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Variety testing is an indispensable and essential step in the process of creating new
improved varieties from breeding to adoption. The performance of the varieties can
be compared and evaluated based on multi-trait data from muilti-location variety
tests in multiple years. Although high-throughput phenotypic platforms have been
used for observing some specific traits, manual phenotyping is still widely used. The
efficient management of large amounts of data is still a significant problem for crop
variety testing. This study reports a variety test platform (VTP) that was created to
manage the whole workflow for the standardization and data quality improvement
of crop variety testing. Through the VTP, the phenotype data of varieties can be
integrated and reused based on standardized data elements and datasets. Moreover,
the information support and automated functions for the whole testing workflow
help users conduct tests efficiently through a series of functions such as test design,
data acquisition and processing, and statistical analyses. The VTP has been applied to
regional variety tests covering more than seven thousand locations across the whole
country, and then a standardized and authoritative phenotypic database covering
five crops has been generated. In addition, the VTP can be deployed on either
privately or publicly available high-performance computing nodes so that test
management and data analysis can be conveniently done using a web-based
interface or mobile application. In this way, the system can provide variety test
management services to more small and medium-sized breeding organizations, and
ensures the mutual independence and security of test data. The application of VTP
shows that the platform can make variety testing more efficient and can be used to
generate a reliable database suitable for meta-analysis in multi-omics breeding and
variety development projects.
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1 Introduction

Innovation in crop variety is essential for increased grain
production. In most countries, new and improved crop varieties
have to undergo tests, registration, and approval before their
benefits can be realized (Setimela et al., 2010; Yan, 2021). Regional
variety tests are often conducted to obtain agronomic information,
such as agronomic characteristics, tolerance to disease, and quality.
These data are vital for the evaluation of new varieties and can
support the decision process for the selection of suitable new varieties
for a target area. Therefore, it is critical to ensure the quality of the
tests through accurate data.

The variety test process generally includes test design and
application, data acquisition, data processing, and analysis. Human
errors may occur in each part of the process, such as sowing date in
wrong format and plant height exceeding the range, which will affect
the accuracy of the test data. In particular, variety tests are generally
conducted across different locations and over several years. There will
inevitably be differences in the experience of testing personnel at each
location, which may also lead to inconsistencies in the data. For
example, disease is recorded as incidence rate in some locations and as
disease grade in other locations. The implementation quality of each
process step will affect the final test results, so standardized test
processes are vital to ensure test quality.

The development of high-throughput phenotypic technology has
facilitated the collection of variety testing data significantly (Yang
et al., 2020). However, due to the lack of effective tools and
management systems, in many cases test data are recorded on
paper or in Excel spreadsheets (Kohl and Gremmels, 2015; Jung
et al., 2021). Moreover, variety phenotyping datasets are often very
heterogeneous in terms of types, quantity, quality, formats and
sources (field, laboratory, etc.) (Leonelli et al., 2017; Papoutsoglou
et al., 2020). Additionally, there is usually a lack of data
standardization in terms of syntax, semantics, and structure (Brown
et al,, 2020). Therefore, test data management and the utilization of
the data’s value are time-consuming and laborious, and this will
seriously affect the variety evaluation efficiency and accuracy.

In order to help plant breeders manage and analyze data, and
track genealogies, plant breeding software has been developed and
applied. Examples of such software include AGROBASE (Agronomix
Software, 2022), Genovix (Agronomix Software, 2022), PRISM
(Central Software Solutions, 2022), BMS (Integrated Breeding
Platform, 2019), GoldenSeed (Han et al., 2018; Zhao et al., 2022),
and BIMS (Jung et al, 2021). Moreover, Laboratory Information
Management Systems (LIMS) are also used in plant breeding data
management, and have been found conducive to the management of
genotype data in a moderately high throughput genotyping laboratory
(Jayashree et al., 2006). Additionally, some software has been
developed for high-throughput phenotypic data management.
Nieuwland et al. introduced a laboratory management system
(Phytotracker) (Nieuwland et al., 2012), which was designed
specifically to organize and track plasmids, seeds, and plant growth.
Although breeding management software, LIMS, and phenotypic
software are also applicable for some variety characteristic tests,
they cannot meet the whole workflow management requirements of
regional new variety tests. The regional tests of varieties mainly focus
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on field performance and the value of cultivation and use of varieties.
Next-generation phenotyping generates significantly more data than
in the past and requires novel data management and access
techniques and storage systems, increased use of ontologies to
facilitate data integration, and new statistical tools (Cobb et al,
2013). Therefore, it is essential to build a variety testing
management system for the whole workflow, which could be used
for the efficient management of test process and trait data.

In this study, we demonstrate a variety test management platform
to improve test management efficiency and data quality. The
proposed platform can be employed for the whole workflow of
variety tests, test process standardization, test efficiency
improvement, and promoting the sharing and utilization of test
data. Therefore, there are three aspects that have to be addressed.
First, some data element standards and basic datasets for plant
phenotypic traits and descriptions are constructed to ensure the
interoperability and integration of phenotypic data that obtained
from different locations. Second, automatic tools (such as trial
design, data processing, data analysis, etc.) are required to manage
the whole testing workflow. Third, the regional variety test
management platform needs to be based on Software-as-a-Service
(SaaS) architecture to ensure scalability.

