 -2.44 0.00E+00 
 

C08H9.2 C08H9.2 1580.00 346.00 -2.51 0.00E+00 
 

pdi-1 C14B1.1 1140.00 225.00 -2.66 0.00E+00 

pdi-1 encodes a protein disulfide isomerase; loss of function mutations in 
pdi-1 result in no obvious abnormalities, but animals triply mutant for three 
C. elegans PDI's, encoded by pdi-1, pdi-2, and pdi-3, display embryonic 
lethality characterized by loss of vermiform morphology after elongation, 
suggesting that the pdi genes function redundantly in embryonic 
morphogenesis; PDI-1 exhibits protein disulfide isomerase activity and 
protein-glutamine gamma-glutamyltransferase activity in vitro; pdi-1::lacZ 
reporter fusions are expressed in the hypodermis. 

hsp-3 C15H9.6 3570.00 566.00 -2.98 0.00E+00 

hsp-3 encodes a heat shock response 70 (hsp70) protein orthologous to 
human glucose regulated protein 78 (grp78/BiP, OMIM:138120); HSP-3 likely 
functions as a molecular chaperone, and is expressed constitutively 
(expression is not heat inducible) throughout development with greatest 
abundance during the L1 larval stage; HSP-3 contains a long hydrophobic 
amino terminus and a carboxyl terminal KDEL sequence suggesting that it 
may be retained in the endoplasmic reticulum. 

Y57G11C.15 Y57G11C.15 1940.00 207.00 -3.55 0.00E+00 
 

F46F2.3 F46F2.3 931.00 82.10 -3.82 0.00E+00 
 

noah-1 C34G6.6a 870.00 63.20 -4.10 0.00E+00 

noah-1 encodes a PAN and ZP domain-containing protein that is related to 
the Drosophila extracellular matrix component NompA (no-
mechanoreceptor-potential A); loss of noah-1 function via RNAi indicates 
that NOAH-1 activity is essential for molting; in addition, NOAH-1 appears to 
be required for embryonic and larval development, vulval development, 
coordinated locomotion, and normal body morphology. 

lpr-3 W04G3.8 628.00 40.60 -4.27 0.00E+00 
W04G3.8 encodes a novel protein, conserved amongst nematodes; large-
scale RNAi experiments indicate that W04G3.8 activity is required for normal 
growth rates, early larval development, and coordinated locomotion. 
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Table 3.3 continued. 

Gene CDS 
L1 fed 
(tpm) 

L1 starved 
(tpm) 

Log2 

(L1s/L1f) 
p-val Gene Description (Concise)* 

noah-2 F52B11.3 1010.00 58.70 -4.42 0.00E+00 

noah-2 encodes a PAN and ZP domain-containing protein that is related to 
the Drosophila extracellular matrix component NompA (no-
mechanoreceptor-potential A); loss of noah-2 function via RNAi indicates 
that NOAH-2 activity is essential for molting; in addition, NOAH-2 appears to 
be required for embryonic and larval development, reproduction, 
coordinated locomotion, and the overall health of the animal. 

C09F9.2 C09F9.2 563.00 12.10 -5.86 0.00E+00 
 

sym-1 C44H4.3 1430.00 30.50 -5.87 0.00E+00 

sym-1 encodes a protein containing 15 contiguous leucine-rich repeats (LRRs) 
that functionally overlaps with sym-5 and interacts with mec-8 with respect 
to embryonic viability and attachment of body muscle to the extracellular 
cuticle; expression begins at the time of embryonic elongation and SYM-1 is 
secreted from the apical hypodermal surface of the embryo 

col-149 B0024.1 854.00 1.00 -10.05 0.00E+00 
 

*Gene descriptions taken from WormBase [16]. 
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3.3.3 Functional classes of the differentially expressed genes between L1 starved 

and L1 fed 

Baugh et al. have shown that response to starvation is largely established within 

approximately 6 hours from hatching in the absence of food and that the transcriptome 

remains in a steady state thereafter [5]. Therefore, we speculate that our transcriptome 

data from starved L1 worms that was collected 18 hours after hatching should provide an 

extensive snapshot of transcriptional activities that take place during the L1 

developmental arrest. Baugh et al. have also shown that L1 arrested worms restore gene 

transcription levels back to normal very rapidly after feeding (~3 hours) [5], and 

therefore, L1 fed transcriptome data which was collected after 6 to 8 hours after feeding 

presents an opportunity for studying a transcriptome of developing L1 larvae in great 

depth.  

In addition, by comparing L1 starved and L1 fed transcriptomes we aimed to 

investigate differential transcriptional activities that occur in L1 animals during arrested 

stage under starvation and growing stage during and after recovery. It would be 

interesting to find out if these initial responses to starvation or feeding would be observed 

in our data, and identify any differing results since our data represents transcriptomes, 

which are further into starvation and recovery compared to the microarray experiment 

results from Baugh et al. We expected our whole transcriptome data that is a more 

sensitive, deeper and unbiased global picture of transcriptional activities would contribute 

valuable information. 

We have identified the significantly differentially expressed genes between L1 

starved and L1 fed in order to infer what functions these genes might have. Moreover, we 
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wished to gain insight into which biological processes occur differently between arrested 

and fed L1 animals. As the first approach, to gain insights to different biological 

functions differentially up or down regulated between L1 starved and L1 fed, we have 

compared Gene Ontology (GO) terms [17] associated with the genes that are significantly 

more highly expressed in L1 fed than in L1 starved and vice versa (Figure 3.7).   

As expected, biological processes involved in the late L1 stage of development, 

such as the molting cycle and cell division, were more highly represented in L1 fed. 

Genes required for proper chromosome segregation and the cell cycle also fell into this 

category.  This was not surprising as cell division is expected to be minimal in starved L1 

animals as they are not growing. Similarly, anatomical structure development, larval 

development, sexual reproduction (germline development), biosynthesis and metabolism 

were more actively taking place in L1 fed animals compared to L1 starved.   

In contrast, as shown in Figure 3.7, genes involved in neurological processes/cell-

cell signalling and cell communication were more highly represented in the L1 starved 

sample. Genes associated with neurological processes included lin-10, unc-18, ace-3, 

syn-2, mec-18, rab-3, nud-2, snt-1, cab-1, mkk-4, sel-7, wrt-8, syg-2, wrt-4, dys-1, and 

eat-2. Genes involved in cell communication that were more highly expressed in L1 

starved included unc-89, mpk-1, ZK1248.10, nuc-1, cav-1, syn-2, clx-1, cab-1, M02B7.5, 

rab-3, nud-2, let-75, crn-2, tpa-1, sbt-1, mek-1, unc-18, Y48E1C.3, and C43G2.1.  

Other interesting observations worth mentioning, albeit not as significant, are that 

some genes involved in oxidative stress response and defence and immune response (sek-

1, sod-4, skr-3,C46A5.4, T13B5.3, F26E4.12, F47B8.10, C16C8.2, T19D12.4, F20G2.5,  
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Figure 3.7 Comparison of significantly represented biological processes (Adjusted pair-wise comparison 
GO p-val < 0.05) by the genes that are significantly more highly expressed in L1 fed than in L1 starved (in 
blue) and the genes significantly more highly expressed in L1 starved than L1 fed (in red).  
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C04F12.1, C49C3.9) and muscle contraction (let-75, unc-54, mlc-2, twk-18 ) were more 

highly expressed in starved L1.  

However, genes involved in stress response and aging showed inconclusive 

behaviour based on Gene Ontology analysis as a number of these genes were more highly 

expressed in the fed sample while some were more highly expressed in L1 starved. 

It has been previously discovered that these aging and stress indicators regulate 

L1 arrest as the arrested animals are resistant to numerous environmental stresses [18, 19] 

in a manner that is comparable to dauer stage animals except for the morphological 

changes. The dauer stage is a stress resistant and long living/slow aging developmental 

stage that animals can enter in response to harsh environmental cues later in 

development. 

Additionally, previous microarray experiments have shown that genes involved in 

stress response and energy homeostasis pathways are up-regulated in response to 

starvation as are genes involved in aging, such as insulin/IGF signalling mediated by the 

PI3K pathway, the mTOR, and SIR2 pathways [5]. Up-regulated genes that are involved 

in such pathways include DAF-16 and SOD-3, a direct target of DAF-16 which were 

both more highly expressed in our L1 starved transcriptome, and it is known that daf-16 

is required for the L1 arrest [20].  Another gene, cki-1 was also more highly expressed in 

our starved sample. cki-1 encodes a homolog of the mammalian cyclin-dependent kinase 

inhibitor p27/KIP1 that is required for the arrest of cell division in larval blast cell 

lineages, dauer larvae and starved L1 animals in a daf-16 dependant manner [4]. It is 

gratifying to observe expected gene expression changes in our data that are importantly 

associated with responses to developmental arrest/growth and starvation/feeding.  
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However, several other genes which are also known to be up-regulated during 

initial response to starvation including the AMP-activated kinase aak-2/AMPK, let-

363/mTOR, sir-2.1, and sir-2.4 [5] did not show any significant up-regulation in our 

starved sample. In addition, the insulin receptor substrate ist-1, and its downstream 

kinases pdk-1, akt-1, and akt-2 which are identified to be rapidly up-regulated after 

hatching in the absence of food did not show a significant difference in transcription 

levels in our data between L1 starved and L1 fed. This may be because transcription of 

these genes takes place rapidly as an initial response to starvation and the transcription 

level may have returned to baseline at our sample point. Alternatively, their 

transcriptional levels may fluctuate throughout L1 arrest. 

Figure 3.8 shows the Gene Ontology result comparison for L1 starved and L1 fed 

with regard to molecular functions and cellular components. As shown, molecular 

functions of tetrapyrrole, carbohydrate, heme, and metal ion bindings were up regulated 

in L1 starved. This was represented by higher expression of some groups of genes such as 

cytochrome P450s (cyp-), nuclear hormone receptors (nhr-), lectins (lec-). In addition, as 

shown in Figure 3.8A, collagen genes were also more highly expressed in L1 starved, 

whereas most of the ribosomal protein coding genes were more highly expressed in L1 

fed, as indicated by the terms, structural constituent of cuticles (GO:0042302), and 

structural constituent of ribosomes (GO:0003735), respectively. It is known that cuticle 

collagen gene transcription is temporally/developmentally regulated in C. elegans L1 

stage [21], and it may explain the observed difference in collagen gene expression levels 

as L1 starved and L1 fed were collected at different time points.  
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Figure 3.8 Comparison of significantly represented molecular function (A) and cellular component (B) 
(Adjusted pair-wise comparison GO p-val < 0.05) by the genes that are significantly more highly expressed 
in L1 fed than in L1 starved (in blue) and the genes significantly more highly expressed in L1 starved than 
L1 fed (in red). 
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Figure 3.8B shows the most significantly represented cellular component GO 

terms. It can be seen that the proteasome complex was highly associated with the fed 

sample, represented by genes such as  pas-1, pas-4, pbs-4, pbs-1, rpn-9, pas-7, pbs-7, rpt-

1, pas-2, pbs-2, pas-5, pbs-5, rpn-11, rpn-2, pas-3, pbs-3, pas-6, pbs-6, rpn-12 which all 

showed significantly higher expression in the L1 fed sample.  

3.3.4 Anatomy term associations 

We then examined differential gene expression between the transcriptomes of 

starved and fed animals with regard to different anatomy clusters. Anatomy terms 

associated with a gene indicate the tissue in which the gene is known to be expressed. We 

selected genes that were known to be L1 stage expressed and clustered them according to 

their tissue specific expression. Subsequently, we questioned whether these genes showed 

statistically significant differential expression between the two samples in different tissue 

types. For this we used a non-parametric statistical test, the Wilcoxon signed rank test 

with continuity correction, to test the hypothesis that the set of genes expressed in a 

specific tissue would not show statistically significant difference in their mean.   

As a result, tissues that showed the most significant expression difference 

between the two samples were found to be head neuron and tail neuron as shown in 

Figure 3.9. In general, genes expressed in neurons and muscles showed the most 

difference in transcription levels between starved and fed animals. Additionally, when we 

examined the significantly different genes between starved and fed animals, more genes 

displayed higher expression in the starved sample than the fed in head and tail neurons 

and most muscles. In other tissues, genes were generally more highly expressed in L1 fed 

than L1 starved as shown in Table 3.4.  
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Figure 3.9 Significant differential gene expression between L1 starved and L1 fed transcriptomes in 
different anatomy clusters. 
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Table 3.4 Comparison of total normalized tag numbers mapped to L1 expressed genes with significantly differential expression levels between L1 starved and L1 
fed and average Log-fold change in different tissue types. 

Anatomy terms 
Number of unique 

genes 
Total L1f tpm Total L1s tpm 

Average log2 

(L1s/ L1f) 
Average P-val 

Head and tail neuron 14 1,216 2,097 0.48 3.03E-08 

pharynx, pharyngeal, vulva, head, 
and body wall muscle 

24 9,302 10,641 0.62 1.67E-08 

hypodermis, seam cell, and vulva 45 12,779 6,681 -0.73 6.98E-08 

Germline and spermatheca 14 10,410 2,666 -0.71 1.11E-07 
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Baugh et al. performed tissue specific reporter gene analysis to investigate 

starvation response. They constructed transcriptional reporters for sixteen transcription 

factors which were shown to be most significantly up-regulated during the L1 arrest, and 

examined their expression patterns in fed and starved L1 larvae. Interestingly, they 

reported that all tissues were represented by at least one reporter gene, though the gut and 

sensory neurons (head and tail neurons) showed the highest expression level. These 

results are in agreement with our data. Baugh et al. concluded that the anatomical 

expression pattern was the same in fed and starved L1 larvae, though quantitatively most 

of the reporters were differentially expressed [5]. It was interesting to see the two tissues 

that are sensitive to environment and responsible for feeding and foraging behaviour, 

namely neurons and muscles, showed the most differential gene expression between 

starved and fed L1 animals. 

