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ABSTRACT

‘Manually Curated Database of Rice Proteins’
(MCDRP) available at http://www.genomeindia.org/
biocuration is a unique curated database based on
published experimental data. Semantic integration
of scientific data is essential to gain a higher level
of understanding of biological systems. Since the
majority of scientific data is available as published
literature, text mining is an essential step before the
data can be integrated and made available for
computer-based search in various databases.
However, text mining is a tedious exercise and
thus, there is a large gap in the data available in
curated databases and published literature.
Moreover, data in an experiment can be perceived
from several perspectives, which may not reflect in
the text-based curation. In order to address such
issues, we have demonstrated the feasibility of
digitizing the experimental data itself by creating a
database on rice proteins based on in-house de-
veloped data curation models. Using these models
data of individual experiments have been digitized
with the help of universal ontologies. Currently, the
database has data for over 1800 rice proteins
curated from >4000 different experiments of over
400 research articles. Since every aspect of the
experiment such as gene name, plant type, tissue
and developmental stage has been digitized, experi-
mental data can be rapidly accessed and integrated.

INTRODUCTION

Decades of research on rice has generated several know-
ledge resources (1) such as genome sequences (2), annota-
tions (3,4), transcript data (5,6), mutant resources (7,8)
and germplasm collections (9,10) available through

several excellent databases (4,6,7,11-16) or published lit-
erature, with a sole aim to understand every aspect of rice
biology. Although, these databases have exhaustive data
on rice, they do not precisely catalogue and integrate
every detail of the experimental data published in scientific
literature. Characterization of every genetic component in
rice (17) requires seamless integration of data from
various sources and thus, data curation has emerged as
a major challenge (18,19). Bulk of scientific data are avail-
able as peer-reviewed articles accessible either through
manual reading or through databases that mine the text
of the articles (20,21). Extensive efforts have been done to
develop efficient text-mining approaches (22-24) to enrich
and integrate scientific data (25). Primarily, text-mining is
done with a certain perspective and may not capture all
the aspects of the data presented in the article. Moreover,
text mining is a slow post-publication exercise, it is almost
impossible to keep pace with the accumulation of pub-
lished literature. Thus, there is a need to develop novel
curation concepts which can deliver precise and fast inte-
gration of data (17). In the current study, we have
demonstrated the feasibility of digitizing the experimental
data instead of mining the text of the article. Digitization
of experimental data itself offers several advantages:

(1) Digitization would render the experimental data
amenable to computerized search such that exact
data from multiple articles can be searched/retrieved
rapidly.

(2) Digitization into a standard computer readable
format would facilitate a seamless and semantic in-
tegration of data.

(3) Data models for digitization of experimental data
may be extended further to enable pre-publication
integration of data. Thus, from the very beginning,
the data would be in a format where it can be
integrated into any database with minimal manual
intervention. Such approach would help close the
gap between the curated databases and the
accumulated scientific literature.
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Digitization of the experimental data via manual
curation: concept

