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TAIR (The Arabidopsis Information Resource) is the model organism database (MOD) for Arabidopsis thaliana, a model
plant with a literature corpus of about 39000 articles in PubMed, with over 4300 new articles added in 2011. We have
developed a literature curation workflow incorporating both automated and manual elements to cope with this flood of
new research articles. The current workflow can be divided into two phases: article selection and curation. Structured
controlled vocabularies, such as the Gene Ontology and Plant Ontology are used to capture free text information in the
literature as succinct ontology-based annotations suitable for the application of computational analysis methods. We also

describe our curation platform and the use of text mining tools in our workflow.

Database URL: www.arabidopsis.org

Introduction

Published literature continues to be one of the most im-
portant repositories of scientific data. The number of art-
icles in PubMed related to Arabidopsis thaliana, a model
organism for plant biology research, has increased from
2014 articles in 2002 to 4343 in 2011. Accessing the huge
volume of experimental results in the primary research lit-
erature, often published in the form of unstructured free
text, poses a significant challenge for the research commu-
nity. To meet this challenge, the biocuration community
has taken on the task of collecting and organizing pub-
lished experimental data
large-scale querying, comparison and computational ana-
lysis (1). This is achieved by converting some of the free
text data into controlled vocabulary-based statements
through manual curation of the primary literature.
Biologists today have become increasingly dependent on
such computable datasets provided by biological databases
for data access, analysis and discovery.

TAIR (The Arabidopsis Information Resource, http:/Avww.
arabidopsis.org) is the primary database for A. thaliana (2, 3).
TAIR serves as a centralized gateway to Arabidopsis biology,
research materials and community members. TAIR is highly

into a format suitable for

used by Arabidopsis researchers, as well as the broader plant
research community, with Google Analytics usage statistics
showing 164000 visits and 53 000 unique visitors per month
on average over the past year. Data available from TAIR in-
cludes the complete A. thaliana genome sequence along
with gene structures, gene function information, metabolic
pathways, gene expression patterns, genome maps, genetic
and physical markers, publications, biological materials
including seed and DNA stocks and information about the
Arabidopsis research community. TAIR is a manually curated
database; data are processed by trained biocurators to
ensure that annotations accurately capture experimental re-
sults. TAIR data come from a variety of sources, including
curator review of published literature, in-house and external
computational pipelines for annotating gene structure and
function, integration of data from other biological databases
and resources [GenBank, ABRC (Arabidopsis Biological
Resource Center), UniProt, Gene Ontology Consortium, etc.]
and submissions from the research community, ranging from
data on a single gene to large genomics, transcriptomics and
proteomics datasets. TAIR also provides researchers with an
extensive set of data visualization and analysis tools.
Manual literature curation has been an important task
for TAIR curators since the database’s inception in 1999.
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This labor-intensive process produces consistent and high-
quality annotations. However, an important challenge for
us, as well as curators at many other biological databases, is
finding a way to handle the ever-increasing number of pub-
lications with limited curation resources. We employ a
three-pronged approach to address this challenge: first,
we have developed a streamlined curation workflow incor-
porating both automated and manual elements to cope
with the flood of new research articles. Second, we use
text mining methods for entity recognition and extraction
to speed up curation; to this end, we have developed and
improved PubSearch (4), an integrated curation platform
capable of article prioritization, gene recognition and the
annotation of multiple entities (gene function, expression,
polymorphism, phenotype, etc.) from full-text literature
using controlled vocabularies or free text. Recently, we
have also developed a semi-automated curation system
for protein subcellular localization using Textpresso in col-
laboration with the WormBase team at Caltech (http:/
www.wormbase.org). Details of this project are presented
in an accompanying article (Van Auken, K. Wei, C.H. et al.,
submitted for publication). Third, to complement our
in-house curation effort, we developed a novel journal col-
laboration program to collect annotations directly from au-
thors at the time of publication (5, 6).

Here, we describe TAIR's literature curation workflow as
presented at the BioCreative (Critical Assessment of Infor-
mation Extraction Systems in Biology) 2012 Workshop
(http://www.biocreative.org). We briefly describe the Pub-
Search curation platform and highlight the use of text
mining in our curation workflow. One of the major object-
ives of the BioCreative project is to apply text mining to
biocuration (7, 8). We provide a detailed description of
TAIR’s curation workflow to enable discovery of bottle-
necks that can be addressed by additional text mining
solutions.

