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ABSTRACT
Tahmasebi, S., Esmaeilzadeh Moghaddam, M., Tabib Ghaffari, M., Sayyahfar, Kh. Miri, M., Lotfali
Ayeneh, Gh. A., Akbari Moghaddam, H., and Osroosh, S. 2021. Summarizing the genotype x environment
interaction and mega-environments delineation using LG biplot analysis of unrepeatable multi-environment
bread wheat yield trials data of southern warm and dry agro-climatic zone in Iran. Crop Breeding Journal 11
(1 & 2): 45-57

In this study LG (location-grouping) biplot analysis, as a new method, was used to identify repeatable and
unrepeatable GEI patterns and to delineate mega-environments using grain yield data of five multi-environment
bread wheat trials from six southern warm and dry agro-climatic zone of Iran including Khorramabad (KHR),
Darab (DAR), Dezful (DEZ), Iranshahr (ISH), Ahvaz (AHV) and Zabol (ZAB). The trials included 18, 32, 28, 28
and 28 elite bread wheat genotypes. Each of genotype sets was evaluated in two successive cropping seasons of
2012-14, 2013-15, 2014-16, 2015-17 and 2016-18, respectively. The highest (7.99 ton ha) and lowest (4.33 ton ha)
grand mean of testing locations across ten trials were observed in KHR and AHYV, respectively. Results of the
yearly GGE biplots based on the grain yield data from the 2012-13 to 2016-18 cropping seasons of 10 bread wheat
yield trials across six locations varied from cropping cycle to cropping cycle, thus it was difficult to extract the
common patterns across cropping seasons and grouping the test locations using two-year grain yield data. When
these datasets were incorporated in a LG biplot analysis, six locations were divided into four MEs. The LG biplot
explained 49.86% of the total variation of the two-way correlation table. KHR ZAB locations formed ME1 and
MEZ2, respectively. AHV and Iranshahr ISH formed ME3, while DAR and DEZ grouped in ME4. Unlike ME1 and
MEZ2, which had negative correlation with each other and with other MEs, ME3 and ME4 were weakly correlated,
therefore, a genotype with the highest grain yield in ME3 may perform well in MEZ2, and vice versa. Result of this
study can help bread wheat breeders to understand the bread wheat growing MEs in the southern warm and dry
agro-climatic zone of Iran, and lead to better decision-making for the analysis of multi-environments yield trial
data and to identify and release high-yielding bread wheat cultivars adapted to each ME.
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INTRODUCTION

Increasing grain yield potential and
improving yield stability for sustainable
crop production is one of the most important
objectives of bread wheat breeding programs.
Due to the high genotype x environment
interactions (GEI) in diverse regions, no crop
cultivar performs the best in all environments,
therefore, achieving yield stability is a major
challenge of breeders in crop breeding
programs (Cattivelli et al., 2008). Multi-
environment trials are used for evaluating GEI

and selecting the desirable genotypes
(Sabaghnia et al., 2013).
In  multi-environment  trials  (METS),

evaluating genotypes in multi-location and
multi-year yield trials is necessary to be able to
verify GEI. Identifying repeatable GEI and
accommodating non-repeatable GEI are two
approaches to dealing with GEI (Yan, 2016).
Identifying repeatable GEI is used to group the
heterogeneous target areas into meaningful
mega-environments  (ME)  with  more
homogeneous conditions, which could be used
for breeding ME-specific cultivars (Yan et al.,
2019). Non-repeatable GEI is used to select
high mean yield with high yield stability
cultivars within a ME (Yan, 2016).

Genotype plus GEI (GGE) biplot analysis
(Yan et al., 2000) is one of the most known and
appealing  multiplication  approaches  for
modelling GEI in multi-environment trials
(METs) and can help breeders to determine
whether the target cropping region is
homogeneous or should be grouped into different
mega-environments (Dardanelli et al., 2006).
GGE biplot analysis has been used by numerous
researchers in ME analysis for different regions
and crops (Voltas et al.,2005; Dardanelli
etal., 2006; Dehghani et al., 2006; Mohammadi
et al,2010; Rakshit etal,2012; Munaro
etal,2014; Xu et al.,2014; Luo etal., 2015;
Swanckaert et al., 2020; Tahmasebi et al., 2021).

In this method, delineation of a target region
or regions into mega-environments must be
based on repeatable GEI patterns, which can be
obtained only from multi-year, multi-location
crop yield trials (YYan, 2015).