2 Materials and methods

2.1 SaaS-based system architecture

The proposed variety testing platform (VTP) was implemented as
a Saa$S architecture because of the requirement for multi-tenancy,
efficiency, configurability, scalability etc. A SaaS cloud
implementation makes the system exceptionally scalable and can
provide customized on-demand services for more users. Moreover, it
can reduce the requirements on users’ IT resources and technical
personnel costs. Saa$ has received significant attention from software
providers and users as a software delivery model (Aleem et al., 2021),
and most of existing companies are transferring their business into a
SaaS model to (Almorsy et al., 2014). In particular, the proposed SaaS-
based VTP allows users pay more attention to their business, and
allows the provision of services to large numbers of small and
medium-sized breeding enterprises and research institutions. As
shown in Figure 1, the VTP is designed in a flexible four-tiered
architecture, which is divided into the application layer, the service
layer, the business logic layer, and the data storage layer.

Based on SaaS$ architecture, VTP can provide services for different
categories of users, such as national test organization, breeding
consortium, breeding institutions and professional test agency. The
VTP uses a web-based architecture, which allows the platform to be
available throughout the Internet to any terminal device (e.g.,
notebook computer, tablet, or smartphone) equipped with a web
browser. The VTP supports various data interfaces, such as Web
Services and a RESTful API. With the wide application of phenotypic
devices, more and more observation data will be uploaded from
phenotypic devices to VIP through data interfaces. As shown in
Figure 1, these data interfaces are mainly used for data collection and
data sharing. The data of traits recorded through APP or measuring
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FIGURE 1
SaaS-based Framework of VTP.

equipment can be transferred to VIP through RESTful. Trait data is
shared mainly through Web service. Some statistical data, such as the
number of varieties and test sites, need to be shared with the seed
industry big data system. In addition, the trait data of variety test
should be shared with the variety approval system.

The service layer is responsible for providing reusable services,
such as unified identity authentication, log management, message
queue, etc. Data access is an essential aspect that needs to be
considered for SaaS systems (Mezni et al., 2018). Functional and
data access management were designed in the VTP. Through the
configuration of functional and data access, the users of the VIP can
not only enjoy the security of their business data, but can also share
basic data sets such as traits and descriptions. Users at each test
location can only see the data of the varieties they test and even within
the same location, the permissions of different roles are independent
of each other. The main functionalities of the VIP include variety
review, trial design, data acquisition, statistical analysis, and test
report generation. In variety testing, trial design, data acquisition
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and data analysis are the three most important steps, and are also the
most laborious and time-consuming. Meanwhile, these three steps are
also the ones most likely to be affected by human errors. Therefore, a
series of data standards are proposed for testing process management
and data quality control. Additionally, some standardized data
elements (e.g., traits, locations, ecological zones, etc.) are essential
for all functionalities in the VTP. In different programs, these basic
data can be configured according to actual needs. By developing some
automatic tools, human errors can be avoided and the efficiency of
test design, data acquisition and data analysis can be improved.

In the data storage layer, multi-tenant shared database
architecture is adopted. Oracle database technology is used as the
data storage and management database, and Redis (https://redis.io/)
as the cache database. MySQL can also be used to replace the Oracle
database. Unstructured data, such as pictures and documents, are
stored on disk in the form of files.

The VTP was programmed with Eclipse IDE (https://www.
eclipse.org) and Java. The Spring MVC framework is used for
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front-end control, while Hibernate is used for data access. The
graphical user interface is implemented in Kendo UI (https://www.
kendouicn.com). The servlet container is Apache Tomcat (https://
tomcat.apache.org/). Nginx (http://nginx.org) is used as reverse
Proxy server.

2.2 Business process standardization

The variety test is usually carried out in multiple test sites for
many years. Take the maize variety test in Huang Huai Hai ecological
zone as an example, it needs to be carried out in about 40 test sites for
two to three years. Different test sites have different people responsible
for collecting test data, and the lack of uniform operation
specifications may lead to inconsistent test quality. The
standardization of variety test process will help to standardize the
test process and improve the test quality. According to the process of
variety test, variety test can be divided into variety test application,
application review, test scheme design, test data collection, test data
processing, test data analysis, and test report preparation, as shown in
Figure 2. First of all, the participants shall submit the application for
participation according to the specification, so as to ensure the
consistency of the information of the tested varieties. Second, the
variety approval committee shall review the varieties to be tested to
ensure the rationality of the application. Third, the director of the
variety test is responsible for the test scheme design, and this director

C Jlig
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is responsible for the test of the entire ecological zone, so as to ensure
the consistency of the test design of each test site. Fourth, each test site
shall carry out the test according to the test plan and collect the test
data. Fifth, the test data shall be processed and statistically analyzed by
the test director. Sixth, the test director shall prepare the test report
and submit it to the variety approval committee. Seventh, the variety
committee shall carry out evaluation according to the variety
evaluation criteria.

