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Documentation of phenotype information is a priority need in biodiversity, crop modeling,
breeding, ecology, and evolution research, for association studies, gene discovery,
retrospective statistical analysis and data mining, QTL re-mapping, choosing cultivars,
and planning crosses. Lack of access to phenotype information is still seen as a limiting
factor for the use of plant genetic resources. Phenotype data are complex. Information
on the context, under which they were collected, is indispensable, and the domain is
continuously evolving. This study describes comprehensive data and object models
supporting web interfaces for multi-site field phenotyping and data acquisition, which
have been developed for Central Crop Databases within the European Cooperative
Programme for Plant Genetic Resources over the years and which can be used as
blueprints for phenotyping information systems. We start from the hypothesis, that entity
relationship and object models useful for software development can picture domain
expertise, similar as domain ontologies, and encourage a discussion of scientific information
systems on modeling level. Starting from information requirements for statistical analysis,
meta-analysis, and knowledge discovery, models are discussed in consideration of several
standardization and modeling approaches including crop ontologies. Following an object-
oriented modeling approach, we keep data and object models close together and to
domain concepts. This will make database and software design better understandable
and usable for domain experts and support a modular use of software artifacts to be shared
across various domains of expertise. Classes and entities represent domain concepts
with attributes naturally assigned to them. Field experiments with randomized plots, as
typically used in the evaluation of plant genetic resources and in plant breeding, are in
the focus. Phenotype observations, which can be listed as raw or aggregated data, are
linked to explanatory metadata describing experimental treatments and agronomic
interventions, observed traits and observation methodology, field plan and plot design,
and the experiment site as a geographical entity. Based on clearly defined types, potential
links to information systems in other domains (e.g., geographic information systems) can
be better identified. Work flows are shown as web applications for the generation of field
plans, field books, templates, upload of spreadsheet data, and images.

Keywords: plant genetic resources, phenotyping, documentation, entity relationship models, class models,
work flows, web applications
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INTRODUCTION

Information systems become increasingly important tools in
biological sciences and cover a considerable part in a recent
review on next-generation phenotyping (Cobb et al, 2013).
The biodiversity (Wieczorek et al., 2012; Hardisty et al., 2013)
and the crop modeling communities (Bostick et al., 2004; White
et al, 2013) have been identified as strong and early proponents
for biological information systems (Tinker and Yan, 2006).
Phenotyping and genotyping are of main interest in crop science
and breeding, plant traits also in ecology and evolution research
(Kattge et al., 2011). Tinker and Yan (2006) address needs for
efficient storage and retrieval of crop performance data to
increase their value for exploration, reporting, crop modeling,
planning crosses, and retrospective statistical analysis. They
envision automatic generation of orthogonal subsets for
statistical analysis based on information on experimental context,
support for continuous QTL re-mapping, association studies,
gene discovery, and data mining in crop science and plant
breeding. Early initiatives started with stand-alone information
systems in breeding programs (e.g., Haley et al, 1999;
Lang et al, 2001; Heckenberger et al., 2008), or web-based
systems for decision support to choose cultivars (Jensen, 2001),
or for genetic resources management by the USDA (USDA
Agricultural Research Service, 2015a) and the CGIAR (McLaren
et al., 2005). Recently, these have culminated into the GRIN-
Global project, covering multiple types of genebank data
(USDA Agricultural Research Service, 2015b).

Nevertheless, the Second Report on the State of the World’s
Plant Genetic Resources for Food and Agriculture (PGRFA)
still highlighted lack of access to information, especially
characterization and evaluation (phenotyping) data as most
important limiting factor for an increased use of PGRFA in
agriculture, horticulture, crop improvement, and research (FAO,
2010). Tinker and Yan (2006) mention an exploratory and a
reporting mode needed to discover an information system: The
exploratory mode summarizes results related to a keyword (e.g.,
a cultivar name). The reporting mode generates lists responding
to specific queries (e.g., for stress tolerance or special nutritional
quality). Jensen (2001) points out the requirement for mechanisms
to compare and rank genotypes according to multiple traits,
typically involving attribute-centric queries (Dinu and Nadkarni,
2007). Haley et al. (1999) demand simultaneous assessments
of multiple traits on a standardized scale and from sets of
comparable data gathered in one environment, user-specified
prioritization of traits, tabulation of specific deficiencies, and
summaries across multiple environments.

Consortia for Agricultural Systems Applications (Bostick et al.,
2004; White et al, 2013) and Agrotechnology Transfer (Jones
et al., 2003) have been established to promote a better use of
expensive site- and season-specific field experiments. Crop models
integrate knowledge about soil, climate, crops, and management
to better understand their function, allow transfer of results to
other agro-ecological conditions, and predict crop behavior (Jones
et al, 2003). Models for 42 crops have been integrated with
modules for weather, soil (water, carbon and nitrogen contents,
temperature), plant, atmosphere, management, pests, and diseases,

in the DSSAT-CSM software (Hoogenboom et al., 2017). Bostick
et al. (2004) presented a first version of a web application (ICASA
Data Exchange) targeted to stimulate the reuse of various types
of field experiment data for agricultural systems modeling in
the International Consortium for Agricultural Systems Applications
(ICASA). It provides metadata on data owners, experiment,
environment, crop, management, measurement, file, and
publication information for uploaded data files. Several papers
have been published on data models for crop genetic resources
phenotyping and breeding databases (Lee et al.,, 2005; Yan and
Tinker, 2007; Heckenberger et al., 2008; Fabre et al., 2011; Jung
et al, 2011). None of these systems has been widely used
(Vankadavath et al., 2009; White et al., 2013; Weise et al., 2017)
to provide a reference for phenotyping as, e.g., GenBank
provides for genotyping. Obviously, they have drawbacks in
comprehensiveness or usability, as the domain is complex. Lack
of modularization often is an impediment for the reuse of
software. Modules should work independently of each other in
different contexts. GERMINATE, introduced as data model for
genetic and phenotypic data from a generic marker viewpoint
(Lee et al., 2005), has been reused to build the Hordeum and
Triticeae Toolboxes (Blake et al., 2012) and recently revised to
the new version of Germinate 3 (Shaw et al., 2017). A standardized
and modularized RESTful web service application programming
interface (Breeding API, https://wiki.brapi.org/index.php/BrAPI)
is currently developed for all types of breeding relevant data
(germplasm, genotyping, phenotyping).

Information system ontologies (Evermann and Wand, 2005)
and respective tools have been employed to tag phenotyping
data for search and computer algorithms (Cobb et al., 2013).
Specific crop ontologies (Bioversity International, 2011) have
been set up as an open project, built on other ontologies, e.g.,
Plant Ontology (Avraham et al, 2008; Planteome, 2016),
Environment Ontology (Buttigieg et al., 2013), and others within
the Open Biological and Biomedical Ontologies'. Currently, most
of the ontologies available from the crop ontology service have
a single authorship, and multiple trait ontologies exist for crops
like barley and soybean, indicating that they are not yet a
community resource. Ontologies have similarity to domain models
or domain-specific languages (Ceh et al., 2011), but their use
in software engineering is not yet fully understood and
implemented by tools (Fogh et al, 2005; Cranefield and Pan,
2007). Kohl and Gremmels (2015) used Plant Ontology
(for entities) and Plant Trait Ontology (partly for attributes) to
compile a scheme database supporting a web application, which
generates phenotyping schemes with controlled vocabularies.
Hannemann et al. (2009) describe tools to integrate ontologies
into growth chamber experiments design and documentation.
Munir and Anjum (2018) review recent approaches and tools
using ontologies with relational databases, primarily to improve
information retrieval with ontology based user interfaces. They
describe tools for ontology to database mapping, which link
pre-existing databases and ontologies, and for database to ontology
transformations, which generate an ontology from a database
or vice versa (Vysniauskas and Nemuraite, 2006).

'http://www.obofoundry.org
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Here we describe data and object models, which have been
developed since 2000 for Central Crop Databases within the
European Cooperative Programme for Plant Genetic Resources
(ECPGR), used for web-based query interfaces (Germeier and
Frese, 2001, 2004) and more recently to build web interfaces
for workflows coordinating multi-site characterization and
evaluation (phenotyping) of PGRFA and respective data
acquisition. We start from the hypothesis that entity relationship
(ER) database models, class, and object models in scientific
software can be appropriately designed as representations of
the scientific domain and its real-world concepts. This will
facilitate the comprehension of software concepts by domain
experts and the modularization of scientific software infrastructures
in accordance with different fields of domain expertise. It will
further promote the reuse of functionality and of scientific data
and a closer connection between general software development
and simulation modeling (Papajorgji et al, 2004). Finally, it
will be also an outcome of simple database to ontology or
ontology to data model transformations (Vysniauskas and
Nemuraite, 2006; Munir and Anjum, 2018). While working on
our models, we had not yet any ontology — ER mapping tools
(Munir and Anjum, 2018) at hand.