The manual curation workflow adopted in developing the
database is designed to digitize the actual experimental
data published in peer-reviewed articles. Such experimen-
tal data are mostly presented as images or graphs and is
thus obviously not suitable for any computerized search.
Moreover, there are no universal data representation
standards for such experimental data. Thus, we developed
the data curation workflow that was guided by the need to
digitize experimental data as well as to lay foundation for
development of standard representation of experimental
data. The basic concept is depicted in Figure la and is
dealt in detail elsewhere (Raghuvanshi ez a/. 2013, manu-
script under preparation). In simple terms, every data
point in a graph or image represents data of several
dimensions such as gene name, plant type, tissue and
growth conditions. Over the years, several ontologies
and standard notations have been developed to represent
at least some of these data types (26-28). Thus, a
combined systematic use of these notations can represent
information contained in every data point such that every
data point is represented by a collection of these pre-
defined terms. Since the notations would be alphanumeric
in nature with pre-defined definition, the data can now be
stored in any relational database and can be easily
searched and correlated. Based on this concept, we have
extensively used existing ontologies as well as in-house
developed notations. To represent rice gene/protein,
‘Rice Genome Annotation Project (RGAP)’ locus ids
have been primarily used (29). In cases where it was not
possible to assign a RGAP id, the GenBank id has been
used. Moreover, in several studies rice gene is studied in a
heterologous plant system. In such cases, the experimental
data may represent the expression of the heterologous
gene. Thus, if the gene is from Arabidopsis, the ‘The
Arabidopsis Information Resource’ (TAIR) (30) gene ids
are used otherwise GenBank id of the heterologous gene
has been used. The tissue and plant developmental stage is
denoted by ‘Plant Ontology (PO)’ terms (31). Distinct PO
terms have been used to represent plant developmental
stage and plant tissue used in the analysis. In several
cases, more than one PO term had to be used to represent
a particular tissue such as ‘P0:0025034—P0O:0005352—
PO:0000074" for ‘leaf—xylem—parenchyma’. The growth
conditions such as temperature, water status, light or
presence of any chemical such as hormones, metals, etc.
have been denoted by ‘Environmental Ontology (EO)’
terms (27). In order to accurately denote environmental
conditions, the ‘EO’ term is appended with additional data
such as time of treatment, concentration, etc. The ‘Trait
Ontology’ terms have been used to represent phenotypic
or biochemical traits while the functional aspect of the
protein is depicted with the help of ‘Gene Ontology’
(32). It may be noted that due to the vast complexity of
the published experimental data, none of the above men-
tioned ontologies were sufficient to encode every aspect of
data. Thus, a large number of new terms had to be defined
for most ontologies to efficiently digitize the experimental
data. The ids of all new ontology terms start with the
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numerical digit ‘1’ (such as TO:1000413—ascorbic acid
content) to differentiate them from the pre-existing terms.

Besides the use of existing ontologies several other no-
tations had to be developed to represent data for which no
ontology exists. One of the most important is the notation
to represent various experimental techniques. There are
numerous different experimental techniques that are
used in biological sciences and it is important to be
aware of the experimental technique before any inference
can be drawn from the data. Moreover, since all different
type of experimental data is being coded with the help of
similar set of ontologies and notations, it is very important
to record the nature of the experiment. For example,
a data point represented by LOC_0s05g46480/
PO:0009005 (roots)]” would either represent the transcript
levels of LOC_0Os05g46480 in roots in a RT-PCR experi-
ment or protein levels in a Western analysis. Thus, the
context in which each term is used is essential for inter-
pretation of the data. Notations were also defined to rep-
resent the type of rice plant that was used in the
experiment, i.e. whether it was a wild type, transgenic
over-expression, transgenic-RNAi line, mutant, etc. as
well as to represent the promoters used to drive the
transgene.

The current release of the database

The current release of the database catalogues data for
over 1800 rice genes from ~400 peer-reviewed research
articles (Figure 1b). Data from more than 4000 different
experiments have been digitized using in-house developed
manual data curation models. These experiments are
based on a total of ~140 different experimental techniques
mostly related to gene expression analysis, biochemical
activity analysis, protein—protein interaction, DNA-—
protein interaction and cellular/sub-cellular localization.
Majority of the curated articles are from the year 2007
onwards and published in a variety of peer-reviewed
plant biology journals. Figure Ic¢ shows the distribution
of the ‘top five’ Environmental Ontology, Gene Ontology
(biological process) and Trait Ontology terms. Based on
the curated experimental data, these genes have been
associated to more than 600 different traits and over 300
Gene Ontology terms. The most frequent traits include
physical traits such as ‘survival rate’, ‘plant height’ and
‘root length’. Since there is a large collection of research
articles on rice and the curation process is pretty extensive,
we have tried to concentrate on studies related to abiotic
stress in rice. This is clear from the distribution of the
most frequent Gene Ontology terms that describe
response to various abiotic stress conditions. The
database also has protein—protein interaction data for
199 rice proteins as well as DNA-protein interaction
data for 51 rice proteins.

How to access the database?

