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Since 1999, The Arabidopsis Information Resource (www.arabidopsis.org) has been curating data about the Arabidopsis thaliana genome. Its
primary focus is integrating experimental gene function information from the peer-reviewed literature and codifying it as controlled vocabu-
lary annotations. Our goal is to produce a “gold standard” functional annotation set that reflects the current state of knowledge about the
Arabidopsis genome. At the same time, the resource serves as a nexus for community-based collaborations aimed at improving data quality,
access, and reuse. For the past decade, our work has been made possible by subscriptions from our global user base. This update covers our
ongoing biocuration work, some of our modemization efforts that contribute to the first major infrastructure overhaul since 2011, the intro-
duction of JBrowse2, and the resource's role in community activities such as organizing the structural reannotation of the genome. For
gene function assessment, we used gene ontology annotations as a metric to evaluate: (1) what is currently known about Arabidopsis
gene function and (2) the set of “unknown” genes. Currently, 74% of the proteome has been annotated to at least one gene ontology
term. Of those loci, half have experimental support for at least one of the following aspects: molecular function, biological process, or cellular
component. Our work sheds light on the genes for which we have not yet identified any published experimental data and have no functional

annotation. Drawing attention to these unknown genes highlights knowledge gaps and potential sources of novel discoveries.
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Introduction

The Arabidopsis Information Resource (TAIR; http:/arabidopsis.
org) is a comprehensive online digital research resource for the
biology of Arabidopsis thaliana (Huala et al. 2001; Garcia-
Hernandez et al. 2002; Berardini et al. 2015; Reiser et al. 2022).
The TAIR database contains information about genes, proteins,
gene expression, alleles, mutant phenotypes, germplasms, clones,
genetic markers, genetic and physical maps, publications, and the
research community.

TAIR is a curated database; data are processed by Ph.D.-level
plant biologists who ensure their accuracy. Curation adds value
to the large-scale genomic data by incorporating information
from diverse sources and making accurate associations between
related data. Data from manual literature curation, such as pro-
tein localization, biochemical function, gene expression, and phe-
notypes, are added to the corpus of knowledge presented for each
locusin the genome. TAIR aims to produce a “gold standard” func-
tionally annotated plant genome that plant biologists can use as a
reference for understanding gene function in crop species and
other plants of importance to humans (Berardini et al. 2015). The
resource also provides data analysis and visualization tools whose
usage has recently been described (Reiser et al. 2022).

Initially funded for 14 years by the US National Science
Foundation, TAIR has been sustained by subscriptions from aca-
demic institutions, corporations, research institutes, and indivi-
duals since 2014 (Reiser et al. 2016).

For 25 years, a generation of scientists has relied upon TAIR for
up-to-date, high-quality information and tools provided by

scientists and software developers who interact with and respond
to the needs of the community. It is a true model organism data-
base used not only by scientists whose primary research organism
is A. thaliana but also by the broader biological research commu-
nity that uses knowledge gained in this organism to inform their
understanding of their organisms. This update covers work done
by the resource's staff in the last few years in the areas of genome
functional and structural annotation, tool improvement, findable,
accessible, interoperable and reusable (FAIR) data advocacy, and
community service.

Functional annotation of A. thaliana genes
using the gene ontology

Since 2001, TAIR curators have been using gene ontology (GO) for
manual curation of Arabidopsis gene functions from the litera-
ture. GO, which describes the biological roles, molecular activities,
and subcellular localization of gene products, has emerged as the
de facto standard for gene functional annotation (Ashburner et al.
2000; Gene Ontology Consortium et al. 2023). GO curation is the
process of extracting and codifying experimental knowledge into
annotations that can be used in computational analyses. GO an-
notations are primarily used to predict functions of unknown
genes and newly sequenced genomes, and for gene set analyses
for hypothesis generation. TAIR's ultimate goal is to maintain a
gold standard annotated reference plant genome (Berardini et al.
2015) that serves as a baseline for predicting gene function in
other species, as well as a comparator to other genomes.
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GO annotation represents just one aspect of the functional data
TAIR curates from the literature. TAIR curators also use the plant
ontology (PO) to capture gene expression information, craft gene
summaries, as well as adding allele and phenotype information,
all of which are linked to individual genes. As of 2023 October,
13,439 loci have curated summaries, 7,684 loci have one or more
phenotypes, 23,123 loci have a total of over 550,000 gene expres-
sion annotations to PO terms for gene structure and growth and
developmental stages, and 25,500 loci have been linked to primary
literature. These counts include information for both sequenced
and genetic loci. As genetic loci are cloned, we merge the relevant
related records into those of the now known sequenced locus. The
locus detail pages in TAIR present a comprehensive view of each
locus that includes the data curated from the literature as well
as other data sources that help build a more complete picture of
an individual locus' function.

