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Curation of a high-quality gene set is the critical first step in genome research, enabling subsequent analyses such as
ortholog assignment, cis-regulatory element finding, and synteny detection. In this project, we have reannotated the
genome of Caenorhabditis briggsae, the best studied sister species of the model organism Caenorhabditis elegans. First, we applied
a homology-based gene predictor genBlastG to annotate the C. briggsae genome. We then validated and further improved
the C. briggsae gene annotation through RNA-seq analysis of the C. briggsae transcriptome, which resulted in the first
validated C. briggsae gene set (23,159 genes), among which 7347 genes (33.9% of all genes with introns) have all of their
introns confirmed. Most genes (14,812, or 68.3%) have at least one intron validated, compared with only 3.9% in the most
recent WormBase release (WS228). Of all introns in the revised gene set (103,083), 61,503 (60.1%) have been confirmed.
Additionally, we have identified numerous trans-splicing leaders (SL1 and SL2 variants) in C. briggsae, leading to the first
genome-wide annotation of operons in C. briggsae (1105 operons). The majority of the annotated operons (564, or 51.0%)
are perfectly conserved in C. elegans, with an additional 345 operons (or 31.2%) somewhat divergent. Additionally, RNA-
seq analysis revealed over 10 thousand small-size assembly errors in the current C. briggsae reference genome that can be
readily corrected. The revised C. briggsae genome annotation represents a solid platform for comparative genomics analysis
and evolutionary studies of Caenorhabditis species.

[Supplemental material is available for this article.]

The nematode Caenorhabditis briggsae is the most extensively

studied sister species of the model organism Caenorhabditis elegans

(Hillier et al. 2005). C. elegans has been the platform for a remark-

able list of groundbreaking discoveries such as the cloning and

functional analysis of the first microRNA (miRNA) genes (Ambros

2004) and the elucidation of key components of the programmed

cell death (PCD) pathway (Horvitz 2003). These discoveries have

reshaped the landscape of biomedical research, much of which has

benefited greatly from comparative analysis between C. elegans and

C. briggsae. These two organisms are both hermaphrodites that share

remarkable similarity in morphology and development programs

(Gupta et al. 2007), though they have diverged from their common

ancestor ;100 million years ago (MYA) (Coghlan and Wolfe 2002;

Stein et al. 2003). By using confocal microscopy and fluorescence-

labeling-based automated single-cell lineage tracing technology

(Bao et al. 2006), these two nematode species were found to possess

almost identical cellular developmental programs (Zhao et al. 2008).

To facilitate genome-wide investigation of the molecular mecha-

nisms underlying morphology and development of these two spe-

cies, the C. briggsae genome was sequenced through whole-genome

shotgun sequencing (Stein et al. 2003), after the sequencing of the

C. elegans genome (The C. elegans Sequencing Consortium 1998).

C. elegans was the first metazoan with a genome that was subjected

to whole-genome sequencing and the only genome of a multicel-

lular organism that has been completely sequenced and assembled

with no remaining gaps. As a demonstration of the value of the

C. briggsae genome sequencing project, the annotation of the

C. briggsae genome enabled the discovery of 1300 new genes

in C. elegans (Stein et al. 2003). Because of this and the possibility

of many more potential discoveries such as the identification of

cis-regulatory elements and studies on the molecular evolution of

gene families, publication of C. briggsae genome and accompanying

annotation was immediately established as an excellent platform

for comparative genomics by the C. elegans research community

(Gupta and Sternberg 2003).

While the C. elegans genome has been extensively annotated

through combined approaches of bioinformatics gene finding,

whole transcriptome analysis, and molecular studies of individual

genes by the C. elegans research community, the C. briggsae genome

has been less well annotated, limiting its value as a comparative

genomic platform. The C. elegans genome has been extensively

annotated using an ab initio gene finding program Genefinder

(Spieth and Lawson 2006), then exploiting transcription expression

evidence including expression sequence tags (ESTs) (Kohara 1996;

Shin et al. 2008), open reading frame sequence tags (OSTs) (Reboul

et al. 2003; Lamesch et al. 2004; Wei et al. 2005), serial analysis of

gene expression (SAGE) tags (Ruzanov et al. 2007; Nesbitt et al.

2010; Ruzanov and Riddle 2010), RNA-seq results (Hillier et al. 2009;

Allen et al. 2011), as well as translational expression evidence (Shim

and Paik 2010). C. elegans genome annotation has been further

improved through genome-wide RACE analysis (Salehi-Ashtiani

et al. 2009) and the determination of 39 UTRs for the entire C. elegans

genome (Mangone et al. 2010). In contrast, C. briggsae gene models

have mostly been limited to bioinformatics predictions that have

not been experimentally validated. For example, in the most recent

WormBase release WS228, only 0.2% of the C. briggsae gene models

are fully confirmed, compared with 47.8% of the C. elegans gene

models. A more completely defined C. briggsae gene set would
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greatly facilitate an array of research including accuracy in assigning

true orthologs (Stein et al. 2003), effective identification of synteny

blocks (Vergara and Chen 2010), understanding of operon evolu-

tion (Blumenthal et al. 2002; Stein et al. 2003; Qian and Zhang

2008), let alone the understanding of numerous individual genes in

these two species.

In this study, we undertook the task of refining the C. briggsae

gene set, by taking advantage of recent progress in bioinformatics

and genomics tools to establish its full potential as an accurate plat-

form of comparative genomics. First, we have recently developed an

effective homology-based gene finder genBlastG (She et al. 2011).

Because the C. elegans gene annotation has been improved sub-

stantially after the initial annotation of the C. briggsae genome (Stein

et al. 2003), we use the improved C. elegans gene models as queries to

improve their homologous C. briggsae gene models. Second, the

tremendous increase of high-throughput DNA sequencing coupled

with decreased cost facilitated deep sequencing of transcriptomes,

i.e., RNA-seq (Hillier et al. 2009; Wang et al. 2009). We used RNA-seq

of C. briggsae transcriptome to validate and refine C. briggsae gene

models. This resource has enabled us to annotate trans-splicing

leaders, 59 UTRs, 39 UTRs, as well as operons in C. briggsae. Our

revised annotation of the C. briggsae genome provides an excel-

lent platform for more accurate comparative analyses between

C. elegans and C. briggsae.

Results

Reannotation using genBlastG revised 6715 C. briggsae
gene models

In this study, the primary focus of this project is to produce

a high-quality C. briggsae gene set, which can already provide

a good starting point for researchers. A comprehensive and cor-

rect definition of C. briggsae alternative isoforms needs an ex-

tensive sampling of different cell and tissue types at different

developmental stages, which needs much more time to accom-

plish. The primary reason that enabled us to make this decision to

focus on producing one isoform for each gene is that there is an

urgent need to have a high-quality C. briggsae gene set. In the

decade since the first C. briggsae gene set was annotated (Stein

et al. 2003), only a small portion of the models has been sup-

ported by expression evidence. And each gene only has a single

gene model. Thus, it is highly needed to build a gene set with

confirmed gene models. Therefore, for each C. elegans gene with

alternative isoforms, we used only the longest isoform as query.