Every aspect (gene id, tissue, growth conditions, etc.) of
the experimental data has been encoded with the help of
defined notations (ontologies, etc.) and thus it is possible
to retrieve the same set of data from several different per-
spectives. The database can be accessed either by browsing
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Figure 1. Details of the database. (a) Depiction of the concept for digitization of the experimental data. All aspects of the information in each data
point (bars) is represented by an appropriate ontology/notation term. (b) Current status of the data curated in the database. (¢) Distribution of the
top five traits, environmental conditions and protein function in the curated database.
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Summary of data for a particular rice gene
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Figure 2. An overview of the different approaches to access the database. The database can be ‘Browsed’ from different perspectives such as
PubMed id, gene locus id, plant tissue, environmental conditions, trait or protein function. Specific ‘Search’ can also be done by providing a

keyword or an exact ontology term id.

or searching for a particular keyword or term (Figure 2).
A global overview of the data from different perspectives
can be acquired by ‘browsing’ the database. Specific
queries can be made by searching the database with the
help of any of the ontology terms or with the help of a
keyword. Both basic and advanced search options are
available.

Browsing

The entire content of the database is summarized from
six different aspects for browsing. The data can be
browsed by either PubMed id, rice gene locus id, plant
tissue/developmental stage (Plant Ontology term),
growth conditions (Environmental Ontology), phenotypic
or biochemical trait (Trait Ontology) and gene function/
localization (Gene Ontology term). While browsing by
‘PubMed id’, a list of all the articles curated in the
database along with basic information such as title,
authors, journal as well as the abstract is shown
(Figure 3a). This list can be sorted either by PubMed id,
journal or year of publication. A search option based on
‘PubMed id’, journal, author, year as well as any key word
that may appear in the title of the article is also provided.
On ‘clicking’ the PubMed id of interest, a list of all the rice
gene loci that have been studied in that article is shown
followed by a list of experiments that have been digitized
(Figure 3b). Further, selecting any rice gene locus opens
the ‘Rice gene details’ page that summarizes the informa-
tion about the rice gene as presented in the selected article
(Figure 4). Initially, the data shown would be restricted to

the selected article, however, it is also possible to access
data for the rice gene locus gathered from all the articles
that have been curated in the database by selecting the
option ‘Search entire database for LOC....". The informa-
tion in the ‘Rice gene details’ page is divided into several
sections. The section titled ‘Basic information’ presents the
information about the protein domain as available in the
Pfam database (33). The ‘Functional details’ sections list all
the GO terms that have been mapped to the rice gene
based on the experimental data. ‘Clicking’ on any of the
GO term id provides the details of the experiment on the
basis of which the GO term has been assigned. GO terms
with (RGAP) tag have been acquired from the RGAP
database (30). Similarly, the ‘Plant developmental stage/
tissue details’ section lists all the tissue or developmental
stages where the selected rice gene has been studied. The
presence or absence of expression/protein activity in a par-
ticular tissue/developmental stage is indicated by ‘(+)” or
‘(=) sign, respectively. Thus, ‘(-)” means that although
expression level or gene activity of the gene has been
studied in that particular tissue but no detectable expres-
sion or activity was found. Selecting any of the PO terms
presents the digitized data of the related experiment. In
most cases, the data pertaining to a gene in a particular
PO would only be part of the total experiment (e.g. one
bar of the entire real-time RT-PCR graph). In such cases,
initially data for only the selected data point would be
shown, however, one can see the data for the entire
experiment by selecting the ‘Show data for entire experi-
ment’ option. The information about the environmental
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[ Asano Takayuki et al. Rice SPK, a calmodulin-like domain protein kinase, is required for storage product during seed phosphorylation of sucrose synthase is a possible factor. The Plant
Cell 2002:14]
S.N Figure

.No AccessionId Description PubMed Id e eiear Figure Method ‘
BAAD1616 1,4-alpha-glucan branching enzyme 11910009 Fig. 3.C Gene expression analysis (translation) : Western analysis '

2 BAAD2698 calcium-dependent protein kinase 11910009 Fig. 4.A In vitro kinase assay I

3 BAAD2698 calcium-dependent protein kinase 11910009 Fig. 3.A Sodium dodecyl sulphate-polyacrylamide gel electrophoresis '

(SDS-PAGE) !
4 BAAD26598 calcium-dependent protein kinase 11910009 Fig.5 In vitro Phosphorylation Assay
5 BAAD2698 calcium-dependent protein kinase 11910009 Fig. Gene expression analysis (transcript localization) : In situ
1.AB.CD.E hybridization

