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Comparative Genomics in C. elegans, C. briggsae,
and Other Caenorhabditis Species

Avril Coghlan, Jason E. Stajich, and Todd W. Harris

Summary
The genome of the nematode Caenorhabditis elegans was the first animal genome

sequenced. Subsequent sequencing of the Caenorhabditis briggsae genome enabled a com-
parison of the genomes of two nematode species. In this chapter, we describe the methods
that we used to compare the C. elegans genome to that of C. briggsae. We discuss how
these methods could be developed to compare the C. elegans and C. briggsae genomes to
those of Caenorhabditis remanei, C. n. sp. represented by strains PB2801 and CB5161,
among others (1), and Caenorhabditis japonica, which are currently being sequenced.

Key Words: Nematode genomes; Caenorhabditis genomes; comparative genomics;
genome evolution; nematodes.

1. Introduction
The Caenorhabditis elegans and Caenorhabditis briggsae genomes were the

first pair of genomes from the same animal genus to be sequenced (1a,2). Com-
parison of their gene content and chromosomal structure has provided insight
into the evolution of nematodes. In the last 2 yr, methods have been developed
that exploit comparisons between multiple species to predict genes and regula-
tory elements, and to study genome evolution. We discuss how these methods
could be used to compare the C. elegans and C. briggsae genomes to those of
Caenorhabditis remanei, C. sp. PB2801, and Caenorhabditis japonica, which
are currently being sequenced (Fig. 1; ref. 3).

2. Predicting Genes and Comparing Gene Structure in Related Genomes
2.1. Predicting Genes in Related Genomes

There were 19,735 protein-coding genes annotated in the C. elegans genome
in a recent release of WormBase (WS140 [4]). These annotations have been
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extensively tested and improved using computer programs and experiments. In
fact, more than 17,000 C. elegans genes have been partially or fully confirmed
by mRNA and other experiments (5). The C. briggsae genome is similar in size
to that of C. elegans, approx 100 Mb, and has a similar number of genes, approx
20,000 genes (2). It will be interesting to see whether C. remanei, C. sp. PB2801,
and C. japonica also have a similar number of genes and genome size.

The most common programs used to predict protein-coding genes are those
that predict genes based on sequence alone, known as “de novo gene predictors.”
Two de novo gene predictors that have been tuned for nematode genomes are
Genefinder (P. Green, unpublished) and Fgenesh (6), which were used to predict
genes in the C. briggsae genome (2). Both Genefinder and Fgenesh are relatively
accurate. Genefinder predicts 48% of known C. elegans genes and 81% of known
exons exactly right, whereas Fgenesh predicts 51% of known C. elegans genes
and 88% of known exons correctly (7,8).

An advance in accuracy has been enabled by the development of gene pre-
dictors that use information from the alignment of the target genome to a second
genome (9). These exploit the fact that protein-coding exons are better con-
served over evolutionary time than nonfunctional intergenic or intronic regions.
One program that uses this approach is TWINSCAN (10), which was used to pre-
dict genes in the C. briggsae genome using alignments to C. elegans (2).
TWINSCAN is more accurate than Fgenesh or Genefinder. Using alignments to
the C. briggsae genome, TWINSCAN predicts 60–63% of known C. elegans genes
correctly, and 86–90% of known exons (8). This is partly because of the use of
cross-species alignments, but is also because of more accurate prediction of
intron length and of introns with noncanonical splice sites (8). The optimal
evolutionary divergence for TWINSCAN is approx 90–95%, which is less than the
divergence between C. elegans and C. briggsae (8). Thus, TWINSCAN will prob-
ably produce more accurate predictions for less divergent pairs of nematodes,

Fig. 1. The phylogenetic relationship of Caenorhabditis elegans and Caenor-
habditis briggsae to Caenorhabditis remanei, C. sp. PB2801, and Caenorhabditis
japonica, whose genomes are being sequenced. This figure is based on the phylogeny
found by Kiontke et al. (19).
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such as C. briggsae and C. remanei (Fig. 1). Gene predictors that use align-
ments between more than two species have begun to appear. Multispecies align-
ments are used by the program EXONIPHY to predict exons (11), and by Evogene
to predict genes (12). These programs will be useful for producing accurate
gene predictions for C. remanei, C. sp. PB2801, and C. japonica, as well as for
improving C. elegans and C. briggsae annotation.

