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Investigators at the Baylor College of Medicine Human Genome Sequencing Center (BCM–HGSC) and BeeBase
organized a community-wide effort to manually annotate the honey bee (Apis mellifera) genome. Although various
strategies for manual annotation have been used in the past, the value of dispersed community annotation has not
yet been demonstrated. Here we make a case for the merit of dispersed community annotation. We present
annotation procedures, standard protocols, and tools used for sequence analysis, data submission, and data
management. We also report lessons learned from this dispersed community annotation effort for a metazoan
genome.

[Supplemental material is available online at www.genome.org. The genome sequence is available under the accession
numbers CM000054–CM000069 (for chromosome linkage groups) and AADG05* for contigs.]

Annotation is one of the most difficult tasks in genome sequenc-
ing projects, yet it is essential for connecting genome sequence to
biology. Lincoln Stein (2001) described the “sociology of genome
annotation,” with three models of organization for manual ge-
nome annotation efforts: (1) the “museum” model, which relies
on a small group of specialized curators; (2) the “jamboree”
model, in which a group of leading biologists from the commu-
nity and bioinformaticians come together for a short intensive
annotation workshop; and (3) the “cottage industry” model, in
which a decentralized effort is organized among annotators re-
cruited from the community to work from their laboratories.
These are in addition to the “factory” model of highly automated
methods used for many genomes (Hillier et al. 2004; The Chim-
panzee Sequencing and Analysis Consortium 2005; Lindblad-
Toh et al. 2005). The museum model is used for the model or-
ganisms with sufficient funding (Waterston et al. 2002; The Rat
Genome Sequencing Consortium 2004), but smaller research
communities often must rely on other models or forsake manual
annotation altogether. Annotation jamborees have been used for
the Drosophila melanogaster, Ciona intestinalis, Escherichia coli
K-12, and rice genomes and mouse full-length cDNA project
(Pennisi 2000; Kawai et al. 2001; Dehal et al. 2002; Ohyanagi et
al. 2006; Riley et al. 2006). Organized decentralized community
annotation has been used for fungal, archaeal, and prokaryotic
genomes (Stover et al. 2000; Galagan et al. 2002; McLeod et al.
2004; Braun et al. 2005; Tripathy et al. 2006). In addition, several
community annotation databases allow ongoing input for fungal
and prokaryotic genomes (Glasner et al. 2003; D’Ascenzo et al.
2004; Winsor et al. 2005; Aguero et al. 2006; Tripathy et al. 2006).
Several model organism databases use the Distributed Annota-

tion System (DAS) to facilitate data sharing (Dowell et al. 2001),
but the DAS system does not yet involve incorporating the com-
munity annotation data into an official set of gene models.

Strategies for annotation were discussed after completion of
the human and fly draft genomes (Claverie 2000; Hubbard and
Birney 2000; Stein 2001; Stein et al. 2002). Advantages of dis-
persed community annotation are that (1) expertise of biologists
can be exploited in functional annotation, (2) initial focus can be
placed on gene families of interest to the research community,
(3) researchers can perform laboratory experiments to obtain ad-
ditional sequence information and verify expression, and (4) a
larger number of automated gene predictions can be visually
checked and assigned putative function over a relatively short
period of time. The primary disadvantages of dispersed commu-
nity annotation are the potential for duplicated annotation ef-
forts and the use of different standards and ways of presenting
data (Claverie 2000). However, Hubbard and Birney (2000) sug-
gested that many of the problems with open annotation could be
overcome with appropriate annotation data management tools.

The community-wide effort to annotate the honey bee ge-
nome was unusual in that it was a decentralized open annotation
project for a metazoan genome. It seems appropriate that the
research community for honey bee, the first sequenced social
insect genome, embark on an annotation sociology experiment.
Honey bee investigators around the world cooperated over a
three month period to manually annotate >3000 gene models for
genes of particular interest in honey bee research. Here we pre-
sent the approaches taken by BCM–HGSC, BeeBase, and the
Honey Bee Genome Sequencing Consortium and demonstrate
the value of a decentralized community annotation effort.

Our approach to successful community annotation

We used a combination of communication via Listserv and con-
ference calls, standard operating procedures (SOPs), central
source of annotation data sets, annotation submission Web site,
and expert review to avoid the potential problems associated
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with open annotation. To avoid duplication, the community (of
177 registered individuals) was divided into groups based on
themes of biological interest, each with a group leader, and an
annotation Web site was provided by BCM–HGSC that allowed
registered users to view submissions. To optimize consistency, (1)
the community developed SOPs, (2) requirements for data sub-
mission were established and enforced at the submission Web
site, and (3) all submissions were reviewed by an expert at Bee-
Base prior to assignment of identifiers and incorporation into the
honey bee Official Gene Set (OGS).