However, data from multi-location yield
trials, in all major crops, conducted every year
in every region have rarely been utilized to
extract repeatable GEI patterns, because
different sets of genotypes are tested in
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different years (Yan, 2019). In most multi-
location yield trials one set of genotypes is
only tested in two years. In these cases,
summarization across years is difficult and
subjective (Yan et al., 2021). Some attempts
have been made to utilize such datasets to
summarize the GEI patterns across years. LG
(location-grouping) biplot is a new method
recently developed (Yan, 2019) and can be
used to summarize the results of GEI patterns
with different genotypes across years. This
new method allows utilization of existing
yield trial data to identify repeatable GEI
patterns, to delineate mega-environments, and
to understand the scope of unrepeatable GEI at
a location and within a mega-environment
(Yan, 2019).

Bread wheat is the most widely grown and
the most important staple food crop in Iran.
Wheat production in the country is frequently
influenced by unpredictable environmental
conditions particularly in southern warm and
dry agro-climatic zone (Zone 1) (Jalal Kamali
and Duveiller, 2006). Breeding the high
yielding and widely adapted wheat cultivars
resistant to biotic and abiotic stresses is the
main objective of breeding programs in these
environments. Under these conditions, bread
wheat breeders are always challenged by
significant GEI that complicates the
identification of superior genotypes. Mega-
environment analysis of bread wheat yield
trials in these environments is difficult,
because of the geographical extent and
different  climatic and  agro-ecological
conditions of this agro-climatic zone. Analysis
of bread wheat yield trials data using the
strategy of yearly analysis and summarizing
across two years in many cases does not reveal
the repeatable GEI patterns for the ME
differentiation.

The main objective of this study was to
identify MEs covering southern warm and dry
agro-climatic zone of wheat production areas
of Iran using different and long term
unrepeatable multi-year and multi-location
bread wheat trial data, which can be useful for
developing the national bread wheat breeding
strategies for these areas.

MATERIAL AND METHODS
Grain yield data
Grain yield data of the five multi-
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environment bread wheat adaptation trials
from 2012-13 to 2017-18 cropping seasons
from Darab (DAR), Dezful (DEZ), Ahvaz
(AHV), Khorramabad (KHR), Zabol (ZAB)
and Iranshahr (ISH) were compiled and used
in this study. The sites are representative of
the major irrigated wheat production in the
southern warm and dry agro-climatic zone of
Iran. Description of testing locations and their
average meteorological data from 2012-13 to
2017-18 cropping seasons is given in Table 1.

Each dataset included grain yield of 18, 32,
28, 28 and 28 elite bread wheat genotypes
tested in six test locations in two successive
cropping seasons of the 2012-14, 2013-15,
2014-16, 2015-17 and 2016-18, respectively.
In each year, the trials at DEZ and KHR were
grown under optimum irrigation conditions

while trials at DAR, AHV, ZAB and ISH were

grown under terminal drought stress
conditions.
In  optimum irrigation  conditions,

genotypes were well irrigated throughout the
cropping cycle, while in terminal drought
experiments, irrigation was ceased from late
booting stage. In each trial, genotypes were
planted in an alpha lattice design (Patterson &
Williams, 1976) with four replications. Plots
consisted of six rows that were six m long
with row spacing of 0.20 m. The seeding
rate was 400 seeds m? at each trial.
Agronomic practices including fertilizer
application and weed management carried out
as recommended at each location. Following
harvest, grain yield (ton ha') was determined
for each genotype at each testing environment.

Table 1. Geographical coordinates of test locations and their average meteorological data from
2012-13 to 2017-18 growing seasons

Altitude Rainfall
Moisture (m) Latitude Longitude Temperature (°C) (mm)
Location Code management Min.  Max. Ave.
Ahvaz AHV  Terminal drought 18 31°24° N 48°52°E 14.1 273 207 1572
Darab DAR Terminal drought 1080 28°47° N 54°17" E 8.6 233 159 3401
Dezful DEZ Optimum irrigation 83 32°15" N 48°25°'E 17.0 25.7 214 3436
Iranshahr ISH Terminal drought 591 27°15'N 60°40'E  15.3 295 224 69.9
Khorramabad ~ KHR Optimum irrigation 1148 33°30'N  48°25'E 4.4 186 115 4385
Zabol ZAB Terminal drought 490 31°18' N 61°15E 97 257 177 374

GGE biplot analysis

GGE biplot analysis was conducted for the
yearly yield data from the 2012-13 to 2017-18
trials using GenStat 15 software (Payne et al.,
2012). The data of genotype x environment
interaction effect on mean values of grain
yield in each of test locations and year were
standardized before subjecting to GGE biplot
analysis. The standardization was conducted
using the following equation (Yan, 2019)
Equation (1) Y =T“T‘

]

Where, Yjj is the standardized grain yield of
genotype i in environment j, T is the original
grain yield of genotype i in environment j, T;
is the mean grain yield of genotypes in
environment j, and S; is the standard deviation
in environment j.