Wei et al. (8) recently demonstrated the potential of interspecies compari-
sons for improving C. elegans annotation. They used TWINSCAN to predict 265
open reading frames in the C. elegans genome that did not overlap existing gene
predictions. They successfully cloned and sequenced 146 of these open reading
frames, thereby finding evidence for 146 previously unrecognized genes.
Interspecies comparisons can also identify unrecognized exons that are part of
known genes. For example, by comparing the C. elegans epidermal growth gene
lin-3 to its C. briggsae ortholog, Liu et al. (13) predicted an alternatively spliced
5' exon, which they confirmed experimentally. By aligning C. elegans genes to
the C. briggsae genome sequence, Stein et al. (2) suggested that there may be
more than 1200 unrecognized exons in known C. elegans genes. Multispecies
comparisons will help to distinguish how many of these putative exons are real.
If a putative exon seems to be conserved in C. remanei, C. sp. PB2801, and
C. japonica, as well as in C. briggsae and C. elegans, it is likely to be real. One
caveat to remember is that some gene structures have probably changed since
the species diverged. For example, changes in splice sites have led to different
alternative splicing of the CPEB genes fog-1 and cpb-2 in the five Caenorhab-
ditis species (14).

A major challenge in gene prediction is annotating species-specific genes,
because we cannot use alignments between species to predict them, or to support
predictions. Stein et al. (2) predicted approx 1000 C. elegans-specific genes and
approx 110 C. elegans-specific gene families. Some of these may simply be genes
that have evolved very rapidly. If this is true, it may be possible to identify their
orthologs in other species by using synteny information, or by using sensitive
homology search methods, such as profile-hidden Markov models (15). How-
ever, some of the putative species-specific genes are probably novel genes that
have been generated since the species diverged (16). Even though such genes are
difficult to predict, they are of great interest because they may be involved in
species-specific adaptations (17).

2.2. Comparing Gene Structure in Related Genomes

The five Caenorhabditis genomes will be a treasure trove for studying the
evolution of gene structure. There are many unsolved questions about the evo-
lution of intron–exon structure and splicing patterns. For example, it is not
known how introns are gained or lost (14,18). The Caenorhabditis genomes
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will provide fertile ground for studying this question, because approx 9% of C.
elegans and C. briggsae introns are species-specific (2). To distinguish whether
the C. elegans-specific introns were gained by C. elegans or lost from C.
briggsae, an outgroup species is needed. The C. japonica genome will provide
such an outgroup (Fig. 1). For example, Kiontke et al. (19) cloned the gene for
the largest subunit of RNA polymerase II from 10 Caenorhabditis species. By
comparing their intron–exon structures, they estimated that there have been up
to 19 intron losses and up to 15 gains in this gene since the species diverged.
Similarly, Cho et al. (14) cloned five genes from six Caenorhabditis species,
and also found loss to be more common than gain. It will be exciting to extend
these studies to all 20,000 genes in the Caenorhabditis genomes. In particular,
examination of introns that have been lost or gained very recently—those that
are specific to just one species or strain—may help uncover the mechanisms of
intron loss and gain. It may also reveal whether losses and gains affect gene
expression or function, and could even be adaptive (20).

3. Studying Orthologs, Paralogs, and Gene Families
3.1. Identifying Orthologs and Paralogs Between Genomes

Orthologs are genes in different species that evolved from a common ances-
tral gene by speciation. In contrast, paralogs are genes that originated by duplica-
tion within a genome. Stein et al. (2) identified 11,255 C. briggsae–C. elegans
one-to-one orthologs, by identifying C. briggsae–C. elegans gene pairs that were
each other’s top BLASTP match (21). To avoid contaminating the ortholog set with
paralogs, ortholog pairs also had to have BLASTP E-values more than 105 lower
(more significant) than the next-best match. This approach can miss one-to-one
orthologs that have evolved rapidly or that belong to gene families, but ensures a
high-confidence set of ortholog pairs. Stein et al. (2) identified an additional 900
ortholog pairs using conserved gene order. The final set of 12,155 one-to-one
orthologs included approx 60–65% of the C. elegans and C. briggsae gene sets.
The remaining 35–40% of the genes in each species are species-specific genes,
or have multiple orthologs in the other species.