The functional annotation datasets generated by TAIR support
a number of analytic and predictive tools for Arabidopsis and
other plant species. For example, TAIR's GO annotation data are
part of the underlying dataset the Protein ANalysis THrough
Evolutionary Relationships (PANTHER) gene set enrichment tool
(Mi et al. 2013) that is widely used for statistical analysis of over/
underrepresented gene sets in Arabidopsis or as part of network
analysis tools such as Knetminer (Hassani-Pak et al. 2021). As
noted below, orthology-based assignment of gene function to
other plant species also often relies upon Arabidopsis reference
genome annotations. Additionally, these manually curated data-
sets (singularly or in combination) will likely prove even more use-
ful to train large language models.

The importance of curating experimental data
Successful computational methods for inferring gene function in-
variably rely upon a foundational dataset grounded in experimen-
tal evidence. Since many new plant genomes generate their GO
annotations based on similarity to Arabidopsis, having a well-
annotated genome supported by experimental data is essential
to producing high-quality computationally annotated genomes.
Each GO annotation includes an evidence code which allows a
user to trace whether the supporting evidence is experimental
or non-experimental. Annotations with experimental evidence
codes are supported by wet lab work, using either low throughput
(e.g. BiFC experiments) or high throughput (e.g. proteomics data)
methods. Non-experimental annotations are supported by meth-
ods that include computational pipelines such as InterPro2GO
(Jones et al. 2014) that use mappings between domains and func-
tions to assign terms (evidence code of Inferred from Electronic
Annotation  [[EA]) and phylogeny-based methods like
Phylogenetic Annotation INference Tool (PAINT) (Gaudet et al.
2011), in which annotations are transferred based on descent
from a common ancestor (evidence code of Inferred from
Biological aspect of Ancestor [IBA]). In evaluating GO annotations
and analysis results that use those annotations, researchers
should consider the type of evidence as well as the specificity of
the GO term. IEA annotations tend to use more general terms,
whereas experimentally supported functions tend to use more
specific terms.

GO annotation datasets for Arabidopsis change
over time

GO annotation datasets are subject to change and those changes
can affect the analysis and interpretation of data (Jacobson et al.
2018; The Gene Ontology Consortium 2019). As with all biological
knowledge, what we know about gene function can change

over time as new functions are discovered and published.
Annotations are also subjected to periodic quality checks to ensure
the validity of the data. For example, IEA annotations are removed
from the GO after one year and, where possible, replaced with up-
dated (and presumably better) data. All changes to experimentally
based annotations are reviewed by curators. Changes to datasets
can also occur because of changes to the ontologies themselves
(e.g. term inserts, deletes. and merges) that necessitate re-
examination of the gene-term associations. At TAIR, annotations
are updated on a weekly basis on the website and exported on a
quarterly basis to the GO where those annotations are merged
with Arabidopsis annotations from other sources such as UniProt
(The UniProt Consortium et al. 2023) and the GO Consortium
(GOC) (Gaudetetal. 2011). TAIR does integrate the A. thaliana anno-
tations made by UniProt and the GOC on a regular basis, as new
files are released by these groups. For these reasons, we strongly
advise researchers to use the most current annotation data sets ei-
ther from the TAIR website (https:/www.arabidopsis.org/
download/index-auto.jsp?dir=%2Fdownload_files%2FGO_and_PO_
Annotations%2FGene_Ontology_Annotations) or the GOC website
(http://geneontology.org/docs/download-go-annotations/) for any
downstream applications such as gene set enrichment analysis.

Current status of gene function annotation

in Arabidopsis

We used GO annotation as a proxy to assess the percentage of
genes for which some functional information is available. For
this analysis, we focused on the proteome (27,657 total, annota-
tion version: Araportl1) because the majority of annotations are
made to protein coding genes, and it is the dataset used for
orthology-based predictions of gene function.

Before delving into the actual numbers for Arabidopsis, itisim-
portant to define what we mean by “‘known” and “unknown”
genes. For each aspect of the GO, we define a “known” gene as
one having atleast one annotation to that aspect thatis supported
by an experimental or non-experimental evidence code.
“Unknown” genes are defined by having a GO annotation to the
“root” term of the ontology, using the ND (No biological Data avail-
able) evidence code. For example, a gene product that has no pre-
dicted or experimental biological activity would be annotated to
the GO term molecular function (G0:0003674), with the evidence
code ND, to indicate that the molecular activity of the gene prod-
uct is unknown at the time of literature review. For each aspect of
the GO, we determined (1) the fraction of the proteome that was
unknown (UNK), experimentally determined (EXP), and non-
experimentally determined (non-EXP) and (2) the numbers and
identities of the “unknown” gene set.

