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ABSTRACT 

Comparative genomic studies between Caenorhabditis species as well as within 

C. elegans strains have proved useful for unveiling the genetic basis of differences in 

biological processes and phenotypical variation.  An important step for such studies is 

the accurate detection and characterization of genomic conservation and divergence. 

Using newly developed tools OrthoCluster and OrthoClusterDB, perfect and imperfect 

conserved synteny between the two chromosomal assemblies of C. elegans and its 

sister species C. briggsae is estimated, showing that syntenic information can be used 

for improving hundreds of gene models and for detecting new ones. Additionally, a large 

segmental duplication within the C. elegans genome involving 216 kb is detected using 

OrthoCluster. Genotyping of 76 N2 strains reveals that this duplication is polymorphic 

and occurred very recently in the C. elegans genome. In particular, this large segmental 

duplication was found to be absent in a wild isolate from Hawaii (CB4856) which has a 

high degree of polymorphism and a number of trait differences with N2, some of which 

have an explained genetic basis. This study provides the first genome-wide detection of 

breakpoint-resolution single nucleotide variants, small InDels and large genomic 

variations (GVs) between the genomes of N2 and CB4856 based on complementary 

next-generation sequencing technologies. Assessment of the co-occurring GVs on the 

protein-coding genes with a newly developed tool, Variant-Analyzer, shows that 

hundreds of single-copy genes with lethal and sterile phenotypes are impacted by GVs, 

many of them homologs to human genes with associated diseases. This study confirms 

most of the known GVs associated with trait differences and serves as a source of 

candidates that could explain the genetic basis for others. Overall, this thesis provides a 

deeper understanding of the conservation and divergence between Caenorhabditis 

species as well as within C. elegans strains. 
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1: GENERAL INTRODUCTION 

1.1 Sequencing, Genome Sequencing and Sequences  

The sequencing and publication of the human genome in 2001 by two 

independent groups (Lander et al. 2001; Venter et al. 2001) is one of the major 

achievements of the scientific community in the last century. This task was, of 

course, not an easy one. By the contrary, decades of research done by hundreds 

(or even thousands) of scientists and billions of dollars were necessary to 

achieve this goal. Technologies for sequencing DNA have been in constant 

development since the 1970’s and not only the human genome has been a 

target, but also that of many species ranging from bacteriophages and viruses to 

higher eukaryotes. 

1.1.1 Maxam-Gilbert and Sanger Sequencing 

In the 1970s, two groups proposed methods for sequencing DNA. In 1977 

one of these groups, located in Harvard and composed by Allan M. Maxam and 

Walter Gilbert, proposed a method based on the breakage of a terminally-labeled 

DNA molecule and subsequent resolution of the position of the base given the 

size of different  fragments using a polyacrylamide gel and patterns of radioactive 

bands (Maxam and Gilbert 1977). In December of the same year, the English 

biochemist Frederick Sanger and colleagues proposed their dideoxy DNA 

sequencing procedure (Sanger et al. 1977). This method was an improvement 
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over a previous method already proposed by the same group two years before 

(Sanger and Coulson 1975). The dideoxy DNA sequencing procedure makes use 

of the incorporation of 2’-3’dideoxynucleotides (ddNTPs) into a growing DNA 

strand, which act as specific chain-terminating inhibitors of the DNA polymerase 

(Figure 1-1). 

Even though there were two available methods for DNA sequencing 

(Gilbert’s and Sanger’s dideoxy), the chain-termination method gradually became 

the one of choice by the scientific community as its applicability increased due to 

the introduction of a cloning procedure called M13 cloning (Messing and Vieira 

1982; Sanger 1988). 

 

Figure 1-1. Sanger sequencing procedure. 

Figure adapted from (Kircher and Kelso 2010). 
 

1.1.2 From bacteriophage to Human: the first genomes sequenced 

Methods for DNA sequencing such as the chain-termination method allow 

for reads of a few hundred bases. Still, small complete genomes were assembled 
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from such reads. The first DNA genome sequenced, that of the bacteriophage 

ΦX174 (Sanger et al. 1977), didn’t actually use the chain-termination method but 

a predecessor of it, the plus-minus method (Sanger and Coulson 1975). This 

genome, of 5,386 bps in length, was the first DNA genome ever sequenced. This 

event would set the starting point for other bacteriophages, such as the 

bacteriophage λ, whose genome is 48,502 bps in length and was sequenced and 

assembled by F. Sanger and Alan Coulson (Sanger et al. 1982). Also, the 

genome of viruses such as the human cytomegalovirus, of 229 kb in length, was 

sequenced and published (Bankier et al. 1991).  

The impressive advances in DNA sequencing, with concrete proofs of its 

success through the completion of genomes as those described above, led to the 

idea that sequencing the human genome was indeed possible. During the 1980s, 

the Department of Energy of the USA (DOE) was interested in studying the 

effects of radiation on DNA; during the same time, cancer researchers realized of 

the potential significance that having the human genome sequenced would have 

in understanding the genetics of cancer (Watson et al. 2007). An official start in 

1990 as a joint effort between the DOE and the National Institute of Health (NIH) 

set the goal to finish the human genome sequence by 2005. Importantly, the NIH 

decided to include, as part of this effort, the sequencing of other organisms such 

as the bacteria Escherichia coli, the fruit fly Drosophila melanogaster and the 

nematode Caenorhabditis elegans (Watson et al. 2007). By 1995, this effort and 

other enterprises such as those led by J.C. Venter would result in the genome 

sequence of the free-living organism Haemophilus influenzae to be published in 
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1995 (Fleischmann et al. 1995), followed closely by that of the first eukaryote, 

Saccharomyces cerevisiae, in 1996 (Goffeau et al. 1996), the first multicellular 

organism, Caenorhabditis elegans in 1998 (Consortium 1998), the Drosophila 

melanogaster genome in 2000 (Adams et al. 2000) and in 2001, the human 

genome (Lander et al. 2001; Venter et al. 2001).  

1.1.3 The Caenorhabditis elegans genome project 

The hermaphrodite and soil-dwelling nematode Caenorhabditis elegans 

was chosen by Sydney Brenner in the 1960’s to study animal development and 

behaviour, and in particular the nervous system of this animal (Riddle et al. 

1997). The number of features that makes it an ideal subject for genetic analysis, 

such as rapid life cycle, small size, ease of cultivation and anatomical simplicity, 

established this nematode as a model organism world-wide in the subsequent 

years.  

In December of 1998, the genome sequence of the N2 strain of C. 

elegans (obtained from mushroom compost in Bristol, England) was published 

(Consortium 1998) in a frame of recognized cooperativity among C. elegans 

researchers (which I have experienced first hand in this thesis, see Appendix C). 

The genome sequence, of 97 Mb in length, contained ~19,000 predicted protein-

coding genes, with 27% of the genome being predicted exons and with 40% of 

the predicted genes having an Expressed Sequenced Tag (EST) match, 

confirming 15% of the total coding sequence. The general chromosomal 

organization as depicted by the initial draft of the genome shows no localized 

centromeres, with apparent gene density differences between centers and arms 
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of autosomes, and between autosomes and the X chromosome. The similarity of 

genes to other non-nematodes was higher in the center than in the arms of 

autosomal chromosomes. This, together with a higher recombination rate in the 

arms (Barnes et al. 1995) provided evidence for the arms to evolve more rapidly. 

Additionally, duplications of sequence up to tens of kb were found, with a 

particular segment of a 108 kb duplicated tandemly, and 402 clusters of local 

gene duplications distributed along the genome.   

1.1.4 The Caenorhabditis briggsae genome projects 

Caenorhabditis briggsae is another hermaphrodite and soil-dwelling 

nematode that can be found in similar habitats as C. elegans, even though it has 

been also found in regions like Japan, where C. elegans has not been detected 

so far (Kiontke and Sudhaus 2006). The first obtention of Caenorhabditis 

briggsae was done in 1944 from rich garden soil on the Stanford University 

campus by Margaret Briggs Gochnauer (Gochnauer and McCoy 1954). Originally 

thought to be C. elegans, close inspection of morphological and genetical 

features demonstrated that it was a different species (Nigon and Dougherty 

1949). Indeed, C. briggsae can be considered almost indistinguishable from C. 

elegans, with example of differences been the excretory system (Wang and 

Chamberlin 2002), male tail morphology (Fitch 1997) and the development of 

vulva (Kirouac and Sternberg 2003). This high morphological similarity contrasts 

with a reported estimate of 50-120 MYA speciation date from C. elegans 

(Coghlan and Wolfe 2002). 
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Considered one of the closest relatives to C. elegans, the C. briggsae 

genome was sequenced and published in November of 2003, almost five years 

after the publication of the C. elegans genome (Stein et al. 2003). This genome 

sequence, of 104 Mb in length, had the same number of chromosomes (five 

autosomes, one sex chromosome) and similar basic statistics regarding number, 

structure and chromosomal distribution of genes. Differences in genome size 

were explained by species-specific expansion of repeats in this species (or 

contraction in the C. elegans genome). Nucleotide-level assessment of this 

genome with that of C. elegans revealed high colinearity, and ~63% of the genes 

were clear C. elegans orthologs. Additionally, a very high conservation of 96% of 

800 annotated operons (i.e. regulated multigene transcription units, in which 

polycistronic pre-messenger RNA is processed to monocistronic mRNAs) (Spieth 

et al. 1993), a genome-wide feature of these nematodes (Blumenthal et al. 

2002), was found based on inspection of order and orientation of predicted genes 

in C. briggsae. This newly sequenced genome allowed to re-estimate the 

divergence time from C. elegans to a narrower interval of 80-110 MYA. 

In July of 2007 a new, chromosomal assembly of the C. briggsae genome 

was published (Hillier et al. 2007). This assembly, built based on a SNP genetic 

map using the contigs generated by (Stein et al. 2003), provided an ‘almost’ 

complete chromosomal assembly, with few regions not being positioned along 

the chromosomes. Based on this new assembly, the authors showed that C. 

briggsae chromosomes had similar patterns of recombination rates in arms 

versus center compared to C. elegans, for both the autosomes (high 
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recombination at the arms compared to the center) and the X chromosome 

(rather uniform distribution), allowing for a definition of arms and center in the 

chromosomes of this species. Additionally, based on 9,767 one-to-one 

orthologous relationships, they showed that both species have a strong 

chromosomal synteny. 

1.1.5 Other Caenorhabditis genomes are on their way: C. remanei, C. 
brenneri and C. japonica 

Current efforts aim towards the sequencing and annotation of three 

additional Caenorhabditis species: C. remanei, C. brenneri and C. japonica. The 

genomes of these three male-female species hold great promise in providing the 

necessary power for the detection of regulatory regions in non-coding DNA. 

Additionally, the genome sequences of these species are expected to shed light 

on the mechanisms behind the convergent evolution of hermaphroditism from 

male-female ancestors in C. elegans and C. briggsae (Kiontke et al. 2004). 

Current assemblies of these genomes have showed a genome size larger than 

expected, likely due to large amounts of heterozygosity in the sequenced strains 

(Barriere et al. 2009), posing a challenge for their assembly. 

1.1.6 WormBase 

The WomBase database is a central data repository for nematode biology 

(Harris et al. 2010). Originated as an outgrowth of ACEDB (‘A C. elegans 

database’) (Stein et al. 2001), WormBase aims to capture the full spectrum of 

information regarding the biology of this nematode (Harris et al. 2010).  Currently, 

in addition to C. elegans, there is data available for C. briggsae, C. remanei, C. 
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brenneri and C. japonica as well as other non-Caenorhabditis nematodes such 

as Brugia malayi, Meloidogyne incognita, Meloidogyne hapla, and Pristionchus 

pacificus. In this thesis, I used releases ranging from WS170, made available in 

February 2007, to WS210, made available in January of 2010.  

1.1.7 Second-Generation sequencing: the Illumina GA and Roche/454 
platforms 

During the last six years new sequencing technologies have appeared that 

have the ability to process millions of reads in parallel, overcoming this and other 

problems of the capillary Sanger sequencing, even though at the cost of a  

shorter read length (Mardis 2008). Two of the novel platforms for sequencing 

(and used during this thesis), the Roche/454 and the Illumina GA, present 

different strategies for the two main steps that are necessary to achieve the 

sequencing (Metzker 2010): (i) Template Preparation and (ii) Sequencing and 

Imaging. 

In the case of Roche/454 platform, template preparation is achieved by 

encapsulating bead-DNA complexes into single aqueous droplets.Then PCR is 

performed within these droplets and the beads are loaded into individual picotiter 

plate wells. Following this step, sequencing and imaging is achieved by adding 

additional beads coupled with sulphurylase and luciferase together with reagents. 

A camera captures the light generated from each well undergoing a 

pyrosequencing reaction; this light is captured as a series of peaks in a flowgram. 

The Illumina GA platform achieves template preparation by a process 

called bridge amplification, forming clusters of fragments. Later, sequencing is 
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achieved by incorporation of each nucleotide differentially labelled with a dye 

based on reversible terminator chemistry followed by imaging, with the colour 

corresponding to one of the four possible nucleotides.  

The main advantage of Roche/454 is a longer read length, whereas the 

main disadvantages are higher reagent costs and higher error rates in 

homopolymer regions. For the case of Illumina GA, the main advantage is the 

deeper coverage (35 Gb per run for paired-end reads versus 0.45 Gb pero run 

for Roche/454) and the main disadvantage is the shorter read length, even 

though this latter has been increasing steadily over the last years (Metzker 

2010).  

Other methods for second-generation sequencing exist, such as the 

SOLiD system, and a new, third generation of sequencing platforms such as 

Helicos Biosciences and Pacific Biosciences are becoming new alternatives. 

Description of these platforms goes beyond the scope of this thesis.  

1.1.8 Sequencing C. elegans with second-generation technologies. 

Whole-genome sequencing (WGS) and resequencing of C. elegans 

strains using second-generation technologies have gained increasing popularity 

as a fast and cost-effective method for understanding the genetic differences 

among wild isolates (Hillier et al. 2008), laboratory strains (Weber et al. 2010), 

mutant strains (Sarin et al. 2008; Flibotte et al. 2010; Rose et al. 2010; Sarin et 

al. 2010), and mutation-accumulation (MA) lines for the study of mutational 

processes that lead to deleterious mutations (Denver et al. 2009) as well as 
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fitness recovery through beneficial compensatory mutations (Denver et al. 2010). 

Most of these studies use exclusively Illumina GA platform, with the study by 

(Denver et al. 2009) using a combination of both platforms; Illumina GA platform 

is generally the method of choice for WGS and variant discovery studies 

(Metzker 2010). Other studies focused on sequencing of transcriptomes (Shin et 

al. 2008) or other types of DNA (Johnson et al. 2006) in C. elegans use 

Roche/454 platform.  

1.2 Comparative Genomics 

1.2.1 Homology, Orthology, Paralogy 

The definition of homology dates back to 1843, when Richard Owen 

introduced this term to refer to “the same organ in different animals under a 

variety of form and function” (Owen 1848).  In the same way, Owen defined 

analogs as “part or organ in one animal which has the same function as another 

part or organ in a different animal”. More than a hundred years later, in 1970, 

Walter M. Fitch proposed a methodology for distinguishing homologous proteins 

from analogous proteins (Fitch 1970). As he describes, two proteins are 

homologous if they are similar due to a descent with divergence from a common 

ancestral gene, whereas two proteins are analogous if their similarity is due to a 

descent with convergence from separate ancestral genes. In the discussion of 

his work, he points out that a sole definition of homology can be insufficient at the 

moment of establishing an agreement between a previously defined phylogeny 

and the defined relation between two proteins. With this point in mind, he further 

defined two subclasses of homology. As stated in his paper: “where the 
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homology is the result of gene duplication so that both copies have descended 

side by side during the history of an organism, (for example, alpha and beta 

hemoglobin) the genes should be called paralogous (para = in parallel). Where 

the homology is the result of speciation so that the history of the gene reflects the 

history of the species (for example alpha hemoglobin in man and mouse) the 

genes should be called orthologous (ortho = exact)”. In this way, phylogenies 

need to be constructed based on orthologies, not paralogies.  

Further attempts to disambiguate even more the relation between two 

genes given more complex scenarios combining speciation and duplication 

events has led to the following, more recent definitions (Sonnhammer and 

Koonin 2002; Koonin 2005)  

(i) Co-orthologs:  two or more genes in one lineage that are, 

collectively, orthologous to one or more genes in another lineage 

due to a lineage-specific duplication(s). 

(ii) Inparalogs (or symparalogs): paralogous genes resulting from a 

lineage specific duplication(s) subsequent to a given speciation 

event. 

(iii) Outparalogs (or alloparalogs): paralogous genes resulting from a 

duplication(s) preceding a given speciation event. 
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1.2.2 Synteny, synteny conservation, and approaches for detection of 
conserved synteny 

1.2.2.1 Definition 

The word Synteny (from the greek “syn = together” and “taenia = ribbon”) 

was first published by John H. Renwick in 1971 in his review “The mapping of 

human chromosomes” (Renwick 1971). Its usage in the biological context arose 

as a consequence of the new methods in gene mapping at the time using 

somatic cell hybrid cells. Human genes located on the same chromosome with a 

genetic distance that could not be determined by the frequency of recombination 

lacked a term of reference. As described in that review, “two loci may be so far 

apart on the same chromosome that linkage cannot be demonstrated. It is, 

therefore, useful to have the word synteny to indicate presence together in the 

same chromosome, whether or not loci have been shown to be linked”. In the 

same way, Renwick defines asynteny as “the state of being in different pairs of 

chromosomes”. Since its first publication, several studies in the subsequent 

years made use of this term for different case studies regarding syntenic groups 

in human (Renwick 1971; Moore et al. 1977) and mouse (McBreen et al. 1977).  

In parallel, the expansion of the genetic maps for human and mouse resulted in 

an increasingly better tool for the exploration of the conservation of synteny 

between these two distant species (Lalley et al. 1978; Munke and Francke 1987). 

In 1989, Joseph Nadeau published a review defining three concepts 

regarding the conservation of the number and order of genes in a given segment, 

in increasing order of strictness (Nadeau 1989): (i) a homology segment, which 

corresponds to a chromosomal segment marked by at least one gene mapped in 
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two or more species (Figure 1-2a), (ii) a conserved synteny, referring to two or 

more pairs of homologous genes on the same chromosome in two or more 

species (Figure 1-2b), and (iii) a conserved linkage, corresponding to the 

conservation of gene order in addition to that of synteny (Figure 1-2c).  

 

 

Figure 1-2. Depiction of (a) homology segment, (b) synteny conservation and (c) linkage 
conservation between human and mouse.  

Figure adapted from (Nadeau 1989). 
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By 2001, the publication of the human genome (Lander et al. 2001) 

provided the first detection of synteny conservation and conserved segments 

between human and mouse using physical maps. In that work, they found 183 

“conserved segments” between the human genome and the available physical 

map at that time of the mouse genome (to be published later in 2002). A 

“conserved segment” is defined there as “a syntenic loci for which the linear 

order has been preserved, without interruptions by other chromosomal 

rearrangements” (Lander et al. 2001).  

Since the publication of the human genome, the increasing number of 

sequenced genomes from all kingdoms of life has led to a number of studies of 

conservation, and, in the same way, to multiple usages of the terminology used 

to describe segment conservation. For example, in agreement with the 

terminology used for the human genome project, later reports on the mouse 

physical map  (Gregory et al. 2002) mantained the distinction between a 

“conserved segment”  (i.e. conservation of co-localized genes in the same order 

within different genomes) and the term “conserved synteny”  (i.e. the 

chromosomal location of multiple markers is conserved, but not necessarily their 

precise order). Also, the term “synteny block” (Pevzner and Tesler 2003) has 

been defined previously as a segment in one genome that can be converted, 

through genome rearrangements, into a conserved segment in another genome. 

Under such definition, a “synteny block” does not necessarily represent 

continuous areas of similarity between two or more genomes. Coghlan and Wolfe  

(Coghlan and Wolfe 2002) defined the term “perfect synteny block” as “a 
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genomic region of perfectly conserved gene content, order and strandedness”. In 

this thesis, we use “imperfect synteny block” as “a genomic region containing 

some level of interruption, and in which order and strandedness is not 

necessarily conserved” (Zeng et al. 2008). 

1.2.2.2 Approaches for synteny detection 

A common approach for detecting synteny conservation is to represent 

homology between two genomes in a matrix or dot plot, where a non-zero value 

is assigned to a pair of markers that are homolog to each other, and a zero is 

assigned otherwise. By doing so, synteny blocks are visualized as diagonals in a 

matrix. Many existing synteny block identification tools like FISH (Calabrese et al. 

2003), SyMAP (Soderlund et al. 2006), ADHoRe (Vandepoele et al. 2002) and 

DiagHunter (Cannon et al. 2003) use this approach together with an algorithm to 

automatically detect those diagonals in the matrix. Genome rearrangements such 

as duplications, insertions and deletions can be allowed within synteny blocks by 

allowing some deviations from collinearity. A distance measure (typically a 

Manhattan or Manhattan-like distance) may be defined and used to detect 

diagonal elements, and a dynamic programming algorithm is applied in order to 

detect synteny blocks.  

Other programs, like Cinteny (Sinha and Meller 2007) or TEAM (Luc et al. 

2003), define different specific frameworks for detecting synteny blocks. 

These tools share a few important weaknesses. First, they work well with 

pairwise genome analysis, but they are incapable of identifying synteny blocks 

among three or more genomes. Second, none of those methods handles one-to-
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many orthologous relationships between genes properly. Third, they are unaware 

of strandedness and therefore they cannot resolve inversions properly. Finally, 

most of the programs are hard to use, and their outputs are hard to interpret. 

1.2.3 Synteny of Caenorhabditis species 

Attempts for estimating the conserved synteny between C. elegans and C. 

briggsae date to three years before the publication of the C. briggsae genome 

(Stein et al. 2003).  The work by Kent and Zahler in 2000 made use of 229 

cosmids containing 8 Mb of C. briggsae sequences to explore conservation, 

regulation, synteny and introns between C. elegans and C. brigssae (Kent and 

Zahler 2000). In that work they estimated that 40% of the genomes can be 

regarded as resistant to rearrangements, based on the alignment of their WABA 

(for “Wobble Aware Bulk Alignment”) tool. Two years later, the work of Coghlan 

and Wolfe made use of 12.9 Mb of available C. briggsae sequences to estimate 

the conservation of synteny taking a gene-level approach based on the orthology 

of annotated genes between these two species (Coghlan and Wolfe 2002). They 

found 756 perfectly conserved segments ranging from 1 to 19 genes. When 

allowing the merging of these perfect segments for different types of pre-defined 

genomic rearrangements, they detect 252 longer segments ranging from 1 to 109 

genes, with an average length of 53 kb.  

In November of 2003, 142 ‘ultracontigs’ achieving 98% coverage of the C. 

briggsae genome were published (Stein et al. 2003). Based on this assembly, 

4,837 alignments covering 84.6% of the C. elegans genome were obtained using 

the WABA alignment tool, with an average length of 37.5 kb.  
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Finally, in 2007 the chromosomal assembly of C. briggsae was made 

available (Hillier et al. 2007). This assembly contains the main six chromosomes 

(five autosomes and the sex chromosome) plus six additional ‘random’ and 

‘undefined’ bins of sequence that could not be located along the chromosomes. 

This study demonstrates, based on one-to-one orthologous relations of genes 

placed on same chromosomes, that C. elegans and C. briggsae present strong 

chromosomal synteny, but no accurate detection of synteny blocks was provided.  

1.2.4 Other conserved regions: Ultraconserved elements and regulatory 
regions 

In addition to synteny conservation, the large number of genomes 

sequenced from different clades have shown that other features have been 

conserved through evolution. An example of these are the so called 

“ultraconserved elements”, small segments of DNA  which are a few hundred 

bases (bp) long and show 100% identity between elements in genomes of 

closely related species and are conserved in other species (Bejerano et al. 

2004). This is in high contrast to the synteny blocks described above, which can 

have a length of up to Megabases, and contain usually multiple genes.  

Hundreds of ultraconserved elements have been identified in the human 

genome (Bejerano et al. 2004), and more recently, ultraconserved elements in 

repetitive regions and transposable elements of the human genome were 

identified (Xie et al. 2007).  

In Caenorhabditis, (Vavouri et al. 2007) reported a set of 2,084 conserved 

non-coding elements (CNE) of size 30 bp or longer (median length 69 bp) found 
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among C. elegans, C. briggsae and C. remanei. These CNE are associated with 

developmental genes or represent enhancers or transcription factors binding 

sites. 42.4% of these CNE are found only in the X chromosome, and, as pointed 

out by the authors, there might be a correlation between the higher presence of 

CNE in the X chromosome and the higher synteny in this chromosome. 

Another example of conserved regions are regulatory elements such as 

the X-box motif, which is the regulatory region the daf-19 transcription factor uses 

for regulating ciliary genes (Swoboda et al. 2000), and one of the main topics of 

research in my lab. A previous study done by N. Chen and collaborators showed 

that there are 93 genes that are regulated by this gene, based on the 

conservation of X-box motifs in their upstream region (Chen et al. 2006). The 

discovery of such ultraconserved elements and regulatory regions should find 

itself enhanced as new assemblies of more Caenorhabditis species become 

available. 

1.2.5 Gene, segmental and whole-genome duplications 

Duplications can be classified into three types based on their scales 

regarding the impact on genes: single gene duplications, segmental duplications, 

and whole genome duplications.  The work of Susumu Ohno in 1970 established 

the duplication of genes as the main source of genetic novelty within a genome 

(Ohno 1970). Briefly, once a gene is duplicated, there are two main fates for that 

duplicate: non-functionalization, by which the duplicated copy becomes non-

functional, and neo-functionalization, by which the duplicated copy acquires a 

new function. Additionally, sub-functionalization – the complementary acquisition 
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of functionality from the parental and daughter copies -  has been reported as an 

alternative fate for duplicated genes (Force et al. 1999). 

Even before the availability of the genomic sequence of C. elegans, 

different studies have reported and analyzed (McKim and Rose 1994; Waterston 

and Sulston 1995) gene duplications in this species with different purposes. For 

example, (Katju and Lynch 2003; Katju and Lynch 2006) have focused on the 

study of novel gene generation by means of gene duplication. In particular, they 

focused on young duplicate pairs, finding that recent duplications have a median 

length of 1.4 kb, shorter than the median 1.7 kb length of genes in C. elegans, 

suggesting that many of these duplicates are not functional. Other studies have 

focused on the comprehensive detection of general or specific gene families, 

including chemosensory gene families (Troemel et al. 1995; Robertson 1998; 

Robertson 2000; Robertson 2001; Chen et al. 2005; Thomas et al. 2005; 

Robertson and Thomas 2006), transcription factors (Good et al. 2004), ABC 

transporters (Zhao et al. 2004; Zhao et al. 2007), gene families important in host-

pathogen interactions (Thomas 2006) as well as other aspects in which 

duplications may play an important role. One example of this is the finding that 

duplication events barely involve genes within operons (Cavalcanti et al. 2006), 

even though there is evidence that downstream genes with internal promoters 

within operons have a significantly larger number of paralogs than those without 

internal promoters (Huang et al. 2007). 

Another type of duplication event involving genes are the so called 

segmental duplications, also called regional duplications (Semple and Wolfe 
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1999), or block duplications (Cavalcanti et al. 2003; Li et al. 2003). Detection of 

segmental duplications relies on a definition of paralogy followed by a strategy to 

detect the segments. The study by (Semple and Wolfe 1999) defined paralogy in 

terms of blastp score. They detected 976 neighboring duplications (defining 

“neighboring” as separated by 5 or fewer intervening genes) and a subset of 438 

tandem duplications. Further dot-matrix analysis allowed them to find three small 

segmental duplications, 2 within chromosome V and chromosome X, and the 

third one between chromosome II and chromosome V, with three duplicated pairs 

each.  Another study (Rubin et al. 2000) using WS8 database in C. elegans 

defined paralogy again based on blastp score, and segmental duplications were 

determined by searching for N similar genes within 2N genes on each arm. Other 

study (Friedman and Hughes 2001) used the e-value of blastp to determine 

paralogy, and a window defined by eight paranome members was used as the 

basis to detect the segmental duplications. They detected five duplicated blocks 

within C. elegans, with the largest one in chromosome V involving 21 gene pairs, 

presumably a subset of the largest one reported in this thesis (see Chapter 4). A 

different approach was used by (Cavalcanti et al. 2003; Li et al. 2003); they 

define paralogy using the method proposed by (Gu et al. 2002) which involves 

the FASTA-alignable region of a pair of genes as well as a criteria for the 

percentage identity between two proteins dependent on the length of the 

alignable region. Then, a window-based algorithm was used to detect segmental 

duplications and three criterias are defined based on family composition, order 

and strandedness. The largest segmental duplication found has size 11 and is 
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detected using only the family composition criteria. When order and 

strandedness are included, 2 segmental duplications of size 8 are detected as 

the largest ones.  

The low abundance of segmental duplications in C. elegans reported by 

the studies mentioned above suggests that no whole-genome duplication has 

occurred in the recent evolutionary history of C. elegans (Cutter et al. 2009). 

1.2.6 Transposable elements 

As we will see later in this thesis (see Chapter 4 and Chapter 6), the 

presence of transposable elements plays a role in the formation of large 

duplications in C. elegans and in the overall genomic differences among strains. 

Hence, I provide a description here of transposable elements and their presence 

in Caenorhabditis elegans.  

Long before the human genome was sequenced, there were indications 

that genome size did not correlate with organismal complexity. For example, the 

human genome is ~200 times larger than that of the yeast Saccharomyces 

cerevisiae, but it is ~200 times smaller than the genome of Amoeba dubia. The 

source of such apparent paradox, called the C-value paradox, corresponds to 

great differences in the presence of transposable and repetitive elements across 

different species. The publication of the human genome sequence shows that 

~50% is repetitive in nature, with 45% of the genome explained by transposable 

elements. Current theory establishes that the presence of transposable elements 

is determined by genome size (Lynch and Conery 2003; Lynch 2007), and hence 

there are many species for which there is no evidence of transposable elements, 
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such as the apicomplexan Plasmodium falciparum (Gardner et al. 2002). 

Historically, transposable elements have been categorized into two main groups, 

according to their mechanism of transposition (Finnegan 1989): (i) class I 

elements, or retrotransposons, and (ii) class II elements, or transposons. The 

former, usually described as a “copy-and-paste” mechanism, can be further 

categorized into LTR (Long Terminal Repeat) and non-LTR retrotransposons. 

This type of transposon makes use of an intermediary RNA for achieving the 

transposition event. The latter main category, class II transposons, is usually 

described as a “cut-and-paste” mechanism, and it acts directly on DNA 

sequence.  

Despite this general categorization, during the last decade several new 

transposable elements have been discovered (Figure 1-3), including PLE 

(Penelope retrotransposon) (Evgen'ev and Arkhipova 2005), DIRS (Dictyostelium 

Intermediate Repeat Sequence) (Duncan et al. 2002), Helitrons (or “rolling-circle” 

transposons) (Kapitonov and Jurka 2001) and Mavericks (a.k.a. Polintons, or 

“self-synthesizing” transposons) (Kapitonov and Jurka 2006).  
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Figure 1-3. Categorization of Transposable Elements. 

