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Abstract

An important objective of wheat improvement programmes is to breed varieties for high yield in optimum conditions and for
minimum yield reduction under stress-prone conditions such as heat and drought. Analyses of yield and its components in
multiple years allow a comprehensive and comparative understanding of genetic yield potential and stress-tolerance mecha-
nisms in the study germplasm. The present study was carried out to evaluate performance of elite varieties and landraces of
spring durum wheat under different water regimes, determine the repeatability of the examined traits, and identify superior
genotypes for their potential use in breeding for drought tolerance. A total of 97 accessions of spring durum wheat (T. durum
Desf.) were evaluated under rain-fed and well-watered conditions in the nursery of the Centre for Agricultural Research at
Martonvésar, Hungary (2011-2013). The experiments were laid out in an unbalanced, incomplete alpha lattice block design.
The trait with the lowest broad-sense repeatability was seed length (0.075), while high h? values were observed for heading
date (0.89), thousand-grain weight (0.85) and the protein content (0.85). Grain yield showed moderate level of repeatability
(0.53) across the three years. The principal component analysis revealed that grain yield (t/ha) is positively associated with
the fertile tiller number, chlorophyll content values at early waxy ripeness stages and plant height. Based on biplot analysis,
‘DP-133’, ‘DP-017" and ‘DP-061’ proved to be the best durum cultivars in terms of yield whereas genotypes ‘DP-011’, ‘DP-
185', ’DP-126" and 'DP-136' preceded them with their good yield stability.
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Introduction

By 2050, there are likely to be 9 billion people on the planet
and demand for cereals will increase significantly. Unfor-
tunately, global warming is projected to rise temperatures
and reduce rainfall in many parts of the world, decreasing
agricultural productivity and inducing changes in plant life
(Araus et al. 2002; Seguin 2010).

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s42976-020-00034-z) contains
supplementary material, which is available to authorized users.

>4 J. Banyai
banyai.judit@agrar.mta.hu

Centre for Agricultural Research, Martonvasar 2462,
Hungary

Department of Crop and Soil Sciences, Washington State
University, Pullman, WA 99164, USA

Mild water shortage causes 20-30% of yield reduction
whereas severe drought stress can cause more than 70%
yield reduction. Behera and Sharma (2014) ascertain that the
sensitivity of wheat to moisture stress varies with soil type,
temperature and weather conditions in different regions, and
breeding for drought tolerance is complex due to fluctuations
in the time of onset, duration and severity of moisture stress.
The need to feed an ever-increasing population means that
the efforts of biologists and plant breeders resemble a race
to produce genotypes that have not only greater productivity
but also better adaptability.

There is a general consensus that genotypes could be high
yielders under both well-watered (optimum) and moisture
stressed environments by possessing yield-positive and
stress-adaptive traits. However, some drought tolerance
mechanisms cause yield penalty under non-stress condi-
tion, as another setback for successful breeding programs,
which may have achieved high tolerance (Rosielle and Ham-
blin 1981; Dixit et al. 2014; Spitko et al. 2014). In addition,
drought is often associated with heat stress in late spring
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affecting the plants in earlier phenophases than usual (Ban-
yai et al. 2014; Kiss et al. 2014). It brings out morpho-ana-
tomical, physiological and biochemical changes and reduc-
tion in yield (Ahamed et al. 2010; Pandey et al. 2014).