With this emphasis and based on requirements for statistical
analysis of phenotyping data, we discuss models and work
flows encountered in our characterization and evaluation projects
(Morcia et al., 2013; Murariu et al., 2013; Redaelli et al., 2013,
2016; Tumino et al., 2016) in consideration of suggestions for
standardization, other modeling approaches, and crop ontologies.
We suggest them as blueprints, which can be used independent
of concrete software implementations. The latter undergo short
lifecycles determined by their developing technology platforms.

We strictly focus on a phenotyping information module
covering field experiments with randomized plots, as typically
used in the evaluation of plant genetic resources and in plant
breeding. Fahlgren et al. (2015) mention advantages of field
phenotyping platforms, as are growing crop-sized plants under
natural settings. Araus and Cairns (2014) refer to the lack of
quantitative trait loci and candidate genes detected in controlled
environments to translate into gains in the field. Our modeling

approaches (Figures 2-5) can be taken as a blueprint for the
design of phenotyping information systems documenting field
experiments in crop and plant sciences.

FROM STANDARDS TO MODELS

The crop modeling community made first attempts to standardize
phenotype data, e.g., in the International Consortium for
Agricultural Systems Applications (ICASA; Bostick et al., 2004;
White et al., 2013). A similar activity in current plant phenotyping
networks defines Minimum Information About a Plant
Phenotyping Experiment (MIAPPE) standards (Cwiek-Kupczyriska
et al,, 2016), which are currently implemented with the Breeding
APIL For PGRFA, Endresen and Kntpffer (2012) included terms
for field observations (measurement, measurement method, and
experiment) into a genebank extension of the Darwin Core
data exchange format for the Global Biodiversity Information
Facility (GBIF).

While standardization counts on an agreement to choose
a dedicated approach out of equivalent variants, modeling
has the ambition to provide the best state of the art
representation of the knowledge in a domain. Thus,
requirements for modeling are higher (Swertz and Jansen,
2007). Standards can be rigid and finally unable to cope
with scientific progress, while information systems need
sufficient flexibility that “today’s data can contribute to
tomorrow’s opportunities” (Fogh et al., 2005; Lee et al., 2005;
Tinker and Yan, 2006). Models remain subject to scientific
discussion. This causes change management in information
systems but guarantees the flexibility required, the intelligibility
for domain experts and reusability even for additional purposes,
e.g., simulation modeling (Papajorgji et al., 2004).

Modeling comes into place on several levels of information
management (Figure 1). On the highest level of abstraction
are models for statistical analysis and knowledge discovery
(Piepho et al., 1998; Malosetti et al., 2013). These determine
what information is needed to create knowledge out of the
data. At the bottom, static conceptual models (domain models)

Statistical Model
Trait Expression= G + M+GxM+ E+ GxE+ GxExM
Genotype Management Environment
Data Model (Entities = Classes = Tables)
Primary Information
Observation= Accession/Line  Treatment Experiment
Cultivar Intervention Fieldplan
Inoculation Site
Secondary Information
Phenology Collection Agent Geography  Affiliations
Date Methodology Weather Project
Soul
FIGURE 1 | Levels of modeling in the phenotyping domain from requirements for statistical analysis to implementation of an information system as entities
and classes.
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are used for database and software design. These are represented
by entity-relationship and class diagrams, respectively
(Evermann and Wand, 2005). Crop models as simulation or
predictive models depict a mechanistic understanding of crop
behavior and allow its prediction from input parameters like
weather, soil, genotypes, experiment conditions, and
measurements (Jones et al., 2003). Papajorgji et al. (2004)
stressed the interrelationships of software modeling and
simulation modeling and recommended to use tools from
the software engineering community like Unified Modeling
Language (UML) and component-based approaches also for
simulation modeling.

Statistical or predictive phenotype models contain genotype,
environment, and management as main factors and respective
interactions (Kropff and Struik, 2002; Hatfield and Walthall,
2015). These factors can be further analyzed by the various
classes of primary and secondary information shown in Figure 1.
Genotypes in the PGRFA domain are accessions in genebank
collections, breeding lines and cultivars. Management factors
are agronomic interventions (soil tillage, irrigation, fertilization,
plant protection) and experimental treatments differing for the
experimental factors according to the scope of the study. These
can include artificial inoculation with diseases or symbiotic
organisms, requiring documentation of agents (strains). Also,
the observation methodology belongs to the management factor.
The geographic location of the experiment site with weather
and soil conditions (cf. Figure 4), and on a small geographic
scale, the spatial design of the field plan creates the environment.
Experiments are affiliated with research projects and institutions
(Heckenberger et al., 2008; Cwiek—Kupczyﬁska et al.,, 2016).

GENERALIZATION OR SPECIALIZATION

Generalization (abstraction) and specialization (level of detail)
are critical points for modeling. Generalization has been put
forward as a target improving reuse of data. Lee et al. (2005)
described five modules (Passport, General, Data Integration,
Information, and Datasets) to generalize over phenotype and
genotype data, getting them into the same data structure in
a module Datasets. Names of modules and several tables,
especially in module “Datasets” did not intuitively correspond
to objects known in the phenotyping and genotyping domains
but referred to technical features of the data (e.g., “data types,”
“data,” “metadata”). Names not referring to domain concepts
but technical features are indicative for over-generalization or
over-normalization. These limit understanding and reuse of
information components and the modularization along a
specialization of expertise. The conceptual ambiguities lead to
a variety of data storage implementations (Lee et al., 2005).
We consider phenotyping and genotyping sufficiently different
domains and communities that they deserve specific modeling
and modules. Steinbach et al. (2013) treat collection data in
a genetic resources module, phenotype data from genotype-
environment interaction studies in a phenotype, and genome
data in several separate modules (sequence, genetic map,
polymorphism, genome, transcriptome). Also, the recent version
of Germinate 3 has separate marker/genotype and phenotype/
field trials schemata (Shaw et al., 2017).

Kattge et al. (2011), from an ecologist point of view, stress
the nesting of observations in a hierarchy. Higher levels form
the context for lowers (e.g., stand - individual - leaf - cell).

RAWDATA AGGREGATED DATA
Identifiers Numeric Darta Statistics
| I 11 5 ScoringDate ScoringDate
PHENOSTAGE [ ScoringStage ScoringStage
Replications
| ACCESSION 1 | Eoldc?{'_ PlantsTested
‘ T 1 nl Cf}fgz?fn AbsoluteValue || Mean
CULTIVAR ‘ Percentage Median
Count StandardDeviation
MEASUREMENT NumericScore StandardError
METHODOLOGY VariationCoefficient
[DESCRIPTOR  WA—1 Descriptor Mininmm
: i 0 Maximun
| METHOD [ Method Skewness
[EXPERIMENT 4 Experiment S
[TREATMENT |u t Treatment Text Data Standardised Data
OriginalScore UniversalScore
| FIELDPLAN/PLOT LL nj| Lane Homogeneity
Plot Remark
DataOwner
| SOURCEFILE 1 W SourceFile DataAvailable
FIGURE 2 | The phenotype observation as raw or aggregated data — its attributes of different types (identifiers and foreign keys, numeric data, strings, statistics
and standardized harmonized or ranking data) and related descriptive metadata concepts. Entity names are written in capitals; attribute names within RAWDATA
and AGGREGATED DATA in mixed case.
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Including environmental context and even taxonomy into this
nesting, they provide a generic model for observations on
plant and environment with the elements entity, observation,
measurement, characteristic, and measurement standard. It
resembles the “entity-attribute-value” (EAV) or “vertical design,”
another pattern discussed for generalization (Billiau et al., 2012;
Kohl and Gremmels, 2015). Avoiding fix defined data structures
by modeling object attributes as entries, e.g., of property
association tables (Jung et al., 2011), it also appears as a simple
solution for mapping controlled vocabulary (thesauri and
ontologies) into information systems (Billiau et al., 2012). Yet,
deviating from relational and object-oriented design principles,
it is not well supported by database management and software
tools; e.g., queries for multiple attributes require cumbersome
auto-referencing approaches (Corwin et al, 2007). Dinu and
Nadkarni (2007) mention clear indications, under which
vertical design can be used: sparse and volatile data. The EAV
structure needs support by a system of relational metadata
and metadata-driven software, and it again should represent
a well-understood domain concept (e.g., a phenotypic observation,
as shown in Figure 2).

Here we follow an object-oriented design, keeping data and
object models close together and to domain concepts. Classes
and entities by their naming are easily grasped by domain experts
and cover attributes naturally assigned to these concepts in the
domain. This will also result from transformations between ER,
object models and ontologies (Vysniauskas and Nemuraite, 2006;
Munir and Anjum, 2018).

