Chapter 2

Fundamentals of Comparative Genome Analysis
in Caenorhabditis Nematodes

Eric S. Haag and Cristel G. Thomas

Abstract

The genome of the nematode Caenorbabditis elegans was the first of any animal to be sequenced completely,
and it remains the “gold standard” for completeness and annotations. Even before the C. elegans genome
was completed, however, biologists began examining the generality of its features in the genomes of other
Caenorbabditis species. With many such genomes now sequenced and available via WormBase, C. elegans
researchers are often confronted with how to interpret comparative genomic data. In this article, we pres-
ent practical approaches to addressing several common issues, including possible sources of error in homol-
ogy annotations, the often complex relationships between sequence similarity, orthology, paralogy, and
gene family evolution, the impact of sexual mode on genome assemblies and content, and the determina-
tion and use of synteny as a tool.
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1 Introduction

The sequencing of the C. elegans genome in 1998 [1] was a land-
mark in modern biology. For experimental biologists, it became
possible to perform reverse-genetic experiments genome-wide
[2-5], create reporter transgene constructs [6], and quantify
expression of all genes simultaneously (e.g. [7-10]). For workers
in other systems, it inspired the development of genomic methods.
Most relevant here, however, it also served as a beachhead from
which to launch comparative studies with close relatives of C. ele-
gans [11]. Indeed, large-scale characterization of the genomes of
non-elegans species of Caenorbabditis began well before 1998. In
1981, Butler et al. found abundant differences in electrophoretic
mobility of homologous enzymes from C. elegans and C. briggsae
[12], implying a surprising amount of molecular divergence in
these anatomically very similar animals. An early study of vitello-
genin homologs [13] confirmed that homologous sequences
between these species were indeed highly divergent, yet also noted
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that remaining conservation is likely to represent important func-
tional constraints. In the mid-1990s the Genome Sequencing
Center at Washington University in St. Louis generated 12 Mbp of
C. briggsae sequence from large-insert clones. This relatively small
amount of sequence was immediately used by many authors, and a
few years later an entire assembly was produced by Waterston and
his colleagues [14]. As whole-genome shotgun methods were
improved and their costs reduced, many new Caenorbabditis species
were added to the collection, most quickly populating WormBase
with varying degrees of curation (http://www.wormbase.org).
More recently, multispecies whole-genome comparisons have shed
light on subjects as diverse as discovery of noncoding RNAs [15],
the introduction of insertion—deletion mutations [16], and the
evolution of sexually dimorphic gene expression [17].

In 2015, a user of WormBase examining a C. elegans gene page
will see a number of fields related to homology. These include both
named (e.g. “Cre-unc-119”) and unnamed (e.g. CBG12344)
homologs from other Caenorbabditis nematodes, as well as from
much more distant relatives, such as Pristionchus, parasitic nema-
todes from different families, mouse, Drosophila, human, and vari-
ous fish. This information puts relationships of “your favorite
gene” a mouse-click away, and has greatly increased the speed with
which homologs can be found. Yet at the same time, most deter-
minations of homology are based on automated annotation pipe-
lines, and are subject to errors of various sorts. Here, we summarize
the major sources of imprecision in homology assignments, pres-
ent a simple dichotomous key to guide a researcher to a well-
supported model of gene evolution, and discuss some computational
approaches to working with large datasets.

2 Caveat Emptor. Sources of Ambiguity in Homology Assignment

2.1 Assembly
Approach

The genome assembly for C. elggans is of exceptional quality, but
this is not generally true for most other Caenorbabditis species.
There are two reasons for this discrepancy, as discussed below in
Subheadings 2.1 and 2.2.

C. ¢elegans was meticulously assembled using a minimal tiling path
of large-insert clones [1], an approach generally not taken in sub-
sequent projects. There was also a wealth of genetic data support-
ing the linkage of particular sequences on the same chromosome.
These resources led to an assembly with very few gaps. In contrast,
other species were sequenced using the whole-genome shotgun
approach, which produces fragmented assemblies that are far from
chromosome-level. Inaddition, the only non-elegans Caenorbabditis
species with significant genetic markers tied to the physical map is
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2.2 The Interaction
of Mating System,
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and Gene Number

2.3 Phylogeny vs.
Raw Similarity
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C. briggsae [18-20]. The fragmentation of genomes immediately
reduces the ability to use local and global synteny information to
inform homology determination.