Scope of literature curation at TAIR

We aim to extract comprehensive Arabidopsis gene-related
information from published literature. With that goal
in mind, we capture the following data: gene function
(e.g. molecular function, biological process, subcellular
localization); gene expression pattern (including ana-
tomical parts and developmental stages where the gene
is expressed); alleles; phenotypes; gene symbols and
full gene names. We no longer curate protein—protein
interactions from the literature, because we can import
these from other resources dedicated to this task, e.g.
BioGRID (9).

Information extracted from the literature is integrated
into the TAIR database, which serves as a central access
point for Arabidopsis data. For each gene, we maintain
a regularly updated page, the Locus Detail page
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(e.g. http://www.arabidopsis.org/servlets/TairObject?name
=AT3G52910&type=locus), which summarizes the current
set of relevant information present in TAIR.

As of 31 August 2012, we have collected 41608
Arabidopsis research article records published between
1947 and 2012. Of these, 26218 (63%) are tagged as po-
tentially containing gene-related information based on the
mention of an Arabidopsis gene name in the abstract or full
text. Within this subset, 8820 articles (34%) have been used
to make controlled vocabulary annotations.

The Arabidopsis genome contains 28 775 genes encoding
protein or RNA products (3). Of these, 25962 (90%) now
have at least one publication associated to them within
TAIR. About 18797 (65.3%) genes are associated to articles
which have 100 or fewer genes linked to them. About
10801 (37.5%) genes are associated to articles which have
10 or fewer genes linked to them. The number of genes
with at least one Gene Ontology (GO) annotation or Plant
Ontology (PO) annotation (including both experimental
and non-experimental evidence codes) from an article has
reached 16898 (59%) and 20012 (70%), respectively. The
number of genes with at least one experimental GO anno-
tation or PO annotation from an article is 11806 (41%) and
20009 (70%), respectively. We carried out a pilot study in
2011 to investigate whether the set of genes lacking any
GO or PO annotation but having an associated paper could
be annotated from data in those papers. For the 289 genes
in the pilot study, most of the associated papers placed the
gene within a family based on sequence similarity but pro-
vided no functional characterization information. We add-
itionally searched for papers relevant to this set of genes
using Textpresso for Arabidopsis and Google Scholar
(scholar.google.com) but were not able to retrieve any add-
itional references that could be used to annotate gene
function.

Curation tools

We have developed a web-based literature curation tool,
PubSearch, that serves as the main curation platform for
TAIR (4). PubSearch consists of two components: one com-
ponent handles article ranking and curation task manage-
ment among curators. The other component is a web-based
literature curation tool that handles article retrieval and
gene name recognition and allows curators to make anno-
tations or add free text descriptions to capture the research
results found in the literature. It is based on a MySQL rela-
tional database accessed through Java Servlet and Java
Server Pages running in a Tomcat container for the API
and front-end applications. We have made extensive im-
provements to this tool since its initial development,
adding new features such as community annotation pro-
cessing capability and database-driven full-text download-
ing. Data entered into the PubSearch curation database are
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propagated to the TAIR production database for public use.
The data transfer is supported by extract-transform-load
(ETL) pipelines that move data between the PubSearch
and TAIR databases on a regular basis.

Curation workflow

Figure 1 illustrates our manual literature curation work-
flow. The operation can be divided into two phases: (i) art-
icle selection and (ii) curation. Selection of articles for
curation (phase A) is based on abstracts only; full-text art-
icles are used for curation (phase B).

Phase A. Article selection

The selection of articles for full curation is crucial for the
efficient use of scarce curator resources. We employ a
multi-step process to progressively filter out articles less
likely to contain information that can be integrated into
the current TAIR database structure. At the end of the art-
icle selection process the remaining papers are highly likely
to contain new information that can be captured with the
curation tools and practices used at our MOD.