2.3 Data element standards and basic
data sets

The main task of variety testing is to observe and record the
characteristics of varieties from multi-location and multi-year tests.
However, due to a lack of data element standards, the trait records
from different testing locations may have differences in trait names,
units, etc. These differences will hinder data integration and the reuse
of different test points for analysis. Consequently, data element
standards were established based on relevant variety test standards,
a controlled vocabulary, and international information standards,
such as the Regulations for the Variety Tests and Informatization of
Field Crop-Maize (NY/T 1209-2020), Regulations for the Regional
Tests of Crop Varieties-Soybean (NY/T 1299-2014), Technical
Procedures for Rice Variety Regional Test (NY/T 1300-2007),
Technical Procedures for Wheat Variety Regional Test (NY/T

P 3

-
Applicants Approval Test director -7 Tester r-
PP Committee g
Applying }_{ Reviewing |
for test application |

Continue testing

l

—

Test scheme
designing

Data
collecting

L
Data
2 .
Promoted ? processing
Statistical
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R s Y
Variety | Report
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" Applying for |
g Ior !
! pP .y g 5—  Completed ?
\ registration |
FIGURE 2
Business process of crop variety test.
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1301-2007), and the Technical Procedures for Cotton Variety
Regional Test (NY/T 1302-2007), MIAPPE (Cwiek—Kupczyﬁska
et al., 2016).

As shown in Figure 3, the main entities of variety testing data
involve Trait, Trial, Record, and Statistic. Each data entity is further
described as multiple attributes. For instance, the trait is consist of
name, description, unit of measure, data type, method, etc. Moreover,
more than 13 entities and the entity relationship model in VTP are
identified. On this basis, the basic data set and controlled vocabulary
of each crop can be extracted. In addition, according to the needs of
actual users, the basic data set and controlled vocabulary that are
suitable for them can be filtered.

Furthermore, based on these data element standards, some
common basic elements were built as an important support tool for
VTPs operation. The VTP must be able to handle the flexible
configuration of test characteristics for different programs. For
instance, taste and quality characteristics are more pertinent when
evaluating fresh maize varieties. For different crops, the characteristics

10.3389/fpls.2023.1077196

of variety testing may also be different. Thus, in different testing
schemes, the user does not necessarily need to establish new basic
elements; they only need to select the basic elements they require from
a common set of such elements. In this way, the same data description
can be applied to all test locations to ensure the consistency of test
data, even under different testing programs. Different crop varieties
have different traits. For example, maize needs to record the number
of rows per ear, ear diameter, etc., while rice and wheat do not record
these traits. In order to be compatible with different crop varieties at
the same time, VTP establishes a set of traits for each crop variety, and
each crop variety shares the metadata of traits.

Accordingly, based on the data element standards and the basic
elements, the trait records in the VTP are stored in the form of entity-
attribute-value (EAV). This data storage model is especially suitable for
so-called sparse and heterogeneous data, which refers to cases where
the number of attributes of an object is small compared to the number
of attributes that could be measured, and tends to change during a
program (Dinu and Nadkarni, 2007; Kohl and Gremmels, 2015).

2
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FIGURE 3
Main data organization mode of VTP.
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These data are stored in a central data repository with a highly
standardized data storage structure for processing and sharing.

2.4 Experiment scheme design

Variety test design mainly refers to the grouping and field layout
of the varieties to be tested, which is an essential premise for reliability
of the test results. In China, the regional tests of varieties are generally
arranged in randomized complete blocks and repeated three times. In
each regional test, there are no more than 16 varieties in the same
block. Tests with few varieties are arranged by interval contrast design
without repetition. Generally, one or two approved main varieties are
set for each district group as the checked variety (CK). However, due
to the large number of varieties tested every year, factors such as a
variety’s participation in other tests need to be taken into account
during the test design process. Some test programs also require the
anonymization of varieties to ensure test fairness. Consequently, the
experimental design process is time-consuming and laborious, and
thus easily susceptible to human error.

In order to facilitate test designers, it is necessary to provide more
functions for automated design. First, the varieties participating in the
test are counted, the number of varieties participating in a group is
defined, and then the system will automatically calculate the number

Group the tested varieties

Calculate the number of groups n |

Generate a random number and
take out the variety

{omeeme

=
Design the field layouts

—>| Move to new repeat |
v
Generate a random number and
take out the variety

Encryption, put into repeat

FIGURE 4
Processes of variety test design.
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of groups to be divided. Second, a variety is randomly selected from
the list of grouped varieties and is placed in an unfilled group. If the
group is full, the variety is placed in the next available group. The
above steps are repeated until there are no more ungrouped varieties
and variety grouping has been completed. Next, each group is
associated with a preset test location and this is defined as a test.
For the three repeated tests, the field layout needs to be designed, as
shown in Figure 4.