The important objective of wheat improvement program
is to develop not only heat and drought tolerant but also high
yielding and stable varieties (Sharma et al. 2013). To design
experiments that will give reproducible results is difficult
because of the various forms, combination and duration of
the stress (Spitké et al. 2014). Selection methods can be
divided into direct selection (for performance) and indi-
rect selection (for specific morphological, phenological or
physiological characteristics that contribute to performance)
under stress and non-stress conditions. Because drought
and heat stresses are not a single phenomenon, selection
for resistance to a complex impact is always a type of indi-
rect selection (Haussmann et al. 2012; Habash et al. 2009).
Budak et al. (2013) agreed that utilization of drought tolerant
wild species and the rapid advances in molecular, biological,
functional genomics, and transgenic technologies have facil-
itated drought-related studies. However, using physiological
screening and the measurement of yield components under
stress condition is still the most effective way of identify-
ing stress-tolerant wheat lines (Balla et al. 2012). The most
popular approach to breeding until now has been to select
for plants with highest yield in field trials across the produc-
tion zone (Tardieu and Hammer 2012). Consequently Paul
et al. (2016) concluded that phenotyping protocols should
include grain yield assessment when the aim is the optimi-
zation of grain yield and grain yield stability under stress
conditions. It is known that the yield of each cultivar in each
test environment is a mixture of environment main effect
(E), genotype main effect (G) and genotype-by-environment
interaction (GEI). Additive main-effects and multiplicative
interaction (AMMI) is a common statistical method used
to analyze regional performance trials, generally called
multi-environment trials (MET), with fixed effect by apply-
ing singular value decomposition (SVD) to the residuals of
linear model to decompose GEI into a sum of multiplicative
terms (Gauch 1988). This method ranks genotypes based
on AMMI stability value (ASV) and yield stability index
(YSI). The regional performance trials tend to produce large
quantities of yield data, making it difficult to understand
the general pattern of the data without graphical presenta-
tion (Farshadfar et al. 2013). The most recent method, the
GGE biplot model, provides breeders with a complete vis-
ual evaluation of all aspects of the data by creating a biplot
that simultaneously represents both mean performance and
stability (Yan and Holland 2010; Gedif and Yigzaw 2014).
Analyses of performance using data from multi-year trials
allow a comprehensive and comparative understanding of
the evaluated germplasm and the environments where the
trials were conducted. The present study was undertaken
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to: (1) evaluate the performance of elite varieties and lan-
draces of durum wheat under different water regimes, aimed
at enhancing productivity and determining the repeatability
of the examined traits and (2) identify superior genotypes
better adapted to drought conditions, therefore being useful
for breeding germplasm tolerant to drought stress.

Materials and methods
Plant materials

97 accessions of durum wheat (T. durum Desf.) have been
evaluated under rain-fed and well-watered conditions in the
nursery of the Centre for Agricultural Research (ATK) at
Martonvaséar, Hungary, during the 2011, 2012 and 2013
spring cropping season. The durum wheat material includes
elite varieties and landraces developed in different area
(Italy, Mexico, Morocco, Spain, Syria, Tunisia, and USA)
and used by breeders throughout the Mediterranean coun-
tries during the past 40 years. These materials have been
selected based on a particular focus to their flowering date,
with a window of six days.

Experimental design and water supply to the plots

The experiments were laid out in unbalanced incomplete
alpha lattice block design with three replications for rain-fed
experiment and two for well-watered. The genotypes were
sown between 9 and 16 March in each year. Individual plots
consisted of 8 rows, 12 cm apart, in 0.96 m x4 m plots.
No disease was shown during growth period and weed con-
trol was made by chemical method. The soil texture of the
experimental site is a chernozem with forest residues, having
good water permeability. Soil moisture sensors were placed
at depths of 30, 60 cm at five points, all in the plot contain-
ing the variety ‘Meridiano’. Measurements on the moisture
content (v/v %), temperature (°C) and electrical conductiv-
ity (dS/m) of the soil were made every hour throughout the
growing season.

Based on the pF curve, the water stress state was associ-
ated with a value of 21.5 v/v % (pF 3.4).The change in ten-
sion was constantly monitored with an MPS-1 tensiometer.
Values of — 30 to — 40 kPa represent satisfactory water sup-
plies for the crop, while values lower than — 40 kPa stress
the plants and irrigation is required to ensure optimum devel-
opment and yields. Irrigation was carried out by means of
micro-irrigation with micro-jets, which distributed a uniform
quantity of water on the well-watered replications. Water
supply was provided on three occasions during the 2011
growing season (at the boot stage (Z45), at flowering (Z65)
and in the late milky ripening stage of development (Z77),
and on four occasions during the 2012 growing season (at
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the boot stage (Z45), at V2 of inflorescence emerged (Z55),
at early milk (Z73) and at medium milk (Z75) plant devel-
opmental stages). In 2013, the irrigation started at booting
stage (Z45) and continued regularly until the end of July
to keep the soil tension around -35 kPa. Total amount of
water supplied for the well-watered treatment was 167 mm,
222 mm and 224 mm respectively. Air temperature (min,
max, mean), humidity, global radiation, wind speed and
rainfall quantity were recorded daily throughout the grow-
ing season.