Article identification and retrieval. We download
and prioritize all incoming new articles before moving on
to curation. At the beginning of each month, we query for
and download all article records from PubMed that contain
'Arabidopsis’ in the title, abstract or keywords. This article
identification and retrieval step is performed by the
PubSearch literature curation tool. PubSearch uses the
NCBI (National Center for Biotechnology Information)
Entrez Utilities web services generated for Java (10) to
access the PubMed library, search for articles and download
the publication details, including the abstract.

Gene name recognition. Gene names and other key-
words are automatically identified within the downloaded
titles and abstracts, using an extensive set of ontology
terms, gene names and gene symbols stored within the
PubSearch database. PubSearch uses an Aho-Corasick
search-tree algorithm to search article titles and abstracts
for these keywords (11). Each match is stored as a prospect-
ive hit, an association between a keyword and the article, in
the PubSearch database (Figure 2). A small subset of valid
Arabidopsis gene symbols are intentionally ignored in the
hit generation process. This subset includes gene symbols
identical to common English words, prefixes or abbrevi-
ations, such as FOR, CO, AND and LTD, that appear so fre-
quently in article abstracts that manually reviewing each hit
becomes unacceptably time-consuming. For gene names
falling within this subset, association of articles to genes
is performed manually. We have not developed an auto-
mated mechanism for detecting occurrences of these
names that are likely to be real gene mentions; the
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number of gene names in this set is small and development
of such a mechanism would not be expected to have a sig-
nificant effect on our productivity.

A manual verification step follows the initial automated
gene name recognition process. This is necessary because
some gene symbols occur redundantly and this ambiguity
cannot be automatically resolved by PubSearch. For ex-
ample, the symbol FLS2 is used in the literature to describe
two different A. thaliana genes, AT5G46330 (FLAGELLIN-
SENSITIVE 2) and AT5G63580 (FLAVONOL SYNTHASE 2),
encoding a leucine-rich repeat serine/threonine protein
kinase and a flavonol synthase, respectively. When FLS2 ap-
pears in an abstract, PubSearch creates two hits for this
symbol, to AT5G46330 and AT5G63580. In the manual val-
idation step, a curator verifies the match to the correct
gene and invalidates the other match based on the context
in the abstract and gene-related information including full
names and previous annotations. In most cases, gene dis-
ambiguation can be achieved by reading the abstract.
However, in some cases, curators must go on to read the
full text and/or perform an analysis (e.g. BLAST search of
sequences reported in the article) in order to disambiguate
gene symbols. In such cases, this task is deferred to the
curation phase.

In addition to gene name and symbol recognition,
PubSearch includes a script that identifies newly assigned
A. thaliana gene names and adds them to the database.
This script searches titles and abstracts using the regular
expression \b(?2:At)?[A-Z]1{2,41\d{1,31\b". This regular expres-
sion is designed to identify symbols containing two-to-four
fully capitalized letters followed by one-to-three digits, e.g.
FLS5, with or without the prefix ‘At’ representing the spe-
cies A. thaliana. About half of putative new gene symbols
discovered in this way are true positives. The remaining
candidates are most often either valid gene symbols from
other species or names of chemicals, strains or restriction
sites. False positives resulting from this process are manu-
ally removed by curators.