Additional methods to identify orthologs include InParanoid (22), which
identifies one-to-one, one-to-many, and many-to-many orthologs between two
genomes based on BLASTP similarity scores, providing a confidence measure for
each ortholog assignment. InParanoid identifies 12,858 C. briggsae–C. elegans
ortholog groups (see http://inparanoid.cgb.ki.se/). On the other hand, OrthoMCL
(23) identifies one-to-one, one-to-many, and many-to-many orthologs between
multiple genomes, by using the Markov Cluster Algorithm (MCL) (24), which
groups related sequences into clusters. OrthoMCL distinguishes recent paralogs
from orthologs by identifying sequences that have closer BLASTP matches within
a species than between species.

http://inparanoid.cgb.ki.se/
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The most accurate method of identifying one-to-one, one-to-many, and many-
to-many orthologs between multiple genomes is to build phylogenetic trees (25).
By building a phylogenetic tree of the sra chemosensory receptor family, Stein
et al. (2) showed that assigning one-to-one orthologs using mutual best BLASTP

matches leads to false-positive and false-negative assignments approx 15% of
the time. However, Stein et al. could not use phylogenetic trees to identify all C.
briggsae–C. elegans orthologs, because they lacked sequences from an outgroup
to root the trees. The C. japonica genome will provide an outgroup (Fig. 1), and
so will allow C. briggsae–C. elegans orthologs to be identified accurately.

3.2. Identifying Gene Families

Gene duplication provides a substrate for new gene functions (26), so that
lineage-specific duplications often trigger lineage-specific adaptations. In C.
elegans several gene families have undergone lineage-specific expansions,
including subfamilies of the seven-transmembrane (7TM) proteins, some of
which function as chemoreceptors (27). These 7TM gene duplications occurred
in the C. elegans genome after divergence from C. briggsae, in two specific
chemoreceptor families (2,28).

The TRIBE-MCL program can be used to identify gene families (29). It builds a
graph of all proteins based on sequence similarity, where each protein is a node
in the graph, and the distance between nodes is a function of the similarity
between proteins. Most pairs of nodes are not connected by edges, so the graph
is sparse. The TRIBE-MCL program finds clusters of similar nodes based on the
internode distances, using the MCL (24). MCL is an algorithm that applies a
series of expansions and contractions to the graph in order to identify robust
clusters. MCL differs from simpler clustering methods, such as single-linkage
clustering, which builds a cluster of proteins by finding all interconnected
nodes. A limitation of single-linkage clustering is its tendency to build clusters
that are too heterogeneous, because a single protein domain shared among other-
wise unrelated proteins serves as a connector between all the nodes.

To identify gene families that are significantly larger in one species than
another, TRIBE-MCL can be used to build gene families using the entire protein
sets from the two species. A χ2 test can then be used to identify families
that have a significantly greater copy number in one species than in the other.
Applying this approach to multiple nematode genomes will allow us to identify
families that have contracted or expanded within each lineage. For example, in
the genomes of parasitic nematodes such as Brugia malayi (30) one might expect
gene families necessary for a free-living lifestyle to have contracted and families
related to evasion of the host immune system to have expanded.

Comparison of the C. elegans and C. briggsae genomes revealed that several
families have significantly expanded within each lineage (2). Table 1 lists the 26
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Table 1
The 26 Largest Gene Families in Caenorhabditis elegans and Caenorhabditis briggsae a

Cluster C. briggsae C. elegans Result of χ2 test Cluster function

0 299 275 Not significant Protein kinase
1 268 284 Not significant Transcription factor, zinc finger
2 224 266 Not significant 7TM subfamily 1
3 163 312 Significant 7TM subfamily 2
4 230 184 Not significant EGF-like
5 222 19 Significant Unknown function
6 122 116 Not significant BTB/POZ
7 97 141 Significant Serpentine receptor (some are pseudogenes)
8 14 211 Significant F-box/FTH
9 88 137 Significant Lectin