The chlorophyll content of the flag-leaf was measured
using a SPAD-502 chlorophyll meter at the boot stage (Z45),
at flowering (Z65), in the late stages of milky ripeness (Z77),
at early waxy ripeness (Z83) and at the end of waxy ripe-
ness (Z85) in ten replications per genotype for each water
regime. The mean plant height was determined at the end
of the physiological maturity phenophase as follows: Plant
height up to flag leaf collar (FLC), to the base of the ear
(BE), to the tip of the ear (TE, without awn) and the ear
length (EL) in five replications. The plots were harvested
at full maturity using a small-plot combine. Yield (GY) and
yield components were recorded including thousand-kernel
weight (TGW), seed width (SW) and seed length (SL) of
the main spike, which were determined using the Marvin
digital seed analyser system. Test weight (HL), gluten con-
tent (G), protein content and sedimentation index (Z) were
also measured.

Statistical analysis

Analysis on the phenotypic data was performed for each
year and for all the years combined using the linear ran-
dom/mixed effect model in the Genstat18 software package
(REML-Linear Mixed Models) and GGE Biplot package
in R. Interactions and correlations between the traits and
treatments were determined using principal component
analysis, while the best-performing genotype was selected
by means of principal component biplot analysis. To validate
the superiority and stability estimates, additive main effect
and multiplicative interaction (AMMI) was computed using
Plantbreeding package in R "plantbreeding", repos = "https
://r-forge.r-project.org".

Results
Effect of drought stress on the plant performance

The spring season was extremely dry in 2011 and 2012, and
despite sporadic rain, the soil moisture content dropped to
18-21 v/v %; hence, the crop suffered from water deficit
right up to the beginning of harvest. In addition, the boot-
ing stage was followed by high daily mean temperatures.

Analysis of variance showed a considerable amount of geno-
typic variability for all the traits in all the years. The effect of
irrigation was also highly significant for all the traits in the
two dry years. The broad-sense repeatability was estimated
for 19 traits as presented in Table 1. The trait with the low-
est broad-sense repeatability was seed length (0.075) while
heading date had the highest (0.89). Thousand-kernel weight
(0.85) and protein content (0.84) also exhibited high repeat-
ability values. For grain yield, a moderate level of repeat-
ability (0.53) was identified across the three years due to
the strong yearly genotype-by-environment interactions.
Based on the results of combined analysis of variance, the
genotype-by-treatment interaction was highly significant for
grain yield as indicator of phenotypic stability.

In the principal component analysis of the relationships
between the measured parameters, eigenvalue of six fac-
tors had greater than one in the rain-fed replications, which
together accounted for 74.5% of the total variance. The
first background variables (39.7% of the total variance) are
most strongly correlated with heading date (HD r=0.95)
and chlorophyll content (SPAD83 r=0.95), and correlated
with yield (GY r=0.62), test weight (HL r=0.65) and two
morphological properties (BE, TE; r=0.64, 0.62). The sec-
ond factor (10.29% of the total variance) correlated with
yield components (SW, SL, TGW; r=0.54-0.57), while the
third background variable is showed a close correlation with
SPAD values measured until the late milk stage (SPADA45,
SPADG65 and SPAD77; r=0.42-0.62). Based on the factor-
variable correlation pattern (Fig. 1), yield (GY) was in the
same group with plant height parameters (FLC, BE and
TE). Despite the high genetic variability of the length of
the spike, no positive correlation with yield was achieved in
any of the treatments. There were genotypes which reached
a higher average yield per hectare with higher fertile tiller
number.

Identifying superior durum wheat genotypes
under rain-fed conditions

The first two principal components, PC1 and PC2, accounted
for 45.50% and 19.93% of GGE sum of squares, respectively,
explaining a total of 65.43% of the variation (Fig. 2). This
revealed differential yield performance among the durum
wheat genotypes across the treatments due to the presence
of genotype-by-environment interaction (G X E). To visual-
ize the relationship between environments, lines known as
environment vectors were drawn to connect the test environ-
ments to the biplot origin. Based on the vector positions, the
rain-fed regimes of the dry 2011 and 2012 growing seasons
formed a single group, while the treatments in the rainy year
of 2013 formed another group with the irrigated treatment
in 2012.
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Table 1 Analysis of variance and repeatability for the investigated traits of 97 spring durum wheat genotypes under rain-fed and irrigated condi-
tions in Martonvasar in 2011, 2012 and 2013