Article priority ranking. Articles are prioritized using a
combination of automated ranking based on journal
impact factor and curator manual prioritization, allowing
us the flexibility to adjust rankings to reflect shifting cur-
ation resources and priorities. A priority ranking (high,
medium, normal) is automatically assigned to each article
based on journal-impact factor. Following this step, cur-
ators review all new abstracts to determine whether the
article contains Arabidopsis gene-related information. If
the answer is ‘No’, the article is not curated but still remains
part of the literature corpus that can be accessed through
TAIR. For articles that do contain Arabidopsis gene-related
information, curators manually verify the gene-article links
as described above and make corrections when necessary.
Regardless of the initial rank based on journal impact
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Figure 1. TAIR literature curation workflow. The curation process consists of both automated (shaded boxes) and manual steps.
Full text PDF download is partially automated. PubSearch automatically downloads PDFs from selected journals, other articles not
retrieved by PubSearch are manually downloaded by curators. Potentially curatable papers are identified by searching PubMed
for ‘Arabidopsis’. Gene names are automatically identified from abstracts, then manually verified by curators. Articles that
contain Arabidopsis gene-related information are flagged by curators for manual curation. Paper ranking is based on a com-
bination of journal impact factor and manual prioritization. Papers describing previously uncharacterized genes are given the
highest priority. Curators then proceed to extract comprehensive gene-specific information from high-priority papers. Steps that
involve text mining are indicated by the wrench icon.
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Article [ 59699 ] (2011) [research_article] lcus AT5G67280 ( 3 [title] ® Yes O No
Phosphorylation-Dependent Differential Regulation pub:163552) [abstract]
of Plant Growth, Cell Death, and Innate Immunity by Symbols: RLK Searchedon - Maybe O Unverified
the Regulatory Receptor-Like Kinase BAK1 (PDF) Accession:2157182 2011-06-02 Updated by: Donghui Li on 2011-06-06
PLoS Genet (TAIR)
Schwessinger, B., Roux, M., Kadota, Y., Ntoukakis,
V., Sklenar, J., Jones, A., Zipfel, C. Add Comment:
(TAIR Reference:501742702)
Plants rely heavily on receptor-like
kinases (RLKs) for perception and
integration of external and internal 3 title] =
stimuli. The Arabidopsis regulatory [abairacl] O Yes @ No
leucine-rich repeat RLK (LRR-RLK) Searchedon < Maybe O Unverified
IS {8 | vGived) i taroid HOHONS FLS2 2011-06-02 Updated by: Donghui Li on 2011-06-06
responses, innate immunity, and cell Accession:2160564
death control. Here, we describe the mm
differential regulation of three different Add Comment:
BAK1-dependent signaling pathways :
by a novel allele of BAK1, bak1-5.
Innate immune signaling mediated by
the BAK1-dependent RKs FLS2 and
EFR is severely compromised in bak1-5 .
mutant plants. However, bak1-5 mutants 'T:V%G‘%iﬂgi imcﬂ ® Yes O No
are not impaired in BR signaling or cell pub:109947)
death canitl):l. We also slr?ow m:t, in Symbols: FLS2 Searchedon © Maybe O Unverified
non-RD kinases FLS2 and EFR have (TAIR)
very low kinase activity, and we show .
that neither was able to trans- Add Comment:
phosphorylate BAK1 in vitro.
Furthermore, kinase activity for all
partners is completely dispensable for
the ligand-induced heteromerization of
FLS2 or EFR with BAK1 in planta, lcus RD ( pub:173846) 4 [title] 0 Yes ® No
revealing another pathway specific Symbols: RD [abstract]
mechanistic difference. The specific Accession:1005203262 Searchedon — Maybe O Unverified
suppression of FLS2- and (TAIR) 2011-06-02 Updated by: Donghui Li on 2011-06-06
EFR-dependent signaling in bak1-5 is

Figure 2. PubSearch gene name recognition interface. The left panel displays article abstract with various entities (gene name:
e.g. FLS2, species name: e.g. Arabidopsis and keywords: e.g. kinase activity) highlighted. The highlighted entities are automat-
ically identified by PubSearch. Candidate gene identifiers suggested by PubSearch are displayed in center panel. The right panel
allows curators to record the results of manual verification. In this example, the symbol FLS2 in the abstract is mapped to two
gene identifiers: AT5G63580 and AT5G46330. Curators link FLS2 to the correct gene identifier by analyzing the context in the
abstract, as well as existing annotations to these two genes. Due to space constraint, this figure only displays a partial list of
candidate gene identifiers suggested by PubSearch. For example, BAK1, which corresponds to AT4G33430 is not shown in this

figure.

factor, if the article describes characterization of a novel
gene, the priority is changed by the curator to ‘first’, the
highest priority setting.

The flexibility of this combined approach to article rank-
ing has allowed us to maximize the impact of our limited
curation resources. Prior to 2010, with a larger curation
team, we were able to curate all articles published in
high-impact journals (first and high priority papers). In
the past 2 years, due to decreased funding for manual lit-
erature curation, we have limited our curation efforts
mainly to ‘first priority’ articles describing the characteriza-
tion of previously undescribed (‘novel’) genes. This ap-
proach maximizes the number of Arabidopsis genes with
at least one experimentally based functional annotation, at
the expense of adding additional annotations to genes for
which some information is already known.