Interestingly, it has been recently reported that signal transduction pathways that 

function in both development and innate immunity demonstrate tissue specificity [22]. 

They include the Toll-like pathway in pharynx [23], p38MAPK signalling pathway in 

epidermis and intestine [24], Insulin signalling in nervous system and intestine, and 

TGFβ in nervous system, intestine, and epidermis [25-27]. 

Consistent with this report it is intriguing to see that tissues, in which the 

developmental and immune response pathways are coordinated, overlap largely with 

those that showed the most differential expression between L1 starved and L1 fed. These 

include neurons, muscles including neuromuscular tube pharynx, as well as intestine, as 

determined from the anatomy term association analysis (Figure 3.9). In addition, as 

mentioned earlier, in most neurons and muscles these differentially expressed genes were 
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more highly expressed in starved animals in general. GO analysis revealed that genes 

involved in defence and immune response seemed to be more highly expressed in starved 

animals as well as cell-cell signalling/cell-communication. 

As a result, it appears that the biological mechanisms required for defence and 

innate immune response may be increased in arrested animals, possibly induced by the 

signal transduction pathways involved in development and innate immunity mentioned 

above. Another possibility is that the FOXO (DAF-16) dependent insulin signalling 

pathway may be responsible for regulation of these responses during L1 arrest. It has 

been recently reported by Becker et al. [28] that antimicrobial peptides (AMPs), a class of 

immune effector molecule that fight pathogen infections, can be activated independently 

of these immunoregulatory pathways by the transcription factor FOXO. The authors 

showed that in non-infected animals, AMP genes are activated in response to nuclear 

FOXO activity when induced by starvation. Another possible explanation for the 

increased innate immune-like response might be that starved L1 animals have acquired 

tissue damage from hyperactive foraging in the liquid media in which they were cultured. 

3.3.5 Microarray cluster associations 

We have examined genes that have been clustered due to data from previous 

microarray studies and have noticed many of the significantly differentially expressed 

genes between L1 starved and L1 fed belong to some microarray clusters in particular. 

These clusters include dauer-regulated, age-regulated, dcr-1 up or down-regulated, 

intestine enriched, and L1 muscle enriched genes, as summarized in Table 3.5.  
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We have used Wilcoxon signed rank test to investigate whether there is 

statistically significant disparity in overall expression levels of these groups of genes 

between starved and fed samples in general. As shown in Figure 3.10, dcr-1 mutant up-

regulated, dauer-regulated, and age-regulated gene clusters showed statistically 

significant differences (p-val < 0.05) in gene expression levels between L1 starved and 

L1 fed. Figures 3.11 and 12 show M versus A plots for all the genes in each cluster and 

subset of genes that are significantly differentially expressed (determined by edgeR exact 

test), respectively.  

Welker et al. performed microarray analysis of adult C. elegans homozygous for a 

deletion in the Dicer gene, dcr-1. The ribonuclease III enzyme Dicer processes 

microRNAs. From this experiment, they showed increased expression of genes involved 

in innate immunity in dcr-1 mutants. Several signalling pathways as mentioned earlier, 

induce innate immune system which include the TGFβ-like pathway, p38 MAPK 

pathway, DAF-2/DAF-16 insulin-like receptor pathway, and programmed cell death 

pathway. They found that numerous immune effectors in these pathways were up-

regulated in dcr-1 mutants. They speculated Dicer may play a role in silencing innate 

immune response, presumably until a pathogen is encountered, in addition to its role in 

the antiviral response by cleaving viral dsRNA to produce siRNAs that target viral 

mRNA. 

Interestingly, the dcr-1mutant up-regulated genes which are enriched with innate 

immune effectors showed the most significant differential gene expression in our data 

between L1 starved and L1 fed (Figure 3.10), consistent with the speculation that L1 

starved animals may exhibit enhanced innate immunity-like responses.  

http://rnajournal.cshlp.org/search?author1=Noah+C.+Welker&sortspec=date&submit=Submit
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Table 3.5 Microarray clusters used for differential expression analysis between L1 starved and L1 fed. 

Cluster 
[cgc5428]: 

L1_muscle_enriched 
1227 genes 

WBPaper00026980: 
intestine_enriched 

403 genes 

WBPaper00032062: 
age_regulated 

1065 genes 

WBPaper00024393: 
strongly_regulated_dauer 

1094 genes 

WBPaper00029437: 
dcr-1_up or down-

regulated 
(904, 441 genes) 

Description 

The cluster contains 
genes that are 
significantly 
enriched in L1 
muscle. 

To identify genes that are significantly 
enriched by mRNA tagging, we first 
normalized the total amount of Cy3 and 
Cy5 signal to each other in each 
hybridization. We measured the ratio of 
the signals from the co-
immunoprecipitated mRNA (Cy5) to total 
RNA in the cell extract (Cy3), and 
calculated the percentile rank for each 
gene relative to all genes in each 
hybridization. The mean percentile rank 
was determined from eight repeats of 
the mRNA-tagging experiment. Student's 
t-test was used to determine which genes 
showed a mean enrichment significantly 
greater than the median enrichment for 
all genes (P<0.001). 

Genes that showed 
significantly changed 
expression during 
aging (ANOVA, p < 
0.0001) 

Genes that are up or 
down regulated by more 
than 2.1 fold with the t-
test p-value less than 0.01 
are included in this 
cluster. 

Genes up or down 
regulated in dcr-1(-/-) 
adult animals by at 
least 1.5 fold and P < 
0.01, as determined 
by a multisample t-
test and the 
Benjamini and 
Hochberg false 
discovery rate 
correction. 

References 
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clustering of 
muscle-expressed 
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clustering and GATA transcriptional 
regulation of intestine-expressed genes 
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2008. An elt-3/elt-
5/elt-6 GATA 
transcription circuit 
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genes by TGFbeta during 
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Figure 3.10 Microarray cluster genes and Wilcoxon test p-values for significance test for L1 starved versus 
L1 fed 
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Figure 3.11 M versus A plots for the different microarray cluster genes for all genes 
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Figure 3.12 M versus A plots for the different microarray cluster genes for genes differentially expressed  
between L1 starved and L1 fed only as determined by edgeR exact test after scaling normalization.
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Also consistent with previous findings, dauer-regulated and age-regulated genes 

which function in stress resistance showed differential gene expression between L1 

starved and L1 fed. These biological processes share the signal transduction pathways 

that function in both development and innate immunity, including the most likely 

candidate FOXO (DAF-16) dependent insulin signalling pathway. 

3.3.6 ncRNA genes are more highly expressed in L1 starved than in L1 fed  

Lastly, there were 64 ncRNA genes commonly detected from the mapping 

analysis of the two samples. Interestingly these genes showed significant differential 

expression as determined by the Wilcoxon signed rank test (p-value: 0.0397). In general, 

ncRNA genes were more highly expressed in the starved sample. The genes that passed 

cut-offs of p-value less than 0.01 and displayed a minimum two-fold change are shown in 

Table 3.6. Noticeably, tts-1 and tts-2 were highly significantly up regulated in L1 starved 

than L1 fed. This result reveals potential roles for non-coding RNAs during the L1 arrest 

or early larval development, though this differential regulation may be due to secondary 

consequences. 
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Table 3.6 Significantly differentially expressed ncRNAs genes between L1 starved and L1 fed 

3.3.6.1 Stage specific deep SAGE (Tag-seq) data by Illumina sequencing platform 

We compared our Illumina L1 starved and L1 fed whole transcriptome data 

(RNA-seq) with C. elegans larval and dauer stage deepSAGE data (Tag-seq), also 

generated using Illumina sequencing and summarized in Table 3.7 [30].  

The Tag-seq data includes L1 starved and fed samples also, allowing us to 

perform a direct comparison of our data which would provide additional confirmation of 

our findings. However, since there are expected discrepancies between different gene 

expression profiling methods [32] and different depth and coverage of the data, it may 

not be anticipated that we would see a high degree of agreement between both RNA-seq 

and Tag-seq data sets. 

Gene L1 fed tpm L1 starved tpm Log-FC p-val Gene class 

tts-2 23.70 882.00 5.22 4.26E-227 ncRNA 

tts-1 377.00 2000.00 2.41 9.58E-267 ncRNA 

F16A11.5 1.67 12.1 2.86 2.16E-03 ncRNA 

F46G10.1 6.93 23.4 1.75 1.19E-03 ncRNA 

Y53F4B.45 149 483 1.7 8.36E-43 ncRNA 

F58E10.3 30.1 89.4 1.57 1.34E-08 ncRNA 

C05D2.11 9.06 25.4 1.49 1.99E-03 ncRNA 

T05E11.9 281 755 1.43 1.79E-51 ncRNA 

Y57G11C.22 6.53 16.6 1.34 6.49E-03 ncRNA 

C53C7.5 58.9 145 1.3 2.19E-10 ncRNA 

R13H4.2 35.5 86.6 1.29 4.50E-07 ncRNA 

C30E1.9 172 353 1.04 2.73E-16 ncRNA 

C05D12.3 19.5 5.63 -1.79 2.50E-03 ncRNA 



 

 97 

Table 3.7 Stage specific SAGE data 

 

Embryo 
(longSAGE) 

New Illumina deep SAGE (Tag-seq) 

L1 
starved 

L1 fed L2 L3 
N2 young 

adult 
N2 

dauer 

N2 2 week 
old dauer 

larvae 

Total num 
SAGE tag 

75048 78075 59258 84067 42727 58025 74901 59301 

Num genes 
identified 

10004 6758 5836 7183 5612 6444 7487 7141 

Num genes 
identified > 

1 tag 
7388 4487 3341 5332 2983 4547 5525 4777 

Before we compared the RNA-seq and Tag-seq L1 starved and fed data we 

clustered the libraries of Tag-seq data using a hierarchical clustering method. 

Interestingly, we found that the L1 starved Tag-seq library clustered with the two dauer 

libraries while L1 fed Tag-seq data clustered with the other larval and adult Tag-seq 

libraries, as shown in Figure 3.13. This result again revealed a good correlation between 

L1 starved larva and dauer larva with regard to transcriptome content and gene 

expression levels. 
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Figure 3.13 Ward Hierarchical Clustering with Bootstrapped p-values for SAGE libraries (common in all) with SAGE L1 fed (A) and SAGE L1 starved (B). 
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3.3.6.2 Comparison of RNA-seq and Tag-seq L1 starved and L1 fed data for commonly 

identified genes 

There were approximately 7400 genes and 5300 genes identified in both RNA-seq 

and Taq-seq in L1 starved and L1 fed, respectively. However, the number of tags that 

mapped to each gene was vastly different between RNA-seq and Tag-seq. Also, as shown 

in Table 3.8, gene expression level correlations are not very good between RNA-seq and 

Tag-seq for both L1 starved and fed. This was mainly because RNA-seq provided higher 

sensitivity, especially for genes with low copy number, and deeper coverage than Tag-seq 

as shown by Figure 3.14. Genes identified by Tag-seq with low tag numbers including a 

single tag showed a wide range of expression percent ranking within the transcriptome as 

determined in RNA-seq.  

Table 3.8 All transcripts commonly identified by SAGE and Illumina 

Library 
Total Transcript 

count 
Avg. RNA-seq tpm 

(range) 
Avg. Tag-seq  tag 

(range) 
Correlation  coefficient 
(RNA-seq vs. Tag-seq) 

L1 starved 7429 
87.22 

(0.08 – 10500) 
10.75 

(1 – 1077) 
0.47 

L1 fed 5336 
120.69 

(0.05 – 12000) 
11.30 

(1 – 1492) 
0.48 
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Figure 3.14 The range of Tag-seq tag numbers mapped to a gene and the average, maximum, and minimum expression percent ranking of the genes as identified 
in RNA-seq data. Genes identified with the large number of Tag-seq tags, in other words, highly expressed genes were also identified to be highly expressed in 
RNA-seq data as determined by the expression ranking, but lowly expressed genes identified in Tag-seq data showed a wide range of expression ranking in 
RNA-seq data. 
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However, when we compared RNA-seq and Tag-seq for common genes (130 

genes) that were statistically differentially expressed between L1 starved and L1 fed in 

both (Table 3.9), the correlation coefficient for expression level fold-changes between 

RNA-seq and Tag-seq increased from 0.50 for all genes to 0.86 (Table 3.10). By 

comparing the Tag-seq larval stage specific data, we have also identified genes that were 

highly expressed in the first larval stage but low or absent in the embryonic and L3 

stages. Table 3.11 lists the L1 enriched genes that were differentially expressed between 

L1 starved and fed based on RNA-seq as well as Tag-seq data.  