Totally ten yearly standardized data of the
six test locations were subjected to GGE biplot
analysis. Before that, two-way genotype-to-
environment tables of six locations were
constructed for each trial (original data not
shown). GGE biplots were performed based
on the first two principal components (PC)
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resulting from subjecting the standardized
genotype-by-environment table (Pij) to SVD
for each data series. This process decomposes
the table into genotype eigenvalues,
environment eigenvalues, and singular values
(Yan, 2013):
Pij = (dMGin)(A! ry/d) + (dAGi2 (A2 T /d) + s,
where i1 and (2 are the eigenvalues for
PC1 and PC2, respectively, for genotype i; 7y
and 7; are the eigenvalues for PC1 and PC2,
respectively, for environment j, and & is the
residual from fitting PC1l and PC2 for
genotype i in environment j; A1 and A, are the
singular values for PC1 and PC2, respectively.
a is the singular value partitioning (SVP)
factor. When a =1 (i.e., SVP = 1), the biplot is
genotype-focused, and use for comparing
genotypes. When o = 0 (i.e., SVP = 2), the
biplot is environment-focused, and is suitable
for visualizing correlations among
environments (Yan, 2013). The scalar d is
chosen such that the length of the longest
vector among genotypes equals to that among
environments; this is important for generating
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a functional biplot. The GGE biplot was
constructed by plotting (dA1* ti1) against (di>*
ti2) for genotypes and plotting (A1! ~“1sj/d)
against (A2 '™* 12j/d) for environments in the
same plot (Yan, 2013).

LG biplot analysis

LG biplot analysis was employed based on
the method developed by Yan (2019). This
method includes two steps. First, the yearly
Pearson correlations among six test locations
across tested genotypes were calculated to
form a location by trial table of correlations.
This table was subjected to SVD (Singular
Value Decomposition) and displayed in a LG
biplot in the second step.

The process of generating a LG biplot is the
same as generating a GGE biplot (Equation 2)
except to define Yijj as the Pearson correlation
coefficient between location i and location-
year combination j and replace “genotypes”
with “locations” and “environments” with
“trials” or “location-year combinations”
(Yan, 2019). No scaling or centering was

performed before subjecting the correlation
table to SVD (denoted as “Scaling = 0” and
“Centering = 0”). The LG biplot, therefore,
approximates the correlation values of test
locations. In this method, information of tested
genotypes as random samples in the
population is not required in LG biplot
analysis (Yan, 2019).

RESULTS AND DISCUSSION
Grain yield means of the wheat trials
Mean grain yield of genotype sets at each
location in each cropping season were
presented in Table 2. Genotype means of trials
ranged from 3.27 ton ha? (in ERWYT2015-
Y2 at ZAB) to 8.86 (in ERWYT2016-Y2 at
KHR). The highest (7.99 ton ha') and lowest
(4.33 ton ha) grand mean of testing locations
across ten trials were observed in KHR and
AHV, respectively (Table 2). In general, at the
most trials, KHR had the highest mean of
grain yield. AHV and ZAB had the lowest
means of grain vyield in most trials,
respectively (Table 2).

Table 2. Mean grain yield (+SE) of bread wheat genotypes at each location in each elite regional
wheat yield trials from 2012-13 to 2017-18 cropping seasons

Locations
KHR DAR DEZ ISH AHV ZAB
Genotypes Genotypes Genotypes Genotypes Genotypes Genotypes
Cropping Numberof  mean mean mean mean mean mean
Trial season  genotypes (tonha') SE (tonha!) SE (tonha®) SE (tonha') SE (tonha') SE (tonha®) SE
ERWYT2012-Y1  2012-13 18 693 044 747 050 431 073 581 042 525 038 6.75 0.67
ERWYT2012-Y2  2013-14 18 732 038 697 040 534 044 524 066 416 049 6.60 0.92
ERWYT2013-Y1  2013-14 32 742 0.68 6.10 059 562 091 6.14 1.10 437 047 6.63 0.69
ERWYT2013-Y2  2014-15 32 772 054 573 08 58 076 637 067 393 042 336 0.49
ERWYT2014-Y1  2014-15 28 776 089 634 048 602 029 737 071 457 032 416 054
ERWYT2014-Y2  2015-16 28 8.85 1.01 554 045 531 045 6.93 0.63 431 041 414 0.38
ERWYT2015-Y1  2015-16 28 8.54 076 474 035 521 061 5.98 0.67 4.28 028 4.86 0.60
ERWYT2015-Y2  2016-17 28 8.66 058 493 062 6.23 046 4.84 0.40 421 030 327 0.71
ERWYT2016-Y1  2016-17 28 7.81 052 5.20 049 588 053 4389 0.62 417 047 354 0.74
ERWYT2016-Y2  2018-19 28 8.86 112 6.90 059 526 088 3.90 0.51 4.03 044 362 0.54
Grain yield grand mean 7.99 5.99 5.50 5.75 4.33 4.69

SE: standard error of mean grain yield of genotypes in each trial.