10 93 111 Not significant Unknown: DUF216
11 102 96 Not significant Cuticle collagen
12 80 117 Not significant Tyrosine specific protein phosphatase
13 103 94 Not significant Neurotransmitter-gated ion-channel ligand binding domain
14 97 89 Not significant Myosin
15 94 92 Not significant G protein β WD-40 repeat
16 91 90 Not significant UDP-glucoronosyl/UDP-glucosyl transferase
17 87 94 Not significant Protein kinase
18 96 80 Not significant Transcription factor, zinc finger
19 88 79 Not significant RNA binding protein
20 73 82 Not significant Cytochrome P450
21 78 70 Not significant Cuticle collagen
22 72 70 Not significant Ras GTPase
23 62 80 Not significant Lectin
24 74 67 Not significant Rhodopsin-like GPCR superfamily (serpentine receptor)
25 10 130 Significant F-box

 a Found using TRIBE-MCL (29). For each family, a χ2 test was used to test whether the size of the family is significantly different in the
two species.

7TM, seven transmembrane; EGF, epidermal growth factor; BTP, bric-a-brac, tramtrack, and Broad-Complex proteins; POZ, Pox
virus and Zine finger; FTH, FOG-2 homology domain; WD, G-β repeat domain (Trp-Asp dipeptide); GPCR, G protein-coupled recep-
tor.

18
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largest families in each species. One of the most striking examples of C. elegans-
specific expansion is a subfamily of 7TM chemoreceptors. A detailed analysis of
this family showed that the expansion was caused by a series of local tandem
duplications, presumably through unequal crossing over (28). Many of the other
apparent gene family expansions were actually owing to duplications of
pseudogenes, rather than to duplication of functional genes. For example, cluster
7 in Table 1 initially appeared to be because of an expansion of serpentine and
rhodopsin-like G protein-coupled receptor genes, but many of these genes have
since been identified as pseudogenes. Identifying significantly expanded fami-
lies in the C. elegans and C. briggsae lineages is a very active area of research. It
is not known how important these expansions are to the current lifestyle of each
species. For example, it will be important to determine whether recently acquired
chemoreceptors provide additional sensing for C. elegans, perhaps by binding
additional ligands or by using combinations of receptors.

To more accurately identify families that have expanded recently, sophisti-
cated models of gene family evolution are now being developed, incorporating
the time since speciation and the rate of gene duplication. The best approach for
identifying lineage-specific expansions is to use phylogenetic trees, including
family members from more than two species (Hahn, M. W., De Bie, T., Stajich,
J. E., Nguyen, C., and Cristianini, N., manuscript in prep.).

4. Computational Prediction of Regulatory Elements
The discovery of sequence elements that control the temporal and spatial

expression of genes is a difficult but exciting area of comparative genomics. The
small size of intergenic regions in C. elegans and C. briggsae, which are gener-
ally less than 1.5 kb, helps in this search. Furthermore, C. elegans and C. briggsae
seem to be at an ideal evolutionary distance for identifying functionally impor-
tant noncoding sequences. Webb et al. (31) compared 142 orthologous intergenic
regions in C. elegans and C. briggsae, and found a mosaic pattern with regions
of high similarity scattered among longer nonalignable regions. They suggested
that the regions of high similarity might contain regulatory sequences.

A standard approach for finding candidate regulatory sequences is to align
0.5–2.0 kb upstream of orthologous C. elegans and C. briggsae genes. An
important step is to repeat-mask the sequences first—to reduce the amount of
spurious alignments. The upstream sequences can then be aligned using a local
alignment algorithm, such as BLASTZ (32), or a global alignment algorithm,
such as GLASS (33), or both. The alignment is scanned for conserved noncoding
sequences (CNSs): long stretches of high-sequence identity, for example, of
more than 70% identity over more than 50 bp. This approach has been success-
fully used to find regulatory sequences that control C. elegans pharyngeal
development (Fig. 2; ref. 34 ) and vulval expression (35).
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Fig. 2. A conserved noncoding sequence (CNS) found by Gaudet et al. (34) upstream of the Caenorhabditis elegans pharyngeal
gene K07C11.4 and its Caenorhabditis briggsae ortholog. Gaudet et al. identified four conserved transcription factor binding sites
in this CNS (shown as gray boxes).
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Identifying transcription factor binding sites within CNSs is difficult, because
they can be as short as 6 bp. A common approach is to search for matches to
known transcription factor binding sites in the TRANSFAC database (36). Alterna-
tively, if several C. elegans genes are probably regulated by the same transcrip-
tion factor, one can search for short motifs that are overrepresented in CNSs in
the upstream regions of the C. elegans genes and their C. briggsae orthologs
(34,35,37). This approach has the advantage that it can identify novel binding
sites that are absent from TRANSFAC. For example, Gaudet et al. (34) discovered
novel transcription factor binding sites in C. elegans genes expressed in the
pharynx, by using the program ImProbizer (38) to find motifs that are unex-
pectedly frequent in their upstream regions (Fig. 2). Many other programs
exist for identifying potential transcription factor binding sites in CNSs. Tompa
et al. (39) recently assessed the accuracy of 13 motif-discovery programs in
identifying known transcription factor binding sites. One of the most success-
ful programs was Weeder (40), which counts how often all possible motifs up
to a certain length occur in the input sequences, and identifies overrepresented
motifs that are well conserved.

