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Abstract Efficient evaluation of crop phenotypes is a
prerequisite for breeding, cultivar adoption, genomics and
phenomics study. Plant genotyping is developing rapidly
through the use of high-throughput sequencing techniques,
while plant phenotyping has lagged far behind and it has
become the rate-limiting factor in genetics, large-scale
breeding and development of new cultivars. In this paper,
we consider crop phenotyping technology under three
categories. The first is high-throughput phenotyping
techniques in controlled environments such as green-
houses or specifically designed platforms. The second is a
phenotypic strengthening test in semi-controlled environ-
ments, especially for traits that are difficult to be tested in
multi-environment trials (MET), such as lodging, drought
and disease resistance. The third is MET in uncontrolled
environments, in which crop plants are managed according
to farmer’s cultural practices. Research and application of
these phenotyping techniques are reviewed and methods
for MET improvement proposed.
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1 Phenotyping is an important means of
gaining insight into crop cultivars

In this paper, “crop cultivar” refers to hybrid and inbred
lines used in agricultural production, as well as elite and
improved lines at different stages of breeding. Genotypic
characterization or genotyping refers to the process of
obtaining information on molecular marker polymorphism
of cultivars. Phenotypic characterization or phenotyping
refers to the evaluation of agronomic traits such as yield,
grain weight per year, growth habit, plant height,
morphology, as well as lodging, disease, insect, and
drought tolerance. Modern phenotyping also includes

phenotypic characterization of cells, tissues and organs,
i.e., phenome, as well as transcriptome, proteome,
metabolome, etc.[1]. The scientific significance of crop
characterization techniques lies in accurately and rapidly
acquiring phenotypic and genotypic data for the discovery
of intrinsic connection between various characteristics,
whereas the practical significance is to develop elite
cultivars for production[2–8].
In recent years, various cognitive techniques for crop

phenotyping and especially genotyping have been devel-
oped[9,10]. With the development of high-throughput
sequencing techniques and instruments[11,12], costs of
genotyping have been sharply reduced and its efficiency
greatly improved[13,14]. For example, in 2001, the human
genome sequencing project was completed at the cost of
437 million $. While the same task could be done at the
cost of merely 1000 $, within a single day[15] with the
sequencing instrument Ion ProtonTM from Life Technolo-
gies. In terms of plant genome sequencing, more than 10
crops including corn and rice have had their whole genome
sequencing completed. Starting from 2010, Beijing
Genomics Institute and other agencies have jointly
engaged in more than 1000 key projects sequencing
important plant and animal species, with 104 species
completed[16]. Monsanto and DuPont Pioneer have also
created the high-throughput automatic corn seed chipper
system, which realized the automatic processing of
genotyping from sample preparation to molecular detec-
tion, without affecting seed viability. This technology has
enabled the two transcontinental seed companies to expand
the scale of their breeding activities by more than five
times[17,18].
Compared to genotyping, phenotyping is closer to

breeding and production practices. However, due to the
influence of environmental factors and genotype-
environment interaction, phenotyping is more complicated
and difficult to be precisely evaluated. Additionally,
phenotyping techniques have developed slowly and have
been the rate-limiting factor in genetics, large-scale
breeding and development of new cultivars.
Common phenotyping techniques include: high-
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throughput phenotyping techniques in controlled environ-
ments; field experiments in semi-controlled environments;
and multi-environment trials (MET) in uncontrolled
environments. These three techniques will be discussed
later in this paper, followed by more detailed consideration
of the application of MET in the context of China.

