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Summary: Saccharomyces Genome Database is an
online resource dedicated to managing information
about the biology and genetics of the model organism,
yeast (Saccharomyces cerevisiae). This information is
derived primarily from scientific publications through a
process of human curation that involves manual extrac-
tion of data and their organization into a comprehen-
sive system of knowledge. This system provides a
foundation for further analysis of experimental data
coming from research on yeast as well as other organ-
isms. In this review we will demonstrate how biocura-
tion and biocurators add a key component, the
biological context, to our understanding of how genes,
proteins, genomes and cells function and interact. We
will explain the role biocurators play in sifting through
the wealth of biological data to incorporate and con-
nect key information. We will also discuss the many
ways we assist researchers with their various research
needs. We hope to convince the reader that manual
curation is vital in converting the flood of data into
organized and interconnected knowledge, and that bio-
curators play an essential role in the integration of sci-
entific information into a coherent model of the cell.
genesis 53:450-457, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Saccharomyces Genome Database (SGD) was estab-
lished in 1993 to collect, organize, and make easily
accessible the rapidly growing knowledge about genes
of the model organism Saccharomyces cerevisiae, also
known as brewer’s yeast, baker’s yeast, or informally as
yeast (Cherry et al., 1998). Humans have been using
yeast since Neolithic times to make such essential ele-
ments of civilization as wine, beer and bread, but the
career of yeast as a model organism in biomedical
research did not begin until the 1930s when genetic

crosses and biochemical methods were being devel-
oped (Mortimer, 2000). In the decades that followed,
our understanding of biochemical pathways and other
key aspects of cell biology, such as cell cycle control,
differentiation, and DNA repair were greatly informed
by yeast research (Mortimer and Johnston, 1986). The
further development of molecular techniques, along
with the ease and relatively low cost of doing yeast
research, resulted in the coining of the phrase “The
Awesome Power of Yeast Genetics” and elevated the
status of yeast as the premier model organism for the
study of eukaryotic molecular and cellular biology
(Duina et al., 2014). As a consequence of these advan-
ces in technology and the vast amount of knowledge
that had accumulated, yeast became the best-studied
Eukaryote even before the dawn of the genomic age. It
was therefore no accident that . cerevisiae was chosen
to become the first eukaryotic organism with a com-
pletely sequenced genome (Clayton et al., 1997).

At the time of the yeast genome-sequencing project,
it became apparent that making sense of the ensuing
flood of information would require the creation of a
specialized database and development of a specialized
process of data collection and management. The task
for SGD was to store the newly determined genome
sequence and link it to the wealth of data coming from
the fields of genetics, biochemistry and cell biology.
Since then, the mission of SGD has evolved far beyond
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that of being just a collection of facts and software tools.
In the past 20 years, SGD has become a central resource
serving the greater research community by educating
students, fostering the exchange of information among
researchers, and facilitating scientific discovery. These
days, when multiple answers of varying veracity for any
single question can be found on the internet, the goal of
SGD is to provide the Gold Standard of Knowledge - a
high-quality compendium of scientific facts that are vali-
dated, traceable, up-to-date, and integrated in a coherent
system that researchers can trust and rely upon when
conducting their research and writing their publications
and grant proposals. This expert knowledgebase can
only be built through the participation of highly dedi-
cated, scholarly scientists: biocurators. Like the monastic
scribes of the middle ages, biocurators preserve data and
wisdom for future generations of researchers, but they
also actively participate in building the system of knowl-
edge. In the Information Age, it is biocurators who act as
stewards of information for the benefit of the research
community and for the common good.

BIOCURATION PROCESS

From SGD'’s inception, the primary goal of biocurators
was to associate individual genes with various pieces of
information about them, including name, structure, and
function. Initially, almost all data were derived from
small-scale experiments aimed at the characterization of
a single gene or a small group of functionally related
genes. Later advances in large-scale experimental meth-
ods led to an explosion of genome-wide data from stud-
ies that involved the analysis of large numbers of genes,
or even the entire genome. As a result, it has become
even more important to validate and contextualize such
data. This process of biocuration, i.e., manually extract-
ing, collating, analyzing, and disseminating information,
is performed by biocurators: Ph.D. level scientists with
years of scientific research experience. SGD biocurators
read published, peerreviewed journal articles relevant
to yeast genetics, biochemistry, and cell biology, then
locate and extract key information, and add the perti-
nent data to the database using specialized curation
tools developed at SGD (Hirschman et al., 2010).