The reason why we decided to use the longest isoform of each

C. elegans query is simply because the longest ones contain

more coding information, which helps us annotate more coding

information for C. briggsae genes. Using 20,335 C. elegans peptide

sequences (from WormBase WS215) as queries, we predicted

16,285 C. briggsae gene models. These genBlastG-defined C. briggsae

gene models were then compared with C. briggsae gene models

available in WS215 to evaluate their quality. Three major types

of revisions to the WormBase C. briggsae gene models were

made (Fig. 1A–C). First, 5387 WormBase-derived C. briggsae gene

models were replaced by their corresponding genBlastG-defined

gene models. These replacements were made because these

genBlastG-defined gene models had substantially higher simi-

larity (measured using percentage identity, PID, at the protein

sequence level) to their corresponding orthologous C. elegans

genes. Improvements facilitated by the genBlastG-predicted gene

models involved extending or truncating gene models, or by

adding or removing exons (Fig. 1A). Second, based on homology

with C. elegans orthologs, 282 C. briggsae gene models were

obtained by merging multiple gene predictions that represented

part of the corresponding C. elegans ortholog. All merging cases

are supported by RNA-seq results as described later. In other words,

each C. briggsae gene model group corresponds to a single putative

orthologous gene model in C. elegans. Most merging was made

between two adjacent gene predictions, while in rare cases merging

of multiple adjacent gene models was required (Fig. 1B). Third, we

split a number of WormBase C. briggsae gene models into two or

more gene models based on the genBlastG-defined gene models.

This resulted in 954 revised gene models. In most cases, a single

gene prediction was split into two independent gene models, while

in some cases, three independent gene models were generated

(Fig. 1C). Additionally, a small number of WormBase C. briggsae

gene models needed to be modified by a series of merging and

splitting steps. Specifically, these gene models were merged with

their adjacent gene models and split into two or more gene models,

resulting in 92 gene models in this category. Furthermore, we

uncovered 1091 novel gene models in previous intronic or inter-

genic regions (Fig. 1D). For WormBase C. briggsae genes that did not

have C. elegans orthologs, we reasoned that they might be species-

specific and therefore kept them in the revised gene set. This

approach resulted in a ‘‘hybrid C. briggsae gene set,’’ containing

23,276 gene models (Supplemental data 1–3). Of these, 7806

gene models were defined by genBlastG and 15,470 were origi-

nally defined in WormBase (WS215). Of the 7806 genBlastG-

defined gene models, 6715 were revised gene models, while the

rest were novel gene models missed in previous annotations.

Some revised C. briggsae gene models were longer than their cor-

responding orthologs in C. elegans due to mutations that elimi-

nated stop codons (Supplemental Fig. 1).

RNA-seq analysis and gene model validation

Not all C. elegans gene models have been fully confirmed by tran-

script evidence. C. briggsae gene models curated using C. elegans

gene predictions as queries in homology-based gene finding can

therefore inherit defects from their C. elegans query gene models.

Additionally, C. briggsae gene models can show differences because

of bona fide evolutionary divergence. Thus C. briggsae gene models

based on homology alone might not reflect real evolutionary dif-

ference. For example, two separate genes in one species may have

merged into a single gene in another species. Indeed, inspection of

the hybrid C. briggsae gene set, which was curated based on ho-

mologous gene model definition, revealed a substantial number of

C. briggsae gene models that appeared defective. For example, many

annotated gene models, especially those directly inherited from the

WormBase C. briggsae gene set, do not have annotated stop codons,

and a large number of gene models have extremely small anno-

tated introns (i.e., #10 bp). Taken together, gene models in the

hybrid C. briggsae gene set, including the gene models revised

based on homology, need to be validated using transcript in-

formation to ensure their quality.

To help build an accurate set of C. briggsae gene models, we

undertook an RNA-seq approach (Wang et al. 2009) to validate the

hybrid gene models. This method has recently been used to ex-

amine the C. elegans gene set (Hillier et al. 2009). In this project, we

sequenced two C. briggsae transcriptome libraries with the aim of

sampling a wide range of transcripts using the Illumina Genome

Analyzer II paired-end DNA sequencing technology, with read

length of 42 bp: an L1 stage transcriptome and a mixed-stage (from

1568 Genome Research
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L1 to young adults) transcriptome. Both transcriptomes were pre-

pared using the C. briggsae AF16 strain, the same strain used in the

C. briggsae genome sequencing project (Stein et al. 2003). From this,

we obtained 15.5 million paired-end reads for the L1 transcriptome,

and 17.5 million paired-end reads for the mixed-stage tran-

scriptome. Together the data accounted for 33.0 million Illumina

paired-end reads that could be used for validating and revising

C. briggsae gene models. The RNA-seq analysis procedure is illus-

trated in Figure 2.

We aligned Illumina reads to the reference C. briggsae genomic

DNA sequence using the short read alignment program MAQ (Li

et al. 2008). Both ends of 14.0 million read pairs (42.4% of the total

reads) were successfully mapped to the reference genome se-

quences (WormBase, WS215). Aligning using different programs

including SSAHA2 (Ning et al. 2001) and BWA (Li and Durbin

2009) designed for short reads yielded similar results (data not

shown). These read pairs were mapped either to internal genomic

regions within the same exon, or internal genomic regions of ad-

Figure 1. Examples of genBlastG-revised C. briggsae gene models. (A) Revision: The WormBase C. briggsae gene model CBG09754 has three exons and
two introns. The genBlastG-revised gene model, JNC_CBG06430, has two new exons incorporated. Protein sequence encoded by the revised C. briggsae
gene model displays very high PID (99.1%) with the protein sequence encoded by its C. elegans ortholog ben-1/tbb-5 (C54C6.2). ben-1 encodes a re-
dundant beta-tubulin in C. elegans and it is the only benzimidazole-sensitive beta-tubulin in C. elegans (Driscoll et al. 1989). (B) Merge: Based
on homology, three WormBase C. briggsae gene models (CBG08435, CBG08437, and CBG08438) were merged to form a single-gene model
JNC_CBG02055, which is orthologous with C. elegans gene lrk-1 (T27C10.6) with high identity (92.63%). LRK-1 is the C. elegans ortholog of the
familial Parkinsonism gene LRRK2 (previously known as PARK8) that is required for polarized localization of synaptic vesicle (SV) proteins (Sakaguchi-
Nakashima et al. 2007). (C ) Split: Based on homology, a single WormBase C. briggsae gene model CBG09729 is split into three separate gene models
JNC_CBG16717, JNC_CBG16718, and JNC_CBG16719, which are homologous with three fully confirmed C. elegans gene models F32D8.14 (PID =
91.63%), F32D8.4 (PID = 70.55%), and F32D8.12a (PID = 90.11%), respectively. (D) Novel C. briggsae gene model: Based on homology, genBlastG builds
a novel C. briggsae gene model JNC_CBG14647, which is orthologous with the fully confirmed C. elegans gene model F54F4.16 (PID = 90.62%).