2 Advances in crop phenotyping techniques

2.1 High-throughput phenotyping techniques in controlled
environments

High-throughput phenotyping in controlled environments
has developed rapidly, and in recent years, has become a
focus for research. It uses machine vision technology to
closely observe individual plants and to analyze growth
information and phenotypic parameters. It takes mass
observations for analysis with the aid of an automated
assembly line and intelligent image processing
system[19–22]. Representative examples are the plant
phenotyping platforms developed by CropDesign and
LemnaTec, called TraitMill and Scanalyzer, respec-
tively[23,24]. The former was purchased by BASF in 2006
and used by the core team in charge of high-throughput
phenotyping by BASF and Monsanto. The latter has
developed into the main technical support to create an
international and national platform of phenomics research,
such as the greenhouse automatic observation system of
the Australian Centre for Plant Functional Genomics,
Institute National de la Recherche Agronomique (INRA)
and KeyGene[25].
The complete system includes a conveyor belt, imaging

system, darkroom, transporters, watering, weighing
devices and control system (Fig. 1). The core component,
imaging system, includes visible light, near infrared,
fluorescence and other imaging systems. Visible light
imaging is used to measure plant structure, width, density
and symmetry, as well as leaf length, width, area, angle,
color, scab and other parameters. Near infrared imaging is
used to analyze moisture distribution in plant roots and
earth pillar, and to study plant transpiration and drought

stress. Fluorescence imaging is used to analyze physiolo-
gical status of plants. All plants are marked with barcode or
radio frequency identification, their dynamic distribution
on the conveyor belt is controlled by the software, and their
phenotypic data regularly measured in the growth stage.
The translocation by conveyor belt, transporter and plants
in the greenhouse avoids the impact caused by uneven
distribution of light, temperature and moisture. Imaging
module, darkroom, watering and weighing devices are
installed in an independent air conditioning room, and are
connected to a greenhouse through via the conveyor belt.
The system is a combination of greenhouse automation,
high-throughput imaging technology, robot technology,
image analysis and large-scale computing capacity, and is
able to carry out full-automatic and high-throughput 3D
imaging from seedlings to mature plants. Special software
is used to analyze the imaging results, and to carry out
high-throughput screening of plants. The system is
applicable to research on plant functional genomics and
phenomics, and is also a powerful tool for genetic
breeding, mutant strain screening and phenotypic screen-
ing[24,25]. The main problem of the system is the large
upfront investment, and domestic seed companies cannot
afford high construction costs afforded by several large
multinational seed companies. In December 2014, the
Biotechnology Research Institute, Chinese Academy of
Agricultural Sciences (CAAS) established the first
research platform of full-automatic high-throughput 3D
imaging plant phenomics in China[26].
Besides automatic plant phenotypic detection, with the

constant breakthroughs in various imaging techniques, the
phenotypic detecting technique for grains and ears has also
been extensively developed. For example, Dang et al.
adopted the atomic force micro-imaging technique for
micro-imaging of grains, with resolution ratio of 3–7
μm[27], and Ogawa et al. adopted the 3D visualized
technique for chipper scanning layer by layer, and also
used a 3D reconstructing algorithm for reconstruction and
analysis of three-dimensional structure of grains[28].
Jayas’s team from the University of Manitoba adopted a
simple means of machine vision for gray processing and
gray level classification of wheat sample pictures taken
through the black-white area-array camera, and has
developed prototype equipment and wheat was ultimately
classified according to the statistical results. This team also
used an X-ray imaging technique for 3D reconstruction of
pea pore structure to study the micro-morphological
structure of grain[29], and to detect the internal quality of
grain to study diseases and insect pests of wheat seeds[30].
Most of these phenotyping techniques are in the laboratory
stage, and still cannot be used in routine breeding.
In China, there are also some teams conducting

automated, high-throughput testing phenotyping of plants,
grains and ears. For example, the platform of automatic
measurement and analysis of rice phenotypic parameters
during growth (jointly developed by the rice phenomic

