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Abstract Although plant breeding programs can
vary in operations and objectives, all must contain
high performing germplasm and diverse testing envi-
ronments. Additionally, these elements must be well
understood in order for the program to be successful.
The purpose of this research was to investigate Texas
A&M (TAM) hard red winter wheat variety trial
locations and germplasm. The objective of this study
was to gain a better understanding of the environments
and germplasm by utilizing yield data from 2008 to
2012 advanced variety trials and biplot analysis.
Results revealed high significant differences
(P < 0.0001) amongst environments, varieties, and
variety-by-environment interaction. Three mega-en-
vironments within Texas were identified as the High
Plains, Rolling Plains, and Blacklands/South Texas
and several environments were found to produce high
yields each year. ‘Duster’ (PI 639233) was found to be
the highest yielding and most stable variety across
environments, in this limited set of varieties; while
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Introduction

Texas is a very large and diverse state with wheat
producing regions ranging from temperate zones in the
panhandle to the sub-tropics in the south. Abiotic and
biotic stresses vary not only amongst locations, but
also from 1 year to the next at the same location. The
goal of the Texas A&M AgrilLife Wheat Breeding
Program is to develop higher yielding wheat varieties
that are adapted to Texas and other states in the
Southern Great Plains. In order to capture the level of
variability that exists, and develop adapted varieties,
over 25 locations are utilized for testing across the
state annually. However, due to limited resources and
increasing labor and travel costs, it is imperative that
redundancy is minimized and that each testing loca-
tion contributes meaningful information that will be
used in the variety selection process.

Statistical software such as Microsoft Excel (Mi-
crosoft Corp. Redmond, WA 2013) and SAS (SAS
Institute Cary, North Carolina 2013) are commonly
used to identify superior testing locations and vari-
eties. However, genotype-by-environment (G x E)
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interactions can complicate this task. G x E has been
defined as genotypes failing to perform consistent
relative to each other across various environments
(Ghaderi et al. 1980). One method implemented by
plant breeders in order to overcome this problem is
combining similar varieties or environments into
groups and then breeding for each independently
(Malla et al. 2010; Abdalla et al. 1997). Although
several methods such as variety-by-location interac-
tion mean squares (Horner and Frey 1957), correla-
tions of yield among locations (Guitard 1960), and
two-way pattern analysis based on yield performance
(Byth et al. 1976) have been used for grouping
homogeneous groups, cluster analysis, which was first
used by Abou-El-Fittough et al. (1969), has been
relied on the most.

One tool used for identifying clusters is biplot
analysis. The biplot, which is a graphical display used
for evaluating multi-environment data, was first
applied in agriculture by Gabriel (1971). A popular
biplot among plant breeders, developed by Yan
(2001), is the “GGE [Genotype (G) Genotype-by-
environment (GE)] biplot”. This biplot has been used
to determine the discriminating ability and represen-
tativeness of environments, identify the best perform-
ing variety in an environment, identify the most
suitable environment for a given variety, and deter-
mine the average yield and stability of each of the
varieties (Malla et al. 2010; Yan and Tinker 2006).
Environments that provide diverse stresses and are
highly discriminating will produce the most useful
information to a breeding program. The “Average
Tester Coordination for Tester Evaluation” biplot,
which summarizes the interrelationships between test
locations (Karimizadeh et al. 2013), is used to
compare one environment to another and group
homogenous locations together. Grouping of environ-
ments into mega-environments that perform similarly
is done by breeders (Gauch and Zobel 1997; Moham-
madi et al. 2011) in order to appropriately target
certain environments for particular regions. The
“Which-Won-Where” biplot is typically used to
compare and identify varieties that performed best in
each environment as well as their stability (Yan and
Hunt 2002). The most highly regarded varieties are
those that consistently produce high yields across
environments.