Yearly correlations and GGE biplot
analysis

The yearly correlations among test
locations in each of the 60 trials (5 genotype
data set x 6 location x 2 repeated cropping
seasons for each genotype data sets) from the
evaluation of promising bread wheat lines
in elite regional uniform vyield trials
(ERWYT) in southern warm and dry
agro-climatic zone of Iran is presented in
Table 3. Some locations (e.g., DAR and DEZ)
showed more positive and significant

48

correlation with the other locations in different
trials (Table 3). On the contrary, the
correlation of KHR and ZAB with other
locations were negative or not significant
(Table 3) in most trials. Also, when
correlations in two consecutive years with
the common genotypes were examined, in
most cases the same pattern of correlation
could not be extracted. Varied correlation
between each pair of locations in different
years, indicating considerable non-repeatable
GE interaction.
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Table 3. Pearson correlations coefficients between mean grain yield of the elite regional wheat

yield trials of test locations in 2012-13 to 2017-18 cropping seasons
Pearson correlation

Location Trial name*  Trial code Cropping secasonKHR  DAR DEZ ISH AHV ZAB
AHV ERWYT2012-Y1 AHV-1 2012-13 -0.44* 0.00 -022 0.00 100 -0.03
AHV ERWYT2012-Y2 AHV-2 2013-14 0.09 -0.27 0.60** 029 1.00 0.43*
AHV ERWYT2013-Y1 AHV-3 2013-14 -0.07 033 052 0.60** 1.00 0.08
AHV ERWYT2013-Y2 AHV-4 2014-15 -0.38* 0.71** 0.65** 0.60** 1.00 0.45**
AHV ERWYT2014-Y1 AHV-5 2014-15 022 051 011 008 100 0.28
AHV ERWYT2014-Y2 AHV-6 2015-16 0.38* 0.22 012 030 100 -0.12
AHV ERWYT2015-Y1 AHV-7 2015-16 -0.19 -013 020 -0.18 1.00 -0.03
AHV ERWYT2015-Y2 AHV-8 2016-17 025 -0.11 002 -011 100 o0.07
AHV ERWYT2016-Y1 AHV-9 2016-17 028 048 011 021 100 -0.03
AHV ERWYT2016-Y2 AHV-10 2017-18 014 003 -003 020 100 -0.11
DAR ERWYT2012-Y1 DAR-1 2012-13 -0.06 100 030 035 0.00 -0.24
DAR ERWYT2012-Y2 DAR-2 2013-14 001 100 -0.34 -0.08 -0.27 -0.13
DAR ERWYT2013-Y1 DAR-3 2013-14 0.33* 1.00 0.72** 0.54** 0.33* 0.31
DAR ERWYT2013-Y2 DAR-4 2014-15 -0.33  1.00  0.79** 0.54** 0.71** 0.25
DAR ERWYT2014-Y1 DAR-5 2014-15 032 1.00 001 0.44** 0.51** 0.67**
DAR ERWYT2014-Y2 DAR-6 2015-16 018 100 025 0.38* 022 0.02
DAR ERWYT2015-Y1 DAR-7 2015-16 -0.07 100 -0.03 0.09 -0.13 -0.16
DAR ERWYT2015-Y2 DAR-8 2016-17 006 1.00 0.39* 031 -011 -0.14
DAR ERWYT2016-Y1 DAR-9 2016-17 0.56** 1.00 024 034 0.48** 0.28
DAR ERWYT2016-Y2 DAR-10 2017-18 015 100 013 023 003 0.21
DEZ ERWYT2012-Y1 DEZ-1 2012-13 0.49* 030 100 0.03 -022 -0.43*
DEZ ERWYT2012-Y2 DEZ-2 2013-14 0.43* -0.34 100 042 0.60** 0.65**
DEZ ERWYT2013-Y1 DEZ-3 2013-14 029 0.72** 100 0.74** 0.52** 0.37*
DEZ ERWYT2013-Y2 DEZ-4 2014-15 -0.34* 0.79** 1.00 0.51** 0.65** 0.14
DEZ ERWYT2014-Y1 DEZ-5 2014-15 -0.08 001 100 011 011 0.34
DEZ ERWYT2014-Y2 DEZ-6 2015-16 034 025 100 -013 012 0.20
DEZ ERWYT2015-Y1 DEZ-7 2015-16 -0.17 -0.03 1.00 -0.23 020 0.01
DEZ ERWYT2015-Y2 DEZ-8 2016-17 005 0.39* 100 017 0.02 -0.38*
DEZ ERWYT2016-Y1 DEZ-9 2016-17 037 024 100 003 011 -0.07
DEZ ERWYT2016-Y2 DEZ-10 2017-18 017 013 100 025 -0.03 -0.20
ISH ERWYT2012-Y1 ISH-1 2012-13 -0.02 035 0.03 100 000 0.34
ISH ERWYT2012-Y2 ISH-2 2013-14 -0.19 -0.08 042 100 029 0.32
ISH ERWYT2013-Y1 ISH-3 2013-14 022  0.54** 0.74** 1.00 0.60** 0.17
ISH ERWYT2013-Y2 ISH-4 2014-15 -0.41** 0.54** 0.51** 1.00 0.60** 0.37*