Fig. 1 LemnaTec platform of automated greenhouse plant
phenomics[24]
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research team from the National Key Laboratory of Crop
Genetic Improvement of Huazhong Agricultural Univer-
sity and the Center for BioMedical Photonics of Huazhong
University of Science and Technology) can automatically
extract 15 trait parameters, including height, leaf area, tiller
number, biomass, and yield, at a rate of 1920 pots per
day[31–33].
Based on the requirements for information technology

and engineering equipment for crop cultivar selection,
testing, production, processing and other linked processes,
the Key Laboratory for Agricultural Information Acquisi-
tion Technology of China Agricultural University has
carried out technical research and software and hardware
development. This team has proposed a series of
phenotypic parameter acquisition technologies using
visible light, infrared, X-ray and laser radar image of
grains, ears and plant populations. A rapid grain detecting
technique and equipment developed by this team are able
to determine a seed’s identity, vigor and other information
within 5 min, with a degree of accuracy of above 80%, and
without affecting seed viability. DuPont Pioneer, China
Agricultural University and Beijing Academy of Agricul-
ture and Forestry Sciences have respectively developed the
corn grain test system (Fig. 2), which is capable of helping
breeders to analyze geometrical parameters in a breeding
plot such as individual plant’s ear length and barren tip, as
well as yield traits such as grain number and number of
sterile grain, to sharply increase the efficiency of corn test,
data accuracy and scale of breeding plots. Aimed at
practical problems in crop breeding in China, these
phenotyping techniques have been developed, in line
with the actual demands.

2.2 Phenotyping techniques in semi-controlled
environments

Identification of disease resistance, and phenotypic tests
for lodging, drought and poor soil resistance in partly-

controlled environments still require some subjective
assessment, and are an important supplement to detect
phenotypic traits, which is difficult to obtain in MET.
Resistance identification is commonly carried out in the
national crop cultivar regional trials. The identified traits
prescribed in the technical specification for rice regional
trials focus on rice blast and bacterial leaf blight, and are
increased or decreased according to need in different rice
regions. Resistance identification in corn production areas
includes plant diseases and insect pests such as corn
southern leaf blight, gray speck disease, curvularia leaf
spot, Sporisorium reilianum, sheath blight, stem rot and
Ostrinia nubilalis. In addition to identification of resistance
to diseases such as stripe rust, wheat powdery mildew,
brown leaf rust, head scab, sheath blight, it also attaches
great importance to the identification of cold and drought
resistance[34–36]. For most crops, only 1–2 testing sites of
resistance identification are established in a trial region. At
these sites, physiological races applied by artificial
inoculation, induce plant lesions, and then a quantitative
or qualitative evaluation is conducted for resistance of each
cultivar. The main problem arising from these tests for
resistance is that physiological races are often taken from
local diseased plants from the previous crop or even
previous crops, and are likely to be different from disease
races in the current year. In addition, due to management
differences, the results can be different, and even show
great variation, from those of field tests.
To improve tests for drought, desert and lodging

resistance in partly-controlled environments, DuPont
Pioneer has established a network of managed stress
environments[37], for example, the drought-resistant corn
breeding centers established in Woodland, California,
Viluco and Chile. In these centers, there is little rainfall
in the corn growing season, so irrigation is used. Thus,
during the growth period, researchers can accurately take
control of irrigation water, which is conducive to accurate
and rapid discovery of drought resistant genes and
breeding drought-resistant cultivars. The Spectrum Seed
Company (a company specializing in non-GM corn in
Indiana, USA) found that the southern shore of Puerto Rico
Island is also an ideal location for detection of stress
resistance[38]. This island is hot and dry all the year round,
with the average annual minimum temperature of 21.1°C,
so corn needs complete field drought management
measures. Therefore, the Company has established the
drip irrigation system (Fig. 3), taking precise control of
water, nutrients, pesticides and sterilizing agent respec-
tively.
In addition to simulating and controlling the change of

water and nutrients to detect drought, desert, disease and
insect resistance in new lines, lodging resistance is another
trait needing close attention during the breeding process.
Losses from corn lodging caused by wind in North
America are more than USD 1 billion a year. However,
lodging resistance of new cultivars cannot be effectively

Fig. 2 Corn ear test system developed by China Agricultural
University
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detected by relying only on lodging and stem thrust tests in
the natural environment. DuPont Pioneer, therefore,
developed a large mobile artificial wind machine (Boreas
Mobile Wind Machine[22], Fig. 4). Through simulating
high-speed turbulence resulting in corn lodging, lodging
resistance of plants during growth is manually tested in
several common breeding sites, so that lodging resistance
of cultivars has been improved significantly. This equip-
ment is an important part of the Accelerated Yield
TechnologyTM System[22] of DuPont Pioneer.