Table 3.9 Statistically most differentially regulated genes between L1 starved and L1 fed 

RNA-seq 
(p-val < 0.01 after BF, and min 2 fold 

change) 

Tag-seq 
(min 2 fold change) 

Common in both RNA-seq and 
Tag-seq 

1476 505 130
*
 

Table 3.10 Expression level fold-change correlation coefficients for commonly identified genes in RNA-
seq and Tag-seq 

Commonly identified genes in RNA-seq and Tag-seq 
Correlation 
Coefficient 

All RNA-seq  vs. All Tag-seq  (min 10 tags) 0.50 

All RNA-seq  vs. Significantly differentially expressed in Tag-seq 0.67 

Significantly differentially expressed in both RNA-seq and Tag-seq 0.86 
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Table 3.11 L1 enriched genes with Sig diff exp between L1 starved and L1 fed (as determined by both RNA-seq and Tag-seq)  

Gene L1 fed tpm 
L1 fed Percent 

ranking 
L1 starved tpm 

L1 starved Percent 
ranking 

log2(L1 starved/L1 fed) p-val 

F56H9.2 25.00 73% 250.00 97% 3.32 1.66E-48 

F58E10.3 177.00 96% 869.00 99% 2.30 7.40E-111 

alh-1 78.80 90% 360.00 98% 2.19 1.03E-44 

T23G7.3 104.00 92% 476.00 99% 2.19 1.63E-58 

tag-242 41.10 81% 178.00 96% 2.12 3.26E-22 

alh-1 89.40 91% 384.00 98% 2.10 3.03E-45 

lpd-7 123.00 94% 516.00 99% 2.06 7.45E-59 

C53H9.2 10.70 57% 43.70 81% 2.03 9.67E-07 

C53H9.2 30.90 77% 122.00 93% 1.98 9.90E-15 

B0511.6 199.00 96% 757.00 99% 1.93 6.12E-78 

C24H12.4 13.30 61% 48.50 82% 1.87 7.61E-07 

JC8.2 37.50 80% 137.00 94% 1.87 2.96E-15 

M163.1 66.70 88% 238.00 97% 1.84 1.81E-24 

C24H12.4 24.40 73% 83.70 90% 1.78 1.07E-09 

W09C5.1 157.00 95% 537.00 99% 1.78 3.12E-50 

C53H9.2 28.60 75% 97.90 91% 1.77 7.20E-11 

pmt-1 182.00 96% 606.00 99% 1.73 9.25E-55 

byn-1 143.00 94% 468.00 99% 1.71 5.41E-42 

pmt-1 138.00 94% 444.00 98% 1.69 3.41E-39 

F53F4.11 67.00 88% 215.00 96% 1.68 5.05E-20 

W02B12.9 57.00 86% 183.00 96% 1.68 2.35E-17 
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Table 3.11 continued. 

Gene CDS L1 fed tpm 
L1 fed Percent 

ranking 
L1 starved tpm 

L1 starved 
Percent ranking 

log2(L1 starved/L1 
fed) 

p-val 

T25G3.3 T25G3.3 89.90 91% 282.00 97% 1.65 5.73E-25 

pmt-1 ZK622.3a 55.00 86% 171.00 95% 1.63 8.38E-16 

F10E7.5 F10E7.5 41.30 81% 125.00 93% 1.60 9.41E-12 

Y40B1B.7 Y40B1B.7 37.50 80% 111.00 92% 1.57 2.07E-10 

F42D1.2 F42D1.2 311.00 98% 846.00 99% 1.44 2.01E-58 

B0001.6 B0001.6 142.00 94% 361.00 98% 1.35 7.60E-24 

uvt-5 F56B6.4a 47.00 84% 117.00 93% 1.32 6.85E-09 

alh-12 Y69F12A.2a 49.10 84% 117.00 93% 1.26 2.10E-08 

K07F5.15 K07F5.15 68.40 88% 149.00 94% 1.12 6.57E-09 

Y16B4A.2 Y16B4A.2 242.00 97% 113.00 93% -1.09 8.72E-13 

R06C1.4 R06C1.4 198.00 96% 88.00 90% -1.17 9.53E-12 

Y37D8A.2 Y37D8A.2 201.00 96% 79.80 89% -1.33 5.74E-14 

F23C8.5 F23C8.5 269.00 97% 102.00 92% -1.39 2.75E-19 

pdi-3 H06O01.1 1650.00 100% 619.00 99% -1.41 2.63E-108 

W08F4.3 W08F4.3 99.20 92% 37.10 78% -1.42 1.46E-08 

mcm-3 C25D7.6 96.80 92% 32.00 75% -1.60 1.57E-09 

dct-18 F58G1.4 220.00 97% 67.20 87% -1.71 5.54E-21 

pas-4 C36B1.4 143.00 94% 43.70 81% -1.71 4.05E-14 

cyn-7 Y75B12B.2 890.00 99% 215.00 96% -2.05 1.06E-98 

mua-6 W10G6.3 670.00 99% 89.80 91% -2.90 4.81E-111 

Y57G11C.15 Y57G11C.15 1940.00 100% 207.00 96% -3.23 0.00E+00 
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3.3.7 Transcript structure refinement and novel transcript discovery using the 

deep paired-end sequences 

3.3.7.1 de novo assembly by ABySS identified novel transcripts and splice variants 

We have used a de novo short sequence tag assembly program, ABySS [8, 9] for 

the whole transcriptome de novo assembly using the paired-end tags sequenced from C. 

elegans L1 starved and fed as well as C. briggsae L1 and mixed full-length cDNAs. This 

provides a number of advantages for transcriptome structure refinement and novel 

structure discovery.  

ABySS was able to construct substantially larger contigs that could be mapped to 

the reference genome with much higher confidence in some cases aligning to the full-

length transcripts. When mapped to the reference genome these contigs confirmed both 

known and novel splice junctions. Additionally, Abyss contigs mapping to the intergenic 

regions of the genome with no known gene predictions, not only suggested the existence 

of novel transcripts, but also identified the exon and intron boundaries of the potential 

transcripts, as shown in Figure 3.15. The short tag sequences alone are not sufficient to 

confirm splice junctions. This is because short tags which span unknown splice junctions 

would not be aligned to either the known transcriptome or the reference genome as such 

partial placement would not pass the stringent alignment cut-offs. Furthermore, ABySS 

has the capacity to construct alternative splice variants separately as illustrated in Figure 

3.16 and 3.17. 

As a result, there were number of cases where the new contigs identified novel 

splice junctions. Table 3.12 summarizes the mapping results of the ABySS contigs to the 

transcriptome and the genome for C. elegans and C. briggsae. The ABySS assemblies 



 

 105 

which mapped to the known transcripts provided confirmation for splice sites while the 

assemblies which mapped only to the genome provided contigs identifying novel splice 

junctions or novel transcripts.  

Table 3.12 Transcriptome and genome mapping summary of ABySS assemblies 

 
Transcriptome – num of genes  

(transcripts) identified by the assemblies 
Genome – num of the assemblies 

mapped to genome only 

C. elegans L1 fed 11937 (18429) 626 

C. elegans L1 
starved 

12682 (19428) 909 

C. briggsae L1 11263 2587 

C. briggsae mixed 12058 2866 

3.3.7.2 Novel transcripts and splice variants  

For the L1 fed sample 626 assemblies mapped to the genome but not the 

transcriptome. These assemblies had an average length of 1110 bases and mapped into 4 

blocks on average. The different blocks represent different exons and therefore identify 

novel splice junctions. We then selected assemblies that wed at least 6 kb away from each 

other (the distance between the starts of assemblies) to account for the average gene 

length and intergenic length. This was done to isolate distinct clusters of assembly 

contigs. Using these parameters approximately 490 assemblies were identified. These 

included a number of assemblies mapped to known genes with alternative splice 
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Figure 3.15 De novo assembly identifying novel transcript confirming splice sites (Green: L1 starved) 



 

 107 

 

Figure 3.16 An example illustration of alternative splice variants assembled separately confirming structures of the splice variants of lev-11 (Red: L1 fed, Green: 
L1 starved: Blue: Wormbase gene model).
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Figure 3.17 An example illustration of alternative splice variants assembled separately confirming structures of the splice variants or gei-16 (Red: L1 fed, Green: 
L1 starved: Blue: Wormbase gene model). 
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Figure 3.18 Examples illustrating novel splice variants identified by de novo assemblies for H06I04.6 and T23F11.1 (Red: L1 fed, Green: L1 starved: Blue: 
Wormbase gene model).
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junctions or 5' or 3' end extensions as shown in Figure 3.18 as well as novel potential 

transcripts. 

For the L1 starved sample, of the 909 assemblies that mapped to the genome only 

around 600 clusters were identified to be at least 6 kb away from each other. For C. 

briggsae L1 and mixed assemblies respectively, approximately 1463 out of 2587 and 

1722 out of 2866 assemblies exclusively mapped to the genome potentially adding novel 

transcription information and the genomic locations of these assemblies are summarized 

in Supplementary Table 3.3.  

3.4 Conclusions 

Our transcriptome analysis of the L1 larval stage under conditions of `feast or 

famine`, has provided an extensive overview of global transcriptional activities to 

remarkable depth. This data has exposed the dynamic and complex structure of the C. 

elegans transcriptome under different environmental and developmental conditions. The 

in-depth snapshot of transcriptional activity that we have generated here could not have 

been done using other currently available transcriptome profiling methods.  

We have identified genes that are differentially regulated between the 

transcriptomes from arrested and developing animals in the first larval stage, indentifying 

known gene members of various signalling pathways regulating stress response, 

metabolism and aging related mechanisms. That we can identify the expected members 

of these developmental mechanisms reveals the validity of our data.  

We also showed innate immune response was up-regulated during L1 arrest as 

elucidated from tissue specificity of signal transduction pathways involved in 
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development and innate immunity, Gene Ontology analysis, and the comparison to 

previous microarray cluster dcr-1 mutant up-regulated genes which are found to be 

involved in the immune response pathways. Also, we speculate that FOXO may regulate 

the innate immune response activation during L1 arrest.  

Furthermore non-coding RNAs also show elevated expression in animals in a 

state of starvation. These observations are an intriguing insight into previously 

unrecognised aspects of developmental arrest. Further research is however needed to 

tease apart the specific effects these gene groups might orchestrate at the biological level. 

3.5 Methods 

3.5.1 mRNA extraction and cDNA library construction 

C. elegans N2 and C. briggsae AF16 nematodes were incubated on OP50-seeded 

large plates at 20oC. Egg bleach protocol was carried out in order to correctly stage the 

nematodes for collection. Briefly, gravid adult nematodes were vigorously shaken in a 

bleaching solution (~2.4% sodium hypochlorite (Bioshop SYP001.1) and 0.5N sodium 

hydroxide (Fisher Scientific S-318B) in ddH2O) until the nematode worm bodies were 

fragmented. Nematode suspension was then rapidly spun down at 1500rpm for 1min and 

the bleaching solution aspirated. Repeated rinsing with M9 buffer was then carried out 

until the presence of bleach was not detectable. The pelleted body fragments and eggs 

were then incubated in M9 buffer on a platform mixer overnight (at least 16 hours). 

Newly hatched nematodes were then collected and incubated for pre-determined amounts 

of time before use for RNA extraction via Trizol (Invitrogen, #15596-026). Starved L1s 
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were collected at ~18hrs after egg bleach while Fed L1s were incubated for 6-8 hours on 

seeded plates before collection. 

RNA was then extracted from the nematode samples using Trizol and chloroform 

(Caledon, #3000-3) successively, then precipitated using 2-propanol (Caledon, # 8601-2). 

The RNA pellet was washed with 0.5mL 75% ethanol, allowed to air-dry, then 

resuspended in DEPC-treated H2O. Concentration readings were then taken using a 

NanoDrop (ND-1000) and 25 g RNA was then DNase-treated(Invitrogen). RNA was 

then purified using Phenol:Chloroform extraction, then ethanol-precipitated. 

The RNA was then prepared for Solexa sequencing. Briefly, mRNA, isolated 

using a MACs column (Miltenyi Biotech, #130-042-701), was reverse-transcribed to 

cDNA (Invitrogen, #11917-010). Sonication of the cDNA then produced a smear of 

bands, of which the 200bp fraction was used for ligation of PET adaptors. This 

preparation was enriched via a 10-cycle PCR before being sent for sequencing. 

For quality control, aliquots of the DNased total RNA, purified mRNA and the 

PET-PCR amplified samples were tested using an Agilent chip(Cat #6064-8230) to 

ensure the presence of the expected product and minimal/no contamination occurred. 

3.5.1.1 Sequence mapping 

Sequences were mapped to the reference genomes using MAQ [33] program. The 

de novo assembly was done by ABySS program, and the mapping of the contigs to the 

reference genomes was carried out by BLAT [34]. Lastly, UCSC genome browser [35] 

was used for visualization of the mapping result. 
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3.5.2 Statistical analysis 

Sequence tag numbers were normalized to the library size and gene length as well 

as by the scaling factor calculated by EdgeR [15] package of R statistics language. 

Differential gene expression statistical analyses are carried out by R statistics language 

using Audic-Claverie equation [12, 13] and EdgeR fisher's exact test. Babelomics [17] 

was used for Gene Ontology analysis, and Perl scripting language was used for most of 

the comparative and clustering analysis. 
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4: Gene expression profiling of Caenorhabditis elegans 

AAK-2 mutants under paraquat induced oxidative 

stress 

Gene Expression Profiling of Oxidative Stress Response of C. elegans 
aging defective AMPK Mutants Using Massively Parallel Transcriptome 
Sequencing.  BMC Genomics 2010, Submitted. 

Heesun Shin, Hyojin Lee, Anthony Fejes, David L. Baillie, Hyeon-Sook Koo, 
Steven J.M. Jones 
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manuscript. Anthony Fejes designed the sequence mapping program. Steven J.M. 
Jones, Hyeon-Sook Koo, and David L. Baillie conceived of the study. 

4.1 Abstract 

A strong association between stress resistance and longevity in multicellular 

organisms has been established as many mutations that extend lifespan also show 

increased resistance to stress. AAK-2, the C. elegans homolog of an alpha subunit of 

AMP-activated protein kinase (AMPK) is an intracellular fuel sensor that regulates 

cellular energy homeostasis and functions in stress resistance and lifespan extension. 

Here, we investigated global transcriptional responses of aak-2 mutants to 

oxidative stress and in turn identified potential downstream targets of AAK-2 involved in 

stress resistance in C. elegans. We employed massively parallel Illumina sequencing 

technology and performed comprehensive comparative transcriptome analysis. 