Figure 1 shows a stacked histogram where each bar represents
an aspect of the GO. For each aspect, the UNK (yellow), EXP (blue),
and non-EXP (red) percentages are shown. The most well-
annotated aspect is the GO cellular component with 90% of the
proteome having either experimental or predicted localization.
This is likely due to the relative ease of assaying protein localiza-
tion and large numbers of proteomics datasets available providing
experimental evidence, as well as the relatively facile ability to
predict localization based on structural features such as nuclear
localization sequences or transmembrane domains. The least
well described aspect is GO molecular function, for which 39%
of the genome is unknown. Again, this is not surprising consider-
ing the difficulty of systematically assessing molecular activities
(e.g. a specific enzymatic activity) relative to the generalized bio-
logical processes for which those molecular activities are neces-
sary, such as “cell proliferation”.
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Fig. 1. Histogram showing the annotation status of the Arabidopsis proteome by GO aspect and GO evidence class. The unknown set includes proteins
with annotations to the root ontology term using the evidence code ND. The experimental set includes proteins with at least one annotation using one of
these evidence codes: Inferred from Direct Assay, Inferred from Expression Pattern, Inferred from Genetic Interaction, Inferred from Mutant Phenotype,
Inferred from Physical Interaction, inferred from High-throughput Direct Assay, inferred from High-throughput Expression Pattern, or inferred from
EXPeriment (EXP). The non-experimental set includes proteins ONLY having annotations of at least one of the following evidence codes: IEA, Inferred
from Sequence or Structural Similarity, Non-traceable Author Statement, Traceable Author Statement, Inferred by Curator, Inferred from Reviewed

Computational Analysis, IBA, and Inferred from Sequence Model.

To identify the set of unknown genes, we sought the intersec-
tion of unknowns for each GO aspect. Figure 2 shows a Venn dia-
gram displaying the intersection of unknown genes from each
aspect. A total of 1,224 protein coding genes lack any functional
annotations at all. An additional 3,374 lack annotations for bio-
logical process and molecular function and thus can also be clas-
sified as unknown. A total of 375 of these unknowns are annotated
as “hypothetical protein” and may not actually be real genes.
Regularly updated versions of this list are available on the TAIR
website (https:/conf.phoenixbioinformatics.org/pages/viewpage.
action?%20pageld=22807120).

Other groups have also used GO as a proxy for known-ness. A
different representation of the GO annotation status of
Arabidopsis (and other genomes) can be accessed via the
Genome Annotation Status Charts (https:/genomeannotation.
rheelab.org/) generated by Xue and Rhee (2023). Observed differ-
ences between the data presented here and in the snapshot may
be due to differences in the source files (we used our curation
database whereas the Xue paper uses the gene association format
files from the GOC) and gene set (whole genome vs proteome
only). The smaller set of unknowns presented here is likely be-
cause we limited our analysis to protein coding genes.

Characteristics of the unknown gene set

There are both biological and non-biological reasons why some
proteins remain unknown. Among the 4,598 “unknown” genes,
375 are annotated as being “hypothetical proteins” in the most re-
cent public annotation version (Araport1l) meaning their exist-
ence is questionable. A small number of these “hypothetical

protein” genes are not present in the in-progress structural rean-
notation of the A. thaliana genome (see community-driven project
below) and new genes were added so these numbers will likely be
adjusted in the next genome release. Biological reasons might in-
clude genetic redundancy or difficult to assess phenotypes. Some
unknown proteins might belong to members of plant-specific
gene families and therefore would not have been included in the
phylogenetic-based inference work done as part of the PAINT pro-
ject because that focus is on curating families with representa-
tives from the human genome. These plant-specific proteins
might have novel functions that have yet to be represented within
the GO.

We used the PhyloGenes resource (Zhanget al. 2020) to examine
the phylogenetic classifications of the unknown proteins. First, we
mapped the unknown protein IDs to their corresponding entries in
the PhyloGenes database and then identified the set of corre-
sponding PANTHER families. We then queried for the stored high-
est level taxonomic distribution for each family, that is, the
highest order taxon that includes all of the families. Among the
4,598 proteins, 4,070 were mapped to 1,650 distinct PANTHER
families (PantherDB v.17). Figure 3 shows the distribution of these
PANTHER families with unknown Arabidopsis protein members
in each of the taxonomic groups. While some of the families
have members from all of Eukaryota, 70% belong to “plant-
specific” taxonomic groupings ranging from Viridiplantae to
Brassica specific. Most have no associated GO information but
some have annotations based on domains. For example, the
PTHR34269 family, http://www.phylogenes.org/tree/PTHR34269,
has curated members from Arabidopsis and is a plant-specific
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Fig. 2. Venn diagram illustrating the overlap among proteins having ND
annotations to each aspect. Files containing Arabidopsis Genome
Initiative (AGI) locus IDs for each aspect (MF_UNK, unknown molecular
functions; BP_UNK, unknown biological process; CC_UNK, unknown
cellular component; INSERT REF for files) were uploaded to the Vlaams

Instituut voor Biotechnologie (VIB) Venn Diagram Generator (http:/
bioinformatics.psb.ugent.be/webtools/Venn/).