2.3 Phenotyping techniques in uncontrolled environments

Phenotyping in uncontrolled environments uses MET. In
China, general MET is a cultivar regional test of national
and provincial organizations, seed companies (hereinafter
referred to as regional test). Large-scale trial and demons to
MET. It is characterized by having no auxiliary measures
for testing cultivars except normal field management.
Ultimately, the superior cultivar is selected and the inferior
ones eliminated according to phenotypic traits of each
cultivar such as yield and resistance. MET is an important
part of the modern commercial breeding system, and
domestic and foreign scholars have carried out extensive
research on the problems of MET design and management,
data processing, analysis and decision-making.

2.3.1 MET design methods

Selecting testing sites is important for evaluating test
sufficiency and reliability, and is also the key to trial
design. As Troyer[39] pointed out, 200 replicate tests can
accurately predict the performance of maize cultivar, and
the greater the number of sites, years and regions assessed,
the more accurate the predictions. Starting from variation
estimation of sample variance, Piepho and McCul-
loch[40,41] proposed a formula for the number of tests
required to give reliable results and when the coefficient of
variance variation is 0.1, the number of sites is about 200.
The main problem with this method is that it gives the
same number of tests for all crops, trial regions and
phenotypic traits, which is not conducive to optimizing the
configuration of test resources.
Kempton et al.[42] conducted extensive research on

cultivars, year, location, repetition, random error and
interaction effect. Troyer[39] pointed out that in the MET in
the USA, factors affecting corn cultivar were year> testing
site> density> seeding time> block in the testing site>
plot repetition. Zhang et al.[43] proposed that nonlinear
programming could be used to solve the number of optimal
years, the number of testing sites and the number of
repetitions for optimization of regional test plans, so as to
achieve the optimum testing accuracy using limited funds.
The cultivar comparison formula of the regional test
proposed by Kong et al.[44] could be used for calculating
the required testing year, location and the number of
repetitions. The location and year obtained through these
two methods are quite different from the 200 tests
proposed by Troyer, which may be related to the fact
that plot repetition in the methods is considered as the basic
unit rather than as a testing site.
Zhang et al.[45] proposed a regional trial evaluation

system covering testing evaluation and cultivar evaluation.
He compared the concrete evaluation method and
indicators, and pointed out unresolved difficulties, for
example, a lack of an exact analytical method for layout
optimization and effectiveness of testing sites as well as
other indicators in the system, but both of them had a great
impact on the reliability of regional tests. Liu et al.[46,47]

studied the quantitative analysis of environmental stress
including corn lodging based on wind probability and
southern leaf blight based on cumulative temperature and
humidity according to the environmental impact factors,
which can give rise to corn lodging and southern leaf
blight, so as to provide methods and data support for
selection of test environment and layout research.

2.3.2 MET analytical method

For a long time, researchers around the world have
introduced and proposed many methods, and the national
and provincial regional tests use common research
methods, such as analysis of variance (ANOVA), stability

Fig. 3 Puerto Rico drip irrigation and breeding system of
Spectrum Seed[19]