Specifically, we compared the transcriptomes of aak-2 and wild type animals under 

normal conditions and conditions of induced oxidative stress. This research has presented 
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a snapshot of genome-wide transcriptional activities that take place in C. elegans in 

response to oxidative stress both in the presence and absence of AAK-2.  

The analysis presented in this study has enabled us to identify potential genes 

involved in stress resistance that may be either directly or indirectly under the control of 

AAK-2. Furthermore, we have extended our current knowledge of general defense 

responses of C. elegans against oxidative stress supporting the function for AAK-2 in 

inhibition of biosynthetic processes, especially lipid synthesis, under oxidative stress and 

transcriptional regulation of genes involved in reproductive processes. 

4.2 Introduction   

A growing body of research has revealed an association between stress resistance 

and longevity in multicellular organisms as many mutations that extend lifespan also 

increase stress resistance [1-3]. Understanding the cellular response to stress should 

therefore present significant insight into lifespan control.  

The 5-AMP-activated protein kinase (AMPK), a ubiquitously expressed, multi-

substrate serine/threonine protein kinase, is an intracellular fuel sensor. AMPK is 

activated when phosphorylated due to the depletion of ATP relative to AMP [4] that are 

resulted by various environmental or metabolic stresses caused by conditions such as heat 

shock, hypoxia, and low glucose [5], and AMPK mediates its effect by regulating the 

transcription of downstream genes by directly phosphorylating transcription factors and 

coactivators [6-8].  The main function of AMPK as a ‘metabolic switch’ is to maintain 

cellular energy homeostasis by up-regulating the pathways that produce ATP while 

down-regulating energy-consuming anabolic processes [4, 5, 9]. 
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C. elegans AAK-1 and AAK-2 are the two homologs of the catalytic alpha 

subunit of mammalian AMPK. AAK-1 is identified to be required for negative regulation 

of germline proliferation during dauer development [10]; though no significant phenotype 

in relation to lifespan control has been reported. AAK-2 is however, known to mediate 

the long-term survival of dauer larvae. aak-2 dauer stage animals do not demonstrate the 

normal stress-resistant and long-lived phenotype in unfavorable conditions such as 

starvation or crowding [10-12]. AAK-2 is required for proper fat metabolism and 

osmoregulation for survival of dauer larvae [11] and is also involved in germ cell cycle 

arrest upon dauer entry [10].  

Moreover, it has been shown that over-expressing aak-2 increases lifespan by 

13% relative to wild type while disruption of aak-2 reduces the lifespan by 12 % 

compared to wild type [13]. In addition to these findings we have previously 

demonstrated that in vivo induction of oxidative stress in AAK-2 deficient animals by 

treatment with paraquat (1,1’-dimethyl-4, 4’-bipyridinium dichloride) results in a 

significantly lower survival rate than wild type [14].   

Oxidative stress induces a wide range of cellular responses by producing reactive 

oxygen species (ROS). Low doses of ROS are known to promote cell proliferation and 

extend lifespan and medium doses may cause senescence while high levels of oxidative 

stress result in cell death [15]. These outcomes are known to depend partly on 

intracellular stress signaling pathways that are activated in response to oxidative stress 

and as a consequence of direct damage to DNA, proteins, and lipids. These cellular 

injuries and signaling mechanisms directly or indirectly modulate transcription factor 
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activities resulting in changes to gene expression profiles. Some of these signaling 

pathways are involved in survival, while others are linked with cell death [16, 17].  

Given that AMPK regulates transcriptional responses, the loss of transcriptional 

regulation of some gene targets of AAK-2 might contribute to the hypersensitivity to 

oxidative stress observed in aak-2 mutants in addition to indirect consequences of the 

absence of AAK-2 functions. Global searches for targets of the aak-2 pathway by 

transcriptome profiling should therefore provide new AMPK targets of which only a 

small number is known and insight into the regulatory functions of AAK-2 in stress 

resistance and lifespan control in C. elegans.  

The advent of massively parallel next generation sequencing technologies has 

facilitated the production of high coverage sequence data enabling genome wide assays 

of transcriptional activities.  The high-throughput sequencing, specifically Illumina 

sequencing technology, has been shown to be highly replicable and proven to be a 

superior method to study mRNA expression levels in its ability to identify differentially 

expressed genes compared to existing array technologies [18]. Also, the strength of such 

method has been demonstrated in a recent study by Hillier et al. which used Illumina 

sequencing technology for C. elegans stage specific transcriptome analysis including 

stage specific differential gene expression analysis [19]. Additionally, the whole 

transcriptome sequencing allows detection of low-expressed genes and novel transcripts 

or alternative splice variants while the usage of the array technology is limited to 

identifying differential gene expression of previously identified genes [18]. Also, 

sequencing provides absolute abundance of mRNAs whereas the array technology 

measures relative abundance and there is potential for cross-hybridization.  
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Here, we have performed ‘whole transcriptome shotgun sequencing’ using 

Illumina sequencing technology [20], to identify C. elegans genes that were differentially 

expressed between aak-2 mutants and wild type, in the presence or absence of paraquat 

induced oxidative stress.  

4.3 Results  

We undertook a global comparative analysis of transcriptomes from aak-2 and 

wild type animals under both normal conditions and conditions of oxidative stress, in 

order to identify differences between gene expression profiles. Specifically, we compared 

transcriptomes from stressed wild type and stressed aak-2 mutants and aak-2 mutants 

under normal conditions against an unstressed wild type (N2) transcriptome. We used 

gene expression levels in unstressed wild type transcriptome as the baseline/control and 

compared the gene expression levels in the other three transcriptomes against this 

baseline to identify genes with differential expression in each sample relative to wild 

type, and subsequently, compared the groups of differentially expressed genes relative to 

unstressed wild type between the transcriptomes (Unstressed wild type is referred simply 

as wild type from this point, and gene expression change measures are all relative to wild 

type).  

In order to identify statistically significant changes in gene expression, we 

calculated Audic Claverie p-values [21] for each pair-wise comparison of the samples 

against wild type.  Sequence tag numbers were normalized for each gene, first by its 

length, given that the sequence tags showed a fairly even distribution, and subsequently 

by the total tag numbers of each sample. We selected genes with p-values less than 0.01, 
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and the minimum of ~1.5-fold difference (i.e. log2 (normalized aak-2 tags / normalized 

N2 tags) < -0.7 or > 0.7).  

The total number of sequence tags for each cDNA sequence library is indicated in 

Supplementary Table 4.1. An average of 71 % of the total sequence tags were mapped to 

the C. elegans transcriptome in WormBase (WS180). After we eliminated ambiguous 

sequence matches to multiple genes which included many pseudogenes, (data not 

shown), we were able to unambiguously assign approximately 65% of the total sequence 

tags from each sequence library to the C. elegans transcriptome. The number of sequence 

tags mapped per gene varies from one to over 100,000 tags. Approximately 85% of C. 

elegans transcripts were identified by the sequence tags in each library.  

4.3.1 Oxidative stress response of wild type (N2) animals  

We first examined the transcriptional changes in wild type animals after exposure 

to paraquat induced oxidative stress. Using the statistical method discussed above, we 

identified 499 genes whose expression was significantly changed. Of the 499 

differentially expressed genes, 323 were up-regulated and 176 down-regulated (Figure 

4.1). In order to identify over represented functions associated with the differentially 

expressed genes, we used GOstat [22], a tool to categorize gene ontology annotations and 

generate the statistics of over represented terms. 
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Figure 4.1Genes with statistically significant differential gene expression.  

Number of genes significantly up or down-regulated in stressed wild type, stressed aak-2 mutants, and 
unstressed aak-2 mutants relative to unstressed wild type used as a control. There are considerably more 
genes up or down-regulated in stressed and unstressed aak-2 mutants than stressed wild type. 
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4.3.1.1 Genes involved in stress response and aging are up-regulated in wild type animals 

under oxidative stress 

As expected, stress response and aging related genes were up-regulated in stressed 

animals, including several heat shock protein genes (hsp-16.1,hsp-16.11, hsp-16.2, hsp-

16.41, hsp-16.48, hsp-16.49), genes involved in oxidative phosphorylation and ATP 

synthesis (atp-2, H28O16.1, F58F12.1, vha-1, vha-2, vha-4,vha-8, vha-11, vha-15 ), and 

genes involved in aging (acdh-1, mca-3, ppn-1, cct-5, T27F7.3, T27F7.1, rab-1, cgh-1, 

F59E10.3, T02H6.11, C30C11.4, cpr-1, ifb-1, dod-6 ). The most highly represented 

group of genes up-regulated in response to oxidative stress were however genes encoding 

collagens, approximately 50 of which were significantly up-regulated in these animals. 

Several hedgehog-like proteins (grl-16, grl-4, grl-7, wrt-4, wrt-10) were also up-

regulated, as were the daf-2 and daf-16 regulated genes dao-2, dao-4, and dao-5 

(Supplementary Table 4.2). The most significantly over represented GO terms associated 

with up-regulated genes in wild type in response to oxidative stress are shown in 

Supplementary Table 4.3. 

4.3.1.2 Biosynthetic and reproductive processes are down-regulated in wild type animals 

under oxidative stress 

Genes that were significantly down-regulated in wild type animals under 

oxidative stress (Supplementary Table 4.5) include histones (his) and ribosomal proteins 

(rps, rpl). Reduced histone and ribosomal protein gene transcription indicates that 

biosynthetic processes such as transcription and translation are down-regulated, as 

histone synthesis is dependent on ongoing DNA replication [23]. Other down-regulated 

genes involved in mRNA metabolic processes include gut-2, lin-40, lsm-5, lsm-6, mxl-1, 

nhr-37, and rab-18. Genes involved in reproduction were also down-regulated as were 
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several genes known to function in the establishment of cellular localization (aps-3, ddp-

1, dyrb-1, elc-1, pfd-6) and genes encoding prosaposins (spp-3, spp-4, spp-5, spp-14, spp-

17, spp-23), lipid-binding proteins required for postembryonic development. The most 

significantly over represented GO terms (biological processes) associated with the down-

regulated genes in wild type in response to oxidative stress are shown in Supplementary 

Table 4.4. 

4.3.2 Stress responses of aak-2 mutants in comparison to stress responses of wild 

type animals 

We examined gene expression level changes in aak-2 mutants under conditions of 

oxidative stress relative to wild type.  From this analysis we identified 763 genes that 

were significantly up-regulated and 202 genes that were significantly down-regulated 

relative to wild type (Figure 4.1, Supplementary Table 4.6). We then compared these 

differentially expressed genes to transcriptional changes from wild type animals under 

stress, in order to identify similarities and differences in their responses to the oxidative 

stress.  

4.3.2.1 Commonly up or down-regulated genes in wild type and aak-2 mutants under 

oxidative stress – aak-2 mutants display a heightened stress response 

The majority of commonly down-regulated genes in stressed wild type and aak-2 

mutants are required for translation and transcription including ribosomal proteins and 

histones. Prosaposins are also highly down-regulated in both stressed wild type and aak-2 

mutants (Supplementary Table 4.7).  



 

 126 

 

Figure 4.2 Comparison of gene expression level changes against oxidative stress between wild type and 
aak-2 mutants  

 (A) Correlation between gene expression level changes of all genes identified in stressed wild type and 
stressed aak-2 mutants relative to unstressed wild type. (B) Correlation between gene expression level 
changes of genes significantly up or down-regulated commonly in stressed wild type and stressed aak-2 
mutants relative to unstressed wild type (green). The commonly up or down-regulated genes in stressed 
wild type and stressed aak-2 mutants show much higher correlation compared to all genes indicating these 
genes are not only commonly regulated in wild type and aak-2 mutants against oxidative stress, but also the 
degree of the expression level changes is overall quite similar. The commonly up or down-regulated genes 
in stressed wild type and stressed aak-2 mutants and their expression level changes in unstressed aak-2 
mutants (orange). A large group of collagens are commonly up-regulated in stressed wild type and stressed 
aak-2 mutants, but insignificantly changed in unstressed aak-2 mutants as indicated. 
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Most genes up-regulated in wild type animals in response to the oxidative stress 

were also up-regulated in stressed aak-2 mutants (Supplementary Table 4.8). Some genes 

were notably more highly up-regulated in stressed aak-2 mutants, including heat shock 

proteins (hsp-16.1, hsp-16.2, hsp-16.11, hsp-16.41, hsp-16.48, and hsp-16.49) (Figure 

4.3C), acdh-1, a short-chain acyl-CoA dehydrogenase  involved in energy generation and 

lifespan extension [24], and lgg-1, a microtubule-associated anchor protein involved in 

autophagy and membrane trafficking [25]. Additionally lys-4, lys-5, lys-6, lysozymes 

known to function in innate immune system [26], were considerably more highly up-

regulated in stressed aak-2 mutants. Finally, collagen genes that were significantly up-

regulated in wild type animals were also up-regulated in aak-2 mutants in response to 

oxidative stress, showing slightly elevated overall expression in the stressed aak-2 

population. From this result we conclude that stressed aak-2 mutants demonstrate a more 

heightened general stress response as transcription of genes involved in stress resistance 

are more highly up-regulated than in stressed wild type animals. 
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Figure 4.3 Number of commonly or statistically differentially regulated genes in wild type and aak-2 
mutants in response to oxidative stress and examples  