The literature curation workflow at SGD is outlined
in Figure 1. The initial step is performed by automated
scripts that search titles and abstracts of the published
articles in Pubmed for specific keywords that identify
those articles as potentially relevant to SGD. The subse-
quent steps are performed by biocurators who man-
ually review, prioritize and triage the selected articles,
on average nearly 100 per week, in preparation for
deep curation.

It is important to note that curation involves much
more than data extraction. The synthesis of a coherent
base of knowledge from a large quantity of data, often

of varying quality, requires perceptive and insightful
biocurators. Every day, biocurators call on their own
judgment to identify the entities associated with results
presented in papers, to assess the scientific soundness
of those results, to reconcile conflicting conclusions,
and to track down missing or incomplete data. The task
of assimilating these data into a body of expertly cura-
ted information frequently involves communication
with researchers, authors, and biocurators from other
database groups. Small-scale data are considered in the
context of the information already available for a given
gene and are entered into the database individually,
whereas large-scale data are carefully evaluated, proc-
essed programmatically, and loaded in bulk. As the
focus of research in biology increasingly shifts from
individual genes or proteins to the behavior of entire
networks of genes and proteins in the context of the
cell, SGD biocurators stay attuned to these shifts by
curating information regarding biochemical pathways,
protein complexes, and regulatory pathways.

For many well-studied genes, researchers can face a
bewildering maze of individual observations that often
do not add up to an easily discernable "big picture". It is
for this reason that expert biocuration goes far beyond
merely collecting and displaying all available data. SGD
biocurators also organize and summarize the conclu-
sions from functional, phenotype, and regulation data
into clear, human-readable synopses in order to sift
through the noise and provide a succinct, accurate
assessment of what is currently known about a gene.

Curation consistency is an issue often raised in dis-
cussions about manual curation. To ensure that the
curated content does not differ significantly regardless
of who enters the data into the database, SGD biocura-
tors follow elaborate and time-tested curation proce-
dures. Their experience in both wet-laboratory
research and as highly educated scientists is a signifi-
cant factor contributing to the quality and consistency
of curation. SGD biocurators often discuss among them-
selves the best ways of capturing particular types of
information and periodically perform curation consis-
tency exercises focused on specific data types to ensure
uniformity in data extraction and entry. However, the
ultimate quality control is provided through collabora-
tive interaction with the active community of SGD
users, who never shy away from calling our attention to
errors and omissions. Promptly responding to such
comments is always our utmost priority, and we rou-
tinely make improvements to the database and its con-
tents based on the valuable feedback we receive from
students, educators, and researchers who use SGD.

CURATING VARIOUS DATATYPES

The main types of data collected by SGD curators are
shown in Table 1, which also shows the locations of the
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SGD literature curation workflow. Automated weekly searches of Pubmed produce lists of articles to be manually screened by bio-

curators for relevant information and triaged for high-throughput data retrieval, for assignment of literature categories, and for deep curation
that includes curation of GO, phenotypes, feature information (gene names, aliases, descriptions), regulation, complex memberships, and

other updates.

data files within the SGD website and the references
where the sources, curation procedures and navigation
of the data have been previously described.

From its very beginning, SGD has been the official
repository of the genome sequence for the budding yeast
Saccharomyces cerevisiae. The original genome-
sequencing project was performed by an international
consortium and resulted in the first completely
sequenced eukaryotic genome (Goffeau, et al., 1997).
Since then, many incremental updates have been made,
both to the sequence and to gene models, recently lead-

ing to a complete re-sequencing of the entire genome
from the reference strain S288C with the use of modern
sequencing methods (Engel et al., 2014). The responsibil-
ity falls upon SGD biocurators to ensure that the annota-
tion of the reference sequence is accurate and accessible,
as this sequence is vital for ongoing research in genetics,
genomics, and molecular biology of budding yeast,
involving both small- and large-scale wet lab experiments,
as well as computational and comparative studies.