The main objective of this study was to evaluate our
state-wide wheat variety program in regards to the
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importance and contribution of each variety trial
location and germplasm performance. Using biplot
analysis, the most discriminating and/or representative
testing environment as well as the best performing
varieties and their stability in each location was
determined.

Materials and methods

Yield data from the hard red winter wheat uniform
variety trial (UVT) was used for this study. Collab-
oration between faculty of Texas A&M Agrilife
Research and Texas A&M AgriLife Extension Service
has been ongoing since 2004 in conducting a UVT
across Texas. The UVT is comprised of a uniform list
of 30-35 entries that are planted annually at over 25
locations across the state. This trial has been divided
into four major geographic regions which include the
High Plains, Rolling Plains, Blacklands, and South/
Central (Fig. 1). The High Plains region has the
greatest wheat production while south Texas has the
lowest production. The same seed source was used to
plant all locations which usually consisted of three
replications laid out in a randomized complete block
design (RCBD). Cultural practices varied by location
but were representative for each region. Plots were
planted with a small plot planter under no-till or
conventional till practices and the total plot size was
1/1000th of an acre or larger. Seed treatments and
additional insecticide and herbicide applications were
performed with labeled pesticides as needed but
fungicides were not applied so that disease resistance
could be measured. A small plot combine (Winter-
steiger, Ried im Innkreis, Austria 2018) was used to
harvest the plots and yield and test weights were
determined using a scale and USDA test weight
apparatus. Abiotic stress such as drought or hail
damage resulted in some locations not being harvested
each year. If multiple years of data were present, the
mean value was used for each location. All yield data
was standardized to report grain yield in kilograms per
hectare.

In this study, yield data of 16 varieties (Table 1)
planted at 19 locations (95 total site-years) (Fig. 1) in
the UVT from 2008 to 2012 was used to evaluate
environment and germplasm performance. These 16
varieties were selected for analysis as they were
present at all locations while the remaining entries
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Fig. 1 Map showing wheat testing sites by region. Red = High Plains, Yellow = Rolling Plains, White = Blacklands, Blue = South/

Central Texas. Map was created using Google Earth, 2015

within the UVT varied across locations. Environmen-
tal performance across years and amongst locations
was examined and a combined environment analysis
of variation (ANOVA) was conducted using SAS
v9.3. Biplot analysis was conducted using the GGE
biplot software (Yan 2001). GGE biplots were used to
identify mega-environments, the most and least dis-
criminating environments, the highest and lowest
yielding varieties, and the most stable varieties across
locations. Environments were evaluated based on their
ability to discriminate between varieties and the mean
performance of varieties planted at each location.
Locations that produced similar results were grouped
into mega-environments. Furthermore, the best and
worst performing varieties were identified for each
mega-environment and the stability of these varieties
was also determined.

Results and discussion

A combined environment ANOVA for grain yield
(Table 2) showed highly significant differences
(P < 0.0001) in each source. The term “yxI” (year-
by-location) was used to represent environments
(example: College Station 2011 and College Station
2012 were considered two different environments).
Highly significant differences amongst environments
indicates (1) at least one location did not perform
similarly from 1 year to another, (2) at least two
locations did not perform similarly, or (3) a combina-
tion of these two, although it does not provide
information on which case is present. Differences
amongst environments can be better seen in Table 3
which shows the mean grain yield for each location
across years. The ANOVA table also showed a high
significant difference (P < 0.0001) between varieties
indicating significant variation in yield between at
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Table 1 List of varieties and corresponding developing
company that were evaluated

Variety Company

Doans AgriPro

Duster Oklahoma State University
Endurance Oklahoma State University
Fannin AgriPro

Fuller Kansas State University
Greer AgriPro

Jackpot AgriPro

Jagger Kansas State University
Santa Fe Westbred

TAM 111 Texas A&M University
TAM 112 Texas A&M University
TAM 113 Texas A&M University
TAM 203 Texas A&M University
TAM 304 Texas A&M University
TAM 401 Texas A&M University
TAMW-101 Texas A&M University

least two of these varieties. Finally, the variety-by-
environment interaction was found to be highly
significant (P < 0.0001) indicating that there was
variation in the yield of varieties amongst
environments.