Fig. 4 DuPont Pioneer’s large mobile artificial wind tunnel[22]
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analysis[48–50], parameter estimation of non-equilibrium
data[51,52], rank analysis[53–58], and Additive Main Effects
and Multiplicative Interaction (AMMI) models[59,60] for
the yield trait; as well as fuzzy comprehensive
evaluation[61–66], similarity and difference analytical
method[67,68], and Technique for Order Preference by
Similarity to Ideal Solution (DTOPSIS) method[69] for
multi-traits analysis.
The cultivar evaluation method has developed compre-

hensively from inter varietal difference comparison based
on ANOVA to an in-depth analysis of gene-environment
interaction (GEI) as well as understanding environmental
adaptability of cultivars[70]. At present, the AMMI-type
Mixed Model and BiPLOT analytical techniques have
become the advanced methods for cultivar evaluation[71].
At the same time, some scholars have studied the precision
of various evaluation analytical models. For example,
Zhang et al. compared prediction accuracy of various
models through cross validation of data, and the results
showed that precision rank of various models was Linear
Regression (LR) - Principal Components Analysis (PCA)
composite model>AMMI model> PCA model>mean
value disposing model> regression model>ANOVA
additive main effect model[60].
Most of the above experimental and analytical methods

and models are only aimed at yield per unit. And, to get the
ideal analytical results, there is a high demand for
mathematical statistic and analytical tools, but most
cultivar testing workers have difficulty in mastering those
tools. In addition, the complex analytical method is
difficult to adapt to rapid, simple and easy analysis of
mass test data, so that test data mining is insufficient. At
present, there is no analytical method available to
effectively reduce the GEI of cultivar evaluation, which
is easy to understand and apply to a wide range of traits.

2.3.3 Development history of MET in the United States

The modern seed industry mostly developed in the USA,
and various international seed companies there have
conducted systematic research on MET technique, which
contributes insight to the evolution and problems of the
techniques and provides reference for MET improvement
of China. An analysis of the literature[72–79], summarized
here, identifies the main characteristics of MET in the USA
at each stage of its development (Table 1).
In general, its development history can be divided into

three stages, namely: before 1980, when attention was paid
to accurate estimation of cultivar yield, from 1980 to 2000,
when attention was paid to accurate testing of cultivar
stress resistance, and after 2000, when attention was paid
to performance prediction of cultivars in target promo-
tional environments (TPE) with the innovation of
biological technology. With the changes in breeding
targets at the different stages, breeding strategies are

constantly adjusted, and various innovative technologies
have been put forward and introduced, such as visualized
analysis of test results, special testing analysis software
and large databases. Driven by these innovative techni-
ques, breeding improvements maintain momentum and
steady growth in the USA.

3 Status of multi-environment trials in
China and suggestions for improvement

3.1 Status of multi-environment trials of crop cultivars in
China

In China, before approval and widespread promotion, new
cultivars must pass seed companies MET, and provincial or
national regional trials. After each round of testing, yield
potential and adaptability of tested cultivars is evaluated,
and based on these results, superior cultivars are selected
and inferior ones eliminated. New superior cultivars
selected through various tests, however, are always
average in performance when planted in the field, and
those widely planted are usually less than 15% of the
total[80]. The performance of new cultivars in the
promotion stage is inconsistent with their yielding
capability and adaptability in the testing stage, showing
that the reliability of testing results is on the low side. The
reasons for poor testing quality are insufficient under-
standing of the importance of MET and inadequate
investment[81]. Kong et al. made an accurate analysis of
multiple years of regional testing in China, and found that
in more than 50% of the 331 tests studied there, it cannot
identify yield differences of less than 10% between the
cultivar tested and the check cultivar[44,82]. In addition,
with rapid development of the seed market, the value of
approved new cultivars has greatly increased, and many
non-technical factors have also seriously interfered with
the objectivity of provincial or national MET.
At present, MET cannot meet the demands of modern

breeding, as highlighted by the four considerations that
follow.