Year Genotype Treatment Gen.xTrt Mean (Rainfed) Mean (Irrigated) h2
Yield (GY) (t/ha)
2011 <.001 <.001 0.009 3.16 4.774%%*
2012 <.001 <.001 <.001 3.24 3.80%#* 0.5345
2013 <.001 0.057 0.005 3.13 3.18
Thousand-kernel weight TGW (g)
2011 <.001 <.001 0.159 50.55 51.87
2012 <.001 <.001 0.115 48.39 41.72%** 0.8494
2013 <.001 <.001 <.001 4481 39.75
Heading date (HD) (days from 1st of
January)
2011 <.001 0.840 0.001 142.11 142.08
2012 <.001 <.001 0.437 138.73 137.41 0.8911
2013 <.001 <.001 0.999 149.50 149.20
Protein content (P) (%)
2011 <.001 <.001 0.317 11.61 12.63
2012 <.001 <.001 0.976 13.72 14.51 0.8447
2013 <.001 <.001 0.004 14.79 14.30
Test weight (HL) (kg/100 dm3)
2011 <.001 <.001 0.001 82.44 80.93*#*
2012 0.017 <.001 0.549 79.46 74.31%%* 0.4475
2013 <.001 <.001 <.001 84.02 80.48%#*
Sedimentation index Z (ml)
2011 <.001 <.001 0.192 39.79 45.30%**
2012 0.006 <.001 <.001 79.42 74.774%%* 0.7862
2013 <.001 <.001 0.012 56.82 53.34
Gluten content (G) (%)
2011 <.001 <.001 0.776 24.76 27.61
2012 <.001 <.001 0.962 26.77 29.54 0.7525
2013 <.001 <.001 0.001 31.76 30.44
Plant high (FLC) (cm)
2011 <.001 <.001 0.226 34.40 38.36
2012 <.001 <.001 0.109 27.43 35.17 0.7310
2013 <.001 <.001 0.998 35.82 40.43
Plant high (BE) (cm)
2011 <.001 <.001 0.628 49.38 55.05%
2012 <.001 <.001 0.164 39.06 52.59%#* 0.7494
2013 <.001 <.001 0.945 54.25 58.77
Plant high (TE) (cm)
2011 <.001 <.001 0.745 54.44 60.57
2012 <.001 <.001 0.149 42.93 58.08%##* 0.7309
2013 <.001 <.001 0.925 58.89 64.70
Ear lenght (EL) (cm)
2011 <.001 <.001 0.124 5.06 5.53
2012 <.001 0.012 0.128 3.77 5.58 0.4626
2013 0.151 <.001 0.015 4.50 5.90
Fertile till.num. (FTN)
2011 0.071 0.029 0.002 358 382%*
2012 0.981 <.001 0.853 269 477 0.4800
2013 <.001 <.001 0.007 389 457#H%
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Table 1 (continued)

Year Genotype Treatment Gen.xTrt Mean (Rainfed) Mean (Irrigated) h2
SPAD45

2011 <.001 0.502 0.008 44.78 45.11

2012 0.002 0.108 0.036 46.74 47.87 0.7126
2013 <.001 0.119 0.886 41.01 40.61

SPADG6S5

2011 <.001 <.001 0.217 44.95 48.73

2012 <.001 0.046 0.102 47.96 51.48 0.8382
2013 <.001 0.408 0.410 46.88 46.77

SPAD77

2011 <.001 0.043 0.514 41.90 46.19

2012 <.001 <.001 0.104 43.90 49.93%* 0.7341
2013 0.008 0.027 0.239 36.51 40.10

SPADS3

2011 0.874 <.001 0.038 6.97 22 .44%#%*

2012 0.685 <.001 0.145 7.10 27.776%%* 0.4958
2013 0.636 0.029 0.205 15.90 25.10%%*

SPADSS5

2011 0.194 <.001 0.004 3.27 7. 17H%*

2012 0.762 <.001 0.426 3.05 14.82%%* 0.0009
2013 0.383 <.001 0.605 5.25 10.84%#%*

Seed width (SW)

2011 <.001 <.001 0.322 3.32 3.36

2012 <.001 <.001 0.003 3.25 3.09 0.4187
2013 <.001 <.001 <.001 3.15 3.05

Seed length (SL)

2011 <.001 <.001 0.012 6.91 6.97

2012 <.001 <.001 0.286 7.35 7.19 0.075
2013 <.001 <.001 0.985 6.85 6.72

To identify superior genotypes better adapted to
drought conditions, the analysis focused on the rain-fed
treatment. The Average Environments Coordinate (AEC)
has the average coordinates of all the test environments,
and the Average Environment Axis (AEA) passes through
the AEC (represented by a small circle) and the biplot ori-
gin. Environment]1 (2011) had better discriminating power
as well as representativeness because it had a small angle
with the AEA. Consequently, it was identified as a good
testing environment for selecting widely adaptable, high-
yielding genotypes in dry conditions (Fig. 3).