In SGD information about the biological functions of
gene products is organized in the form of gene ontology
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(GO) annotations. GO is a set of controlled vocabularies
that describe three main aspects: molecular function,
biological process and cellular component (Ashburner
et al,, 2000). Precisely defined terms are applied to
gene products based on consistent, standardized cura-
tion procedures and provide a common language for
functional annotations of genes regardless of species of
origin. All the GO terms are organized in structured
hierarchies (ontologies), so that their relationships to
other GO terms are unambiguously traceable. Thus, GO
provides a uniform, precise system that organizes
knowledge about genes across all branches of life.

Biocurators assign most of the GO annotations in
SGD based on information published in peer-reviewed
research papers. Selecting the GO term that best fits
the underlying observation requires both an extensive
familiarity with the GO vocabularies and annotation
guidelines, and a deep understanding of biology and
experimental techniques. Each GO annotation is associ-
ated with an evidence code that indicates the type of
data that supports the annotation, and the reference
from which the annotation is derived. Additional
optional fields provide more specific details about sub-
strates, interaction partners, or the particular biological
circumstances under which an observation is made,
such as the cell cycle phase or cellular location. SGD
biocurators are responsible for maintaining an accurate
and complete set of GO annotations, and biocurators
from other databases often leverage annotations from
well-characterized yeast genes to predict the functions
of homologous genes from organisms that are less well
studied experimentally.

SGD biocurators manually extract mutant pheno-
types from the published literature and categorize them
with the use of a controlled vocabulary termed the
Yeast Phenotype Ontology (Costanzo et al., 2009).
Descriptions of phenotypes in publications are often
very detailed and therefore pose a significant challenge
for biocurators trying to capture overall biological sense
of an observation in a clear and searchable terminology
without losing sight of all the significant details. The
phenotype statement itself is composed of two ele-
ments: an observable that indicates a specific feature of
the mutant cells, colonies, or cultures, and a qualifier
that reveals the direction of the change in the mutant
cells relative to wild-type cells. Several additional ele-
ments further extend the annotation: the experimental
conditions under which the phenotype is assayed, the
genetic background (strain), the type of experiment
performed to construct and/or observe the effect of the
mutated gene (classical genetics approach, or large-
scale analyses) and the impact of the mutation on the
gene (null, conditional, reduction-of-function, overex-
pression etc.). In addition, for phenotypes involving
treatment with a chemical compound, the Chemical
Entities of Biological Interest (ChEBI) developed by the

European Bioinformatics Institute (EBD) is the dictionary
of choice (Degtyarenko et al., 2008). In ChEBI, com-
pounds are ontologically classified and ordered, so that
biocurators can better ensure a higher degree of
phenotype-to-phenotype uniformity. The role of the
biocurator in phenotype curation is to understand the
experiment, then accurately extract and present the
information so that it makes sense to the biologist, and
can also be data-mined by those who are computation-
ally minded. As is the case with GO annotations, each
phenotype annotation is associated with a reference,
which is the source of information and provides users
with access to all the details that SGD does not collect,
such as strain origin, detailed experimental procedures
etc.

References cited in SGD are linked to the relevant
genes, and to both the GO and phenotype annotations
extracted from the paper. They are categorized depend-
ing on the biocurator’s assessment of the papers focus
where primary literature is used to indicate that a gene
or genes is the primary focus in this paper, while addi-
tional literature may describe a gene or its homologs,
but not as the principal focus.

Just as genome-wide mutant screens have become
commonplace, so have studies of gene expression on a
genome-wide scale. SGD biocurators have collected and
processed a large compendium of microarray data gen-
erated by members of the yeast community to analyze
gene expression across the genome. Data are down-
loaded from the Gene Expression Omnibus (GEO),
processed, and used to populate the expression analysis
tool known as SPELL (Serial Pattern of Expression Lev-
els Locator). SPELL is a query-driven search engine use-
ful for identifying relevant and informative datasets for a
small set of query genes supplied by the user (Hibbs
et al., 2007). To enhance the utility of the SPELL search
engine even further, SGD biocurators developed a set of
category tags designed to cover the range of biological
perturbations employed in typical microarray experi-
ments. These tags aid in the selection and grouping of
datasets by filtering the results based on the perturba-
tion—for example, “drug response” or “heat shock.”
The SPELL expression analysis tool at SGD currently
contains close to 500 datasets, representing over
10,000 total arrays from almost 350 studies. All of these
datasets have been individually examined by biocura-
tors and categorized using the appropriate tags based
on the biological context of the associated experiments.
These data are accessible from multiple locations,
including the Expression option in the Function pull-
down menu on the SGD home page.