 

In C. elegans, 16.5% of its genome is composed by repetitive elements 

(Stein et al. 2003), with 12% being explained by transposable elements (Sijen 

and Plasterk 2003). In contrast, 22.5% of the C. briggsae genome is composed 

of repetitive elements, with one uncharacterized repeat, Cb000047, explaining 

most of the difference in size between C. elegans (~100 Mbps) and C. briggsae 

(~108 Mbps) (Stein et al. 2003).  

Whereas only 124 LTR-retrotransposons have been reported in C. 

elegans (Ganko et al. 2001), there are ~1,000 non-LTR retrotransposons 

(Youngman et al. 1996; Malik and Eickbush 2000; Zagrobelny et al. 2004). 

Additionally, hundreds of DNA transposons of different families such as 

Tc1/mariner (Plasterk and Van Luenen 1997) and mariner (Witherspoon and 

Robertson 2003) have been found, with many of them having supporting 

evidence of transposition activity (Fischer et al. 2003).  A summary of different 
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types of DNA transposons found in C. elegans, their length and copy number are 

shown in Table 1-1. 

Table 1-1. DNA transposons found in the C. elegans genome. 

Transposon
Length 
(bp) 

Copy Number in 
N2 

Tc1  1,610  32 
Tc2  2,074  4 
Tc3  2,335  22 
Tc4  1,600  5 
Tc4v  3,466  5 
Tc5  3,171  4 
Tc6  1,600  20 ‐ 30 
Tc7  921  12 

Tc3‐CeIIa  2,166  10 
Tc3‐CeIIb  2,165  3 

fTc8  150  63 
Tc9  1,600  16 
Tc10  1,600  18 

CemaT1  1,281  12 

Cemar1  1,242  66 
Cemar2  1,254  46 
Cemar3  1,239  37 
Cemar4  1,247  27 
Cemar5  1,250  5 
Cemar6  1,282  11 
Cemar7  1,294  5 

Cemar8  1,287  5 

 

Other types of transposable elements such as PLEs have been found to 

be lost in C. elegans, and to be in the process of being lost in C. briggsae, since 

only truncated copies have been found (Arkhipova 2006). Helitrons compose 2% 

of the C. elegans genome (Kapitonov and Jurka 2007) and Mavericks are found 

in C. elegans (4 copies) and C. briggsae (2 copies), with each copy spanning 
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~20kb (Gao and Voytas 2005). MITEs (Miniature Inverted-repeat Transposable 

Elements) are small (<500 bp) non-autonomous transposable elements found in 

high copy number in many eukaryotic genomes. C. elegans has aprox. 4,800 

MITEs copies from four different MITE families, composing 1-2% of the genome  

(Surzycki and Belknap 2000).  

1.3 From species to individuals: studies on C. elegans wild 
strains. 

1.3.1 Genome-wide studies show genomic differences among C. elegans 
wild strains  

During the last fifteen years, C. elegans researchers have acknowledged 

that, despite having gained an intimate understanding of the N2 laboratory strain 

since established as a model organism, a thorough comprehension of this 

species needs to include also its natural ecology, population genetics and 

evolutionary history (Hodgkin and Doniach 1997).  The availability of the genome 

sequence for the N2 C. elegans strain (Consortium 1998) set a good basis for 

exploring the genomic diversity among isolates. The first study in this respect 

(Koch et al. 2000) was initially focused on strains from Claremont, CA (CB4857), 

Adelaide, Australia (AB1), Freiburg, Germany (RC301) and Madison, WI 

(TR403). Analysis of shotgun sequences of 970 random clones uniformely 

distributed yielded 366 SNPs, finding that transitions were over-represented over 

transversions, that SNPs occurred mostly in non-exonic regions and that roughly 

half of the SNPs impacting coding exons actually generated an amino acid 

change. Additionally, they found a clear bias towards SNPs on the third base of 

codons. Chromosomal distribution of SNPs suggested that autosomal arms are 
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more rapidly evolving than autosomal centers. They extended their search to 24 

strains and found that one of them, an isolate from Hawaii named CB4856, had a 

high number of SNPs that were not found in other strains; coincidentally, this was 

the only strain isolated from an island. Subsequent studies made use of the high 

degree of polymorphism between CB4856 and N2 to develop gene mapping 

methods by shotgun sequencing and detection of 6,222 (Wicks et al. 2001)  and 

9,602 (Swan et al. 2002) SNPs and small InDels between these two strains.  

In 2007, a study by Donald G. Moerman’s group on the resolution that 

oligonucleotide array Comparative Genomic Hybridization (oaCGH) can achieve 

for detecting deletions made use of two wild isolates as part of its testing sets: 

CB4856 (the Hawaiian strain) and JU258, an isolate from Madeira island, 

Portugal (Maydan et al. 2007). For the Hawaiian strain, they reported 141 

deletions ranging from ~100 bps to ~100 kb, generating 483 genes deleted and 

48 pseudogenes deleted in the CB4856 strain compared to the N2 strain.This is 

equivalent to a 2% gene content variation among strains. Inspection of the genes 

deleted revealed many members of the MATH-BTB, F-box, C-type lectin and Srz 

chemoreceptor families. Similar results in terms of number, chromosomal 

location and impact was found for the JU258 strain. A recent study by the same 

group (Maydan et al. 2010) on the detection of such copy-number variations 

among twelve wild isolates of C. elegans (including additional strains from 

Australia, California, France, British Columbia and Germany) confirmed the 

results provided for Hawaiian and JU258 in 2007 and reported that, overall, there 

is a 5% gene content variation among strains, equivalent to ~1,100 genes. 
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The first study reporting a WGS of C. elegans strains using second-

generation sequencing technologies (Illumina GA) (Hillier et al. 2008) generated 

a 19X coverage of the N2 Bristol strain and a 9X coverage of a strain from 

Pasadena, named CB4858. The former strain corresponds to the reference 

strain, and hence is a resequencing of the C. elegans genome published in 1998 

(Consortium 1998). Comparison of the Bristol N2 reads against its reference 

generated 2,981 indels, most of them reported to be allelic polymorphisms, and 

with only 235 of them being regarded as errors in the reference given the 

abscence of reads matching the reference at the indel position. The comparison 

of the CB4858 strain against the reference yielded 45,539 SNPs and 7,353 1bp 

indels. Inspection of the impact of SNP on protein-coding genes provided a very 

similar pattern to that reported by previous studies based on partial shotgun 

sequencing (Koch et al. 2000; Wicks et al. 2001; Swan et al. 2002) regarding the 

codon position impacted and the percentage of amino acid changes introduced. 

1.3.2 Trait differences between C. elegans strains have a molecular basis 

The pioneering study of Jonathan Hodgkin and Tabitha Doniach (Hodgkin 

and Doniach 1997) on the natural variation of 32 C. elegans strains inspected a 

number of traits including fertility and male production, growth rate and longevity, 

length, bordering and copulatory plug formation. For some of them, they were 

able to trace the locus associated to the trait. For example, one strain isolated 

from the Anza Borrega desert in California (PaC-1) was different to all other 

strains in the rate at which it produced broods of progeny. Based on crosses with 

Bristol strains, they mapped the slow growth to a locus called gro-1. In the same 
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way, differences in copulatory plug formation (the male lays down a gelatinous 

material over the vulva of the hermaphrodite when mated) among strains was 

mapped to a single locus named plg-1.   

A number of studies have focused on the natural variation between the N2 

strain and the Hawaiian strain, CB4856. This strain caught the attention of C. 

elegans geneticists given its condition of being the most genetically divergent 

from N2, which allowed for the development of genetic markers (Wicks et al. 

2001; Gaertner and Phillips 2010).  These two strains present a number of trait 

differences including copulatory plug formation (Hodgkin and Doniach 1997; 

Palopoli et al. 2008), intake of O2 and CO2 (Hallem and Sternberg 2008; 

McGrath et al. 2009; Persson et al. 2009), temperature-size rule (Kammenga et 

al. 2007), germline RNAi (Tijsterman et al. 2002), response to benzaldehyde 

(Atkinson-Leadbeater et al. 2004) and octanol (Rockman et al. 2007), thermal 

migration (Jurado et al. 2010),  pathogen susceptibility (Reddy et al. 2009), 

biofilm resistance in the presence of Yersinia (Darby et al. 2007), social 

behaviour and food response (de Bono and Bargmann 1998; Gloria-Soria and 

Azevedo 2008), egg-laying behaviour (Ailion and Thomas 2002) and decision-

making in the presence of food (Bendesky et al. 2011). Many of these differences 

have an identified genetic basis, as listed in Table 1-2. Still, other traits that 

present differences, such as the egg-laying behaviour or response to odorants, 

don’t have an identified genetic basis. 
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Table 1-2. Loci associated to trait differences between N2 and CB4856.  

Gene/Locus 
Impacted Associated Trait Reported GV Reference 

npr-1 

Intake of CO2/O2; 
Social Behavior and 

Food 
Response;Pathogen 

Susceptibilty 

SNV;G>T;V215F 

McGrath et al, 2009; 
Persson et al 2009, de 

Bono et al, 1998; 
Reddy et al 2009 

glb-5 Intake of CO2/O2 Deleted 6th exon McGrath et al, 2009; 
Persson et al, 2009 

plg-1 Copulatory plug 
formation 

Deletion of LTR-
Retrotransposon (retr-1) Palopoli et al, 2008 

tra-3 Temperature-Size Rule SNV;T>C;F96L Kammenga et al, 2007 

ppw-1 Germline RNAi 

SNV;T>C;F35S 

Tijsterman et al, 2002 

Insertion;ATT  
SNV;A>G;T245A 

Deletion;C 
SNV;C>T;L474L 
SNV;A>G;D691G 
SNV;A>G;K777E 

tyra-3 Patch-leaving 184 bp deletion (non-coding 
region) Bendesky et al, 2011 

zeel-1 Compatibility between 
N2 and CB4856 

High Divergence, 19kb 
deletion Seidel et al, 2008 

 

1.4 Thesis organization 

My thesis is organized as follows. In Chapter 2, I will make use of our 

newly developed tool OrthoCluster (co-authored publication on the OrthoCluster 

algortihm is available as Appendix A) for the detection of perfect and imperfect 

synteny blocks between the chromosomal assemblies of C. elegans and C. 

briggsae. This result will be used as a way of estimating overall conserved 

synteny between the two species. Inspection of synteny blocks will shed light on 

the rearrangement events found within and between synteny blocks and the 

contribution of operons to the conserved synteny. Also, I will show that syntenic 
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information can be used to improve hundreds of gene models and detect new 

ones. In Chapter 3, I will report a web-server implemented to make OrthoCluster 

more accessible to researchers called OrthoClusterDB (first-authored publication 

on how to run OrthoCluster and OrthoClusterDB is provided as Appendix B). This 

server allows for the detection of conserved synteny with user-defined genome 

annotations and orthologies; it also has pre-defined sets of perfect and imperfect 

conserved synteny blocks for Pseudomonas, Plasmodium, Caenorhabditis, 

Mammals and Drosophila. In Chapter 4, I will assess the genome-wide presence 

of segmental duplications in C. elegans. I will show that the largest segmental 

duplication occurred very recently in the evolutionary history of the N2 strain 

genome by a non-allelic homologous recombination event potentiated by the 

presence of Cemar1 transposable elements at the junctions. Also, I will show that 

this duplication is polymorphic among different N2 strains. 

Chapter 5 introduces a new tool, Variant-Analyzer, necessary for the 

accurate assessment of co-occurring genomic variations (GVs) on protein-coding 

transcripts. Then in Chapter 6, I will provide the first genome-wide detection of 

basepair-resolution single nucleotide variants (SNVs), small InDels and large 

GVs between the N2 strain and CB4856, the Hawaiian strain. I will show that 

reads generated with the Roche/454 and Illumina GA platforms can be used in a 

complementary manner to detect GVs in complex regions such as 

homopolymers and highly variable regions. Additionally, I will show that many of 

the previously reported large deletions based on oaCGH correspond to false 

positives due to the presence of highly variable regions, leading to an 
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overestimation of the number of genes deleted in CB4856 compared to N2. 

Using Variant-Analyzer, I’ll assess the impact of all GVs on protein-coding 

transcripts and show that hundreds of single-copy genes with lethal and sterile 

phenotypes are impacted by GVs, many of them homologs to human genes with 

associated disease. I’ll confirm known GVs associated to trait differences and 

elaborate on the detected GVs as a set of candidates to detect new ones.  

In the final chapter, I will provide concluding remarks based on the 

findings reported in this thesis. 
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2: LARGE SYNTENY BLOCKS REVEALED BETWEEN C. 
ELEGANS AND C. BRIGGSAE GENOMES USING 
ORTHOCLUSTER 

Note regarding contributions 

This chapter has been published in BMC Genomics. The full citation is 

shown below: 

Vergara IA and Chen N (2010). Large Synteny Blocks revealed between 

C. elegans and C. briggsae genomes using OrthoCluster. BMC Genomics 

11:516. 

As the first author, I performed all the bioinformatics analyses including 

the orthology and synteny detection and the improvement of gene models. N. 

Chen and  I wrote the manuscript. 

Note regarding Appendix 

The OrthoCluster algorithm is described in  

APPENDIX A: ORTHOCLUSTER: A NEW TOOL FOR MINING SYNTENY 

BLOCKS AND APPLICATIONS IN COMPARATIVE GENOMICS 

of which I am co-author.  
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Detailed explanation on how to run OrthoCluster for the detection of 

synteny blocks is described in  

APPENDIX B: USING ORTHOCLUSTER FOR THE DETECTION OF 

SYNTENY BLOCKS AMONG MULTIPLE GENOMES 

of which I am first author.  
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2.1 Abstract 

Background: Accurate identification of synteny blocks is an important step 

in comparative genomics towards the understanding of genome architecture and 

expression. Most computer programs developed in the last decade for identifying 

synteny blocks have limitations. To address these limitations, we recently 

developed a robust program called OrthoCluster, and an online database 

OrthoClusterDB. In this work, we have demonstrated the application of 

OrthoCluster in identifying synteny blocks between the genomes of 

Caenorhabditis elegans and Caenorhabditis briggsae, two closely related 

hermaphrodite nematodes.  

Results: Initial identification and analysis of synteny blocks using 

OrthoCluster enabled us to systematically improve the genome annotation of C. 

elegans and C. briggsae, identifying 52 potential novel genes in C. elegans, 582 

in C. briggsae, and 949 novel orthologous relationships between these two 

species. Using the improved annotation, we have detected 3,058 perfect synteny 

blocks that contain no mismatches between C. elegans and C. briggsae. Among 

these synteny blocks, the majority are mapped to homologous chromosomes, as 

previously reported. The largest perfect synteny block contains 42 genes, which 

spans 201.2 kb in Chromosome V of C. elegans. On average, perfect synteny 

blocks span 18.8 kb in length. When some mismatches (interruptions) are 

allowed, synteny blocks (“imperfect synteny blocks”) that are much larger in size 

are identified. We have shown that the majority (80%) of the C. elegans and C. 
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briggsae genomes are covered by imperfect synteny blocks. The largest 

imperfect synteny block spans 6.14 Mb in Chromosome X of C. elegans and 

there are 11 synteny blocks that are larger than 1 Mb in size. On average, 

imperfect synteny blocks span 63.6 kb in length, larger than previously reported.  

Conclusions: Taken together, we have demonstrated that OrthoCluster 

can be used to accurately identify synteny blocks and have found that synteny 

blocks between C. elegans and C. briggsae are almost three-folds larger than 

previously identified. 
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2.2 Introduction 

The conservation of large scale genomic sequences across two or more 

genomes —synteny blocks— is of primary interest because their identification 

sets up a stage for identifying and characterizing sequence and functional 

differences among genomes (Hardison 2003). The term synteny has been used 

in different contexts in the past. Originally, synteny was used to indicate the 

colocalization of different genes in corresponding chromosomes of different 

species (a.k.a. “chromosomal synteny”) (Passarge et al. 1999). Recently, with 

the availability of thousands of sequenced genomes, synteny has been used to 

describe the conservation of co-localized genes in the same order within different 

genomes (a.k.a “conserved segment”). In some occasions, the term “conserved 

synteny” has been used to refer a genomic region in which the chromosomal 

location of multiple markers is conserved, but not necessarily their precise order 

(Gregory et al. 2002). The term “synteny block” (Pevzner and Tesler 2003) has 

been defined previously as a segment in one genome that can be converted, 

through genome rearrangements, into a conserved segment in another genome. 

As such, a synteny block does not necessarily represent areas of perfectly 

continuous similarity between genomes. In this paper, we use the term “perfect 

synteny block” as “a genomic region of perfectly conserved gene content, order 

and strandedness”, as defined by Coghlan and Wolfe (Coghlan and Wolfe 2002). 

As an extension to this definition, we use “imperfect synteny block” as “a 
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genomic region containing some level of interruption, and in which order and 

strandedness is not necessarily conserved” (Zeng et al. 2008). 

In the past decade, different methods have been proposed to identify 

synteny blocks (Vandepoele et al. 2002; Calabrese et al. 2003; Cannon et al. 

2003; Luc et al. 2003; Soderlund et al. 2006; Sinha and Meller 2007). However, 

these methods usually lack one or more of the following functionalities required 

for detailed analysis: (1) comparing more than two genomes, (2) allowing 

interruptions within synteny blocks, (3) capturing the strandedness of genes, and 

(4) addressing one-to-many orthologous relationships. Failure to provide these 

functionalities makes these programs inapplicable for the identification of 

genome rearrangement events such as inversions, insertions, reciprocal 

translocations and segmental duplications. To tackle these problems, we have 

recently developed a new method called OrthoCluster, a computer program for 

the systematic detection of synteny blocks between two or among multiple 

genomes (Zeng et al. 2008). Briefly, OrthoCluster takes as input genetic markers 

(such as genes and microsatellites) and their relationships (such as orthologous 

relationships) and scans through two or more genomes for synteny blocks. 

OrthoCluster distinguishes genetic markers as either in-map or out-map. A 

genetic marker in one genome is called in-map if it has orthologous genetic 

markers in all corresponding genomes. In contrast, a genetic marker in one 

genome is called out-map if it does not have orthologous genetic markers in 

corresponding genomes.  
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To facilitate the application of OrthoCluster, we have recently developed a 

web server called OrthoClusterDB (Ng et al. 2009). Additionally, a book chapter 

describing its usage and application has been published (Vergara and Chen 

2009).  In addition to its use in identifying synteny blocks, OrthoCluster can be 

applied to identify segmental duplications within a genome (Vergara et al. 2009).  

 C. elegans is a free living soil-dwelling hermaphrodite nematode and a 

popular model organism for biomedical studies because of its small size, 

transparent body, short life cycle, ease of propagation and compact genome. C. 

elegans was also the first multicellular organism subject to whole genome 

sequencing (Consortium 1998), and the genome sequence of this species has 

been declared to be complete, with no remaining gaps in 2002. After more than a 

decade of annotation after its first publication, the genome of C. elegans is 

arguably the best annotated of a multicellular organism to date (Chen et al. 2005; 

Hillier et al. 2005). The sequencing of its sister species Caenorhabditis briggsae, 

also a hermaphrodite, sets up an excellent platform for comparative genomic 

analysis (Coghlan and Wolfe 2002; Stein et al. 2003). Recently, by applying 

OrthoCluster, we have identified segmental duplications in the nematode 

Caenorhabditis elegans genome, including a large duplication that is polymorphic 

among C. elegans laboratory N2 strains (Vergara et al. 2009). In this project, we 

applied OrthoCluster to identify synteny blocks between C. elegans and its sister 

species Caenorhabditis briggsae, whose genome was sequenced a few years 

ago (Stein et al. 2003). 
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Synteny block identification and characterization is critical for 

understanding genome structure and functional domains of genomes. Synteny 

between C. elegans and C. briggsae was first explored when the first sequenced 

reads of C. briggsae became available. Using their program WABA (for “Wobble 

Aware Bulk Alignment”) (Kent and Zahler 2000), Kent and colleagues compared 

the whole genome sequence of C. elegans and 8 Mb of C. briggsae sequences 

(in 229 cosmids) and found that 59% of these genomes are homologous at the 

base level, while 41% of the genome sequences are found in nonalignable 

regions. Using these alignments, they estimated the synteny relationship 

between C. elegans and C. briggsae and found that ~40% of the genome is 

resistant to rearrangements. Later, using a gene-based approach, Coghlan and 

colleagues examined the slightly larger set of sequences (12.9 Mb of C. briggsae 

genome) for synteny blocks and genome rearrangement events (Coghlan and 

Wolfe 2002) and found many perfect synteny blocks. They also identified larger 

imperfect synteny blocks between these two genomes with an average size of 53 

kb. The completion of the C. briggsae genome sequencing project enabled the C. 

briggsae genome analysis group to compare C. elegans and C. briggsae at the 

whole genome scale at the supercontig level (Stein et al. 2003). To identify 

regions of colinearity, the program WABA (Kent and Zahler 2000) was used to 

produce base level alignments, followed by merging of adjacent blocks and 

bridging of small transpositions and inversions. Eventually, 4,837 alignments 

were obtained that cover 84.6% of the C. elegans genome, with a median length 

of 5.6 kb (mean = 37.5 kb) (Stein et al. 2003). The average size is smaller than 



 

 40

that obtained using gene-based analysis reported previously (Coghlan and Wolfe 

2002). Recently, a chromosomal-level assembly of the C. briggsae genome 

(Hillier et al. 2007) has been constructed, which can be utilized to facilitate 

synteny identification and analysis. Here, taking advantage of this new assembly 

and our newly developed program OrthoCluster, we revisit and reanalyze 

synteny blocks between these two genomes. 

2.3 Methods and Materials 

2.3.1 OrthoCluster  

OrthoCluster algorithm and development was described previously (Zeng et al. 

2008). Briefly, it uses an anchor-based approach to effectively search for synteny 

blocks between two or more genomes given parameters for controlling synteny 

block size, mismatches within synteny blocks as well as preservation of order 

and strandedness (Figure 2-1). Since OrthoCluster takes into consideration both 

order and strandedness of genes, it is useful for the detection of inversions and 

other genome rearrangement events. In addition to identifying perfect synteny 

blocks (that contain no mismatches and preserve gene order and strandedness), 

it can be applied to identify imperfect synteny blocks with various levels of 

mismatches. OrthoCluster needs two types of input files (Figure 2-2): a genome 

file and a correspondence file.  
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Figure 2-1. Different types of order and strandedness handled by OrthoCluster. 

a) Consistent order and consistent strandedness. Blocks A1 in genome G1 and A2 in genome G2 
are composed of four genes. The order of the genes within each block is the same, and each pair 
of genes has the same orientation. b) Consistent order, reversed strandedness. Blocks A1 in 
genome G1 and A2 in genome G2 are composed of four genes. The order of the genes within 
each block is the same, but each pair of genes has different orientation. c) Inverted order, 
consistent strandedness. Blocks A1 in genome G1 and A2 in genome G2 are composed of four 
genes. The order of the genes within block A1 is inverted with respect to that within block A2, and 
each pair of genes has the same orientation. d) Inverted order, reversed strandedness. Blocks A1 
in genome G1 and A2 in genome G2 are composed of four genes. The order of the genes in 
block A1 is inverted with respect to that in block A2, and each pair of genes has different 
orientation. All four cases are found if the user sets -r -s when running OrthoCluster. Cases a) 
and d) are found only if user sets -rs when running OrthoCluster. For the perfect synteny blocks 
detected in this work, the parameter -rs was used in order to allow for no variations of order 
relative to strandedness  and viceversa, as it happens for cases b) and c). The same applies for 
imperfect synteny blocks, which result from the merging of perfect blocks due to in-map and out-
map mismatches. 
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Figure 2-2. Input and output data for OrthoCluster.  

The input of the program consists of the genome annotation for each species (gene name, 
Chromosome/Contig, Start position, End Position, and Strand) and a correspondence file with the 
orthologous relationships among genes. The output corresponds to the synteny blocks found. In 
ths example, there are N genomes and a region of M genes is shown for each one. 
 
A genome file contains genetic markers (which could be annotated genes) with 

information regarding chromosome/supercontig names, start and end positions, 

as well as the strand in which each genetic marker resides. A correspondence 

file provides orthologous relationships between two (for pair-wise analysis) or 

more genomes (for multiple-genomes analysis). Genetic markers that are not 

included in the correspondence file are called out-map genetic markers (in this 

paper, “genes” and “genetic markers” are used interchangeably). In contrast, 

genetic markers that are part of the correspondence file are called in-map 

genetic markers. A synteny block can be non-nested or nested (Figure 2-3) with 

nested block defined as one that is contained within a larger block. A nested 
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synteny results from a segmental duplication of a portion of a larger synteny 

block in one genome (Figure 2-3d).  

 

 

Figure 2-3. Out-map and in-map mismatches.  

a) An out-map mismatch. Given the corresponding syntenic regions A1 and A2 in genomes G1 
and G2 respectively, A1 contains a gene (shown in white) that has no correspondence in G2. b) 
An in-map mismatch. Given the corresponding syntenic regions A1 and A2 in genomes G1 and 
G2 respectively, A1 contains a gene, g5, which has a correspondence in G2, but is distant 
enough from the other genes conforming A2 so it can not be include within the synteny block. 
Different numbers of in-map and out-map mismatches can be included in each block by varying 
the parameters -i, -ip, for in-map mismatches, and -o, -op for out-map mismatches. c) A non-
nested synteny block. Blocks A1 and B1 in genome G1 are located in different regions of the 
genome, and the corresponding regions A2 and B2 in genome G2 are also located in different 
regions. d) A nested synteny block. Block B1 in genome G1 is fully contained within block A1, but 
the corresponding syntenic regions B2 and A2 in genome G2 are located in different regions of 
that genome. 
 

2.3.2 Data Sources  

Genome annotations of C. elegans and C. briggsae were obtained from 

WormBase (http://www.wormbase.org/) (Chen et al. 2005), release WS180. 

Since some genes produce multiple alternative isoforms and all of these isoforms 

represent one gene (locus), we used the longest isoform to represent a gene. 
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 Correspondence file preparation To generate the correspondence file 

required by OrthoCluster, we assigned orthologous relationships between 

different genomes using InParanoid (Remm et al. 2001; Chen et al. 2007) with 

default settings. InParanoid has been evaluated to be one of the best performing 

methods for orthology detection (Chen et al. 2007). Ortholog assignment 

between C. elegans and C. briggsae is further improved based on gene model 

improvement, sequence similarity, and synteny when applying our gene model 

improvement procedure. A correspondence file contains both one-to-one and 

one-to-many relationships.  

Synteny based gene model improvement and ortholog assignment 

As illustrated in Figure 2-4, we first identified imperfect synteny blocks that 

contain out-map mismatch genes using OrthoCluster.  
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Figure 2-4. Synteny-based gene model improvement procedure.  

First, out-map mismatches are identified in the synteny blocks. Second, GeneWise is run to 
identify candidate genes using out-map mismatches as queries and the corresponding syntenic 
region as target. Third, predicted genes are examined and compared with other genes in the 
synteny blocks (proteins encoded by the predicted genes are at least 60% as long as their 
corresponding query proteins). 

 

Out-map mismatches, which usually indicate genome-specific genes, can 

also indicate these two alternative possibilities: (1) the ortholog gene in the other 

genome has not been found, and (2) the corresponding gene model is defective 
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in a way the orthologous relationship can’t be established by orthology detection 

programs. Synteny information helps narrow down genomic regions that contain 

these missing or defective orthologous genes and improve defective gene 

models. Once we identified mismatches in synteny blocks, we attempted to 

identify missing/defective gene models using the homology-based gene 

prediction method GeneWise (Birney and Durbin 2000; Birney et al. 2004). When 

we ran OrthoCluster by allowing up to 20 out-map mismatches per synteny block, 

we found 2,650 imperfect synteny blocks, 2,389 of which are non-nested blocks 

and 261 are nested ones. Of the 1,886 out-map mismatch genes within synteny 

blocks in the C. elegans genome, 695 C. elegans genes generated GeneWise 

predictions in C. briggsae that satisfy the filtration criteria described below (Table 

2-1). We only consider predictions that cover at least 60% of the length of the 

query proteins with no internal stop codons.  
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Table 2-1. Out-map mismatches used for gene model improvement. 

Numbers in parentheses represent the number of unique genes that are associated to each 
number of mismatches. 

    C. elegans C. briggsae 

Initial number of out-map mismatches 1886 (1804) 1700 (1536) 
Out-map mismatches with no predictions  537 (475) 505 (405) 
Out-map mismatches with predictions  1349 (1334) 1195 (1140) 
Outmap mismatches that satisfy length filter 695 (689) 631 (609) 
Total number of predictions in opposite genome 771 702 
Deleted because of overlapping with other 
predictions 28 7 

Hits in-map gene with coverage >=60% 207 155 
Hits in-map gene with coverage < 60% 219 313 
Hits out-map gene with coverage >=100% 9 98 
Hits out-map gene with coverage < 100% 100 139 
Hits intergenic region 174 46 
Hits Intronic region 17 6 
Hits isoform 0 12 
Special cases 17 17 

 

 

We identified 771 GeneWise predictions in C. briggsae genome. Note that 

some out-map mismatch genes generate more than one valid prediction 

(paralogs) within the corresponding synteny block. Applying the same strategy, 

we identified 702 GeneWise predictions in C. elegans. Depending on which 

location of the synteny block the prediction hits, each of the predictions can be 

categorized accordingly. There are two possibilities. First, the predicted gene 

overlaps with an intergenic or intronic region. In this case, we take the predicted 

gene as a new candidate gene. Second, the predicted gene overlaps with one or 

more existing genes within the corresponding synteny block (Figure 2-5).  

We also assigned new orthologous relationships using synteny 

information and similarity (blast alignment scores). To achieve this, we compared 

the out-map genes with the new gene models and calculate their percentage 

identity (PID). We accept a new pair of orthologs if the PID between them is 
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greater than or equal to 40% and the e-value is less or equal than 1e-10. This 

paired set of values ensures that orthologies are not due to similarities in small 

domains, while allowing for a certain divergence of the orthologous pair within the 

syntenic region. The revised orthologous relationships were then incorporated 

into the InParanoid-driven orthologous relationships.  
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Figure 2-5. Gene model improvement procedure for the reparation of genes. 

If the prediction hits a gene, then different procedures are defined depending on the gene been 
an in-map or outmap gene. If the gene hit is an in-map gene, then we measure the genomic 
coverage of the in-map gene. If the coverage is greater or equal than the threshold defined, then 
the prediction is discarded. If the coverage is less than the threshold, then the peptide of the 
ortholog of g1’, g1, is used as query against the genomic span of g1’. If the predictions overlap, 
then they are discarded. If the predictions do not overlap and g1’ is in C. briggsae, then g1’ is 
replaced by o1’ and g1’’. If g1’ is in C. elegans, then its peptide is used as query against the 
genomic span of g1 - o1 in C. briggsae to determine if those genes can be merged (g1’’’).  

If the prediction hits an out-map gene and the coverage is less than the original gene 
model, then the prediction is discarded. If the coverage is greater or equal than the original gene 
model, then o1’ is discarded if p1 is located in C. elegans. If p1 is located in C. briggsae, the 
prediction o1’ replaces p1. 
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2.4 Results 

2.4.1 Initial comparison between C. elegans and C. briggsae genomes  

Using the C. elegans genome annotation in WormBase release WS180 

(Chen et al. 2005), the genome assembly and annotation of C. briggsae (Hillier et 

al. 2007) (from the same release), and the correspondence file generated using 

InParanoid (Remm et al. 2001), we detected 3,075 perfect synteny blocks 

between the genomes of C. elegans and C. briggsae using OrthoCluster. These 

blocks range in size from 2 to 28 genes (961 bp to 168.2 kb, Figure 2-6b).  