Reannotation of the C. briggsae genome
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jacent exons. Single ends of some (3.1 million or 9.1%) read pairs

were mapped to the C. briggsae reference genomic DNA regions,

but their mates were not aligned. All mapped reads thus provided

useful information for confirmation or improvement of the

C. briggsae gene models. Additionally, the 3.1 million single end

reads, with mates not mapped to the C. briggsae genome, were used

specifically to define and validate introns. For clarity, we name

a putative intron defined by Illumina reads as an ‘‘Illumina in-

tron,’’ while genomic segments in which all bases were covered by

Illumina read alignments without gaps are termed ‘‘Illumina

exons’’ (see Methods). Applying SuperSplat (Bryant et al. 2010), we

have identified 78,252 Illumina introns (Fig. 2), 59,560 of which

were supported by two or more independent Illumina reads

(Supplemental data 4).

Next, we used the Illumina introns and Illumina exons to

validate C. briggsae gene models and to further improve gene

models by systematically comparing them with introns and exons

in the C. briggsae hybrid gene set defined above. Based on their

relationship with predicted protein-coding gene models, an Illu-

mina intron can be categorized as an intragenic intron if it overlaps

with a gene and is entirely nested within a predicted gene model,

or as a boundary (i.e., intergenic) intron that indicates the presence

of a protein-coding gene that has not been previously annotated.

In the cases where full gene models are not defined, they are an-

notated as genelets (Hillier et al. 2009). We have found 2384 such

genelets. Some of these may be missing parts of existing gene

models, but this observation suggests a fair number of missing

protein-coding gene models that have not been defined. As the

first step in validating and revising C.

briggsae gene models, we focused on in-

ternal introns and exons of genes. Pro-

tein-coding genes in eukaryotic genomes

consist of coding exons (for simplicity, we

use the term ‘‘exons’’ in this paper), in-

trons, and untranslated regions (59 and

39 UTRs). Because genomic sequences

spanning introns and exons are comple-

mentary in gene models, gene model

definition is essentially equivalent to in-

tron definition. Once introns are defined,

exons are readily defined. For gene

models that are computationally pre-

dicted, such as those in the C. briggsae

hybrid gene set, exons and introns may be

correct, defective, or entirely missing.

Thus, when compared with Illumina in-

trons, introns in predicted gene models

can be confirmed, modified, or removed

(Fig. 2). Additionally, novel introns may

be introduced to the gene models. Fur-

thermore, introns in predicted gene

models can be spurious and therefore re-

moved if their existence is in conflict with

transcript reads. Finally, alternative in-

trons that overlap with each other can be

identified as well. Through comparison of

predicted intragenic Illumina introns with

predicted introns of gene models in the C.

briggsae hybrid gene set (based on WS215

and genBlastG version 135), we validated

59,137 predicted introns (Fig. 3A), created

2111 new introns by revising predicted

introns (Fig. 3B), curated 716 novel introns (Fig. 3C), and removed

461 spurious predicted introns.

As a result of our combined homology and RNA-seq based

improvements, in the C. briggsae gene set of 21,683 intron-con-

taining genes (Supplemental data 5–7), 61,503 (60.1%) introns

have been validated, 14,812 (68.3%) genes have at least one intron

validated, 7347 (33.9% of all intron-containing genes) genes have all

introns validated. At the transcript level, 10,235 genes (or 47.0% of

all genes) were found to have 95% or more of their coding sequences

supported by Illumina read alignments. This is a remarkable advance

because after almost 10 yr since the annotation of the C. briggsae

genome (Stein et al. 2003) only 853 (3.9%) genes had been partially

confirmed according to the most recent release of WormBase

(WS228).

RNA-seq analysis of the C. briggsae gene models demonstrated

the value of genBlastG-based gene model improvement. Among

the 7806 gene models revised using genBlastG, 3547 (45.3%) gene

models have >90% of their entire lengths supported (Supplemen-

tal Fig. 2). Among the 1091 novel gene models predicted using

genBlastG, 100 (9.2%) gene models have $90% of their entire

lengths supported, and 791 (72.5%) gene models have varying

levels of support (Supplemental Fig. 2). Gene models with no RNA-

seq support could be either false predictions by genBlast, or those

that are not expressed at given conditions. Much deeper sequencing

of C. briggsae transcriptomes under various different stress condi-

tions is needed to resolve this.

In the comparative analysis, we also revealed that 2301 Illu-

mina introns overlap with validated introns from 1176 C. briggsae

Figure 2. RNA-seq analysis flowchart.

Uyar et al .
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gene models, suggesting alternative splicing exists in at least these

1176 genes. Surprisingly, we observed that 636 Illumina introns,

each supported by two or more independent Illumina reads, can-

not be incorporated into the C. briggsae genome without causing

frame shifts. The cause of these failed attempts will be explored

later.

Gene revision improves ortholog assignment
and synteny block prediction

The value of homology-based gene model improvement is dem-

onstrated by the detection of previously missed orthologs between

C. elegans and C. briggsae. Before homology-based gene model

improvement of C. briggsae annotation by using genBlastG and

RNA-seq analysis, 14,167 C. elegans genes were found to have clear

orthologs in C. briggsae. After the improvement, the number in-

creased to 15,108. Thus, our C. briggsae genome annotation im-

provement uncovered almost 1000 putative orthologous re-

lationships between these two genomes. Our revised orthologous

relationships support the strong chromosomal synteny between

these two species previously observed (Hillier et al. 2007).

Groups of syntenic genes can form clusters named synteny

blocks (Ng et al. 2009). Improved C. briggsae gene models can help

detect correct synteny blocks between C. briggsae and C. elegans.

Using the synteny detection program OrthoCluster (Zeng et al.

2008; Ng et al. 2009; Vergara and Chen 2010) and the revised

orthologous relationships between the two gene sets, we detected

larger synteny blocks, and compared with those obtained using

orthologous relationships, which were obtained using predicted

gene models. Larger synteny blocks are usually formed by merging

small neighboring blocks, as illustrated

(Fig. 4A,B). The size of the largest perfect

synteny block (which is the synteny

block with all its contained genes hav-

ing a one-to-one relationship, contains

no mismatches, and both order and

strandedness of the contained genes are

conserved between these two genomes)

increased from 21 to 25 genes, span-

ning a 152,869-bp region (V:10107907–

10199687). At the whole genome scale,

the percentage of the C. elegans genome

covered by synteny blocks increased

from 43.2% to 46.0% after our C. briggsae

genome reannotation.

We next observed how RNA-seq

based gene model improvement impacts

the orthology relationships between gene

models of C. briggsae and C. elegans.

Contrary to our expectation, we found

a slight decrease in number of C. elegans–

C. briggsae orthologs, down from 15,108

to 15,013. This change in the orthologous

relationships has also impacted the pre-

dicted number and size of synteny blocks.

Genome-wide percent coverage of syn-

teny blocks in C. elegans had a minor de-

crease from 45.97% to 45.58%. This mi-

nor decrease can also be observed in the

average size of perfect synteny blocks.

Number of genes in an average synteny

block decreased slightly from 3.67 to 3.66

genes and the average genomic size decreased from 15,892 bp to

15,842 bp. One example is shown in Figure 4C,D. However, the

largest perfect synteny block was not affected. It is the same perfect

synteny block that spans 25 genes. The slight decrease in the

number of orthologs and the level of synteny is due to some re-

visions made to the gene models. This observation suggests that

these orthologous C. elegans gene models of the corresponding

RNA-seq-revised C. briggsae gene models are defective, because

these C. elegans gene models were used as queries in the gen-

BlastG-based gene model improvement. These C. elegans gene models

should therefore be revisited and revised. Indeed, the RNA-seq-

supported C. briggsae gene model JNC_CBG21419 clearly sug-

gests that the two C. elegans gene models Y34B4A.2 and Y34B4A.11

may need to be merged as a single C. elegans gene model because

the C. briggsae gene models JNC_CBG21419 and JNC_CBG21420

are merged by a heavily supported Illumina intron (Fig. 4E). In

a separate example (Fig. 5A,B), the merger of two C. elegans gene

models, which is suggested by RNA-seq-supported C. briggsae

gene model JNC_CBG04472, is also supported by RNA-seq evi-

dence obtained in a separate study (B Uyar and N Chen, unpubl.).