(spanning eudicots) family. This family is characterized by the
presence of a B3 domain (Swaminathan et al. 2008) and includes
well studied members of the Auxin Response Factor/LEAFY
COTYLEDON 2]/[ABSCISIC ACID INSENSITIVE 3] — [VP1/ABI3-LIKE
and Reproductive Meristem sub families. B3 domain functions in
(sequence specific) DNA binding. Therefore, itis likely that other un-
annotated members of the family also have that molecular activity
and that annotation would be supported by sequence/phylogenetic
analysis. There are many other families such as PTHR10826 (http:/
www.phylogenes.org/tree/PTHR10826) that span eukaryotes but
plant genes (subfamilies) lack annotations even though there are ex-
perimental annotations for other non-plant species. This may be be-
cause the plant genes are sufficiently diverged into subfamilies and
therefore annotations cannot be propagated without supporting
evidence from plants. Another reason is that gene functions may
havebeen described experimentally for other plant speciesin the lit-
erature but, because experimental plant GO annotation is limited,
that data have not yet been captured as GO annotations. More com-
prehensive curation of plant gene function would enable propaga-
tion of IBA annotations if there was novelty in the plant lineage.
Human and financial resources are other limitations as many
functions may be known but have not been captured as a comput-
able GO annotation or what is known is based on prediction and not
experimentation. Rocha et al. (2023), in creating their Unknownome
database, assigned a “knowness” score clusters based on a number
of factors including GO evidence weights. Again, even well
conserved plant-specific families may rank low in known-ness by
their metric. For example, the Dirigent protein family which is
found in the Tracheophyta (https:/unknome.mrc-lmb.cam.ac.uk/
cluster_details/UKP06412/) has well defined experimental functions
for some of the member proteins from Arabidopsis and other spe-
cies (Paniagua et al. 2017) but has a standard known-ness of 0.0.
Probably the reason this cluster comes up with such a low “known”
score is because it is a plant-specific gene family (restricted to

Tracheophyta; see http:/www.phylogenes.org/tree/PTHR46442).
PAINT annotations prioritize PANTHER families with human genes,
therefore anything that is plant specific is unlikely to be curated
based on biological ancestry.

How to fill in the knowledge gaps?

Any approach that uses GO annotation as a proxy for known-ness
has limitations; the most significant being the incomplete nature
of GO annotations. The output of experimental data/literature vast-
ly outpaces the ability of curators to process the data both in terms
of sheer numbers of genes described and number of articles pub-
lished. This is especially true for plants where only a fraction of
the knowledge published in the literature has been captured. In or-
der to increase the functional annotation coverage of the genome
and provide a more comprehensive functional annotation dataset,
we need to increase throughput through a two-pronged approach
thatincludes (1) curation at the time of publication and (2) curation
of the “backlog” of papers. At TAIR we have been trying to tackle
both approaches. To address the firstissue, we (and others) have de-
veloped strategies and tools to encourage authors to curate their
data as they publish (Berardini et al. 2012; Rutherford et al. 2014;
Arnaboldi et al. 2020; Larkin et al. 2021; Reiser et al. 2022). We and
others are also exploring the use of machine learning and artificial
intelligence to assist in data extraction and curation from primary
literature (Mtiller et al. 2018; Kishore et al. 2020).

Community curation: become a GOATherder

Since 2008, we have developed tools that enable researchers to con-
tribute GO and PO annotations to TAIR and expand the gene function
knowledgebase beyond what our curators can do. Since then we have
processed 12,232 annotations from 1,692 papers submitted by 1,130
community members. From 2013 to 2020, we supported TAIR's
Online Annotation Submission Tool (TOAST) to facilitate community
curation of Arabidopsis genes (Li et al. 2012). In 2020, we replaced this
tool with the Generic Online Annotation Tool (GOAT; https:/goat.
phoenixbioinformatics.org/). As with TOAST, GOAT is a literature-
based curation tool, meaning it is designed for curating experimental
gene function data on a per paper basis. Users can contribute annota-
tions for their own or other people's published works. The GOAT
prototype was developed over two years as capstone projects for
two cohorts from the Rochester Institute of Technology.

