Draft Proposal to Promote Improved Bacterial Genomic Annotation.
I. Current State of Microbial Genomic Annotation:

This proposal stems from the increasing problem of poor genome annotation in microbial genomes. As the amount of data from sequencing operations is increasing exponentially, a serious need arises to correctly identify, both in terms of sequence location and functional prediction, the genes encoded by a given microbial genome. The problems arises from a number of issues and can be broken down into a few stages:
A. Gene prediction, including identification of correct sequence locations for both start and stop for both protein coding and RNA coding genes.

B. Functional prediction based on existing database annotation.

C. Revision of existing annotation after the publication of experimentally verified function.

This proposal is an open call for a frank discussion on addressing these problems in a synergistic fashion in collaboration with the American Society for Microbiology (ASM), the International Nucleotide Sequence Database Collaboration (INSD), major sequencing centers and several model organism and curated databases. Microbial genome annotation should be a considered a dynamic process that is constantly undergoing revision and should not merely be considered the deposition of a snapshot of information into the public databases at the time of sequence submission.

A. Gene prediction.
Since the advent of large-scale genome sequencing gene prediction has relied

on a variety of methods for the identification of both protein and RNA coding

genes. Current annotation schemes rely on probabilistic models such as Hidden

Markov models (HMMs) for the identification of statistically significant coding

regions, but that has not always been the case. The variety of techniques and

different values applied to statistical significance has led to a large number of

incorrectly identified genes. Both over- and under-predicted sets of genes exist in

the database as well as incorrectly identified start sites.
1. Identification of protein coding genes.
Although many annotation schemes use a mixture of automatic and manual curation of annotation a certain number of problems will arise that are typically tied to the probabilistic models used for gene finding. Validation checks can be utilized to find and correct some of these problems, but not all genomes have used them, or have used them to varying degrees. Some example problems are:
-incorrect numbers of genes, either over or under-predicted

-arbitrarily placed cut-off points for small coding regions (30 amino acids is typical) even though there exists small polypeptides of less than this size with experimentally verified functions

-most probabilistic models will miss large protein coding genes such as those for surface antigens in certain organisms

-incorrect identification of translation initiation sites (start codons) without using comparative genomics
-incorrect identification of spliced (cis- and trans-) genes
-incorrect identification of genes that utilize translational recoding such as ribosomal slippage

-incorrect identification and annotation of intein-containing genes

Tied to the identification and annotation of protein-coding genes are the identification of pseudogenes or gene fragments. There is currently no uniform way of identifying and annotating these genes, with the result that pseudogenes are poorly annotated. Of course the evolutionary flexibility of protein-coding genes greatly exacerbates this problem.
-if pseudogenes and gene fragments are not identified, then overlapping coding regions with high statistical significance may be incorrectly annotated
-sometimes only one fragment of a pseudogene is identified but not the remaining fragment(s)
-sometimes pseudogenes and fragments are annotated as producing functional polypeptide products when it is clear that they do not

2. Identification of RNA-coding genes.
RNA-coding genes include the ribosomal RNAs, tRNAs, and other RNAs such as tmRNA and small RNAs involved in regulation. The larger RNAs are usually found by BLAST similarity searches, while the small ones might be found by using covariance models alone or in combination with similarity searches. 

-not even the core rRNA genes are identified in all genomes

-tRNAs are not always identified

-other RNAs such as tmRNA and small regulatory RNAs are rarely identified

-the 5' and 3' end points of RNA molecules are not always identified correctly

-spliced RNAs (both cis- and trans-) are poorly identified

Not only do genomes exist without these RNA genes correctly identified, but those that are missing this information sometimes have incorrectly annotated protein coding genes overlapping regions of the genome where the RNA genes would be.
3. Other elements of annotation.

Although the focus of this proposal is on gene prediction and function, there are many other elements of annotation, including those for the regulation of transcription, translation, replication, signal peptides, mature peptides, etc. that are usually not identified at all. Discussions on these annotation types may occur at a later date.
B. Functional prediction.

Functional prediction is prone to greater errors than the identification of coding regions and start sites. Even if the annotation in the public databases was extremely accurate this would be a difficult problem, but as it is not, this problem is exacerbated.
At the lowest level, functional prediction is usually based on sequence similarity, which works well for highly conserved genes, or where the genome is from an organism that is closely related to a model organism such as Escherichia coli. At the other end of the functional prediction spectrum are 'hypothetical genes' or 'genes of unknown function' with no experimentally identified function in any organism.

-transfer of annotation depends on annotation in the public databases being accurate and up-to-date
-various cutoff points for sequence similarity have been used for annotation transfer

-transfer of annotation without taking into account context-dependent information such as metabolic pathways can result in errors

-annotation based on computational prediction or manual examination using various criteria (pathway holes, gene neighborhood, etc.) is not done with a uniform set of rules

C. Revision of existing annotation.
Annotation of genomes should be considered a dynamic process. Every week there are publications describing either novel functions for a gene that previously had no known function, or revisions and refinements of functions are noted. The more rapidly this information is applied to genomic annotation, the more accurate the information resulting from genomic sequencing projects will be. Additionally, direction in experimentally-driven research can be directed more accurately and rapidly.
1. Publication of a novel or revised gene function.
Publications may describe experimental confirmation of function prediction, novel functions for previously uncharacterized genes, or correction and refinement of functions.