2.5 Data acquisition and quality control

Accurate and reliable trait observation data is the basis for
constructing a high-quality phenotypic database and multi-omics
research. The data flow chart of variety testing is shown in
Figure 5. Initially, the testers observe characteristics and submit
them to the data management system. Then, the test director, who
is in charge of the test, processes and analyzes the data. Finally,
experts of the variety approval committee will evaluate and select the
upgraded varieties according to the evaluation criterion. At present,
phenotypic data includes mainly field observation records and
laboratory measurement records. In the processes of data entry and
conversion, it is likely that errors are introduced due to improper
human operation or low proficiency of the users.
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Data acquisition and quality control.

The quality control of test data is mainly through manual review
or assisted by the computer. Constraint rules are used to restrict the
input data, and possible errors are identified and evaluated to improve
the accuracy and availability of data. The traits to be observed and the
recording tools to be used are also different at different crop growth
stages. For instance, the color of a leaf sheath at seedling stage needs to
be observed and recorded in the field conditions, so a mobile device
application may be more convenient for this purpose. In the seed
measure stage, an Excel file including the ear row number, ear
diameter, and other information can be directly obtained through
the observation equipment. It often more convenient to import Excel
files to the system directly.

Therefore, the VIP provides a variety of data input methods.
First, using the mobile application, users can log in to their own
account and instantly obtain the test task and the traits to be observed
and recorded through direct data entry. Second, users can fill in an
online spreadsheet-like form generated according to the standard
properties to be recorded. Third, users can download notebooks,
which are again generated according to the standard properties to be
recorded. Users cannot edit the header of notebooks, but only fill in
the value of the corresponding traits. In addition, the VTP provides a
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variety of interfaces to support data pushing from high-throughput
phenotypic observation devices. These data are preliminarily verified
according to the rules shown in Table 1, for the validity of values in
fields such as range and format.

At the same time, after the data are stored in the database, they
can also be verified through consistency and statistical characteristics.

2.6 Data statistical analysis

The purpose of variety testing is to compare and evaluate the
varieties and locations through the statistical analysis of the test data,
which mainly includes data quality analysis, test location evaluation,
and variety evaluation. This kind of analysis requires specific
professional skills and is time-consuming and laborious. Therefore,
it is essential to provide a set of tools, including common statistical
analysis methods, which can be used for the analysis of the outcomes
of regional variety trials.

The correct evaluation of varieties in regional trials largely
depends on the accurate identification of differences among
varieties, and the accuracy of regional trials is the main factor
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TABLE 1 Example of preliminary data verification rules.

10.3389/fpls.2023.1077196

Checking type Constraint Abnormal value example
Numerical type: Min < x < Max Maize plant height: 5 meters, generally lies in the range 0.5 ~ 5 meters
Range
Enumeration type: x in collection Maize plant type: Flat and compact, semi-compact
Date type: YYYY-MM-dd Sowing date: 9021.6.3
Format
Numerical type: two decimal places, A[0-9]+\[0-9]{2}$ Plot yield: 16.7.8
Y=25.3 kg, x=49.2
Consistency Numerical type: y=ax+b g * . 8 .
x: 100 grain weight, y: plot yield
Statistical characteristic CV:N<y=<M Plot yield CV: 25.30

affecting the accuracy of identification of differences among varieties.
CV (coefficient of variation) is usually used to express the accuracy of
the test in regional tests (Kong et al., 2001). The test accuracy can be
calculated by Eq. (1), where x; represents the observed value of each
variety, n represents the number of varieties, X represents the average
value of the test. Generally speaking, if the CV of the field test is less
than 10%, the test error is well controlled. Variety comparison
precision refers to the minimum difference between varieties that
can be identified in regional trials, which can be represented by the
relative minimum significant difference (RLSD). Combined with
these two indicators, the overall accuracy of the regional trial can
be evaluated. In addition, the genetic coefficient of variation (GCV)
can be used to evaluate the resolution of test sites.

CV = /S = %)*/n—1+100 % /% 1

Yije = U+ g + ¢+ O + ey 2)

Analysis of variance (ANOVA) is usually used to test the
significance of the difference between two or more samples. The
model of observed value of variety trait can be represented as Eq. (2),
where Yy is the kth repeated observation value of the ith variety in the
jth location, W is the overall mean, g; is the effect of the ith variety, ejis
the effect of the jth location, g; is the genotype x environment
interaction of the ith variety in the jth location, € is the residual
variation contributed by the kth replicate of the ith variety in the jth
location in the kth year. After the one-way ANOVA is completed
based on the above model, we can get a conclusion about whether the
control variable has a significant impact on the observation variable. If
the control variable does have a significant impact on the observation
variable, the multiple comparison method should be used to
determine the impact of different levels of the control variable on
the observation variable. Compared with Duncan, Shortest Significant
Ranges, Student-Newman-Keuls, etc., Least Significance Difference
(LSD) can quickly sort a group of data from small to large. Therefore,
LSD is usually used for multiple comparisons among varieties.