C. elegans, C. briggsae, and C. tropicalis (formerly C. sp. 11; [21])
produce self-fertile hermaphrodites. As a result, individuals are
often completely homozygous in nature, and no inbreeding
depression is seen in these species [22-24]. Being naturally devoid
of allelic variation, even nearly identical sequences can confidently
be recognized as duplications, even if they are on different sequence
contigs. This is not true, however, of obligately outcrossing
Caenorbabditis, such as C. remanei [25]. These organisms have
high levels of allelic divergence, up to 14 % at silent positions in C.
bremmeri [26]. Moreover, among the allelic variants are abundant
recessive deleterious mutations, which lead to severe inbreeding
depression [22].

The presence of abundant recessive deleterious mutations,
which is normally tolerated in the large populations of outcrossing
Caenorbabditis, creates a special challenge for genome sequencing.
Inbreeding is the simplest way to reduce heterozygosity in a
genome, but is less effective than expected in outcrossing species
due to balanced polymorphisms [27]. In some cases large fractions
of the genome can remain heterozygous. In combination with
automated gene annotation, many redundant allelic variants are
added that appear to the end-user as highly similar paralogs. In
addition, diverged haplotypes can contribute to fragmentation of
other parts of the genome by partitioning sequence reads into two
competing assemblies. Post hoc distinction of alleles from recently
diverged paralogs is nontrivial, as the most abundant class of bona
fide gene duplicates is the most recent [28], so that no simple
sequence identity threshold suffices to parse duplicates from alleles.
After the initial demonstration of the severity of heterozygosity in
outcrossing Caenorbabditis genome assemblies [27], improved
pipelines were developed [26, 29] to systematically recognize (and
even exploit) such regions. However, as of this writing the depic-
tion of unrecognized alternative alleles as paralogs remains an issue.

Mating system also impacts the size and gene content of
genome assemblies in a surprisingly predictable fashion. The num-
ber of gene predictions for obligately outcrossing species is consis-
tently larger than for selfing species, and fewer distinct mRNAs are
detected in their transcriptomes [17]. This is likely due to the
interaction between relaxed selection on mating-related traits [ 30,
31] and sex-biased transmission of chromosomes that favors loss of
larger size variants by drift in partially selfing species [32].

In an idealized world of molecular evolution in which gene loss
and duplication do not occur, and rates of molecular evolution are
even across a gene family, orthologs will show a greater similarity
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than any other possible inter-species pairings. In these cases, simple
heuristics for inferring orthologs, such as reciprocal best BLAST
hits [ 14, 33], will generally identity the ortholog, even if there are
related paralogs as well. However, it is common for rates of molec-
ular evolution to be uneven, and in some gene families gain and
loss are commonplace. In extreme cases, little orthology remains
despite the presence of consistently large gene families (e.g. [34]).
This is often only clear after inferring a phylogenetic tree. In
WormBase, most Caenorbabditis homologs of C. elegans genes
have been run through automated pipelines (reviewed in ref. 35),
such as TreeFam [36], Imparanoid [33], and OrthoMCL [37].
Their outputs, in combination with more focused analyses, are cur-
rently presented in the “curated nematode orthologs” section of
the WormBase gene page. These tools represent major advances
over raw similarity, but should nevertheless be regarded as prelimi-
nary. Particularly difficult to recognize are cases of parallel and /or
complementary loss of members of established subfamilies (Fig. 1).
For example, the most similar C. briggsae genes to C. elegans fbf-1
and fbf-2 are Cor-puf-1, Chr-puf-1.2, and Cbr-puf-2, and they were
initially inferred to be orthologous [ 38 ]. However, the inclusion of
homologs from C. japonica, C. remanei, and C. brenneri revealed
that they were actually members of two distinct and ancient PUF
subfamilies that had experienced reciprocal losses in the C. elegans
and C. briggsae lineages [39]. For such cases, careful alignment
and appropriate taxon sampling is essential to clarify the situation
(see Subheading 4 below).
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Fig. 1 Misleading effects of insufficient taxon sampling. We consider three hypothetical Caenorhabditis spe-
cies, Ca, Cb, and Cc. (a) The last common ancestor of these three species had three paralogs of your favorite
gene, yfg-1, yfg-3, and yfg-3. However, species Cb has lost its yfg-1 paralog, and Ca its yfg-2. (b) When spe-
cies Ccis omitted from consideration, however, the complementary losses are not apparent, and Ca-yfg-1and
Cb-yfg-2 could be erroneously inferred to be orthologs
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3 A Decision Tree for Assessing Gene Homology in Nematode Genome Assemblies