Table 3. Continued.

Pearson correlation

Location Trial name*  Trial code Cropping season KHR  DAR DEZ ISH AHV ZAB
ISH ERWYT2014-Y1 ISH-5 2014-15 -0.12 0.44** 011 100 0.08 0.39*
ISH ERWYT2014-Y2 ISH-6 2015-16 -0.02 0.38* -0.13 1.00 0.30 0.27
ISH ERWYT2015-Y1 ISH-7 2015-16 0.12 0.09 -0.23 1.00 -0.18 0.31
ISH ERWYT2015-Y2 ISH-8 2016-17 -0.07 0.31 0.17 1.00 -0.11 -0.15
ISH ERWYT2016-Y1 ISH-9 2016-17 023 034 0.03 1.00 0.21 0.02
ISH ERWYT2016-Y2 ISH-10 2017-18 0.56** 0.23 0.25 1.00 0.20 -0.18
KHR ERWYT2012-Y1 KHR-1 2012-13 1.00 -0.06 0.49*-0.02 -0.44*-0.03
KHR ERWYT2012-Y2 KHR-2 2013-14 1.00 0.01 0.43*-0.19 0.09 0.28
KHR ERWYT2013-Y1 KHR-3 2013-14 1.00 0.33* 029 0.22 -0.07 0.08
KHR ERWYT2013-Y2 KHR-4 2014-15 1.00 -0.33 -0.34* -0.41* -0.38* -0.09
KHR ERWYT2014-Y1 KHR-5 2014-15 1.00 0.32 -0.08 -0.12 0.22 0.09
KHR ERWYT2014-Y2 KHR-6 2015-16 1.00 0.18 0.34 -0.02 0.38* 0.07
KHR ERWYT2015-Y1 KHR-7 2015-16 1.00 -0.07 -0.17 0.12 -0.19 -0.14
KHR ERWYT2015-Y2 KHR-8 2016-17 1.00 0.06 0.05 -0.07 0.25 -0.16
KHR ERWYT2016-Y1 KHR-9 2016-17 1.00 0.56** 0.37*0.23 0.28 0.08
KHR ERWYT2016-Y2 KHR-10 2017-18 1.00 0.15 0.17 0.56**0.14 0.11
ZAB ERWYT2012-Y1 ZAB-1 2012-13 -0.03 -0.24 -0.43*0.34 -0.03 1.00
ZAB ERWYT2012-Y2 ZAB-2 2013-14 0.28 -0.13 0.65**0.32 0.43 1.00
ZAB ERWYT2013-Y1 ZAB-3 2013-14 0.08 0.31 0.37%0.17 0.08 1.00
ZAB ERWYT2013-Y2 ZAB-4 2014-15 -0.09 0.25 0.14 0.37* 0.45**1.00
ZAB ERWYT2014-Y1 ZAB-5 2014-15 0.09 0.67** 0.34 0.39* 0.28 1.00
ZAB ERWYT2014-Y2 ZAB-6 2015-16 0.07 0.02 0.20 0.27 -0.12 1.00
ZAB ERWYT2015-Y1 ZAB-7 2015-16 -0.14 -0.16 0.01 0.31 -0.03 1.00
ZAB ERWYT2015-Y2 ZAB-8 2016-17 -0.16 -0.14 -0.38*-0.15 0.07 1.00
ZAB ERWYT2016-Y1 ZAB-9 2016-17 0.08 0.28 -0.07 0.02 -0.03 1.00
ZAB ERWYT2016-Y2 ZAB-10 2017-18 011 o0.21 -0.20 -0.18 -0.11 1.00