Natural identifiers (often available as compound keys) are
preferred to surrogate keys. Only meaningful keys implement
meaningful integrity rules. Modularization will give different
communities (e.g., genebanks, phenotyping, genotyping,
breeding, environmental science, and geography) freedom to
manage their data within own namespace and ontology.
Interoperability of information from different domains does
not result from pressing their data into a highly abstracted
data structure, but by proper interfaces (APIs) to link clearly
defined types into various information systems driven by
different domains (cf. Figure 4).

A DATA MODEL FOR PHENOTYPING
(CHARACTERIZATION AND
EVALUATION) DATA

Krajewski et al. (2015) define phenotyping as any quantitative
or qualitative measurement of traits at levels from single cells,
plants, field plots, up to ecosystems, and a plant phenotyping
experiment as a set of experimental units with assigned levels
of factors, resulting in a treatment and block structure within
an experiment design. They recommend distinguishing factors
related to “biosources” (accessions in PGRFA documentation)
from those of real treatments (agents modifying the environment).
van Evert et al. (1999) describe a data model for agro-ecological
research data, with a broad scope on objects, which can
be subject to field experiments. Kohl et al. (2008) and
Heckenberger et al. (2008) enter into details of the genesis of

plant lines (breeding processes like propagation, crossing,
transformation). Here we focus on accessions in terms of the
Multicrop Passport Descriptors (Alercia et al., 2015) as biosources
according to Krajewski et al. (2015) and targets for phenotyping:
genebank accessions, breeding lines, populations, or cultivars.
These materialize as seed stock (stock in Jung et al., 2011) in
a working collection. Their genesis is seen in the scope of
separate information modules on germplasm and breeding
management. Samples from a single plant, a tissue, up to pooled
accessions or populations (Lee et al,, 2005) can be referenced
in a methodology description if of interest outside a separate
Laboratory Information and Management System (LIMS). Yan
and Tinker (2007) show basics of phenotypic data as a “context
oriented observation library”. We follow these but develop more
complex structures, where considered necessary.

The Phenotypic Observation — Core of the
Data Structure

The phenotypic observation has been defined as association
of a trait with an observed value at a defined time (Krajewski
et al., 2015) or as measurements taken on an object at the
same time (Kattge et al., 2011). Observations as raw or aggregated
data (Heckenberger et al,, 2008; Blake et al., 2012) refer to
trait expressions in an experimental unit (e.g., a plot), observed
by measurement or estimation. They are modeled in EAV-like
data structures (Billiau et al., 2012; Kohl and Gremmels, 2015):
lists of observed trait expressions (raw or aggregated) in various
data formats (numbers, symbols, words) are linked into a
relational system of explanatory metadata (Dinu and Nadkarni,
2007). These describe accessions or cultivars identified by
reference to the holding institute and an accession number or
name, measurements referring to an observation methodology
with trait descriptors (from descriptor lists or trait ontologies),
methods  (analytical ~protocols, classification  schemes),
experiments, treatments, field plots, and archived data source
files (Figure 2). Kattge et al. (2011) use the term measurement
for observations as presented here. Their observation entity
links measurements in multiple dimensions of one object
(hierarchy from environment to cell) in a certain time.

Trait observations need reference to an observation date
and a phenological stage of the plant during observation (Billiau
et al,, 2012; White et al., 2013). For statistical re-evaluation
(Blake et al., 2012) and long-term comparison (Keilwagen et al.,
2014), data should be available in original states and formats
(raw data, original score). Trait expressions are documented
in different data types: numbers for measurements and counts;
strings for morphological descriptions. For calculation,
aggregation, sorting, and validation purposes, it is advantageous
to foresee different fields for different data types (Dinu and
Nadkarni, 2007): measured (absolute) values, percentages, counts,
numeric scores, and text scores. Examples can be found easily,
where more than one data type applies to an observation (e.g.,
surviving or diseased plants as absolute number or percentage
of a target population). A coding system for homogeneity or
heterogeneity in a plot has been proposed (van Hintum, 1993).
Lee et al. (2005) designed different tables for each data type,
including arrays for storing marker data. We consider one

Frontiers in Plant Science | www.frontiersin.org

June 2019 | Volume 10 | Article 728


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Germeier and Unger

Modeling PGR Phenotyping Information Systems

observation table for a specific aggregation level, with separate
fields for different phenotypic result types most intuitive and
easy to use with external (e.g., statistic) software. Further
attributes refer to the owner of the data and their availability
for different user types.

For presentation purposes, data aggregated at least to means
of field replications in an experiment are preferred. Basic
descriptive statistics (mean, median, standard deviation or error,
range, skewness, kurtosis) should be given along with the
number of replications and/or plants tested. Blake et al. (2012)
mention means and summary statistics (range, standard error
of mean, probability value for F test, outlier detection).
Harmonizing and simplifying transformations or ranks (universal
score, e.g., Grades 1-9) can give an impression on the first
glance but do not fulfill scientific documentation requirements,
especially not over long periods of time, when reference values
are floating. Cobb et al. (2013) recommend storing data in a
raw state for use in analyses, even when more robust Bayesian
approaches are used. Keilwagen et al. (2014) suggest a normalized
rank product for the comparison of measured traits over long
periods of time.

Traits, the Targets for Observation

Main targets for breeding and crop research are phenotypic
traits and their combinations (pyramidization) in a crop
ideotype. Kattge et al. (2011) refer to a definition of traits as
morphological, physiological, or phenological features
measurable on individuals from cell to whole organism level.
Descriptive context information for traits in plant breeding
refers to protocols reflecting requirements in cultivar registration
and evaluation of value for cultivation and use. Guidelines
are available as descriptor lists by Bioversity International and
preceding organizations (e.g., IBPGR, 1985; IPGRI, 1991;
Alercia, 2013), by the International Union for the Protection
of New Varieties of Plants (e.g., UPOV, 1994, 2008) and in
trait ontologies now online for various crops (Shresta et al,
2010; Bioversity International, 2011; Arnaud et al, 2012).
They provide also some suggested observation methods.
For morphological characterization, their methodological
information is mostly sufficient. For complex traits evaluating
the value for cultivation and use (yield, resistance, and quality),
various analytical methods are available and subject to
methodological progress. Standard analytics for phytochemical
traits are given, e.g., by the International Association for Cereal
Science and Technology (2018). van Evert et al. (1999) in
their data model dwell into details of equipments and their
configuration. This could be useful for labs with similar
machinery, but is not of general interest. It could be described
in a method description or with links to (standard) methodology
references. We compose trait descriptors and observation
methods in a methodology class (Figure 3B). Krajewski et al.
(2015) mention trait, method, and scale as foundational parts
of an observation variable. To select, sort, or weight traits,
we consider the phenological stages recommended to observing
them, the type of observation (measurement, count, score),
and units or coding schemes (scoring key) important.
Specializations of a general method class represent different

types of methods with different data type output (Figure 3B).
Methods can be developed from each other (parent) or
complement each other (denominator). We call the application
of a methodology in an experiment (over all plots at a certain
date) a measurement (Figure 2). Plant (species and cultivar)
specific input parameters of crop models (Jones et al., 2003)
should be considered in trait definitions for phenotypic
information systems and in crop ontologies.

Easy search for combinations of trait expressions is crucial
for a breeding information system. It is well supported by an
observation table linked to trait metadata in a way enabling
hierarchical search along an agreed categorization of traits and
observation methodology, as given by trait ontologies (Bioversity
International, 2011). These cover mostly three levels of search
from a group of traits (abiotic and biotic stress tolerance,
agronomy, morphology, phenology, physiology, quality) to defined
single traits as outlined in descriptor lists (cf. UPOV, 2011;
Alercia, 2013) and methodological details, e.g., units of
measurement or definition of categorical scores (Figure 3A).
This could also reflect the entity quality model of trait definition
(Krajewski et al.,, 2015) with trait group relating to an entity
(plant part) and trait to a quality.

Context as Key to the Interpretation of
Phenotyping Data

To improve the precision of statistical inferences for prediction
and for a better understanding of genotype environment
interactions, information on the context under which phenotypic
data have been collected (experiment design, soil, biotic and
abiotic interferences, treatments, and agronomic interventions)
is required (Tinker and Yan, 2006; Cwiek-Kupczynska et al,,
2016). It is needed to properly consider experimental factors
and covariates in statistical analysis (Piepho et al., 1998; Kropff
and Struik, 2002; Malosetti et al., 2013; Crossa et al., 2015).
Crop research ontology (Bioversity International, 2011) and
MIAPPE (Cwiek-Kupczyniska et al., 2016) give a comprehensive
overview. Kattge et al. (2011) stress the importance of covariates
to understand the heterogeneity of trait expressions in an
ecological context, to filter and to classify observation data.
For a mechanistic understanding of crop performance, parameter
requirements of crop models (Jones et al., 2003; White et al.,
2013) are to be met. If context is overly complex, or requested
attributes do not match the situation (e.g., growth chamber
vs. field studies), it tends to be ignored or to be used improperly
(Tinker and Yan, 2006).