Phase B. Curation

To enable curation of full text, PubSearch scripts download
PDF versions of articles from selected journals licensed to
Stanford University. This is accomplished using a database-
driven system that periodically accesses publishers’ web
sites, downloading full-text versions of Arabidopsis articles
obtained from our PubMed search. We store these copy-
righted materials securely and tightly control access to
them through firewalls and application-level security
settings.

To begin the curation process, a curator selects an article
for curation and moves it from the general queue to a per-
sonal article list to prevent simultaneous curation by other
curators. The article is read and any relevant results are
extracted and entered into the PubSearch curation inter-
face, as shown in Figure 3. Upon completion of data
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A GO Annotation (help)
UPDATE |
LOCUS INFORMATION
Locus: AT5G63580 TAIR accession: TAIR:locus:2160564 Pub locus id: 20494
Symbols: ATFLS2 <>, FLS2 <flavonol synthase 2>
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L [ ] | Term Search |
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Evidence (help) Evidence With
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(help): << summary to be filled in when a reference is selected >>
Pub Reference # <<777>>
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912359
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B ADD NEW ANNOTATION
Term Details  Term Name Id Search
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Evidence: Evide ﬂavo':?id 3, 5'—hydroxylas? activi.tv (9010033??2 arity (homologue of/most closely related to) 3 |
A dodocl el clobe

Figure 3. PubSearch GO annotation interface. (A) Top panel Locus Information provides a summary of gene function. The ‘Add
New Annotation’ section allows curators to compose all essential components required for a GO annotation. Lower panel
displays existing annotations. (B) The built-in GO term auto-complete functionality allows curators to select from a list of GO
terms as they type. The same interface is also used for PO annotations.
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entry, the curator marks the article as scanned (i.e. curated)
and enters the date of curation.

Use of ontologies and controlled vocabularies. We
make extensive use of the GO (12) and PO (13) structured
controlled vocabularies to convert the free text information
in the literature into annotations in a standardized format.
The resulting annotations are entered into a relational
database, enabling querying and computational analysis.
Each annotation includes a reference that connects the an-
notation to the original information source. TAIR curators
follow the best practice guidelines developed by the Gene
Ontology Consortium and the wider biocuration
community.

Table 1 summarizes data elements curated in the TAIR
workflow and the controlled vocabularies used. The
Arabidopsis community has developed a nomenclature
system in which each gene is assigned a unique AGI
(Arabidopsis Genome Initiative) locus identifier in a stan-
dardized format (e.g. AT5G46330). TAIR is currently the
central agency responsible for assigning Arabidopsis locus
identifiers. Many genes also have other names in the litera-
ture (e.g. AT5G46330 is commonly known as FLAGELLIN-
SENSITIVE 2 or FLS2). We maintain an extensive list of
gene names that includes the AGI code, gene symbol,
gene full name and reference where the gene symbol
was found (e.g. AT5G46330-FLS2- FLAGELLIN-SENSITIVE
2-reference 1, or AT5G63580-FLS2- FLAVONOL SYNTHASE
2-reference 2). During the curation process, we manually
verify that the gene symbol and full name reported in the
article are present in the gene name list and are mapped to
the correct AGI locus identifier.

Gene function data presented in the literature are cap-
tured using GO vocabularies consisting of molecular func-
tion, biological process and cellular component terms. We
use PO vocabularies for plant anatomy and plant growth
and developmental stages to annotate gene expression. GO
evidence codes and references are attached to each anno-
tation to provide provenance, as well as a pointer to the
original published result. Examples of GO and PO annota-
tions are shown in Table 2.