* and **: significant at the 5% and 1% probability levels, respectively.
Y1 and Y2 in the trial name column are the first and second year of the elite regional wheat yield trials (ERWYT) with the
same genotypes. AHV: Ahvaz, DAR: Darab, DEZ: Dezful, KHR: Khorramabad, ISH: Iranshahr, ZAB: Zabol
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The yearly GGE biplots summarizing the
yield data from the 2012-13 to 2016-18
growing season of 10 wheat trials across six
locations are presented in Figs. 1-5. In each
cropping season (except 2012-13 and 2017-
18), there were two trials in each test location
with different genotypes; one trial with
common genotypes with previous year
(repeated last year trial) and other with new
genotypes which are repeated in the next
cropping season. The aim of yearly GGE
biplot in this study was to present the degree
of similarity/dissimilarity among test locations
in ranking genotypes.

The studied genotypes in each year were
assumed as random samples of the genotype
population, so all genotypes were designated
numerically (G1, G2, G3...) in the GGE
biplots. The GGE biplot analyses were based
on location-standardized data (Scaling =1,
Centering = 2) and the singular values were
partitioned entirely to the location vectors
(“SVP = 27). The cosine of the angle between
two locations in the biplot approximates the
Pearson correlation between them for all
tested genotypes. Acute and obtuse angles
indicated positive and negative correlation,

respectively. Right angles between two
location vectors means lack of correlation
between two locations for all tested genotypes
(Yan and Kang, 2002). Moreover, the
locations with longer vectors are more
responsive to the genotypes.

GGE biplots based on the 2012-14 vyield
data are presented in Fig. la (2012-13
cropping season) and Fig. 1b (2013-14
cropping season). The biplots explained 55.19
and 63.54 percent of the total variation of the
GEI two-way table in the first and second
year, respectively. In the first year, AHV and
ZAB showed the highest positive correlation.
Based on the GGE pattern, there were three
distinct groups in this year including;
AHV/ZAB, DAR/ISH and KHR/DEZ. Each
group shared common genotypes. In the
second year, ZAB and DEZ showed a high
positive correlation. The test location of ZAB,
DEZ and AHV were placed in the same group,
while other locations did not form any distinct
group. There was a large GEI (indicated by the
obtuse angles in Fig. 1a and Fig. 1b) between
some trials in both years. In these two trials
(2012-14), with common genotypes, the
patterns of GEI were not same (Fig. 1).
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Fig. 1. The GGE biplot for grain yield based on location standardized data (Scaling = 1, Centering = 2)
in elite regional wheat yield trial (ERWYT12) in (a): the first cropping seasons (2012-13) and (b): the
second cropping seasons (2013-14). Environmental codes; DAR, ZAB, DEZ, AHV, KHR and ISH
represent the field stations of Darab, Zabol, Dezful, Ahvaz, Khorramabad and Iranshahr, respectively.
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In 2013-15 cropping seasons, with 32
genotypes in common, the biplots explained
68.17 and 71.32 percent of the total variation
of the GEI two-way table in the first
and second year, respectively. In two
consecutive years, the test location of DAR

and DEZ, as well as AHV and ISH placed in
the same groups in both growing seasons of
2014-15 and 2015-16. However, KHR and
ZAB, which had a positive correlation in the
first year, had no correlation in the second
year (Fig. 2a and Fig. 2b)
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Fig. 2. The GGE biplot for grain yield based on location standardized data (Scaling = 1, Centering = 2)
in elite regional wheat yield trial (ERWYT13) in (a): the first cropping seasons (2013-14) and (b): the
second cropping seasons (2014-15). Environmental codes; DAR, ZAB, DEZ, AHV, KHR and ISH
represent the field stations of Darab, Zabol, Dezful, Ahvaz, Khorramabad and Iranshahr, respectively.

For the 2014-16 cropping season, the GGE
biplots of yield data are presented in Fig. 3a
(2014-15 cropping season) and Fig. 1b (2015-
16 cropping season). The biplots explained
60.59 and 52.79% of the total variation of
the GE two-way table in the first and second
year, respectively. In these two trials with
28 common genotypes, no common GEl
pattern was identified. KHR and DEZ, which
had the highest negative correlation in the first
year, showed the highest positive correlation
in the second year. However, some locations
had positive correlation in both years (e.g.
DAR and DEZ as well as ISH and ZAB).