-identification of specific gene(s) in publications is not uniformly done and a number of different unique identifiers are used including, but not limited to:


accession numbers from various databases


gene locus_tags

-non-unique identifiers make the problem more difficult and include the following:


gene names


protein names


EC numbers for enzymes

-identification is exacerbated by incorrect usage of gene names or symbols in the literature
-functions are based on a number of experimental procedures, including isolation of mutant strains, directed mutation of genes, biochemical characterization in vitro, etc., which have a variety of weights or confidence levels that are not usually captured
2. Identification of novel or revised gene function in the literature.

Although identifying one or a few publications describing a new function for a gene are easy to do manually, there is no simple way to scan the literature systematically. The problems mentioned above due to the lack of unique identification of gene(s) in the literature, coupled with the variety of ways in which function are described in publications, means that automatic procedures to search the literature are prone to error. The easiest way annotation updates are identified is if the publication of function is coupled to the deposition of information to a database such as GenBank (nucleotide), or PDB (structure), etc. However, in the era of large-scale genome sequencing this does not occur due to the pre-existing sequence. Therefore, the literature itself must be mined, either manually by a curator, or through a variety of information retrieval methods that are prone to error.

3. Updating genomic annotation.

Once an updated function has been identified, it is of paramount importance that this information is transcribed from the published world to the database world as rapidly as possible. Manual curation in databases such as RefSeq, UniProt, or model organism databases helps to keep the information up to date, but as noted above, these initiatives are time-consuming and prone to errors. Automatic procedures can rapidly find information, but the higher error rate can result in poor annotation.
-there is no machine-readable functional information on proteins and genes present in the literature
-if updating is done manually it is slow, time-consuming, and prone to errors both in the finding of information, and the updating of annotation
-systematic searches are more comprehensive but are likely to result in a higher error rate of annotation
-there is no easy route from publication of function to the databases

II . Proposal to improve microbial genome annotation:

A. Community-based annotation.
NCBI has developed the RefSeq Bacterial Genome resource to address a large number of these problems. RefSeq already incorporates annotated bacterial genomes from some existing curated resources where they are available, incorporates corrections from the literature and user feedback, and does automated reannotation of RefSeq sequences. NCBI would like to open the RefSeq Bacterial Genome curation process to a broader community of computational and biological scientists to ensure RefSeq has the highest quality annotation possible, both for users of RefSeq and for those who use the RefSeq genomes as a template for their own new annotations. Finally, we would hope this collaboration might establish best annotation practices for producers of new bacterial genomes and of annotation tools.
B. Unification of existing information.
NCBI proposes that some standards be adopted for correct gene names, protein names, and other annotation that is agreed upon by the microbial genome community. Standards for the identification of genes should be discussed. Standards and formats for annotation should also be agreed upon (which of course may be expanded at a later date) before the annotation itself is unified. Of paramount importance is the identification of genes and proteins for which experimental verification of function has been obtained. 

If a standard can not be agreed upon, then identification of the statistical significance of a gene and/or start site should be easily obtainable.

C. Application of annotation transfer from this shared resource to newly sequenced genomes.

Once the annotation is updated and unified, it will of course be used in the transfer of annotation to newly sequenced genomes. Some standards should be adopted so that transfer of annotation is not piecemeal nor subject to various cutoff points and is valid so that major errors are not propagated. Computationally predicted functions should be clearly distinguished from experimentally confirmed functions both on the original annotation and during annotation transfer to new genomes.

D. Submission of annotation

A discussion of how annotation updates, either after experimentally confirmed functions or computationally predicted functions, can be streamlined. It is of interest to all to see this information quickly disseminated and the process should be discussed. Whether the submission of new functions can be open to public submission, and if so, how to deal with all of the problems and conflicts that may arise when doing so can also be addressed.
E. Machine-readable identifiers and functions.
Standardized unique identifiers should be used in publications when describing a gene function so that there is no mistake of which gene is being described. NCBI proposes uses the locus_tag identifiers as it is unique for any gene in a genome, and unique across all genomes. In addition, machine-readable formats for annotation should be used so that the tedious manual step of identifying new functions can be reduced or eliminated. This of course is a major revision of existing publication formats and is open to discussion.
III. Collaboration and the future.

NCBI hopes that this call for open collaboration improves the annotation present in both the databases as well as how this annotation is described in the literature. This should both improve the accuracy of annotation, as well as dissemination of the information presented within to bench scientists who must do the experiments to confirm or deny gene functions. Greater collaboration will improve not only the information housed in various databases but also in the scientific process itself.
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