 

Figure 2-6. Perfect synteny blocks in the C. elegans genome.   

a) Size distribution for perfect synteny blocks obtained using the improved annotation. b) Size 
distribution for perfect synteny blocks obtained using the WS180 annotation. c) The largest 
perfect synteny block between C. elegans and C. briggsae obtained using the improved 
annotation. 
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Examination of these synteny blocks, including the gene models contained 

within these blocks, immediately suggests that many gene models (primarily the 

C. briggsae ones) are defective, which leads to the unnecessary truncation of 

large synteny blocks. One example of such case is shown in Figure 2-7, which 

illustrates two genomic regions in C. elegans and C. briggsae that are nearly 

perfectly conserved with the exception of one gene in C. elegans, B0240.4, 

which breaks the synteny.  
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Figure 2-7. An example of a defective gene model in C. briggsae. 

The alignment of the two adjacent genes B0240.4 and B0240.2 in C. elegans against CBG23278 
in C. briggsae. 
 
 

Based on the current WormBase annotation (WS180), this gene does not 

have a clear ortholog in C. briggsae. Examination of the alignment of genes 

B0240.4 and B0240.2 in C. elegans and gene CBG23278 in C. briggsae (which 

is the predicted ortholog of B0240.2) suggests that the predicted C. briggsae 

gene is defective. Indeed, the current gene model of CBG23278 can be split into 

two separate genes, one orthologous to B0240.4 and the other orthologous to 

B0240.2. Experimental validation based on PCR reactions that prove the 

existence of the two genes and the non-existence of the junction on a cDNA 

library for C. elegans suggests that these are two separate genes (data not 
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shown). Fixing cases like this will uncover many more bona fide orthologous 

relationships between C. elegans and C. briggsae.  

2.4.2 Synteny-based gene model correction and ortholog assignment   

We developed a procedure (described in detail in Methods and Materials) 

in order to detect and correct defective gene models at the whole genome scale. 

Altogether, we identified 52 putative new genes in C. elegans (Table 2-2, 

Appendix File 2.1). In contrast, in C. briggsae, we have generated 582 revised 

gene models, 191 of which correspond to novel gene structures in previously 

defined intronic or intergenic regions (Table 2-2, Appendix File 2.2). Most 

deletions and additions were due to gene splits and gene merges (Figure 2-8). 

We assigned new orthologous relationships based on sequence similarity 

revealed by the improved gene annotation and synteny, which leads to the 

assignment of 949 new orthologous relationships (Table 2-3).  

Table 2-2. Gene model improvement in C. elegans and C. briggsae 

C. elegans C. briggsae 
Initial number of genes 20140 19522 

Outmap genes replaced by predictions 0 9 
Split genes 0 130 

Merged genes 0 250 
Predictions added because of split genes 0 262 

Predictions added because of merged genes 0 124 
Genes added because of new genes 52 191 

Genes deleted because of special cases 0 7 
Predictions added because of special cases 0 5 

Final number of genes 20192 19717 
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Table 2-3. Ortholog assignment between C. elegans and C. briggsae. 

  C. elegans C. briggsae 
  Improved WS180 Improved WS180 
  Number % Number % Number % Number % 

Genes in ortholog 
relations 14973 100 14345 100 14751 100 14092 100 

Genes in one-to-
one ortholog 

relations 13794 92.1 13406 93.5 13531 91.7 13047 92.6
Genes in one-to-
many ortholog 

relations 1179 7.87 939 6.55 1220 8.27 1045 7.42
Total orthologous 

relations 17818 16869 17818 16869 
 

 

Figure 2-8. Examples of revised gene models in C. briggsae. 

a) A gene model (CBG00032) is split in two gene models (CBG50382 and CBG50528). b) Two 
gene models (CBG03252 and CBG03251) were merged to form one new gene model 
(CBG50043). c) A gene model was replaced by a new gene model. d) A new gene model. 
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2.4.3 Genome-wide identification and analysis of synteny blocks 

Orthologous relationships Based on the improved orthologous 

relationships (see Methods and Materials), the majority of the orthologous 

relationships between C. elegans and C. briggsae are one-to-one relationships 

(Table 2-4), with only 7.9% of the C. elegans genes with orthologous 

relationships (or 5.8% of the total genes in the improved annotation of C. 

elegans) having more than one ortholog in C. briggsae, ranging from 2 to 147 

orthologs. Likewise, 8.3% of the C. briggsae genes with orthologous relationships 

(or 6.2% of the total genes in the improved annotation of C. briggsae) have more 

than one ortholog in C. elegans, ranging from 2 to 24 orthologs. One-to-one 

orthologous relationships exist mainly between homologous chromosomes of C. 

elegans and C. briggsae (Table 2-4), demonstrating strong chromosomal 

synteny, in good agreement with previous studies (Hillier et al. 2007). 

Table 2-4. One-to-one orthologous relationships between C. elegans (rows) and C. 
briggsae (columns) 

Numbers in parenthesis represent relationships found in the “_random” assembly of the 
chromosome, as reported by Hillier and colleagues (Hillier et al. 2007) 

Chr chrI chrII chrIII chrIV chrV chrX chrUn Total 
I 1519 (360) 46 (2) 10 (2) 16 (0) 13 (0) 0 47 2015 
II 5 (3) 1698 (175) 8 (0) 12 (0) 18 (1) 6 38 1964 
III 9 (1) 28 (0) 1741 (67) 42 (0) 5 (0) 1 51 1945 
IV 27 (6) 11 (0) 34 (9) 1779 (51) 21 (2) 20 67 2027 
V 9 (2) 10 (2) 14 (0) 17 (0) 1973 (249) 6 74 2356 
X 8 (0) 7 (1) 2 (0) 2 (0) 4 (0) 1888 11 1923 

Total 1577 (372) 1800 (180) 1809 (78) 1868 (51) 2034 (252) 1921 288 12230
 

Perfect synteny blocks Using OrthoCluster and the improved genome 

annotations, we identified 3,058 perfect synteny blocks (each synteny block 
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contains at least two genes and no mismatches). Of these blocks, 2,687 are non-

nested, whereas 371 are nested within larger synteny blocks. A nested synteny 

block corresponds to a subset of genes within a larger synteny block that is found 

duplicated in different genomic regions in either the same or different 

chromosomes. The largest perfect synteny block between the genomes of C. 

elegans and C. briggsae contains 42 genes (Figure 2-6a, Figure 2-10) and spans 

a 201.2 kb genomic segment in Chromosome V of C. elegans, corresponding to 

a 202.5 kb segment in Chromosome V of C. briggsae (Figure 2-6c). The mean 

size of these perfect synteny blocks span 18.8 kb, while the median size is 12.7 

kb. Altogether, the perfect synteny blocks cover 11,058 genes in C. elegans 

(51.3 Mb, or 51.1% of the C. elegans genomic sequence) and 10,879 genes in C. 

briggsae (49.5 Mb, or 45.6% of the C. briggsae genomic sequence) (Table 2-5).  
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Table 2-5. Perfect synteny blocks, operons, and their corresponding genomic coverage, 
size and range in C. elegans. 

Chrom 
All Perfect Synteny Blocks 

Blocks Coverage(%)
Mean 
(kb) 

Median 
(kb) Range (kb) 

Range 
(genes) 

I 445 53.4 18.3 13.6 [2-102.9] [2-17] 
II 525 47.1 16.0 11.3 [1-111.9] [2-24] 
III 442 54.1 18.1 14.5 [0.6-75.8] [2-20] 
IV 525 43.6 16.6 12.4 [1-95.7] [2-20] 
V 690 43.3 15.2 9.0 [0.9-201.2] [2-42] 
X 431 65.4 32.4 23.4 [1-168.2] [2-25] 

Total 3058 51.1 18.8 12.7 [0.6-201.2] [2-42] 

Chrom 
Operons 

Operons Coverage(%)
Mean 
(kb) 

Median 
(kb) 

Range 
(kb) 

Range 
(genes) 

I 246 16.5 10.2 8.0 [1.1-81.6] [2-8] 
II 203 11.2 8.4 6.3 [1.6-51.9] [2-8] 
III 264 17.5 9.1 7.6 [1.1-33.0] [2-7] 
IV 196 9.7 8.7 6.9 [1.1-46.7] [2-7] 
V 154 5.6 7.6 5.6 [1.6-41.5] [2-7] 
X 57 2.1 6.5 6.2 [1.7-23.6] [2-3] 

Total 1120 9.8 8.8 6.8 [1.1-81.6] [2-8] 
 

Genome-wide view of synteny blocks can be generated using 

OrthoClusterDB (Ng et al. 2009)  (Figure 2-9). Most (2,770, or 90.6%) of the 

synteny blocks in C. briggsae are conserved within the homologous C. elegans 

chromosome thus showing strong chromosomal synteny (Table 2-6). Among the 

288 synteny blocks (out of the 3,058 perfect blocks) in C. elegans that are 

mapped to a non-homologous chromosome in C. briggsae, 78.2% are located in 

Chromosomes II, IV and V of C. elegans and 72.9% are located in 

Chromosomes I, IV and V of C. briggsae.  
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Figure 2-9. genome view of the perfect synteny blocks between C. elegans and C. 
briggsae. 

Each chromosome in C. elegans has a distinctive color. The corresponding synteny blocks in C. 
briggsae can be mapped to the reference chromosome according to the color. This image was 
created using OrthoClusterDB http://genome.sfu.ca/orthoclusterdb/. 
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Table 2-6. Distribution of perfect synteny blocks between C. elegans chromosomes (rows) 
and C. briggsae chromosomes (columns) 

Non-h: total of synteny blocks mapping to non-homologous chromosomes. Numbers in 
parenthesis represent relationships found in the “_random” assembly of the chromosome, as 
reported by Hillier and colleagues (Hillier et al. 2007) 
Chrom chrI chrII chrIII chrIV chrV chrX chrUn Total Non-h 

I 
325 
(89) 9 (0) 0 (0) 3 (0) 2 (0) 0 17 445 14 

II 13 (0) 
370 
(40) 1 (2) 28 (1) 37 (2) 3 28 525 87 

III 3 (0) 13 (0) 
364 
(14) 7 (0) 18 (0) 0 23 442 41 

IV 13 (3) 8 (9) 2 (1) 
423 
(12) 22 (3) 10 19 525 71 

V 17 (0) 3 (1) 1 (0) 41 (0) 
520 
(72) 4 31 690 67 

X 0 (0) 2 (0) 0 (0) 0 (0) 6 (0) 417 6 431 8 

Total 371 
(92) 

405 
(50) 

368 
(17) 

502 
(13) 

605 
(77) 434 124 3058 288 

Non-h 46 (3) 35 (10) 4 (3) 79 (1) 85 (5) 17 N.A. 288   
 

Figure 2-10. Size distribution of perfect, non-operonic and operonic synteny blocks.  

The size of a block is defined by the number of genes within that block. 
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Perfect synteny blocks of different sizes are not evenly distributed in all 

chromosomes. Our results indicate that perfect synteny blocks on Chromosome 

X are significantly larger than those on the autosomal ones. The median length of 

perfect blocks within autosomal chromosomes is 11.8 kb (mean=16.7 kb), 

whereas the median length of these type of blocks within Chromosome X is 23.4 

kb (mean=32.4 kb), more than two-folds larger (p <0.01, Mann-Whitney U test). 

This observation is consistent with previously reported observations (Stein et al. 

2003; Hillier et al. 2007), suggesting that Chromosome X is subject to fewer 

rearrangement events. Alternatively, most rearrangements occurring in 

Chromosome X are lethal and are therefore not preserved in evolution. Taking 

the definition of clusters and arms provided by Hillier and colleagues, we find 

that, within autosomes, the median length of perfect synteny blocks in autosomal 

centers is 11.6 kb (mean = 16.6 kb), whereas the median length of perfect 

synteny blocks in autosomal arms is 12.2 kb (mean = 16.9 kb). This difference is 

not statistically significant (p-value = 0.15, Mann-Whitney Test). Among all six 

chromosomes, the one with the highest genomic coverage is Chromosome X 

(65.4%). Chromosome V, which is the largest chromosome in C. elegans, also 

contains the largest number of blocks (22.6%).  

 Species-specific gene family expansions/contractions were observed 

previously and many gene family members have been found to form tandem 

clusters in C. elegans and C. briggsae (Stein et al. 2003; Chen et al. 2005), 

which is consistent to our recent observation that the C. elegans genome harbors 

a large number of intrachromosomal duplications, many of which occur in tandem 
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(Vergara et al. 2009). In this project, we have demonstrated that members of a 

same gene family can form tandem clusters within synteny blocks identified using 

OrthoCluster. We found 534 such cases, in which 424 contain more genes in C. 

elegans while 110 have more genes in C. briggsae within these tandem gene 

clusters. One example of this is a syntenic region that has a higher presence of 

members of the GST (glutathione-S-transferase) family of genes in C. elegans 

than in C. briggsae (Figure 2-11). Further exploration of these regions is required 

to unveil the mechanisms underlying the expansion/contraction of these genes.  

 

 

Figure 2-11. An example of syntenic tandem gene expansion/contraction. 

A GST tandem gene cluster in C. elegans has nine genes, while its orthologous region in C. 
briggsae has four genes. 
 

Our gene model improvement has greatly enhanced our ability to identify 

larger synteny blocks. When we use the WS180 annotation (before gene model 

improvement) for the detection of perfect synteny blocks, we found more (3,075) 
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but smaller blocks (Figure 2-6a, b; Figure 2-12; Table 2-7) compared to those 

described above. For example, the largest synteny block contains 42 genes 

using the improved annotation, but only 28 genes if we use the WS180 

annotation. In fact, the 28 genes are a subset of the synteny block composed of 

42 genes detected using the improved annotation. Compared to the WS180 

annotation, the improved annotations increase the coverage of the chromosomes 

(Table 2-7).  
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Figure 2-12. Cumulative distribution of perfect synteny blocks in C. elegans. 

Black bars represent perfect synteny blocks found using WS180 annotation, while empty bars 
represent perfect synteny blocks found using improved annotation. 

Table 2-7. Perfect synteny blocks and their corresponding genomic coverage in C. elegans 
for the improved and the WS180 annotations. 

  Improved Annotation WS180 Annotation 
Chrom % Blocks % Cov #blocks/Mbp Mean Median % Blocks % Cov #blocks/Mbp Mean Median 

I 14.6 53.4 29.5 18.3 13.6 14.5 49.7 29.6 17 12.8 
II 17.2 47.1 34.4 16.0 11.3 17.4 43.9 35.0 14.6 10.6 
III 14.5 54.1 32.1 18.1 14.5 14.5 49.8 32.4 16.5 12.9 
IV 17.2 43.6 30.0 16.6 12.4 17.1 39.7 30.1 15.1 11.0 
V 22.6 43.3 33.0 15.2 9.0 21.7 37.9 31.9 13.8 8.9 
X 14.1 65.4 24.3 32.4 23.4 14.8 60.5 25.6 27.6 20.0 

 

 Contribution of operons to perfect synteny blocks According to 

WormBase annotation (release WS180), there are 1,120 operons in C. elegans, 

ranging in size from two to eight genes (Table 2-5). Previous comparative studies 
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have concluded that these operons are highly conserved between C. elegans 

and its sister species C. briggsae, with the vast majority of the operons (96% 

(Stein et al. 2003) and 93.2% (Qian and Zhang 2008)) conserved between these 

two species. What is the contribution of operons to the perfect synteny blocks 

identified between these two species? In order to address this question, we have 

examined the contribution of operons to perfectly conserved synteny blocks 

(Table 2-5, Figure 2-10). Our analysis suggests that operons constitute an 

insignificant part of the perfect synteny blocks.  

First, the portion of the C. elegans genome covered by the 1,120 

annotated operons (9.8%) is dramatically smaller than that covered by the 3,058 

perfect synteny blocks identified in this study (as shown above, 51.1% genomic 

coverage). More recent studies have shown that operons are not as conserved 

as previously reported and that there is a greater turnover of operon composition 

among Caenorhabditis species (Cutter et al. 2009; Cutter and Agrawal 2010), 

suggesting that the contribution of operons to the perfect synteny blocks between 

C. elegans and C. briggsae is even lower.  

Second, if we define an operonic synteny block as a perfect synteny block 

with at least half of its genes being conserved operons, we find 385 such 

operonic synteny blocks (Figure 2-10). These operonic syntenic blocks contain 

498 operons (or 44.5% of the total operons). These 385 operonic synteny blocks 

cover only 7.4% of the C. elegans genome, still much smaller than the 51.1% of 

the C. elegans genome covered by all perfect synteny blocks.  
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Third, the limited contribution of operons to the observed synteny is further 

illustrated by the low coverage of the X Chromosome by operons (2.1%, 57 

operons) in C. elegans, which is the chromosome that is most covered by perfect 

synteny blocks (65.4%, 431 perfect synteny blocks) between C. elegans and C. 

briggsae (Table 2-5). 

Imperfect synteny blocks During evolution, genome sequences are 

often interrupted by small genome rearrangement events such as insertions, 

deletions, inversions and duplications. It has been suggested that small 

inversions and transpositions can be regarded as noise in genome 

rearrangements (Sankoff 1999). Identification of imperfect synteny blocks is 

valuable because they provide a global view of the existing synteny between 

different species for regions that have been subject to various types of 

rearrangement events. To detect such synteny blocks, we ran OrthoCluster by 

allowing mismatches (see methods) as well as by relaxing the constraints of 

order and strandedness of the genes within the blocks. In general, relaxing the 

constraints regarding gene order, strandedness and mismatches generates 

larger and fewer synteny blocks when compared to the perfect synteny blocks. In 

contrast to relaxing the number of mismatches, relaxing the constraints of order 

and strandedness within blocks alone has only a weak impact on block size 

distribution, suggesting that insertions/deletions and long-range transposition 

events are much more common than inversion and short-range transposition 

events. One example of a larger synteny block found when relaxing only order 

and strandedness constraints is one with 9 genes in Chromosome III of the C. 
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elegans genome (Figure 2-13). This synteny block was split into two smaller 

ones when OrthoCluster was applied for detecting perfect synteny blocks. These 

two blocks, one of size 5 and the other 3, are separated by one in-map gene 

(F54G8.1) whose ortholog (CBG50416) is inverted with respect to the 

neighboring genes, hence disrupting the perfect conservation of strandedness. 

 

 

Figure 2-13. The size of a block is defined by the number of genes within that block.  

This region in Chromosome III of the C. elegans genome contains nine genes, all of which have 
one-to-one relationships to their orthologous genes in a syntenic region in C. briggsae. The 
perfect synteny is disrupted by one gene, F54G8.1, whose ortholog is inverted in C. briggsae. 
The two adjacent perfect synteny blocks are merged into one large synteny block when we allow 
strandedness of genes to vary.  

 

Allowing either in-map or out-map mismatches leads to the identification of 

larger synteny blocks because neighboring perfect synteny blocks start to merge. 

For example, using the improved annotation, when the percentage of both the in-

map and the out-map mismatches are set to 5%, the largest block contains 71 

genes (Figure 2-14a and Figure 2-14b) (mean=20.2 kb, median=12.4 kb), 
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compared to 42 genes identified as the largest block when no mismatches are 

allowed (Figure 2-6a; Figure 2-10).   

Figure 2-14. Imperfect synteny blocks in C. elegans.  

a) Synteny blocks generated by allowing a maximal percentage of in-map and out-map 
mismatches of 5%. b) The largest imperfect synteny block between C. elegans (containing 71 
genes) and C. briggsae (containing 68 genes). c) C. elegans genomic coverage of syntenic 
blocks as a function of both in-map and out-map mismatches. 

 

When these mismatch percentages are increased to 10% and 20%, the 

largest block contains 209 genes (mean=26,7 kb, median=12.0 kb) and 838 

genes (mean=45.1kb, median=14.1 kb), respectively. When we ran OrthoCluster 

by allowing a maximum of 50% in-map mismatch and 50% out-map mismatch 

within each synteny block, we found 80.8% of the genomic sequence of C. 

elegans being syntenic to 78.3% of the C. briggsae genomic sequence. As 

illustrated in Figure 2-14c, allowing more mismatches leads to merging of 

unrelated blocks because the genomic coverage increases sharply for mismatch 
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percentages above this point. Also, for values larger than 50%, the number of 

synteny blocks decreases dramatically, mostly due the inclusion of in-map 

mismatches from unrelated regions of the genome (Figure 2-15). At this setting, 

the median length of the synteny blocks found with this set of parameters is 15.6 

kb (mean=63.6 kb) (Figure 2-16).  
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Figure 2-15. C. elegans distribution of the number of syntenic blocks as a function of both 
in-map and out-map mismatches. 

 
Figure 2-16. Size distribution of synteny blocks between C. elegans and C. briggsae.  

The red curve represents synteny blocks identified using OrthoCluster (ip = 50%; op=50%), while 
the black curve represents synteny blocks reported previously (Stein et al. 2003). 

 



 

 70

Again, the imperfect synteny blocks are not evenly distributed in the 

genomes. The mean size of imperfect synteny blocks is 53.6 kb (median=15.7 

kb) for autosomal synteny blocks, while 217.6 kb (median=13.8 kb) for 

Chromosome X. This extremely large mean for the X chromosome compared to 

its median reflects that the size distribution of synteny blocks in the X 

chromosome is positively skewed  (i.e., there are few very large synteny blocks). 

Within autosomes, again we don’t observe a significant difference between 

centers and arms (p-value = 0.42, Mann-Whitney Test), with the median length of 

autosomal centers being 15.3 kb (mean = 62.1 kb), whereas the median length of 

autosomal arms is 16.6 kb (mean = 45.4 kb). This is in agreement with a 

previous report (Coghlan and Wolfe 2002). The largest synteny block spans 6.14 

Mb on Chromosome X of C. elegans, between 1.68 Mb and 7.82 Mb. Altogether, 

there are 11 synteny blocks that are larger than 1 Mb between these two 

genomes. They are distributed across all chromosomes of C. elegans except 

Chromosome I and III. These 11 largest synteny blocks add up to 26 Mb. These 

large synteny blocks are unlikely to be found by chance under a random 

breakage model, even after correcting for multiple testing (data not shown) (Ranz 

et al. 2001).  There are altogether 161 synteny blocks that are larger than 100 

Kb, which add up to 66 Mb in size, strongly suggesting that C. elegans and C. 

briggsae genomes share large synteny blocks. As shown in Figure 2-16, synteny 

blocks identified here are significantly larger that those identified using an 

alignment-based approach (Stein et al. 2003).  
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2.5 Discussion 

In this work we applied our newly developed tool, OrthoCluster, for the detection 

of synteny blocks between the genome of C. elegans and the newly 

reconstructed C. briggsae genome. This anchor-based program has a number of 

features that makes it useful for identifying synteny blocks. In addition to 

identifying mismatches within syntenic regions, it takes into consideration one-to-

many orthologous relationships at the moment of identifying synteny blocks. It is 

also sensitive to gene strandedness. More importantly, OrthoCluster works with 

multiple genomes so that users can explore synteny among the expanding 

number of sequenced genomes. Now that the genomes of three additional 

Caenorhabditis species (C. remanei, C. japonica, and C. brenneri) have been 

sequenced, we are eager to apply OrthoCluster to identify and analyze synteny 

relationships among these genomes. The appropriate handling of these types of 

features enables users to detect genome rearrangement events such as 

insertions, deletions, duplications, inversions, and reciprocal translocations. 

Furthermore, OrthoCluster can be used for the detection of segmental 

duplications within a single genome (Vergara et al. 2009). Since OrthoCluster is 

an anchor-based program, correct annotation of the anchors (or genetic markers) 

is an essential condition for the accurate estimation of synteny. Taken together, 

OrthoCluster is a flexible tool for the detection of synteny blocks among species 

of different evolutionary distance.   

We have demonstrated that syntenic information is useful for the 

improvement of defective gene models and detection of potential new genes and 
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missing orthologous relationships. In this attempt, we have identified 582 new 

gene models (Table 2-2) in C. briggsae and 52 candidate new gene models in C. 

elegans. These improved annotations enabled us to identify 949 new orthologous 

relationships. Some of the new gene models that we have identified were 

independently detected by WormBase curators. For example, gene C10A4.10 

was absent in WormBase release WS180, but was later curated and released in 

WS190. This gene was detected also with our procedure (Figure 2-17). 

 

Figure 2-17. A new gene model in C. elegans. 

This new gene model, absent in WS180, was reported independently by WormBase curators in 
WS190 and found with our methodology. 

 

The improved genome annotations and orthologous relationships have 

helped the synteny block analysis since larger synteny blocks are found in 

contrast to those obtained with WS180 annotations (Figure 2-6). Also, some 

conserved operon structures are restored with the improved annotations (Figure 

2-18). This methodology will be applied for improving the annotation of the newly 

sequenced genomes of C. remanei, C. brenneri, and C. japonica.  
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Figure 2-18. Conserved operon revealed by improved genome annotation. 

The improved annotation of C. briggsae identified two putative genes, CBG50308 and 
CBG50462, which are orthologs to the operonic genes C14A4.1 and C14A4.4, that were missing 
orthologs previous to the application of the gene model improvement procedure. 

 

Hillier and colleagues constructed the first chromosomal level assembly of 

C. briggsae (Hillier et al. 2007). Taking advantage of OrthoCluster and this newly 

constructed C. briggsae assembly, we found that 80.8% of the C. elegans 

genome (and correspondingly 78.3% of the C. briggsae genome) is covered by 

synteny blocks that contain at least two genes. The amount of genome coverage 

by synteny blocks is consistent with a previous report (Stein et al. 2003). 

Including “synteny blocks” composed of a single gene (in-map genes) only 

slightly increases the coverage of the C. elegans genome to 84.4% 

(corresponding to 81.9% of the C. briggsae). This coverage is also in excellent 

agreement with the work of Stein and colleagues (84.6% for C. elegans and 

80.8% for C. briggsae) (Stein et al. 2003). Thus, the conservation observed 
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between the C. elegans and C. briggsae genomes is accounted for largely by 

synteny blocks that contain two or more genes.  However, the synteny blocks 

discovered between C. elegans and C. briggsae using OrthoCluster (median size 

of 15.6 kb, average size of 63.6 kb) are much larger than those identified by the 

previous whole genome analysis (median size of 5.6 kb, average size of 37.5 

kb).  

2.6 Conclusion 

Taken together, we have demonstrated that OrthoCluster can be used to 

accurately identify synteny blocks. Additionally, we have found that synteny 

blocks between C. elegans and C. briggsae are almost three-folds larger than 

previously identified. 
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3: ORTHOCLUSTERDB: AN ONLINE PLATFORM FOR 
DETECTING SYNTENY BLOCKS 

Note regarding contributions: 

 This chapter has been published in BMC Bioinformatics. The full citation is 

shown below. 

Ng MP*, Vergara IA*, Frech C, Chen Q, Zeng X, Pei J, Chen N. (2009) 

OrthoClusterDB: an online platform for synteny blocks. BMC Bioinformatics 

10:192. 

(*) Equal contributions 

 As the co-first author, I generated most of the scripts underlying the 

server. I was responsible for testing the program with different cases to ensure 

the correctness of the implementation. I participated in the gathering of the input 

dataset by co-supervising Q. Chen and in the implementation of the web 

interface by co-supervising MP Ng together with N. Chen and C. Frech. The 

Pseudomonas dataset was kindly provided by G. Winsor, from Dr. F. Brinkman’s 

lab. C. Frech contributed to the implementation of quality-control scripts within 

the server and with the gathering of Plasmodium datasets. MP. Ng, N. Chen  and 

I wrote the manuscript, with input from other co-authors. 
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Note regarding Appendix 

The OrthoCluster algorithm is described in  

APPENDIX A: ORTHOCLUSTER: A NEW TOOL FOR MINING SYNTENY 

BLOCKS AND APPLICATIONS IN COMPARATIVE GENOMICS 

of which I am co-author.  

Detailed explanation on how to run OrthoClusterDB is described in  

APPENDIX B: USING ORTHOCLUSTER FOR THE DETECTION OF 

SYNTENY BLOCKS AMONG MULTIPLE GENOMES 

of which I am first author. In addition, a detailed tutorial can be found in its 

website http://genome.sfu.ca/orthoclusterdb  
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3.1 Abstract 

Background: The recent availability of an expanding collection of genome 

sequences driven by technological advances has facilitated comparative 

genomics and in particular the identification of synteny among multiple genomes. 

However, the development of effective and easy-to-use methods for identifying 

such conserved gene clusters among multiple genomes–synteny blocks–as well 

as databases, which host synteny blocks from various groups of species 

(especially eukaryotes) and also allow users to run synteny-identification 

programs, lags behind.  

Descriptions: OrthoClusterDB is a new online platform for the identification 

and visualization of synteny blocks. OrthoClusterDB consists of two key web 

pages: Run OrthoCluster and View Synteny. The Run OrthoCluster page serves 

as web front-end to OrthoCluster, a recently developed program for synteny 

block detection. Run OrthoCluster offers full control over the functionalities of 

OrthoCluster, such as specifying synteny block size, considering order and 

strandedness of genes within synteny blocks, including or excluding nested 

synteny blocks, handling one-to-many orthologous relationships, and comparing 

multiple genomes. In contrast, the View Synteny page gives access to perfect 

and imperfect synteny blocks precomputed for a large number of genomes, 

without the need for users to retrieve and format input data. Additionally, genes 

are cross-linked with public databases for effective browsing. For both Run 

OrthoCluster and View Synteny, identified synteny blocks can be browsed at the 
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whole genome, chromosome, and individual gene level. OrthoClusterDB is freely 

accessible.  

Conclusion: We have developed an online system for the identification 

and visualization of synteny blocks among multiple genomes. The system is 

freely available at http://genome.sfu.ca/orthoclusterdb/. 
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3.2 Introduction 

Accumulating evidence suggests that genes within a genome are not randomly 

distributed. Instead, they form various types of conserved gene clusters, such as 

operons (Jacob et al. 1960; Blumenthal et al. 2002), genes co-regulated by 

common transcription mechanisms (Johnnidis et al. 2005), and genes co-

expressed in a same tissue type such as muscle (Roy et al. 2002). The recent 

availability of an expanding collection of genome sequences driven by 

technological advances has facilitated genome-wide detection of these functional 

gene clusters through comparative genome analysis (Hardison 2003). However, 

the development of effective and easy-to-use methods for identifying such 

conserved gene clusters among multiple genomes–synteny blocks–that at the 

same time host databases of these synteny blocks lags behind. The term 

synteny has been used to refer different concepts in the past. Initially, synteny 

was used to indicate that genes are located on the same chromosome (Passarge 

et al. 1999). Recently, synteny has been more generally used to describe 

conservation, and syntenic genes have been generally taken as genes co-

localized within conserved genomic blocks among related genomes (Pevzner 

and Tesler 2003). There are further differences regarding the level of 

conservation. For example, some define two genomic sequences as a synteny 

block as long as they contain orthologous gene sets regardless of their order 

(Gregory et al. 2002) or the existence of insertion/deletions (Margulies and 

Birney 2008). In this paper, we generally follow recent definitions of synteny 
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block and define it as a "genomic region of conserved gene content". We 

distinguish between "perfect synteny blocks" (genomic regions of perfectly 

conserved gene content, including gene order and strandedness) and "imperfect 

synteny blocks" (genomic regions of imperfectly conserved gene content, order 

or strandedness). Most methods developed in the past years for detecting 

synteny blocks cannot be generally applied because they fail in one or more of 

the following tasks: (A) comparing multiple genomes; (B) detecting synteny 

blocks containing interruptions (mismatches); (C) considering strandedness 

(orientation) of genes; and (D) handling one-to-many orthologous relationships 

(reviewed in (Zeng et al. 2008)). To overcome the above limitations, we have 

recently developed a program, OrthoCluster, for synteny block detection (Zeng et 

al. 2008). To make it easy for users to run OrthoCluster and to interpret the 

output, we have now developed a web server, OrthoClusterDB 

http://genome.sfu.ca/orthoclusterdb/, which provides an easy-to-use web 

interface to OrthoCluster and immediate access to synteny blocks that have been 

precomputed with OrthoCluster. Currently, only two synteny detection methods–

Cinteny (Sinha and Meller 2007) and SyMAP (Soderlund et al. 2006)–also 

provide servers for online access and access to databases. 
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3.3 Results 

3.3.1 Construction and content 

The OrthoClusterDB website consists of the following two key web pages: Run 

OrthoCluster and View Synteny.  