GOAT is a simple web application that allows for basic GO and
PO annotations as well as the addition of comments suitable for
incorporation into gene summaries (Fig. 4). GOAT uses ORCID au-
thentication (https://orcid.org/), so users must register or have an
ORCID ID to begin. Once logged in, users enter the DOI or PubMed
ID for the article they wish to curate. Then they can add as many
genes as they want using one of the allowed name times (AGI
Locus ID, UniProt ID, or RNA central ID). To annotate a gene,
they must first select the “subject” gene product (from the sup-
plied list) and then a type of annotation (GO biological process,
GO molecular function, GO cellular component, PO structure,
PO developmental stage, protein—protein interaction, or com-
ment). Based on that selection, users can then search for GO or
PO terms within that subset of the ontology. They can then pick
an appropriate evidence code from the Evidence and Conclusion
Ontology (Nadendla et al. 2022) for the experiment that supports
the assertion/annotation. The interface is intuitive and a tutorial
is available on TAIR's YouTube Channel (https:/www.youtube.
com/watch?v=t50B51yX6Lobrief). Community annotations are
reviewed by a TAIR curator to make sure that they are consistent
with annotation rules and best practices before integration into
TAIR and eventual consumption by GOC and other resources.
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GOAT was designed for flexibility and can be used to annotate
ANY gene, from any organism, as long as it has an RNA central or
UniProt ID. This provides the potential to fill in gaps for gene func-
tion in Arabidopsis or any plant species. Curating non-Arabidopsis
gene function allows the capture of aspects of plant biology that
either do not exist in Arabidopsis (such as nodulation or wood for-
mation) or are more well described in other species. By extending
curation of experimentally defined functions to other species, we
can narrow the knowledge gap and create a better representation
of plant gene function across species.

Back end changes to improve database
speed and stability

The Locus Detail pages are the most highly used pages at TAIR. For
the time period spanning 2022 November 1 to 2023 October 31, our
usage analytics show that locus pages were accessed 7,970,973
times. They consolidate all things gene function related: GO anno-
tations, symbols and full names, summary, publications, alleles,
germplasms, stock and clone information, RNA, protein and ex-
pression information, gene family and homolog data, as well as
links out to external resources with complementary information
about the genes. We were running into major issues with long
page load times because of the substantial amount of data being
retrieved from multiple tables in the TAIR Oracle database and
then being aggregated. To solve this problem, we denormalized
the Oracle data, and stored it in an Amazon Web Services
Simple Storage Service (AWS S3) bucket as individual JavaScript
Object Notation files, which considerably speed up data process-
ing and retrieval time and reduced computational costs.

AWS S3 is a scalable, durable, and cost-effective object storage
service provided by Amazon. It is a self-managed service, meaning
that the organization using it (Phoenix Bioinformatics, in our case)
does not have to maintain physical servers. This leads to significant
reductions in maintenance costs, as there is no need to manage, up-
grade, or replace server hardware. S3's high scalability means that it
can handle a growing volume of data and requests without com-
promising performance. AWS S3 is highly distributed, which means
that data are redundantly stored across multiple data centers. This
eliminates the risk of a single point of failure. One of the most crucial
benefits of this migration to AWS S31is the dramatic improvement in
dataretrieval speed. The data retrieval time for a typical Locus Detail
page was reduced from 1 min (using the previous technology) to an
impressive 300 ms when utilizing AWS S3. This is a substantial en-
hancement in user experience, making the Locus Detail pages
much more responsive. In summary, by transitioning from trad-
itional data storage and retrieval methods to denormalized data
stored in AWS S3 buckets, we have not only achieved significant per-
formance improvements but also reduced costs and improved the
overall reliability and availability of the data.

We are currently working on a complete refactoring of the web-
site using current technology and framework to replace the early
2000s-era software, with new modules deployed on the beta.ara-
bidopsis.org website as they are completed.

Moving to a better genome browser, JBrowse2

Since 2020 May, JBrowse has been serving as TAIR's primary genome
browser. It is the source of the map images that we provide on
both the Locus and Gene Detail pages. All new data tracks have
been added exclusively to JBrowse since its introduction at TAIR.
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Fig. 4. Screenshot of GOAT data submission interface after logging in via ORCiD. a) Users add DOI or PubMed ID for the paper they are curating. b) Users
enter locus identifiers and any gene names/symbols. Users can add more genes by clicking the “Add Another Gene” button. c) Users must enter at least
one annotation for at least one gene (specified in the above list). d) Users can add as many annotations as desired. e) They can choose different types of
annotations from the drop down menu. The type of annotation determines the set of GO or PO terms available as well as the types of evidence (Method).
Once all annotations are entered, the user is prompted to review the submission (F) before submitting. Submissions are then reviewed by a TAIR curator
before being imported into TAIR and integrated to the GO database on a quarterly basis.