Figure 4 depicts a data model for context information
referring to measurements taken in a field plot or from samples
thereof, covering the experiment data set in White et al. (2013).
It treats a field experiment as specialization of a general
experiment class. Further specializations could be greenhouse,
growth chamber (Kohl et al., 2008; Fabre et al., 2011), laboratory,
or other experiments. In MIAPPE (Cwiek-Kupczynska et al.,
2016), a field or greenhouse study (comparable to experiment)
extends a basic study. The Natural Diversity schema (Jung
et al., 2011) models similar specializations as experiment types
indicated by a respective attribute. The experiment super-class
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FIGURE 3 | Trait methodology context data: (A) User interface, providing choice boxes for trait group or plant part, trait (as represented in trait descriptor lists), and
analytical method for hierarchic search. (B) Entity/class model representing a trait descriptor and different types of observation methods including classification keys
(scoring keys), composed to a methodology.

holds basic relationships to project, affiliations, and randomization
design. We identify an experiment by project, institute, and
specializing codes with the initiation date. Typical field
randomization designs are block, latin square, lattice, or
augmented designs. These are implemented through
randomization in a field plan, which represents the block
structure (Krajewski et al.,, 2015).

Plots are the experimental units (Tinker and Yan, 2006;
Heckenberger et al., 2008) in a field experiment, arranged in a
two-dimensional matrix (lane, plot) and populated with accessions
and treatments. As van Evert et al. (1999) point out, plots can
be structured on multiple levels by the design. Here the block
attribute implements the first stratum below experiment and
allows for all designs developed out of the block design, e.g.,
augmented block designs (Federer and Raghavarao, 1975). Higher
level strata, e.g., for lattice designs could be implemented with
further attributes in the field plan class. We consider one-site/
one-season field experiments (called “test” in Tinker and Yan,

2006) and treat multi-location/multi-season field experiments as
series or sets of field experiments held together within a project.

Distinguishing for a field experiment is the experiment site,
identified by administrative (country, municipality) and
geographic descriptors (geographic coordinates and elevation).
Most of the environmental input variables required in DSSAT
models (Jones et al., 2003) relate to the site. Data on landscape,
soil, climate, and weather would be preferably linked from
special geo-ecological information systems (symbolized by the
cloud in Figure 4), e.g., as GIS layers by virtue of the geographic
coordinates given. Field experiments undergo agronomic
interventions (van Evert et al., 1999): pre-crops, soil-cultivation,
sowing regime, fertilization, irrigation, and plant protection.
These may be constant for the whole experiment or applied
differently as experimental (variable) treatments (Krajewski
et al., 2015). Fabre et al. (2011) have treatment attributes
scattered in experiment, plot, and instruction tables. We collect
them as attributes into a treatment (here field treatment) class.
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FIGURE 4 | The field experiment context. Items in bold italics show foreign keys referring to other classes or modules. Important information might be available in
the science cloud from other domains, e.g. geography (soil, site and landscape information) or meteorology.
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FIGURE 5 | Pictures in our field experiment context relate to plots in a field plan and/or to PGR accessions. They are accessible through picture files, e.g. via URLs

van Evert et al. (1999) represent treatments as combination
of factor/level pairs, like Jung et al. (2011), in a vertical design.
This gives maximum flexibility in treatment definition, but
less guidance on important aspects of treatments to consider.
Deficits in use of this model are mentioned by van Evert
et al. (1999). We used it in the intervention table, but in
addition relate pre-defined important aspects in the treatment
class (planting, cultivation, pre-crop, irrigation, fertilization,
infestation, and plant protection) to separately modeled details
for these aspects. It is exemplified here with the infestation,
which models artificial inoculation, e.g., with diseases, pests,
or symbionts (biotic agents).

Pictures as Increasingly Important
Phenotyping Documents

Images are increasingly used for non-destructive, high-throughput
phenotyping in plant research and breeding programs, with
potential for observation in high temporal resolution (Walter
et al,, 2015; Araus et al.,, 2018). Images give multidimensional
information (e.g., on shape and color) and allow decoupling
of sampling and automatable analysis. Simple imaging tools
are widespread available (Lobet et al, 2013). Image data
management, image analysis, and result visualization are required
(Klukas et al., 2014). Publicly available large and well-curated
image datasets are imperative for the progress in image analyses
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(Fahlgren et al.,, 2015). Large-volume image data will remain
a constant for most plant phenomics experiments and require
image analysis tools on one hand and image storing and
cataloguing on the other (Knecht et al, 2016).

Specialized systems for image analysis have been described
(Lobet et al, 2013; Klukas et al,, 2014; Knecht et al., 2016;
Gehan et al., 2017). Here we follow a concept to integrate images
into the field experiment documentation linking image data by
a uniform resource locator (URL) to plot level information of
a field experiment (Figure 5). Image files can be stored on a
file server or an open image repository and are related to specific
plots in a field plan (n:m via table PlotPicture) and/or to specific
accessions (n:m via table AccessionPicture). They are called by
their uniform resource locator (URL) over the internet to
be displayed with the web application (Figure 8). Metadata on
camera and camera settings are automatically read into a picture
table, file type, and attributes into a picture file table. Additional
information, as a description, can be given by the user.

IMPLEMENTATION EXAMPLES IN
EUROPEAN CENTRAL CROP
DATABASES AND PROJECT
INFORMATION AND MANAGEMENT
SYSTEMS AS A PROOF OF CONCEPT

Data and object models, as described above, have been developed
for two ECPGR Central Crop Databases (CCDBs). The European
Avena Database” and the International Database for Beta® list
passport, characterization, and evaluation data for 34,541 and
10,613 genebank accessions, respectively (Table 1). Projects for
characterization and evaluation of these resources have been
initiated within the frame of regulations EC1467/97 (projects
CT 95-42 and CT 99-196), and EC 870/2004 (project AVEQ).
Currently, 163 descriptors (traits) from various descriptor lists
(IBPGR/IPGRI/Bioversity, UPOV, COMECON) are compiled in
the Avena database and 117 IPGRI descriptors in the Beta
database (cf. Table 1 and Figure 3B for the data model). For
3,134 of the Avena accessions 169,799 phenotyping points (field
experiment means) have been determined with 112 methodological

*http://eadb.julius-kuehn.de
*http://idbb.julius-kuehn.de

approaches (specific methods for trait observation, cf. Figure 3)
in the EADB, and for 1,750 Beta accessions 36,541 data points
with 123 methodological approaches in the IDBB.

Databases are implemented in the relational database
management systems Oracle and MySQL. These can be directly
accessed by statistical analysis software (SAS, R) via open database
connectivity (ODBC) and respective structured query language
(SQL) modules. Web applications to search the CCDBs have
been developed in PHP. For a project on nutritional quality
traits of oat genetic resources (AVEna genetic resources for
Quality in human consumption, AVEQ, http://aveq.julius-kuehn.
de), web applications for management and data acquisition in
multi-site phenotyping of genetic resources, bridging the Avena
CCDB and a project database have been developed in Java
(JEE5/6, JSE JBoss Seam) technologies and used to coordinate
field designs and template based data acquisition at 11 European
field experiment sites and to upload 257,148 evaluation data
points (raw data) for 667 accessions in 33 traits with 75 observation
and analytical methods, as have been generated in this project
(Morcia et al., 2013; Murariu et al., 2013; Redaelli et al., 2013,
2016; Tumino et al., 2016). Workflows for online management
and data acquisition have been developed in this project database.

IMPLEMENTATION OF WORK FLOWS
FOR CHARACTERIZATION AND
EVALUATION OF PLANT GENETIC
RESOURCES

Standard input and output by clearly defined workflows have
been identified as preconditions for effective breeding with
automated data processing. Lang et al. (2001) mention workflows
to plan field experiments, which include selection of target lines
and field plan generation, preparation of sowing lists, labels,
and field books. Systematic form-based data collection effected
by downloadable data gathering templates lead to more
comprehensive and rigorous data recording (Tinker and Yan,
2006). We describe four work flows in experiment planning
and documentation, which have been implemented, besides
others, with the AVEQ web applications: field plan generation,
field book and observation templates generation, upload of results
from spreadsheets (e.g., MS Excel), as provided by mobile data
acquisition tools or laboratory devices, and upload of photographs.

TABLE 1 | Quantitative representation of important data types in the European Avena Database (EADB), the International Database for Beta (IDBB) and the AVEQ

project database.

Accessions Holders Descriptors (Traits) Methods Experiments Observations
Raw Aggregated
EADB 34,541 35 163 372 56 240,019 169,799
IDBB 10,613 29 117 141 123 - 36,541
AVEQ 667 39 -1 -1 25 257,148

'Used from EADB via database link.
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Field Plan Generation

This workflow (Figure 6) starts with a predefined and available
(sufficiently multiplied) part of a project working collection
to arrange it in a randomized field plan for a specific field
experiment at a certain location in a certain year. The
experiment will be created by entering basic attributes as
the experiment name, the intended design, the number of
replications (for the replicated part of the accessions in case
of an augmented design), and the number of plots available
for one sowing lane (depending on the field size). These
parameters are necessary for the construction of a field plan.
Later on experiment details (treatments, experiment site) can
be edited or updated.