C. briggsae operons show high conservation

Operons have been found in many prokaryotic genomes, but in

eukaryotes, operons have only been found in a minority of eu-

karyote clades including trypanosomes (Sutton and Boothroyd

1986), flatworms (Davis 1997), cnidarians (Stover and Steele 2001),

and primitive chordates (Vandenberghe et al. 2001). In C. elegans,

operons were first observed by Blumenthal and colleagues (Spieth

et al. 1993). Operons in nematodes have been known to be closely

Figure 3. RNA-seq revisions of C. briggsae gene models. (A) An intron is confirmed if the predicted
intron in the hybrid gene model is supported by an RNA-seq-defined Illumina intron. (B) An intron is
replaced by an RNA-seq-defined Illumina intron if the predicted intron overlaps with the Illumina intron
but is not identical to the Illumina intron. (C ) A new intron is created if an Illumina intron overlaps with
a coding region. (D) A predicted intron is removed if it overlaps with an Illumina exon and it is not
supported by any Illumina intron and it does not overlap with any Illumina intron. (E ) A 39 intron is
created if an Illumina intron overlaps with the 39 most exon. A new 39 exon is also created that contains
a stop codon. (F ) A 59 intron is created when an Illumina intron overlaps with the 59 most exon. A new 59

exon is also created that contains a start codon.
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Figure 4. Gene model revision and synteny analysis. (A) genBlastG-based C. briggsae gene model revision enables the discovery of larger synteny blocks
between C. elegans and C. briggsae. Three small synteny blocks were merged into one single larger synteny block that contains all their adjacent synteny
blocks. (B) Four C. briggsae gene models, which were revised or discovered in the genBlastG-based gene model revision, are shown at the synteny block
break points. (C ) A synteny block between C. elegans and C. briggsae is broken down into two smaller synteny blocks. (D) Two hybrid gene models were
merged to form a single gene model based on an RNA-seq Illumina intron. (E ) RNA-seq evidence supports the merger of two hybrid C. briggsae gene
models into a single gene model. (RS) Number of supporting reads.
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spaced gene clusters and the genes contained within one operon

are co-transcribed into a polycistronic mRNA precursor. Further

molecular and genomics studies suggest that operons are a fairly

common form of chromosomal organization in C. elegans (Zorio

et al. 1994; Blumenthal and Spieth 1996). The signature for

detecting C. elegans operons is that polycistronic pre-mRNA is

processed by trans-splicing downstream genes via the spliced

leader SL2 in the intergenic regions of the operon. Also, the sepa-

ration of the downstream genes within the operons is usually 100

to 300 bp in length. A genome-wide study using microarray tech-

nology discovered ;15% of the C. elegans genes are contained

within operons. Additional trans-splicing sites and operons were

annotated by the modENCODE effort through RNA-seq analysis

of C. elegans transcriptomes (Allen et al. 2011). Together, these

methods identified more than 1000 operons in C. elegans.

Genes in operons play roles in critical processes including

transcription, splicing, and translation (Blumenthal et al. 2002;

Blumenthal and Gleason 2003), and in facilitating accelerated re-

covery from growth-arrested states (Zaslaver et al. 2011). Because of

the proposed critical functions of operons, it has been expected

that trans-splicing and operons are conserved. Thus, C. elegans

operons should also occur in C. briggsae. In fact, previous bio-

informatics analysis suggests that the configuration of 96% of

C. elegans operons is conserved in C. briggsae (Stein et al. 2003).

This analysis was supported subsequently by a separate study

(Qian and Zhang 2008), which reports that 93.2% of the operons

are conserved between C. elegans and C. briggsae. A caveat of these

studies is that both annotated operons in C. briggsae based on the

conservation of protein-coding regions, without support of tran-

script-based annotation of splicing leaders. In other words,

C. briggsae operons used in these studies are purely hypothetical.

In this study, we have used RNA-seq reads to annotate trans-

splicing sites, splicing leaders, and operons in C. briggsae. We

annotated trans-splicing sites and trans-splicing leaders (SLs) through

examining misalignments between SL-containing transcript se-

quences and the C. briggsae genome sequences. Illumina reads (42 bp

long) that contain full or partial SL sequences, which are ;22 bp

long, cannot be directly aligned to the reference genome by MAQ

when few mismatches were allowed. For reads that contain SL2,

we realigned them using cross_match (P Green, pers. comm.),

a fast implementation of the Smith-Waterman local alignment

algorithm (Smith and Waterman 1981). Altogether, we have an-

notated 11,617 trans-splicing sites in 8555 C. briggsae gene models

(Supplemental data 10,11). Among 11,617 SLs, 8856 are SL1s (in

7871 genes) and 2761 of these were SL2s (including all SLs from

SL2 to SL12) (Guiliano and Blaxter 2006) (in 2287 genes). A sub-

stantial number of C. briggsae genes allow multiple alternative

trans-splicing, a phenomenon also observed in C. elegans (Allen

et al. 2011). Reads containing full SL sequences are less frequent

than those containing partial SL sequences, suggesting that the

number of SL sequences found is an underestimate of the real

number.

We next identified candidate operons in C. briggsae following

the criteria defined previously (Blumenthal et al. 2002). First, the

gene clusters must be closely spaced. The distance between the stop

codon of the upstream gene and the start codon of the downstream

gene must be <2 kb (Supplemental Fig. 3A). Second, the genes in

the clusters must be on the same strand. Third, all the downstream

genes of the closely spaced gene cluster must be SL2 trans-spliced.

Following these criteria, we annotated 1034 putative operons in

C. briggsae (Supplemental data 12,13). These annotated C. briggsae

operons are generally evenly distributed on the five autosomes

while the operon density on the X chromosome is significantly

lower (Fig. 6A); low density of operons on the X chromosome has

also been observed in C. elegans (Blumenthal et al. 2002). The

operons in the C. briggsae genome have a wide range of sizes,

Figure 5. RNA-seq evidence suggests that revisions are needed for C. elegans gene models. (A) RNA-seq evidence supports the merger of two C. briggsae
hybrid gene models (JNC_CBG04473 and JNC_CBG04472) into a single gene model (JNC_CBG04474). (B) The C. elegans orthologs of the two C. briggsae
gene models above should be merged into one single gene model. (RS) Number of supporting reads.
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ranging from two to nine genes and with a median size of two

genes (Fig. 6B), which is similar to C. elegans operons. In total,

these annotated C. briggsae operons contain 2408 genes. The

1034 gene clusters represent the first set of evidence-based anno-

tation of operons in C. briggsae. With this C. briggsae operon set, we

reexamined the conservation of operons in these two nematodes.