GuhaThakurta et al. (37) tested the hypothesis that most C. elegans regulatory
sequences can be found by searching within CNSs in orthologous C. briggsae–
C. elegans upstream regions. They aligned 2 kb upstream of 33 C. elegans
muscle-expressed genes to the upstream regions of their C. briggsae orthologs,
using both local and global alignment algorithms. They then scanned the align-
ments to find CNSs with more than 65% identity over more than 50 bp. For some
C. elegans genes the CNSs contained 55% of predicted muscle transcription
factor binding sites, but for other genes they contained just 6% of predicted sites.
GuhaThakurta et al. suggested that errors in the alignments used to identify CNSs
might explain why CNSs do not contain all C. elegans transcription factor bind-
ing sites. Another reason is that the number of binding sites, their positions and
sequences probably differ between C. elegans and C. briggsae. For example, the
lin-48 gene has a conserved expression pattern in C. elegans and C. briggsae,
but the C. elegans upstream region contains two binding sites for the transcrip-
tion factor EGL-38, whereas the C. briggsae promoter contains just one site
(41). Furthermore, the C. elegans and C. briggsae EGL-38 binding sites have
diverged in sequence, so that the C. briggsae site cannot compensate for muta-
tions in the C. elegans sites.

Comparison of the upstream regions of the C. elegans and C. briggsae lin-3
genes to those of their C. remanei and C. sp. PB2801 orthologs suggests that
multi-species comparisons will help to distinguish functionally important con-
served sequences from sequences that have been conserved between C. elegans
and C. briggsae by chance (3). The addition of the C. remanei and C. sp. PB2801
genomes should also help to locate transcription factor binding sites within CNSs.
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5. Detecting Syntenic Blocks and Chromosomal Rearrangements
5.1. Creating Whole Genome Alignments

Comparative studies of genome structure and evolution, and of conserved
protein-coding and noncoding regions, typically rely on high-quality nucleotide-
level alignments. Most pairwise genome alignments begin with a genome-wide
set of local alignments—which are then stitched together into non-overlapping
blocks that can be used for an analysis of synteny.

Among the many alignment algorithms available, the WABA (42) and BLASTZ

(32) algorithms have been particularly effective at aligning the C. elegans and
C. briggsae genomes (2). Unlike algorithms tuned for aligning protein-coding
regions, WABA and BLASTZ can effectively align regions of genomes that are
evolving neutrally. WABA generates a set of local alignments between genomes,
and discriminates between coding and noncoding regions, and between
“strong” and “weak” alignments. As such, WABA is useful for identifying con-
served coding regions between genomes. WABA alignments between C. elegans
and C. briggsae cover 65% of their genomes (2). Surprisingly, alignments
between C. elegans and C. briggsae are as common in introns and intergenic
regions as in coding regions, so are useful for locating potential regulatory
sequences (31). WABA alignments between C. elegans and C. briggsae can be
downloaded from WormBase (http://www.wormbase.org) (4).

The BLASTZ algorithm (32) is derived from gapped BLAST (21), with enhance-
ments for aligning long sequences. In initial tests, WABA and BLASTZ performed
comparably at aligning the C. elegans and C. briggsae genomes, resulting in 65
and 56% non-overlapping coverage, respectively. Generating whole genome
alignments between species using BLASTZ or WABA requires considerable compu-
tational resources and time. Nonetheless, alignments can be generated between a
small set of regions and a target genome quickly and easily on modest hardware.
For example, upstream regions of C. elegans genes could be rapidly aligned to a
newly sequenced genome to search for candidate regulatory sequences.