COMMUNITY RESOURCES

At its inception, SGD was designed not only to store
biological information about S. cerevisiae but also to
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provide a forum for the community of yeast research-
ers, facilitating interactions between its members. To
that end, we have provided for our users several oppor-
tunities to exchange information. Researchers have the
ability to display their names, contact information, web-
site link(s), laboratory members, associates and collabo-
rators, as well as research interests, so that they can be
readily found and contacted by other colleagues. SGD
also provides a list of yeast labs from around the world
that can be searched using a variety of keywords. Biocu-
rators promptly process the newly submitted colleague
entries, but it is up to the colleagues to make sure they
stay up to date.

Part of the legacy of decades of genetic research in
yeast is the profusion of gene names. Many genes are
referred to by several different names, and often the
same name is used to refer to two or more genes. This
ambiguity can be a source of great confusion in the liter-
ature, and cannot be remedied without human interven-
tion. All gene names are meticulously captured by SGD
biocurators and linked to the appropriate genes, either
as primary names or as aliases (synonyms). It is equally
important to avoid adding to the naming confusion as
newly discovered gene functions are published. Early
on, after discussions with the yeast community, SGD
assumed authority to mediate budding yeast genetic
nomenclature. In this role, SGD biocurators work with
researchers to ensure that proposed gene names are
unique, have the correct format, and are consistent with
the names of related genes. A web-based gene registry
submission form is available for users who would like to
reserve a gene name prior to publication. Biocurators
review and accept these submissions, then, once a
reserved gene name has been published in a peer-
reviewed journal article, SGD biocurators will promote
the reserved name as the standard name for that gene.

As keepers of the genetic nomenclature, biocurators
also assist in the resolution of conflicts, and mediate
community-based gene name change requests. The
rationale for the request is first summarized, and is then
communicated to researchers who have worked on the
gene. Responses are collected and evaluated, and
changes are made based on community consensus. SGD
also helps with other nomenclature-related requests
received from the community. These include a wide
range of naming challenges such as defining the best
way to name intergenic regions, developing the appro-
priate nomenclature for new chromosomal features
(such as ncRNAs), and coming up with systematic
names for genes that are either not present in the refer-
ence strain (S288C) or are newly discovered. Finally,
SGD biocurators provide advice to researchers with
respect to the correct format for gene, mutant allele
and protein nomenclature as they relate to manuscript
preparation, and to researchers developing nomencla-
ture guidelines for use in other species.

SGD has always employed a wide variety of methods
to communicate with and engage our user community.
‘We continue to use home page announcements, a quar-
terly newsletter, posters and presentations at meetings,
and video tutorials to disseminate information about
new features, software, data and data visualization, and
future scientific meetings and courses. Since January
2012, SGD has highlighted one current research article
each week in the form of a blog post on our homepage.
These blog posts use real-world analogies to communi-
cate biology and informally spotlight papers of general
interest to students and seasoned researchers, as well as
anyone interested in science, with particular emphasis
on those articles that demonstrate the awesome power
of yeast. The blog is becoming increasingly popular and
has received a very positive response.

With the advent of social media, SGD has developed
ways to utilize these forms of communication, and now
has a presence on both Twitter and Facebook. Through
Facebook, SGD is able to reach a broader audience and
keep users informed about upcoming meetings, high-
light items of interest to scientists, including our blog
posts, and provide information about our educational
outreach activities. SGD uses Twitter to highlight new
features and activities at SGD, as well as promote new
papers that may be of general interest. At scientific
meetings and conferences, Twitter is used to share
highlights of talks for users who are unable to attend. In
addition, social media have provided users with more
avenues to contact and interact with us. SGD is also
developing a presence on LinkedIn and Google+, and
will continue to expand its reach into social media as
new platforms are developed.