We classified the conservation of operons into three categories (Fig.

6C,D). First, operons are called ‘‘conserved’’ if all the genes of

a C. briggsae operon have orthologs in a C. elegans operon and vice

versa. Second, operons are called ‘‘species specific’’ if none of the

operonic genes in one species have an orthologous operonic gene

in the other species. Third, operons are called ‘‘divergent’’ if they

are neither entirely ‘‘conserved’’ nor ‘‘species specific.’’ Of the 1105

C. briggsae operons detected in this project, 564 (or 51.0%) were

perfectly conserved; 345 (or 31.2%) were divergent; and 196 (or

17.7%) were entirely C. briggsae-specific operons. Our analysis

suggests that operons in these two Caenorhabditis species are

highly conserved but may not be as conserved as previously

reported (Stein et al. 2003; Qian and Zhang 2008).

Limited conservation of alternative splicing in C. elegans
and C. briggsae

Although in this project we did not aim to annotate alternative

transcripts in C. briggsae, we did find evidence for 1897 genes with

Figure 6. Operons in C. briggsae. (A) The white bars indicate the genome-wide distribution of operons in C. elegans and C. briggsae. (B) Size distribution
(in number of genes) among all operons annotated in C. elegans and detected in C. briggsae. (C ) Size distribution (number of genes) for conserved,
divergent, and specific C. elegans operons. (D) Size distribution (number of genes) for conserved, divergent, and specific C. briggsae operons.

Figure 7. Limited conservation of alternative splicing in C. elegans and
C. briggsae.
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alternative isoforms based on the presence of alternative Illumina

introns within genes. In contrast, 2715 C. elegans genes are an-

notated to have alternative isoforms. These alternatively spliced

genes are highly conserved. Specifically, 89.7% of the 1897

putative alternatively spliced C. briggsae genes have orthologs in

C. elegans, while 91.9% of the 2715 alternatively spliced C. elegans

genes have orthologs in C. briggsae. However, alternative splicing

shows limited conservation (Fig. 7)—only 39.6% (752) of the al-

ternatively spliced genes in C. briggsae have C. elegans orthologs

that are also alternatively spliced, and only 27.4% of the alterna-

tively spliced genes in C. elegans have C. briggsae orthologs with

alternative isoform evidence.

Two reasons could account for this surprising observation.

First, alternative isoforms for many genes, especially those that

show very restricted cell-specific expression or are develop-

mentally regulated, may not yet have been discovered. To test this

hypothesis, transcriptomes isolated from different tissues or de-

velopmental stages, or from worms grown under different condi-

tions including various stress conditions, will need to be se-

quenced and analyzed. Second, alternative splicing is species

specific. In other words, for genes that are alternatively spliced in

one species (i.e., C. briggsae), their orthologs in a closely related

species (i.e., C. elegans) are not necessarily alternatively spliced.

This hypothesis can be tested only after many transcriptomes of

both species have been extensively sequenced and analyzed. If

evidence supporting this idea is found, such a difference in alter-

native splicing may help us to understand speciation. Alternative

splicing is known to be an important factor in defining species-

specific characteristics (Blencowe 2006).

RNA-seq analysis revealed extensive small size errors
in the current C. briggsae genome assembly

RNA-seq reads are valuable for validation and fine-tuning gene

models (Hillier et al. 2009). Through comparing RNA-seq-defined

introns and WormBase introns, we have revised many introns in

C. briggsae. However, many Illumina introns cannot be readily

used for revising existing introns because their integration would

cause frame shifts, as shown above. To explore this, we have ex-

amined the alignments of Illumina reads against the C. briggsae

genome sequences. We observed both insertions and deletions in

the Illumina reads. One possible explanation is that the C. briggsae

strain (AF16) used in our transcriptome sequencing project and the

C. briggsae strain (another line of AF16) used in the C. briggsae ge-

nome sequencing project (Stein et al. 2003) are genetically differ-

ent due to genetic drift. Such strain differences have been observed

between C. elegans strains (Hillier et al. 2008; Flibotte et al. 2010;

Sarin et al. 2010). To test this hypothesis, we retrieved Sanger reads

used in the C. briggsae genome sequencing projects from NCBI

trace archive and aligned these reads using BWA (Li and Durbin

2009) against the reference C. briggsae genome downloaded from

WormBase. Genomic differences between the C. briggsae genome

sequences and the Sanger reads were identified using SAMTools (Li

et al. 2009). To our surprise, we found a large number of mis-

alignments between the Sanger reads and the C. briggsae refer-

ence genome sequences. Specifically, we found 7971 insertions

(Supplemental data 14), 774 deletions (Supplemental data 15),

and 3046 single-nucleotide differences (Supplemental data 16).

Although most of the errors are single-base differences, some are

much larger. The reason underlying why such differences exist

between the WormBase reference sequences and raw Sanger

reads generated in the C. briggsae genome sequencing project is

not known, but we can argue with confidence that the cur-

rent C. briggsae reference genome at WormBase contains a large

number of errors. This is further supported by the observation

that insertions and deletions observed in the alignments of

Illumina reads against the WormBase C. briggsae reference genome

sequences match perfectly with the insertions and deletions

between the Sanger reads and the C. briggsae reference genome

sequences. Because hundreds of Illumina introns cannot be

incorporated into overlapping genes (as shown above), we ex-

pect that up to a few hundred gene models will be further re-

vised after the errors in the C. briggsae reference genome have

been fixed.

Discussion
High-quality genome annotation is critical for accurate ortholog

assignment, synteny block discovery, and phylogenetic analysis of

the molecular evolution of genes and their promoters. It is also

important for investigating the molecular evolution of genes in-

cluding intron gain and loss (Roy and Gilbert 2005), gene family

expansion and contraction (Prachumwat and Li 2008), and seg-

mental genome duplication (Jiang et al. 2007). Thus the compar-

ative analysis between the model organism C. elegans and its best

studied sister species C. briggsae has been greatly hampered by the

limited annotation of the C. briggsae genome. As stated in the most

recent WormBase release note (WS228), only 0.2% (or 52) of

C. briggsae gene models are fully confirmed and 95.9% lack any

confirmation. There are only a very small number of ESTs and

experimentally determined mRNAs for the C. briggsae genome in

public databases including dbEST database at GenBank. Only 15 C.

briggsae gene models are fully supported by these limited numbers

of ESTs and mRNAs. In this project, we have attempted to improve

and validate the C. briggsae gene models. In the revised C. briggsae

gene set, 14,812 (68.3%) genes are at least partially validated, with

7347 (33.9% of all genes with introns) C. briggsae gene models

having all of their introns validated. At the transcript (mRNA/

cDNA) level, in 47.0% (10,235) of all genes, at least 95% of their

entire transcript lengths were validated; 62,727 (60.9%) introns of

the C. briggsae gene set are validated. All of these 15 gene models

that are supported by ESTs in GenBank are fully supported by RNA-

seq data, suggesting a good coverage of the C. briggsae tran-

scriptome by our RNA-seq data. Additionally, we have annotated

59 UTR sequences for 14,089 C. briggsae genes, and 39 UTR se-

quences for 14,089 C. briggsae genes. Furthermore, our RNA-seq

analysis also allowed us to successfully identify trans-splicing sites in

8555 C. briggsae gene models; 11,617 SLs were identified, including

8856 SL1s (in 7871 genes) and 2761 SL2s (in 2287 genes). Based on

the trans-splicing information, we annotated 1034 operons in the

C. briggsae genome. This major advancement in C. briggsae genome

annotation, validation, and confirmation will undoubtedly facili-

tate a far more accurate comparative genomics analysis between

these two important nematode models: C. elegans and C. briggsae.