Locations that consistently produce high yields are
an important aspect of a breeding program. These
types of locations can assist breeders in assessing new
varieties for their full yield potential as well as be a
suitable place for growing seed increase plots in
preparation for the release of a variety. The mean grain
yield data (Table 3) revealed several locations that
would be suitable for this purpose. Comparing this
data with national average yields of hard red winter

wheat, which ranged from 2266 to 2730 kg per hectare
from 2012 to 2015 (USDA-ERS 2015), several
locations were identified that reliably produce yields
that are well above the national average. Clovis and
Bushland under irrigated conditions as well as
Castroville and Prosper were found to be the highest
yielding locations across Texas.

Biplot analysis is commonly used to determine
similarities amongst testing locations and identify
mega-environments (Malla et al. 2010; Munaro et al.
2014; Yan et al. 2000). This was done using the
‘Average Tester Coordination for Tester Evaluation’
biplot (Fig. 2). This biplot showed three clusters of
locations: Etter Dry, Etter Irrigated, Canadian, Here-
ford, Clovis Dry, Clovis Irrigated, Bushland Dry,
Bushland Irrigated, and Dalhart (Cluster 1); Abilene,
Brady, Castro County, Chillicothe, and Hardeman
(Cluster 2); College Station, Ellis County, Prosper,
Castroville, and McGregor (Cluster 3). These clusters
were determined to be separate mega-environments
identified as the High Plains (cluster 1), Rolling Plains
(cluster 2), and Blacklands/South Texas (cluster 3).
The red circle lying on the red line that runs through
the biplot indicates the average for all locations in the
analysis. A location that appears close to this point
would be considered representative for the entire state
of Texas. Therefore, Chillicothe and Castro County
were found to be the most representative locations and
would be the best for testing and selecting varieties
that are generally adapted for Texas. A similar
analysis previously conducted using 2004-2008
UVT data had revealed four clusters (Blacklands and
South Texas locations were grouped separately) and
found Brady to be the best representative of all testing
locations (Dr. Amir M.H. Ibrahim- Personal Commu-
nication). These changes are most likely due to the
drought conditions that were seen throughout Texas

Table 2 Combined environment analysis of variance (ANOVA) for grain yield in uniform variety trials (UVT) from 2008 to 2012

Source DF Type III SS Mean Square F Value Pr>F
yxl 74 1,547,238.8 20,908.6 203.2 <.0001
rep(yxl) 150 15,437.8 102.9 32 <.0001
Variety 15 30,789.1 2052.6 63.9 <.0001
yxI*variety 1110 171,934.7 154.9 4.8 < .0001
Error 2250 72,177.3 32.1

yxl = year by location (Environment), rep(yxl) = replications within environments, variety = differences between varieties,

yxl*variety = variety by location interaction
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Table 3 Mean grain yields
of wheat in Texas uniform
variety trial (UVT) from
each testing location by
year from 2008 to 2012

Dry = Dryland testing with
no irrigation,

Irrigated = Grown under
irrigation, Dash (-) =
Location not harvested that
year

Fig. 2 GGE biplot showing
environment discrimination
grouping of environments
and average wheat testing
location for Texas. Location
Abbreviations:

ABI = Abilene,

BD = Bushland Dry,

BI = Bushland Irrigated,
BRD = Brady,

CAN = Canadian,

CAS = Castroville,

CH = Chillicothe,

CS = College Station,
CTRO = Castro County,
CVD = Clovis Dry,

CVI = Clovis Irrigated,
DAL = Dalhart, ED = Etter
Dry, EI = Etter Irrigated,
ELS = Ellis County,