The ultimate purpose of regional trials of crop varieties is to
evaluate the production capacity and environmental adaptability of
the tested varieties. The true performance of varieties on each pilot
site, that is, the true values of various traits are estimated by arithmetic
mean. Generally, the production capacity of varieties are evaluated
mainly based on the adjacent standard comparison with the control
varieties. The adaptability of varieties is mainly evaluated by their
stress resistance, and the strategy of one vote veto is adopted for some
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disease resistance and insect resistance indicators. The algorithm of
variety selection for the example of high-yield maize variety selection
is shown in Table 2. In this case, variety selection is based on multiple
characteristics, such as yield, quality, disease and insect resistance, etc.
If the result is 1, the variety should be retained for promotion or
further test.

The comprehensive evaluation of varieties is to evaluate the
comprehensive production performance of varieties according to
their various characteristics. TOPSIS (Hwang et al., 1981) is a sort
method approaching ideal solution and a common method in multi-
objective decision analysis at present, which has been applied in crop
breeding (Wang et al,, 2011). The combination of expert scoring
method and entropy weight method to improve the calculation
method of index weight is more in line with the needs of current
crop breeding work (Pan et al., 2018). The steps of using the improved
TOPSIS method to evaluate varieties are show in Eq. (3)-(10):

Vi =y iw; (4)
V= (Vi) (©)
§"={sl,s3, s} (6)
S ={s1,5, 5} @)

Df = /3 (=) (8)
Dl =3 (- 5)° ©)

Ci= % (10)

where wj is the jth comprehensive weight of indicators, ¢; is the

jth index weight obtained based on entropy weight method, f; is the
expert scoring value of the jth indicator, and n is the number of
indicators, y;; is the standardized value of the jth trait of the ith variety,
S* is the vector of positive ideal variety, S is the vector of negative
ideal variety, D is the distance between the ith variety and the
positive ideal variety S*, Dj is the distance between the ith variety and
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TABLE 2 Algorithm of variety evaluation.

Algorithm: variety evaluation

Input:

y1: yield increase compared with CK in the first year
y2: yield increase compared with CK in the second year
y: mean yield increase compared with CK

ql: grain bulk density

q2: crude starch content (dry basis)

q3: crude protein content (dry basis)

q4: crude fat content (dry basis)

rl: sum of lodging and folding rate

r2: proportion of test locations with the sum of lodging and folding rate > 10.0%
p: days longer than the growth period of CK

d: highly infectious diseases

result: evaluation results

result=0

conditionl=(y > 5.0% and y1 > 3.0% and y2 >3.0% condition2 = (q1 >

720%, q2>69.0%, q3 > 8.0%, q4 > 3.0%)

condition3=r1 < 8.0%, r2 < 20%

condition4= p < 2.0 days

condition5 = d in (Leaf blight, Stem rot, Ear rot, Head smut, Gray spot)

If (conditionl and condition2 and condition3 and condition4 and condition5)
result = 1

end if

return result

Output:

0-> eliminate; 1-> promotion

the negative ideal variety S¥, C; is the relative closeness between each
variety and ideal material. So C; can be used as the comprehensive
score of varieties. All varieties are ranked according to C, and then the
comprehensive ranking of all varieties to be evaluated can be
obtained. In addition, Yan (2014) put forward the idea of
combining a genotype’s main effects (G) with genotype-by-
environment interaction effects (GE) to form the genotype main
effect plus genotype-by-environment interaction effect model (GGE),
which is coupled with double mapping. The model is also called
environment-centered principal component analysis, and integrates
the principal genotype effects into the interaction term for singular
value decomposition after subtracting the environmental mean from
the original data. The VTP is able to provide a GGE double plot as a
visual method for statistical analysis.

3 Results
3.1 Summary of best practices

The VTP can be used for the whole workflow management of
crop variety testing, including test application, trial design, data
collection, data analysis, and report generation. The primary users
of VTP include testers, variety approval committees, test directors,
and test location managers.

The VTP has been employed by the Chinese government to
manage the Chinese National Crop Variety Regional Trials, covering
maize, rice, wheat, cotton, and soybean since 2017. Since 2020, the
VTP has been used to two self-organized testing, consortium and
green channel. Now, it provides management services for variety
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regional testing for more than five thousand users, including all 85
ecological zones of five crops, 20377 varieties, 26788487 trait records
and 351208 images (Figure 6). There are about six thousand new
varieties participating in the regional variety trials every year, which
generate eight million agronomic traits data entries, and
approximately seventy thousand trial images.

3.2 Improving the standardization of the trial
process

Reliable and high-quality data come from standardized business
processes. Through access control, each type of user can only access
the functions and data matching the user’s role. When a user
completes their task, the business workflow will move to the next
user. For instance, after a test director completes the test design, the
task list at each test location will be generated automatically. Then,
each user at the test location can see their own tasks, including the
varieties to be tested and the characteristics to be observed. Moreover,
the director can see in real time how many traits have been collected
during the implementation of the test. In Figure 7, columns with the
form M/N represent show the completion progress of a trait
recording task, where M represents the number of samples that
have been collected, N represents the target number of samples,
green represents a completed collection task, and red represents an
uncompleted collection task.