New methods have recently been developed to align multiple genomes
simulataneously, such as MULTIZ (43). MULTIZ uses pairwise alignments between
two genomes to guide subsequent alignments with other genomes. MULTIZ offers
several advantages over pairwise alignments, including independence from the
reference genome (C. elegans in the case of Caenorhabditis species). Pairwise
and multiple alignments between the C. elegans, C. briggsae, C. remanei, C. sp.
PB2801, and C. japonica genomes will be made available from WormBase (4)
in the near future.

5.2. Detecting Syntenic Blocks
Synteny is the colinearity of genes between species. For whole genome analy-

ses, this definition is often extended to include colinearity of segments of chro-

http://www.wormbase.org
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mosomes, not just of those regions containing genes. Analyses of synteny typi-
cally rely on nucleotide-level alignments or on sets of anchor points between two
genomes. Nucleotide-level alignments usually require some postprocessing in
order to generate a set of syntenic blocks. This is because a region in one genome
may have multiple alignments that map to several different regions in the second
genome. Furthermore, an alignment may be much shorter than the syntenic block
that contains it—if the alignment algorithm halted prematurely in a poorly con-
served region. No hard and fast rules exist for deriving syntenic blocks from
nucleotide-level alignments; the process usually needs to be modified according
to the degree of similarity between genomes.

The C. briggsae–C. elegans synteny analysis illustrates one method of
postprocessing a set of whole genome nucleotide-level alignments to find larger
syntenic blocks (2). First, adjacent alignments that had the same WABA status
(which can be “weak,” “strong,” or “coding”) were merged (Fig. 3). Second, C.
elegans blocks that contained nucleotide-level alignments to more than five C.
briggsae blocks, and C. briggsae blocks that contained alignments to more than
five C. elegans blocks, were discarded. Third, a “simple merge” algorithm was
used to merge adjacent blocks that had conserved order in C. elegans and C.
briggsae. Finally, a dynamic programming algorithm was used to find the long-
est series of blocks having conserved order in C. elegans and C. briggsae. This
algorithm bypassed short nonsyntenic blocks, enabling the creation of longer
syntenic blocks. For each C. briggsae supercontig, the algorithm first found the
longest series of contiguous blocks and merged these, and then found the next
longest series using the blocks left over from the first iteration. This continued
until no blocks remained. During this process, the merging of blocks that had
conserved order was restricted such that the resultant merged blocks had to have
similar sizes in the two species. This was done by restricting nonsyntenic gaps
to less than 100 kb, and by not allowing gaps that would cause a greater than
fivefold expansion of a syntenic block in either genome.

After careful merging of nucleotide-level alignments into syntenic blocks, it
may be necessary to discard very small blocks. After merging C. briggsae-C.
elegans WABA alignments into syntenic blocks, there was a large spike in the
distribution of block size at approx 1250 bp. Many blocks of this size con-
tained a single nucleotide-level alignment that correlated poorly with the posi-
tions of known orthologous genes. We considered these blocks to be unreliable,
and so excluded all blocks of less than 1850 bp from the final analysis. This
reduced the syntenic coverage of the genome by only 1.5%, but excluded 64%
of merged blocks made by the “simple merge” step.

The true extent of synteny is underestimated when unfinished genomes are
compared. This is because the ends of contigs are necessarily considered to be
synteny breakpoints—when they may in fact be part of a contiguous syntenic
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Fig. 3. The approach used by Stein et al. (2) to derive Caenorhabditis elegans–Caenorhabditis briggsae syntenic blocks from
genome-wide nucleotide-level alignments. First, adjacent alignments that had the same WABA status (“weak,” “strong,” or “coding”)
were merged. Second, blocks that matched more than five blocks in the other species were discarded. Third, a “simple merge”
algorithm was used to merge adjacent blocks that had conserved order in C. elegans and C. briggsae. Finally, a dynamic programming
algorithm was used to find the longest series of blocks having conserved order in C. elegans and C. briggsae. This algorithm bypassed
short nonsyntenic blocks of less than 100 kb, enabling the creation of longer syntenic blocks.