The improvement in C. briggsae genome annotation was

made possible partly by the recent, and substantial, progress in the

C. elegans genome annotation. This progress is due to a large col-

lection of high-throughput gene annotation projects as well as

gene annotation from small-scale projects in the C. elegans re-

search community. We have developed a novel suite of algo-

rithms genBlastA (She et al. 2009) and genBlastG (She et al. 2011),

to take advantage of the improved C. elegans genome annotation.

This had allowed us to improve the C. briggsae genome annota-

tion through homology-based genome annotation. In particular,
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genBlastA predicts genomic regions that contain a candidate

homologous gene, while genBlastG defines the homologous gene

model based on similarity between the query gene and the target

gene. This effort resulted in revising 6715 C. briggsae gene models

and adding 1091 novel gene models that were entirely missed

in previous annotations. Validation and further improvement of

the C. briggsae genome annotation was made possible by exploit-

ing RNA-seq data (Hillier et al. 2009; Wang et al. 2009). These data

were generated from high-quality C. briggsae transcriptomes and

sequenced using Illumina DNA sequencing technology. The power

of RNA-seq enabled us to validate gene models, revise defective

gene models, as well as detect UTRs and trans-splicing signals,

which in turn allowed us to detect operons in C. briggsae.

We demonstrated that the revised C. briggsae genome anno-

tation improved ortholog assignment between C. elegans and

C. briggsae and the identification of synteny blocks between these

two species. Note that the synteny block results reported here are

noticeably different from our previous report based on WormBase

WS180 (Vergara and Chen 2010). For example, the largest synteny

block reported using the WS180 annotation is 42 genes after gene

model improvement (Vergara and Chen 2010), compared with 21

genes (or 25 genes after the improvement) in this study. The dif-

ference is due to the incorporation of the nGASP annotations

(Coghlan et al. 2008) in recent WormBase releases, suggesting that

many nGASP C. briggsae gene models are likely false positives that

incorrectly break synteny blocks. Most likely these false annota-

tions will be eliminated through evidence-based gene model

improvement.

With transcript evidence-based operons in C. briggsae, we can

for the first time compare the conservation and divergence of op-

erons in C. elegans and C. briggsae. In contrast, conservation analyses

of operon evolution in previous studies were all carried out between

curated C. elegans operons and estimated operons in C. briggsae

(Stein et al. 2003; Qian and Zhang 2008). Comparing operons an-

notated in C. elegans (obtained from WormBase) with C. briggsae

operons curated in this project through RNA-seq analysis, we have

confirmed that the majority (51.4%) of operons are conserved be-

tween these two species. However, we found operon conservation is

not as high as previously estimated (i.e., 93%–96% of conservation)

because we found at least 153 operons (14.8%) that are entirely

C. briggsae specific. The remaining 349 operons (33.8%) are essen-

tially conserved between C. elegans and C. briggsae, but their con-

figurations are not identical and have some level of divergence.

We expect that the C. briggsae genome annotation will be

further improved by deeper sequencing of transcriptomes sampled

from different cell types at various developmental stages. In par-

ticular, alternative isoforms for C. briggsae genes will be defined. In

this study, we found a very limited level of conservation of alter-

natively spliced gene models. For genes that are alternatively

spliced in C. elegans, their orthologs in C. briggsae are not neces-

sarily alternatively spliced, and vice versa. This result is interesting

and the different use of alternative splicing isoforms may be im-

portant for defining species specificity. However, the differences

may be also due to lack of depth of transcriptome sequencing for

both C. elegans and C. briggsae. Deeper sequencing will be able to

help test this hypothesis. Deeper transcriptome sequencing may

also find evidence to support or disprove 3072 gene models that

currently have no support. Furthermore, deeper sequencing of

C. briggsae transcriptomes will also enable us to build novel full-length

gene models based on genelets uncovered by RNA-seq analysis.

An unexpected finding of this project is the observation that

the current C. briggsae genome assembly harbors over 10 thousand

instances of genomic errors. Although the reason for the occur-

rence of these errors is still unknown, we have identified their

coordinates and nature. These errors can be easily corrected in the

C. briggsae genome (Supplemental data 14–16), which will allow

for the repair of hundreds of gene models that were incorrectly

annotated to circumvent the impact of the genomic errors.

Methods

Creation of the hybrid C. briggsae gene set
The hybrid C. briggsae gene set was built by using genBlastG-
predicted gene models to replace WormBase C. briggsae gene
models if the protein PIDs between genBlastG-predicted gene
models and their corresponding C. elegans orthologs were at least
2% higher than the PIDs between WormBase C. briggsae gene
models and their corresponding C. elegans orthologs. Because
some C. briggsae gene models may overlap just as some of the
C. elegans gene models do (Chen and Stein 2006), and because
some C. briggsae gene models may still be defective, we allow 5%
overlap of coding sequences between two adjacent gene models
to ensure that bona fide gene models are not eliminated from the
analysis. In this analysis, we used C. briggsae reference genome
sequences and gene set from WormBase release WS215 and
genBlastG (v135).

Transcriptome library production and deep sequencing

Tissue samples were put through an RNA extraction using TRIzol
(Invitrogen, SKU# 10296-028). The cDNA libraries used in this
project were created with the Superscript III reverse transcriptase
kit (Invitrogen, SKU# 18080-085), and the primer used to initiate
reverse transcription was a modified oligo d(T) primer (59-CCA
GACACTATGCTCATACGACGCAGT(16) VN-39) (Invitrogen). The
protocol accompanying the kit was followed, and the samples were
treated with Ribonuclease H (Invitrogen, SKU# 18021-014). DNA
sequencing was performed on the Illumina cluster station and 1G
analyzer (Illumina).

MAQ alignment of Illumina reads to the C. briggsae genome

All parameters are in default except for the following parameters:
a = 700 (the maximum insert size allowed for correct pairing of
reads); n = 3 (the maximum number of mismatches allowed in the
first 28 bp of the Illumina read alignment).

Illumina intron and exon identification

MAQ annotate as ‘‘64/192’’ read pairs whose ends are mapped
while their mates are not mapped. Read ends with code 64 are
mapped successfully and their mates with code 192 are unmapped
to the reference genome. Code 192 reads obtained in MAQ align-
ments can be used to define splicing sites. We first aligned these
code 192 reads to the reference genome by employing the widely
used local alignment program cross_match (P Green, pers. comm.).
With the obtained genomic regions, we applied SuperSplat (Bryant
et al. 2010) to find introns. As SuperSplat does not depend on ca-
nonical splice sites, from the putative introns reported by SuperSplat,
we select only those introns which have canonical splice sites.
Thus, our results may underestimate the number of validated in-
trons because a small fraction (1%–2%) of introns is noncanonical
(Sparks and Brendel 2005). Next, the Illumina exons were parsed
from the consensus sequence.
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Splicing leader identification

We detected trans-splicing sites by following these steps: (1) Obtain
code 192 reads from MAQ-aligned results. (2) Use cross_match to
remap those code 192 reads to the flanking region where their
mates are mapped. (3) For each gene model, check the 100-bp re-
gion upstream of the 59 end and find reads that are mapped by
MAQ/remapped by cross_match to this region. This number is
selected because ;90% of the known trans-splicing sites are found
within a 100-bp region upstream of the start codons (Supple-
mental Fig. 3B). (4) Align the 59 end of these read sequences to the
39 end of the known SL sequences to detect and categorize trans-
splicing sites (Guiliano and Blaxter 2006).