Sets of standard cultivars are essential for comparing results
over experiments (Blake et al, 2012). They should be used
over long periods of time and optimally represent defined
trait expressions (susceptibility, resistance, high or low
expression of a trait of interest). In screening experiments
often only standard cultivars are grown in replications,
forming the backbone for the statistical analysis, while the
tested accessions are not replicated, e.g., in augmented designs
(Federer and Raghavarao, 1975). The web application allows
to select standard cultivars from a pre-defined list first, and
then the selection of accessions from a working collection
in the same manner. It also allows the integration of special
plots for orientation or checking the correctness of the sowing
operation. The field plan can be displayed as matrix or as
list, both downloadable in PDF format.

Generation of Field Books and
Observation Templates

Based on a field plan lists and templates for sowing and data
acquisition can be generated in paper (PDF-file) or digital
spreadsheet form. This comprises a group of work flows leading
to sowing lists, field lists, lists, and templates for taking
observations in the field (Figure 7). Sowing lists include the
amounts of seeds needed based on germination test results.
Field lists list all plots with accessions and treatments for
demonstration purposes. Preparation of lists and templates for
phenotyping data acquisition in the field starts with a check
list of agreed traits to be observed (Screen “Select Methodology”
in Figure 7). Target traits can be sorted according to phenological
stages recommended for observation of the traits. So, they
can be selected (checked) to fit the phenology encountered
in the field. Lists for taking notes in PDF and spreadsheets
for digital data input are created for download by combining
a field list with the selected traits and respective methodology,
which is explained by a methodology description on the first
page of the PDF list.

Map Spreadsheet Data for Import

Tinker and Yan (2006) address populating a crop database
with data from spreadsheets, which are normally produced
with mobile data acquisition or other devices in fields and
labs. They mention solutions with standardized templates
(cf. previous workflow) or walking the user through the mapping

. Generate fieldplan
Working Select available part
collection of working collection Cloao e
Selected Accessions
" —
Edit Create Evalistion
experiment experiment evaluationld projectCode
2009AVEQQuaktyDEUFRASeeds| AVEQ
Enter ﬁeld Created experiment
Edit geometry
. fos Name SOLMEST
location/site e
Replications S
7 Select standard Plots per lane 10
a cultivars
treatments Selected 4 standards
Select target Selected 30 entries
Edit genotypes Fieldplan in POF
inoculations Fieldplan  Fieldlist  Sowinglist
Create randomized field Lanes>
plan o 1 2
1 v \%
PDF FullPlot FullP)
Fieldplan o—( Fieldplan C DEU146 AVE 128 BGR001 A7|
20 A. strigosa Obraztcov
A. sativa
FIGURE 6 | Flow diagram and screenshot of field plan generation. It starts with a working collection pre-defined in a project for a specific evaluation activity. The screen
shot on the right shows the form to enter field design and geometry (limited by the possible number of plots per sowing lane) to define the field experiment after selection
of standard and target cultivars (entries) for an augmented block design. Part of the field plan with two plots is shown in the lower part of the screenshot on the right.
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FIGURE 8 | Flow diagram and screenshot of spreadsheet data import. The screenshot on the left shows spreadsheet column heads, which can be mapped to
attributes in the database. If an observation item was entered (absolute value, percentage, score, etc.), the methodology form pops up (upper right screenshot) to
prompt the user to select an observation methodology, which will be mapped to this spreadsheet column (see lower right part of the screenshot).
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of spreadsheet columns to database objects. The latter approach  CONCLUSION

has the advantage that various formats and not only the standard
template can be imported into the database. Yan and Tinker
(2007) describe an implementation with MS Access. A screenshot
and flow diagram for the implementation in the AVEQ web
application is shown in Figure 8. A HTML table (Figure 8,
left screenshot) shows columns and column heads of the
uploaded spreadsheet and provides combo boxes to select
predefined database objects (items identifiers or trait
expressions). The items (attributes) automatically relate to the
appropriate tables. When an observation type (absolute value,
percentage, score) is selected, the methodology form (Figure 8,
right screenshot) pops up prompting the user to select or
input trait and method (observation methodology) referred by
the respective spreadsheet column. With this mapping protocol
(which is stored in the database), the spreadsheet data are
automatically imported into the observation table with appropriate
links to the traits, to experiment (which has been entered and
selected in advance) and the treatments (currently only
genotypes). The application checks against importing the same
spreadsheet twice and for consistency of genotypes in plots
between field plan of the selected experiment and the uploaded
data. It allows deleting the previous upload and replacing it
by a corrected one.

Upload Pictures

Image files can be linked into the web application (Figure 9).
Metadata for these images, including relations to a specific
accession or plot, are stored in the database. For uploading,
a picture can be selected from the local file system. It will
be copied into a directory of a web server, and metadata
(including the URL for its display) are written into the database.
The user is prompted to select a plot in a field experiment
and/or an accession. This information will be displayed together
with the picture. Pictures can be searched by taxonomy and
experiment related information will be displayed along with
the picture.

This study develops, out of the requirements in statistical
analyses and crop simulation modeling, highly comprehensive
ER and class models for plant genetic resources characterization
and evaluation (phenotypic) data acquisition in field experiments.
They have served for more than 10 years in the framework
of ECPGR Central Crop Databases and in PGRFA characterization
and evaluation project information and management systems.
They can serve as blueprints for future developments with
current software technologies in similar contexts, especially
within EURISCO, which is currently superseding the Central
Crop Databases, and within the on-farm PGRFA communities.

Modeling at the different levels of abstraction from the database
to the statistical model (Figure 1) is considered, using object
oriented software development approaches and tools, confirming
Papajorgji et al. (2004), that these can be useful not only in
simulation modeling, but generally in conceptualization of scientific
knowledge. Databases and information systems are suggested
as integral tools of scientific work, and software modeling tools,
like ER and class diagrams as useful for structuring scientific
results. Additionally several objects, attributes and features are
shown, which are not yet available in any of the other systems
currently available for the documentation of phenotyping data.

Over-generalization and over-normalization often impede
modularization along a specialization of expertise and thus
the reuse of software components in neighboring domains.
These are evident, if entities and classes do not correspond
with objects and concepts well known in the domain. To our
knowledge, there is currently no attempt in the literature on
biological databases, showing such clearly the possible congruence
of domain concepts, database entities, and software model
classes at least in the persistence and business tiers of an
information system. It should encourage scientists to take more
influence in scientific software development and thereby
enhancing usability and reuse of scientific databases and software.
The entity relationship, class, and flow models shown in the
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figures can be useful as a blue-print for developing phenotypic
information systems in crop science.

AUTHOR CONTRIBUTIONS

CG basically designed the database and web applications,
reviewed the respective literature, and wrote the manuscript.
SU refined models and design and did a great part of software
implementation. Both authors read and approved the
final manuscript.

FUNDING

Development of the databases and implementation of the web
applications has been partially supported within GENRES
projects funded by council regulations (EC) 870/2004 (AGRI
GENRES 061) of the European Commission. Basic funding

REFERENCES

Alercia, A. (2013). List of crop descriptors 2013. Bioversity International. (Rome).
Available at: https://www.bioversityinternational.org/fileadmin/user_upload/
research/research_portfolio/Information_systems_for_crop/List_of_Descriptor_
Titles_2013.pdf (Accessed October 2018).

Alercia, A., Diulgheroft, S., and Mackay, M. (2015). FAO/bioversity multi-crop
passport descriptors V.2.1. Rome, Italy: Food and Agriculture Organization
of the United Nations (FAO), Bioversity International. Available at: http://
www.bioversityinternational.org/e-library/publications/detail/faobioversity-
multi-crop-passport-descriptors-v21-mcpd-v21/ (Accessed October 2018).

Araus, J. L., and Cairns, J. E. (2014). Field high-throughput phenotyping: the
new crop breeding frontier. Trends Plant Sci. 19, 52-61. doi: 10.1016/j.
tplants.2013.09.008

Araus, J. L., Kefauver, S. C., Zaman-Allah, M., Olsen, M. S., and Cairns, J. E.
(2018). Translating high throughput phenotyping into genetic gain. Trends
Plant Sci. 23, 451-466. doi: 10.1016/j.tplants.2018.02.001

Arnaud, E., Cooper, L. D., Shrestha, R., Menda, N., Nelson, R. T., Matteis, L.,
etal. (2012). “Towards a reference plant trait ontology for modeling knowledge
of plant traits and phenotypes” in Proceedings of the 4th international
conference on knowledge engineering and ontology development; 4-7 October
2012. eds. J. B. Filipe and ]. Dietz (Spain: Barcelona), 220-225.