3.1.1 Test design

There is a serious shortage of testing sites, and there is no
quantitative standard for selection and arrangement of
testing sites, leading to a high level of randomness. Like
cultivation experiments, MET uses strict plot techniques
(including randomized block, plot repetition and control
plots) and the evaluation results are reliable in each testing
site[83,84]. However, MET uses only limited samples from
the vast number of regional target promotional environ-
ments (TPE). If the number of MET samples is insufficient
(i.e., inadequate testing), the general characteristics
estimated on the basis of sample characteristics will be
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unreliable, and the test design will lack the analytical
methods to calculate the sample size and test sufficiency. In
addition, in the cultivar promotion stage, abnormalities,
such as significant crop failure, is often caused by one fatal
flaw in stress resistance. Due to historical reasons, in
China, most environmental conditions at the testing sites
are moderate, and the probability of suffering from severe
stress is low[46], so it is difficult to obtain a reliable
evaluation of cultivar stress-resistance. Meanwhile,
because of the lack of methods and tools, there is no
systematic research on quantitative selection and spatial
arrangement of testing environment.

3.1.2 Test analysis

First, there is a lack of analytical methods which are simple
and easy to use, and accurately and reliably reflect test
results and cultivar genetic characteristics. Secondly, there
is a lack of visualized diagram analytical technique
appropriate for MET data, and most scholars still focus

on complex statistical methods and models, so that the
mining, transmission and utilization of test data are
relatively limited. In addition, another reason for inaccu-
rate evaluation is treating the check cultivar as the
evaluation and reference system[85].

3.1.3 Phenotypic acquisition

Whether in field plant phenotypic measurement or later-
stage indoor ear test, data acquisition for most observed
phenotypic traits relies on manual measurement, which
gives rise to problems such as phenotypic observation,
needing considerable time and effort, and a high degree of
artificial data deviation and poor traceability. With the
rapid increase of labor costs and expansion of modern
breeding test scale, those conflicts and pressures are
increasingly problematic, so there is an urgent need to
develop various high-throughput, automatic field pheno-
typing technique and equipment, replacing phenotypic
measurement based on manual observation.

Table 1 Development history of multi-environment trials in the United States

Stages Before 1980 1980–2000 After 2000

Main characteristics Accurate yield estimation Accurate stress-resistance evaluation Field presentation prediction

Test purposes Select high-yield cultivars Select high-yield and widely adaptive cultivars
Predict the performance of cultivar in

the target promotional environment (TPE)

Test means Field test, manual harvesting
Field test, little natural stress environment,

manually and by machinery

Field test, natural and artificial stress
environment, by machinery, molecular

detection

Field testing key points
Accuracy of repetitions in each

test station
Accuracy of repetitions and precision of multi

environments are equally important
Precision of multi environments

Field testing systems
Primary test, several rounds of advanced

tests, cultivar promotion test
Primary test, advanced test, strip test Advanced test, strip test

Selection of testing sites
A dozen testing sites, high-yield

environment

Dozens of testing sites represent the main
environmental types, including low yield and

stress environment

Hundreds of testing sites represent all the
environmental types

Plot designs
Latin square, multiple repetition, low

density, large area
Randomized block, 2–3 repetitions, medium

density, medium area
Interval arrangement, no repetition, high

density, small area

Error controls Costly, abandonment of abnormal values
Medium cost, and summary of revised

abnormal values
Costs less, direct summary of abnormal

values

Data analysis

Variance analysis, significance test, no
across-year comparison, great importance

attached to the analysis in each test
station

Pair comparison, t test and stability analysis,
more attention paid to across-year, multi-

environment, across-system data integration
analysis, as well as to gene-environment

interactions (GEI)

Comparison of multiple references,
performance prediction based on across-
year, multi-environment and across-system

data, utilize GEI

Data management tools Calculator
Mainframe computers, databases, statistical

software
Micro-computers, databases, special

software

Data presentations Professional statistical reports
Structured reports, using special font and

symbol, statistical diagram
Visualized analysis software, brief reports

Decision-making
groups

Breeders Breeders, senior management Breeders, senior management, farmers

Presentation of cultivars Narrow TPEs and long economic life
Medium TPEs, stress resistance, medium

economic life
Wide TPEs, stress resistance, suitability

for users, short economic life
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3.1.4 Data management