RNA-seq-based gene model validation and further revision

Confirmation or addition of new coding exons to the predicted
gene models depends on the existence of Illumina reads aligned to
the genomic region of interest. Genomic segments in which all
bases were covered by Illumina read alignments without gaps,
which we termed ‘‘Illumina exons,’’ were obtained by first running
MAQ’s ‘‘assemble’’ function to get the consensus sequence from
the reads mapped to the genome. Read pairs with only single ends
mapped to the genome suggest the existence of previously un-
annotated cis-splicing or trans-splicing events, which can be used
to locate the existence of introns or trans-splicing acceptor sites
(Blumenthal and Gleason 2003), which is described below. A
newly developed program SuperSplat (Bryant et al. 2010) was ap-
plied to predict introns defined by such unmappable read mates.
We applied SuperSplat to define introns using the 3.1 million code
192 reads. In this project, we name a putative intron defined by
Illumina reads a ‘‘Illumina intron.’’ Applying SuperSplat and 3.1
million single ends obtained above, we have identified 78,252
Illumina introns, 59,560 of which are supported by two or more
independent Illumina reads (Supplemental data 4).

Next, we used the Illumina introns and Illumina exons to
validate C. briggsae gene models and to further improve gene
models by systematically comparing with introns and exons in the
C. briggsae hybrid gene set defined above. Based on their re-
lationship with predicted protein-coding gene models, an Illumina
intron can be categorized as an intragenic intron if it overlaps with
a gene and is entirely nested within a predicted gene model.
Otherwise, it is categorized as a boundary or intergenic introns.
Intergenic introns indicate the presence of protein-coding genes
that have not been annotated previously. Because their full gene
model is not defined, they are annotated as genelets (Hillier et al.
2009). Protein-coding genes in eukaryotic genomes consist of
exons, introns, and untranslated regions (59 and 39 UTRs).

As the first step in validating and revising C. briggsae gene
models, we focused on the internal components of genes. Because
genomic sequences spanning introns and exons are complemen-
tary in gene models, gene model definition is essentially equiva-
lent to intron definition. Once introns are defined, exons are
readily defined. For gene models that are computationally pre-
dicted, such as those in the C. briggsae hybrid gene set, exons and
introns may be correct, defective, or entirely missing. When
compared with Illumina introns, introns in predicted gene models
can be confirmed, modified, or removed. Additionally, novel in-
trons may be introduced to the gene models. Furthermore, introns
in predicted gene models can be spurious and can be removed
if their existence is in conflict with transcript reads. Finally, alter-
native introns that overlap with each other can be identified
as well.

An intragenic Illumina intron can be a perfect match, a partial
match to a predicted intron, or a novel intron. If a predicted intron

(in the C. briggsae hybrid gene set) is identical to an Illumina intron
that is supported by one or more independent Illumina reads, we
annotated this predicted intron as a confirmed (i.e., validated)
intron (Fig. 3A). If a validated intron overlaps with one or more
different Illumina introns, the intron is recorded as an alternative
Illumina intron, which suggests that the corresponding gene has
multiple isoforms and is therefore alternatively spliced. Our goal in
this study is to identify one transcript per gene, thus the exact
structures of alternative isoforms are beyond the scope of this pa-
per. However, the alternative Illumina introns will be valuable for
further defining full-length isoforms in the future (Supplemental
data 4). Among 102,406 predicted introns in the C. briggsae hybrid
gene set (based on WS215 and genBlastG version 135), 59,137 (or
57.5%) predicted introns are confirmed by Illumina introns. These
confirmed introns fall into 14,703 protein-coding genes, suggest-
ing that these genes are at least partially confirmed. In other words,
because we have detected the existence and expression of 63.2% of
the predicted genes in the C. briggsae hybrid gene set, these 14,703
genes are likely real although not necessarily fully defined. Fur-
thermore, out of 21,683 genes (containing at least one intron),
7347 (or 33.9%) gene models have all of their introns fully con-
firmed.

While the perfect matches validate the corresponding pre-
dicted introns, others provide experimental evidence to repair the
gene models. Among 59,560 Illumina introns that are supported
by split alignments of two or more Illumina reads, we found 10,079
that did not fully match with predicted introns, suggesting that we
could make further improvements of the C. briggsae genome an-
notation. Next, we used these 10,079 Illumina introns to revise the
hybrid gene models. Specifically, if a predicted intron overlaps
with one Illumina intron that is supported by two or more in-
dependent Illumina reads but this predicted intron is different
from Illumina intron, it is replaced by an Illumina intron (Fig. 3B).
If a predicted intron overlaps with multiple overlapping Illumina
introns, the Illumina intron with the highest read support (i.e., the
number of split read alignments) is used to replace the predicted
intron, while others were recorded as alternative introns. When an
Illumina intron is used to replace a predicted intron, the flanking
exons were altered to create splice-junctions for the new intron of
the revised gene model. Here we enforce that the length difference
between the predicted intron (which is to be replaced) and the
Illumina intron must be a multiple of 3 so that the reading frame is
preserved (i.e., unshifted) and that the introduced coding region
does not contain stop codons. Furthermore, we enforce that the
newly introduced coding regions must be supported by Illumina
exons (at least 90% of the length of the new coding regions must
have read support). We found 6617 Illumina introns that over-
lapped with but were not identical to one or more predicted in-
trons in the C. briggsae hybrid gene set. Among these Illumina
introns, 2111 (or 31.90%) were successfully used to replace 2244
predicted introns, while 2301 (or 34.77%) were not incorporated
because they overlapped with other Illumina introns, which had
higher coverage. These 2301 Illumina introns suggest the existence
of alternative splicing in at least 1176 C. briggsae gene models. This
type of intron revision affects 2077 (or 8.9%) C. briggsae gene
models in the hybrid gene set. The rest of the 2205 Illumina in-
trons were not successfully integrated into the gene models be-
cause their integration would cause frame shifts, or there is a lack of
support for the flanking exonic regions. The reason for these fail-
ures is explored below.

Additionally, among 59,560 Illumina introns that were sup-
ported by two or more independent Illumina reads in C. briggsae
genome, 878 (or 14.72%) overlapped with annotated hybrid cod-
ing exons (but not predicted introns). We attempted to integrate
these Illumina introns into gene models as novel introns if their
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incorporation did not cause a shift in the reading frame (Fig. 3C).
In other words, the lengths of such Illumina introns had to be in
multiples of 3. If such a novel Illumina intron overlapped with
other Illumina introns, only the one supported by the largest
number of independent Illumina reads was incorporated. We in-
corporated 716 out of 878 novel introns into 638 genes. These novel
introns range from 39 to 927 bp (average, 51.7 bp) in size. The rest of
these novel Illumina introns (162 out of 878) were not incorporated
in any gene models because they would have either caused a frame
shift (for reasons described later) or have a lower support.