3.3 Improving the efficiency of
trial management

With the adoption of automatic tools such as trial design, data
processing and analysis, and report generation, VTP has significantly
improved the efficiency of variety testing management. Some statistics
and comparisons on the efficiency of different activities before and
after the implementation of VIP are shown in Table 3.

There are more than six thousand regional variety testing
applications every year. The same variety can only participate in a
single test in an ecological zone. Therefore, it is necessary to verify the
name, parents, and applicants of varieties to ensure that varieties
participate in the test of this ecological zone for the first time. In the
original manual methods employed, the reviewers needed to look up
each datum one by one in a spreadsheet list. After adopting the
system, the variety information verification is carried out
automatically as part of each application evaluation process.

Using the trial design method, the tested varieties in the same
ecological zone are automatically grouped according to the configured
trial methods. For instance, since no more than 16 varieties can be
included in each group, if there are 60 varieties for testing they will be
randomly divided into four groups. The CK will be added
automatically to each group, and each group will be assigned to
specific test locations. After the test scheme design is completed, the
system will automatically generate the test tasks which each group will
need to perform at each test location.

The most significant improvement in variety testing management
efficiency is brought about by the streamlined data processing and
analysis activities. The statistical analyses required for variety testing
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are complicated and require professional statistical knowledge. With
the help of the VTP, managers can complete the test design and then
process and analyze data easily and quickly. A data processing
method, such as extracting the average, maximum, interval values,
etc., can be assigned to each trait. Thus, multi-point test data of
multiple years of trials can be analyzed automatically through only a
few clicks, the analysis results is shown in Figure 8. In addition, after
the test has been completed, the quality of each test location’s and
each variety’s data needs to be summarized and analyzed, including
extracting errors from missing data, error variation coefficients,
variance statistics, as well as high yield and stable yield analysis. As
shown in Figure 9, the yield increase and decrease, ranking,
significance and other data of varieties relative to the CK can be
obtained in real-time through the system. Meanwhile, the system also
provides various visual analysis methods, as it has a built-in GGE
double plot analysis method, including an ideal location ranking map,
suitable planting area division map, ideal variety ranking map, etc., as
shown in Figure 10.

The system also provides the function of generating test reports
with one click. Once a test report template has been configured, the
system can automatically generate objective descriptions of varieties,
as well as relevant diagrams and tables according to the template.
Before the VTP’s development, these test reports were created by the
test directors manually, which was time-consuming and laborious.
Now it only takes thirty minutes to generate a report automatically,
and the test directors only need to add their own remarks on the
evaluation of the trial.

3.4 Improvement in the quality of variety
testing data

Establishing a unified data standard and reducing human data
entry errors will help ensure the quality of data obtained from the
source. The CV is an important index that can be used to measure the
quality of test data (Yan, 2014). In order to evaluate the effect of data
quality control after the implementation of the VTP, the data error
coefficients of variation of more than 50 test locations in three

10.3389/fpls.2023.1077196
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FIGURE 7
Data collection process

ecological zones in Northeast and North China, which was the
main maize planting area in China from 2015 to 2021, were
compared. The VTP had not been implemented during the 2015-
2017 variety tests; it was used for tests conducted from 2018 to 2021.
In Figure 11, the years in which the VTP was used to process data are
marked using asterisks. The average CV of the test locations in 2015
was 6.31, while by 2021, it had dropped to 4.64. This represents a
significant decline in error rates observed after the adoption of the
VTP for the regional testing and shows that the VTP plays an
important role in the quality control of test data.

3.5 Standard phenotypic database

The unification of crop characteristic standards in the VTP lays
the foundation for establishing a standard phenotypic database. By
using the app or characteristic records, it is ensured that the data are
entered in strict accordance with the standards. As shown in
Figure 12, data from different test locations have the same trait
descriptions. Therefore, a standardized phenotypic database can be

Variety test platform for national variety test

Test sites: 7785

351208
Images data

FIGURE 6
VTP interface for variety test data overview
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TABLE 3 Results of the comparison before VS after the VTP application.

Variety testing activities

tested

Time consumed in checking 100 varieties to be

10.3389/fpls.2023.1077196

formed by aggregating multi-location variety characteristic data for
many years. Twenty thousand varieties have been managed using the
VTP, with 26 million characteristic data entries and 350 thousand
Before images. These data are stored in an Oracle 11g relational database
VTP using the EAV data model. The pictures collected by VTP are mainly
RGB pictures of varieties, such as field seedlings, plants, ears, diseases

5h 3 min and pests.

Time consumed in designing 1 trial 3 h 30 min 15 min

Time consumed for processing the data of 16

4 Discussion

FIGURE 8

Data analysis interface provided by VTP.