The Run OrthoCluster web page enables users to run OrthoCluster with 

their own genome annotation files and correspondence files (containing 

orthologous relationships among all input genomes) to identify synteny blocks. 

The View Synteny web page allows users to browse through pre-

computed synteny blocks between up to three genomes at the genome, 

chromosome and gene level. In addition to these two pages, OrthoClusterDB 

also has a Download page, which provides users with the data sets used for 

generating the pre-computed results and OrthoCluster executables, and a Help 

page, which includes answers to frequently asked questions, protocols for using 

Run OrthoCluster and View Synteny pages, and the OrthoCluster tutorial.  

3.3.2 Utility and discussion 

3.3.2.1 Run OrthoCluster 

The Run OrthoCluster page allows users to run OrthoCluster online using their 

own genome annotation and correspondence files to identify synteny blocks 

among a large number of genomes (Figure 3-1).  
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Figure 3-1. Web interface of the Run OrthoCluster page showing the input parameters. 

 
Before running OrthoCluster online, users are recommended to check whether 

their genomes of interest are already included in the precomputed datasets in the 

View Synteny page. We provide details regarding where genome annotations are 
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obtained together with release version number for each genome so that users 

can track down the data source for accurate analysis and comparison. 

Two types of files are needed as input, the genome file and the 

correspondence file (both are plain tab-delimited text files). A genome file 

contains all genes and their coordinates in an input genome, while the 

correspondence file contains orthologous relationships among all input genomes. 

Users can define and modify parameters for running OrthoCluster, such as block 

size, order and strandedness of genes within synteny blocks, and 

inclusion/exclusion of nested synteny blocks resulting from one-to-many 

orthologous relationships. Notably, even though most users run OrthoCluster 

using genes and their orthologous relationships as input, OrthoCluster can be 

used to process any type of genomic feature (or genetic markers) as long as their 

orthologous relationships are provided. 

Users can upload two or more input genomes. The first input genome 

("Genome 1") is by default taken as the reference genome and the rest are 

referred to as the target genomes. By default, perfect synteny blocks will be 

generated. 

The main part of the result page consists of the GenomePainter image 

that displays an overview of detected synteny blocks between a reference 

genome and target genome(s) at the chromosome/contig-level (Figure 3-2).  
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Figure 3-2. A sample output Genome Painter image, with a link for output download and a 
link to GBrowse. 

In this example, C. elegans is the reference genome and C. briggsae is the target genome. 
 

This is achieved by first partitioning the reference genome into segments 

of different colors. (A) For reference genomes with 50 or less 

chromosomes/contigs but more than one chromosome/contig, each 

chromosome/contig gets assigned a different color and is shown in a separate 
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column with its corresponding name. (B) For reference genomes with more than 

50 chromosomes/contigs but fewer than 256 chromosomes/contigs, 

chromosomes/contigs are drawn with a continuous color gradient and without 

displaying their name for clarity. (C) For reference genomes containing more 

than 256 chromosomes/contigs, only the first 256 largest chromosomes/contigs 

are assigned unique colors and chromosomes/contigs beyond this number will 

be assigned the same color (black). (D) For reference genomes that are 

composed of only one chromosome/contig, the chromosome/contig is colored in 

a rainbow-spectrum manner. Detected synteny blocks are then highlighted within 

target genomes by drawing all syntenic regions in the color of their corresponding 

segment in the reference genome. The gray color in the target genomes 

indicates that no corresponding synteny blocks have been found in that region. 

By default, the order of the chromosomes/contigs displayed is sorted by size. 

The Genome Painter image is particularly useful for visualizing overall 

conservation of different genomes. For example, as illustrated in Figure 3-3, 

there is an obvious large inversion between the Pseudomonas aeruginosa PAO1 

genome and the genomes of Pseudomonas aeruginosa PA14 and Pseudomonas 

aeruginosa PA7, as reported previously (Stover et al. 2000). In contrast, the 

genomes of Pseudomonas aeruginosa PA14 and Pseudomonas aeruginosa PA7 

are generally very similar. 
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Figure 3-3. Large inversion in Pseudomonas aeruginosa genomes.  

a) Genome Painter image of three P. aeruginosa genomes, showing a large inversion of the two target genomes with respect to the 
reference genome (P. aeruginosa PAO1). b) GBrowse image of the large inverted region. The two junctions are surrounded by red 
dashed boxes. c) GBrowse image of the left most junction of the inverted region. d) GBrowse image of the right-most junction of the 
inverted region. 
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Each synteny block within the Genome Painter image is clickable and 

cross-linked to a genome browser for gene-level view of the chromosomal/contig 

region containing that block. We use the Generic Genome Browser (GBrowse) 

(Stein et al. 2002) for that purpose, a widely used genome browser program 

(Figure 3-4). Users can enter the GBrowse view either by clicking on the link in 

the result summary table, or by directly clicking on the color-coded synteny 

blocks in the genome painter image.  

 

 

 

Figure 3-4. GBrowse-based synteny browser with C. elegans as reference genome and C. 
briggsae as target genome.  

The first track shows the WormBase gene model for C. elegans, and the second track is the 
synteny block detected in C. briggsae. CL-2905 is the synteny block ID assigned by OrthoCluster, 
and the number in brackets next to the ID refers to the chromosome location of the block in C. 
briggsae. 
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We configured GBrowse to display the genes of the reference genome in 

one track and the corresponding synteny blocks of the target genomes in 

separate tracks. Each synteny block displayed in the genome browser in the 

target genome is cross-linked to another genome browser, in which the target 

genome is displayed as the reference for that synteny block.  

The Run OrthoCluster page also allows users to redefine the default 

behavior of OrthoCluster as well as the GenomePainter output. First, users can 

modify the order of chromosomes/contigs in the Genome Painter image by 

uploading a simple text file containing all the chromosome/contig names in a 

desired order. Format details can be found in the Help page. Second, users can 

generate various types of imperfect synteny blocks by varying the parameters of 

OrthoCluster, such as the minimum and maximum number of genes within the 

block, number/percentage of in-map mismatches (i.e. genes with known but non-

syntenic orthologs) and out-map mismatches (genes without known orthologs) in 

a block, and preservation of the relative order and strandedness of orthologous 

genes within each synteny block. Additionally, the user is allowed to display non-

nested synteny blocks only. Nested synteny blocks within larger blocks occur 

because of one-to-many orthologous relationships, which are usually present in 

the correspondence file and which OrthoCluster considers simultaneously at the 

moment of generating the synteny block. 

3.3.2.2 View synteny 

Genomes of some species are of general interest. To facilitate 

identification of synteny blocks between these genomes, we have created the 
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View Synteny page, where users can select predefined genomes of interest for 

synteny identification and examination. In the current release (Release 2), five 

groups of genomes are available (Figure 3-5): Pseudomonas (14 genomes), 

Plasmodium (6 genomes), Caenorhabditis (2 genomes), Drosophila (12 

genomes), and Mammals (20 genomes).  

 

 

Figure 3-5. Web interface of View Synteny showing currently available groups of genomes 
for selection. 

 
For these groups, genome files were preloaded and formatted on the web 

server. The correspondence files for running OrthoCluster are generated on the 

fly on the web server by parsing precomputed InParanoid (Remm et al. 2001) 

results (for two genomes) or by running MultiParanoid (Alexeyenko et al. 2006) 

(for multiple genomes). To start a job in the View Synteny page, users first select 
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a group of interest and then a reference genome within this group. Once a 

reference genome is selected, up to two target genomes can be chosen from the 

same group. Users may choose to identify perfect (no mismatches allowed) or 

imperfect (containing 5% in-map mismatches, 10% out-map mismatches) 

synteny blocks. The result page format is the same as that of the Run 

OrthoCluster page. There are three major differences between the View Synteny 

page and the Run OrthoCluster page. First, in the View Synteny page, users do 

not need to prepare input files, making it easier for the user to get quick results 

for the species of interest. Second, in the View Synteny page, genes in the 

genome browser are linked to their corresponding gene pages in public 

databases, such as WormBase http://www.wormbase.org/ (Chen et al. 2005) for 

the Caenorhabditis group,FlyBase http://www.flybase.org/ (Crosby et al. 2007) 

for the Drosophila group, or Ensembl http://www.ensembl.org/ (Flicek et al. 2008) 

for the Mammals group. This makes it easy for following up individual genes 

within synteny blocks in more detail. Third, results from all jobs submitted via the 

View Synteny page are stored permanently in the database (MySQL) of the web 

server so that results will be immediately returned the next time users try to 

identify synteny blocks among the same genomes. 

Download 
The Download page makes available the datasets used by 

OrthoClusterDB to generate the precomputed results, including the genome 

annotation files and the pair-wise correspondence files. Genome annotation files 

were generated based on the GFF (General Feature Format) files obtained from 
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the corresponding model organism data- bases or, in case of the Pseudomonas 

genomes, from NCBI. Pairwise correspondence files were generated using 

Inparanoid (Remm et al. 2001) with default settings. Also, the standalone version 

of OrthoCluster for Linux, MacOS, and Windows platforms can be downloaded, 

allowing users to run OrthoCluster locally on their own computers. 

Computational Platform 
OrthoClusterDB is currently supported by a Dual Quad Core Xeon 

machine that has 8G RAM. The processing time for jobs submitted via Run 

OrthoCluster and View Synteny page depends on the number of genes 

contained in input genomes and the number of orthologous relationships defined 

in the correspondence file. For pairwise analysis, jobs usually finish within 

seconds. For multiple-genome analysis with large correspondence files, jobs may 

take longer. Such jobs usually take up to one minute to finish on the first run. On 

the second run, jobs finish immediately because previous results are cached on 

the server. For larger jobs, users are encouraged to download OrthoCluster from 

the download page and run it locally. 

3.4 Conclusion 

Accurate and effective identification of synteny bocks provided by 

OrthoClusterDB will facilitate many comparative genomics analyses, including 

the identification of functional gene clusters, ortholog assignment, gene model 

improvement, identification of lineage-specific genome family expansion and 

contraction, as well as the characterization of various types of genome 
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rearrangement events such as insertions/deletions, inversions, transpositions, 

and reciprocal translocations (Zeng et al. 2008). Currently, OrthoClusterDB 

allows fast access to precomputed synteny blocks for 54 different genomes 

within 5 groups of species of general interest. Ultimately, OrthoClusterDB will be 

expanded to include synteny blocks for all sequenced and annotated genomes. 
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4: POLYMORPHIC SEGMENTAL DUPLICATION IN THE 
NEMATODE CAENORHABDITIS ELEGANS 

 

Note regarding contributions 

This chapter has been published in BMC Genomics. The full citation is 

shown below: 

Vergara IA, Mah AK, Huang JC, Tarailo-Graovac M, Johnsen RC, Baillie 

DL, Chen N. (2009). Polymorphic segmental duplication in the nematode 

Caenorhabditis elegans. BMC Genomics 10:329. 

As the first author, I performed all the bioinformatics analyses including 

the paralogy and segmental duplication detection, the improvement of gene 

models and the characterization of the large segmental duplication as well as 

those segmental duplications of high sequence similarity. AK. Mah, JC. Huang 

and M. Tarailo-Graovac and RC. Johnsen conducted the experiments. N. Chen, 

AK. Mah and I wrote the manuscript with input from DL. Baillie and M. Tarailo-

Graovac. 

Note regarding Appendix 

The OrthoCluster algorithm is described in  

APPENDIX A: ORTHOCLUSTER: A NEW TOOL FOR MINING SYNTENY 

BLOCKS AND APPLICATIONS IN COMPARATIVE GENOMICS 
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of which I am co-author.  

Detailed explanation on how to run OrthoCluster for the detection of 

segmental duplications is described in  

APPENDIX B: USING ORTHOCLUSTER FOR THE DETECTION OF 

SYNTENY BLOCKS AMONG MULTIPLE GENOMES 

of which I am first author.   

There is a large list of members of the C. elegans community that kindly 

provided the strains necessary for this study. A list of all contributors to this 

project can be found in APPENDIX C: LIST OF CONTRIBUTORS TO THE 

SEGMENTAL DUPLICATION PROJECT 
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4.1 Abstract 

Background: The nematode Caenorhabditis elegans was the first 

multicellular organism to have its genome fully sequenced. Over the last 10 years 

since the original publication in 1998, the C. elegans genome has been 

scrutinized and the last gaps were filled in November 2002, which present a 

unique opportunity for examining genome-wide segmental duplications. 

Results: Here, we performed analysis of the C. elegans genome in search 

for segmental duplications using a new tool–OrthoCluster–we have recently 

developed. We detected 3,484 duplicated segments–duplicons–ranging in size 

from 234 bp to 108 Kb. The largest pair of duplicons, 108 kb in length located on 

the left arm of Chromosome V, was further characterized. They are nearly 

identical at the DNA level (99.7% identity) and each duplicon contains 26 putative 

protein-coding genes. Genotyping of 76 wild-type strains obtained from different 

labs in the C. elegans community revealed that not all strains contain this 

duplication. In fact, only 29 strains carry this large segmental duplication, 

suggesting a very recent duplication event in the C. elegans genome. 

Conclusion: This report represents the first demonstration that the C. 

elegans laboratory wild-type N2 strains have acquired large-scale differences. 
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4.2 Introduction 

Genomes are highly dynamic. Comparative genome analysis has revealed 

extensive differences, including inversions, transpositions, reciprocal 

translocations and duplications, among genomes of different species, as well as 

among genomes of different strains within the same species. In particular, 

duplications had been observed and studied long before any genome 

sequencing projects were initiated. For example, the Bar "gene" duplication in the 

fruit fly Drosophila melanogaster, which was found to be important in determining 

eye size, was identified cytologically in the 1920s (Sturtevant 1925). Now, with 

the availability of genome sequences of many species, a large number of studies 

have been carried out to detect in silico and in a genome-wide manner the 

presence of such duplications (Bailey and Eichler 2006). Duplications can be 

classified into three types based on their scales: whole-genome duplications, 

segmental duplications, and single-gene duplications. In 1970s, Susumu Ohno 

proposed that gene duplication is the driving force for the generation of new 

genes and novel biochemical processes (Ohno 1970).  

Caenorhabditis elegans is a widely used model organism for its small size, 

short life cycle, well-defined development, ease of manipulation, as well as a 

compact genome. In C. elegans, gene duplications have been found to be 

responsible for the formation of many gene families, including chemosensory 

gene families (Troemel et al. 1995; Robertson 1998; Robertson 2000; Robertson 

2001; Chen et al. 2005; Thomas et al. 2005; Robertson and Thomas 2006), 

transcription factors (Good et al. 2004), ABC transporters (Zhao et al. 2004; Zhao 
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et al. 2007), and gene families important in host-pathogen interactions (Thomas 

2006). In contrast to the extensive analyses of individual gene duplications in C. 

elegans, large scale segmental duplications have received little attention, 

although they are known to exist (Consortium 1998; Katju and Lynch 2003; Hillier 

et al. 2005). 

In this project, we have carried out a genome-wide analysis of segmental 

duplications in C. elegans using a new program called OrthoCluster (Zeng et al. 

2008), and we have experimentally assessed the polymorphism of the largest 

pair of duplicons in different wild-type (N2) strains of C. elegans as well as the 

wild isolate–Hawaiian strain (CB4856). 

Given that we ran OrthoCluster at the gene level, in which each 

chromosome is represented as a set of genes with their corresponding order and 

strandedness, the term "segmental duplication" is used here to describe any 

group of one or more genes that are found duplicated in the genome. 

4.3 Methods and Materials 

4.3.1 Genome-wide identification of segmental duplications using 
OrthoCluster 

Genome sequences and annotation for C. elegans were obtained from 

WormBase (Chen et al. 2005) release WS180 http://ws180.wormbase.org/. 

Paralogs were determined by performing all-against-all blastp searches (Altschul 

et al. 1997) with default parameters, with the exception of non-masking of low 

complexity regions, followed by filtering for an e-value less or equal than 1e-40 

and a percent identity of at least 70%. Thi set of values ensures that paralogies 
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are not due to similarities in small domains and provides a rather conservative 

set of paralogs in order to avoid false positives. 

For the detection of segmental duplications within the C. elegans genome, 

we have applied a newly developed program called OrthoCluster (Zeng et al. 

2008) http://genome.sfu.ca/projects/orthocluster/, by allowing no mismatches (for 

identifying "perfect segmental duplications") or a certain level of mismatches (for 

identifying "imperfect segmental duplications") within duplicons. OrthoCluster 

allows two types of mismatches: in-map mismatches, which correspond to genes 

that have paralogs in regions outside of the corresponding duplicon, and out-map 

mismatches, which correspond to genes with no paralogs in the C. elegans 

genome (Zeng et al. 2008). For the detection of perfect segmental duplications 

within the C. elegans genome, we allow no mismatches within duplicons, and 

preserve order and strandedness of the genes within the duplicons. For the 

detection of imperfect duplicons, order and strandedness were still required to be 

preserved, but a maximum of 15% of mismatched genes within duplicons were 

allowed. 

4.3.2 Sequence comparison between tandem duplicons 

To identify differences between the largest duplicons and between transposons, 

alignments were carried out using ClustalW (Thompson et al. 1994) with default 

parameters. Exact differences between the aligned copies were further obtained 

by systematically scanning through the alignments. For the tandem segmental 

duplications described in Table 4-2, we aligned each pair of duplicons (detected 

at the gene level using OrthoCluster) using ClustalW with default parameters, 
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followed by trimming the edges that are not aligned to define the boundaries of 

the nearly-identical regions. 

4.3.3 Gene model improvement 

In order to repair those gene models that were determined to be defective when 

comparing the two largest duplicons, the following set of rules was applied: (1) 

We first searched for EST sequences that supported the exon-intron boundaries 

as shown by the "EST aligned by BLAT (best)" and "EST aligned by BLAT 

(other)" tracks in WormBase; (2) If the gene model is not fully supported by 

ESTs, we then examined whether the gene model was curated by an expert; (3) 

if there is no evidence reported for the gene, we looked for their best curated 

paralogs, which are used as query to curate the defective gene model using 

GeneWise (Birney and Durbin 2000; Birney et al. 2004). 

4.3.4 Genome-wide detection of transposons and association with 
tandem segmental duplications 

We obtained the Repbase 13.06 (Jurka 2000) library of repetitive elements for C. 

elegans, which contains all curated C. elegans transposable elements. The 

library was used as query to run tblastx against the C. elegans genome. With the 

goal of detecting transposable elements that are highly conserved in sequence 

as it is the case for the Cemar1 transposons at the flanking region and junction of 

the large segmental duplication, those hits with a percentage identity greater or 

equal than 90% and with an e-value less or equal than 1e-100 were considered 

significant. Then, for each perfect duplicon detected using OrthoCluster, we 
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looked within the duplicon and within a flanking region of 5,000 bp for associated 

transposons.  

4.3.5 Nematode Strains and Maintenance 

All strains were maintained at 20°C, and all manipulations were conducted using 

standard methods (Brenner 1974).  

4.3.6 Isolation of genomic DNA 

Genomic DNA were isolated from the various C. elegans strains using a modified 

single worm lysis genomic DNA preparation protocol [46]. Briefly, the worm lysis 

solution is composed of: 10 mM Tris (pH8.3), 50 mM KCl, 2.5 mM MgCl2, 4.5% 

Tween 20, 0.05% gelatin and 0.06 µg/µl proteinase K. For isolation of each 

particular strain, 100 worms were selected and placed into 30 µl of the lysis 

solution. The nematodes were then freeze-cracked twice and incubated at 60°C 

for one hour followed by one hour at 95°C to inactivate the enzyme. The resulting 

supernatant was used as template for subsequent PCR reactions. The F56A4 

cosmid was purified via standard plasmid isolation procedures and diluted to 20 

ng/µl with 1× TE for use in further steps as PCR template. 

4.3.7 PCR analysis of the 319 bp unique sequence 

Three PCR primers–319L (aaccgattccaccgagaact), 319IR 

(caaccaatttccaaaatatcttca) and 319OR (ttttgctattgttgggcattc)–were designed to 

detect the 319 bp unique sequence (Figure 4-1a). The expected PCR products 

from reactions containing the primers 319L and 319OR are 1,319 bp (if the 319 

bp unique sequence exists in the second copy) and 1,000 bp (if the 319 bp 
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sequence is absent from the duplication unit), respectively. The expected PCR 

product size as a result of a reaction containing the primers 319L and 319IR is 

750 bp. 

4.3.8 PCR analysis of the junction between the two largest duplicons 

Four PCR primers–DupOL (ggtaatacttgcaccaacggt), DupOR 

(catacgaacatcgcggactcc), DupIR (cgatagacagacattggcaac) and DupIL 

(gagaaagattttggcgggaac)–were designed to amplify the leftmost boundary of the 

leftmost duplicon, the junction between these two copies, and the rightmost 

boundary of the rightmost duplicon (Figure 4-1a). 
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Figure 4-1. PCR analysis of the largest tandem segmental duplicons. 

(a) A schematic illustration of the largest duplicons, with PCR primers used for genotyping 
labeled. (b) A representative gel for strains that do not carry the largest duplication. (c) A 
representative gel for strains carrying the largest duplication. Lane 1 shows PCR product using 
primers 319L and 319OR; lane 2 shows PCR product using primers 319L and 319IR; lane 3 
shows PCR product using primers DupOL and DupIR; lane 4 shows PCR product using primers 
DupIL and DupIR; and lane 5 shows PCR product using primers DupIL and DupOR. 

 

4.4 Results 

4.4.1 Identification of genome-wide segmental duplications 

We applied OrthoCluster to identify genome-wide segmental duplications in C. 

elegans. OrthoCluster can identify "perfect segmental duplications"–duplications 

containing no mismatches, "imperfect segmental duplications"–duplications 

containing a certain level of mismatches (genetic interruptions), as well as 
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synteny blocks among multiple genomes (Zeng et al. 2008). In this report, we call 

each duplicated segment of genes a duplicon (Eichler 1998). 

4.4.1.1 Perfect segmental duplications 

We identified 1,980 perfect segmental duplications, which generate 3,484 

duplicons (see Appendix File 4.1). Note that the number of duplicons is not 

exactly twice the number of segmental duplications because the same regions 

can be duplicated more than once. The majority of the segmental duplications 

(1,364, or 68.9%) are intrachromosomal and can be further categorized as 

tandem 

(567/1,980, or 28.6%) when the corresponding duplicons are found adjacently, or 

as dispersed (797/1,980, or 40.3%) when at least one gene is separating them. 

Sizes of the identified duplicons vary dramatically, ranging from one to 26 genes 

(Figure 4-2a), or from 234 bp to 108 Kb in size (Figure 4-2b). The majority of 

these duplicons contain single genes (3,112, or 89.3%), while a few contain more 

than ten genes, consistent with previous observations (Katju and Lynch 2003) 

(Figure 4-3). The duplicons are not evenly distributed in different chromosomes, 

with Chromosome V having significantly more duplications than other 

chromosomes (p < 0.01, Fisher's Exact test). 
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Figure 4-2. Size distribution of perfect duplicons in C. elegans genome.  

(a) Size distribution of all perfect duplicons in the C. elegans genome measured in number of 
genes. (b) Size distribution of all perfect duplicons in the C. elegans genome measured in kb. 
Each N value in the x-axis represent all those duplicons that fall in the range [N-1..N) kb. The y-
axis represents the frequency in a logarithmic scale (base 10) of the frequency of a specific 
duplicon size. Thus, those bins with no visible bar mean that only one duplicon is observed for 
that particular value. 
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Figure 4-3. Size distribution on each chromosome of perfect duplications in C. elegans 
measured in (a) number of genes and (b) base pairs (kb).  

The y-axis represents the frequency in a logarithmic scale (base 10) of the frequency of a specific 
duplicon size. Thus, those bins with no visible bar mean that only one duplicon is observed for 
that particular value. For (b), each N value in the x-axis represents all those duplicons that fall in 
the range [N-1..N) kb. 

 

The largest pair of duplicons is located on the left arm of Chromosome V, 

and each duplicon contains 26 genes with a genomic span of 108 Kb. Although 

the presence of this large segmental duplication has been reported in previous 

studies (Consortium 1998; Katju and Lynch 2003; Hillier et al. 2005), detailed 

analysis has not been pursued. 
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4.4.1.2 Imperfect segmental duplications 

Search for imperfect segmental duplications revealed larger duplicons, 

suggesting that some smaller neighboring perfect duplicons can merge to form 

larger imperfect ones. As a result, the number of duplicons identified decreased 

from 3,484 (for perfect segmental duplications) to 3,447, generated by 1,955 

imperfect segmental duplications (Figure 4-4). 

 
Figure 4-4. Example of imperfect duplicons that are merged from neighboring perfect 
duplicons by allowing some mismatches. 

The clusters that have same prefixes are duplicon pairs. For example, CL-2469_1 and CL-
2469_2 is one duplicon pair. The perfect segmental duplications CL-2469, CL-2470 and CL-2471 
occur in the neighboring region on Chromosome V, whereas CL-2482 is dispersed in the 
upstream region of this segmental duplication (not shown). 

 

4.4.2 Molecular comparison of the two largest duplicons 

To further characterize the largest segmental duplication, we compared the two 

duplicons generated by the largest segmental duplication at the base pair level. 

First, we observed that the two duplicons are found in tandem on Chromosome V 

between 2,346 Kb and 2,565 Kb in the canonical C. elegans genome sequence 

that is hosted at WormBase http://www.wormbase.org (Chen et al. 2005). Each 

duplicon contains 26 putative protein-coding genes, most of which are putative 

chemosensory genes based on WormBase (WS180) curation. Additionally, we 

found identical copies of mariner-like transposable element Cemar1 (Lampe et 

al. 2001; Witherspoon and Robertson 2003) flanking the duplicons (Figure 4-5a). 
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Multiple sequence alignment of the DNA sequences of these transposons 

indicated that they are nearly identical (99.4% identity). In contrast, the regions 

upstream of the beginning of the first Cemar1 and downstream of the third 

Cemar1 (Figure 4-5a) show no significant similarity. Next, we compared DNA 

sequences of the two duplicons, and found that they have 99.7% sequence 

identity, with only six small differences (Figure 4-5b). Considering the large size 

of these duplicons (106,714 bp and 107,032 bp), such high level of similarity is 

rather surprising. The biggest difference is a 319 bp deletion found in the 

upstream duplicon (Figure 4-5c). Other differences are limited to one to three 

nucleotides, and notably, all differences are located in either intergenic regions or 

within introns of current gene models (Figure 4-5b). 
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Figure 4-5. The two largest duplicons in the C. elegans genome.  

(a) Genome browser image of the largest duplicons CL-2198_1 (depicted in black) and CL-
2198_2 (depicted in gray), and flanking Cemar1 transposons (shown in red). (b) Alignment of the 
two largest duplicons indicate the locations of the small differences. From 5' to 3': (1) 319 bp 
deletion in first duplicon. (2) A single nucleotide insertion ('C') in first duplicon at 2,381,150 bp. (3) 
A single nucleotide difference ('T" is the first duplicon at 2,420,123 bp and 'C' in the second 
duplicon at 2,528,402 bp) (4) A single nucleotide difference ('A' in the first  duplicon at 2,420,126 
bp and 'T' in the second duplicon at 2,528,405 bp). (5) A single nucleotide difference ('T' in the 
first duplicon at 2,420,132 bp and 'C' in second duplicon at 2,528,411 bp). (6) A triplet difference 
('TAC' in the first duplicon from 2,420,134 bp to 2,420,136 bp and 'ACT' in the second duplicon 
from 2,528,413 bp to 2,528,415 bp). (c) The 319 bp unique sequence in the largest duplicon. 
Multiple copies of Ce000266 repetitive element are located in the region. The upper and lower 
panels show the upstream and downstream copies of the largest duplicons, respectively. 

 

Given that these two duplicons are virtually identical, we expect all 26 

gene models contained in each of these duplicons to be identical. To our 

surprise, based on the current WormBase (WS180) annotation, only 13 of the 26 

pairs are identical (Table 4-1, Figure 4-6), suggesting that many of these gene 

models are defective, and thus need to be improved. We have thus attempted to 
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improve these gene models using existing EST sequence data and their 

similarity to known paralogous genes that are curated by WormBase  curators 

(see methods). All updated gene models have been submitted to WormBase 

(see Appendix File 4.2). 
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Figure 4-6. Twelve pairs of gene models found within the largest pair of duplicons that are not identical. 

These gene models were expected to be identical because these duplicons are essentially identical in the protein-coding regions at the 
DNA level. There is a 13th pair not shown involving gene F56A4.3 (see text for details).
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Table 4-1. List of genes within the duplicated region. 

Each gene pair is shown in order of appearance from 5' to 3'. The "Method of repair" column 
suggests a way to fix those gene models that have different peptide sequence, given the lack of 
supporting information for better improvement. Longest: suggests taking the longest peptide 
sequence as the correct model. Evidence: suggests considering as correct the member of the 
pair that has been reported as "person evidence" in WormBase. GeneWise: suggest a paralog 
gene that can be used to predict a gene structure in the region within each member of the pair. 
Each gene is characterized in terms of EST data support as NS (Not Supported) if no intron is 
supported, PS (Partially Supported) if at least one intron is not supported, and FS (Fully 
Supported) if all introns are supported by EST data. *: see text. 

Seq Name EST 
Support 

Paralog Seq 
Name 

EST 
Support 

Identical
? Method of repair 

Y19D10A.7 NS F56A4.9 NS N Longest: F56A4.9 
Y19D10A.9 PS F56A4.2 PS Y N.A. 
Y19D10A.8 NS F56A4.10 NS N Longest: F56A4.10 
Y19D10A.6 NS F56A4.1 NS N Evidence: nas-2 
Y19D10A.10 NS F56A4.11 NS N Longest: F56A4.11 

Y19D10A.11 NS F56A4.12 NS N Longest: 
Y19D10A.11 

Y19D10A.12 PS C01B4.9 PS N Longest: C01B4.9 
Y19D10A.5 FS C01B4.8 FS Y N.A. 
Y19D10A.4 PS C01B4.7 PS Y N.A. 
Y19D10A.16 FS C01B4.6 FS Y N.A. 
Y19D10A.15 NS C01B4.5 NS Y N.A. 
Y19D10A.2 NS C01B4.3 NS Y N.A. 
Y19D10A.13 NS C01B4.10 NS Y N.A. 
Y19D10A.1 NS C01B4.1 NS N Evidence: str-257 
Y19D10A.17 NS Y45G12C.8 NS Y N.A. 