We have developed sets of controlled vocabulary terms
to capture polymorphism information (e.g. polymorphism
type, mutagen) from the literature. At the same time, we
allow a curator-created free text description to be attached
to a polymorphism. Germplasm refers to a strain with a
unique genotype. We have also developed sets of con-
trolled vocabulary terms to capture germplasm information
such as species variant (typically a lab strain or natural vari-
ant, known as an ecotype in the Arabidopsis community),
alleles known to be present in the germplasm, etc. We also
allow a free text description to be attached to a germ-
plasm. Phenotypes are currently described using free text.
We are working with the community to supplement these
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phenotype descriptions with ontology-based phenotype
annotations using PO, GO, ChEBI (Chemical Entities of
Biological Interest) (14, 15) and PATO (Phenotypic Quality
Ontology) (16). As in the case of the GO and PO annota-
tions, references are provided for the phenotypes to allow
the users to refer back to the original published result.
Table 3 shows how polymorphism and phenotype data
are represented within TAIR.

Use of text mining in curation. In our current
literature curation workflow, we use an Aho-Corasick key-
word-searching algorithm to extract gene names and other
keywords from article titles and abstracts and create asso-
ciations between the terms and the articles. A manual veri-
fication step follows to confirm that the gene-article link is
valid. Manual extraction of gene names and other key-
words from literature followed by adding the associations
to the database is a tedious process; the use of this algo-
rithm for generating the putative links therefore greatly
improves efficiency.

During the curation process, curators frequently must
consult additional articles, e.g. to disambiguate a gene
symbol or to track down specific information such as the
mutation sites in certain alleles. In collaboration with our
team, the WormBase team at Caltech has applied the
Textpresso text mining tool (17) to the TAIR Arabidopsis
literature corpus to produce Textpresso for Arabidopsis
(http://www.textpresso.org/arabidopsis/). This tool, housed
at Caltech, is available to both TAIR curators and general
users and allows users to search over 43151 abstracts
(including some conference abstracts) and 33955 full-text
publications related to Arabidopsis (numbers as of July
2012). Users can search using specific keyword categories
including A. thaliana gene names, GO and PO terms or
combinations of keywords to narrow their search results.
Sentences that contain matching keywords are retrieved
together with bibliographic information so that users can
quickly confirm the usefulness of a particular article and
link directly to the full text, if they have the appropriate
subscriptions to the journals in question.

Recently, in collaboration with the same Textpresso team
at Wormbase, we have developed a semi-automated cur-
ation process to identify articles with cellular component
information and create annotations from them. In this ap-
proach (18), the entire available Arabidopsis full-text litera-
ture corpus is processed by Textpresso, sentences that
contain Arabidopsis gene names, protein subcellular local-
ization data, as well as assay-related words are extracted
and GO annotations are suggested. A curator then manu-
ally validates each suggested annotation. Validated anno-
tations are exported as a flat file consisting of required
fields (gene identifiers, GO term identifiers, evidence
codes, references, annotation date). A curator then re-
formats the file before loading it into TAIR. Details of this
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Table 1. Data elements extracted from literature and controlled vocabularies used in curation

Data elements in literature Controlled vocabularies Examples and links to CV (if available)

Gene TAIR locus identifiers AT5G46330

Gene function GO G0:0009908 flower development http://amigo.geneontology.
org/cgi-bin/amigo/browse.cgi

Gene expression pattern PO P0O:0009046 flower http://www.plantontology.org/

Polymorphism TAIR-controlled vocabulary Insertion, substitution

Phenotype Free text transitioning to Female sterile; altered ovule development; integuments

plant-specific Phenotype
Ontology

fail to cover nucellus; reduced plant height; reduced length
in inflorescence internodes; reduced levels of pollen, smaller leaves;
late flowering, slow growth.

CV, controlled vocabularies

Table 2. Examples of GO and PO annotation in TAIR

Gene Relationship  Term Evidence type Reference Annotated by and date
type
GO annotation AT5G46330 involved in defense response inferred from Xiang The Arabidopsis
to bacterium mutant phenotype: et al. (2007) Information
G0:0042742 analysis of Resource/ 2008-01-15
physiological response
PO annotation AT5G46330 expressed in  root tip inferred from Robatzek The Arabidopsis
P0O:0000025 direct assay: et al. (2006) Information
localization of Resource/ 2007-04-04
GFP/YFP fusion
protein

Adapted from TAIR locus detail page:

http://www.arabidopsis.org/servlets/TairObject?accession=locus:2170483

Table 3. Representation of polymorphism and phenotype in TAIR

Polymorphism Gene ID Polymorphism Polymorphism Inheritance Germplasm Phenotype Reference
name type site
fls2-17 AT5G46330.1 substitution exon recessive FLS2-17 Mutant seedlings treated Gomez-Gomez

with 10-uM flg22 peptide et al., 2000
(strong growth inhibitor)

display shoot and root

growth similar to that

of wild-type Ler.