The Javascript-based JBrowse was first released in 2009
(Skinner et al. 2009) and is no longer being actively developed.
To reduce the overall maintenance load associated with support-
ing four genome browsers (SeqViewer, GBrowse, JBrowse, and
JBrowse2), support for the much older technology stack-powered
SeqViewer and GBrowse will be discontinued. As more features
and plugins are added to JBrowse2 and that platform becomes
even more stable, we anticipate that we will shift exclusively to
JBrowse?2 as TAIR's genome browser and sunset JBrowse support
as well. User feedback to our announcement of sunsetting
SeqViewer and GBrowse has highlighted several features of
SeqViewer that are particularly valued by the community.

1) The ability to download gene sequences that have genome
coordinates, UTRs, exons, introns, and start and stop codons
as well as intergenic regions marked. This can be done with
the SegLighter plugin in TAIR's JBrowse and the feature has
been requested from the JBrowse2 developers.

The ability to copy a DNA sequence from sequence viewer
nucleotide view and paste to DNA editor applications like
A plasmid Editor (ApE), keeping the lower case (intron and
non-coding) and uppercase (exon) characters. This feature
has been requested from the JBrowse2 developers.

N
—

JBrowse? is a complete rewrite of JBrowse 1 with a similar user
interface but a modern software architecture (Diesh et al. 2023).
This more modern browser is under active development and main-
tenance, and features the capability for viewing genomic structural

variants and evolutionary relationships among genes and genomes
with syntenic visualizations. JBrowse? is built on a contemporary
tech stack and boasts optimized algorithms and a streamlined code-
base, making it significantly faster than its predecessor. This means
quicker load times, smoother navigation, and an overall enhanced
user experience. The intuitive user interface makes the platform
easier to navigate for seasoned users but also lowers the learning
curve for newcomers. After testingJBrowse2 in beta mode for several
months at TAIR, the tool is now available on the main website
(jbrowse2.arabidopsis.org/index.html). Most of the data tracks that
are available in the TAIR JBrowse are present in JBrowse? (Fig. 5). A
few remain untransferred due to a current lack of the appropriate
plugins for visualization and for that reason we will continue to
maintain and update the original JBrowse.

A new feature introduced in JBrowse?2 enables visualization cap-
ability for syntenic datasets. This feature allows researchers to com-
pare and contrast gene order and orientation across multiple
genomes in a visually intuitive manner. By overlaying syntenic re-
gions on the reference genome, JBrowse 2 provides a comprehensive
view of genomic conservation, facilitating insights into evolutionary
events such as gene duplications, inversions, and translocations.
This integration of syntenic datasets into JBrowse 2 empowers scien-
tists with a powerful tool for deciphering the complexities of genome
evolution. In the initial release, we provide access to the A. thaliana
and Arabidopsis lyrata genomes for syntenic comparisons (Fig. 6).
Additional syntenic datasets for over 30 plant species, both monocot
and dicot, will be made available as they are generated.
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cDNAs, and one some mRNA-seq expression data as a coverage track.

TAIR as a community hub: coordinating
the reannotation of the genome

Since its inception, TAIR has functioned as a community hub for
projects of broad interest, impact, and importance, such as main-
taining project lists for the NSF 2010 project and the early days of
the Multinational Arabidopsis Steering Committee (MASC). More
recently, TAIR has played a key role in motivating, organizing,
and managing the latest reannotation of the reference genome
based on the Col-0 ecotype.

Brief history of genome releases

When the Arabidopsis thaliana genome was first sequenced and
published in 2000, it marked the first complete plant genome
available to the scientific community (Arabidopsis Genome
Initiative 2000). After the initial annotation of the Col-O genome,
10 subsequent versions followed. The first four (TIGR2 through
TIGRS) were done by what was then called The Institute for
Genome Research (TIGR; Haas et al. 2003, 2005). The next five
(TAIR6 through TAIR10) were funded by an NSF grant for the
TAIR project (Swarbreck et al. 2008; Lamesch et al. 2012).
Araportll (Cheng et al. 2017), the most recent version that was re-
leased in June 2016, was funded by a grant to the J. Craig Ventner
Institute (JCVI) for the Araport project. Over the years, additional
experimental results like ESTs and RNAseq were incorporated
into prediction pipelines with manual review following the auto-
mated predictions. The manual review process was not only ne-
cessary but essential in increasing the quality of each
reannotation. The resulting products were incorporated into
GenBank's RefSeq section and from there were available to the
broader bioinformatics and research community for use.