Venn diagram showing numbers of commonly up (A) or down (B) regulated genes with statistically 
significant gene expression level changes in wild type and aak-2 mutants in response to oxidative stress 
relative to wild type (overlapping regions) as well as numbers of genes up or down-regulated exclusively in 
stressed wild type or stressed aak-2 mutants relative to wild type (non-overlapping regions). Numbers in 
brackets indicate genes that showed the most difference in gene expression relative to wild type between 
the two libraries, stressed wild type and stressed aak-2 (i.e. genes that showed significant changes in one 
library (i.e. Log2 ratio relative to wild type greater or less than |0.7|, p-val < 0.01), but showed negligible 
changes (i.e. Log2 ratio relative to wild type greater or less than ~|0.3|) or significantly changed in the 
opposite direction in the other library). For instance, there is a relatively large subset of genes in brackets 
(125) significantly up-regulated in aak-2 mutants in response to oxidative stress but either insignificantly 
regulated or significantly down-regulated in wild type under oxidative stress. (C) UCSC browser view of 
hsp-16.2 and hsp-16.41 with the sequence tags aligned to the gene models. Four samples (Stressed wild 
type (N2), Stressed aak-2, Unstressed wild type (N2), Unstressed aak-2) are shown. It is evident hsp-16.2 
and hsp-16.41 are much more highly expressed in stressed wild type and stressed aak-2 mutants compared 
to unstressed wild type and unstressed aak-2 mutants, especially in stressed aak-2 mutants. Note: The 
scales for the minimum and maximum number of tags for the four samples are different. (D) UCSC 
browser view of fat-7 with the sequence tags aligned to the gene model. Four samples (Stressed wild type, 
Stressed aak-2, Unstressed wild type, Unstressed aak-2) are shown. As indicated by the number of 
sequence tags mapped, fat-7is much more highly expressed in aak-2 mutants (stressed and unstressed) 
compared to wild type (stressed and unstressed). Note: The scales for the minimum and maximum number 
of tags for the four samples are different. 
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4.3.2.2 Differences in stress response between wild type and aak-2 mutants - AAK-2 

functions in down-regulating biosynthetic processes in response to oxidative stress 

As shown in Figure 4.3A, there is a subset of 125 genes that are specifically up-

regulated in aak-2 mutants under oxidative stress, listed in Table 4.1. These are the most 

differentially expressed genes between stressed wild type and stressed aak-2 mutants as 

they show significant gene expression level changes in stressed aak-2 mutants relative 

wild type, but they are either negligible or significantly down-regulated in wild type 

animals under stress relative to wild type (Supplementary Table 4.9 lists fold change 

comparisons for these genes in stressed wild type relative to wild type and stressed aak-2 

mutants relative to wild type). Interestingly, examination of the functionally characterized 

genes in this group revealed an up-regulation of specific biosynthetic processes, 

particularly fatty acid synthesis. Notable genes in this case comprise fatty acid 

desaturases (fat-), and several fatty acid binding proteins (far-) were also up-regulated in 

aak-2 mutants in response to oxidative stress relative to wild type. Although not 

statistically significant, it is interesting to note that some long chain fatty acid elongases 

(elo-), especially elo-1, were slightly up regulated in stressed aak-2 mutants relative to 

wild type. Additionally, genes involved in coenzyme and amino acid biosynthesis and 

genes involved in carbohydrate metabolic process are also up-regulated. These 

observations imply that AAK-2 functions in down-regulating these energy consuming 

biosynthetic processes when animals are under oxidative stress (Supplementary Table 

4.10). 
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Table 4.1 125 genes significantly up regulated exclusively in stressed aak-2 mutants (Genes are sorted by 
the expression level changes in stressed aak-2 compared to wild type animals. Supplementary Table 4.9 
lists Log2 ratios of these genes in stressed wild type relative to wild type and stressed aak-2 mutants 
relative to wild type.) 

125 genes significantly up regulated in stressed aak-2 mutants only 

F22B7.9 Y38F1A.6 qdpr-1 R05F9.6 W10C8.5 

Y38E10A.14 MTCE.33 F28A10.6 F32B5.1 lea-1 

ZK970.7 scl-2 F54E2.1 tat-4 T15B7.2 

F44A6.5 Y37A1B.5 ldh-1 ttr-36 C10G8.4 

clec-52 R03D7.1 T01C8.2 Y43C5A.2 F08B12.4 

C01B4.6 F44E7.2 let-721 F52A8.1 gdi-1 

Y19D10A.16 nspc-17 ttr-47 mua-6 M02D8.1 

C09H5.2 Y48G8AL.13 Y38E10A.13 nspc-10 pat-10 

C17C3.1 F40F12.7 Y62E10A.13 C15C8.3 C31E10.7 

pmp-5 T28F4.5 C42D4.1 T20G5.8 ZK637.2 

clec-209 C45B2.2 fat-4 vha-14 F53A9.8 

F56A4.2 F18E3.11 nspc-3 glt-1 sod-1 

B0280.17 ccg-1 npa-1 pes-9 C16A3.10 

F35E12.5 W05H9.1 F15B10.1 nspc-20 C06E7.1 

C53A3.2 fat-5 M60.4 R107.5 rmd-2 

nlp-29 K07C11.7 F13H8.7 nuo-1 dad-1 

C33A12.19 C08F11.12 far-8 ncs-2 spp-10 

K09H11.7 Y38C1AA.7 R11A5.4 baf-1 T25B9.9 

F25E5.8 ech-6 C05C10.3 sqv-4 plp-1 

F08G5.6 F10G2.1 mmaa-1 F52E1.14 rhr-1 

F56A4.3 hsp-17 R05D11.5 F41C3.5 prdx-3 

C01B4.9 F54D5.12 F54C9.3 F07H5.5 F56C9.7 

Y19D10A.12 R02D3.1 far-6 gta-1 nspa-1 

F55H12.2 hpd-1 Y51A2D.14 C06A8.1 brp-1 

C07E3.9 sel-9 lpl-1 tag-174 W03F11.1 

Eight genes significantly up-regulated in stressed wild type animals relative to 

wild type but insignificantly changed or significantly down-regulated in stressed aak-2 

mutants relative to wild type are tsn-1, C17H12.8, C30G12.2, K07C5.4, K10C2.3, 

R09E12.3 , Y57G11C.9, and Y113G7B.17. As shown in Figure 4.3B, only nine genes 
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were significantly down-regulated exclusively in wild type animals in response to 

oxidative stress relative to wild type(col-95, C45B2.1, F53A9.1, F53A9.8, lbp-6, 

MTCE.15, nspa-5, tin-9.1, and Y60A3A.21) while they were either insignificantly 

changed or significantly up-regulated in stressed aak-2 mutants relative to wild type. A 

further 11 genes specifically down-regulated in stressed aak-2 mutants relative to wild 

type (cct-8, rpl-25.2, rps-27, F15E11.1, F15E11.14, F15E11.15, F45D11.14, F45D11.15, 

F45D11.16, K10C2.3, and Y48G8AL.12) were also noted.  

These exclusively regulated genes are the most differentially regulated genes 

between stressed wild type and stressed aak-2 mutants, and therefore, these genes may be 

potential downstream targets that are potentially under either direct or indirect control of 

AAK-2. Many of these genes have no known functions and remain to be characterized. 

Further investigation of these genes may uncover novel relationships and functions for 

aak-2 and reveal specific targets of aak-2 that act in the biological processes that AAK-2 

is known to be involved in.  

4.3.3 Differentially regulated genes in unstressed aak-2 mutants compared to wild 

type animals 

A total of 1074 genes showed statistically significant differential gene expression 

in unstressed aak-2 mutants when compared to wild type. Among these genes, 706 genes 

were up-regulated and 368 genes were down-regulated (Figure 4.1). 

4.3.3.1 Genes involved in stress response, ageing and the germline are up-regulated in 

unstressed aak-2 mutants relative to wild type 

Supplementary Table 4.11 lists genes that are significantly up-regulated in 

unstressed aak-2 mutants compared to wild type animals and Supplementary Table 4.12 
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shows most highly represented biological processes these genes are involved in as 

analyzed by GOstat. Genes included are those known to be involved in aging and stress 

responses (acdh-1, cgh-1, dao-5, daf-16, daf-18, fat-7, lin-41, mup-4, mdt-15), heat shock 

proteins (hsp-16.1, hsp-16.11, hsp-6, hsp25), and vacuolar proton-translocating ATPases 

(vha-4, vha-5, vha-8, vha-11, vha-13, vha-14, vha-15, vha-16). 

Another interesting group of genes that are highly up-regulated in unstressed aak-

2 mutants relative to wild type are the vitellogenin genes (vit-1 to vit-6), all of which 

were statistically highly significant differentially expressed genes observed between wild 

type and unstressed aak-2 mutants (Average p-val = 4.05E-42) . Finally, a large group of 

genes involved in reproduction was up-regulated in unstressed aak-2 mutants compared 

to wild type. These genes are involved in gamete generation, oviposition, and regulation 

of meiosis, oogenesis, sex differentiation, embryonic cleavage, and cell division.  

4.3.3.2 Biosynthetic processes and energy generation are down-regulated in unstressed 

aak-2 mutants relative to wild type 

Many ribosomal protein coding genes and histone genes were down-regulated in 

unstressed aak-2 mutants, indicating a general down regulation of biosynthetic processes. 

Genes involved in translational elongation (rla-2, rla-1, c37a2.7, zk512.4) and mRNA 

metabolic processes (snr-7, snr-6, lsm-3, lsm-8, gut-2, snr-3, lsm-6, lsm-5, snr-5, and 

y48g1c.9) were down-regulated. Additionally a large number of major sperm proteins 

(MSPs) are significantly down-regulated. Other interesting genes down-regulated include 

prosaposins (spp-3, spp-4, spp-5, spp-14, spp-17, spp-23), and tin-13, tin-9.1, and ddp-

1which are involved in inner mitochondrial membrane organization and biogenesis and 

protein import into mitochondrial inner membrane (Supplementary Table 4.13). 
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Genes involved in oxidative phosphorylation and generation of energy were also 

down-regulated in unstressed aak-2 mutants relative to wild type (asg-1, atp-4, mtce.4, 

vha-3, cyc-2.1, tag-174, F26E4.6, Y82E9BR.3, C33A12.1, T27E9.2, F45H10.2, 

B0035.18, R07E4.3, F29C4.2, Y71H2AM.5, F45H10.3, R04F11.2, and D2030.4) 

(Supplementary Table 4.14). Finally, the most highly down-regulated genes in unstressed 

aak-2 mutants are F15E11.1, and the paralogs F15E11.12, F15E11.13, F15E11.15, and 

Y19D10B.7 which belong to a nematode-specific family. Transcription of these genes 

was almost completely suppressed showing a twelve to fourteen fold reduction of 

abundance in the unstressed aak-2 mutants compared to wild type.  

4.3.4 Comparison of unstressed aak-2 mutants with stressed aak-2 mutants  

Finally, we compared significantly differentially expressed genes in unstressed 

aak-2 and stressed aak-2 mutants compared to wild type animals in order to identify aak-

2 specific gene expression changes in the mutants before and after they were exposed to 

paraquat. Since most transcriptional changes in stressed aak-2 mutants were also 

observed in stressed wild type animals, we also included gene expression changes in 

stressed wild type animals in the comparison. 

4.3.4.1 Commonly differentially regulated genes in unstressed aak-2 and stressed aak-2: 

unstressed aak-2 mutants display a stress response 

As shown in Figure 4.4A, there are 91 genes significantly up-regulated in 

unstressed aak-2 mutants relative to wild type that are in common with stressed aak-2 

mutants and also with stressed wild type relative to wild type. These include genes 

involved in defense response, oxidative phosphorylation, and aging (Supplementary 

Table 4.15). Also, there are 118 genes significantly down-regulated in unstressed aak-2 
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mutants that are also significantly down-regulated in stressed aak-2 and stressed wild 

type animals relative to wild type (Figure 4.4B, Supplementary Table 4.16). These genes 

include a number of ribosomal proteins, histones, and prosaposins. This result may 

indicate that unstressed aak-2 mutants are responding to some background level of 

intrinsic oxidative stress, including metabolism and reproduction, presumably as a result 

of the absence of AAK-2.  

4.3.4.2 Transcriptional changes specific to unstressed aak-2 mutants: unstressed aak-2 

mutants show transcriptional changes in reproduction 

There are however genes which show no significant change in expression, or are 

significantly down-regulated in unstressed aak-2 mutants relative to wild type that are 

commonly up-regulated in both stressed aak-2 and stressed wild type animals relative to 

wild type (as indicated in orange in Figure 4.2B). This group of genes includes collagens, 

genes involved in aging (dod-6, dao-2, dao-4, F59E10.3, T02H6.11, T27F7.3), defense 

response (hsp-16.2, hsp-16.41), and protein localization (arf-3, dlc-1, trap-3, tag-170, 

C28H8.4, F59E10.3, W10D9.5) (Supplementary Table 4.17), suggesting that the stress 

response of unstressed aak-2 mutants is not as strong as that of paraquat treated animals 

either due to the different degree of severity of oxidative stress level or the absence of 

AAK-2 activities in stress resistance. Stressed aak-2 mutants did however show even 

more heightened stress response than stressed wild type animals as discussed earlier, 

potentially indicating the activity of alternative stress response pathways in these animals 

which compensated for the lack of AAK-2 functions in a more severe stress environment. 
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Figure 4.4 Commonly differentially regulated genes in unstressed aak-2 and stressed aak-2 and 
transcriptional changes specific to unstressed aak-2 mutants 

 Venn diagram showing numbers of commonly up (A) or down (B) regulated genes with statistically 
significant gene expression level changes in stressed wild type, stressed aak-2 mutants, and unstressed aak-

2 mutants (overlapping regions) as well as numbers of genes up or down-regulated exclusively in one 
library (non-overlapping regions). Notably, there is a relatively large subset of genes up (137) or down -
regulated (92) significantly in unstressed aak-2 mutants, but either insignificantly regulated or significantly 
regulated in opposite direction in stressed wild type and stressed aak-2 mutants. (C) Genes significantly 
differentially expressed in unstressed aak-2 mutants relative to wild type, but insignificantly regulated or 
significantly changed in the opposite direction in stressed wild type or stressed aak-2 mutants.  The genes 
are sorted by the expression level changes (log2 ratio) in unstressed aak-2 mutants, and some interesting 
genes are labelled such as vitellogenins (vit) and major sperm proteins (msp). For instance, the msp genes 
are highly down-regulated in unstressed aak-2 mutants as indicated by the red dots, but slightly up 
regulated on average in stressed wild type and stressed aak-2 mutants as shown by the blue and green dots 
respectively.
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Conversely, there are 137 genes up-regulated and 92 genes down-regulated only 

in unstressed aak-2 mutants relative to wild type (Figure 4.4C). A large fraction of these 

genes are involved in reproductive processes such as gamete generation, sex 

differentiation, oocyte development, regulation of germline mitosis and meiosis, vulval 

development, and fertilization as are all vitellogenin genes (vit-1to vit-6), which are 

known to be involved in fat transport and storage in the germline [27] (Table 4.2). In 

addition, peculiarly, genes involved in stress responses such as the forkhead transcription 

factor, daf-16, and a lipid phosphatase, daf-18, are more highly up-regulated in unstressed 

aak-2 mutants relative to wild type than in stressed wild type or stressed aak-2 mutants 

relative to wild type. DAF-16 and DAF-18 are known to regulate a wide variety of genes 

involved in longevity and stress responses. 