24
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block. Comparisons to multiple species can resolve these ambiguities, because
a contiguous breakpoint will rarely occur in the same relative position in sev-
eral species’ genome assemblies.

Analysis of synteny does not require whole genome nucleotide-level align-
ments. Synteny can be analyzed using any set of anchor points between two
genomes, such as the positions of orthologous genes. As part of the C.
briggsae–C. elegans analysis, a companion method to the alignment-based
synteny analysis was developed, which used a conservative set of orthologous
gene assignments (2). This algorithm approaches the sensitivity of synteny
analysis based on nucleotide-level alignments—but is faster and easier to
implement. Orthologous genes (or other anchor features) are numbered in
order along the contigs or chromosomes. Syntenic blocks are then defined
by a series of orthologous genes that have conserved order between the two
genomes. This approach overlooks syntenic regions that extend beyond gene
boundaries, such as upstream regulatory sequences at the end of a syntenic
block.

Newly sequenced (and less studied genomes) often lack contig-to-chro-
mosome mappings. When comparing such a genome assembly to a finished
genome that does have chromosome mappings, one can analyze synteny by
numbering anchor points (nucleotide-level alignments or genes) in the newly
sequenced genome according to the position of their orthologs in the second
(finished) genome. This allows each contig of the newly sequenced genome
to be placed and oriented on the second genome, according to the longest
series of anchor points that have conserved order within that contig. This
strategy works well for genomes with many anchor points and a large aver-
age contig size, but accuracy drops dramatically as the average contig size
decreases.

5.3. Characterizing Breaks in Colinearity

With a set of merged non-overlapping syntenic blocks, it is relatively
straightforward to classify breaks in colinearity. Each end of a syntenic block
represents a potential break in synteny. By examining the neighboring blocks
of each segment in relation to a reference genome, each block can be classified
as an inversion, a transposition, or a reciprocal translocation (2). Given an ar-
rangement of syntenic blocks in C. briggsae:

=========== a/b————————c/d ============

then the block bc was classified as an inversion if a was adjacent to c in C.
elegans, and b was adjacent to d in C. elegans. On the other hand, the C.
briggsae block bc was classified as a transposition if a and d were adjacent in
C. elegans, and a reciprocal event could not be identified in C. elegans. Alter-
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natively, the block bc was classified as involving one or two reciprocal translo-
cations if another C. briggsae breakpoint was found:

============= e/f ———————

and a was adjacent to f in C. elegans, or e was adjacent to d in C. elegans.

5.4. Visualizing Syntenic Blocks

WormBase (http://www.wormbase.org [4]) provides several options for
viewing syntenic blocks between C. elegans and C. briggsae graphically. First,
in the Genome Browser, syntenic blocks are displayed under the “briggsae
alignments” track. Within the syntenic blocks, WABA-classified “coding”
regions appear in dark blue, “strong” regions in light blue, and “weak” regions
in gray. Because syntenic blocks can contain gaps for which there is no WABA

nucleotide-level alignment, they may not be fully continuous. A dashed gray
line represents these gaps in a syntenic block. Syntenic blocks can be viewed
from either the perspective of the C. elegans or the C. briggsae genome. Click-
ing on a syntenic block takes the user to the Synteny Browser. The Synteny
Browser displays the relationship of syntenic blocks to both the C. elegans and
C. briggsae genomes simultaneously.

6. Conclusion

The initial pairwise comparisons between C. elegans and C. briggsae built a
foundation for the steps necessary for whole genome analyses of nematode
genomes. We will soon have a data set of five different Caenorhabditis genomes.
Comparison of these five genomes will both require and stimulate the develop-
ment of novel techniques that make use of multispecies comparisons to predict
genes and their regulatory sequences, to define orthologs and gene families,
and to identify regions of chromosomal synteny. These analyses will provide
the opportunity to study the evolution of nematode genomes in unprecedented
detail.
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Preface

Molecular biology has driven a powerful reductionist, or “molecule-cen-
tric,” approach to biological research in the last half of the 20th century. Reduc-
tionism is the attempt to explain complex phenomena by defining the functional
properties of the individual components of the system. Bloom (1) has referred
to the post-genome sequencing era as the end of “naïve reductionism.” Reduc-
tionist methods will continue to be an essential element of all biological research
efforts, but “naïve reductionism,” the belief that reductionism alone can lead to a
complete understanding of living organisms, is not tenable. Organisms are
clearly much more than the sum of their parts, and the behavior of complex
physiological processes cannot be understood simply by knowing how the parts
work in isolation.