HFD = Hereford,

HG = Hardeman,

MCG = McGregor,

PRO = Prosper

Grain yield (Kg/ha) Average
Location 2008 2009 2010 2011 2012

Abilene 4903 - 3060 1984 1876 2956
Bushland dry 861 1116 2421 881 1137 1283
Bushland irrigated 1708 3181 5481 3988 4492 3770
Brady 2925 2367 3672 1318 3470 2750
Canadian 4607 1123 2656 - - 2795
Castroville 4311 3813 4526 - 3753 4101
Chillicothe 2683 - 3369 874 2946 2468
College station 3120 3611 3685 - 1903 3080
Castro county 2152 - 3753 4674 - 3526
Clovis dry - 343 4270 1022 - 1878
Clovis irrigated - 5098 6463 3874 6026 5365
Dalhart 4674 2764 - 3100 4835 3843
Etter dry 787 1056 3087 827 - 1439
Etter irrigated 2199 1923 4001 3295 2495 2783
Ellis county 3342 - 3732 2717 4560 3588
Hereford - 1016 2011 1049 - 1359
Hardeman - - 3282 1184 2280 2249
McGregor 3961 4977 3410 - 2159 3627
Prosper 3679 - 3632 3800 4156 3817
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Fig. 3 GGE biplot showing best and poorest performing
cultivars for each test environment. Cultivars that appear at
the vertex of the polygon close to a location is best suited for that
location. Cultivars that do not appear close to any location are
not well suited for any of the locations. Testing locations in red,
cultivars in blue. Location Abbreviations: ABI = Abilene,

especially in 2010. Another feature of this biplot is the
vectors that connect each location to the center of the
concentric circles which are used to approximate
discriminating ability. Those with a long vector are
considered very discriminating meaning that they
greatly show the differences between superior and
non-superior varieties. Those with very short vectors
show very little variation between varieties and,
therefore, contribute the least amount of useful
information for selecting varieties. In this analysis,
Abilene had the shortest vector indicating it was the
least discriminating environment. Many of the loca-
tions located in the South Texas/Blacklands and High
Plains regions had long vectors and contributed the
most useful information in selecting varieties. Yan
(2001) describes an “ideal” location as the one that
best combines  discriminating  ability = and

@ Springer

BD = Bushland Dry, BI = Bushland Irrigated, BRD = Brady,
CAN = Canadian, CAS = Castroville, = CH = Chillicothe,
CS = College Station, CTRO = Castro County, CVD = Clovis
Dry, CVI = Clovis Irrigated, DAL = Dalhart, ED = Etter Dry,
EI = Etter Irrigated, ELS = Ellis County, HFD = Hereford,
HG = Hardeman, MCG = McGregor, PRO = Prosper

representativeness. The best location was Chillicothe
as it was the most discriminating testing site closest to
the ideal location (Fig. 2). The information gathered
from this biplot can greatly assist in using resources
efficiently. Variety performance within a mega-envi-
ronment of tightly clustered locations should be
similar and, therefore, some can be eliminated without
much loss of information. Additionally, locations that
are very discriminating or representative will be
retained while those that are not can be discarded.
The ‘which wins where and which is best for what’
biplot (Fig. 3) shows which varieties performed best
in which environments. In this graph, the varieties
most distant from the biplot origin are connected to
create a polygon so that all other varieties are
contained within it. Perpendicular lines are then drawn
from the origin to make a right angle with each side of
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Fig. 4 GGE biplot showing each cultivar’s mean performance Station, CTRO = Castro County, CVD = Clovis Dry,

and stability. Location Abbreviations: ABI = Abilene, BD =
Bush Dry, BI = Bush Irrigated, BRD = Brady, CAN = Cana-
dian, CAS = Castroville, CH = Chillicothe, CS = College