Adapted from TAIR polymorphism page:

http://www.arabidopsis.org/servlets/TairObject?id=500245330&type=

approach are reported in a separate publication (Van
Auken, K. et al., submitted for publication).

Summary and future directions

Our workflow efficiently prioritizes a manageable set of
articles for curation by a small and well-trained curation
team. Though we currently focus on extracting data from
recently published articles about genes that have not pre-
viously been characterized, our workflow is flexible enough

polyallele

to adapt to other prioritization schemes. The workflow can
be easily reverted to the journal impact factor-based priori-
tization or adapted to a new priority, e.g. articles about a
specific set of genes or a gene family. In the latter case, we
would simply retrieve the set of papers associated with that
specific gene set and mark them as ‘first’ priority.

Manual literature curation by professional curators pro-
duces accurate and consistent annotations. Yet, manual ex-
traction of gene function information from the literature
and conversion into ontology-based annotations is a
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labor-intensive process. On average, a curator spends about
4 min per abstract (Wei, C.H. et al., submitted for publica-
tion) for article selection (verification of gene mentions and
article priority ranking). Time spent on full-text curation
varies widely from 0.5h to >4 h per article depending on
the complexity of the paper. This very time-consuming,
detail-oriented, manual process of interpreting the text to
extract and convert gene functions into ontology-based an-
notations has been the major bottleneck in our current
workflow. In recent years, TAIR's curation team has been
able to curate only a fraction of newly published
Arabidopsis articles (~30%). There is a strong incentive to
develop a more effective text mining system to automate
the extraction and conversion of gene function information
from the research literature into annotations based on
standard, community-developed ontologies of biological
concepts. This translates into an urgent need for tools cap-
able of publication retrieval, entity recognition (including
gene name, gene function, expression pattern, polymorph-
ism and phenotype) and mapping of free text descriptions
of gene function to ontology terms, with the latter repre-
senting the most severe bottleneck in our workflow. The
ongoing BioCreative workshops are demonstrating increas-
ing sophistication in more straightforward tasks such as
entity recognition (19), protein—protein interaction (20)
and basic document triage. The BioCreative tasks relating
to the user interface (21) and to ontology term mining are
just getting underway and early results are very promising.
Nevertheless, the holy grail, full automation of the litera-
ture curation process, is not visible on the horizon. To
improve effectiveness and productivity in the curation
process at TAIR in the relatively near future, it will be ne-
cessary to develop a fully integrated environment that as-
sists a curator at all levels of the process described here. This
vision requires four factors: first, a focus on incremental
improvements that will assist the curator (rather than the
more distant and possibly unreachable goal of fully
automating the process); second, involving the scientific
community in the curation process; third, providing
tools that are easily integrated into common programing
frameworks through web services or programing APIs
and fourth, building frameworks and interfaces that use
the latest human—computer interface theory and tech-
nology to improve community and curator productivity at
the same time as introducing machine learning and
automation.

Acknowledgements

We would like to thank the BioCreative 2012 Workshop
Steering Committee for the opportunity to participate in
the workshop.

Original article

Funding

The National Science Foundation (grant DBI-0850219); the
National Institutes of Health National Human Genome
Research Institute (NHGRI) (grant 5P41HG002273-09 for
gene function curation, partial funding). Additional
support for gene function curation comes from the TAIR
sponsorship  program (see http://arabidopsis.org/doc/
about/tair_sponsors/413 for a complete list of sponsors).
Funding for open access publication is provided by the
National Science Foundation.

Conflict of interest. None declared.

References

1. Howe,D., Costanzo,M., Fey,P. et al. (2008) Big data: The future of
biocuration. Nature, 455, 47-50.

. Swarbreck,D., Wilks,C., Lamesch,P. et al. (2008) The Arabidopsis
Information Resource (TAIR): Gene structure and function annota-
tion. Nucleic Acids Res., 36, D1009-D1014.