Software tools are used to manage and analyze MET data.
Test analysis software, either developed in China or
imported, has its problems. The first is the difficulty in
conducting a comprehensive analysis of across-year and
across-trial-region test data. The second is the large
number of data quality problems in test data; furthermore,
the existing software has barely any ability to validate
problem data, so a lot of manual error-checking work is
required. The third is that results from analyses are not
user-friendly, namely, the results of a certain statistical
methods are often output directly, hard to read, greatly
restricting the number of researchers able to interpret these
results. Lastly, the software only manages text data, so it
lacks effective management and analysis of test photos,
even though visualized information has become important
for decision-making.

3.2 Technical essentials for optimization of MET

MET in uncontrolled environments is mainly aimed at
screening new cultivars with high yield and broad
adaptability, and to predict future performance. Based on
this objective, the system design and data analysis include
two levels. The first is testing site and the second the trial
region.
When designing a field experiment in a testing site, some

experimental factors usually need to be considered
including fertilization, irrigation, density and sowing
time. Each factor is divided into different levels of quantity
value, and each factor and its corresponding level
constitute the experimental treatment number. When
designing a field experiment, according to actual needs,
costs and other considerations, experimental treatments are
completely or incompletely implemented, and the final
field arrangement needs to consider the application of plot
technique such as randomized block, plot repetition and
control plots.
In general, the experimental design technique at the level

of testing sites is mature, but the test design technique at
the level of trial region lacks support by relevant technical
methods and tools. For some trial regions, the basic
problems related to the test design are rarely studied. For
example, how many testing sites are required for the MET
system, in order to guarantee accurate evaluation of tested
cultivars, and how to select and arrange each testing site, in
order to obtain high test efficiency? Although most
experimental factors at the level of testing sites are
controllable, those at the level of trial region (such as
yield, lodging, drought, plant diseases and insect pests,
etc.) are uncontrollable. Although the occurrence of each
of these experimental factors has a certain probability
range, they are intrinsically uncertain. In addition, unlike
the previous designs for sampling, cultivar performance in
MET is affected by environmental effects and GEI, so it is

difficult to accurately estimate cultivar genetic character-
istics. As a result, special consideration should be given to
confirmation number of tests in the MET design and the
method of selection and arrangement of testing
sites[46,47,86].

3.3 Analysis of test results

The statistical analysis techniques for cultivar testing has
evolved from earlier statistical methods for cultivation
testing[55] and requires balance of experimental data.
However, the MET is aimed at screening of new cultivars,
and in each round of tests, the superior cultivar or
combination is selected but the inferior ones are elimi-
nated, so that across-year or annual test results are not
balanced. Therefore, the MET data analytical methods
needs to be adaptable to unbalanced data. In addition, the
analysis of test results also needs an effective method to
separate environmental effect and GEI, and its visualized
analysis should take into consideration the multi-trait and
large size of MET data[87–89].

4 Conclusions

In recent years, high-throughput phenotyping in control-
lable and half-controlled environments has developed
rapidly, and has enriched and improved the system of
crop breeding phenotyping techniques. The MET is still of
great significance as an important link to check the actual
field performance and market prospects of new cultivars.
Breeding institutions and seed companies around the world
have attached great importance to MET, for example in
Monsanto, the number of testing plot increased by 1.8
times from 2003 to 2007[17]. China has large farmland
areas, rich in ecological types and abundant crop cultivars,
thus the MET is especially important. In general, the MET
system used in China is only comparable with level
operating in the 1980s in the USA, focusing on cultivar
yield and precision testing of stress resistance. In the next
five to ten years, it is anticipated that different levels of
government and seed enterprises will set up and improve
MET system significantly.
Therefore, research on methods and tools for test design

and analysis, phenotypic acquisition and management, are
urgently needed so as to provide support for the establish-
ment of a reliable crop cultivar MET system, improvement
of testing efficiency and reliability of the selected cultivars
and reduction of risk in selection and introduction of
cultivars.
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