6 BAAD2698 calcium-dependent protein kinase 11910009 Fig.6 In vitro Phosphorylation Assay

7 BAAD2698 calcium-dependent protein kinase 11910009 Fig. 2.ii Enzyme assay

8 BAAD2658 calcium-dependent protein kinase 11910009 Fig. 10.B In vitro Phosphorylation Assay

9 BAAD2698 calcium-dependent protein kinase 11910009 Fig. 3.C Gene expression analysis (translation) : Western analysis :

10 BAAD2698 calcium-dependent protein kinase 11910009 Fig. 4.8 In vitro kinase assay

11 BAAD2658 calcium-dependent protein kinase 11910009 Fig. 2. Morphological observation

12 BAAD2658 calcium-dependent protein kinase 11910009 Fig. 7 In vitro Phosphorylation Assay |

13 CAA78747 sucrose synthase 11910009 Fig.9 Gene expression analysis (translation) : Western analysis |

Figure 3. Screenshot of the ‘Browse by PubMed id’ option. Initially a list of all the curated research articles would be shown along with data such as
PubMed id, year of publication, journal, authors, title, abstract (a). Selecting any of the PubMed ids would give a list of all the rice proteins studied

in the selected article (b).

conditions under which the expression and activity of the
gene has been studied is given as a list of Environmental
Ontology terms in the ‘Environment details’ section. Thus,
for example the affect of abiotic stress conditions such as
drought, heat, salinity or hormones and other chemicals is
recorded with the help of the EO terms. Selecting any
particular EO term shows the digitized experimental
data. Again ‘Show data for entire experiment’ option can
be used if one wants to see the data of the entire experi-
ment. The section entitled ‘Trait details’ summarizes all
the phenotypic or biochemical traits that have been
associated with the selected gene. The digitized experimen-
tal details can be accessed as explained above in the case of
‘Plant developmental stage/tissue details’. The last section
summarizes the physical interaction data (protein—protein
and protein-DNA) for the rice protein.

The database can also be browsed through rice gene ids.
This gives a list of all the rice genes that have been curated
in the database. The first column of the table contains rice
gene id that has been curated which in most cases is the
RGAP locus id. A significant number of papers do not cite