Initiation of V12

With the advances in sequencing, assembly, and annotation tech-
nologies, it was glaringly apparent that an update to the Araport11
release was needed. Attempts to find directed funding for this ef-
fort were not successful and so another approach was needed.

With the help of Nicholas Provart at the University of Toronto,
Tanya Berardini, TAIR's Director, convened a Zoom meeting of
about 20 interested members from the Arabidopsis sequencing
and genome assembly community in 2022 October to assess if
there was broad support and community buy-in for a community
resourced approach. Scientific expertise would be provided by the
community and project management, and technical support and
tool hosting would be provided by TAIR. Five phases of the anno-
tation process were identified (Fig. 7): reference sequence assem-
bly, automatic annotation, manual review, submission to the
International Nucleotide Sequence Database Collaboration, and
dissemination/integration of the new reference into community
tools and resources.

The response was overwhelmingly in favor of proceeding
with this plan. While the science of the genome reannotation will
be reported in another publication (The Arabidopsis Col-CC
Reannotation Team, in preparation), we wish to share some back-
ground on the organization of the effort as part of this update.

Volunteer recruitment for all phases

Past annotation and reannotation efforts were done with dedi-
cated funding to TIGR/TAIR/JCVI. Without dedicated funding for
the 12th version, we were determined to make the most out of
the Arabidopsis community's expertise and goodwill to create a
resource for the entire scientific community. Scientists across
the globe were either recruited or came forward to contribute their
skills in bioinformatics, annotation, assembly, automated anno-
tation, manual review of genes, systematic reannotation of trans-
posons and transposable elements, IncRNAs, rRNAs, and repeat
elements. As much as possible, we tried to provide clear expecta-
tions and deadlines for completion of the assigned tasks. All con-
tributors will be co-authors of the reannotation publication which
will be submitted for review and publication after project comple-
tion. Contributions to the effort will be acknowledged using
CRediT (Contributor Roles Taxonomy; https:/credit.niso.org/), as
they are for this publication.
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Fig. 7. Phases of genome reannotation.

Apollo hosting

TAIR decided to use Apollo (Dunn et al. 2019) as our community
curation tool for reviewing the results of the NCBI automated an-
notation pipeline. After initially setting up a very small test in-
stance, the final Apollo server was an AWS EC2 instance with
16G memory, 2 virtual Central Processing Units, and 1,000 GB stor-
age space, which provided not only enough storage space for all of
the evidence tracks but also enough capacity to perform file ma-
nipulation and transformation. Most of the evidence tracks were
provided to us in General Feature Format (GFF). Some needed to
be transformed to bigwig format for more intuitive visualization
and gene model validation.

Manual review training

We were able to draw from the deep experience in the broader gen-
ome annotation community that has used Apollo for similar pro-
jects. Specifically, we reused and adapted teaching slides and
guidelines from the maize community (shared by Marcela Tello
Ruiz at Gramene), the Apollo developer group (shared by Monica
Mufioz Torres, create while with Berkeley Biocinformatics
Open-source Projects (BBOP)), and workflow management from
the i5K project (shared by Monica Poelchau and Chris Childers at
the US Department of Agriculture). We conducted six-1.5 h training
sessions over 5 weeks. Over 70 participants from 10 countries at-
tended at least one of the sessions. Weekly Zoom office hours (one
and a half hours a week, with two different times to accommodate
global time zones) were established for “live” feedback and trouble-
shooting and for almost 3 months of manual review, at least one
community member took advantage of the discussion time.

Communication

With a globally distributed volunteer force, it was essential to have
both synchronous and asynchronous communication channels.
We established a central website for tracking progress and

Manual Review

GenBank
Submission

Dissemination
/Integration

milestones  (https:/conf.phoenixbioinformatics.org/display/COM/
A.+thaliana+Col-0+v12+reannotation+effort). Phoenix hosted a
dedicated Slack channel for the manual review part of the project.
Updates were shared by email, Slack, and TAIR's X account. The
combination of all of these venues was necessary to ensure that in-
formation was distributed in a timely fashion and reached the
needed audiences. Regular updates kept the community motivated,
involved, and informed.

In the process of organizing and executing the reannotation
project, we have identified useful tools, resources, and strategies,
as well as potential pitfalls to avoid. We plan to share the re-
sources and lessons gleaned from this experience, to help other
groups that may face similar challenges (i.e. lack of funding for
genome annotation).