Systems biology has emerged in the wake of genome sequencing as the suc-
cessor to reductionism (2–5). The “systems” of systems biology are defined
over a wide span of complexity ranging from two macromolecules that interact
to carry out a specific task to whole organisms. Systems biology is integrative
and seeks to understand and predict the behavior or “emergent” properties of
complex, multicomponent biological processes. A systems-level characteriza-
tion of a biological process addresses the following three main questions: (1)
What are the parts of the system (i.e., the genes and the proteins they encode)?
(2) How do the parts work? (3) How do the parts work together to accomplish
a task?

Nonmammalian model organisms such as Eschericia coli, Saccharomyces,
Caenorhabditis elegans, Drosophila, Danio rerio, and the plant Arabidopsis
have become cornerstones of systems biology research. They have been likened
to the Rosetta stone (4), which provided modern scholars with the tools needed
to decipher Egyptian hieroglyphics. Similarly, model organisms provide investi-
gators the experimental tools necessary to decipher the genetic code that under-
lies complex physiological processes common to all life.

C. elegans provides a particularly striking example of the experimental utility of
nonmammalian model organisms. Worms have a short life cycle (2–3 d at 25ºC),
produce large numbers of offspring by sexual reproduction, and can be cultured
easily and inexpensively in the laboratory. Sexual reproduction occurs by self-
fertilization in hermaphrodites or by mating with males. Self-fertilization allows
homozygous animals to breed true and greatly facilitates the isolation and main-
tenance of mutant strains, whereas mating with males allows mutations to be
moved between strains. The reproductive and laboratory culture characteristics
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of C. elegans make it an exceptionally powerful model system for forward
genetic analysis. Mutagenesis and genetic screening allow unbiased identifica-
tion of genes underlying a biological process of interest, allow the genes to be
ordered into pathways, and can provide important and novel mechanistic
insights into the molecular structure and function of proteins.

In addition to forward genetic tractability, C. elegans also has a fully
sequenced and well-annotated genome. Genomic sequence and virtually all
other biological data on this organism are assembled in readily accessible pub-
lic databases (e.g., WormBase; http://www.wormbase.org). Numerous
reagents, including mutant worm strains and cosmid and YAC clones spanning
the genome, are freely available through public resources. Creation of
transgenic worms is relatively easy, inexpensive, and rapid requiring little more
than injection of transgenes into the animal’s gonad or bombardment with
DNA-coated microparticles. C. elegans gene expression can be specifically
and potently targeted for knockdown using RNA interference, either at the
single worm level by injection of double-stranded RNA, or at the population
level by feeding worms double-stranded RNA-producing bacteria. Finally, C.
elegans is a highly differentiated animal but is comprised of less than 1000
somatic cells. This relatively simple anatomy greatly facilitates the study of
biological processes and has made it possible to trace the lineage of every adult
cell beginning with the first cell division (6,7), and to generate a complete
wiring diagram of the 302 neuron adult hermaphrodite nervous system (8).

A wealth of methodology for the study of C. elegans is described online and
in the printed literature. The goal of C. elegans: Methods and Applications is to
provide overviews and detailed step-by-step descriptions of newer and state-
of-the-art methods utilized in the field. These include tools essential for for-
ward and reverse genetic analysis, data mining and comparative genomics
strategies, electron and fluorescence microscopy methods, automated imaging
methods for worm behavioral analysis, functional genomics strategies, and
methods for physiological analyses including somatic cell culture, toxicity
assays, electrophysiology, and in vivo imaging of intracellular Ca2+ and pH
using genetically encoded fluorescent indicator proteins. It is my hope that this
book will be of use to both experts and newcomers to the field, not only as a
step-by-step guide, but also as a roadmap to show what is possible with C.
elegans and what has yet to be discovered.

Kevin Strange

http://www.wormbase.org
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