As shown in Fig. 5a and Fig 5b, in 2015-16
and 2016-18 cropping seasons each with
28 genotypes in common, the biplots
explained 55.92 and 52.16% of the total
variation of the GEI two-way table in the first
and second year, respectively. Despite some
similarities in GEIl patterns (e.g. DEZ and
ZAB negative correlation in both years), there
was no common GEI pattern in two
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consecutive years.

The main purpose of mega-environment
analysis is to optimize future variety
evaluation and recommendation for the target
region (Yan, 2019). However, high GEI
complicates the prediction of response of
genotypes to environments, and the variety
selection process (Subira et al., 2015). The
problem of both correlation (Table 3) and
GGE biplot (Fig. 1-5), however, is that most
of GEIl patterns and correlations for test
locations varied in successive cropping
seasons. Thus, it is difficult to extract the
common patterns across years. Esmailzadeh et
al. (2018) and Tahmasabi et al. (2021)
reported different results for grouping of test
locations in warm and dry agro-climatic zone
of Iran using two-year data analysis of
regional wheat variety trials. Results of the
present study indicated that it is difficult to
group the test locations and separation of
mega-environments using two-year yield data,
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Fig. 3. The GGE biplot for grain yield based on location standardized data (Scaling = 1, Centering = 2)
in elite regional wheat yield trial (ERWYT14) in (a): the first cropping seasons (2014-15) and (b): the
second cropping seasons (2015-16). Environmental codes; DAR, ZAB, DEZ, AHV, KHR and ISH
represent the field stations of Darab, Zabol, Dezful, Ahvaz, Khorramabad and Iranshahr, respectively.
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Fig. 4. The GGE biplot for grain yield based on location standardized data (Scaling = 1, Centering = 2)
in elite regional wheat yield trial (ERWYT15) in (a): the first cropping seasons (2015-16) and (b): the
second cropping seasons (2016-17). Environmental codes; DAR, ZAB, DEZ, AHV, KHR and ISH
represent the field stations of Darab, Zabol, Dezful, Ahvaz, Khorramabad and Iranshahr, respectively.
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Fig. 5. The GGE biplot for grain yield based on location standardized data (Scaling = 1, Centering = 2)
in elite regional wheat yield trial (ERWYTL16) in (a): the first cropping seasons (2016-17) and (b): the
second cropping seasons (2017-18). Environmental codes; DAR, ZAB, DEZ, AHV, KHR and ISH
represent the field stations of Darab, Zabol, Dezful, Ahvaz, Khorramabad and Iranshahr, respectively.

and the results vary from year to year. Because
of high yearly variations at individual test
locations and overlaps among test locations in
different years, it is difficult to extract the
common patterns of GEI across years and
difficult to separate repeatable GEI from
unrepeatable GEI (Yan, 2019; Yan et al.,
2021). Therefore, long-term monitoring of the
GEIl in varied environments is essential for
meaningful mega-environment delineation and
grouping of environments to the sub-zones.

The LG biplot analysis to delineate mega-
environments

Correlations between locations (Table 3) in
each of the 10 trials from 2012-14 to 2016-18
in six locations (5 dataset x2 year x 6
locations = 60 trials) was used to the LG
(location-grouping) biplot analysis (Fig. 6).
This LG biplot approximates the correlation
values of Table 3. The rows and columns of
the Table 3 are presented in LG biplot as
location-year combinations and location
points, respectively. The LG biplot explained
49.86% of the total variation of the two-way
correlation table. This LG biplot allows
visualization of the similarity (repeatable GEI)
and variability (unrepeatable GEI) of a
location in correlation with other locations
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across years (Yan, 2019).

Fig. 6 can be used to form a more
functional LG biplot and delineate the mega-
environments as Fig. 7. For this purpose, the
mean coordinates of all trials conducted at
each location were used to determine the
placement of the same location (Yan, 2019).
For example, the placement of “AHV” was
determined by the placements of the ten trials
conducted at Ahvaz i.e., AHV-1 to AHV-10
trial numbers. Each cluster represents mean
placement and variation of associated location
across years. The overlapping or non-
overlapping of clusters determines the
formation of MEs (Yan et al., 2021). If the
clusters of two locations do overlap, the two
locations are considered as the same ME, and
if the clusters do not overlap, the locations
belong to separate MEs.