the relevant RGAP locus id. In such cases, RGAP locus id
was assigned on the basis of sequence alignment at DNA
level. If there was 100% identity and coverage between the
gene sequence (mostly GenBank id) mentioned in the
article and any RGAP locus id then the data were
encoded using RGAP locus id. In case of lower but sig-
nificant similarity the data were encoded using the original
id (or the corresponding protein id, in case the mentioned
id is of a genomic sequence or cDNA) as mentioned in the
article and the closest RGAP locus id is mentioned in the
column titled ‘Nearest RGAP protein id. The column
‘Associated proteins’ gives information of all the rice
genes that have been experimentally shown to be
associated with the concerned rice protein. Rice proteins
having physical association are indicated with tag ‘(I)’
whereas proteins that may affect the expression are
indicated by tag ‘(R)’. If a protein affects the function of
the concerned protein then it is indicated by tag ‘(F)’.
Selecting any gene id in the first column opens the ‘Rice
gene details’ which has been described as above.
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Basic information [Pfam DB] Graphical representation of the protein domains
i. Locus id rn':t;tll'l‘ :ton"r‘l.“ IED::’nnln Pfam ID Domain Name 8 Ll]l:_leaigBB:}zﬂ.i 304
1 LOC Os01g66120.1 304 9 134 PFO2365.7 NAM 8 LOC_0501¢66128. 3 248
2 LOC 0s01g66120.3 248 1 78 PF02365.7 NAM z
The basic information is from RGAP and Pfam databases
Functional details Plant developmental stage / tissue details
Molecular Function Plant development stage
S. GO id GO Description - PO id PO Description Presence(+) or absence(-) of gene
no. no. expression /activity
1 GO:0003700 sequence-specific DNA binding transcription 1 PO:0007013 BO.03 late boot stage (+)
factor activity 2 PO:0007041 inflorescence emergence (+)
2 GO:0016563 transcription activator activity from flag leaf sheath
3 GO:0003700 seguence-specific DNA binding transcription  (RGAP) 3 PO:0007115 LP.04 four leaves visible (+)
factor activity 4  PO:0007123 LP.06 six leaves visible (+)
Biological process 5 P0:1000120 4-6 days post-anthesis stage (+)
S. GOid GO Description 6 PO:1000287 4 days post-anthesis stage  (+)
no. Plant tissue/organ
1 GO:0006550 response to stress s. PO id PO Description Presence(+) or
2 GO:0009409 response to cold no. absence(-) of gene
3 GO0:0009414 response to water deprivation expression /activity
4 GO:0009611 response to wounding 1 P0:0000001 embryo proper (+)
5 G0:0009620 response to fungus 2 PO:0000003 whole plant (+)
6 GO:0005628 response to ablotic stimulus 3 P0O:0000005 cultured plant cell (+)
7 GO:0009632 freezing tolerance 4 PO:0005052 plant callus (+)
. 8 GO:0009633 drought tolerance 5 PO:000B037 seedling (+)
A z &
‘9 15 GO:000971S response to endegenous stimulus (RGAP)
- u : .
20 GO:0007165 signal transduction (RGAP) 5 o T Trait details =
Cellular component B S a::.':'(gg'“; ene
S. GO Id GO Description expression /activity
£t 1 TO:0000019 seedling height (+)
1 GO:0005634 nucleus 2  T0:0000207 plant height +)
3 T0:0000227 root length (+)
Environment details 4 T0:0001034 relative plant helght (+)
s. Eoid EO Description Presence(+) or absence(-) of : :—g:?gégg?ﬁ :ﬁ:ﬁ:‘; 9;;;“'"3“"" E:;
no. gene expression /activity St lns
1 EO:0007048 sodium chioride regimen (+) i TO: 1000015 photochemical efficlency (+)
2 EO:0007080 jasmonic acld regimen (+) 8 T0:1000060 lesion width ()
3 EO:0007105 abscisic acid regimen (+) 9 T0:1000061 lesion length (+)
4 EO0:0007187 salicylic acid regimen +) 10 TO:1000063 percent membrane conductance [S0)
5 [EO:0007332 cold alr temperature regimen  (+)
6 [EO0:0007373 mechanical damage (+) Physica] interaction details
7 [EO:0007404 drought environment (+) Interaction type: proteln~prote'm
8 EO0:0007407 methyl jasmonate +)
©  EO0:0007415 hydrogen peroxide +) 8. Primary rice gene loci Interacting rice gene loci Experiment
10 EO: 1000003 MS liquid media ) no. id Domain  Amino id Domain  Amino type
I r— name/N  acid name/N  acid
11 EO:1000013 ethephon (+) orC involved orC Involved
12 EO:1000016 polyethylene glycol (PEG) (+) term in term in
treatment Interaction Interaction
13 EO:1000031 dexmethasone (+) 1 LOC Os0D1g66120 1-162 LOC Os11g08210 - 1-328 Pull Down
14 EO:1000069 dessication/dehydration stress  (+) Assay
15 EO:1000075 recovery treatment (+) Interaction type: protein-DNA
16 [EO:1000098 N-acetylcheto oligosaccharide  (+) s Primary rice gene loci Interacting rice gene loci Experiment
elicitor no- id Domain  Amino id Domain Bases Reference cis- type
17 [E0:1000132 sodium butyrate regimen (+) name/N  acid name/N involved  point elements
18 EO0:1000271 Magnaporthe grisea KyuB9-246 (+) orC Involved orC in
(MAFF number 101506) term in term Interaction
Interaction
1 LOC 0s01g66120 1-165 - to - 5000413 Electrophoretic
Mobility Shift
Assay (EMSA)
2 LOC 0s01g66120 N 1-165 LOC Os05gq46480 - -B5to -56 TSS  S000413 Electrophoretic
Mobility Shift
Assay (EMSA)
3 LOC Os01g66120 - == LOC 0Os03g44150 - =513to- | TrSS Yeast one-
178 hybrid
analysis

TSS - Transcriptional start site
TrSS - Translational start site

TSS-Pu - Putative TSS by cDNA alignment
TSS-P - Predicted TSS

Figure 4. Screenshot of page showing details of a particular rice gene locus. The data for a particular gene locus from all the articles curated in the
database is summarized under different heads. Part of the page (central) has been removed to accommodate the figure within a page.