C13B7.3 NS Y45G12C.7 NS Y N.A. 

C13B7.6 PS Y45G12C.16 PS N Longest: 
Y45G12C.16 

C13B7.4 NS Y45G12C.9 NS Y N.A. 
C13B7.5 NS Y45G12C.10 NS N Evidence: str-119 
C13B7.2 NS Y45G12C.6 NS N Evidence: str-120 
C13B7.1 NS Y45G12C.5 NS Y N.A. 

F56A4.5 NS Y45G12C.4 NS N GeneWise: 
E02C12.11 

F56A4.6 NS Y45G12C.11 NS N Longest: F56A4.6 
F56A4.4 PS Y45G12C.3 PS Y N.A. 
F56A4.7 NS Y45G12C.12 NS Y N.A. 
F56A4.3 FS Y45G12C.2 FS N * 
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4.4.3 Experimental characterization of the largest duplicons in C. elegans 

The high level of similarity between these two largest duplicons in the C. elegans 

genome prompted us to hypothesize that they were generated very recently and 

thus not all wild-type (N2) strains carry them. To test this hypothesis, we 

genotyped 76 of the N2 strains, received from the researchers in the C. elegans 

community, for the presence of these duplicons. For each strain, we examined 

(1) the presence of the junction between the two largest duplicons (Figure 4-1a, 

lane 4) and (2) the presence of the 319 bp unique sequence (Figure 4-1a, lanes 

1 and 2). Results showed that the 76 samples processed can be divided into two 

groups: a group of 47 samples that don't carry the largest duplicon pair (Figure 

4-1b), and a group of 29 samples that carry the largest duplicon pair (Figure 

4-1c).  

In addition, this tandem duplication was not found in the C. elegans 

CB4856 strain, an isolate from a Hawaiian island. Thus, we conclude from these 

results that the N2 worms, which all originated from a common ancestor first 

established in Sydney Brenner's lab in 1960s (Brenner 1974; Riddle et al. 1997), 

had become polymorphic in this genomic region in laboratory. 

This conclusion is further supported by two interesting patterns that 

emerged from our genotyping assays. First, 16 of the 17 CGC (Caenorhabditis 

Genetics Center) strains (obtained from different C. elegans labs) don't have the 

largest duplicons. This includes the strain from Donald Riddle, who originally set 

up the CGC. The only one "CGC N2 strain" (among these 17 CGC strains) that 

carries the largest duplicons is thus likely not a real CGC but was in fact obtained 
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from an alternative source. Second, all 11 strains that were obtained from Robert 

Horvitz's lab and from the labs that obtained their N2 strain directly or indirectly 

from the Horvitz lab (according to senders) contain the largest duplicons. We 

have also tested the existence of the junction in the cosmid F56A4, which was 

created and used in the C. elegans genome sequencing project (Consortium 

1998). PCR results clearly showed the presence of the duplication junction in the 

cosmid F56A4 (data not shown), suggesting that this pair of duplicons also exist 

in the C. elegans strain used for the C. elegans genome sequencing project. 

Together, these observations support our hypothesis that this large tandem 

duplication arose as a result of a recent event, after the N2 strain was 

established as a laboratory strain in the early 1970s. 

4.4.4 Tandem segmental duplications and transposons 

The presence of nearly identical Cemar1 transposons flanking the largest 

duplicons suggests a possible role of these transposons in the duplication event 

(Figure 4-5a). The fact that these duplicons are found in tandem and in a head-

to-tail orientation, together with the close to 100% transposon DNA identity 

suggests that this segmental duplication occurred by an unequal crossing over 

event facilitated by the presence of the Cemar1 transposons. The expected 

outcome of an unequal recombination event is  two types of chromosomes: one 

with the duplicated region and one with a deletion of the same region. Unlike 

duplication, deletion of 26 genes could lead to a reduced evolutionary fitness and 

loss of the strain. 
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In order to examine whether this mechanism accounts for other observed 

tandem duplications, we selected all duplications in the C. elegans genome that 

are larger than 1,000 bp that show more than 90% identity at the DNA level and 

examined their correlation to the distribution of transposable elements. Altogether 

31 pairs of tandem duplicons (Table 4-2), including the largest tandem duplicons 

described above, were examined and only five were found to be associated with 

neighboring transposons, suggesting that transposable elements may play a role 

in the formation of some, but not all, tandem segmental duplications. This 

association is not significantly different from random (p = 0.56). In addition, for all 

cases associated with transposons, except the largest duplicons, transposons 

are found in the neighborhood of one duplicon but not perfectly flanked by 

transposons at edges. Alternatively, it is possible that most of the transposable 

elements have moved away from the tandem duplication regions after the 

duplication event.  
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Table 4-2. Tandem segmental duplications in C. elegans of size 1,000 bp or larger. 

Coordinates Dup1 Coordinates Dup2 Matches 
(bp) Orientation Genes 

Dup1 
Genes 
Dup2 Transposons? 

V:2347883..2454596 V:2455844..2562875 106707 F 26 26 Cemar1 
V:8813143..8850811 V:8855237..8892906 37642 F 11 13 TC5, Cer9 
III:1251054..1258404 III:1259414..1266845 7339 F 4 4 NO 

IV:12471444..12478970 IV:12478981..12486507 7527 F 3 3 NO 
X:226651..231363 X:236067..240779 4713 F 3 3 NDNAX1 

IV:5241391..5244977 IV:5246223..5249809 3587 R 3 3 NO 
I:12627236..12632544 I:12635161..12640469 5304 R 2 2 NO 
X:1940626..1945025 X:1949155..1953554 4399 F 2 2 NO 
V:9087269..9088593 V:9089256..9090580 1325 R 2 2 NO 
X:3558880..3563952 X:3567445..3572527 4985 F 1 1 NO 

IV:13129621..13133199 IV:13135213..13138791 3579 F 1 1 NDNAX3 
I:11616806..11620253 I:11623105..11626552 3448 R 1 1 NO 
IV:4348439..4351841 IV:4352611..4356013 3403 R 1 1 NO 
X:4333166..4336008 X:4339618..4342467 2823 R 1 1 NO 

II:11757121..11759167 II:11759614..11761660 2047 R 1 1 NO 
V:13967844..13969831 V:13974541..13976528 1988 R 1 1 NO 
III:7171786..7173519 III:7174002..7175735 1734 R 1 1 NO 

IV:16339625..16341334 IV:16342450..16344159 1710 R 1 1 NO 
III:11787629..11789338 III:11790417..11792126 1709 R 1 1 NO 

III:2433538..2435215 III:2436093..2437770 1678 R 1 1 NO 
I:11303731..11305210 I:11308113..11309592 1480 R 1 1 NO 
IV:1617460..1618943 IV:1622242..1623725 1481 R 1 1 NO 
II:3588277..3589715 II:3592045..3593483 1439 R 1 1 NO 
IV:9284870..9286382 IV:9292363..9293902 1466 F 1 1 NO 
IV:2566235..2567558 IV:2569372..2570695 1324 R 1 1 NO 

IV:16766557..16767821 IV:16768481..16769745 1265 R 1 1 LINE2 
X:8319606..8320838 X:8322049..8323281 1233 R 1 1 NO 

I:11355228..11356362 I:11358159..11359293 1135 R 1 1 NO 
I:13890329..13891445 I:13893120..13894236 1117 R 1 1 NO 
II:13079317..13080572 II:13082405..13083577 1173 R 1 1 NO 
IV:5232834..5233864 IV:5236511..5237541 1031 R 1 1 NO 

 

Interestingly, among all tandem duplications (Table 4-2), larger duplicon 

pairs (> 4,000 bp) tend to be arranged in a head-to-tail orientation (6 of 8, or 

75%), while smaller ones are arranged in a tail-to-tail (inverted) orientation (3 of 

23, or 13%, are in head-to-tail orientation within smaller duplicon pairs, p < 0.005, 

Fisher's Exact Test). 
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4.4.5 Large tandem duplication polymorphism creates a new gene 

A detailed examination of the junction between the two largest duplicons 

revealed that there is a gene (F56A4.3) flanking this junction that resides on both 

duplicons (Figure 4-7). This gene contains a glutathione S-transferase N-terminal 

domain and the gene model is fully supported by EST data. This EST data was 

generated by Yuji Kohara (Kohara and Shin-i 1999; Chen et al. 2004), who 

generated the EST library using a C. elegans strain that contains the largest 

segmental duplication, based on our genotyping result. Exons in F56A4.3 derived 

from exons in F15E11.10 (srbc-15) and Y45G12C.2 (gst-10). Thus, this large 

segmental duplication leads to the creation of a novel C. elegans gene through 

an exon shuffling mechanism (Gilbert 1987; Katju and Lynch 2006). The function 

of this putative new gene is being examined. 

 

Figure 4-7. Gene F56A4.3 at the junction of the largest pair of duplicons.  

F56A4.3 gene model (shown in the "Gene Models" track) is fully supported by an EST sequence 
(shown in the "ESTs aligned by BLAT (best)" track). The black and grey bars represent the ends 
of the largest pair of duplicons. 

 

 



 

 117

4.5 Discussion and Conclusion 

In this project we applied OrthoCluster (Zeng et al. 2008), our newly developed 

method for a gene-oriented detection and analysis of segmental duplications 

within the C. elegans genome. The versatility of this program allowed us to 

identify both perfect and imperfect segmental duplications, as well as to conclude 

that most of the identified duplicons are intrachromosomal and relatively small 

(Figure 4-2), consistent with previous observations (Semple and Wolfe 1999; 

Friedman and Hughes 2001; Friedman and Hughes 2001; Cavalcanti et al. 

2003). 

The largest pair of duplicons that we identified is localized in tandem on 

Chromosome V and contains 26 genes. Our detailed analysis revealed that these 

duplicons are nearly identical, suggesting a very recent duplication event. This 

hypothesis is further supported by the following observations. First, these two 

duplicons are flanked by nearly identical Cemar1 transposons (Figure 4-5a), 

which may have caused a recent unequal crossing over event. Previous studies 

in C. elegans have shown that transposable elements can cause tandem 

duplications (Clark et al. 1990). A recent study revealed that the Cemar1 

transposons may be active in the C. elegans genome (Jensen et al. 2007), which 

suggests that this segmental duplication was preceded by a transposition event 

of the Cemar1 element. Second, this large segmental duplication is strain-

specific. Among 76 N2 strains genotyped, only 29 have the duplication. Since all 

of these 76 N2 strains were originated from a common ancestor strain, the large 

tandem segmental duplication might have occurred once after the establishment 
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of N2 as a laboratory C. elegans wild-type strain in 1960s (Brenner 1974; Riddle 

et al. 1997). This ancestor strain was originally obtained from mushroom 

compost near Bristol, England, and was given to Sydney Brenner by Ellsworth 

Dougherty in the spring of 1964 (Riddle et al. 1997). From the Bristol strain, 

Sydney Brenner isolated a hermaphrodite and its progeny was used for 

establishing a line of hermaphrodites and a line of males. These were the 

founder stocks of the N2 strains (Brenner 1974). Most likely, after the large 

segmental duplication was established, it was then propagated to other labs in 

the C. elegans community. This idea is consistent with the emerging patterns of 

the genotyping results–many duplication-carrying strains were obtained from labs 

that are related. Similarly, the strains that do not carry this large tandem 

duplication were obtained directly or indirectly from CGC. Additionally, the largest 

duplicon pair does not exist in the wild C. elegans isolate, the Hawaiian strain. 

The expression and function of these 26 pairs of genes is largely 

unknown. Since many of these genes (16/52) are putative chemosensory genes, 

chemotaxis experiments (Bargmann 2006) can be used to evaluated the impact 

of this duplication. The six differences could lie in regulatory elements and thus 

impact gene expression. 

An unexpected result is that a new gene was created through exon 

shuffling as a byproduct of this large segmental duplication (Figure 4-7). The 

presence of this gene might be beneficial for the organism and thus helped to 

maintain these duplicons. The function of this new gene and its potential role in 

stabilizing the segmental duplication will be examined and reported separately. 
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An unsettled puzzle is the 319 bp unique sequence, which is found only in 

the downstream largest duplicon in the current C. elegans genome release 

(Figure 4-5c). In all 29 strains that carry the duplication, the 319 bp unique 

sequence is found in both duplicons. Interestingly, the sequence of the strain 

available at WormBase shows that this 319 bp sequence is found only in one of 

the duplicons–the downstream duplicon. Further examination of the genomic 

region harboring this putative deletion in the upstream duplicon shows that it is 

repetitive, containing several copies of a single complex repeat type (Ce000266) 

(Figure 4-5c). The difference between these two types of strains (the ones tested 

and the one used for the C. elegans sequencing project) could be explained by 

strain-specific deletion in the strain used for the C. elegans genome sequencing 

project. The possibility that the 319 bp sequence is an assembly error has not 

been ruled out. 

Recent studies have proven that large genomic differences exist between 

the laboratory N2 C. elegans strain and the Hawaiian C. elegans strain, in 

addition to many SNPs discovered previously (Wicks et al. 2001). For example, 

Maydan and colleagues (Maydan et al. 2007) discovered a ~2% gene variation 

between N2 C. elegans strain and the CB4856 Hawaiian C. elegans strain using 

array Comparative Genome Hybridization (aCGH) array. They uncovered 

significant variations, including deletions and copy-number differences. More 

recently, projects using Illumina Solexa sequencing methods revealed extensive 

differences (such as mutations and polymorphisms) even between different C. 

elegans laboratory strains (Hillier et al. 2008; Sarin et al. 2008) at the base-pair 
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resolution. Our study reveals for the first time that different laboratory N2 strains 

can acquire and accumulate large-scale differences. 

Our discovery stresses the importance of taking into account variations in 

different laboratory strains when solving inconsistencies in results from different 

labs. Our results, together with recent results using aCGH or Solexa sequencing 

methods, have thus clearly established that different N2 strains contain extensive 

differences in their genomic sequences. For robust research and for effective 

communication between different research groups, we recommend that labs 

should regularly start fresh from frozen C. elegans aliquot and should acquire N2 

worms directly from CGC instead of from neighboring labs. More importantly, we 

recommend that each lab should keep a detailed record of the history of the N2 

worms used. Furthermore, the N2 strain containing this large segmental 

duplication that is used in over one third of all C. elegans labs, should also be 

maintained and highlighted in CGC as a reference. Additionally, since the current 

C. elegans genome (hosted at WormBase) carries the largest duplicons (and 

potentially many additional differences) while the current CGC N2 strain does 

not, the CGC N2 strain, which is widely used in C. elegans labs, should be fully 

sequenced, assembled, analyzed, and compared with the current WormBase 

genome. 
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5: VARIANT-ANALYZER: ASSESSING THE FUNCTIONAL 
IMPACT OF CO-OCCURRING SNVS, INSERTIONS AND 
DELETIONS ON PROTEIN-CODING TRANSCRIPTS 

Note regarding contributions 

This chapter has been submitted to Bioinformatics and is currently under 

review: 

Vergara IA, Frech C, Chen N. Variant-Analyzer: assessing the functional 

impact of co-occurring SNVs, insertions and deletions on protein-coding 

transcripts. Bioinformatics. 

As the first author, I implemented all the scripts underlying this tool. C. 

Frech contributed with improvement of the scripts. I wrote the manuscript with 

input from N. Chen and C. Frech. 
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5.1 Abstract 

Summary: Variant-Analyzer is a database-independent, easy-to-use and 

robust stand-alone program for assessing the impact of co-occurring genomic 

variations (GVs) on protein-coding transcripts. Given the reference genomic DNA 

sequences in FASTA format, gene models in GFF3 or GTF format, and GVs in 

the Variant Call Format (VCF), it examines the impact of all GVs on all transcripts 

in the entire genome and reports it according to the Genomic Variant Format 

(GVF). In contrast to existing programs that examine the impact of individual GVs 

independently on transcripts, Variant-Analyzer takes into account the combined 

impact of all co-occurring GVs on a same transcript simultaneously, generating 

biologically relevant functional annotations of GVs.    

Availability and Implementation: http://genome.sfu.ca/projects/variant-

analyzer  

Contact: ivergara@gmail.com  

Supplementary information: Supplementary data are available at 

Bioinformatics online. 

 

5.2 Introduction 

One central goal of many projects that make use of second-generation 

(Illumina GA, Roche/454, AB-SOLID) as well as third-generation platforms 

(Pacific Biosciences and Helicos Biosciences) is to detect different types of 

genomic variations (GVs) and to understand how these GVs explain differences 
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at the phenotypic level among, e.g., healthy individuals or healthy individuals and 

those with a disease condition (MacArthur and Tyler-Smith 2010; Stankiewicz 

and Lupski 2010). Accurate and comprehensive detection of Genomic Variations 

(GVs) including single-nucleotide variations (SNVs), insertions and deletions is a 

non-trivial first step towards assessing the phenotypic impact of genomic 

differences. This procedure has been facilitated by the development of next-

generation sequencing technologies (Shendure and Ji 2008) and variation-

detection methodologies (Medvedev et al. 2009). After GVs are defined, 

evaluation of their functional impact on protein-coding transcripts becomes the 

primary focus. Three tools have been developed to address this task: (i) the 

Variant Effect Predictor available through Ensembl 

(http://www.ensembl.org/tools.html), (ii) ANNOVAR (Wang et al. 2010), and (iii) 

SVA (http://www.svaproject.org/). These tools have two important limitations. 

First, neither considers the combined effects of multiple co-occurring GVs on the 

same transcript. This is problematic because different GVs can cancel each 

other’s effect. For example, a small deletion can restore the open reading frame 

(ORF) of a transcript disrupted by a nearby insertion co-occurring on the same 

transcript. A second limitation is their tight dependency on established 

databases, making it inconvenient for users who work on organisms whose 

genome sequence/annotation is unavailable in those databases.  

In order to overcome these issues, we have developed a new easy-to-use 

program called Variant-Analyzer. 
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5.3 Methods and Materials 

Variant-Analyzer takes as input (i) the reference genomic DNA se-

quences (in FASTA format), (ii) the coding exon coordinates for each protein-

coding transcript in Generic Feature Format (GFF3, 

http://song.sourceforge.net/gff3.shtml) or in Gene Transfer Format (GTF2, 

http://mblab.wustl.edu/GTF2.html) and (iii) a file containing SNVs, insertions and 

deletions in Variant Call Format (VCF, http://vcftools.sourceforge.net/).  

The core output of Variant-Analyzer are two files: one file reporting the 

functional impact of each GV on transcripts in Genomic Variant Format (GVF) 

(Reese, et al., 2010)  and another file in GFF3 format that includes (a) the  

transcript models, (b) all GVs impacting each transcript, and (c) a prediction of 

how GVs simultaneously impact the function of the transcripts. The functional 

impact on the variant transcript compared to the reference is annotated as: (i) 

ORF_INTACT, if the coding region is not impacted by GVs, (ii) 

ORF_PRESERVED, if there is no introduction of an early stop codon, (iii) 

ORF_DISRUPTED, if the variant presents an early stop codon compared to the 

reference, and (iv) FULLY_DELETED, if the coding region is deleted. In the case 

of a transcript being ORF_DISRUPTED, Variant-Analyzer provides the 

percentage location of the early stop codon in the variant peptide compared to 

the reference. 

For SNVs, Variant-Analyzer categorizes the variant effect according to the 

specifications of the GVF v1.05  for structural variants described in the sequence 

ontology project (Eilbeck, et al., 2005). For those SNVs impacting protein-coding 
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exons, Variant-Analyzer reports both the amino acid change and the codon 

change between the reference and the variant. This allows the user to observe 

immediately if a change in a codon is caused by one, two or three co-occurring 

substitutions at the same codon. In the case of mis-sense SNVs, the functional 

impact of the amino acid change is evaluated with the Grantham score 

(Grantham, 1974) and categorized as Radical, Moderately Radical, Moderately 

Conservative and Conservative (Li, et al., 1984). Also, the program generates 

statistics on the codon bias for synonymous versus non-synonymous SNVs, and 

lists separately all those SNVs that have multiple categories by impacting 

differently (e.g. synonymous and mis-sense) two or more protein-coding 

transcripts.  

For insertions and deletions, the length distribution across the whole 

genome versus the length distribution of those GVs only impacting protein-coding 

transcripts is provided as a way to detect biases in non-frameshift generating 

indels in exonic regions.  

For transcripts, Variant-Analyzer provides the reference and variant cDNA 

with all the GVs applied and resulting peptide sequences for each transcript in 

FASTA format. The same information is provided at the exon level in two 

additional files. Since a direct comparison between the reference and variant 

cDNA is desirable, Variant-Analyzer provides an exon-based alignment of the 

reference and variant cDNA sequence for each transcript. This allows to easily 

spot all the SNVs, insertions and deletions that impact a given protein-coding 

transcript in a region of interest. Additionally, a variant.stat file provides relevant 
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information on the distribution of early stop codons and on the joint presence of 

SNVs, insertions and deletions on transcripts. 

If the --circos flag is used, Variant-Analyzer computes the genomic 

distribution of SNVs, insertions, deletions and coding exons in a format 

compatible with the Circos tool for visualization (Krzywinski, et al., 2009). 

5.4 Results and Discussion 

We have tested Variant-Analyzer on two datasets (available in our 

website): the first dataset corresponds to 120,769 GVs (116,999 SNVs, 1,553 

insertions ranging from 1 to 34 bp in length and 2,217 deletions ranging from 1 to 

171,024 bp in length) detected in the wild strain CB4856 of the model organism 

Caenorhabditis elegans, isolated from Hawaii. The genome of the laboratory 

strain (N2, isolated in Bristol, England) used as reference, its 24,258 annotated 

transcript models as well as the GVs were extracted from WormBase release 

WS210 (Harris, et al., 2009). Variant-Analyzer has a processing time of ten 

minutes for this dataset. 

  The second dataset corresponds to 4,677,423 GVs  detected in a Yoruba 

male (NA18507, ftp://ftp.sanger.ac.uk/pub/rd/NA18507/) (Bentley, et al., 2008). 

We have examined the impact of these GVs on 79,056 Ensembl transcript 

models using the hg19 release of the human genome. Variant-Analyzer has a 

processing time of two hours for this dataset. For the human dataset, Variant-

Analyzer detects 45,927 transcripts with ORF_INTACT, 30,844 with 

ORF_PRESERVED and 2,285 transcripts with ORF_DISRUPTED. The absence 
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of FULLY_DELETED transcripts is likely since the largest deletion is 98 bps in 

length. Also, 16,127 transcripts contain two or more co-occurring GVs. Figure 5-1 

shows part of a transcript, ENST00000425099 that is impacted by a 1bp insertion 

and a 1bp deletion, in addition to multiple SNVs.  

 
Figure 5-1. A 1bp insertion and a 1bp deletion on transcript ENST00000425099. 

The alignment, as provided by Variant-Analyzer output, displays both insertion and deletion on 
the cDNA sequence of the variant transcript (bottom sequence) compared to the reference (top). 
Other base pair differences correspond to mis-sense SNVs. 

 

When evaluated independently, the impact of the insertion and the 

deletion on this transcript is an ORF disrupted. This is reported by Variant Effect 

Predictor, ANNOVAR and SVA (Appendix File 5.1). However, when evaluating 

the joint effect that these GVs have on the transcript, it results on a preserved 

ORF, as reported by Variant-Analyzer (Appendix File 5.1).  This example 

illustrates that the assessment of the impact of GVs on protein-coding transcripts 

needs to include all co-occurring GVs on the same transcript to correctly judge 

the functional impact of such GVs on that transcript. 
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6: LOSS-OF-FUNCTION MUTATIONS IN A NATURAL 
ISOLATE OF CAENORHABDITIS ELEGANS 

Note regarding contributions 

This chapter has been submitted to Genome Research and is currently 

under review: 

Vergara IA, Tarailo-Graovac, M, Wang, J., She, R., Chu, JSC., Wang, K.,  

Chen N. Loss-of-function mutations in a natural isolate of Caenorhabditis 

elegans.  

As the first author, I did all the bioinformatics analysis including read 

alignment and genomic variation (GV) detection. I actively participated in the 

testing of one of the tools used for GV detection, VariationBlast, together with 

Rong She, Jeff Chu and Ke Wang. All experimental validations were done by M. 

Tarailo-Graovac. Genomic libraries were prepared by J. Wang. I wrote the 

manuscript with input from N. Chen and M. Tarailo-Graovac. 
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6.1 Abstract 

Increasing genetic and phenotypic differences found among natural isolates of C. 

elegans have encouraged researchers to explore the natural variation of this 

nematode species. Here we report an extensive identification of genomic 

differences between the reference strain N2 and the Hawaiian strain CB4856, 

demonstrated to be the most genetically distant from N2. To identify both small- 

and large-scale genomic variations (GVs), we have sequenced the CB4856 

genome using both Roche 454 (~400 bp single reads) and Illumina GA DNA 

sequencing methods (101 bp paired-end reads). We have developed a novel 

algorithm called variationBlast for discovering particularly GVs of large size, 

including large insertions and compound events. Our effort has doubled the 

number of  Single Nucleotide Variants (SNVs) in WormBase. Furthermore, the 

number of small indels we have found is almost 20-fold more than that recorded 

in WormBase. Moreover, we have identified and validated for the first time large 

insertions using variationBlast, which range from 150 bp to 1.2 kb in length, with 

one insertion larger than 10 kb in the CB4856 strain. Our genomic DNA 

sequencing approach for discovering large GVs represents a major step forward 

from the oaCGH-based approach previously pursued on the CB4856 strain. 

Genomic variations have a widespread impact on protein-coding sequences. In 

particular, we find that 585 single-copy genes are impacted by GVs and have 

associated phenotypes of lethality/sterility in previous RNAi studies. Furthermore, 

60 of these genes are homologs of human genes associated with diseases. Our 

work confirms previously identified GVs associated with differences in 
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behavioural and biological traits between the N2 and CB4856 strains and 

provides a rich resource for future studies that aim to explain the genetic basis 

for other trait differences. 

6.2 Introduction 

The sequencing and publication of the human genome in 2001 (Lander et al. 

2001) set the basis for a genome-wide understanding of the genetic differences 

that underlay phenotypic variations among individuals, reporting 1.42 million 

SNPs (Sachidanandam et al. 2001). Since then, further efforts in sequencing 

human individuals have demonstrated that the actual number of SNPs is much 

larger (Frazer et al. 2007) and that not only SNPs are a big component of the 

genetic differences, but also small and intermediate InDels (Mills et al. 2006; 

Kidd et al. 2008; Mullaney et al. 2010) as well as large copy-number variations 

(Redon et al. 2006). Also small and large genomic variations (GVs) have been 

associated with disease (McCarroll and Altshuler 2007) and furthermore, current 

efforts of the 1,000 Genomes Project have shown that there are at least 100 

loss-of-function (LOF) variants in the genome of healthy human individuals 

(MacArthur and Tyler-Smith 2010). 

C. elegans is a model organism that has been widely used for biomedical 

research, shedding light on diseases such as Alzheimer (Link 2006) and cancer 

(Poulin et al. 2004). The genome of this hermaphrodite nematode species was 

the first one published of a multicellular animal (Consortium 1998) and its 

assembly and annotation is arguably one of the best of the multicellular 

organisms available today. The C. elegans genome sequence corresponds to the 
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N2 strain, which was obtained from mushroom compost in Bristol, England, and 

later provided by Ellsworth Dougherty to Sydney Brenner in 1964 (Riddle et al. 

1997). C. elegans populations can be found worldwide in North Africa, Europe, 

North America, Australia and islands such as Hawaii and Madeira (Kiontke and 

Sudhaus 2006) . Even though most C. elegans genetic studies have used the N2 

background, the scarce understanding of the genetic and phenotypic differences 

of C. elegans among populations as found in different habitats has encouraged 

researchers to explore the natural variation of the nematode. In this way, 

phenotypic diversity among populations has been proposed for being studied as 

mutant phenotypes (Barriere and Felix 2005), and for the study of allelic 

interactions, which can be more directly applicable to the understanding of 

human variation (Kammenga et al. 2008). Genetic studies among different local 

(Barriere and Felix 2005; Haber et al. 2005; Sivasundar and Hey 2005) and 

global populations (Sivasundar and Hey 2003) has demonstrated that there is a 

low genetic diversity of this selfing species, found to be 20X lower to that of D. 

melanogaster (Barriere and Felix 2005), to that of other obligately outcrossing 

members of the same genus (Graustein et al. 2002), and comparable to that of 

human populations (Barriere and Felix 2005). In general, the genetic diversity 

found within local populations is very close to that found among individuals 

located in different continents, with a likely explanation being the anthropogenic 

nature of C. elegans together with a metapopulation dynamics of bottlenecks and 

recolonisation of the habitat (Barriere and Felix 2007; Cutter 2010).  
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A strain that has been found to be the most genetically distant to the N2 

strain is CB4856 (Koch et al. 2000), which was isolated in 1972 from a pineapple 

field in Hawaii (Hodgkin and Doniach 1997). In contrast to other isolates, this 

strain presents a large number of polymorphisms that are not found in any other 

populations (Koch et al. 2000). The considerably large number of polymorphisms 

found genome-wide  (SNPs, and small InDels) made of this strain a good 

resource for gene mapping (Wicks et al. 2001; Swan et al. 2002). Lately, a new 

method based on confirmed SNPs between the CB4856 and N2 strains, called 

SNP-CGH mapping, has been proposed for the mapping of phenotypic traits 

(Flibotte et al. 2009). Also, N2 and CB4856 backgrounds have been used for the 

generation of genetic tools such as Recombinant Inbred Lines (or RILs) (Johnson 

and Wood 1982; Li et al. 2006), Recombinant Inbred Advanced Intercrossed 

Lines (RIAILs)  (Seidel et al. 2008) and Nearly Isogenic Lines (or NILs, also 

known as introgression lines) (Doroszuk et al. 2009). 

In addition to the usefulness of the polymorphic nature found between 

CB4856 and N2, these two strains present a number of differences in biological 

and behavioral traits such as copulatory plug formation (Hodgkin and Doniach 

1997; Palopoli et al. 2008), intake of O2 and CO2 (Hallem and Sternberg 2008; 

McGrath et al. 2009; Persson et al. 2009), temperature-size rule (Kammenga et 

al. 2007), germline RNAi (Tijsterman et al. 2002), response to benzaldehyde 

(Atkinson-Leadbeater et al. 2004) and octanol (Rockman et al. 2007), thermal 

migration (Jurado et al. 2010), pathogen susceptibility (Reddy et al. 2009), biofilm 

resistance in the presence of Yersinia (Darby et al. 2007), social behaviour and 
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food response (de Bono and Bargmann 1998; Gloria-Soria and Azevedo 2008) 

and egg-laying behaviour (Ailion and Thomas 2002). Understanding the 

molecular basis of such biological differences is invaluable for annotating genes 

in C. elegans, which is popular model organism for biomedical studies. For 

example, a missense mutation in gene npr-1 is associated with differences in the 

response to CO2 and O2 (Hallem and Sternberg 2008; McGrath et al. 2009; 

Persson et al. 2009), social behaviour and food response (de Bono and 

Bargmann 1998; Gloria-Soria and Azevedo 2008) and susceptibility to pathogens 

(Reddy et al. 2009). Other examples are an early stop codon in ppw-1 gene, 

which is associated with differences in germline RNAi (Tijsterman et al. 2002), a 

missense mutation in tra-3 gene, associated with differences in the temperature-

size rule proper of ectotherms (Kammenga et al. 2007), the disruption of gene 

plg-1 by an LTR-retrotransposon in the N2 background, associated with 

differences in copulatory plug formation (Palopoli et al. 2008) and the deletion of 

an exon in gene glb-5, associated together with npr-1 with differences in the 

intake of O2 and CO2 (McGrath et al. 2009; Persson et al. 2009). Although many 

lesions responsible for the phenotypic differences have been found, other known 

traits that present differences, such as the egg-laying behaviour or response to 

odorants don’t have an identified genetic basis.  