Avraham, S., Tung, C., Jaiswal, P, Ilic, K., Kellogg, E., Mccouch, S., et al.
(2008). The plant ontology database: a community resource for plant structure
and developmental stages controlled vocabulary and annotations. Nucleic
Acids Res. 36, D449-D454. doi: 10.1093/nar/gkm908

Billiau, K., Sprenger, H., Schudoma, C., Walther, D., and Kohl, K. L. (2012).
Data management pipeline for plant phenotyping in a multisite project.
Funct. Plant Biol. 39, 948-957. doi: 10.1071/FP12009

Bioversity International (2011). Crop ontology curation and annotation tool.
Generation Challenge Programme, Bioversity International as project
implementing agency. (Rome). Available at: http://www.cropontology.org
(Accessed October 2018).

Blake, V. C., Kling, J. G., Hayes, P. M., Jannik, J. L., Jillella, S. R., Lee, ],
et al. (2012). The Hordeum toolbox: the barley coordinated agricultural
project genotype and phenotype resource. Plant Genome 5, 81-91. doi:
10.3835/plantgenome2012.03.0002

Bostick, W. M., Koo, J., Walen, V. K, Jones, ]. W,, and Hoogenboom, G.
(2004). A web-based data exchange system for crop model applications.
Agron. ]. 96, 853-856. doi: 10.2134/agronj2004.0853

Buttigieg, P. L., Morrison, N., Smith, B., Mungall, C. ], and Lewis, S. E. (2013).
The environment ontology: contextualising biological and biomedical entities.
J. Biomed. Semant. 4:43. doi: 10.1186/2041-1480-4-43

over the years came from the German Federal Ministry of
Food and Agriculture supporting operation of the Julius
Kithn Institute.

ACKNOWLEDGMENTS

The authors wish to thank the ECPGR program, especially the
Avena and Beta working groups, and Lothar Frese for fruitful
discussions. Further thanks are due to the partners who collaborated
in the abovementioned EC genetic resources projects on Beta
and Avena, especially Avena genetic resources for quality in
human consumption (AVEQ), and provided research data to
the databases. Carsten Hohne, Gisela Weber, and Alexander
Henning helped with the setup of the software development
platform and the technical implementation during the AVEQ
project. Special thanks are due to Sebastien Christian Carpentier,
who invited this paper to the research topic and to three reviewers
who made valuable suggestions improving the manuscript.

Ceh, I, Crepindek, M., Kosar, T., and Mernik, M. (2011). Ontology driven
development of domain-specific languages. Comput. Sci. Inf. Syst. 8, 317-342.
doi: 10.2298/CSIS101231019C

Cobb, J. N,, DeClerck, G., Greenberg, A., Clark, R., and McCouch, S. (2013).
Next-generation phenotyping: requirements and strategies for enhancing
our understanding of genotype-phenotype relationships and its relevance
to crop improvement. Theor. Appl. Genet. 126, 867-887. doi: 10.1007/
s00122-013-2066-0

Corwin, J., Silberschatz, A., Miller, P. L., and Marenco, L. (2007). Dynamic
tables: an architecture for managing evolving, heterogeneous biomedical data
in relational database management systems. J. Am. Med. Inform. Assoc. 14,
86-93. doi: 10.1197/jamia.M2189

Cranefield, S., and Pan, J. (2007). Bridging the gap between the model-driven
architecture and ontology engineering. Int. J. Human Comp. Stud. 65, 595-609.
doi: 10.1016/j.ijhcs.2007.03.001

Crossa, J., Vargas, M., Cossani, C. M., Alvarado, G., Burgueno, J., Mathews, K. L.,
et al. (2015). Evaluation and interpretation of interactions. Agron. J. 105,
1-12. doi: 10.2134/agronj2012.0491

Cwiek-Kupczyniska, H., Altmann, T., Arend, D., Arnaud, E., Chen, D., Cornut, G.,
et al. (2016). Measures for interoperability of phenotypic data: minimum
information requirements and formatting. Plant Methods 12:44. doi: 10.1186/
s13007-016-0144-4

Dinu, V., and Nadkarni, P. (2007). Guidelines for the effective use of entity-
attribute-value modeling for biomedical databases. Int. J. Med. Inform. 76,
769-779. doi: 10.1016/j.ijmedinf.2006.09.023

Endresen, D. T. E, and Kniipffer, H. (2012). The Darwin Core extension for
genebanks opens up new opportunities for sharing germplasm data sets.
Biodivers. Inform. 8, 12-29. doi: 10.17161/bi.v8i1.4095

Evermann, J., and Wand, Y. (2005). Ontology based object-oriented domain
modeling: fundamental concepts. Requir. Eng. 10, 146-160. doi: 10.1007/
$00766-004-0208-2

Fabre, J., Dauzat, M., Négre, V., Wuyts, N., Tireau, A., Gennari, E., et al.
(2011). PHENOPSIS DB: an information system for Arabidopsis thaliana
phenotypic data in an environmental context. BMC Plant Biol. 11:77. doi:
10.1186/1471-2229-11-77

Fahlgren, N., Gehan, M. A., and Baxter, I. (2015). Lights, camera, action:
high-throughput plant phenotyping is ready for a close-up. Curr. Opin.
Plant Biol. 24, 93-99. doi: 10.1016/j.pbi.2015.02.006

FAO (2010). The second report on the state of the world’s plant genetic resources
for food and agriculture. (Rome: Commission on Genetic Resources for Food
and Agriculture, Food and Agriculture Organization of the United Nations).

Federer, W. T., and Raghavarao, D. (1975). On augmented designs. Biometrics
31, 29-35. doi: 10.2307/2529707

Frontiers in Plant Science | www.frontiersin.org

June 2019 | Volume 10 | Article 728


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.bioversityinternational.org/fileadmin/user_upload/research/research_portfolio/Information_systems_for_crop/List_of_Descriptor_Titles_2013.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/research/research_portfolio/Information_systems_for_crop/List_of_Descriptor_Titles_2013.pdf
https://www.bioversityinternational.org/fileadmin/user_upload/research/research_portfolio/Information_systems_for_crop/List_of_Descriptor_Titles_2013.pdf
http://www.bioversityinternational.org/e-library/publications/detail/faobioversity-multi-crop-passport-descriptors-v21-mcpd-v21/
http://www.bioversityinternational.org/e-library/publications/detail/faobioversity-multi-crop-passport-descriptors-v21-mcpd-v21/
http://www.bioversityinternational.org/e-library/publications/detail/faobioversity-multi-crop-passport-descriptors-v21-mcpd-v21/
https://doi.org/10.1016/j.tplants.2013.09.008
https://doi.org/10.1016/j.tplants.2013.09.008
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1093/nar/gkm908
https://doi.org/10.1071/FP12009
http://www.cropontology.org
https://doi.org/10.3835/plantgenome2012.03.0002
https://doi.org/10.2134/agronj2004.0853
https://doi.org/43
https://doi.org/10.1186/2041-1480-4-43
https://doi.org/10.2298/CSIS101231019C
https://doi.org/10.1007/s00122-013-2066-0
https://doi.org/10.1007/s00122-013-2066-0
https://doi.org/10.1197/jamia.M2189
https://doi.org/10.1016/j.ijhcs.2007.03.001
https://doi.org/10.2134/agronj2012.0491
https://doi.org/44
https://doi.org/10.1186/s13007-016-0144-4
https://doi.org/10.1186/s13007-016-0144-4
https://doi.org/10.1016/j.ijmedinf.2006.09.023
https://doi.org/10.17161/bi.v8i1.4095
https://doi.org/10.1007/s00766-004-0208-2
https://doi.org/10.1007/s00766-004-0208-2
https://doi.org/77
https://doi.org/10.1186/1471-2229-11-77
https://doi.org/10.1016/j.pbi.2015.02.006
https://doi.org/10.2307/2529707

Germeier and Unger

Modeling PGR Phenotyping Information Systems

Fogh, R., Boucher, W,, Vranken, W. E, Pajon, A., Stevens, T. J., Bhat, T. N.,
et al. (2005). A framework for scientific data modeling and automated
software development. Bioinformatics 21, 1678-1684. doi: 10.1093/
bioinformatics/bti234

Gehan, M. A, Fahlgren, N., Abbasi, A., Berri, J. C, Callen, S. T, Chavez, L.,
et al. (2017). PlantCV v2: image analysis software for high throughput plant
phenotyping. Peer] 5:¢4088. doi: 10.7717/peer].4088

Germeier, C. U, and Frese, L. (2001). “A data model for the evaluation and
characterisation of plant genetic resources” in Broad variation and precise
characterisation-Limitation for the future (Proceedings of the XVIth EUCARPIA
section genetic resources workshop, May 16-20, 2001). eds. W. Swiecicki,
B. Naganowska, and B. Wolkon (European Association for Research on
Plant Breeding, Genetic Resources Section), 174-177.