RECENT DEVELOPMENTS

SGD biocurators and software developers have recently
embarked on a series of new projects aimed to capture
information about macromolecular complexes, human
homologs and associated diseases. The goal of these
new projects is to integrate additional data types of
interest to our users based on activity in the scientific
literature and on feedback that SGD has received at
meetings and through online surveys. These new data
are examined in detail by SGD biocurators to determine
the key pieces of information to capture and how to
best present them to users.

To pursue the curation of yeast macromolecular com-
plexes, SGD recently began collaborating with biocura-
tors from EBI's IntAct Molecular Interaction Database
(http://www.ebi.ac.uk/intact/). This project involves
collecting information on named, curated complexes
including the participating subunits (proteins, nucleic
acids and cofactors), properties of the complex (stoichi-
ometry and molecular weight), and the function of the
complex using GO annotations specific to the complex.
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Information about these curated complexes is available
through the Complex Portal database at EBI where com-
plexes from more than ten different organisms can be
viewed. There are currently 349 annotated yeast com-
plexes available for viewing in the Complex Portal data-
base (Meldal et al., 2015).

Data specific to yeast macromolecular complexes
have been loaded into YeastMine, SGD’s powerful search
and retrieval tool, where they can be queried by the
name of the complex or of a subunit (Balakrishnan et al.,
2012). In the future, biocurators will use these data to
design macromolecular complex pages on the SGD web-
site, which will enable users to explore complexes and
their interconnections with other data at SGD.

Based on community driven requests for access to
human homolog and disease relationships, SGD has
begun actively exploring this area of biology and is
incorporating such information into YeastMine. Several
queries have been created in YeastMine to facilitate
retrieval of homology and human disease-related infor-
mation. Starting with a yeast gene(s), users can access
predicted homologs, orthologs, and paralogs from spe-
cies including human, rat, mouse, worm, fly and yeast.
In the future we hope to extend this feature to other
eukaryotic model systems. Homology data are retrieved
periodically from TreeFam, PantherDB, and Homolo-
gene to keep this information current. More recently,
data from Online Mendelian Inheritance in Man
(OMIM) have been incorporated so that users can
access both OMIM-derived human homologs and any
associated disease phenotypes using their favorite yeast
gene(s) as query. Alternatively, users can start with a
human gene and retrieve yeast homologs and disease
associations, or start with an OMIM disease phenotype
to obtain associated human gene(s) and their yeast
homologs. Although at this time we cannot directly link
mutant phenotypes with OMIM entries, it is our hope
that in the future we will be able to comprehensively
cross-reference yeast phenotypes with phenotypic man-
ifestations of human disease, particularly in cases where
cross-species complementation has been used to study
disease-associated alleles from the human ortholog. Bio-
curators are currently reviewing the literature to assem-
ble a subset of homology-derived yeast-human gene
pairs where partial or full cross-species complementa-
tion has been documented. Individual studies are exam-
ined in detail to identify the specific mutations studied
and possible disease relevance. This information will be
available on SGD web pages and through YeastMine, as
part of SGD’s effort in promoting the ways in which
yeast and yeast research can inform genetic medicine.

FINALTHOUGHTS

SGD continues to explore and support the needs of not
only the yeast community but also the broader scien-

tific research community moving forward. As new
experimental methods are developed and new data
types become available, SGD works with, and for,
researchers to make sense of these data, and make
them available as rapidly as possible. Biology is firmly in
the era of Big Data, in which hundreds and thousands
of genes and proteins are studied simultaneously, gener-
ating literally millions of data points. While this abun-
dance of data is awe-inspiring, it does not automatically
translate into usable knowledge. Any analysis that gives
data biological meaning can only be based on a solid
foundation of verified biological facts that are expertly
collected from multiple sources, carefully organized
and synthesized into a coherent system. This founda-
tion must be continuously updated, maintained, and
broadened as new information and new technologies
emerge. Continued stewardship of such a system of
knowledge is SGD’s ongoing goal, and is the challenge
for all expert biocurators.
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