Whole genome sequencing (WGS) and resequencing of C. elegans 

strains using second-generation technologies have gained increasing popularity 

as a fast and cost-effective method for understanding the genetic differences 

among wild isolates (Hillier et al. 2008), laboratory strains (Weber et al. 2010), 
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mutant strains (Sarin et al. 2008; Flibotte et al. 2010; Rose et al. 2010; Sarin et 

al. 2010), and mutation-accumulation (MA) lines for the study of mutational 

processes that lead to deleterious mutations (Denver et al. 2009) as well as 

fitness recovery through beneficial compensatory mutations (Denver et al. 2010). 

In particular, no study has focused so far on the genome-wide genetic 

differences between the CB4856 and N2 strains based on WGS using second-

generation sequencing technologies. Still, previous studies based on 

oligonucleotide array Comparative Genomic Hybridization (oaCGH) have 

reported large copy number differences between these two strains (Maydan et al. 

2007; Maydan et al. 2010), estimating that ~2% of the genes in the Hawaiian 

strain are deleted compared to the N2 strain. The oaCGH approach has a 

number of drawbacks such as a limited resolution for the length of the indels, no 

basepair level breakpoint resolution for the indels detected, bias towards exonic 

regions of unique DNA content, and a possibility of false positives in regions with 

a high content of SNPs and small InDels, where hybridization of the probe is not 

possible. Overcoming these drawbacks is essential for a clear and thorough 

understanding of the genomic differences for the Hawaiian strain compared to 

the N2 strain, since most of the genetic basis of phenotypic variants have been 

found to be small variations (as described above) and there are previous reports 

of highly polymorphic regions impacting both exonic as well as non-exonic 

segments of the C. elegans genome (Denver et al. 2003).  

In this study, we have sequenced the CB4856 genomic DNA using 

Roche/454 and Illumina GA platforms. We show that the combined approach in 
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which the strengths of both sequencing methods are used for the detection of 

GVs provides an accurate way of detecting single nucleotide variants (SNVs) and 

small insertions and deletions (small InDels) in highly variable and 

homopolymeric regions, as well as a basepair level resolution of the detection of 

large deletions, insertions and compound variations. We also assessed the 

impact of all GVs on protein-coding genes by carefully considering all co-

occurring GVs on a given transcript as well as the nature of the genes involved.  

6.3 Methods and Materials 

6.3.1 Genome library and sequencing 

Genomic DNA library was prepared from the Hawaiian strain following a standard 

protocol (http://www.genetics.wustl.edu/tslab/Protocols/genomic_DNA_prep.htm) 

originally set up by the Andy Fire Lab. The library has been sequenced using the 

(i) Titanium 454 sequencing technology at the Genome Quebec Innovation 

Centre in one run, which yielded 1,237,732 reads, with an average length of 340 

bp (median length of 372 bp), and (ii) Using Illumina GA sequencing technology 

at the Genome Science Centre in Vancouver, which yielded 85,494,844 paired-

end reads of length 101 base-pair each.  

6.3.2 Read mapping 

All reads were aligned against the WS210 version of the C. elegans genome. 

454 reads were aligned using cross_match with default parameters, except for 

the min_score parameter that was set to 24 in order to increase sensitivity. Also, 

the parameter -masklevel 101 was set in order to report all high-scoring segment 
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pairs (HSPs) to the reference genome for a given read. In order to increase 

speed, alignment was executed in parallel using the westgrid resource. Illumina 

reads were aligned using SSAHA2 (Ning et al. 2001) with the following 

parameters: -solexa, -pair 100,500, -align 0 –output sam_soft –mthreshold 20 –

multi 0. 

6.3.3 Detection of GVs based on 454 reads 

All HSPs from 454 reads generated with cross_match were provided as input to 

our newly developed tool called variationBlast. This program is built on an 

algorithm that is similar to that used for developing our gene prediction program 

genBlastA (She et al. 2009). In short, variationBlast examines all HSPs for their 

relationship, groups the HSPs and annotates various types of GVs encountered. 

Specifically, variationBlast reports, for each read generating one or more HSPs, 

SNVs, insertions, deletions, transpositions and inversions. More importantly, 

variationBlast precisely defines base-pair level breakpoint coordinates for each 

type of GV. Since variationBlast has been designed to identify GVs using long 

reads, it will be increasingly useful as next-generation sequencing technologies 

point towards the generation of longer reads. 

6.3.3.1 Categorization of reads in unique and non-unique 

For a given read used as query, if only one group is generated by 

variationBlast, or if the best group reported by variationBlast has a score which is 

at a distance of more than 2% from the score of the next group, then the read is 

considered unique. Otherwise, it is considered non-unique. 
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6.3.3.2 VariationBlast SNV detection 

Based on all SNV coordinates detected by variationBlast for each 

individual read, we defined a final set of SNVs based on the following criteria: (i) 

the coordinate is supported by at least two unique reads, (ii) there are no 

conflicting base pairs provided by other unique reads at the same coordinate, 

and (iii) the average quality is 20 or higher. For the matter of this study, SNVs are 

defined as substitutions only, not single base pair insertions or deletions. 

6.3.3.3 VariationBlast small Insertions Detection 

Based on all insertion breakpoints detected by variationBlast for each individual 

read within a segment aligned locally with cross_match, we defined a final set of 

small insertions based on the following criteria: (i) the breakpoints of the insertion 

is supported by at least two unique reads, (ii) there are no conflicting unique 

reads aligning across any of the two breakpoints, (iii) the insertion doesn’t fall 

within a homopolymeric region (defined as the same base pair repeated 5 or 

more times), and (iv) for those insertions of length 1bp, the average quality value 

of the nucleotides supporting the insertion is equal or higher than 20.  

6.3.3.4 VariationBlast small Deletions Detection 

Based on all deletion breakpoints detected by variationBlast for each individual 

read within a segment aligned locally with cross_match, we defined a final set of 

small deletions based on the following criteria: (i) the breakpoints of the deletion 

are supported by at least two unique reads, (ii) there are no conflicting unique 

reads aligning across any of the two breakpoints, (iii) there is no more than 50% 
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of unique reads aligning within the candidate deleted region, (iv) the deletion 

doesn’t fall within a homopolymeric region (defined as the same base pair 

repeated 5 or more times), and (v) for those deletions of length 1 bp, the average 

quality value of the adjacent base pairs supporting the deletion is equal or higher 

than 20. 

In order to define the filter regarding the quality threshold for small InDels, 

we validated 26 small InDels with a range of average quality values (Appendix 

File 6.1). Even though some have an average quality equal or higher than 20, in 

general most small InDels found to be not real have an average quality lower 

than 20. Hence we kept the 20 threshold to minimize false negatives. 

6.3.3.5 Large Deletion detection 

Based on all large deletion breakpoints detected by variationBlast for each 

individual read, we defined a final set of deletions based on the following criteria: 

(i) the breakpoints of the deletion is supported by at least two unique reads, (ii) 

there are no conflicting unique reads aligning across any of the two breakpoints, 

(iii) within the candidate deleted region, there is no more than 50% of unique 

reads aligning to it, and (iv) the deletion doesn’t fall within a homopolymeric 

region (defined as the same base pair repeated 5 or more times).  

6.3.3.6 Definition of Type-A and Type-B insertions 

Type-A insertions correspond to any unaligned segment of a read that is not a 

flanking region of the read. In contrast, Type-B insertions correspond to any 

flanking region of the read that is not aligned to the genome. This distinction is 
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necessary since type-A insertions are limited by the length of the reads 

supporting it and hence of known length. Type-B insertions, on the other hand, 

can be much larger in size but of unknown length. 

6.3.3.7 Large Insertion detection 

Based on all type-A and type-B insertion breakpoints detected by variationBlast 

for each individual read, we defined a final set of Type-A and Type-B insertions 

based on the following criteria: (i) the breakpoints of the insertion is supported by 

at least two unique reads, (ii) there are no conflicting unique reads aligning 

across any of the two breakpoints, and (iii) the insertion doesn’t fall within a 

homopolymeric region (defined as the same base pair repeated 5 or more times). 

Since Type-A and Type-B insertions from different reads can be supporting the 

same breakpoints, these were categorized as Type-A insertions. 

6.3.3.8 Sequence assessment of compound variations at breakpoint 

For deletions associated with type-A insertions, the inserted sequence, of length 

N, was aligned against the genomic span in the reference genome ranging from 

the N+5 base pairs upstream of the 5’ breakpoint, down to N+5 base pairs 

downstream of the 3’ breakpoint. The extra 5 bp at the flanking regions were 

allowed in order to accept some degree of variation. In order to avoid trivial 

alignments, only associated insertions of length 5 bp or larger were used for this 

assessment.  For type-A insertions associated with deletions, the deleted 

sequence, of length N, was aligned against the genomic span composed 

adjacently of: the N+5 base pairs upstream of the 5’ breakpoint, the inserted 
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sequence, and the N+5 base pairs downstream of the 3’ breakpoint. Only 

associated deletions of length 5 bp or larger were used for this assessment. 

Then, clustalw 2.0.12 (Thompson et al. 1994) was executed with a penalty of 30 

for opening a gap and a penalty of 13.2 for extending a gap. These values 

correspond to 2X the default values for these two parameters, and they were set 

like this in order to avoid extended alignments. Based on this alignment, the 

inserted (or deleted) sequence of length N is said to be found if it has at least an 

80 percent identity. 

6.3.4 Detection of GVs based on Illumina reads 

6.3.4.1 SNV and small InDel detection 

SNVs and small InDels were detected using the pileup2snp and pileup2indel 

functions of VarScan v2.2.3 (Koboldt et al. 2009) with the following parameters: --

min-coverage 5, --min-var-freq 0.5, --min-avg-qual 20. Re-evaluation of the 

output was necessary for those coordinates that present 2 or more candidate 

SNVs. SAMtools (Li et al. 2009) rmdup followed by pileup commands were used 

to generate the pileup necessary as input for VarScan.  

6.3.4.2 Large deletion detection 

Those Illumina reads that align partially to the reference based on the SSAHA2 

alignment are potential cases of large deletions for which a large gap could not 

be introduced given SSAHA2s scoring scheme. These 24,057,890 reads were 

provided as input for running cross_match with default parameters, except for the 

min_score parameter that was set to 14 in order to increase sensitivity given the 
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length of the read. Also, the parameter -masklevel 101 was set in order to report 

all high-scoring segment pairs (HSPs) to the reference genome for a given read. 

In order to increase speed, alignment was executed in parallel using the westgrid 

resource. All the HSPs were provided as input for variationBlast and reads were 

categorized as unique and non-unique, as done for the 454 reads. Based on all 

large deletion breakpoints detected by variationBlast for each individual read, we 

defined a final set of large deletions based on the following criteria: (i) the 

breakpoints of the deletion is supported by at least ten unique reads, (ii)  the 

depth within the deleted region is less or equal than 10X, and (iii) the deletion is 

not found in the set of small InDels. 

6.3.5 Retrieval of Wormbase WS210 GVs 

6.3.5.1 Wormbase WS210 SNVs 

Based on the 123,492 SNVs for strain CB4856 retrieved from Wormbase WS210 

acedb server, we filtered for those SNVs with (i) duplicated coordinates and (ii) 

with conflicting nucleotides involved with respect to the target (Hawaiian) or the 

reference (N2). This leaves a total of 116,999 SNVs. 

6.3.5.2 Wormbase WS210 small Insertions 

Based on the 1,557 insertions for strain CB4856 retrieved from Wormbase 

WS210 acedb server, we filtered those with (i) duplicated coordinates, and (ii) 

spurious (non-ACTG) sequences. This leaves a total of 1,553 insertions. 
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6.3.5.3 Wormbase WS210 small Deletions 

Based on the 2,112 deletions for strain CB4856 retrieved from Wormbase 

WS210 acedb server, we filtered those with (i) duplicated coordinates, (ii) 

inconsistency between the reported length of the deletion and the actual 

sequence, and (iii) inconsistency between the reported deleted sequence and 

that found in WS210 for the same coordinate. This leaves a total of 2,086 

deletions. 

6.3.6 Alignment and detection of GVs based on Bristol N2 reads 

In addition to the Hawaiian Illumina and 454 reads, and as a control for errors in 

the reference genome, we aligned the single-end Illumina reads published 

previously (Hillier et al. 2008) for the Bristol N2 genome (which is the reference 

genome) against its WS210 release. The alignment was done using SSAHA2 

(Ning et al. 2001) with the following parameters: -solexa, -align 0, -best 1, -output 

sam_soft. Detection of SNVs and small InDels was done using VarScan v2.2.3 

with the same parameters as for the Illumina reads. 

6.3.7 Experimental validation of GVs 

The candidate GVs were PCR amplified using the same genomic DNA 

library prepared from the CB4856 strain that was sent for whole-genome 

sequencing. For experimental validation, primers (Appendix File 6.2) were 

designed in the flanking regions of the computationally identified GVs that are 

conserved between the N2 reference genome and the CB4856 genome. The 

PCR amplification was performed using the home-made Taq polymerase, a kind 



 

 143

gift from the Hutter Lab. For small InDels and SNVs the products were purified 

using the GE Healthcare Life Sciences GFX PCR DNA and Gel Purification Kit 

and submitted for sequencing (Macrogen, www.macrogen.com). For larger 

deletions and insertions, the validity was assessed based on the size of the 

bands on DNA electrophoresis gels. 

6.4 Results 

To identify genomic variations (GVs) between the genome of the N2 strain of C. 

elegans (hosted at WormBase (Chen et al. 2005), used as reference) and the 

Hawaiian strain (CB4856), we have sequenced the CB4856 genome using the 

Roche 454 genome sequencer FLX system (Margulies et al. 2005) and Illumina 

GA. The rationale behind this is that both sequencing technologies provide 

complementary strength: on the one hand, 454 reads provide the length 

necessary to detect large GVs such as insertions and deletions that cannot be 

found within the alignment of a read, but between two aligned segments (or 

HSPs) of a same read; on the other hand, Illumina reads provide the necessary 

coverage for reliably detecting SNVs and small InDels. Also, as shown below, the 

length of 454 reads proves useful for detecting SNVs and small InDels in highly 

variable regions, for which the alignment with Illumina reads is not feasible.  

6.4.1 Roche 454 genomic DNA sequencing 

Our computational procedure for the identification of GVs based on 454 reads 

consists of two steps. First, the 1,237,732 reads obtained with 454 were aligned 

to the C. elegans reference genome using the Smith-Waterman-based program 
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cross_match (http://www.phrap.org). The reads have an average length of 340 

bps (median of 372 bps), and the alignment on the C. elegans reference genome 

achieves a 4X median depth. Most reads (637,016, or 51.5%) are aligned with a 

single HSP, which may contain SNVs as well as small insertion/deletions 

(InDels). Still, a large number generated two or more HSPs (585,805, or 47.2%), 

which suggests that larger GVs are occurring in addition to the SNVs and small 

InDels within each HSP. 

To take full advantage of the long reads for identifying GVs, we developed 

and applied our variation discovery program called variationBlast (described in 

Methods and Materials). Using variationBlast we categorized 1,146,783 reads as 

unique and 76,038 reads as non-unique. Based on the unique reads reported by 

variationBlast, we detected SNVs, small InDels, large insertions, deletions and 

compound variations (see below). 

6.4.2 Illumina Solexa genomic DNA sequencing 

The detection of GVs based on Illumina reads for the Hawaiian strain was done 

as follows. First, the 85,494,844 Illumina reads (of 101 bps in length) were 

aligned in a paired-end manner (42,747,422 pairs in total) against the WS210 

release of the C. elegans genome using  SSAHA2 (Ning et al. 2001). Of these, 

76,629,083 reads (or 89.6% of the total) were mapped to the genome, generating 

a median depth of 67X. Second, based on this alignment, VarScan (Koboldt et al. 

2009) was used to detect SNVs and small InDels. Those reads that mapped only 

partially to the genome (this is, either a 5’ or a 3’ flanking region of its sequence 
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doesn’t align) were used as input to detect large deletions in the same manner 

done with 454 reads (see Methods and Materials for details). 

6.4.3 DNA Resequencing of N2 worms using Illumina Solexa sequencing 
method 

A previous study of C. elegans Pasadena and Bristol strains provided the 

resequencing of the reference genome (corresponding to the N2 Bristol strain) as 

100,974,530 single-end Illumina reads of 33 bps in length (Hillier et al. 2008). We 

pursued the detection of “GVs” using this dataset against the reference genome 

(i.e. against itself) since any differences should represent errors in the reference 

sequencing/assembly. Hence, these detected errors can be used for filtering 

false GVs found with the Hawaiian reads. 

To detect errors in the reference, the Illumina N2 reads were aligned using 

SSAHA2, generating a median depth of 29X. Then, VarScan (Koboldt et al. 

2009) was used for detecting SNVs and small InDels (see Methods and Materials 

for details). 

6.4.4 Identification and assessment of SNVs 

The strategy based on 454 reads and variationBlast yielded 170,221 SNVs 

(hereafter called 454-SNVs) whereas that based on Illumina reads and VarScan 

yielded 299,141 SNVs (Illumina-SNVs). Additionally, WormBase WS210 provides 

116,580 SNVs (WS210-SNVs). 1,289 potential reference errors were detected 

using the N2 reads and VarScan (Appendix File 6.3), and used for filtration of 

WS210-SNVs, Illumina-SNVs and 454-SNVs (Figure 6-1). 
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Figure 6-1. Number of SNVs per method before and after filtration of potential reference 
errors. 

1,289 reference errors were found and used as input for filtration. 
 

Merging the three datasets generates a total of 323,298 SNVs (Appendix 

File 6.4), after excluding 343 SNVs due to inconsistencies in the nucleotide 

variant between two or among all datasets (Appendix File 6.5). As expected due 

to its deep coverage, Illumina reads contribute for the vast majority (92.4%) of 

the total SNVs (Figure 6-2a). 

Inspection of the 454 aligned reads on those coordinates that are specific 

to Illumina-SNVs shows that they are missed by 454 due to low coverage (either 

no reads or a single read aligned) and due to conflicting reads at the same 

coordinate. 
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Figure 6-2. Agreement of SNVs and InDels found with different methodologies. 

a) Venn diagram of SNVs found with different methodologies. b) Example of a highly variable 
region, alignment of 454 reads (top) and Illumina reads (bottom). The region corresponds to 
V:550851..550921 in the left arm of chromosome V. c) Venn diagram of small InDels found with 
different methodologies. 
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Close inspection of those SNVs that are specific to 454-SNVs shows that 

many of them fall in highly variable regions that don’t allow for an alignment with 

Illumina reads and SSAHA2 (Figure 6-2b). This is a valuable contribution of the 

length of the 454 reads to the detection of SNVs, since otherwise these regions 

would be seen as gaps in the Hawaiian genome compared to the reference. 

The other explanation found for those SNVs that are unique to 454 is that 

they are supported by Illumina reads, but are discarded either by the minimum 

read coverage or by the variant frequency threshold. This latter reason also 

applies to SNVs specific to WS210. Overall, there is a good agreement between 

the two approaches taken by our discovery effort as well as that provided by 

WS210 through previous studies (Figure 6-2a) (Wicks et al. 2001; Swan et al. 

2002). 

Of the 323,298 total SNVs, transitional substitutions are slightly more 

frequent than transversional substitutions (52.8% versus 47.2%), which is 

expected and consistent with previous observations in Caenorhabditis (Wicks et 

al. 2001; Swan et al. 2002) as well as other species (Collins and Jukes 1994; 

Wheeler et al. 2008). Although the majority of the detected SNVs fall in non-

coding regions (we refer to a non-coding region as any region that is not a 

protein-coding exon or a splice junction), a large number of them (50,720, or 

21.9%) fall within protein-coding exons or splice junction sites, suggesting that 

SNVs have a huge potential to impact the structure and function of protein-

coding genes (Figure 6-3). We also assessed the impact of SNVs on individual 

spliced forms because same SNVs can have differential impact on different 
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spliced forms of a same gene. Altogether, 71 SNVs belong to two or more 

categories by impacting different spliced forms differently. For example, the SNV 

in coordinate V:17774670 (T>A) generates a mis-sense substitution for spliced 

form C47A10.5a  but a non-sense mutation for spliced form C47A10.5b. For 62 

of these SNVs, the difference between spliced forms of a same gene 

corresponds to a synonymous SNV in one spliced form that is also mis-sense in 

another spliced form. 

 

Figure 6-3. Categorization of SNVs by (a) feature impacted, and (b) codon bias. 

For the categorization on protein-coding genes in (a), 71 SNVs were left out since their category 
varies on different transcripts. 

 

Interestingly, more than half of the SNVs in protein-coding exons are non-

synonymous (Figure 6-3a), suggesting that some regions of the genome are 

undergoing strong positive selection. For those SNVs that fall within protein-

coding exons, there is a bias for SNVs in the third position compared to the first 

and second position (Figure 6-3b). Also, the occurrence of SNVs is higher in the 

arms of the autosomal chromosomes compared to the center, with a rather 



 

 150

uniform pattern for the X chromosome, as shown in the Circos representation of 

the genomic distribution of SNVs (Krzywinski et al. 2009) (Figure 6-4a). As 

observed in the figure, there is a correlation between the higher presence of 

SNVs and repeats in the arms of autosomes. This suggests that repetitive 

regions might harbour many of the detected SNVs. Alternatively, the more 

challenging mapping of reads in those regions increases the number of false 

positives.  These observations are in agreement with previous studies on the 

genomic architecture of C .elegans N2  based on strain comparisons (Koch et al. 

2000; Hillier et al. 2008) as well as  inter-species comparisons (Coghlan and 

Wolfe 2002; Stein et al. 2003; Hillier et al. 2007; Vergara and Chen 2010). 
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Figure 6-4. CIRCOS representation of a) SNVs genomic distribution. b) small InDels genomic distribution. 

The figures were generated using the histogram option, with a bin size of 100,000 bps. The inner circle in heatmap format represents 
distribution of repeats in C. elegans N2 as annotated in WS210. The histograms represent the distribution of SNVs (in a)) and small InDels 
(in b)).  
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From Figure 6-4a we can observe that the left arm of Chromosome II and 

Chromosome III as well as both arms of Chromosome V have the highest density 

of SNVs. Unexpectedly, and in addition to these large regions in the arms of 

chromosomes, two smaller regions in the center of Chromosome V spanning 

~100 kbp each (Figure 6-5a) and one region in the center of Chromosome IV 

spanning ~50 kbp (Figure 6-5b) also have a very high density of SNVs. 

Inspection of these regions shows that these are mostly chemosensory genes, 

which have been demonstrated to be actively evolving (Stewart et al. 2005). In 

fact, chemosensory genes are among the most rapidly evolving genes in 

Caenorhabditis species, as demonstrated by comparative analysis of 

chemosensory gene families (Stein et al. 2003; Chen et al. 2005; Thomas and 

Robertson 2008; Frech and Chen 2010). 
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Figure 6-5. Impact of SNVs on chemosensory genes. 

a) Two 100 kbp regions in the center of chromosome V. b) 50 kbp region in the center of 
chromosome IV. 

 

One-third of all C. elegans genes (6,831, or 33.7%) contain one or more 

mis-sense SNVs, whereas 309 genes (1.6%) carry one or more non-sense SNV. 

Non-sense SNVs accumulate preferentially in the 3’ end of the coding sequence 

(Figure 6-6), suggesting that many genes containing non-sense SNVs might still 

be functional. In contrast, mis-sense SNVs distribute rather uniformly along the 

coding sequence (Figure 6-6). The large number of non-synonymous SNVs 

(nsSNVs) suggests a significant impact on protein-coding genes for this type of 

GV. 
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Figure 6-6. Distribution of mis-sense and non-sense SNVs along peptide sequences. 

 

In order to evaluate the potential functional impact that mis-sense SNVs 

have on protein-coding genes, we examined, for each corresponding amino acid 

substitution, the associated Grantham Score (GS) (Grantham 1974). This score 

predicts the difference between two amino acids in terms of composition, polarity 

and molecular volume. Based on the categorization provided by (Li et al. 1984), 

the differences can be regarded as: Radical (GS>150), Moderately Radical (GS 

between 101 and 150), Moderately Conservative (GS between 51 and 100) and 

Conservative (GS between 1 and 50). Based on this, we find that 5.4% of the 

amino acid substitutions can be regarded as Radical (1,878 sites), 13.7% as 
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Moderately Radical (4,799 sites), 43.1% as Moderately Conservative (15,099 

sites) and 37.9% as Conservative (13,262 sites). Taking together the percentage 

of Radical and Moderately Radical substitutions, approximately 1 in 5 

substitutions are predicted to generate an important change on protein structure, 

and hence function. 

6.4.5 Identification and assessment of small InDels 

In this project, small InDels are defined as insertions and deletions that cause 

gaps in local sequence alignments obtained using cross_match, for 454 reads 

(http://www.phrap.org), or SSAHA2 (Ning et al. 2001) when aligning Illumina 

reads. Using 454 reads and variationBlast, we found 16,176 small InDels 

(hereafter called 454-InDels) whereas with Illumina reads and VarScan we found 

60,997 small InDels (Illumina-InDels). Additionally, wormbase WS210 provides 

3,577 small InDels (WS210-InDels). 1,194 potential reference errors were 

detected using the N2 reads and VarScan (Appendix File 6.6), and used for 

filtration of the three small InDel datasets (Figure 6-7). 
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Figure 6-7. Number of small InDels per method before and after filtration of potential 
reference errors. 

1,194 reference errors were found and used as input for filtration. 
 

Merging of the three datasets generates a total of 69,774 small InDels 

(Appendix File 6.7), after excluding 60 small InDels due to inconsistencies in 

sequence among datasets (Appendix File 6.8). As expected due to its deep 

coverage, and as it was observed for SNVs, Illumina reads contribute for the vast 

majority (87.3%) of the total small InDels (Figure 6-2c).  

In contrast to the overlapping and general good agreement found for 

Illumina-SNVs and 454-SNVs, the agreement of Illumina-InDels and 454-Indels 

is much lower. Inspection of these datasets reveals two main reasons for this 

disagreement. First, the majority of the Illumina-InDels are found adjacent to 

homopolymeric regions (Figure 6-8).  
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Figure 6-8. Distribution of Illumina-InDels adjacent to homopolymers of varying length. 

 
 

Since sequencing of homopolymers is a known issue for 454 reads 

(Margulies et al. 2005), small InDels within such regions were filtered out by our 

methodology for homopolymers of length 5 bps or larger. The high presence of 

small InDels in homopolymeric regions have also been reported previously for 

the Pasadena strain when comparing it to the N2 strain (Hillier et al. 2008). This 

finding further illustrates the importance of sequencing the Hawaiian genome 

with both 454 and Illumina methodologies; in addition to the sensitivity gained 

with 454 reads for highly variable regions, the accuracy of Illumina reads at 

homopolymeric regions greatly improves the detection and estimation of the 
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number of small InDels, which would have been greatly underestimated 

otherwise.  

The second source of disagreement between these datasets is that 

different strategies for alignment of reads have an impact on the upper threshold 

for what is regarded as a small InDel. For 454-InDels, their length distribution 

goes up to 39 bps, whereas for Illumina-InDels their length distribution goes up to 

15 bps only (Figure 6-9). Additional reasons for uniqueness of Illumina-InDels, 

454-InDels and WS210-InDels are in close agreement with those found for 

SNVs.  
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Figure 6-9. Length Distribution of small Illumina-InDels (top) and small 454-InDels 
(bottom). 
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The total small InDels range in length from 1 bp to 39 bps, have a median 

of 1 bp, and the majority fall outside of exonic regions (Figure 6-10a). For those 

InDels of length 2 bps or larger, there is a higher frequency of those that don’t 

generate frameshift compared to those that do (Figure 6-10b, left), which is not 

observed for small InDels that fall in non-exonic regions (Figure 6-10b, right). 

This suggests that small InDels that do not cause frameshifts on protein-coding 

genes are more tolerated through evolution than those that do. 
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Figure 6-10. Number of small InDels impacting exons vs other regions of the genome.  

a) Frequency among exonic and non-exonic regions. b) Length distribution of small exonic InDels 
(left) and small non-exonic InDels (right). 

 

Still, 1,701 genes (or 8.4% of the total genes, with associated 1,931 

spliced forms) are impacted by small InDels, with 1,120 genes (1,283 spliced 

forms) having their ORF disrupted, in many cases at the 3’ end of their coding 

sequence (Figure 6-11). This suggests, in the same way as for SNVs, that many 

genes containing disruptive small InDels might still be able to keep their 

functionality.  
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The frequency of InDels is higher in the arms of the autosomal 

chromosomes compared to the centers (Figure 6-4b) with an apparent 

correlation of small InDels and repeats in the autosomal arms, as observed for 

SNVs. In contrast, the distribution of small InDels is rather uniform on the X 

chromosome. In general, there is a striking agreement between the distribution of 

SNVs and InDels, including those regions with a high frequency of mutations in 

the center of Chromosome IV and Chromosome V that contain mostly 

chemosensory genes (Figure 6-5).  

 

Figure 6-11. Distribution of disruptive small InDels along peptide sequences. 
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6.4.6 Identification and assessment of large deletions 

Large deletions are defined as genomic sequences revealed as gaps between 

adjacent and co-linear aligned segments (or HSPs). We identified large deletions 

using 454 reads and variationBlast on the HSPs generated with cross_match 

(Figure 6-12). Compared to the reference genome, we found 533 deletions in the 

Hawaiian genome (hereafter called 454 large deletions). Applying the same idea 

on Illumina reads (see Methods and Materials) we found 1,334 deletions in the 

Hawaiian genome compared to the reference (hereafter called Illumina large 

deletions). Merging of the two datasets generates a total of 1,430 large deletions 

(Appendix File 6.9), with 437 of the 533 large deletions obtained with 454 reads 

confirmed by Illumina large deletions (82% of the 454 large deletions). Hence, 

the procedure defined with cross_match and variationBlast on Illumina reads 

identified 93.3% of the total large deletions. As expected, large deletions found 

with 454 but not with Illumina are due to thresholds on the maximum depth 

allowed within the deletion as well as the minimum number of supporting reads 

(see Methods and Materials); large deletions found with Illumina but not with 454 

are mostly due to low coverage with 454.  

The 1,430 large deletions have a median length of 85 bps, and range from 

4 bp to 62,795 bp in length, with 640 deletions (44.8%) equal or larger than 100 

bps in length, and 151 deletions (10.6%) equal or larger than 1,000 bps. The 

majority of these deletions (88%) fall in regions other than protein-coding exons, 

with 172 deletions impacting 206 protein-coding genes (Figure 6-12).
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Figure 6-12. Illustration of Large Deletion detection and impact on protein-coding exons. 