Germeier, C. U, and Frese, L. (2004). “The international database for beta. B.
Characterization and evaluation modules - a data model for evaluation
and characterization of plant genetic resources” in Report of a working
group on beta and world beta network (second joint meeting, 23-26 October
2002, Bologna, Italy). eds. L. Frese, C. Germeier, E. Lipman, and L. Maggioni
(Rome, Italy: International Plant Genetic Resources Institute), 92-102.

Haley, S. D., May, R. D,, Bradford, W, Seabourn, B. W,, and Chung, O. K. (1999).
Relational database system for summarization and interpretation of hard winter
wheat regional quality data. Crop Sci. 39, 309-315. https://dlsciencesocieties.
org/publications/cs/abstracts/39/2/CS$0390020309?access=0&view=pdf

Hannemann, J., Poorter, H., Usadel, B., Blising, O. E., Finck, A., Tardieu, F,
et al. (2009). Xeml lab: a tool that supports the design of experiments at a
graphical interface and generates computer-readable metadata files, which
capture information about genotypes, environmental perturbations and sampling
strategy. Plant Cell Environ. 32, 1185-1200. doi: 10.1111/j.1365-3040.2009.01964.x

Hardisty, A., and Roberts, D., Biodiversity Informatics Community (2013). A
decadal view of biodiversity informatics: challenges and priorities. BMC
Ecol. 13:16. doi: 10.1186/1472-6785-13-16

Hatfield, J. L., and Walthall, C. L. (2015). Meeting global food needs: realizing
the potential via genetics x environment x management interactions. Agron.
J. 107, 1215-1226. doi: 10.2134/agronj15.0076

Heckenberger, M., Maurer, H. P, Melchinger, A. E., and Frisch, M. (2008).
The Plabsoft database: a comprehensive database for integrating phenotypic
and genomic data in academic and commercial plant breeding programs.
Euphytica 161, 173-179. doi: 10.1007/s10681-007-9478-3

Hoogenboom, G., Porter, C. H., Shelia, V., Boote, K. J., Singh, U., White, J. W,,
et al. (2017). Decision Support System for Agrotechnology Transfer (DSSAT)
Version 4.7. Gainesville, FL: DSSAT Foundation. Available at: https://DSSAT.
net (Accessed October 2018).

IBPGR (1985). Oat descriptors.
Genetic Resources).

International Association for Cereal Science and Technology (2018). ICC
standards — overview. Available at: https://www.icc.or.at/publications/icc-standards/
standards-overview (Accessed October 2018).

IPGRI (1991). Descriptors for beta. (Rome: International Plant Genetic
Resources Institute).

Jensen, A. L. (2001). Building a web-based information system for variety
selection in field crops - objectives and results. Comput. Electron. Agric.
32, 195-211. doi: 10.1016/S0168-1699(01)00165-X

Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, W. D,
Hunt, L. A, et al. (2003). The DSSAT cropping system model. Eur. J. Agron.
18, 235-265. doi: 10.1016/S1161-0301(02)00107-7

Jung, S., Menda, N., Redmond, S., Buels, R., Friesen, M., Bendana, Y., et al.
(2011). The Chado natural diversity module: a new generic database schema
for large-scale phenotyping and genotyping data. Database 2011:bar051. doi:
10.1093/database/bar051

Kattge, J., Ogle, K., Bonisch, G., Diaz, S., Lavorel, S., Madin, J., et al. (2011).
A generic structure for plant trait databases. Methods Ecol. Evol. 2, 202-213.
doi: 10.1111/§.2041-210X.2010.00067.x

Keilwagen, J., Kilian, B., Ozkan, H., Babben, S., Perovic, D., Mayer, K. E. X,
et al. (2014). Separating the wheat from the chaff-a strategy to utilize plant
genetic resources from ex situ genebanks. Sci. Rep. 4:5231. doi: 10.1038/
srep05231

Klukas, C., Chen, D., and Pape, J. M. (2014). Integrated analysis platform: an
open-source information system for high-throughput plant phenotyping.
Plant Physiol. 165, 506-518. doi: 10.1104/pp.113.233932

(Rome: International Board for Plant

Knecht, A. C., Campbell, M. T, Caprez, A., Swanson, D. R, and Walia, H.
(2016). Image harvest: an open-source platform for high throughput plant
image processing and analysis. J. Exp. Bot. 67, 3587-3599. doi: 10.1093/jxb/
erwl76

Kohl, K. L, Basler, G., Lidemann, A., Selbig, J., and Walther, D. (2008).
A plant resource and experiment management system based on the Golm
plant database as a basic tool for omics research. Plant Methods 4:11.
doi: 10.1186/1746-4811-4-11

Kohl, K., and Gremmels, J. (2015). A software tool for the input and management
of phenotypic data using personal digital assistants and other mobile devices.
Plant Methods 11:25. doi: 10.1186/s13007-015-0069-3

Krajewski, P, Chen, D., Cwiek, H., van Dijk, A. D. J., Fiorani, E, Kersey, P,
et al. (2015). Towards recommendations for metadata and data handling
in plant phenotyping. J. Exp. Bot. 66, 5417-5427. doi: 10.1093/jxb/erv271

Kropff, M. J., and Struik, P. C. (2002). Developments in crop ecology. Wageningen
J. Life Sci. 50, 223-237. doi: 10.1016/S1573-5214(03)80008-8

Lang, L., Kuti, C., and Bedo, Z. (2001). Computerised data management system
for cereal breeding. Euphytica 119, 235-240. doi: 10.1023/A:1017591716241

Lee, J. M., Davenport, G. E, Marshall, D., Ellis, T. H. N., Ambrose, M. ],
Dicks, J., et al. (2005). GERMINATE. A generic database for integrating
genotypic and phenotypic information for plant genetic resources. Plant
Physiol. 139, 619-631. doi: 10.1104/pp.105.065201

Lobet, G., Draye, X., and Perilleux, C. (2013). An online database for plant
image analysis software tools. Plant Methods 9:38. doi: 10.1186/1746-4811-9-38

Malosetti, M., Ribaut, J. M., and van Eeuwijk, E A. (2013). The statistical
analysis of multi-environment data: modeling genotype-by-environment
interaction and its genetic basis. Front. Physiol. 4:44. doi: 10.3389/
fphys.2013.00044

McLaren, C. G., Bruskiewich, R. M., Portugal, A. M., and Cosico, A. B. (2005).
The international rice information system. A platform for meta-analysis of
rice crop data. Plant Physiol. 139, 637-642. doi: 10.1104/pp.105.063438

Morcia, C., Rattotti, E., Stanca, A. M., Tumino, G., Rossi, V., Ravaglia, S.,
et al. (2013). Fusarium genetic traceability: role for mycotoxin control in
small grain cereals agro-food chains. J. Cereal Sci. 57, 175-182. doi: 10.1016/j.
jcs.2012.09.016

Munir, K., and Anjum, M. S. (2018). The use of ontologies for effective knowledge
modelling and information retrieval. Appl. Comp. Inform. 14, 116-126. doi:
10.1016/j.a¢1.2017.07.003

Murariu, D., Placinta, D. D., Germeier, C. U.,, Annamaa, K., Antonomova, N.,
Bulinska-Radomska, Z., et al. (2013). Quality characteristics of European
Avena genetic resources collections. Romanian Agric. Res. 30, 45-50. ISSN
2067-5720.

Papajorgji, P, Beck, H. W,, and Braga, J. L. (2004). An architecture for developing
service-oriented and component-based environmental models. Ecol. Model.
179, 61-76. doi: 10.1016/j.ecolmodel.2004.05.013

Piepho, H. P, Denis, J. B.,, and van Euwijk, E A. (1998). Predicting cultivar
differences using covariates. J. Agric. Biol. Environ. Stat. 3, 151-162. doi:
10.2307/1400648

Planteome (2016). Version 1.0.0 September 2016. Available at: http://www.
planteome.org (Accessed October 2018).