Definitive studies of homology relationships are time-consuming,
and still form entire research publications. However, an experi-
mental biologist not trained in molecular phylogenetics often
needs a “quick and dirty” way to sift through various homologs
that is still defensible. In this spirit, we present a sort of key, similar
in layout to that used in species identification, to help guide scru-
tiny of homologs. The assumption is that the researcher will be
starting with a single C. elegans query gene, which may or may not
be part of a family, and that the goal is to identify the orthologous
gene (if one exists) for a specific second species among the poten-
tially numerous homologs listed in WormBase gene pages. It also
provides a way to quickly verify that an annotated ortholog really
is orthologous.

1) Zero homolggs. The complete absence of related sequences in
gene predictions for another Caenorbabditis assembly is rare,
but can happen for a number of reasons:

(a) A homologous sequence may be present in the assembly,
but is not annotated. This possibility can be tested by
searching the genomic DNA with the protein sequence of
the C. elegansusing TBLASTN [40], which compares the
protein query to conceptual translations, in all six possible
reading frames, of the genome.

(b) There may be a homolog, but it falls in a gap in sequence
coverage. In this case, examination of syntenic genes may
reveal the gap.

(c) The absence may be a biological reality. As noted above,
thousands of genes were likely lost in the C. elegans
genome after the transition to self-fertility. Genes specific
to C. elegans are rarer, but exist and can even encode
essential factors [41].

2) Exactly one homolog. This single homolog is likely to be the
ortholog, barring unrecognized homologs in sequence or
annotation gaps. Conserved flanking genes (local synteny; [42])
often (but not always) confirm the diagnosis.

3) Exactly two homoloygs.

(a) The two homologs are nearly identical to each other (e.g.
over 90 % at the nucleotide level). These may be recent
duplicates or retained alleles.

(i) Ifallelic:
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(it)

(1) The two homologs will be on different sequence
contigs, one of which is usually short (<15 kb).

(2) Flanking genes that are single-copy in C. elegans
will tend to also be present in two copies in this
species.

(3) The two homologs are autosomal (male hemizy-
gosity of the X prevents recessive deleterious
alleles from accumulating).

(4) Noncoding sequences (introns, 3" UTR, flanking
DNA) will align easily, though with some inser-
tions and deletions (e.g. [43]).

If recently duplicated paralogs:

(1) The two homologs are likely to be in tandem
or near each other on the same large sequence
contig.

(2) The two homologs may be X-linked.
(3) Noncoding sequences may be highly diverged.

(4) The two homologs are more likely to be in the
high-recombination peripheral domains than in
the central “cluster” domain [20, 44].

(b) The two homologs are quite divergent, e.g. over 10 %
at the amino acid level. They are likely to be duplicates
(paralogs).

(i)

The C. elegans query also has two or more diverged
copies. The duplication may have occurred before the
last common ancestor of it and the other species.
A simple distance-based phylogeny (se¢ 4 Phylogeny
Tips below) could confirm or reject this.

The C. elegans query has no within-species paralog.
This would suggest that either C. elegans lost a copy,
or that the other species experienced a duplication
after it diverged from their common ancestor. Adding
homologs from a more distantly related species and
creating a sequence-based phylogeny usually clarifies
which is the case.

(4) Three or more homologs. Allelism is an insufficient explanation;
gene copy number has definitely evolved.

(1) The C. elegans query has two or more related
sequences in C. elegans (see 2bi above). Many
cases of large multigene families exist in nema-
tode genomes (e.g. [45]), and most require a
phylogenetic approach to understand.
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(2) The C. elegans query has no within-species
paralog (i.e. a 1:3+ situation). Fither expansion
or contraction has occurred in one of the species
(see 2bii above).