 
 

 

Figure 6-13. Gbrowse visualization of a deleted gene, F42A6.5 and its experimental 
validation through PCR amplification. 
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Figure 6-14. Length distribution of large deletions reveals peaks associated with transposable elements. 

a) Two peaks around lengths 1,244 and 2,337 bps are explained by Cemar1 and Tc3 transposable elements, respectively. b) Frequency 
of different types of transposable elements found deleted in the Hawaiian genome compared to reference. Name is provided as 
annotated in RepBase, with the length of the transposable elements shown in parenthesis. 
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Of these 206 genes, 50 are entirely deleted (51 spliced forms deleted), 80 are 

truncated (84 spliced forms disrupted), 75 genes have preserved ORF (224 

spliced forms), and 1 gene (F14D2.4) has one spliced form with its ORF 

preserved (F14D2.4b) whereas the other spliced form has its ORF disrupted 

(F14D2.4a).  

An example of a gene fully deleted in Hawaiian is F42A6.5, which has 

homology to human BRCA1, associated with breast cancer. F42A6.5 encodes a 

predicted functional protein of 102 aa in length with a BRCT domain. Based on 

WormBase annotation, this gene is paralogous to brc-1 and has a defined 

ortholog in C. briggsae, C. remanei, C. brenneri and C. japonica as well as P. 

pacificus. The deletion containing F42A6.5, of 1,996 bps in length, is 

experimentally confirmed (Figure 6-13).  

Close inspection of the length distribution of large deletions reveals two 

peaks at lengths 1,244 and 2,337 bps (Figure 6-14). Since such peaks can be 

indication of transposon activity, we performed a blastn search (Altschul et al. 

1997) of these deleted sequences against the RepBase 15.11 library for C. 

elegans (Jurka 2000). All 1,244 bp deletions yielded matches with e-value < 1e-

100 for MARINER2_CEMariner/Tc1 (a.k.a. Cemar1), whereas all 2,337 bp 

deletions yielded matches with e-value < 1e-100 for Tc3Mariner/Tc1 (a.k.a. Tc3). 

In order to assess the overall impact of transposon activity on the large deletions, 

we ran blastn of all deletions against RepBase 15.11, searching for hits with 

evalue<1e-100 and not allowing for differences between the length of the 

deletion and that of the transposable element to be larger than 10% of the length 
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of the transposable element. In this way we found 70 large deletions ranging 

from 193 bps to 5,625 bps to be explained by transposable elements (Figure 

6-14, Appendix File 6.10). 61 of these large deletions are larger than 1,000 bps, 

explaining 40.4% of deletions larger than 1,000 bps.  

6.4.7 Identification and assessment of large insertions 

A striking advantage of using the Roche/454 sequencing method compared to 

other second-generation DNA sequencing methods that generate shorter reads 

is the potential to identify insertions in the target genome with breakpoints 

defined at the base pair resolution, as demonstrated in the Watson genome 

analysis (Wheeler et al. 2008). Although paired-end reads generated using other 

second-generation DNA sequencing methods such as Illumina can be used to 

estimate the existence of insertions, the exact breakpoints are not defined. Since 

the detection of insertions is limited by read length, we define and identify large 

insertions of various sizes by examining the nature of unaligned segments 

between HSPs generated using cross_match.  

If an unaligned portion of a read is flanked by two HSPs of the same read, 

then it is annotated as a type-A insertion (Figure 6-15a). These insertions are 

shorter than the read length, with their exact length, content and breakpoints 

readily defined. We identified 119 type-A insertions in the Hawaiian genome 

ranging from 12 bp to 288 bp in length, with a median length of 56 bps (Appendix 

File 6.11). Of these insertions, 24 (20.2%) are equal or larger than 100 bps in 

length. The majority of these 119 type-A insertions (95%) fall in regions other 

than protein-coding exons, with only six insertions impacting six protein-coding 
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genes (Figure 6-15b). Evaluation of these six insertions on the impacted protein-

coding genes shows that two of them preserve ORF (K05C4.3 and Y14H12A.1), 

whereas the other four disrupt the ORF (Y17G9B.8, C38C3.7, F21H7.14 and 

Y43F8C.18), preferentially at the 3’ end of the sequence, with exception of 

Y43F8C.18 whose disruption occurs in the first half of the coding sequence.  
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Figure 6-15. Type-A and Type-B insertion detection and impact on protein-coding exons. 

a) Type-A insertions are detected as unaligned regions of the reads found between two aligned 
regions. b) Impact of type-A insertions on protein-coding exons versus other regions. c) Type-B 
insertions are detected as convergent unaligned flanking regions of different reads. d) Impact of 
type-B insertions on protein-coding exons versus other regions. 

 

The limitations imposed by the read length for detecting large insertions 

drove us to define a separate strategy. If the flanking regions of two or more 
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convergent reads are not aligned to the genome, then these unaligned flanking 

regions might represent the 5’ and 3’ ends of a putative large insertion (Figure 

6-15c). We call this putative insertion a type-B insertion. As type-A insertions, the 

breakpoints of type-B insertions are clearly defined at the base pair resolution. 

However, in contrast to type-A insertions, type-B insertions are of unknown 

length and content without further assessment. Compared to the reference 

genome, we detected 57 type-B insertions in the Hawaiian genome (Appendix 

File 6.12). The majority of these insertions (50) fall in regions other than protein-

coding exons, with seven insertions affecting seven protein-coding genes (Figure 

6-15d).  

There are two complementary approaches for defining the sequences of 

the type-B insertions. First, the unaligned reads can be assembled into contigs. 

Assembled contigs are then compared and aligned with the flanking regions of 

the insertion sites for the identification of insertions. Unfortunately, the assembly 

provided with the Roche/454 sequencing didn’t prove useful for this purpose, 

likely due to a short contig length (median of 1.3 kb).  Alternatively, we can 

examine the detected type-B insertions experimentally by PCR amplification of 

these insertions. We confirmed 3 candidate type-B insertions and identified the 

lengths of these insertions as ~400 bp, ~500 bp, and ~1.2 kbp (Figure 6-16). As 

expected, these type-B insertions are much larger than even the largest type-A 

insertion found, of 288 bps in length, and also to those large insertions found in 

the Watson genome (Wheeler et al. 2008), for which the largest insertion is 208 

bps in length based on 250-bp 454 reads.  
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Figure 6-16. Three type-B insertions validated experimentally. 

For each case, the alignment of 454 reads is displayed at the left, and the gel of the resulting 
PCR reaction is shown at the right. 
 

6.4.8 Compound Variations 

In addition to the events described above involving insertions and deletions, we 

have found a large number of variations with a co-occurrence of insertions (type-
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A or type-B) and deletions at the exact same breakpoints. We thus distinguish 

them from the previously described “simple” large insertion and deletion events 

and define three main categories of compound variations: (i) Deletions 

associated with type-A insertions, when the deletion is equal or larger than the 

type-A insertion at the same breakpoint (Figure 6-17a, left), (ii) type-A insertions 

associated with deletions, when the type-A insertion is larger than the deletion at 

the same breakpoint (Figure 6-17a, right) and (iii) type-B insertions associated 

with deletions, when there is a type-B insertion pattern for which the convergent 

reads are at a distance larger than zero (Figure 6-17b).  

Compared to the reference genome, we found 706 deletions associated 

with type-A insertions in the Hawaiian genome (Figure 6-17a, left; Appendix File 

6.13). These deletions have a median length of 106 bp, and range from 11 bp to 

56,263 bp in length, with 372 deletions (52.7%) equal or larger than 100 bps in 

length, and 46 deletions (6.5%) equal or larger than 1,000 bps. The associated 

insertions range in length from 1 bp to 311 bp, with a median length of 8 bp, and 

48 insertions are equal or larger than 100 bp. The majority of these deletions 

(87%) fall in regions other than protein-coding exons, with 92 deletions affecting 

125 protein-coding genes (with corresponding 166 spliced forms). Of these 125 

genes, 47 are entirely deleted, 40 are truncated with some coding region deleted 

in the Hawaiian genome, 37 preserve the ORF and one gene, C29F9.3, is such 

that its ‘a’ and ‘c’ spliced forms are fully deleted, whereas its ‘b’ spliced form has 

the ORF disrupted. 
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Figure 6-17. Detection and validation of compound variations. 

a) Illustration and distribution of compound variations. b) Validated type-B insertions with 
associated deletions. The estimated length of the insertion is shown under each gel. 
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When the inserted sequence is larger than the deletion, we call it a type-A 

insertion associated with deletion. Compared to the reference genome, we found 

254 type-A insertions associated with deletions in the Hawaiian genome (Figure 

6-17a, right; Appendix File 6.14). These insertions have a median length of 65 

bps, and range from 13 bp to 358 bp in length, with 75 type-A insertions (29.5%) 

equal or larger than 100 bps in length. The associated deletions range in length 

from 1 bp to 339 bp, with a median length of 11 bps. The majority of these type-A 

insertions with their associated deletions (95.7%) fall in regions other than 

protein-coding exons, with 11 of these variations impacting 11 protein-coding 

genes (with corresponding 11 spliced forms), 4 of them resulting in a disrupted 

ORF, and 7 of them having their ORF preserved. 

Different mechanisms for the generation of insertions/deletions involve 

duplications at the breakpoints. We inspected the identity of the inserted 

sequence (for deletions associated with type-A insertions) and of the deleted 

sequence (for type-A insertions associated with deletions) with the neighbouring 

region at the 5’ and 3’ ends of the breakpoints. Of the 562 deletions with 

associated insertions assessed (see Methods and Materials), 97 generate an 

alignment of the inserted sequence with 80% or more identity. 60 insertions show 

high identity to sequences at the breakpoint, suggesting that small duplications 

occurred at the breakpoint. The remaining 37 of these insertions are found to 

occur within the deleted sequence, suggesting that its alignment is such that it 

can’t achieve the minimum threshold to report an independent HSP by 

cross_match, but it is also distant enough from the breakpoints not to be included 
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as part of an existing HSP. In the same way, of the 243 type-A insertions with 

associated deletions assessed (see Methods and Materials), 31 generate an 

alignment of the deleted sequence with 80% or more identity, with 20 cases 

suggesting small duplications at the breakpoint. 

In addition to the deletions associated with type-A insertions and vice 

versa, we also found 473 type-B insertions associated with deletions in the 

Hawaiian genome (Figure 6-17b; Appendix File 6.15). As stated before, the type-

B insertions detected in this work have no known content or length without further 

experimental assessment, but they are expected to be large insertions. The 

associated deletions range in length from 1 bp to 383 bp, with a median length of 

17 bps. The majority of these type-B insertions and their associated deletions 

(91.8%) fall in regions other than protein-coding exons, with 39 of them impacting 

37 protein-coding genes (corresponding to 41 spliced forms). We selected and 

confirmed experimentally 8 candidates, providing inserted sequences ranging in 

length from 100 bp to 800 bp, with a particular case of a 10 kbp insertion (Figure 

6-17c) in the Hawaiian genome. In addition to the cases validated for “simple” 

type-B insertions, these further prove the validity of this approach for detecting 

large insertions.  

6.4.9 Impact of GVs on protein-coding genes and loss-of-function 
mutations 

The detection of SNVs, insertions and deletions between the Hawaiian strain and 

the N2 reference strain makes evident the huge disruptive potential that these 

GVs have by themselves on protein-coding genes. Furthermore, hundreds of 
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genes are simultaneously impacted by two or more of these GVs (Figure 6-18). 

Hence, if the impact of GVs on the functionality of protein-coding genes is to be 

analyzed accurately, then all co-occurring GVs should be considered. We used 

our newly developed tool called Variant-Analyzer (Vergara et al. 2011) to explore 

the disruptive potential of all GVs. In particular, we assessed the impact of co-

occurring SNVs, small InDels, large deletions, type-A insertions, type-A 

insertions associated with deletions and deletions associated with type-A 

insertions on all protein-coding genes annotated for C. elegans release WS210. 

GVs involving type-B insertions were not included as they are of unknown 

content and length. After running Variant-Analyzer, we found 10,624 genes, 

corresponding to 12,579 spliced forms, impacted by some kind of GVs (Appendix 

File 6.16). Of these, (i) 91 genes are fully deleted (93 spliced forms), (ii) 1,392 

genes have a disrupted ORF (1,566 spliced forms), (iii) 2,777 genes contain 

radical or moderately radical SNVs (3,080 spliced forms) and (iv) 8,220 genes 

are impacted by GVs (other than synonymous SNVs) with a preserved ORF 

(9,493 spliced forms).  
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Figure 6-18. Venn diagram of the impact of GVs on protein-coding genes. 

Small insertions (resp.small deletions) and large insertions (resp. large deletions) are grouped 
under the same category for simplification of the diagram. 
 

6.4.9.1 Loss-of-function mutations 

In order to understand the potential functional impact of the GVs in the Hawaiian 

strain, we explored three main characteristics over these four groups of impacted 

genes (Table 6-1): (i) it is a single-copy gene, (ii) it has reported phenotypes 

involving lethality or sterility from RNAi experiments, and (iii) it is associated to a 

human ortholog with OMIM annotation. Protein-coding genes presenting the first 

two features can be regarded as essential. Genes that in addition map to human 
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genes with associated diseases (via OMIM annotation) are highly conserved 

genes and good candidates for further genetics studies on deleterious alleles 

carried by individuals using C. elegans as a model organism.  

Table 6-1. Categories of genes (rows) and their impact based on the detected GVs 
(columns). 

Numbers in parenthesis correspond to the total spliced forms affected. For the category ‘ORF 
Impacted’, all types of GVs except synonymous SNVs were considered. 

 
Fully 

Deleted 

ORF 

Disrupted 

Radical + Mod Radical 

SNVs 

ORF 

Impacted 

Total 91 (93) 
1,392 

(1,566) 
2,777 (3,080) 

8,220 

(9,493) 

Single Copy 18 (18) 453 (537) 749 (870) 
2,833 

(3,427) 

Single Copy + lethal/sterile 2 89 (116) 148 (199) 585 (795) 

Single Copy + OMIM 0 18 (29) 26 (41) 129 (194) 

Single Copy + lethal/sterile + 

OMIM 
0 11 (17) 14 (21) 60 (95) 

 

Table 6-1 shows that, as the structural impact on the protein-coding gene 

becomes more severe (from Fully Deleted to ORF Impacted), the number of 

genes having functionally important features decreases. For example, of the 91 

genes fully deleted, there are no genes with such three features. Still, of the 18 

single-copy genes found fully deleted, there are two genes, C29F9.12 and 

F59H6.3, that have shown embryonic lethal phenotype for the case of C29F9.12 

(Piano et al. 2002) and embryonic lethality, sterility and maternal sterility for 

F59H6.3 (Gonczy et al. 2000; Colaiacovo et al. 2002; Piano et al. 2002; Kamath 

et al. 2003; Sonnichsen et al. 2005) in previous RNAi experiments. These two 

genes are unstudied genes, with only F59H6.3 having EST evidence. Both genes 
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present GO annotations of embryonic development ending in birth or egg 

hatching as biological process and, in addition, C29F9.12 presents association to 

oviposition, whereas F59H6.3 is associated to growth, nematode larval 

development and reproduction. Hence, both genes seem to be important for the 

early phases of development, but clearly further genetic analyses are needed in 

order to understand their role in C. elegans biology.  

In contrast to the 91 genes found fully deleted in the Hawaiian strain 

compared to the N2 reference, there are 1,392 genes with their ORF disrupted. 

Of these, 453 genes are single-copy, with 89 of these having reported 

phenotypes of lethality/sterility based on RNAi experiments. Still, 18 single-copy 

genes (corresponding to 29 spliced forms) have as homologs human genes with 

OMIM annotations (Table 6-2). Strikingly, many of the disrupted genes shown in 

Table 6-2 have an introduced stop codon early in the ORF, suggesting that the 

GVs have a significant impact on their functionality. We have validated 5 small 

InDels that disrupt protein-coding genes that are either single-copy or have 

phenotypes involving lethality/sterility from RNAi experiments (Appendix File 

6.17). These genes represent candidates for further experimentation, for 

example by integration of the Hawaiian allele in the N2 background.  
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Table 6-2. Single-copy genes with OMIM annotations and ORF disrupted in the Hawaiian 
strain. 

Since transcripts can be impacted differently, each transcript is listed. The location of the 
disruption is measured with respect to the length of the peptide as described in wormbase for N2 
strain. Sequence names with a ‘*’ indicate that the gene presents phenotypes of lethality/sterility 
in RNAi experiments. 

Gene name Sequence name Position of disruption (%) Human homolog 

aex-3 
C02H7.3a 63.8 

MADD 
C02H7.3b 63.8 

aspm-1 C45G3.1* 4.38 ASPM 

C53H9.2a C53H9.2a* 40.4 GNL1;MMR1 

F20D6.11 F20D6.11 26.8 AIFM3 

sqv-4 F29F11.1* 28.9 UGDH 

ncbp-1 F37E3.1* 75.2 NCBP1 

alh-6 

F56D12.1a* 4.1 

ALDH4A1 F56D12.1b* 4.5 

F56D12.1c* 5.8 

hid-1 
K02E10.2a* 0.8 

DYM 
K02E10.2b* 0.8 

gon-4 
K04D7.5a* 40.4 

HCCA2 
K04D7.5b* 42.0 

cku-80 R07E5.8 8.0 XRCC5 

pfd-5 R151.9* 81.6 PFDN5 

T20H4.5 T20H4.5* 25.5 NDUFS8 

pgrn-1 
T22H2.6a 11.7 

progranulin 
T22H2.6b 12.2 

ttn-1 

W06H8.8d 38.5 

titin 
W06H8.8e 22.0 

W06H8.8f 22.0 

W06H8.8g 21.9 

nuo-5 

Y45G12B.1a* 34.9 

NDUFS1 Y45G12B.1b* 72.9 

Y45G12B.1c* 40.2 

Y48G8AL.1 Y48G8AL.1* 58.8 UBE3A 

Y53F4B.10 Y53F4B.10 76.6 INSULIN 

nft-1 Y56A3A.13 14.1 FHIT 
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Protein-coding genes with ORF preserved could see their functionality 

significantly reduced if a deletion removes a functional domain. Based on WS210 

domain annotation, we found 70 genes (77 spliced forms) with a deletion that 

overlaps at least partially with an annotated domain. Gene Y49F6A.1 is an 

example of a deletion that has a full and a partial domain removed while having 

its ORF preserved. The protein associated to this gene is 966 aa in length and 

corresponds to a translation initiator factor 2C (elF-2C). This protein encodes two 

domains: a PAZ domain between amino acids 319 and 439 and a PIWI domain 

between amino acids 585 and 911. All residues between 302 and 817 are 

deleted. Hence, the PAZ domain is fully deleted and most of the PIWI domain is 

deleted. A previous study on feeding of dsRNA for RNAi across different wild 

isolates of C. elegans (Tijsterman et al. 2002) found that the Hawaiian strain had 

a defect in germline RNAi as a result of multiple mutations in a gene containing 

the same domains, ppw-1. This gene contains a 1 bp deletion that introduces an 

early stop codon upstream of the PAZ and PIWI domains. Our result provides 

further evidence that the function associated to genes containing these domains 

is silenced in the Hawaiian wild isolate.  

A third category of impact on protein-coding genes in addition to genes 

fully deleted and genes disrupted (shown in Table 6-1) refers to the presence of 

radical or moderately radical amino acid substitutions, according to the 

categorization provided by Li and colleagues based on Grantham scores 

(Grantham 1974; Li et al. 1984). These types of substitutions may have a 

significant impact on protein structure and hence function. There are 749 single-
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copy genes with such GVs, of which 148 present phenotypes involving 

lethality/sterility in RNAi experiments. Of course, the categorization based on 

Grantham scores is a guideline for a genome-wide level assessment of the 

impact of mis-sense SNVs on protein-coding genes, but still cases that are not 

regarded as radical by such categorization can have a significant impact on 

genes. For example, a previous study (Kammenga et al. 2007) has shown that 

the molecular basis for the Hawaiian strain not following the so called 

temperature-size rule (where ectotherms mature at a larger size at lower 

temperatures) corresponds to a transition from A to G on a DII-A domain of gene 

tra-3, generating a mutation from Phenylalanine to Leucine; this amino acid 

substitution is regarded as conservative by Li’s categorization.  

Based on the set of single-copy genes with radical SNVs presenting 

phenotypes of lethality/sterility, we have selected and validated experimentally 

four radical SNVs by PCR amplification followed by DNA sequencing (Appendix 

File 6.18).  

Overall, we found that ~30% of C elegans genes (8,220 genes) are 

impacted by some kind of GV other than synonymous SNVs (Table 6-1). Close to 

14% of these genes are single-copy genes, with 585 genes (~3% of the total set 

of C. elegans genes) presenting phenotypes of lethality/sterility from RNAi 

experiments. Furthermore, 60 genes (0.3% of the total genes) map to human 

orthologs that are associated with diseases (Table 6-1). This set of genes 

provides a solid basis for understanding how healthy individuals of a same 
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species can carry deleterious mutations on genes that can be considered 

essential for the organism.  

6.4.9.2 Impact of GVs on multi-gene families 

The impact of GVs on protein-coding genes can be significant not only by 

impacting single-copy genes, but also by impacting multiple members of a same 

gene family. We explored how the four different levels of impact on protein-

coding genes defined above affect different gene families (Table 6-3). Since 

there are many gene families, only those 30 most disrupted with at least 20 

members are shown here, whereas the complete list can be found as 

supplementary material (Appendix File 6.19). In general, the gene families most 

impacted by GVs are those involved in protein-protein interactions and sensory 

mechanisms such as the MATH/BTB (represented by bath, math and btb names 

in Table 6-3), FBOX (represented by fbxa, fbxb and fbxc) and chemoreceptor 

genes. 



 

 184

Table 6-3. Top 30 gene families and the overall impact of GVs.  

Only gene families larger than 20 genes were considered for this table.  
 

  

  

Total 

Members 

Fully Deleted ORF Disrupted 
Radical + Moderately Radical 

SNVs 
ORF Impacted  

Number % Number % Number % Number % 

btb 21 0 0 7 33.33 11 52.38 21 100 

math 49 2 4.08 12 24.48 34 69.38 39 79.59 

fbxb 110 3 2.72 25 22.72 54 49.09 84 76.36 

fbxa 194 8 4.12 29 14.94 84 43.29 157 80.92 

bath 37 4 10.81 4 10.81 19 51.35 27 72.97 

srw 114 3 2.63 15 13.15 45 39.47 89 78.07 

sri 60 0 0 6 10 24 40 47 78.33 

srbc 73 1 1.36 8 10.95 25 34.24 58 79.45 

fbxc 54 0 0 10 18.51 22 40.74 35 64.81 

oac 58 0 0 9 15.51 21 36.2 41 70.68 

srz 66 2 3.03 11 16.66 20 30.3 48 72.72 

cyp 76 0 0 6 7.89 21 27.63 51 67.1 

srh 222 5 2.25 17 7.65 68 30.63 141 63.51 

clec 256 2 0.78 29 11.32 73 28.51 148 57.81 

srj 39 0 0 2 5.12 9 23.07 27 69.23 

srx 106 0 0 12 11.32 26 24.52 58 54.71 

sdz 36 0 0 6 16.66 10 27.77 16 44.44 

sre 52 0 0 4 7.69 9 17.3 33 63.46 

set 32 0 0 3 9.37 6 18.75 19 59.37 

npp 22 0 0 2 9.09 5 22.72 12 54.54 

srv 31 0 0 3 9.67 8 25.8 15 48.38 

nhr 278 0 0 23 8.27 56 20.14 152 54.67 

srab 23 0 0 2 8.69 6 26.08 11 47.82 

scl 25 0 0 3 12 4 16 13 52 

srt 66 0 0 7 10.6 12 18.18 33 50 

str 193 1 0.51 12 6.21 45 23.31 93 48.18 

skr 20 0 0 1 5 3 15 11 55 

pqn 72 0 0 3 4.16 11 15.27 39 54.16 

srg 62 0 0 4 6.45 9 14.51 31 50 

gcy 32 0 0 2 6.25 3 9.37 16 50 
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6.5 Discussion 

In this study we have chosen to compare two wild isolates of C. elegans: the N2 

strain, isolated from Bristol, England in the 1950s by L.N. Staniland (Riddle et al. 

1997) and the CB4856 strain, also known as the Hawaiian strain, extracted from 

a pineapple field in Hawaii in 1972 (Hodgkin and Doniach 1997). These two 

strains present a number of differences in biological and behavioural traits 

including copulatory plug formation (Hodgkin and Doniach 1997; Palopoli et al. 

2008), intake of O2 and CO2 (Hallem and Sternberg 2008; McGrath et al. 2009; 

Persson et al. 2009), temperature-size rule (Kammenga et al. 2007), germline 

RNAi (Tijsterman et al. 2002), response to benzaldehyde (Atkinson-Leadbeater 

et al. 2004) and octanol (Rockman et al. 2007), thermal migration (Jurado et al. 

2010),  pathogen susceptibility (Reddy et al. 2009), biofilm resistance in the 

presence of Yersinia (Darby et al. 2007), social behaviour and food response (de 

Bono and Bargmann 1998; Gloria-Soria and Azevedo 2008) and egg-laying 

behaviour (Ailion and Thomas 2002). As well, other studies have shown no 

differences for other traits, such as sensitivity to supplemental zinc (Bruinsma et 

al. 2008).   

6.5.1 Combined strength of long (Roche 454) and short (Illumina GA) 
reads 

We have sequenced the CB4856 strain using Roche/454 and Illumina GA 

platforms. Alignment of the reads against the N2 reference strain and 

subsequent detection of GVs reveals hundreds of thousands of SNVs and small 

InDels, and thousands of large deletions and insertions.  
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Detection of SNVs and small InDels by these two different platforms 

demonstrated its complementary power; whereas Illumina GA provides a 

significant depth (67X in this case) useful for resolving many SNVs and small 

InDels, the length of 454 reads allows for the detection of these GVs in highly 

polymorphic regions. Such regions were known to exist between these two 

strains from previous studies (Denver et al. 2003), justifying our decision of 

sequencing this genome with those two platforms.  

Even though there is an overall good agreement of SNVs and small InDels 

found in this study and those available in WormBase (Wicks et al. 2001; Swan et 

al. 2002), the high presence of small InDels in homopolymeric regions generates 

a large disagreement between Illumina GA and the Roche/454 sequencing 

technologies. Homopolymers are a known issue for the Roche/454 platform 

specially for runs of 7 bps or larger (Margulies et al. 2005). A previous study on 

the genomic distribution of homopolymers in C. elegans reported close to 

150,000 such regions of 8 bps or larger, with a chromosomal distribution that 

resembles that found for small InDels in this study, i.e., a higher accumulation in 

the arms of autosomes (Denver et al. 2004). 

In addition to SNVs and small InDels, we have found 1,430 large simple 

deletions in the Hawaiian genome compared to the N2 reference genome, 706 

large deletions associated with type-A insertions, 254 type-A insertions 

associated with deletions, 57 type-B insertions and 473 type-B insertions 

associated with deletions.  
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6.5.2 Advantage of DNA sequencing-based methods for detecting GVs 
over CGH 

A recent survey of deletions in the CB4856 genome using oligonucleotide array 

Comparative Genomic Hybridization (oaCGH) predicted 131 deleted regions in 

the Hawaiian genome compared to the N2 genome (Maydan et al. 2007). These 

deletions (hereafter called niDf deletions, as named in WS210) represent a 2% of 

the C. elegans gene set and range from 219 bp to 174.7 kbp in length (Appendix 

File 6.20). Close inspection of these deletions shows that the majority (79) of the 

131 niDf deletions are confirmed in this study; for all of these 79 niDf deletions 

we are able to define breakpoints at the base pair resolution (Appendix File 

6.20).  Interestingly, for 11 of these 79 confirmed deletions we did not find a 

pattern of breakpoints as expected from the large simple deletions or the 

deletions associated with insertions. Instead, a pattern of non-unique reads 

aligning at the boundaries of these deletions suggests that they are generated by 

a non-allelic homologous recombination (NAHR) event (Figure 6-19).  

In a previous study, we reported a 108 kb segmental duplication to be 

polymorphic among different laboratory strains (Vergara et al. 2009). During that 

study we also tested the Hawaiian strain for the presence of such duplication, 

revealing that it was absent. Inspection of the aligned reads to the genomic 

region harbouring the duplicons confirms the model stated in our previous work, 

where the duplication event was generated by NAHR (Figure 6-20).  
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Figure 6-19. NAHR-based deletions.  

a) Illustration of NAHR-based deletions. A region of the Hawaiian genome is sequenced 
generating reads 1 to 5. These reads span a segment that we call ‘S’, that corresponds to the 
anchoring segment that generated a previous NAHR event. Once reads 1 to 5 are sequenced in 
the Hawaiian strain, the alignment of these to the N2 reference strain are such that those within 
the ‘S’ segment map non-uniquely (reads 2, 3 and 4), whereas those encompassing regions 
outside of ‘S’ should map uniquely to the genome (reads 1 and 5). The deleted region in the 
Hawaiian genome is expected to have no coverage in the N2 reference genome. b) A deletion 
generated by a NAHR event. This deletion is reported as niDf57(II) by WormBase, based on the 
study of (Maydan et al. 2007). 
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Figure 6-20. Large polymorphic segmental duplication. 

The aligned Hawaiian reads support the model that the duplication event was due to NAHR of 
Cemar1 transposable elements at the flanking regions. The ‘Triplicates non-overlap’ track 
displays the alignment of the same non-unique reads to the locations were the Cemar1 
transposons are located. 
 
 

We have found that 29 of all 131 niDf deletions are likely false positives. 

Almost all (26 of 29) of these false positive deletions are caused by the very high 

incidences of SNVs within the genomic regions, which inhibit successful 

hybridization of probes designed based on the reference N2 genome sequences 

(Figure 6-21a, Figure 6-21b).  

It is worth mentioning that close inspection of the niDf deletions showed that 

many of them are also partially false positives due to the high presence of SNVs 

and small InDels that co-occur with true deletions, generating an overestimation 

of the deleted regions in the Hawaiian strain. This, together with the false 

positives described above, explains why, whereas there is a very good 

agreement on the gene families most impacted in the Hawaiian strain by our 

study and that of Maydan and colleagues (Maydan et al. 2007), the number of 

deleted members per family in their study is much higher than in our case. 
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Figure 6-21. Previously reported large deletions found to be false positives, and missed large deletions. 

a) High density of SNVs within a previously reported deletion (niDf51). b) A previously reported deletion (niDf71) covered by unique reads. 
c) A deletion of a cluster of ncRNA genes. d) Deletion of an intron of a gene. e) Deletion of a Cemar1 transposon covered by non-unique 
reads due to its duplicative nature. c), d) and e) are missed by a protein-coding exon-based oaCGH approach. 
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Also, compared to the oaCGH, which relies on DNA hybridization, our 

approach using sequence alignment not only defines the exact deletion 

boundaries at base pair resolution, but also detects deletions in regions such as 

those containing ncRNA genes (Figure 6-21c), intronic/intergenic regions (Figure 

6-21d) and those of duplicative nature (Figure 6-21e) such as transposable 

elements, that we have shown represent a significant part of the large deletions 

found in this study. Also, small deletions (smaller than 100 bps) are not reported 

by the oaCGH study, which, as we have seen, are the most prevalent. Hence, 

the number and impact of deletions across different regions of the genome is 

much more significant than previously reported.  