Table 4.2 Genes significantly up regulated exclusively in unstressed aak-2 mutants relative to wild type and 
the GO terms (biological process) associated with them 

Function Genes Pvalue GO as name 

Reproduction 

mtm-3, ptc-1, spd-5, puf-8, t21b10.3, egl-27, top-1, 

c23g10.8, npp-7, dab-1, prp-8, gld-3, smk-1, sur-6, 

mbk-2, atx-2, ptc-2, nmy-2, ruvb-1, pbrm-1, mep-1, 

zk858.1, mom-5, egl-45, c08b11.3, lin-35, scc-3, 

daz-1, f37c12.7, y71h2am.20, eif-3.b, csr-1, t09e8.1 

2.14E-10 reproductive process, 

daz-1, f37c12.7, puf-8, ptp-2, top-1, gld-3, 

y71h2am.20, smk-1, mbk-2, eif-3.b, nmy-2, csr-1, 

ruvb-1, tag-319, mep-1, zk858.1, t09e8.1 

4.14E-04 gamete generation, 

atx-2, ptc-2, mtm-3, ptc-1, egl-27, mom-5, egl-45, 

dab-1, lin-35, sur-6, smk-1 
8.17E-04 oviposition, 

atx-2, puf-8, gld-3 8.17E-04 

feminization of 

hermaphroditic germ-

line, 

mep-1, ptp-2, let-92, lin-45, lin-35, sur-6 1.22E-02 vulval development, 

puf-8, gld-3, scc-3 2.78E-02 regulation of meiosis,  
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egl-27, mom-5, lin-45, mbk-2 5.22E-02 cell fate commitment, 

top-1, f17c11.10, smk-1, scc-3 6.15E-02 
chromosome 

segregation, 

npp-7, mbk-2, spd-5 8.21E-02 fertilization,  

ptp-2, top-1, smk-1 9.86E-02 oogenesis, 

top-1, smk-1 9.86E-02 oocyte development,  

vit-1, vit-2, vit-3, vit-4, vit-5, vit-6 7.68E-03 lipid transport, 

Cell cycle 

let-92, nmy-2, mat-1, spd-5, egl-27, mom-5, lig-1, 

mbk-2, sur-6 
2.69E-03 cell division, 

atx-2, puf-8, mom-5, rpn-1, gld-3, scc-3, mbk-2 2.78E-02 cell cycle process, 

mom-5, let-92, lig-1, sur-6, mat-1, mbk-2, spd-5 1.53E-02 
embryonic cleavage, 

cytokinesis, 

Anatomical 

structure 

development 

let-92, t21b10.3, ptp-2, unc-76, prp-8, c23g10.8, 

top-1, sur-6, smk-1, nmy-2, lin-45, ruvb-1, pbrm-1, 

zk858.1, mep-1, c08b11.3, lin-35, scc-3 

2.99E-04 organ development, 

mtm-3, f37c12.7, t21b10.3, ptp-2, egl-27, ani-2, 

c23g10.8, top-1, smk-1, sur-6, lin-45, let-711, npl-

4.1, zk858.1, mom-5, npl-4.2, c08b11.3, lin-35, scc-

3, let-92, daf-18, unc-76, prp-8, pap-1, eif-3.b, mbk-

2, nmy-2, ruvb-1, paa-1, pbrm-1, mep-1, ran-5 

6.96E-10 
anatomical structure 

development, 

nmy-2, let-711, paa-1, npl-4.1, f37c12.7, t21b10.3, 

egl-27, npl-4.2, daf-18, top-1, lin-35, sur-6, mbk-2 
1.18E-05 

morphogenesis of an 

epithelium, 

t14g10.5, nmy-2, pqn-51, spd-5, ran-5, mom-5, 

ptp-2, unc-76, daf-18, npp-7, dab-1, scc-3, eif-3.b, 

sur-6, mbk-2 

7.10E-02 

cellular component 

organization and 

biogenesis, 

response to stimulus 

mtm-3, ptc-1, f37c12.7, t21b10.3, egl-27, ptp-2, 

dab-1, top-1, pap-1, smk-1, sur-6, eif-3.b, t12a2.2, 

t14g10.5, atx-2, ptc-2, let-711, pbrm-1, npl-4.1, arx-

2, ran-5, mom-5, egl-45, npl-4.2, lin-35, scc-3 

9.47E-05 locomotory behavior, 

daf-16, mtm-3, ptc-1, cdc-14, f37c12.7, t21b10.3, 

ptp-2, egl-27, daf-18, top-1, dab-1, lig-1, pap-1, 

smk-1, sur-6, eif-3.b, t12a2.2, col-179, atx-2, 

t14g10.5, ptc-2, let-711, pbrm-1, npl-4.1, arx-2, 

ran-5, mom-5, npl-4.2, egl-45, lin-35, scc-3 

2.55E-05 response to stimulus,  

rpb-2, daf-16, let-711, daf-18, smk-1, eif-3.b 5.22E-02 
determination of adult 

life span, 
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A large number of major sperm protein genes (~30) were highly down-regulated 

in unstressed aak-2 mutants relative to wild type, but were insignificantly altered in 

stressed wild type and stressed aak-2 mutants relative to wild type. Other interesting 

genes down-regulated only in unstressed aak-2 mutants include dao-2 and emo-1. DAO-2 

is a secreted protein that is down-regulated in daf-2 mutant animals, and thus may be 

involved in dauer formation [28]. EMO-1 is an ortholog of S. cerevisiae Sec61p gamma 

subunit, which is required for translocation of secreted and membrane proteins into the 

endoplasmic reticulum. EMO-1 is required for oogenesis and ovulation [29]. 

Finally, lysozyme genes lys-1 and lys-2, small nuclear ribonucleoprotein genes 

snr-3, snr-6, snr-7 and F45H10.2, Y71H2AM.5, T27E9.2, D2030.4, genes involved in 

water homeostasis/osmoregulation and generation of precursor metabolites and energy 

are significantly down-regulated only in unstressed aak-2 mutants relative to wild type, 

but insignificantly changed in stressed wild type and stressed aak-2 mutants relative to 

wild type (Supplementary Table 4.18). 

4.4 Discussion 

In this study we have used deep sequencing to construct a global picture of 

transcriptional changes in response to perturbation of aak-2 in the presence or absence of 

paraquat induced oxidative stress. While this approach provides an indirect method for 

assessing specific gene functions and relationships, it has given insight into global stress 

responses as based on previously characterized functions of AAK-2. Many of the 

potential targets of AAK-2 identified in this study remain to be characterized at a 

developmental level. Further investigation of these genes is expected to increase our 
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understanding of the complex biological network governing stress resistance and energy 

homeostasis in C. elegans. 

4.4.1 Collagens may be involved in stress resistance and longevity 

When we grouped significantly up-regulated genes in both wild type and aak-2 

mutants in response to oxidative stress by similar function we found significant 

enrichment for cuticle collagen genes. This indicates that collagens may be involved in 

the necessary adaptive mechanism for survival against oxidative stress in C. elegans. 

Cuticle collagens are the major component of the cuticle, an exoskeleton that surrounds 

the body of C. elegans functioning as a barrier between the animal and its environment. 

The cuticle is essential for maintenance of body morphology and integrity, and has a 

critical role in locomotion via attachments to body-wall muscles [30-32]. Several cuticles 

are synthesized throughout development of C. elegans beginning at the end of 

embryogenesis prior to hatching and then prior to molting at the end of each larval stage 

[33]. As all samples were derived from developmentally synchronized populations of 

adult animals, the significant up-regulation of the cuticle collagens is not likely to be due 

to developmental synthesis of the cuticle, but possibly due to the response to oxidative 

stress. We have noted that these collagens were highly up-regulated in both stressed aak-

2 and in stressed wild type animals, but insignificantly changed in unstressed aak-2 

mutants. Considering unstressed aak-2 mutants also demonstrated some degree of stress 

response, this difference might be due to the degree of oxidative stress to which the 

worms were exposed. 

The genes encoding cuticle collagens were also found to be differentially 

expressed in response to bacterial species [34, 35]. Increased expression of C. elegans 
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cuticle collagens was a common response to multiple pathogens (S. marcescens, E. 

faecalis, E. carotovora, and P. luminescens) [35].  In addition, it has been shown that 

collagen genes are over expressed under oxidative stress in rat hepatic stellate cells [36, 

37]. In aging research, a recent study identified a large number of collagens as age 

regulated genes [38, 39], and it has been shown that collagen gene expression decreases 

with age in long-lived C. elegans daf-2 mutants [39]. Overall these data suggest that 

cuticle collagens may be differentially regulated indirectly in response to oxidative stress 

or possibly involved in defense against environmental perturbations and potentially in 

longevity.  

4.4.2 Comparison to previously identified genes involved in aging  

We also examined previously identified age-regulated genes [38]. Budovskaya et 

al. compared transcriptomes from young and old adult C. elegans using DNA 

microarrays and identified 1254 age-regulated genes. Of those, we found 1029 genes in 

our data and identified 80 genes significantly up or down-regulated in stressed wild type 

animals. The majority of these genes were also significantly up or down-regulated in 

stressed aak-2 mutants. We observed the trend that most genes which were up-regulated 

in wild type in response to oxidative stress (average log2 ratio = ~1.3) were also up-

regulated in aak-2 mutants (average log2 ratio = ~1.5), but in unstressed aak-2 mutants, 

these genes were only slightly up-regulated (average log2 ratio = ~0.3) which include 

many collagens. Interestingly, down-regulated genes under oxidative stress showed a 

similar degree of expression level changes in all three groups (average log2 ratio = ~-1.4). 

Furthermore, we identified 22 genes significantly up-regulated and 3 genes down-

regulated in stressed aak-2 mutants only (Table 4.3). These genes are included in the 125 
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and 11 genes identified to be up or down regulated, respectively, in stressed aak-2 

mutants only and we speculate that these age-regulated genes may be specifically under 

the control of AAK-2.  

Table 4.3 Age-regulated genes (Budovskaya et al. 2008) which are differentially regulated in stressed aak-2 
only 

Gene Log2 (Stressed aak-2/N2) Audic & Claverie p-val 

clec-52 3.12 9.77E-04 

F35E12.5 2.25 5.13E-27 

nlp-29 2.15 8.68E-07 

F08G5.6 2.00 5.72E-07 

Y19D10A.12 1.83 5.35E-08 

scl-2 1.67 6.91E-03 

F44E7.2 1.61 5.35E-05 

T28F4.5 1.41 8.19E-07 

ech-6 1.32 4.32E-11 

K07C11.7 1.30 8.85E-03 

ttr-47 1.18 1.98E-04 

C42D4.1 1.14 1.68E-05 

far-6 1.03 1.12E-03 

R11A5.4 1.03 4.27E-07 

T20G5.8 0.94 1.08E-03 

glt-1 0.94 6.49E-03 

gta-1 0.89 2.48E-04 

T15B7.2 0.85 8.84E-04 

F08B12.4 0.82 4.75E-03 

W10C8.5 0.77 4.14E-03 

spp-10 0.76 1.84E-04 

F56C9.7 0.73 4.28E-03 

F45D11.16 -3.24 2.04E-03 

F15E11.1 -4.84 2.84E-173 

F15E11.15 -6.96 3.24E-40 
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4.4.3 Comparison to previously identified DAF-16 targets  

The forkhead transcription factor DAF-16 regulates a wide variety of genes 

involved in longevity and stress responses. DAF-16 is negatively regulated by the 

insulin-like growth factor receptor DAF-2 [40, 41], and DAF-16 mediates longevity 

Induced by dietary restriction in C. elegans [42]. Recent studies suggest that genes 

regulated by DAF-16 are involved in cellular stress response, metabolism, and energy 

generation.  

We observed a slight increase (log2 ratio = ~0.3) in transcription of daf-16 in our 

stressed wild type data. We examined previously identified DAF-16 targets [24] and 

found many of these genes differentially expressed in stressed wild type animals. We 

then compared the known DAF-16 targets [24, 39, 43] with genes that are significantly 

changed in response to oxidative stress in this study and observed increases in 

transcriptional levels of several previously identified positive targets of DAF-16 

including col-157, dao-4, dao-6, dod-6, hsp-70, odc-1, and sod-2, and reduced 

transcription of genes known to be inhibited by DAF-16 including  fip-5, and mtl-2 [24, 

43] in stressed wild type as well as stressed aak-2 mutants. These DAF-16 target genes 

were however, not as significantly changed in unstressed aak-2 mutants even though 

expression of daf-16 itself was most highly up-regulated in unstressed aak-2 mutants 

(log2 ratio = ~1).  