Community organization and communication support

The Honey Bee Genome Sequencing Consortium selected themes
of biological interest to organize groups of annotators. These
were (1) innate immunity, (2) pesticides and stress resistance, (3)
neurobiology and behavior, (4) gene regulation, (5) development
and metabolism, and (6) reproduction. In addition, an investi-
gator at BeeBase annotated all of chromosome 16. A leader was
assigned to each group. Within each group, tasks were divided
into gene families or pathways. BCM–HGSC organized weekly
conference calls among group leaders and the honey bee genome
steering committee members to discuss progress and findings.
Conference calls were also scheduled for the different subgroups
as needed. Communication was also facilitated via the Honey
Bee Genome Listserv (e-mail list manager software) (Thomas
1986) hosted by BCM–HGSC. A Wiki, a Web site for collaborative
writing (Cunningham and Leuf 2001), with areas defined for the
different subgroups, and an FTP (file transfer protocol) (Postel
and Reynolds 1985) site were also hosted by BCM–HGSC. Some
annotation groups used the Wiki, but others did not. The FTP site
was a useful repository for documents and figures to be collected
for the different manuscripts. The preferred method of commu-
nication was e-mail to the Listserv, often using subject lines to
identify the subgroup, supplemented by off-list e-mail directly to
subgroup members.

Standard operating procedures

Detailed SOPs were tested and documented at BCM–HGSC and
sent to the community members via the Listserv (see Supplemen-
tal material). Prior to the onset of community annotation, six
gene sets and a consensus gene set were generated by using au-
tomated methods (The Honey Bee Genome Sequencing Consor-
tium 2006; C.G. Elsik, A.J. Mackey, J.T. Reese, N.V. Milshina, and
G.M. Weinstock, in prep.). The consensus gene set was release 1
of the honey bee OGS. These provided the starting point for
manual gene annotation, but investigators could use other forms
of gene evidence, including EST (expressed sequence tag) and
homologous protein alignments. The SOP included details for
searching and retrieving non-Apis gene family members from
NCBI and FlyBase, identifying Apis mellifera gene family mem-
bers in the bee genome assembly and the honey bee predicted
gene sets, and building coding sequences (CDSs) using TBLASTN
matches to the genome assembly. A detailed example using the
Toll-like receptor family was provided to illustrate each step. The
minimal requirement for an annotation submission was either a
protein sequence or, in the case of functional annotation with-
out modifying a gene model, a homolog description.

Annotation Web site and database

Annotation was supported by a database to store and collect gene
coordinates, descriptions, and annotator information, as well as

a Web interface to the database. Initial gene models were based
on a combined set of gene predictions from Ensembl, NCBI, Soft-
berry (Fgenesh), an evolutionarily conserved core set, and a Dro-
sophila ortholog set (The Honey Bee Genome Sequencing Con-
sortium 2006). All five sets were merged by GLEAN, a program
developed by Aaron Mackey that implements a latent class algo-
rithm (C.G. Elsik, A.J. Mackey, J.T. Reese, N.V. Milshina, and
G.M. Weinstock, in prep.). Annotations included the GeneId,
SourceID (either an identifier from the OGS list or other identi-
fier, such as from Ensembl or NCBI), the Gene Family, Family
Member, CDS length, Protein length, RefSeq Accession, Homolog
Accession, Function, Neighbor Joining Tree, Annotator, and
Comments. Keyword searches by gene or family name or anno-
tator, or wild cards, retrieved pages listing the retrieved genes,
with links to the annotation information pages, and windows to
view the exons and the sequences in context. Each gene was
labeled with the annotator responsible for the comments. Sixty-
one annotators entered sequences into the database.

Analysis tools

BeeBase provided BLAST and PSI-BLAST servers with all honey
bee sequence sets, including gene prediction sets, contigs (con-
tiguous assembly sequences), scaffolds (sequences with N filling
the sized gaps), unscaffolded small contigs, repeat reads, and
single reads that could not be assembled (http://racerx00.
tamu.edu/bee_resources.html). Single sequences could be ac-
cessed directly from BLAST search results or via a sequence down-
load page. A special PSI-BLAST database, which combined the
NCBI NR (nonredundant) database with the honey bee OGS pre-
dicted gene set and honey bee ab initio set (OAIGS), facilitated
the identification of highly divergent family members, such as a
member of the olfactory receptor family (Robertson and Wanner
2006). PSI-BLAST was also used to confirm that there were no
additional family members or that homologs to Drosophila genes
were missing. GMOD (genome model organism database) ge-
nome browsers (Stein et al. 2002) were provided on both scaffold
and chromosome coordinate systems for multiple assembly ver-
sions, featuring tracks for all predicted gene sets, homologs, EST,
markers, SNPs (single nucleotide polymorphism), repeats, and
GC content analysis. Integration of BLAST with the genome
browser allowed simultaneous viewing of results from multiple
BLAST searches in the context of mapped genomic features.