Similarly, the database can also be browsed by
Plant Ontology term. This gives the list of all the Plant
Ontology terms that have been curated in the database.
Selecting any one term lists all the rice genes that have
been studied in the selected plant tissue or developmental
stage. Further selecting the rice gene id opens the ‘Rice
gene details’ page. Browsing by Environmental Ontology,
Trait Ontology and Gene Ontology follows the similar
trend.

Searching the database
The database can be searched on the basis of gene id, plant
developmental stage, plant part/tissue, environmental

conditions, associated traits, associated molecular
function, associated biological process or cellular localiza-
tion. The search can be done by either specifying the exact
‘term’ id or the keyword. In order to facilitate this the
search function operates in two tiers. If an exact ‘term
id’ is defined (such as protein id, ontology term id) the
relevant results are shown immediately. In case a
keyword is given, in the first stage a list of all the related
terms is displayed. The user may then select one or more
of these terms and then proceed to the second stage where
data relevant to the selected term is shown. It may be
noted that search would be much faster when an exact
id is specified such as ‘PO:0009005° instead of the
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keyword ‘root’. It is also possible to formulate search with
multiple terms and boolean operators AND and OR. The
output of the search is a list of rice gene ids as well as the
link to the exact experiment (PubMed id and experiment
no.) where the search term has been used.

Major highlights

Digitization of experimental data of published peer-
reviewed studies is a relatively less explored dimension
of data curation. Nevertheless, it offers several advan-
tages. Some of the major aspects that stand out are as
follows:

(a) Seamless semantic integration of data: The digitiza-
tion of the experimental data has been done using
the same basic elements (i.e. ontologies and nota-
tions) thus providing a natural connectivity of data
coming from different experimental set-ups.

(b) Universality of the basic concept. The fundamental
models developed to digitize the experimental data
on rice genes are universal in nature and can be
easily adopted for other organisms as well. The
basic requirement is the availability of organism
specific ontologies. The current exercise has led to
a significant enrichment of plant ontologies as a
large number of novel terms had to be defined in
order to digitize the published experimental data.

(¢) In-depth and precise functional annotation: One of the
major advantages of indexing the experimental data
itself is the preciseness of the functional annotation
of the genes. The assigned GO terms lie very low in
the hierarchy and are thus more precise in nature.
There is a direct connection of the associated ‘GO’
term with the experimental data that was used to
assign the GO term. Another aspect is the
cataloguing of the dependencies of a particular GO
term assigned to the protein. For example a ‘kinase’
activity of the protein may be dependent on the
presence of other protein, certain environmental con-
ditions or restricted to a plant tissue. Such
dependencies have also been catalogued.

(d) Learning resource: Such databases can be great
learning resources for young researchers. Naive ques-
tions such as ‘What concentration of a particular
chemical (hormone/metal ion/drug, etc.) should be
used while designing experiments?” A simple search
with a suitable ‘EO’ term would line up all the ex-
periments conducted with the concerned chemical in
a matter of seconds.

Future perspective

The database will be updated every 6 months and as the
curation progresses the data would be enriched by inclu-
sion of studies from diverse aspects such as biotic stress,
yield, etc. The ultimate aim is to digitize all the relevant
articles but since the task is enormous we are proceeding
in a methodical manner so that important aspects such
stress biology (abiotic or biotic), yield are better repre-
sented. The concept of digitization of the experimental
data from peer-reviewed research articles is relatively

new and is bound to evolve. Better user-friendly portals
are being developed to facilitate easy and fast digitization
of experimental data. Such portals would also enable
active participation of third party curators to meet the
challenge of curating all the articles. Lab data manage-
ment implementation may integrate these curation
models so that they can be used not only to store data
but also in designing of the experiment from the very be-
ginning. Thus, at the time of publication, the data would
already be in a format compatible for integration in the
database.
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