This result is not conclusive as the expression level changes of the known DAF-

16 targets were not highly statistically significant in our data, but we speculate that it 

might suggest that AAK-2 works together with DAF-16 and that in the absence of AAK-

2 (as in unstressed aak-2 mutants), DAF-16 targets were not regulated as efficiently as in 
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wild type. This supports the previous data that showed AAK-2 activates DAF-16 

dependent gene expression and directly phosphorylates DAF-16 [42]. However, the fact 

that DAF-16 downstream targets in stressed aak-2 mutants were regulated in the same 

way as in stressed wild type may indicate that under the severe oxidative stress, other 

alternative compensatory defense mechanisms were able to regulate DAF-16 downstream 

genes more efficiently even in the absence of AAK-2.   

4.4.4 AAK-2 may regulate genes involved in fat synthesis, transport, and storage 

It has been previously shown that mammalian AMPK is involved in down-

regulating fatty acid synthesis in liver and adipose cells, and up-regulating fatty acid 

oxidation in muscle [5, 9]. Also, in another study, Narbonne and Roy found that in C. 

elegans dauer, AAK-2 acts in adipose-like tissues to down-regulate triglyceride 

hydrolysis so that these lipid reserves are rationed to last the entire duration of the arrest 

[11].  

As discussed earlier, based on our data, we speculate that AAK-2 may act to 

inhibit fat synthesis under oxidative stress by down-regulating genes involved in lipid 

synthesis, such as 9 fatty acid desaturases (fat-5 to fat-7) which will require further 

experiments to confirm and reveal specific association with AAK-2. The regulation of fat 

synthesis is essential for survival of animals in unfavorable environmental conditions [44, 

45]. 9 fatty acid desaturases are involved in lipid synthesis, specifically in production of 

monounsaturated fatty acids which are components of triacylglycerides (TAGs) and 

phospholipids [46]. TAGs are stored in lipid droplets and yolk which make up important 

energy stores. The increased transcription levels of the 9 fatty acid desaturases in aak-2 
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mutants signify increased fat synthesis in these mutants. This energy-consuming fat 

synthesis is however, down-regulated in wild type animals under conditions of oxidative 

stress.  

Vitellogenins were one of the most highly expressed groups of genes in aak-2 

mutants. Vitellogenins function in fat storage and are used as protein components for 

intercellular transport of lipid particles, including yolk [47]. Speculatively, this might be 

explained as a consequence of the increased fat synthesis in aak-2 mutants. Additionally, 

ptc-1and ptc-2 were also significantly up-regulated in aak-2 mutants. ptc-1 and ptc-2, 

orthologs of Drosophila PATCHED (PTC) and human PTCH, define one of seven 

paralogous families of sterol sensing domain (SSD) proteins that are required for lipid 

transport [48, 49].  

Taken together, our data suggests that AAK-2 may be involved in negatively 

regulating lipid synthesis, transport, and storage in response to oxidative stress in C. 

elegans and provides potential genes which may be involved in these processes. This 

result supports the characterized complex role of AAK-2 in regulation of lipid 

metabolism.   

4.4.5 AAK-2 may regulate genes involved in reproduction 

We have previously shown AAK-2 expression in the distal tip cells, spermatheca, 

and sheath cells [14]. Also, AAK-2 is known to be involved in germ cell cycle arrest 

upon dauer entry [10]. In Drosophila melanogaster, it has been shown that a deletion of 

the single AMPK α gene results in lethality, with severe abnormalities in cell polarity and 

mitosis [50].  
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Our data suggests that AAK-2 may have a general role in the regulation of genes 

involved in germline proliferation and reproduction in C. elegans as in unstressed aak-2 

mutants, genes involved in reproductive processes such as gamete generation, 

oviposition, sex differentiation, regulation of meiosis, cell division, vulval development, 

and fertilization were up-regulated relative to wild type animals.  

For instance, PTC-1 and PTC-2 are significantly up-regulated in unstressed aak-2 

mutants relative to wild type but significantly down-regulated in stressed wild type and 

are involved in lipid transport as mentioned above. Interestingly, PTC-1, the activity and 

expression of which is essentially confined to the germ line [49], is required for 

cytokinesis in the germline, but not in somatic cells, and is also essential to isolate 

meiotic germline nuclei from one another so that their nuclear divisions are asynchronous 

[48, 49]. PTC-1 is enriched in the plasma membrane of mitotic germ cells undergoing 

proliferation, or membranes of oocytes undergoing rapid expansions [51]. Similarly, 

PTC-2 is also necessary for normal egg osmotic integrity, locomotion, egg laying, and 

viability [49]. Also, the significantly up-regulated transcription of vitellogenin genes 

which function in lipid transport and storage in the germline indicates energy-intensive 

production of vitellogenin-rich oocytes in unstressed aak-2 mutants. 

In contrast, most major sperm protein genes were highly down-regulated in 

unstressed aak-2 mutants relative to wild type. Major sperm proteins (MSPs) are 

involved in both extracellular signaling and cytoskeletal functions during reproduction 

[52]. MSP antagonizes Eph/ephrin signaling, in part, by binding VAB-1 Eph receptor 

tyrosine kinase on oocytes and sheath cells to promote oocyte maturation and MAPK 

activation [53, 54]. MSP proteins assemble into fibrous networks that drive movement of 
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the C. elegans sperm [55]. Also, EMO-1 which is required for oogenesis and ovulation is 

highly down-regulated in unstressed aak-2 mutants relative to wild type [29]. 

These gene expression changes seen in unstressed aak-2 mutants relative to wild 

type were not shown in stressed aak-2 mutants. This suggests that the misregulation of 

germline specific genes shown in unstressed aak-2 mutants presumably caused by the 

absence of AAK-2 activities were recovered when the aak-2 mutants were under more 

severe oxidative stress, and this may indicate presence of alternative defense mechanisms 

that compensated for the lost AAK-2 activities. 

Additionally, the most highly down-regulated genes in aak-2 mutants (stressed 

and unstressed) are F15E11.1 (i.e. log2=-7, p-val=1.2E-213) and the paralogs F15E11.12, 

F15E11.13, F15E11.15, and Y19D10B.7 which belong to a nematode-specific family. 

F15E11.1 encodes a 17.4 kDa protein with unknown function that is seven-fold more 

abundant in glp-1 mutant hermaphrodites (which lack a germline) than in normal 

hermaphrodites [56]. This also suggests that AAK-2 may function in the germline as it 

regulates transcription of F15E11.1 and the paralogs which are known to be involved in 

the germline.  

4.5 Conclusions 

We have identified potential downstream target genes of AAK-2 which may be 

involved in oxidative stress response, specifically with regard to lipid metabolism and 

reproduction from this comparative transcriptome analysis, however further experiments 

would be necessary in order to confirm or identify the functions of these candidate genes, 

and also to elucidate precise relationships with AAK-2.  A link between fat metabolism, 
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germline stem cells, and longevity in C. elegans has recently been reported as germline 

stem cell arrest promotes systemic lipolysis, and consequently, life span is prolonged 

[57]. Our data suggests AAK-2 may play an important role in regulation of these 

interrelated biological processes. Therefore, the deregulation of lipid metabolism and 

reproductive processes caused by the absence of AAK-2 might account for the hyper-

sensitivity to oxidative stress and potentially shortened life span of aak-2 mutants.  

4.6 Materials and Methods 

4.6.1 Strains and Culture Conditions 

Bristol N2 C. elegans strains were obtained from the Caenorhabditis Genetics 

Center (Minneapolis, MN). The aak-2 (gt33) deletion mutant used for this study was 

kindly provided by Dr. Anton Gartner, The University of Dundee, United Kingdom, and 

out-crossed three times. All worm strains were propagated at 20 °C on solid nematode 

growth media (NGM) seeded with the E. coli strain OP50. To prepare paraquat treated 

samples, adult worms were washed with phosphate-buffered saline and resuspended in 

the same buffer containing 200mM paraquat (methyl viologen, Sigma-Aldrich), followed 

by incubation at 25 °C for 3 h. Control pairs were made in the same way, using PBS 

buffer without adding paraquat. After checking all of the worms were alive, total RNA 

was extracted from four samples using easy-BLUE RNA Extraction Kit (iNtRON, 

Korea), according to the manufacturer’s instructions. 

4.6.2 Construction of whole transcriptome libraries from C. elegans RNA 

Four libraries were constructed from strain N2, paraquat treated N2, aak-2 (gt33) 

and paraquat treated aak-2 (gt33). 14-20µg Dnase I-treated RNA was used to purify poly 
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A + RNA fraction using the MACSTM mRNA Isolation Kit (Cat# 130-075-102, Miltenyi 

Biotec).  Double-stranded cDNAs were made from poly A + RNA (200 ng) using 

SuperscriptTM Double-Stranded cDNA Synthesis kit (Cat# 11917-010, Invitrogen) and 

random hexamer primers at 5µM.   

The cDNAs were sonicated for 5 minutes using the cup horn Sonic Dismembrator 

550 (Fisher Scientific). Fragmented cDNAs from all four libraries were each size-

fractionated on 8% polyacrylamide gels, and the 100 to 300 base pair fractions were 

excised.  The gel-purified cDNA products were modified for sequencing using the 

genomic DNA prep kit (FC-102-1002, Illumina) as follows: Size-selected cDNAs were 

subject to end-repair, 3’ A overhangs generation, and phosphorylation by T4 DNA 

polymerase, Klenow DNA Polymerase, and T4 polynucleotide kinase respectively in a 

single reaction, and then ligated to Illumina adapters, which contain 5’ T overhangs. The 

adapter-ligated products were purified on Qiaquick spin columns (Qiagen), then PCR-

amplified with Phusion DNA Polymerase in 10 cycles using Illumina’s genomic DNA 

primer set (Illumina).  PCR products were purified on Qiaquick MinElute columns 

(Qiagen) and the DNA quality assessed and quantified using an Agilent DNA 1000 series 

II assay and Nanodrop 7500 spectrophotometer (Nanodrop) and diluted to 10nM. Cluster 

generation and sequencing was performed on the Illumina cluster station and 1G analyzer 

(Illumina) following manufacturer’s instructions. Sequences were extracted from the 

resulting image files using the open source Firecrest and Bustard applications (Illumina) 

on a 32 CPU cluster. 
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4.6.3 Molecular mapping methods 

Sequences were obtained from the Solexa (Illumina GA) sequencing machine in 

the seq.txt format, from lanes. The individual files were processed and converted to fasta 

format, while removing sequences with uncalled bases, or containing runs of more than 

19 adenines. The FASTA files containing the sequences for each lane were then aligned 

against a collection of all annotated transcripts available from Biomart.org (WS180) 

using Exonerate 1.0, (--model ungapped --bestn 1 --showalignment 0 --showvulgar 1).  

4.6.4 Statistical analysis 

In order to determine statistically significant differential gene expression from 

pair wise comparisons of the four libraries, i.e. wild type, stressed wild type, aak-2 and 

stressed aak-2, we applied Audic-Claverie test of statistical significance [21] using 

normalized tag frequencies (i.e. Normalized number of tags per gene = number of tags 

mapped to a gene × the tag length (36 bases) / the gene length / total number of tags in 

the library) of commonly identified genes. We then selected genes that had p-values less 

than 0.01 and log2 expression level ratios greater than 0.7 (Minimum of ~1.5 difference) 

for every comparison.  



 

 151 

4.7 References 

1. Munoz MJ, Riddle DL: Positive selection of Caenorhabditis elegans mutants 

with increased stress resistance and longevity. Genetics 2003, 163(1):171-180. 
2. Johnson TE, de Castro E, Hegi de Castro S, Cypser J, Henderson S, Tedesco P: 

Relationship between increased longevity and stress resistance as assessed 

through gerontogene mutations in Caenorhabditis elegans. Exp Gerontol 

2001, 36(10):1609-1617. 
3. Murakami S, Johnson TE: The OLD-1 positive regulator of longevity and 

stress resistance is under DAF-16 regulation in Caenorhabditis elegans. Curr 

Biol 2001, 11(19):1517-1523. 
4. Hardie DG, Scott JW, Pan DA, Hudson ER: Management of cellular energy by 

the AMP-activated protein kinase system. FEBS Lett 2003, 546(1):113-120. 
5. Hardie DG: The AMP-activated protein kinase pathway--new players 

upstream and downstream. J Cell Sci 2004, 117(Pt 23):5479-5487. 
6. Imamura K, Ogura T, Kishimoto A, Kaminishi M, Esumi H: Cell cycle 

regulation via p53 phosphorylation by a 5'-AMP activated protein kinase 

activator, 5-aminoimidazole- 4-carboxamide-1-beta-D-ribofuranoside, in a 

human hepatocellular carcinoma cell line. Biochem Biophys Res Commun 

2001, 287(2):562-567. 
7. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA, Montminy 

M, Cantley LC: The kinase LKB1 mediates glucose homeostasis in liver and 

therapeutic effects of metformin. Science 2005, 310(5754):1642-1646. 
8. Solaz-Fuster MC, Gimeno-Alcaniz JV, Casado M, Sanz P: TRIP6 

transcriptional co-activator is a novel substrate of AMP-activated protein 

kinase. Cell Signal 2006, 18(10):1702-1712. 
9. Kahn BB, Alquier T, Carling D, Hardie DG: AMP-activated protein kinase: 

ancient energy gauge provides clues to modern understanding of metabolism. 
Cell Metab 2005, 1(1):15-25. 