. 4h 10 min
varieties
Time consumed in compiling the trial report of 1 h 20 min Information systems have become an effective tool for breeding
ecological zone research and management (Zhao et al., 2022). The adoption of the
Accuracy of each test site: &
Test site Codﬁcriem of Rflalive least significant Coaﬁcianl of ‘ ‘
error variation, CEV(%) difference, RLSD_0.05(%) genetic variation, GCV(%)
Henan Xinxiang AAS 2099 3536 4565
Jiangsu JiaodianFuxi Agri. Co, Ltd 2225 3750 5652
Tancheng seed company 2534 4270 2425
Anhui Huacheng Seed Co., Ltd 2096 3533 2695
Sugian IAS, Jiangsu AAS 2515 4238 5042
Xuzhou IAS 0.868 1463 6.427
Anhui Fengtai 1AS 1.431 2411 4215
Shandong RRI 2.003 3375 6585
Henan AAS 1.928 3.248 6426
Xinyang AAS 1674 2822 6166
Lianyungang AAS 0750 1.264 3737
Analysis of variance table:
Variation Degree of freedom Sum of squares Mean square F-value P-value
Block within test site 24 5.681 0237 40732+ 0.000
Variety 2 99,000 8251 14197041 0000
VarietyxLocation 132 96.400 0730 12.5671** 0.000
Total variation 467 552.818

The CV of multi-environment trials(%)=1.858. *, significance level of 0.05; *, significance level of 0.01.
Multiple range test among varieties (LSD),

Proportion of

Trestment “PHI:: ay:l:r::d(:; . (:;;;g;:;::g) Yield cncv:z:zed with ‘e;;:;: : ::3;" s.gmnc-n:: level of 0. s.gmﬁm: level of 0. o~
Lian2053 1346 67526 722 1000 a A 1
YangFugose 1345 67430 7.06 1000 a A 2
Tianlong1958 1344 67392 7.00 1000 a A 3
XuB0978 1336 67013 640 1000 ab a8 4
Yan960849 1329 666.29 579 917 b 8 5
Hua019 1310 657.01 432 833 c c 6
Long1s8 1300 656555 424 917 c c 7
Woken030 1308 656.12 418 667 c < 8
A220 1299 65143 343 833 c & 9
I = === = T T A
RunNong802 1255 62957 004 500 d D n
) 1219 611.42 292 333 e 3 2
YuNong12 1207 60523 390 167 f = 13

Minimum significant difference LSD(5%)=0.11183, LSD(1%)=0.14733. Lower case letters in column ‘5% level of significance’ mean different level of significance at 0.05; Capital letter in column ‘1%
level of significance’  mean different level of significance at 0.01.

High yield and stable yield of varieties:

High yield coefficient Yield stability coefficient
Variety name Yield Effect variance Degree of variation Regression coefficient
Lian2053 13.465 0493 0.087 2189 0756
YangFus0se 13.446 0474 0170 3070 1185
TianLong1958 13438 0.466 0173 3003 1.068
XuB0978 13.362 0391 0105 2423 1.083
Yan960849 13286 0314 0192 3295 1099
Hua019 13101 0.129 0290 4110 0.684
Long158 13.002 0.120 0253 3.840 1190
WuKen030 13.083 0.111 02401 4840 1.098
A220 12989 0018 0245 3813 1037
= = I AT T N
RunNong802 12554 0418 0405 5070 0956
Wug9 12192 0780 0371 2994 1182
YuNong 12.068 -0.904 0217 3.860 0704
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Variety test evaluation results.

VTP has resulted in a significant improvement of variety testing
efficiency. Before VIP’s implementation, the variety test data were
saved on paper and spreadsheets. The results of the practical
applications reported in this paper confirm that an effective
management tool is essential, as it can not only provide
convenience for plant researchers, but also let more growers access
variety information. The VTP provides users with a set of efficient test
management tools, and some algorithms have been developed to
compare results between the different tests and field conditions to
discover new leads.

With the VTP, the standardization of the testing process and the
quality of data are paid more attention. The traits to be collected may
be different for each variety test in different programs, and the lack of
unified descriptions can seriously hinder the exchange and reuse of
data (Cwiek-Kupczynska et al, 2016). The analysis of these test data
necessitates the storage of information in a standardized manner,
preferentially in relational databases (K6hl et al., 2008). Moreover, it
has been recognized that a lack of integration between genetic
resources, characteristics and breeding, evaluation, and utilization
data is a restrictive factor in the development of knowledge-intensive
crop improvement plans (McLaren et al, 2005). In addition, the
standardized management of the test process guarantees the
generation of standardized and high-quality data. In addition,
whereas past work on the subject was mainly focused on the
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FIGURE 10
Ideal varieties analysis with GGE.
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The CV of maize variety regional trials
in the areas of Northeast and North China
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FIGURE 11
CV of variety regional tests in the areas of Northeast and North China.

management of test data through various software packages such as
PhenoApp (Rckel et al,, 2022) or Phenotyper (Kohl and Gremmels,
2015), little attention has been paid to the testing business process.
The VTP can realize the standardized management of the whole
variety testing process while supporting the customization of collected
traits for each test program, including the characteristics to be
recorded and their processing methods.