Gene model review and ID assignment

Submitted annotation data were transferred from the BCM–
HGSC annotation database to BeeBase. We developed procedures
for handling community-annotated gene models, which include
mapping, checking for errors and redundancy, assigning identi-
fiers, and incorporating them into the OGS. To check for redun-
dancy and view splice sites in an annotation browser, submitted
sequences had to be mapped to the genome assembly. Since the
submission of exon coordinates was not required and was a
source of user error, we relied, for the most part, on automatically
mapping sequences to the assembly. CDS sequences were
mapped to the honey bee genome assembly release 2 using
Splign (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi)
(Kapustin et al. 2004). For submissions that did not include CDS,
protein sequences were mapped using Exonerate (Slater and Bir-
ney 2005). Both of these programs combine sequence alignment
with splice site modeling. In some cases (467 total), sequences did
not align perfectly using these programs, either because of non-
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canonical splice sites or because the gene model was created us-
ing sequences that were not in assembly 2 (e.g., assembly 3, un-
scaffolded contigs, cDNA sequences). The “difficult” cases caused
by noncanonical splice sites were mapped manually using
TBLASTN and the Apollo annotation editor (Lewis et al. 2002).
The other difficult cases were partially mapped to assembly 2,
usually due to gene models that had been extended using cDNA
or EST evidence that mapped an exon or part of an exon to gaps
in the genome assembly. Once all gene models were mapped,
submitted annotations and all other forms of gene evidence
(gene predictions, BLAST protein and EST alignments) were for-
matted in GAME-XML for simultaneous viewing in Apollo. Each
assembly scaffold containing at least one submitted annotation
was viewed, and identifiers were assigned to the annotations. In
some cases there were submitted models for the same gene from
different annotators. When both annotations were reasonable,
they were assigned identifiers as splice variants. As with release 1
of the honey bee OGS, each gene model was assigned a “GB”
identifier analogous to the D. melanogaster “CG” gene model
naming convention used at FlyBase. In some cases, submitted
gene models inherited GB identifiers from gene models already
existing in honey bee OGS release 1, while there may have been
modification to the model itself. In other cases, submitted gene
models resulted from splitting or merging OGS models. New
identifiers were assigned to these and to submitted annotations
that did not overlap with any OGS model.

Outcome of community annotation

The goal was for expert biologists to annotate all the genes re-
quired for complete comparative analyses of biological systems
relevant to their research. Many of the findings were supported
by laboratory experiments and developed into full research pub-
lications (Cho et al. 2006; Collins et al. 2006; Dearden et al. 2006;
Evans et al. 2006; Forêt and Maleszka 2006; Jones et al. 2006;
Kunieda et al. 2006; Robertson and Wanner 2006; Sutherland et
al. 2006; A.M. Collins, T.J. Caperna, V. Williams, W.M. Garrett,
and D. Evans, in prep.).

The number of genes and gene models is summarized in
Table 1. The number of gene models in the OGS increased from
10,157 to 10,314, despite 302 OGS models being dropped due to
splits and merges. Over 25% of the OGS was touched by manual
gene model revision, confirmation, or functional annotation. Of
these annotations, about half of the gene model coordinates were
unchanged, and 12% were revised by the BeeBase curator. The

BeeBase curator revised the models to match the genome assem-
bly—some revisions were due to splice site differences or coding
sequences that were not extended fully to the start and stop
codons, but many represented additional information from PCR
experiments or other nongenome data that could not be repre-
sented as coordinates in the genome sequence. These sequences
are a benefit of this annotation process and are available from
BeeBase in their original annotated form.

Duplicated annotation to some extent could not be avoided,
because some genes could be grouped into multiple community
themes. However, in most cases gene models were accepted for
alternative splice forms of the same gene and treated as different
annotations. In the few cases of conflicts regarding splitting or
merging gene models, submitters were notified and the conflicts
were resolved.