10. Narbonne P, Roy R: Inhibition of germline proliferation during C. elegans 

dauer development requires PTEN, LKB1 and AMPK signalling. 
Development 2006, 133(4):611-619. 

11. Narbonne P, Roy R: Caenorhabditis elegans dauers need LKB1/AMPK to 

ration lipid reserves and ensure long-term survival. Nature 2009, 
457(7226):210-214. 

12. Klass M, Hirsh D: Non-ageing developmental variant of Caenorhabditis 

elegans. Nature 1976, 260(5551):523-525. 
13. Apfeld J, O'Connor G, McDonagh T, DiStefano PS, Curtis R: The AMP-

activated protein kinase AAK-2 links energy levels and insulin-like signals to 

lifespan in C. elegans. Genes Dev 2004, 18(24):3004-3009. 
14. Lee H, Cho JS, Lambacher N, Lee J, Lee SJ, Lee TH, Gartner A, Koo HS: The 

Caenorhabditis elegans AMP-activated protein kinase AAK-2 is 

phosphorylated by LKB1 and is required for resistance to oxidative stress 

and for normal motility and foraging behavior. J Biol Chem 2008, 
283(22):14988-14993. 



 

 152 

15. Kim Y, Sun H: Functional genomic approach to identify novel genes involved 

in the regulation of oxidative stress resistance and animal lifespan. Aging Cell 

2007, 6(4):489-503. 
16. Allen RG, Tresini M: Oxidative stress and gene regulation. Free Radic Biol 

Med 2000, 28(3):463-499. 
17. Curtis R, O'Connor G, DiStefano PS: Aging networks in Caenorhabditis 

elegans: AMP-activated protein kinase (aak-2) links multiple aging and 

metabolism pathways. Aging Cell 2006, 5(2):119-126. 
18. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y: RNA-seq: an 

assessment of technical reproducibility and comparison with gene expression 

arrays. Genome Res 2008, 18(9):1509-1517. 
19. Hillier LW, Reinke V, Green P, Hirst M, Marra MA, Waterston RH: Massively 

parallel sequencing of the polyadenylated transcriptome of C. elegans. 
Genome Res 2009, 19(4):657-666. 

20. Bennett S: Solexa Ltd. Pharmacogenomics 2004, 5(4):433-438. 
21. Audic S, Claverie JM: The significance of digital gene expression profiles. 

Genome Res 1997, 7(10):986-995. 
22. Beissbarth T, Speed TP: GOstat: find statistically overrepresented Gene 

Ontologies within a group of genes. Bioinformatics 2004, 20(9):1464-1465. 
23. Baumbach LL, Stein GS, Stein JL: Regulation of human histone gene 

expression: transcriptional and posttranscriptional control in the coupling of 

histone messenger RNA stability with DNA replication. Biochemistry 1987, 
26(19):6178-6187. 

24. Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath RS, Ahringer J, Li 
H, Kenyon C: Genes that act downstream of DAF-16 to influence the lifespan 

of Caenorhabditis elegans. Nature 2003, 424(6946):277-283. 
25. Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, Levine B: 

Autophagy genes are essential for dauer development and life-span extension 

in C. elegans. Science 2003, 301(5638):1387-1391. 
26. Alper S, McBride SJ, Lackford B, Freedman JH, Schwartz DA: Specificity and 

complexity of the Caenorhabditis elegans innate immune response. Mol Cell 

Biol 2007, 27(15):5544-5553. 
27. Matyash V, Geier C, Henske A, Mukherjee S, Hirsh D, Thiele C, Grant B, 

Maxfield FR, Kurzchalia TV: Distribution and transport of cholesterol in 

Caenorhabditis elegans. Mol Biol Cell 2001, 12(6):1725-1736. 
28. Yu H, Larsen PL: DAF-16-dependent and independent expression targets of 

DAF-2 insulin receptor-like pathway in Caenorhabditis elegans include 

FKBPs. J Mol Biol 2001, 314(5):1017-1028. 
29. Iwasaki K, McCarter J, Francis R, Schedl T: emo-1, a Caenorhabditis elegans 

Sec61p gamma homologue, is required for oocyte development and 

ovulation. J Cell Biol 1996, 134(3):699-714. 
30. Kramer JM, Johnson JJ, Edgar RS, Basch C, Roberts S: The sqt-1 gene of C. 

elegans encodes a collagen critical for organismal morphogenesis. Cell 1988, 
55(4):555-565. 

31. Johnstone IL, Shafi Y, Barry JD: Molecular analysis of mutations in the 

Caenorhabditis elegans collagen gene dpy-7. EMBO J 1992, 11(11):3857-3863. 



 

 153 

32. von Mende N, Bird DM, Albert PS, Riddle DL: dpy-13: a nematode collagen 

gene that affects body shape. Cell 1988, 55(4):567-576. 
33. Cox GN, Hirsh D: Stage-specific patterns of collagen gene expression during 

development of Caenorhabditis elegans. Mol Cell Biol 1985, 5(2):363-372. 
34. Coolon JD, Jones KL, Todd TC, Carr BC, Herman MA: Caenorhabditis elegans 

genomic response to soil bacteria predicts environment-specific genetic 

effects on life history traits. PLoS Genet 2009, 5(6):e1000503. 
35. Wong D, Bazopoulou D, Pujol N, Tavernarakis N, Ewbank JJ: Genome-wide 

investigation reveals pathogen-specific and shared signatures in the response 

of Caenorhabditis elegans to infection. Genome Biol 2007, 8(9):R194. 
36. Aragno M, Mastrocola R, Alloatti G, Vercellinatto I, Bardini P, Geuna S, 

Catalano MG, Danni O, Boccuzzi G: Oxidative stress triggers cardiac fibrosis 

in the heart of diabetic rats. Endocrinology 2008, 149(1):380-388. 
37. del Carmen EM, Souza V, Bucio L, Hernandez E, Damian-Matsumura P, Zaga V, 

Gutierrez-Ruiz MC: Cadmium induces alpha(1)collagen (I) and 

metallothionein II gene and alters the antioxidant system in rat hepatic 

stellate cells. Toxicology 2002, 170(1-2):63-73. 
38. Budovskaya YV, Wu K, Southworth LK, Jiang M, Tedesco P, Johnson TE, Kim 

SK: An elt-3/elt-5/elt-6 GATA transcription circuit guides aging in C. elegans. 
Cell 2008, 134(2):291-303. 

39. Halaschek-Wiener J, Khattra JS, McKay S, Pouzyrev A, Stott JM, Yang GS, Holt 
RA, Jones SJ, Marra MA, Brooks-Wilson AR et al: Analysis of long-lived C. 

elegans daf-2 mutants using serial analysis of gene expression. Genome Res 

2005, 15(5):603-615. 
40. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R: A C. elegans mutant that 

lives twice as long as wild type. Nature 1993, 366(6454):461-464. 
41. Schaffitzel E, Hertweck M: Recent aging research in Caenorhabditis elegans. 

Exp Gerontol 2006, 41(6):557-563. 
42. Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K, Blanchard D, Gygi SP, 

Brunet A: An AMPK-FOXO pathway mediates longevity induced by a novel 

method of dietary restriction in C. elegans. Curr Biol 2007, 17(19):1646-1656. 
43. McElwee J, Bubb K, Thomas JH: Transcriptional outputs of the 

Caenorhabditis elegans forkhead protein DAF-16. Aging Cell 2003, 2(2):111-
121. 

44. Murray P, Hayward SA, Govan GG, Gracey AY, Cossins AR: An explicit test of 

the phospholipid saturation hypothesis of acquired cold tolerance in 

Caenorhabditis elegans. Proc Natl Acad Sci U S A 2007, 104(13):5489-5494. 
45. Van Gilst MR, Hadjivassiliou H, Yamamoto KR: A Caenorhabditis elegans 

nutrient response system partially dependent on nuclear receptor NHR-49. 
Proc Natl Acad Sci U S A 2005, 102(38):13496-13501. 

46. Watts JL: Fat synthesis and adiposity regulation in Caenorhabditis elegans. 
Trends Endocrinol Metab 2009, 20(2):58-65. 

47. Mullaney BC, Ashrafi K: C. elegans fat storage and metabolic regulation. 
Biochim Biophys Acta 2009, 1791(6):474-478. 



 

 154 

48. Zugasti O, Rajan J, Kuwabara PE: The function and expansion of the Patched- 

and Hedgehog-related homologs in C. elegans. Genome Res 2005, 15(10):1402-
1410. 

49. Kuwabara PE, Lee MH, Schedl T, Jefferis GS: A C. elegans patched gene, ptc-1, 

functions in germ-line cytokinesis. Genes Dev 2000, 14(15):1933-1944. 
50. Lee JH, Koh H, Kim M, Kim Y, Lee SY, Karess RE, Lee SH, Shong M, Kim JM, 

Kim J et al: Energy-dependent regulation of cell structure by AMP-activated 

protein kinase. Nature 2007, 447(7147):1017-1020. 
51. Burglin TR, Kuwabara PE: Homologs of the Hh signalling network in C. 

elegans. WormBook 2006:1-14. 
52. Miller MA, Nguyen VQ, Lee MH, Kosinski M, Schedl T, Caprioli RM, 

Greenstein D: A sperm cytoskeletal protein that signals oocyte meiotic 

maturation and ovulation. Science 2001, 291(5511):2144-2147. 
53. McCarter J, Bartlett B, Dang T, Schedl T: On the control of oocyte meiotic 

maturation and ovulation in Caenorhabditis elegans. Dev Biol 1999, 
205(1):111-128. 

54. Kuwabara PE: The multifaceted C. elegans major sperm protein: an ephrin 

signaling antagonist in oocyte maturation. Genes Dev 2003, 17(2):155-161. 
55. Miller MA, Ruest PJ, Kosinski M, Hanks SK, Greenstein D: An Eph receptor 

sperm-sensing control mechanism for oocyte meiotic maturation in 

Caenorhabditis elegans. Genes Dev 2003, 17(2):187-200. 
56. Krijgsveld J, Ketting RF, Mahmoudi T, Johansen J, Artal-Sanz M, Verrijzer CP, 

Plasterk RH, Heck AJ: Metabolic labeling of C. elegans and D. melanogaster 

for quantitative proteomics. Nat Biotechnol 2003, 21(8):927-931. 
57. Wang MC, O'Rourke EJ, Ruvkun G: Fat metabolism links germline stem cells 

and longevity in C. elegans. Science 2008, 322(5903):957-960. 



 

 155 

5: General Conclusions 

5.1 Next-generation sequencing reveals the complex structure of 

transcriptomes 

The studies described in this thesis have demonstrated the power of applying 'next-

generation' sequencing technologies for transcriptome and gene expression profiling 

analyses.  

First, I have used Roche 454 sequencing technology to generate a comprehensive 

view of the transcriptome of C. elegans in its first larval stage (L1). This data interrogates 

the transcriptome to an unprecedented depth, revealing previously unidentified transcripts 

and alternate spice forms. This also reveals the complex organisation of both the C. 

elegans transcriptome and the genome itself. Such application of this sequencing 

approach allows for high-throughput genome-wide experimental verification of known 

and novel transcripts enriched in the first larval stage. 

Second, from the comparative gene expression profiling of starved and fed C. 

elegans L1 animals, utilizing the Illumina sequencing platform, I have been able to 

further expanded our knowledge of the first larval stage specific transcriptome. 

Additionally, I have used this data to profile the divergence between the two distinct 

transcriptome states, namely starved and fed. This has given an overview of metabolic, 

developmental, and nutritional influence on transcriptional activities. Notably, it has 

recently been shown that innate immune responses may be regulated by FOXO (DAF-

16). I have shown that immune response-like processes might be taking place in L1 



 

 156 

starved animals. Additional analysis is required to further elucidate the biological 

relevance of this observation. This however highlights the scope of the data that is 

generated from next generation sequencing approaches when applied to transcriptome 

analysis. 

Finally, I have examined Illumina platform generated transcriptomes of C. 

elegans AMPK (AMP-activated protein kinase) mutants in the presence and absence of 

paraquat induced oxidative stress. This analysis has provided an opportunity to build a 

global overview of transcriptional activities that occur in stress response and lifespan 

control, as well as to indentify and investigate novel candidate genes that may be 

involved in the processes downstream of a C. elegans AMPK, AAK-2. It has also been 

informative to investigate the global transcriptional changes that occur as a result of 

perturbation of a single gene. From our analysis of the aak-2 mutation, we observed a 

broad range of transcriptional changes in a large number of genes, and yet these changes 

were specific to certain biological processes. In addition, the results of this analysis 

emphasises the essential role of AAK-2 in lipid metabolism and germline proliferation. 

5.2 Impact of transcriptome analysis and next-generation sequencing 

These studies represent a thorough overview of transcriptional changes with 

specific goals in mind utilizing the high-throughput sequencing. Such methods and 

knowledge provide us a means to characterize sources of phenotypic variation or 

consequences of physiological conditions to the genetic and genomic level in a whole 

organism in a single experiment. This ability to gather whole transcriptome information 

and perform comparative and correlative analyses allows us to extend the scope and 

capacity to the global scale high-resolution analysis for functional genomics. This opens 
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the door to infinite possibilities including clinical applications to improve diagnostics and 

treatments of human diseases.  

As next-generation sequencing technology continues to expand and improve and 

more applications for these technologies are developed, I foresee the development of an 

encyclopaedia of genomic and transcriptomic variation. This knowledge base will include 

both normal population variations to a comprehensive catalogue of disease variations 

encompassing organism from model such as C. elegans to ultimately humans.  
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Appendix 

Electronic data and files included as a CD, form part of this work. 

Data files can be opened with MSExcel or other spreadsheet program. 

Data Files: 
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Supplementary Table 2.1 21 

Supplementary Table 2.2 24 
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