These phenotypic data are crucial for the development of multi-
omics analysis. In multi-omics research, a large number of genotype
data have been produced, but phenotypic data are relatively scarce
(Zamir, 2013). In particular, the raw data generated from the
phenotypic research programs conducted each year are rarely
publicly available. For a long time, the major bottleneck to
intelligent data integration and utilization has been the finding,
extraction, preparation and management of the data (McLaren
et al,, 2005). Consequently, several international crop phenotype
databases have been established, such as the International Crop
Information System (McLaren et al., 2005) or the Online Farm
Trials database (Walters and Light, 2021). In China, there is no
relatively complete variety phenotype database. Through the
application of VTP, a standardized and authoritative phenotypic
database covering five crops was generated.

In addition, VTP, which has been implemented as a SaaS
architecture, can be used to manage various independent testing
programs, and especially for the self-organized tests of combination
and green channels, whose personnel and infrastructure resources are
relatively limited. Some large companies have developed trial
management systems, but these are not publicly available. Other
systems such as Phytotracker (Nieuwland et al., 2012) are used in only
few research facilities, and have been designed for facilitating the task
of keeping records of growing plants, seed stocks, and plasmids in
molecular genetics labs. The integrated platform based on SaaS
presented in this study is fully customizable and can potentially
expand the use of real-time trial management tools for testers.

5 Conclusions

In this study, we reported a variety test platform, the VTP, which
can be used to manage the whole workflow of multi-crop variety tests.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1077196
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al. 10.3389/fpls.2023.1077196
A
Year: 2020 Ecological area: Mid-late of Northeast and North | v | Test type: Regional trial X
Location: DD x Test group: Ax Trial name: 2020 ADD x
Variety name: Attribute: Acquisition phase:
Trait: Sowing date x =
Emerge date X »
[ omatin |
sy | pius | S0 | Emege | o | Tewing | gl | LU | Petied | Potyid | potyd | vied e
cm) (day)
Vo1 2 2020-04-30 2020-05-13 Green 2020-07-17 318 128 10.88 10.89 11.92 6163 =
V02 2 2020-04-30 2020-05-13 Green 2020-07-18 347 130 1216 1290 1244 685.9
Vo3 2 2020-04-30 2020-05-13 Light green 2020-07-18 336 133 1142 1198 11.06 630.2
Vo4 - 2020-04-30 2020-05-13 Green 2020-07-19 337 133 1118 1049 147 606.1
Vo5 2 2020-04-30 2020-05-13 Green 2020-07-16 I 33 132 1205 11.35 10.98 628.7
V06 2 2020-04-30 2020-05-14 Green 2020-07-17 342 131 11.87 1217 11.09 6424
Vo7 2 2020-04-30 2020-05-13 Green 2020-07-16 309 128 97 854 9.12 500.6
Vo8 2 2020-04-30 2020-05-13 *a 2020-07-16 323 124 9.98 9.50 10.57 549.6
Vo9 2 2020-04-30 2020-05-13 Green 2020-07-18 359 132 9.74 9.00 9.26 5122
V10 2 2020-04-30 2020-05-13 Green 2020-07-18 357 132 1231 1263 1205 676.5 -
W)« g 2 (»)(m 10 v | per page 1-10Total 17 &
B
* Year: 2022 ® *Ecological area: Mid-late of Northeast a. v * Test type: Regional trial
Group: A v Location: v * Trial name: 2022 Hebei Handan A v|0
Variety name: Acquisition phase: Trait name:
- There are1 13 images.
FIGURE 12
Test data recorded during variety testing. (A) Traits data. (B) Variety Images.

First, this integrated data management system manages the whole test
workflow and provides many functions which can help users carry
out testing efficiently, such as test design, data acquisition and
statistical analysis. Moreover, the obtained data quality can be
significantly improved by formulating data element standards and
standardizing the test process. Additionally, the VTP can be deployed
in the cloud in available high-performance computing nodes so that
the system can provide variety test management services to more
small and medium-sized breeding organizations. Trial management
and data analysis can be realized conveniently using a web-based
interface. Thus, VTP not only provides an efficient tool for variety
testing, but has also allowed the creation of a standardized and
authoritative phenotype database. To our knowledge, this is the
largest phenotypic database in China. In summary, we are thus
confident that the platform can make variety testing more efficient
and generate a reliable database suitable for meta-analysis in multi-
omics breeding and variety development projects. With the further
application of computer vision technology in variety testing, more
phenotype data will be generated, and it is essential that these data are
managed efficiently (Xing et al., 2022). With these standardized data,
the construction of variety knowledge maps and intelligent analysis
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models combined with meteorological environment and gene data in
the future will allow the development of intelligent decision support
systems for variety promotion and the correlation analysis between
phenotypes and genotypes.
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