4 Phylogeny Tips

As noted above, when a many-to-many relationship exists between
related sequences in different species, a phylogeny (or “gene tree”)
is the only way to achieve clarity. A full treatment of how to infer
molecular phylogenies is beyond the scope of this paper, and we
refer the reader to other sources (e.g. [46, 47]). However, we can
offer here some simple rules of thumb for nematode sequences
that will greatly increase the utility of trees obtained:

o Use protein sequences (not coding DNA) to infer the tree.
Between most Caenorbabditis species there has been complete
mutational saturation of silent sites [48], whose inclusion
would thus only introduce noise into the analysis.

*  Only confidently alignable sequences should be used for the analy-
sis. Identity need not be consistently high if there are conserved
motifs to serve as landmarks (e.g. [49]).

o Inclusion of more taxa often produces a better vesult. For exam-
ple, though the most similar C. briggsae genes to C. elegans
fOf-1 and fbf-2 are Chr-puf-1, Chr-puf-1.2, and Chr-puf-2, and
were initially inferred to be orthologous [38] the inclusion of
homologs from C. japonica, C. remanei, and C. brenneri
revealed that they were actually members of two distinct and
ancient PUF subfamilies that had experienced reciprocal losses
in the C. elegans and C. briggsae lineages [39].

5 Scaling Up

5.1 Genome-Scale
Sequence Datasets

Most of the tests described above can be performed for a handful
of genes with little trouble using only the WormBase web site, and
there are many suitable software tools that can be used to infer
phylogenies from sequence alignments. However, in some cases
finding homologs, if not necessarily orthologs, of large sets of
query genes (e.g. >100) is desirable. In these cases, we offer the
following compendium of specific methods.

Working with large sets of genes, or genome wide is possible thanks
to resources available on the ftp website of WormBase (ftp://ftp.
wormbase.org,/pub/wormbase /; also linked at the bottom of the
WormBase main page). For each release of WormBase, text files
containing the data upon which the website is built are available for
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5.2 Running Baich
BLAST Searches
from the Command
Line

download. This is particularly useful for species other than C. ele-
gans, for which data are not necessarily retrievable through the use
of WormMart or WormMine or do not exist yet (e.g. BLASTP hits
or orthology assignments), or when analyzing a large set of genes.
In addition, for reasons stated above, it might sometimes be pref-
erable or necessary to determine orthology relationships for a fam-
ily of related sequences independently.

The number of sequence files for each species varies depending
on the status of the genomic assembly and annotations, availability
of expression data, and curation of any given species at each
WormBase release. All genome draft assemblies, except for those of
C. elegans and C. briggsae, are fragmented in numerous scaffolds.
The filenames are generally self-explanatory, and for the purpose of
identifying homologs only a few are useful: genome draft sequences
are stored in FASTA-format files (plain text with a specific header
line for each sequence) ending with “genomic.fa,” and if they exist,
coding sequences in those ending with “cds_transcripts.fa.”
Annotations of the genomic scaffolds, including the positions of
exons and introns of gene predictions, end with “annotations.
gft3” or “annotations.gft2.”

Identifying allelic scaffolds (see above) can be a first step in sorting
potential gene paralogs from allelic variants. Once these have been
recognized, orthologs are often provisionally identified as best
reciprocal BLAST hits. When dealing with a large set of genes,
this process can be automated with command-line BLAST [50],
which can be downloaded from ftp: //ftp.ncbi.nlm.nih.gov/blast/
executables/blast+/LATEST /. Once installed onto a desktop or
laptop computer, command-line searches are initiated through the
Terminal (Unix or Mac) or Command Prompt (Windows) applica-
tions. This is most easily done by placing the relevant BLAST data-
bases and query files in the same, or in closely linked, directories.
Though less familiar to many experimental biologists than web-
based BLAST servers, there are major advantages to using com-
mand-line BLAST. One is flexibility. Any number of CDS sequences
can be input as queries in a batch, up to the entire set of predictions
for a given species. This set of sequences can be compared to either
another set of gene predictions, filtered or not to remove allelic
variants, or to genomic sequences. The latter case should generate
more than one high-confidence hit per CDS sequence, but in sim-
ple cases only one per exon. Another advantage to command-line
BLAST is the ability to quickly vary the values of the parameters for
BLAST as well as for subsequent filtering. The threshold above
which a hit is considered significant might vary depending on the
accuracy and completeness of the assembly or set of CDS sequences,
as well as on the degree of divergence between species and level of
heterozygosity found within each species. The latter especially mat-
ters when using sequences from outcrossing species generated
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5.3 Identifying All
Members of a Gene
Family
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