the polygon. Varieties that are located at the vertices of
the polygon are either the best or poorest performing
varieties in one or more environments. From the
biplot, “‘TAM 112’ (PI 643143; Rudd et al. 2014) was
found to be the best performing variety in the cluster of
locations identified as the High Plains region. ‘TAM
111" (PI 631352; Lazar et al. 2004), ‘TAM 113’ (PI
666125; Rudd et al. 2011a, b), and ‘Endurance’ (PI
639233; Carver et al. 2006) were also adapted to this
region but were not as high yielding. In the cluster
comprised mostly of Rolling Plains locations, Duster
(Edwards et al. 2012) was found to be the top
performing variety. ‘TAM 304’ (PI 655234; Rudd
et al. 2015) was the best performing variety in the
cluster of South Texas/Blacklands locations. ‘TAM
203’ (PI 655234), ‘Greer’, ‘Jackpot’ (PI 658007),
‘Santa Fe’, and ‘Fuller’ (P 653521) were also adapted
to these regions but were not as high yielding as TAM
304. The varieties TAMW-101 (Porter 1974), ‘Jagger’
(PI 593688; Sears et al. 1997), ‘Fannin’ (PI 639231),

CVI = Clovis Irrigated, DAL = Dalhart, ED = Etter Dry,
EI = Etter Irrigated, ELS = Ellis County, HFD = Hereford,
HG = Hardeman, MCG = McGregor, PRO = Prosper

and “TAM 401° (PI 658500; Rudd et al. 2011a, b) did
not perform well across a broad mega-environment.
‘Fannin’ (PI 639231), which has a tendency to lodge
under optimum fertility and moisture conditions due to
below average straw strength (Watson and Steve
2009), and ‘TAM 401°, which performs well in South
Texas locations but does not fare as well in the
northern part of the state, were identified as the worst
performers overall.

Figure 4 demonstrates the stability of individual
varieties across environments. This figure is com-
prised of a red line that passes through the biplot origin
and is referred to as the average-tester axis. The small
red circle that lies on this line indicates the position of
the average tester which is defined by the average of
PC1 and PC2 scores across all testers. This figure also
contains a blue line that passes through the biplot
origin and is perpendicular to the average-tester axis
which separates entries with below-average means
from those with above-average means with average

@ Springer
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yield increasing from left to right. Finally, a vector is
used to connect each variety to the average-tester axis
which represents the stability of each entry. Varieties
with a short vector were stable whereas those with
long vectors were not stable across environments.
Duster was found to be the highest yielding and most
stable variety, which could be due to its resistance to
leaf rust (Puccinia triticina) and soil-borne wheat
mosaic virus (Virgaviridae Furovirus) and moderate
resistance to stripe rust (Puccinia striiformis) and
powdery mildew (Blumeria graminis f. sp. tritici)
(Oklahoma Foundation Seed Stocks 2010). ‘TAM
112’ was also high yielding but was very unsta-
ble across environments. This is most likely due to leaf
and stripe rust susceptibility in humid conditions such
as those typically observed in South Texas locations.
As seen in the Fig. 3, ‘Fannin’ and “TAM 401 were
two of the lowest yielding varieties and also unsta-
ble across environments. This study is beneficial as
varieties found to be both high yielding and stable, and
their progenies, will be used as parental lines for new
varieties.

Conclusion

Biplot analysis is a powerful tool for plant breeders in
evaluating multi-environment data as it allows for
effective evaluation of the varieties and testing
environments that are used in a breeding program. In
this study, 5 years of UVT data was analyzed using
biplots in order to better understand the various winter
wheat growing environments in Texas. In contrast to a
previous report which clustered locations into four
mega-environments, only three were found in this
study. As new analyses are conducted in the future, it
may be possible to better understand and therefore
predict how the best regionally adapted varieties
change due to various environmental factors such as
severe drought. Researchers can use this information,
and the varieties identified as being stable across
environments, to develop the next generation of
adapted cultivars as well as make recommendations
to producers.
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