Redaelli, R., Del Frate, V., Bellato, S., Terracciano, G., Ciccoritti, R., Germeier, C. U,,
et al. (2013). Genetic and environmental variability of total and soluble
B-glucan in European oat genotypes. J. Cereal Sci. 57, 193-199. doi: 10.1016/j.
jcs.2012.09.003

Redaelli, R., Dimberg, L., Germeier, C. U, Berardo, N., Locatelli, S., and
Guerrini, L. (2016). Variability of tocopherols, tocotrienols and avenanthramides
contents in European oat germplasm. Euphytica 207, 273-292. doi: 10.1007/
s10681-015-1535-8

Shaw, P. D., Raubach, S., Hearne, S. J., Dreher, K., Bryan, G., McKenzie, G.,
et al. (2017). Germinate 3: development of a common platform to support
the distribution of experimental data on crop wild relatives. Crop Sci. 57,
1-15. doi: 10.2135/cropsci2016.09.0814

Shresta, R., Arnaud, E., Mauleon, R., Senger, M., Davenport, G. E, Hancock,
D., et al. (2010). Multifunctional crop trait ontology for breeders' data: field
book, annotation, data discovery and semantic enrichment of the literature.
AoB Plants 2010:plq008. doi: 10.1093/aobpla/plq008

Steinbach, D., Alaux, M., Amselem, J., Choisne, N., Durand, S., Flores, R., et al.
(2013). GnplS: an information system to integrate genetic and genomic data
from plants and fungi. Database 2013:bat058. doi: 10.1093/database/bat058

Frontiers in Plant Science | www.frontiersin.org

June 2019 | Volume 10 | Article 728


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/bioinformatics/bti234
https://doi.org/10.1093/bioinformatics/bti234
https://doi.org/e4088
https://doi.org/10.7717/peerJ.4088
https://dl.sciencesocieties.org/publications/cs/abstracts/39/2/CS0390020309?access=0&view=pdf
https://dl.sciencesocieties.org/publications/cs/abstracts/39/2/CS0390020309?access=0&view=pdf
https://doi.org/10.1111/j.1365-3040.2009.01964.x
https://doi.org/16
https://doi.org/10.1186/1472-6785-13-16
https://doi.org/10.2134/agronj15.0076
https://doi.org/10.1007/s10681-007-9478-3
https://DSSAT.net
https://DSSAT.net
https://www.icc.or.at/publications/icc-standards/standards-overview
https://www.icc.or.at/publications/icc-standards/standards-overview
https://doi.org/10.1016/S0168-1699(01)00165-X
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/bar051
https://doi.org/10.1093/database/bar051
https://doi.org/10.1111/j.2041-210X.2010.00067.x
https://doi.org/5231
https://doi.org/10.1038/srep05231
https://doi.org/10.1038/srep05231
https://doi.org/10.1104/pp.113.233932
https://doi.org/10.1093/jxb/erw176
https://doi.org/10.1093/jxb/erw176
https://doi.org/11
https://doi.org/10.1186/1746-4811-4-11
https://doi.org/25
https://doi.org/10.1186/s13007-015-0069-3
https://doi.org/10.1093/jxb/erv271
https://doi.org/10.1016/S1573-5214(03)80008-8
https://doi.org/10.1023/A:1017591716241
https://doi.org/10.1104/pp.105.065201
https://doi.org/38
https://doi.org/10.1186/1746-4811-9-38
https://doi.org/44
https://doi.org/10.3389/fphys.2013.00044
https://doi.org/10.3389/fphys.2013.00044
https://doi.org/10.1104/pp.105.063438
https://doi.org/10.1016/j.jcs.2012.09.016
https://doi.org/10.1016/j.jcs.2012.09.016
https://doi.org/10.1016/j.aci.2017.07.003
https://doi.org/10.1016/j.ecolmodel.2004.05.013
https://doi.org/10.2307/1400648
http://www.planteome.org
http://www.planteome.org
https://doi.org/10.1016/j.jcs.2012.09.003
https://doi.org/10.1016/j.jcs.2012.09.003
https://doi.org/10.1007/s10681-015-1535-8
https://doi.org/10.1007/s10681-015-1535-8
https://doi.org/10.2135/cropsci2016.09.0814
https://doi.org/plq008
https://doi.org/10.1093/aobpla/plq008
https://doi.org/bat058
https://doi.org/10.1093/database/bat058

Germeier and Unger

Modeling PGR Phenotyping Information Systems

Swertz, M. A., and Jansen, R. C. (2007). Beyond standardization: dynamic
software infrastructures for systems biology. Nat. Rev. Genet. 8, 235-243.
doi: 10.1038/nrg2048

Tinker, N. A., and Yan, W. (2006). Information systems for crop performance
data. Can. J. Plant Sci. 86, 647-662. doi: 10.4141/P05-171

Tumino, G., Voorrips, R. E.,, Rizza, E, Badeck, E. W,, Morcia, C., Ghizzoni, R.,
et al. (2016). Population structure and genome-wide association analysis
for frost tolerance in oat using continuous SNP array signal intensity ratios.
Theor. Appl. Genet. 129, 1711-1724. doi: 10.1007/s00122-016-2734-y

UPOV (1994). Guidelines for the conduct of tests for distinctness, uniformity
and stability, oat (Avena sativa L., Avena nuda L.), TG/20/10. (Geneva:
International Union for the Protection of New Varieties of Plants).

UPOV (2008). Guidelines for the conduct of tests for distinctness, uniformity
and stability, beetroot (Beta vulgaris L. ssp. vulgaris var. conditiva Alef.),
TG/60/7. (Geneva: International Union for the Protection of New Varieties
of Plants).

UPOV (2011) Test guidelines - English Index. Available at: http://www.upov.
int/test_guidelines/de/list.jsp (Accessed October 2018).

USDA Agricultural Research Service (2015a). Germplasm Resources Information
Network. Available at: www.ars-grin.gov (Accessed October 2018).

USDA Agricultural Research Service (2015b). The GRIN-Global Project. Available
at: www.ars-grin.gov/npgs/gringlobal (Accessed October 2018).

van Evert, E. K., Spaans, E. J. A,, Krieger, S. D., Carlis, J. V., and Baker, J. M.
(1999). A database for agroecological research data; I. Data model. Agron. J.
91, 54-62. doi: 10.2134/agronj1999.00021962009100010009x

van Hintum, T. J. L. (1993). A computer compatible system for scoring
heterogeneous populations. Genet. Resour. Crop. Evol. 40, 133-136. doi:
10.1007/BF00051117

Vankadavath, R. N., Hussain, A. J., Bodanapu, R., Kharshing, E., Basha, P. O,,
Gupta, S., et al. (2009). Computer aided data acquisition tool for high-

throughput phenotyping of plant populations. Plant Methods 5:18. doi:
10.1186/1746-4811-5-18

Vysniauskas, E., and Nemuraite, L. (2006). Transforming ontology represenation
from OWL to relational database. Inf. Tech. Control 35, 333-343. ISSN
1392-124X.

Walter, A., Liebisch, F, and Hund, A. (2015). Plant phenotyping: from bean
weighing to image analysis. Plant Methods 11:14. doi: 10.1186/s13007-015-0056-8

Weise, S., Oppermann, M., Maggioni, L., van Hintum, T., and Knipffer, H.
(2017). EURISCO: the European search catalogue for plant genetic resources.
Nucleic Acids Res. 45, D1003-D1008. doi: 10.1093/nar/gkw755

White, J. W,, Hunt, L. A., Boote, K. J., Jones, J. W,, Koo, J., Kim, S., et al.
(2013). Integrated description of agricultural field experiments and production:
the ICASA version 2.0 data standards. Comput. Electron. Agric. 96, 1-12.
doi: 10.1016/j.compag.2013.04.003

Wieczorek, J., Bloom, D., Guralnick, R., Blum, S., Déring, M., Giovanni, R,,
et al. (2012). Darwin Core: an evolving community-developed biodiversity
data standard. PLoS One 7:¢29715. doi: 10.1371/journal.pone.0029715

Yan, W. K,, and Tinker, N. A. (2007). DUDE: a user-friendly crop information
system. Agron. J. 99, 1029-1033. doi: 10.2134/agronj2006.0280

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Germeier and Unger. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

15

June 2019 | Volume 10 | Article 728


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1038/nrg2048
https://doi.org/10.4141/P05-171
https://doi.org/10.1007/s00122-016-2734-y
http://www.upov.int/test_guidelines/de/list.jsp
http://www.upov.int/test_guidelines/de/list.jsp
http://www.ars-grin.gov
http://www.ars-grin.gov/npgs/gringlobal
https://doi.org/10.2134/agronj1999.00021962009100010009x
https://doi.org/10.1007/BF00051117
https://doi.org/18
https://doi.org/10.1186/1746-4811-5-18
https://doi.org/14
https://doi.org/10.1186/s13007-015-0056-8
https://doi.org/10.1093/nar/gkw755
https://doi.org/10.1016/j.compag.2013.04.003
https://doi.org/e29715
https://doi.org/10.1371/journal.pone.0029715
https://doi.org/10.2134/agronj2006.0280
http://creativecommons.org/licenses/by/4.0/

	Modeling Crop Genetic Resources Phenotyping Information ﻿﻿Systems
	Introduction
	From Standards to Models
	Generalization or Specialization
	A Data Model for Phenotyping (Characterization and 
Evaluation) Data
	The Phenotypic Observation – Core of the Data Structure
	Traits, the Targets for Observation
	Context as Key to the Interpretation of Phenotyping Data
	Pictures as Increasingly Important Phenotyping Documents

	Implementation Examples in European Central Crop Databases and Project Information and Management Systems as a Proof of Concept
	Implementation of Work Flows for Characterization and Evaluation of Plant Genetic Resources
	Field Plan Generation
	Generation of Field Books and Observation Templates
	Map Spreadsheet Data for Import
	Upload Pictures

	Conclusion
	Author Contributions

	References