The six locations involved in 10 trials
formed four distinct groups. Each of KHR
(located in the west of Iran) and ZAB (located
in the south-east of Iran) was placed in a
distinct group and can be named ME1 and
ME2, respectively. These two locations were
weakly correlated and had no overlap with any
other locations. AHV and ISH locations were
highly correlated and felled into the same
group referred to as ME3. AHV and ISH are
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Fig. 6. The LG (location-grouping) biplot displaying the correlations between locations in five two-
year datasets from 2012-14 to 2016-18 in 6 locations (5 data set x2 year x 6 locations = 60 trials).
Each trial is presented in blue point with a location name and a number which represents the dataset
and year of trial. For example, DAR-5 represents the trial of ERWYT2014-Y1 at Darab (see Table
3 for full trial description). The locations are presented in red.

located in the south-west and the south-east of
the country, respectively. Both locations have
low average annual rainfall and high mean
temperature (for more details see Table 1).

The other group including DAR and DEZ,
which had a high positive correlation, could be
referred to as ME4. The GEI between MEs
and GEI within a ME represents repeatable
and  unrepeatable  GEl, respectively.
Repeatable GEI can be utilized by breeders for
each ME while unrepeatable GEI must be
verified by testing adequately within the ME
(Yan, 2016). The sum of the yearly variations
represents the unrepeatable GEI for each
location  within a  mega-environment.
Magnitude of this variation determines how
many years and locations are required to
identify superior cultivars with yield stability
for the target mega-environments.

In general, for a successful breeding
program, it is not only important to evaluate
the genotype, but also to identify and classify
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the  testing locations  with  optimal
discriminating ability to select the desirable
genotypes (Mirosavljevic et al., 2018). Mega-
environments identification helps breeders to
assess the discriminating ability and
representativeness of the environments while
retaining important information of the
genotypes (Akinwale et al., 2014).

The classification of wheat growing regions
of the southern warm and dry agro-climatic
zone of Iran into four MEs can be consistent
with the differences in many factors such as
climatic factors (rainfall, air temperature,
humidity, radiation,...), crop management,
geographical ~ factors  (altitude, latitude,
longitude), soil physico-chemical properties,
biotic and abiotic stresses of the locations
(Mohammadi and Amri, 2016; Mohammadi,
et al., 2020; Tahmasebi et al., 2020). A mega-
environment can be small in acreage and
consist of only a single location if the
genotypic differences in that location are not
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correlated with those in any other locations
within the target region (Yan, 2015).

In our study, KHR (ME1) and ZAB (ME2)
were not correlated with any other location.
Thus, wheat cultivars popular in each of ME1
and ME2 most likely have not a high
performance in ME3 or ME4, and vice versa.
These two MEs were negatively correlated
with the other mega-environments, thus for
each ME1 and MEZ2, different cultivars with
specific adaptation must be selected
and recommended (Yan, 2019). Unlike ME1
and ME2, which have negative correlation
with each other and with other MEs, ME3

(includes AHV and ISH) and ME4 (includes
DAR and DEZ) are weakly correlated (Fig. 7).
Accordingly, the widely adapted cultivars
with highest yield in ME3 may yield well in
ME2, and vice versa. This provides an
opportunity for sharing cultivars between
these two MEs (Yan, 2019). For the two ME3
and ME4, two locations in the same mega-
environment were not closely correlated every
year and had relatively high unrepeatable GEI.
Thus, multi-year multi-location tests are
needed to identify superior and cultivars with
yield stability for each target mega-
environment.
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Fig. 7. The mega-environment view of the LG biplot based on subsets of the 2012 — 2016 Elite
Regional Wheat Trials at six test locations. The position of each location presented in the biplot is
determined using the mean coordinates of all trials conducted at that location. The trial numbers for
each location are numbered from 1 to 10. For example, for DAR location the number 1 to 10 are

the DAR-1 to DAR-10 trials, respectively.

CONCLUSION

In the present study, the long-term grain
yield data of the Elite Regional Wheat Yield
Trials (ERWYT) of six locations of the
southern warm and dry agro-climatic zone of
Iran including 60 environments from 2012-13
to 2017-18 cropping seasons was used for
mega-environment  delineation. Results
showed that because of high yearly variations
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at individual test locations and overlaps
among test locations in different years, it is
difficult to extract the common patterns of
GEIl across years and difficult to separate
repeatable GEI from unrepeatable GEI from
the yearly GGE biplot analysis.

When all trials data were incorporated in a
LG biplot analysis, the six test locations were
formed four distinct groups or MEs. KHR and
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ZAB formed ME1 and ME2, respectively.
AHV and ISH locations formed ME3, while
DAR and DEZ locations made ME4. Result of
this study can help breeders to better
understanding of the bread wheat growing MEs
in the southern warm and dry agro-climatic
zone of Iran, and lead to better decision-making
for the variety trial data analysis and release of
high-yielding wheat cultivars with yield
stability adapted to each ME.
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