. Lamesch,P., Berardini,T.Z., Li,D. et al. (2012) The Arabidopsis
Information Resource (TAIR): Improved gene annotation and new
tools. Nucleic Acids Res., 40, D1202-D1210.

4.Yoo,D., Xu,l., Berardini,T.Z. et al. (2006) PubSearch and PubFetch: a
simple management system for semiautomated retrieval and anno-
tation of biological information from the literature. Curr. Protoc.
Bioinformatics, Chapter 9, Unit9.7.

. Ort,D.R. and Grennan,A.K. (2008) Plant physiology and TAIR part-
nership. Plant Physiol., 146, 1022-1023.

. Berardini,T.Z., Li,D., Muller,R., Chetty,R. et al. (2012) Assessment of
community-submitted ontology annotations from a novel
database-journal partnership. Database, DOI: 10.1093/database/
bas030.

. Arighi,C.N., Lu,Z., Krallinger,M. et al. (2011) Overview of the
BioCreative Ill workshop. BMC Bioinformatics, 12, S1.

N

w

wu

[}

~

o)

. Hirschman,L., Burns,G.A., Krallinger,M. et al. (2012) Text mining for
the biocuration workflow. Database, DOIl: 10.1093/database/
bas020.

9. Stark,C., Breitkreutz,B.J., Chatr-Aryamontri,A. et al. (2011) The
BioGRID Interaction Database: 2011 update. Nucleic Acids Res.,
39, D698-D704.

10. Sayers,E.W., Barrett,T. and Benson,D.A. (2012) Database resources
of the National Center for Biotechnology Information. Nucleic
Acids Res., 40, D13-D25.

. Aho,A.V. and Corasick,M.J. (1975) Efficient string matching: an aid
to bibliographic search. Commun. ACM, 18, 333-340.

12. The Gene Ontology Consortium. The Gene Ontology in 2010:
Extensions and refinements. Nucleic Acids Res., 38, D331-D335.
13. Jaiswal,P., Avraham,S., llicK. et al. (2005) Plant Ontology (PO): a
controlled vocabulary of plant structures and growth stages. Comp.

Funct. Genomics, 6, 388-397.

14. Degtyarenko,K., de Matos,P., Ennis,M. et al. (2008) ChEBI: A data-
base and ontology for chemical entities of biological interest.
Nucleic Acids Res., 36, D344-D350.

15. de Matos,P., Alcantara,R., Dekker,A. et al. (2010) Chemical Entities

of Biological Interest: An update. Nucleic Acids Res., 38,

D249-D254.

1

-

Page 9 of 10


http://arabidopsis.org/doc/about/tair_sponsors/413
http://arabidopsis.org/doc/about/tair_sponsors/413

Original article

Database, Vol. 2012, Article ID bas047, doi:10.1093/database/bas047

16.

Gkoutos,G.V.,, Mungall,C., Dolken,S. et al. (2009) Entity/
quality-based logical definitions for the human skeletal phenome

using PATO. Conf. Proc. IEEE Eng. Med. Biol. Soc., 2009,
7069-7072.
. Mller,H.M., Kenny,E.E. and Sternberg,P.W. (2004) Textpresso: an

ontology-based information retrieval and extraction system for bio-
logical literature. PLoS Biol., 2, e309.

. Van Auken,K., Jaffery,J., Chan,J. et al. (2009) Semi-automated cur-

ation of protein subcellular localization: A text mining-based

19.

20.

approach to Gene Ontology (GO) Cellular Component curation.
BMC Bioinformatics, 10, 228.

Lu,Z., Kao,H.Y., Wei,C.H. et al. (2011) The gene normalization task
in BioCreative Ill. BMC Bioinformatics, 12, S2.

Krallinger,M., Vazquez,M., Leitner,F. et al. (2011) The protein-protein
interaction tasks of BioCreative Ill: Classification/ranking of articles and
linking bio-ontology concepts to full text. BMC Bioinformatics, 12, S3.

21. Arighi,C.N., Roberts,P.M., Agarwal,S. et al. (2011) BioCreative Il

interactive task: An overview. BMC Bioinformatics, 12, S4.

Page 10 of 10