Consolidating online community resources

Another way that TAIR serves as a community resource is by identi-
fying and sharing useful data resources. The Arabidopsis
Community Resources Portal (https:/conf.phoenixbioinformatics.
org/display/COM/Resources) is a curated collection of databases,
data sets, and other digital resources of interest beyond TAIR for
Arabidopsis researchers. The initial list was curated by members
of the MASC Bioinformatics subgroup. Each entry is tagged with
searchable keywords such as “gene_expression” and “proteomics”
orentire list can be browsed via the page tree structure. We welcome
suggestions and contributions from community members to add to
this resource.

Promoting FAIR standards as part of the
AgBioData Consortium

TAIR also engages with the broader research community to pro-
mote better practices in data management and reuse. TAIR is a
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founding member of the AgBioData Consortium (www.agbiodata.
org) and supports efforts to ensure that agricultural and related
data are FAIR (Wilkinson et al. 2016). Toward that end, we partici-
pate in consortium-wide working groups aimed at developing
data and data management standards (Harper et al. 2018; Saha
etal. 2022; Clarke et al. 2023; Deng et al. 2023). We have also drafted
some guidelines for authors on how to make their Arabidopsis
publications more FAIR (https:/conf.phoenixbioinformatics.org/
pages/viewpage.action?pageld=22807345; (Reiser et al. 2018)) and
updated our list of recommendations on where to submit data in-
cluding what data TAIR accepts and what it does not (https:/www.
arabidopsis.org/submit/index.jsp). We welcome feedback from the
community.

Perspective on future direction

Almost 25 years after TAIR's inception, the resource continues to
grow and adapt to the changing needs of the community and the
constantly shifting landscape of the technology that supports its
online delivery. Changes in funding model aside, TAIR's strength
has always been and continues to be its deep connections with
the scientific community that it serves. We will continue to nur-
ture those ties and use them to guide TAIR's expansion into new
areas with the essential services that researchers and students
have relied on for so many years.

Long-term sustainability

As a core resource for plant biologists, it is essential to have se-
cure, long-term funding. Since 2013, TAIR has been supported
by community subscriptions, and has successfully transitioned
away from episodic grant funding (Reiser et al. 2016). For the last
decade, TAIR has been funded largely by over 225 academic in-
stitutional subscriptions (61% of TAIR's total subscription rev-
enue), a few national subscriptions (25%), and corporate
subscriptions (10%) that cover full access to the resource for
tens of thousands of scientists all over the world. There are
also a couple hundred individual academic subscribers who
contribute about 3% of TAIR's total subscription revenue.
Subscriptions have provided a stable source of funding that
supports ongoing curation and some of the enhancements and
improvements outlined here. Even with modest increases to
cover inflation, the renewal rate for institutional subscriptions
has been fairly stable (over 95%). We continue to offer the low-
est rates that we can and provide free access for (1) teaching
purposes (21 courses at 20 institutions in 2023 alone), (2) to
US-based Historically Black Colleges and Universities, and (3)
to countries classified as low income economies by the World
Bank. At this point, almost half of TAIR's lifetime has been self-
supported and we look forward to continuing to provide a va-
lued, high-quality resource to the community.

Database citation

If TAIR is either generally useful or essential in your research,
please cite this publication (or any of the older TAIR publications
from the reference list) whenever you publish your own work.
Model organism databases (MODs) provide a huge resource for
the scientific community and their contributions are not recog-
nized often enough in the published literature. Literature citation
helps track not only TAIR's but other MOD's impact in a quantifi-
able manner. Such metrics are essential evidence in outreach ef-
forts to funding agencies.

Data availability

The website URL is www.arabidopsis.org. The GO annotation file
available at Berardini et al. (2022) can be used to reconstruct Fig. 1.
The data files used for generating Fig. 2 are available at FigShare:
Reiser et al. (2023). We will update the files on a regular basis with up-
dates available through the TAIR website at https:/www.arabidopsis.
org/download/index-auto.jsp?dir=%2Fdownload_files%2FGenes%
2FUnknown_Gene_Lists. Cumulative data files with information
on gene function, publication links, germplasm, and phenotype
information, as well as GFF files with updated gene symbol and
full name information are released every quarter (beginning of
January, April, July, and October). Subscriber Data Releases con-
tain data updated within the last 12 months and are available at
this URL to those with current subscriptions to TAIR: https:/
www.arabidopsis.org/download/index-auto.jsp?dir=/download_
files/Subscriber_Data_Releases. Use of these files are governed by
the Terms of Use, full text available here: http://www.arabidopsis.
org/doc/about/tair_terms_of_use/417.

After a year, the Subscriber Data Releases are moved into the
Public Data Releases folders at this URL: https:/www.arabidopsis.
org/download/index-auto.jsp?  dir=/download_files/Public_Data_
Releases.

Allfiles in the Public_Data_Releases folder are made available to
the public under the CC-BY 4.0 license (https:/creativecommons.
org/licenses/by/4.0/).
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