Some predicted introns were not supported by any Illumina
intron and the corresponding genomic region was covered by
Illumina exons. We reasoned that these introns were likely false
annotations and thus removed them from gene models. In the
meantime, the corresponding genomic region was converted as
part of a coding exon (Fig. 3D). For a predicted intron to be re-
moved, we enforced that the length of the intron was a multiple of
3 so that the incorporation of the new coding region does not shift
the reading frame. Altogether, we removed 461 such predicted
introns in 392 gene models. These introns range from 18 bp to
1059 bp (average, 106 bp) in size.

Comparisons between hybrid C. briggsae gene models and the
Illumina introns suggested that hundreds of gene models needed
revision at their ends because they overlapped with Illumina in-
trons at the 39 or 59 boundaries. A hybrid gene model was extended
at the 39 end if the following conditions were met (Fig. 3E). First,
the gene model lacked an annotated stop codon, which is true for
many WormBase C. briggsae gene models that are incorporated
into the hybrid gene set. Such hybrid gene models overlapped with
Illumina exons at the 39 end and either contained a stop codon or
connected the gene model to a neighboring Illumina intron or
a predicted intron. In this project we attempted to identify a stop
codon for all gene models. Second, when an Illumina intron
overlapped with the 39 terminal exon of a predicted gene model,
which suggested that the predicted gene model should be ex-
tended at the 39 end, the Illumina intron was incorporated into the
hybrid gene model. Thus the overlapping terminal exons were
reduced, and the hybrid start/stop codons were modified. Third,
when an Illumina intron was found in the neighborhood of the
hybrid gene model, and an Illumina exon was found to bridge the
Illumina intron to the hybrid gene model, the Illumina intron was
also incorporated into the hybrid gene model. Accordingly, the
terminal exon was extended and the hybrid start/stop codons were
modified. Finally, an Illumina exon that could connect a hybrid
gene model to a predicted intron of an adjacent predicted gene
model suggests that the two adjacent gene models should be
merged into a single gene model. Thus, the Illumina exon was
incorporated as an exon (or part of an exon) of the new gene
model. Illumina introns or predicted introns of neighboring genes
were added to the gene model as the extension proceeds. Any
Illumina intron that is incorporated must be supported by two or
more split read alignments. The extension stops after the first in-
frame stop codon was found. The extension was accepted only if
the introduced coding exons were supported by Illumina reads up
until the new stop codon.

The gene model extension at the 59 end was implemented
following a similar idea as the extensions at the 39 end described
above (Fig. 3F). The main difference here was that both start and
stop codons needed to be examined simultaneously. The start co-
dons were looked at in order to find the 59 end of the new gene
model while the stop codons were looked at to ensure that a pre-
mature stop codon was not incorporated into the revised gene
model. If an Illumina intron overlapped with the hybrid gene
model at the 59 end, or the Illumina exons at the 59 end connected
the gene model to an upstream Illumina intron or a predicted intron

of an upstream neighboring gene model, then the gene model
could be extended at the 59 end. The hybrid gene model was ex-
tended and the start codon found upstream was recorded as the
new start codon. Extension proceeded until (1) a stop codon was
found or (2) Illumina exons or existing coding exons of neigh-
boring gene models did not support the extension. Thus, the most
upstream start codon in the genomic region supported by Illumina
reads before the first encounter with the stop codon was annotated
as the new start codon. As a result of the application of extension
procedures to 23,276 gene models in the C. briggsae hybrid set, 762
gene models were extended at either the 39 or the 59 end, among
which 399 gene models were extended at the 39 end, 386 gene
models were extended at the 59 end, and 23 gene models were
extended at both the 39 and the 59 ends.

In addition to coding sequences, we have also annotated UTR
sequences based on Illumina reads aligned to the genome. At the 39

end of the gene model, the Illumina exon that covers the stop
codon contains the 39 UTR, which starts immediately after the stop
codon and ends with the end of the Illumina exon. 39 UTR regions
were found for 14,089 genes (Supplemental data 8,9). The Illumina
exons immediately upstream of the 59 end of the gene models
contain the 59 UTRs. For trans-spliced genes, which are described in
details below, the 59 UTR region starts immediately after the trans-
splicing acceptor site and ends before the start codons. For the
genes that are not trans-spliced, the 59 UTR is the region between
the start codon and the start of the Illumina exon that covers the
start codon. We have found 59 UTR sequences for 14,089 genes
(Supplemental data 8,9).

As a result of our combined homology and RNA-seq-based
improvements, in the C. briggsae gene set of 21,683 intron-con-
taining genes (Supplemental data 5,7), 61,503 (60.9%) introns
have been validated, 14,812 (68.3%) genes have at least one intron
validated, and 7347 (33.9%) genes have all introns validated. At
the transcript level, 10,235 genes (or 47.0% of all genes) were
found to have $95% of their cDNA sequences supported by
Illumina read alignments. This is a remarkable advance because,
after almost 10 yr since the annotation of the C. briggsae genome
(Stein et al. 2003), only 853 (or 3.9%) genes are partially con-
firmed (according to the most recent release from WormBase
WS228).

Identification of genomic errors in C. briggsae genome assembly

The raw Sanger sequencing reads and the corresponding quality
files were downloaded from NCBI trace archives (ftp://ftp.ncbi.
nih.gov/pub/TraceDB/caenorhabditis_briggsae). These reads, which
were originally generated by the Genome Sequencing Center
at Washington University in St. Louis, were assembled by the
C. briggsae genome analysis consortium (Stein et al. 2003). The
assembly (cb25 supercontigs) was downloaded from the following
WormBase FTP site: ftp://ftp.wormbase.org/pub/wormbase/genomes/
c_briggsae/assembly/cb25.agp8/genome_assembly/cb25.agp8.

For detecting potential genomic errors in the current
C. briggsae reference genome sequences, we aligned the raw
Sangers reads and the cb25 supercontigs separately against the
C. briggsae reference genome sequences using the Burrows-Wheeler
Alignment tool (BWA) (Li and Durbin 2009). We used the algo-
rithm ‘bwasw’ that was designed for long reads. The resulting
SAM alignments were then converted into the BAM format using
SAMtools (Li et al. 2009), merged and displayed in a generic ge-
nome browser (Stein et al. 2002) for visualization. The variations
were generated by BWA and extracted using the ‘pileup’ command
from SAMtools (Li et al. 2009). Indels were filtered using the fol-
lowing criteria: read depth $5 and >50% of reads supporting the
variation. Single nucleotide differences were filtered using the
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following criteria: read depth $5, SNP quality $40, reads support
>40%, consensus quality (CQUAL) $22. A complete list of filtered
insertions, deletions, and single nucleotide differences is described
in a GFF3 file (Supplemental data 14–16).

Data access
All data that were generated in the course of this research are made
publicly available. Paired-end sequencing data of the C. briggsae
transcriptomes have been submitted to the NCBI Sequence Read
Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession
number SRA050228. Processed data are attached as supplementary
data and they are being submitted to WormBase for display at
WormBase or further analysis by WormBase curators.
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