6.5.3 variationBlast and larger GVs 

In addition to large deletions, in this study we have provided a successful 

methodology for the detection of large insertions based on convergent reads at 

the same breakpoint. These insertions, which we call type-B insertions to 

distinguish them from the type-A insertions that can be found within the length of 

the reads, are of unknown content and length without further computational 

detection based on assemblies or directly through experimental molecular 

techniques such as PCR. Attempts to detect larger insertions are necessary for a 

more accurate estimation of the GVs; for example, an accurate analysis of the 

activity of transposable elements (which are larger than 1 kb) between these two 

strains would only occur if all the instances of insertions of any length in the 

Hawaiian genome were to be found.  
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We have validated experimentally three type-B insertions and eight type-B 

insertions associated with deletions, with one extreme case of a 10 kb type-B 

insertion associated with deletion found in the Hawaiian genome compared to the 

reference N2 genome. Since the length and content of type-B insertions are not 

known, we did not include them as part of the overall impact of GVs on the 

protein-coding genes.   

Interestingly, of the seven type-B insertions impacting seven protein-

coding genes, two are unique genes (F10D2.8 and Y51A2D.7b). Furthermore, 

gene Y51A2D.7b displays phenotypes of sterility and embryonic lethality in RNAi 

trials (Kamath et al. 2003; Simmer et al. 2003; Rual et al. 2004; Ceron et al. 

2007). In the same way, the deletions of the 473 type-B insertions associated 

with deletions impact 37 genes, 7 of which are single-copy and one of which 

(sdz-24) has RNAi phenotypes involving lethality and sterility (Rual et al. 2004; 

Ceron et al. 2007). These results suggest that the GVs involving Type-B 

insertions could still have detrimental consequence in the Hawaiian worm.  

6.5.4 Confirming known GVs associated to trait differences 

There are multiple previous studies that have shown behavioural and 

biological traits that are different between the N2 and the CB4856 strains. Many 

of these differences have an identified genetic basis. For example, a mis-sense 

mutation of G>T at coordinate X: 4,768,758 in gene npr-1 generates an F215V 

codon change (from N2 to CB4856, respectively). This mutation has been 

associated to differences in the response to CO2 and O2 (Hallem and Sternberg 

2008; McGrath et al. 2009; Persson et al. 2009), social behaviour and food 
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response (de Bono and Bargmann 1998; Gloria-Soria and Azevedo 2008) and 

susceptibility to pathogens (Reddy et al. 2009). Results on a recent study on the 

origin of the 215V allele, suggests that this allele arose during laboratory 

domestication of the N2 strain (McGrath et al. 2009) and hence would not be an 

actual difference between the wild N2 and Hawaiian isolates. 

Table 6-4 provides a summary of reported GVs between CB4856 and the 

N2 strain, the genes implicated and the difference in trait, if applicable. As shown 

in the table, we confirm most of the GVs reported. Still, some GVs are not 

necessarily found by our pipeline but are confirmed after inspection of the 

affected regions. For example, close inspection of the reported deletion of an 

exon for gene glb-5 in the Hawaiian strain compared to the N2 strain presents a 

clear pattern of a NAHR-based deletion (Figure 6-22). This deletion is associated 

with differential responses to CO2 and O2 (McGrath et al. 2009; Persson et al. 

2009). 

 

Figure 6-22. Deletion of an exon in glb-5 is due to a NAHR event. 

Alignment of reads around the sixth exon of the ‘b’ spliced form displays a clear pattern of NAHR, 
as illustrated in Figure 6-19. For simplicity, the tracks for unique and non-unique reads are 
displayed in compact mode. 
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Table 6-4. Comparison of published genotypes and associated phenotypes with GVs detected in this study.  

Genes Impacted 
Published Data Our Genomic Analysis 

Genotype (GVs) Phenotype (Trait) Reference Result in our 
Dataset Coordinates Observations 

npr-1 SNV;G>T;V215F 

Intake of CO2/O2; Social 
Behavior and Food 

Response;Pathogen 
Susceptibilty 

(de Bono and Bargmann 
1998; McGrath et al. 

2009; Reddy et al. 2009) 
Found X:4768758 N.A. 

glb-5 Deleted 6th exon Intake of CO2/O2 
(McGrath et al. 2009; 
Persson et al. 2009) 

Found after 
inspection V:5562441..5562810 NAHR-based 

deletion 
plg-1 (no gene 

model 
associated) 

Deletion of LTR-
Retrotransposon 
(retr-1; F44E2.2) 

Copulatory plug formation (Palopoli et al. 2008) Found after 
inspection III:8852505..8861364 Repeat at 

boundary 

C49G7.1, 
D1065.3 2.9 kbp deletion N.R. (Maydan et al. 2007) Found V:4057628..4060567 N.A. 

gst-38 Multiple SNVs N.R. (Denver et al. 2003; 
Maydan et al. 2007) Found 

V:15915782, 15915630, 15915570, 
15915519, 15915351, 15915441, 
15915316, 15915708, 15915620, 
15915480, 15915498, 15915561, 
15915489, 15915347, 15915780, 
15915777, 15915687, 15915713, 
15915318, 15915672, 15915666, 
15915284, 15915393, 15915624, 
15915837, 15915879, 15915417, 

15915387, 15915439 

N.A. 

tra-3 SNV;T>C;F96L Temperature-Size Rule (Kammenga et al. 2007) Found IV:14442336 N.A. 

ppw-1 

SNV;T>C;F35S 

Germline RNAi (Tijsterman et al. 2002) 

Found I:4186589 N.A. 

Insertion;ATT  Found I:4186704..4186705 N.A. 

SNV;A>G;T245A Found I4187463 N.A. 

Deletion;C Found I:4187632 N.A. 

SNV;C>T;L474L Found I:4188304 N.A. 

SNV;A>G;D691G Found I:4189045 N.A. 

SNV;A>G;K777E Found after 
inspection I:4189302 Falls in non-

unique region 
tyra-3 184 bp deletion Patch-leaving � ADDIN EN.CITE 

E dN t Cit A th
Found X:4948657..4948841 Non-coding 

zeel-1 High Divergence, 
19kb deletion Required for compatibility (Seidel et al. 2008) Not found N.A. Complex region 
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In the case of gene ppw-1, associated to differences in germline RNAi 

(Tijsterman et al. 2002), there are 7 GVs reported: 5 SNVs, one 3-bp insertion 

and one 1-bp deletion. The deletion generates a truncation of the protein short 

after its occurrence. Still, one of the reported variations downstream of that 

truncation, a SNV that generates a K777E codon change, is not found by our 

pipeline. Close inspection of the aligned reads shows that this SNV occurs in a 

non-unique region (Figure 6-23), and since our pipeline focused only on the 

detection of GVs on reads uniquely aligned, then this GV was missed. Finally, 

another type of non-unique region, a repeat at the boundaries of the deletion 

spanning an LTR-retrotransposon within plg-1, associated with differences in 

copulatory plug formation (Seidel et al. 2008), doesn’t allow for the immediate 

detection of the deleted LTR-retrotransposon (F44E2.2, or retr-1) with our 

pipeline. 
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Figure 6-23. A SNV found within a non-unique region, impacting gene ppw-1. 

 

These three examples (glb-5, ppw-1 and retr-1) clearly illustrate that non-

unique regions, even though challenging given the uncertainty of their duplicative 

nature, may contain important information regarding the impact of GVs on 

protein-coding genes can be missed.  
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A case that we could not confirm at the breakpoint resolution is the 

deletion associated with zeel-1 (Seidel et al. 2008), also listed in Table 6-4. This 

gene is found in a highly divergent 62 kb region spanning 2,317,000 and 

2,379,000 in chromosome I (Figure 6-24). Still, there is a ~19 kb region spanning 

gene zeel-1 (Y39G10AR.5), in agreement with the work of Seidel and 

colleagues. The excessive number of SNVs and other small InDels at the 

breakpoints of the deletion suggests that some gaps might actually be regions so 

divergent that local alignment of a segment of a read is not possible, and hence  

two HSPs of a same read can not be put together to report the large deletion.  

 

Figure 6-24. Highly divergent region encompassing zeel-1. 

zeel-1 is highlighted in yellow. 
 
 

Notably, a recent study by the Bargmann and Kruglyak groups (Bendesky 

et al. 2011) have shown that a deletion on a non-coding region of gene tyra-3 is 

associated with differences in decision-making in C. elegans (Table 6-4); this 

result, which could not be found with strategies like the oaCGH, demonstrates 

the importance of detecting GVs genome-wide, and not only on protein-coding 

genes.  
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6.5.5 Loss-of-function mutations and prediction of synthetic rescue 
based on a functional network 

In addition to those studies that have reported a genetic basis for 

differences in traits, there are many reported differences between these two 

strains for which the genetic basis remains undefined. These include differences 

in egg-laying behaviour (Ailion and Thomas 2002), response to benzaldehyde 

(Atkinson-Leadbeater et al. 2004) and octanol (Rockman et al. 2007), thermal 

migration (Jurado et al. 2010) and biofilm resistance in the presence of Yersinia 

(Darby et al. 2007). Inspection of our detected GVs and their impact on protein-

coding genes can shed light on the molecular basis that generates such 

differences. One example is the case of the egg-laying behaviour. It has been 

reported that CB4856 worms lay eggs at an earlier stage of development and 

retain fewer eggs in the uterus compared to N2 worms (Ailion and Thomas 

2002). We reasoned that genes impacted by GVs that could be good candidates 

for explaining this trait might show phenotypes of egg-laying variant from RNAi 

experiments. We find 8 single-copy genes with such feature that are either fully 

deleted or have their ORF disrupted (Table 6-5). Additionally, we found one 

gene, C26F1.6, a homolog of the functionally active Fmrf receptor of D. 

melanogaster, to have a V94M codon change due to a A>G SNV at coordinate 

V:7771558 and that presents a hyperactive egg-laying phenotype from a 

previous RNAi experiment (Keating et al. 2003). This set of genes can be used in 

future studies as a starting point for discovering the genetic basis of this trait. 

Another example has to do with the response to benzaldehyde. A previous study 

shows that, after exposure to benzaldehyde in the absence of food, N2 displays 



 

 199

a decreased attraction to that odorant whereas CB4856 fails to display 

decreased response (Atkinson-Leadbeater et al. 2004). We find that one single-

copy gene, gpc-1 (K02A4.2), presents a benzaldehyde chemotaxis defective 

phenotype based on an RNAi experiment (Yamada et al. 2009), and carries a 

radical mis-sense SNV at coordinate X:12,882,299 (T>C) that generates a C12R 

codon change. This radical SNV might have a significant impact on the structure 

and function of the protein associated to gpc-1, and hence it is a good candidate 

for further studies that explore the genetic basis of the differential response to 

benzaldehyde. 

Table 6-5. Genes deleted or disrupted in Hawaiian strain that are associated to egg-laying 
variants. 

Sequence 
Name 

Gene 
Name 

Reference  Impact of GVs 

C29F9.12     (Kamath et al. 2003)  FULLY_DELETED 
W04D2.6     (Simmer et al. 2003)  ORF_DISRUPTED 

C29H12.5    
(Piano et al. 2002; Waters et al. 

2010) 
ORF_DISRUPTED 

F33C8.1  tag‐53  (Sonnichsen et al. 2005)  ORF_DISRUPTED 
K07E8.3  sdz‐24  (Ceron et al. 2007)  ORF_DISRUPTED 
T28F12.3  sos‐1  (Croce et al. 2004)  ORF_DISRUPTED 

Y113G7B.18  mdt‐17  (Kamath et al. 2003)  ORF_DISRUPTED 
Y41D4B.11     (Kamath et al. 2003)  ORF_DISRUPTED 
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Another study by Rockman and colleagues reports an indifference of 

CB4856 compared to N2 to the presence of octanol, and for which the molecular 

basis seems to be located not in the coding region of a gene, but in a non-coding 

regulatory insertion/deletion variant for gene spat-3 (Rockman et al. 2007). 

Inspection of the GVs in the neighbourhood of this gene shows that, in addition to 

multiple SNVs impacting the exons and the upstream region of its ‘b’ isoform, 

there is a 2 bp deletion (AA) ~270 bp upstream of its ‘a’ isoform at coordinate 

X:4,606,131..4,606,132. 

In addition to the contribution that this dataset of discovered GVs might 

have on differential traits with unknown genetic basis, we expect our dataset of 

detected GVs to be a contribution to those traits that might already have an 

explained genetic basis but for which further discoveries can be found, such as 

the deletion of the PAZ and PIWI domains in the elF-2C reported earlier in this 

study, which might also be contributing to the differences in germline RNAi in 

addition to the truncation of ppw-1. Overall, we expect the set of GVs found in 

this study to be useful for further pursuing the genetic basis of these and other 

behavioural and biological trait differences between N2 and CB4856.  

 

A remaining point based on our results is the fact that single-copy genes 

with reported phenotypes of lethality/sterility based on RNAi phenotypes have 

their ORF fully deleted or disrupted in CB4856 compared to N2. We have found 

91 genes with such features that are either fully deleted (2 genes) or have an 

ORF disrupted (89 genes). Furthermore, we found 585 genes (~2%of the total of 
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C. elegans genes) that present those features and that are impacted by some 

kind of GVs (other than synonymous SNVs). If a gene that can be regarded as 

essential for a leaving organism is truncated, then the natural question is how is it 

possible that a healthy individual carries a mutation that is likely deleterious. 

Such apparent inconsistencies have also been observed in human individuals, 

for which current efforts of the 1,000 Genomes Project have shown that there are 

at least 100 loss-of-function (LOF) variants in the genome of a healthy human 

individual (MacArthur and Tyler-Smith 2010). One explanation for such cases 

can be duplication events involving the genes in the Hawaiian strain compared to 

N2. This could be addressed by exploring the depth of the aligned reads 

compared to an average; an analysis of differences in copy-number based on 

read coverage goes beyond the scope of our study. Another explanation might 

be that we are dealing in many cases with a genetically complex system for 

which mutations in two or more genes balance each other, resulting in the 

preservation of fitness of the individual. In order to explore if the genes that are 

impacted by GVs in Hawaiian are functionally related (and hence are likely to 

physically or genetically interact with each other) we used WormNet v2 (Lee et 

al. 2008; Lee et al. 2010) providing as input all 1,061 single-copy genes that 

present some phenotype from RNAi experiments (including those lethal and 

sterile) and that are impacted by GVs other than synonymous SNVs. We 

obtained that 736 genes (69.4% of the input genes) were connected to each 

other, with this result being statistically significant (p-value = 1.79e-43) and 

coherent (AUC = 0.65) according to wormnet v2 report. It is worth mentioning 
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that no RNAi data was used for the construction of the functional network, and 

hence there should be no bias regarding that criteria. This result suggests that 

the overall set of single-copy genes impacted in the Hawaiian strain are 

functionally related, supporting the idea that complex interactions between 

mutated genes are occurring in viable Hawaiian animals.  
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7: CONCLUDING REMARKS 

The last fifteen years have seen a burst of sequenced eukaryotes 

genomes ranging from yeast to human, many of them under the umbrella of the 

Human Genome Project. The publication of the first eukaryote genome, 

Saccharomyces cerevisiae, the first multicellular organism, Caenorhabditis 

elegans, the fruit fly Drosophila melanogaster, and many others have 

represented major scientific milestones. As informative as they are by 

themselves and in a comparative manner at the resolution that such evolutionary 

distance among these species can provide,  sequencing of closer, ‘sister’ species 

to those mentioned above provides a whole new dimension and resolution of the 

power of comparative genomics for detecting conservation and divergence 

among closely related species. The C. elegans community was, once again, 

pioneer in such effort by sequencing and publishing in 2003 the genome of the 

sister species C. briggsae, another hermaphrodite.  

I started my studies in 2007, the same year that the chromosomal 

assembly of C. briggsae was published. The new chromosomal assembly of C. 

briggsae reported a clear strong chromosomal conserved synteny with the C. 

elegans genome, but no set of synteny blocks at a higher resolution was 

detected. Additionally, the approach for detecting synteny was rather simplistic 

and would leave out of the analysis important aspects such as those genes 

presenting one-to-many orthologous relations between genomes, which could 
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shed light into the expansion or contraction of genes within syntenic regions, or 

those genes mapping to non-homologous chromosomes, which could shed light 

on rearrangement events such as translocations. We decided to pursue the task 

of accurately characterizing the conserved synteny between these two 

nematodes. With no proper available tool to achieve that goal, we developed 

OrthoCluster and OrthoClusterDB in collaboration with Dr. Jian Pei’s group.  

Using OrthoCluster, we were able to detect ~3,000 perfect and ~1,000 

imperfect conserved synteny blocks, based on the merging of perfect ones. A 

sensitivity analysis for the generation of such imperfect synteny blocks 

demonstrated that the dominant force behind the disruption of perfect synteny 

was long-range transpositions of genes intrachromosomally, rather than short-

range transpositions, translocations or inversions of genes. Hundreds of synteny 

blocks containing expansion or contraction of gene families were detected, 

showing that tandem duplications are common within syntenic regions. The 

imperfectly conserved synteny blocks cover ~80% of the C. elegans and C. 

briggsae genomes, and hence this percentage can be used as an estimation of 

the overall synteny between these two species.  Furthermore, we assessed for 

the first time the impact of operons (regarded as highly conserved among 

Caenorhabditis species by previous studies) on the conservation of synteny, 

showing that they have a limited contribution to the detected synteny.  The 

detected synteny blocks in this study are available for graphical display in 

wormbase under the ‘Synteny’ section. 
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Currently, three additional Caenorhabditis species are in the process of 

being assembled and annotated: C. remanei, C. brenneri and C. japonica. The 

expectation with the new assemblies of these male-female systems is that they 

will greatly boost the power for the detection of the regulatory regions, and they 

will shed light on the mechanisms that have led to the convergent evolution of 

hermaphroditism in C. elegans and C. briggsae from its common male-female 

ancestor. The synteny analysis that can be pursued with these new genomes will 

offer insights on the mechanisms that led to the disruption of perfect synteny, to 

the contribution of operons to the conserved synteny and to the 

expansion/contraction of gene families within syntenic regions. Are they the 

same mechanisms and gene families found for C. elegans and C. briggsae? Do 

we find differences on the conserved synteny of hermaphrodites vs male-female 

species?  Furthermore, the announced high level of heterozygosity that these 

sequenced genomes contain will pose a challenge for the accurate estimation of 

synteny; in this sense, it will be interesting to observe how well the estimated 

conserved syntenies correlate with the proposed phylogenies for these species. I 

believe that OrthoCluster is flexible enough to deal with this and other 

challenges.  

 The high presence of paralogs in the C. elegans genome (many of them 

within syntenic regions), the lack of reports on the accurate genome-wide 

detection of segmental duplications within the C. elegans genome and the ability 

of OrthoCluster to detect them led us to explore this feature within the available 

reference sequence. We detected 1,980 segmental duplications within the C. 
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elegans genome, most of them intrachromosomal and containing one gene.  The 

largest segmental duplication found occurs in a head-to-tail orientation, contains 

26 genes (mostly chemosensory genes), and spans 108 kb for each copy. This 

largest segmental duplication was further characterized bioinformatically  by 

exploring the similarity of the duplicates. Shockingly, ~99%  identity at the 

nucleotide level between the two copies inmediately suggested that this 

duplication event was a very recent one in the genome of the N2 strain, and 

close inspection of the flanking regions and the breakpoints showed that this 

event occurred by non-allelic homologous recombination event enhanced by the 

presence of Cemar1 transposable element. Furthermore, this duplication event 

actually created a new gene at the junction, F56A4.3. PCR reactions carried out 

in collaboration with David Baillie’s lab of the flanking regions and the junction on 

76 N2 strains from different labs demonstrated that this segmental duplication 

was polymorphic, with only 29 strains containing it. A phylogeny of the 

laboratories that provided the strains demonstrated that there were two main 

clusters of N2 strains among the labs of C. elegans researchers: those provided 

by the Caenorhabditis Genetics Center (CGC) originally set by Don Riddle in the 

late 1970’s, that do not contain the duplication, and those that were obtained 

from Robert Horvitz lab, which contain the duplication. This allows us to estimate 

that this duplication event occurred sometime in the early 1970s.  

To what extent are these two main N2 strains possessed by different labs 

divergent? Are there more such large differences among N2 strains? And do 

these N2 strains present a phenotypical, observable difference that could be 
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explain by such variations?  The power that new technologies for sequencing 

provides us today can be used to fully sequence these two N2 strains and fully 

characterize their differences at the base-pair level.  

This larger segmental duplication was found to be absent in a wild isolate 

from Hawaii, CB4856. The high degree of polymorphism specific to CB4856 

compared to N2 has made of this strain a tool for gene mapping. Additionally, the 

behavioural and biological traits that are different between these two strains have 

made of CB4856 a system for understanding the genetic basis of natural 

variation.  In this study, I provide the first genome-wide detection at the basepair 

resolution of SNVs, small InDels and large GVs based on the sequencing of this 

strain with both Roche/454 and Illumina GA platforms. I find ~400,000 SNVs and 

small InDels, and thousands of large genomic variations, including large 

insertions beyond the limitations imposed by the length of the read. Inspection of 

previously reported large deletions detected with oaCGH shows that many of 

them are false positives due to highly variable regions that likely don’t allow for 

hybridization of the probe in the oaCGH experiment. This allows for the 

correction of the number of deleted genes in the Hawaiian strain from a previous 

500 based on oaCGH to 100 genes based on our results. Furthermore, we find 

that 585 single-copy genes with previously reported phenotypes of 

lethality/sterility are impacted by GVs (other than synonymous SNVs) in the 

Hawaiian genome, with 60 of these genes presenting homology to human genes 

associated to diseases, based on OMIM annotations. How is it possible that a 

healthy, wild strain such as CB4856 can carry GVs that impact protein-coding 
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genes that are important, if not essential for the organism without making the 

worm sick or at least showing a reduction in fitness? Inspection of the impacted 

genes based on a functional network recently generated based on the C. elegans 

proteome shows that these genes have a statistically significant level of 

connectivity to each other. This finding suggests that allelic interactions among 

the mutated genes might be occurring that compensate the expected decay in 

fitness that a disruption in an essential gene by itself can have for an organism. 

Also, it is interesting to find genes that are impacted in CB4856 that are 

homologs to human genes associated to diseases; if these genes in human, 

when mutated, lead to a disease, it is reasonable to think that the same should 

happen for a healthy worm when carrying a mutation in such gene. Again, 

compensatory effects of genetic modifier loci might be the reason behind such 

apparent inconsistency. Still, this set of genes provides a good set of candidates 

for further genetic studies to explore the effect of such GVs on protein-coding 

genes, for example by introducing the Hawaiian allele into an N2 background 

with subsequent analysis of the fitness of the worm and its progeny. Further 

studies on the comparison of N2 and CB4856 might include gain-of-function 

mutations in CB4856 based on genome-wide detection of genes deleted in N2 

compared to CB4856; de novo assembly of the Hawaiian strain can help address 

these points.  

Another interesting aspect of the CB4856 strain has to do with its genetic 

diversity compared to other wild isolates. The recent finding that many of the 

large deletions found with oaCGH are in agreement with those found in another 
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strain from the Madeira Island, Portugal (JU258) has led to explain that these two 

strains are actually related due to the harvesting of sugar cane in Hawaii in the 

nineteenth century, which brought workers from many regions of the globe, 

including the Madeira Island from Portugal. This is a likely scenario given the 

anthropogenic nature of C. elegans, and hence C. elegans could have been 

introduced in Hawaii by human activity. Sequencing of the JU258 strain and 

detection of GVs in the same way done in this study could shed light on the 

shared degree of polymorphism between these two strains.  

Studies in the last years have shown that there is a very low global genetic 

diversity among C. elegans wild isolates. Shockingly, inspection of local 

populations within Germany, France and Los Angeles has shown that the genetic 

diversity is very high between those populations, and comparable to that found at 

a global scale. This has led to hypothesize that C. elegans has a metapopulation 

dynamics of bottlenecks and recolonisation of the habitat. Is this also the case for 

the Hawaiian strain?  Sampling of local C. elegans populations in Hawaii and 

subsequent analysis of its genetic diversity among those local populations could 

be insightful to prove or disprove the proposed dynamics, which has never been 

tested in a non-continental strain.  

In this thesis work, I have assessed different aspects of conservation and 

divergence between Caenorhabditis species as well as within C. elegans strains, 

providing new insights into the number, impact and mechanisms involved. A key 

common factor that allowed for the success of all the projects pursued here was 

the ability to detect the need for new tools such as OrthoCluster, 
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OrthoClusterDB, VariationBlast and Variant-Analyzer, that allows for the 

assessment of the raised questions in an accurate manner. I expect this set of 

tools to be left as a legacy for further genomic studies as more genomes from 

different species and strains become sequenced. 
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APPENDIX A: ORTHOCLUSTER: A NEW TOOL FOR 
MINING SYNTENY BLOCKS AND APPLICATIONS IN 
COMPARATIVE GENOMICS 

Note regarding contributions 

This appendix has been published in the 11th International conference on 

Extending Database Technology, March 25-30, 2008, Nantes, France. The full 

citation is shown below: 

Zeng X, Pei J, Vergara IA, Nesbitt M, Wang K, Chen N (2010). 

OrthoCluster: a new tool for mining synteny blocks and applications in 

comparative genomics.EDBT 2008. 

As a co-author, I actively participated in the testing of OrthoCluster. Also, I 

was a major contributor to the writing of the ‘Case Studies’ and ‘Comparison with 

other tools’ section, providing also input for the rest of the manuscript. X Zeng 

wrote the tool and M. Nesbitt participated in the early phases of testing. J. Pei, K. 

Wang and N. Chen led the project and the writing of the manuscript.  
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APPENDIX B: USING ORTHOCLUSTER FOR THE 
DETECTION OF SYNTENY BLOCKS AMONG MULTIPLE 
GENOMES 

Note regarding contributions 

This appendix has been published in Curr Protoc Bioinformatics. The full 

citation is shown below: 

Vergara IA, Chen N. (2009) Using OrthoCluster for the detection of 

synteny blocks among multiple genomes. Curr Protoc Bioinformatics 

Sep;Chapter 6:Unit 6.10 6.10.1-18.  

As a first author, I wrote the manuscript, with input from N. Chen. 
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APPENDIX C: LIST OF CONTRIBUTORS TO THE 
SEGMENTAL DUPLICATION PROJECT 

I thank the following colleagues in the C. elegans community for sending 

us strains: 

Julie Ahringer, Peter Askjaer, Charles Baer, David Bartel, Alexandre 

Benedetto, Keith Blackwell, Thomas Blumenthal, Olaf Bossinger, Simon Boulton, 

Antonio Colavita, Erin Cram, Matthew Crook, Arshad Desai, Henry Epstein, 

Hanna Fares, David Fay, Marie-Anne Felix, Denise Ferkey, Wayne Forrester, 

Paul Fox, Luis Rene Garcia, Gian Garriga, Anton Gartner, Verena Gobel, Alla 

Grishok, Yosef Gruenbaum, David Hansen, Nancy Hawkins, Massimo Hilliard, 

Shuji Honda, E Jane Hubbard, Craig Hunter, Harald Hutter, Thomas Johnson, 

George Joshua, Peter Juo, Isao Katsura, Brett Keiper, Marie Killeen, Stuart Kim, 

Risa Kitagawa, Michael Koelle, Yuji Kohara, Ben Lehner, Giovanni Lesa, Eleanor 

Maine, Ichiro Maruyama, Robin May, Laura Metz, Barbara Meyer, Ken Miller, 

Michael Miller, Hiroki Moribe, Fritz Muller, Michael Nonet, Shoichiro Ono, 

Francesca Palladino, Amy Pasquinelli, Benjamin Podbilewicz, Jennifer Powell, 

Shane Rea, Valerie Reinke, Donald Riddle, David Ron, Ann Rose, Peter Roy, 

Gary Ruvkun, Piali Sengupta, Geraldine Seydoux, Kang Shen, David Sherwood, 

Frank Slack, Timothy Sloan-Gardner, Ralf Sommer, Martha Soto, Robert Steven, 

Peter Swoboda, Ji Ying Sze, Shin Takagi, Patrick Tan, Nektarios Tavernarakis, 

Xiaochen Wang, Catherine Wolkow and Mei Zhen. I would also like to thank 
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John Sulston (The Welcome Trust Sanger Institute) and Robert Waterston 

(University of Washington) for valuable insights. 
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APPENDIX D: LIST OF DATA FILES IN CD-ROM 

The CD-ROM attached forms a part of this work. Electronic files listed below are appended as a 
CD and form part of this work under the copyright of this author.  
 
Spreadsheet files (.xls and .list) can be opened with Microsoft Excel or Open Office Spreadsheet. 
Word files (.doc) can be opened with Microsoft Word or Open Office Word Processor. All other 
documents (gff3, list, TXT) can be opened with any text editor such as wordpad or vi.  
 
Chapter 2:  
 
Appendix File 2.1. New gene models for C. elegans. gff3 file with the structure of all new genes in 
C. elegans. Format: GFF Size: 16KB  
 
Appendix File 2.2. New genome annotation for C. briggsae. gff3 file with the structure of all genes 
in the new genome annotation for C. briggsae. New genes start with ID CBG5XXXX. Format: 
GFF Size: 16.6MB 
 
Chapter 4:  
 
Appendix File 4.1. List of all 1,980 perfect segmental duplications in C. elegans. Format: TXT 
Size: 323KB 
 
Appendix File 4.2. Revised gene models in the largest segmental duplicons. Format: TXT Size: 
24KB 
 
Chapter 5:  
 
Appendix File 5.1. Input and output for Variant Effect Predictor, ANNOVAR, SVA and Variant-
Analyzer. Format: various, text readable. Size: 8KB 
 
Chapter 6:  
 
Appendix File 6.1. 1bp InDels used for testing quality value thresholds Format: XLS Size: 21KB 
 
Appendix File 6.2. Primers used for validation of GVs Format: XLS Size: 28KB 
 
Appendix File 6.3. SNVs found in the N2 strain based on Hillier et al, 2008 data. Format: GFF3 
Size: 120KB 
 
Appendix File 6.4. All SNVs found between Hawaiian and N2 Format: GFF3 Size: 24,585KB 
 
Appendix File 6.5. Excluded SNVs Format: list Size: 8KB 
 
Appendix File 6.6. small InDels found in the N2 strain based on Hillier et al, 2008 data  Format: 
GFF3 Size: 110KB 
 
Appendix File 6.7. All small InDels found between Hawaiian and N2 Format: GFF3 Size: 5,367KB 
 
Appendix File 6.8. Excluded small InDels Format: list Size: 3KB 
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Appendix File 6.9. Large deletions Format: GFF3 Size: 142KB 
 
Appendix File 6.10. Deleted transposons Format: list Size: 5KB 
 
Appendix File 6.11. Type-A insertions Format: GFF3 Size: 18KB 
 
Appendix File 6.12. Type-B insertions Format: GFF3 Size: 3KB 
 
Appendix File 6.13. Deletions assoc type-A insertions Format: GFF3 Size: 91KB 
 
Appendix File 6.14. Type-A insertions assoc deletions Format: GFF3 Size: 48KB 
 
Appendix File 6.15. Type-B insertions assoc deletions Format: GFF3 Size: 51KB 
 
Appendix File 6.16. Transcripts impacted by GVs Format: list Size: 2,541KB 
 
Appendix File 6.17. Validated SNVs Format: DOC Size: 31KB 
 
Appendix File 6.18. Validated small InDels Format: DOC Size: 28KB 
 
Appendix File 6.19. Full list gene families impacted by GVs Format: XLS Size: 204KB 
 
Appendix File 6.20. oaCGH Hawaiian Deletions Format: XLS Size: 53KB 
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