Lessons learned

The most challenging aspects of dispersed community annota-
tion are the needs to (1) maintain consistent quality despite the
diversity of annotation expertise in the community, (2) maintain
consistent data formats, and (3) minimize the potential for du-
plicated annotation. Developing a SOP for annotation proved to
be an effective means to address diverse levels of expertise. Al-
though the length and complexity of the document intimidated
prospective annotators when it was first presented, once the
document was used to guide annotation the details were deemed
necessary and helpful. In addition, pre-computed comparisons to
sequence and domain databases are useful adjuncts that are not
difficult to provide in a centralized location and that payoff in
better annotations. Annotators can spend their limited time re-
sources on evaluating more genes, rather than identifying the
sequence databases and setting up the sequence searches, thereby
improving the quantity of the annotations. Centralized re-
sources, such as those provided by BeeBase, improve the consis-
tency of the annotations by providing the same data for se-
quence comparisons to all annotators, thus improving the qual-
ity of the annotations.

The issue of data consistency is addressed by collecting an-
notations in a central database with appropriate constraints.
Strict constraints on the Gene IDs make redundant annotations
easier to identify and reduce the number of conflicting annota-
tions. Requiring exon features (coordinates, sequence) to be in-
cluded in a gene annotation makes identification of overlapping
annotations and consistency checking easier. Methods to import
OGS sequence and feature information into the submission in-
terface speed the annotation process and reduce data entry errors
that generate minor alignment inconsistencies that require effort
to follow up. For the few sequences with major differences be-
tween the annotated gene and the OGS gene, importing the OGS
sequence is not beneficial.

Allowing the annotators flexibility in genomic sequence
data sources can have mixed blessings. Most of the annotators
used assembly2, the release available at NCBI and Ensembl at
that time. BeeBase provided assembly2 as well as newer assem-
blies and unassembled sequences, so that community members
could annotate sequences that were not represented in assem-
bly2. As a result of access to additional sequence data, a number
of gene models were improved by extending fragments and iden-
tifying missing exons. However, the need to map all the gene
models to the same assembly meant that some submitted models
had to be revised. The original submitted gene models are avail-

Table 1. Statistics on the annotations collected

Submitted annotations prior to removing redundancy
Gene model sequence submitted (CDS and/or Protein)a 2958
Functional annotation submitteda 3135
Submitted model identical to OGS model 1518
Submitted model revised by BeeBase reviewer 369

Nonredundant manual annotation set
Unique genesb 2502
Unique transcriptsc 2796
Annotated models from splitting OGS models 253
Annotated models from merging OGS modelsd 91
Novel models not overlapping OGS model 115
Annotated genes that cross scaffolds 13

aAnnotations can include sequence and/or functional annotation.
bUnique gene annotations are nonoverlapping by sequence coordinates.
cUnique transcripts are nonidentical transcripts.
dSome merges involved more than two models.
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able at BeeBase, with the expectation that they will map to future
assemblies. A related issue is that migrating annotations from
one assembly to another is not a solved problem. In the honey
bee, we used sequence alignments of gene sequences to the ge-
nome assembly to map the gene features to the new assembly.
Methods that convert coordinates based on known mapping of
genome assembly contigs in the two assemblies have the poten-
tial to be more reliable, although contigs also may change be-
tween assembly versions and hence may not map cleanly from
one assembly to the next.

A noteworthy outcome of the honey bee annotation effort
was its community building effect. The experience provided a
valuable learning opportunity for community members who had
not previously annotated gene models, including graduate stu-
dents and post-doctoral researchers. In addition, the BeeBase staff
became well acquainted with the community and gained expo-
sure to important areas in honey bee biology. We anticipate a
long-lasting synergy between community members and BeeBase,
which will prove to be especially helpful in the development of
a new model organism. This model is being modified and ex-
panded for other ongoing BCM–HGSC sequencing projects, in-
cluding the sea urchin (Strongylocentrotus purpuratus) and the red
flour beetle (Tribolium castaneum).

Two issues arise with the prospect of exploiting the newly
developed community–BeeBase synergy by continuing commu-
nity annotation at BeeBase. One is the submission of annotations
to NCBI. BCM–HGSC and BeeBase have developed an agreement
with NCBI, by which BCM–HGSC would grant permission to
BeeBase to submit new gene set releases as annotations on as-
sembly files. This mechanism was used for the D. pseudoobscura
annotation in the BCM–HGSC collaboration with FlyBase. The
other issue is that of funding to allow the continued manage-
ment of community annotation at BeeBase. To date, community
members have rallied to help raise support for BeeBase, which
resulted in several funding sources acknowledged below. Al-
though we do not anticipate funding at a “museum model” level,
we do expect funding to continue supporting community par-
ticipation and submission of annotations to NCBI.
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