The ranking biplot method was used to evaluate the
genotypes based on both their mean performance and their
stability across environments (Figure S1). The horizontal
line (the abscissa) indicates higher mean yield across envi-
ronments, while the vertical line (the ordinate) indicates
to greater variability (poorer stability) in either direction.
In all three years "DP-133' had the highest mean yield,
followed by "DP-017', "DP-061’, etc.; "'DP-071".

"DP-091" had a mean yield similar to the grand mean,
while "DP-127' had the lowest mean yield. When evaluat-
ing the stability, 'DP-042’ was found to be highly unstable,
whereas, ’DP-011’ and "DP-185' which were located exactly
on the AEA, were extremely stable in the average of the
three years.

2011 year appeared to be the most suitable for identi-
fying optimal genotypes with great output (in the present
case the most drought-tolerant). As visualised in the ranking
biplot method, the highest yielder was *DP-133’ followed by
’DP-017' and 'DP-061', as was obvious due to the fact that
environment had a small angle with the AEA (their rankings
were almost identical). However, the most stable genotypes
with high yield were "DP-126’ and *DP-136’ (Figure S2).

An ideal genotype should have both high mean perfor-
mance and high stability across environments. An ‘ideal’
genotype (the centre of the concentric circles) is placed
directly on the AEA (‘absolutely stable’) and has ‘highest
mean performance’. Therefore, genotypes located closer to
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Fig.1 Principal component
analysis of grain yield and its
attributing traits in the rain-fed
(a) and irrigated treatments (b).
AUSDC (area under SPAD
value decline curve), BE base
of the ear, FLC flag leaf collar,
FTN fertile tiller number, G glu-
ten content, GY grain yield, HD
heading date, HL test weight,

P protein content, SL seed
length, SPAD SPAD unit (at five
stages:45, 65, 77, 83, 85), SSI
stress susceptibility index, ST/
stress tolerance index, SW seed
width, TF tip of the ear, TGW
thousand-kernel weight, V vigor
(at two stages:29-31, 33), Z
sedimentation index
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Fig.2 Similarities between the Scatter plot (Total - 65.43%)
treatments in the three years
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the’ideal’ genotype are more desirable than others and pref-
erable to select for the breeding programs. In the experi-
ment, varieties "'DP-017', ’DP-118" and *DP-126 proved to
be the most desirable for breeding in the rain-fed replications
despite the fact that variety "DP-133" had the highest yield
(Figure S3). Similar ranks were obtained using AMMI sta-
bility value (ASV) and yield stability index (YSI).

Discussion

Changes in total seasonal precipitation and its pattern of var-
iability are both important, and the occurrence of moisture
stress during flowering, pollination and grain-filling causes
yield reduction in wheat (Habash et al. 2009). The aim is
to breed drought-tolerant genotypes capable of producing
satisfactory yields even in the case of water deficit due to
their better water use efficiency and their better adaptation
to water shortages and osmotic stress.

Stability in yield is the ability of a genotype to evade
sizeable variation in yield over an array of environments.
Consequently, in breeding programme, genotypes which
have higher and stable yield are more desirable as candi-
date cultivars or as parents in crosses (Motzo et al. 2015).

However, differences in yield over environments (G X E)
hinder the gain from selection as they reduce the correla-
tion between genotypic and phenotypic values and make it
complicated to select genotypes that are widely adapted and
stable (Shukla et al. 2015). In the present study, the year
and the water supply level were shown to have the greatest
effect on the morphology, physiology and yield biology of
spring durum wheat genotypes, even in the case of traits
with high repeatability (h?). The only exception was the
thousand-kernel weight, where the results of three years of
drought stress proved the great stability of this parameter.
Previous reports indicate that the effect of target environ-
ment on genotypic performance becomes more predictable
when the breeding populations are subject to representa-
tive conditions over years and locations. Stability analysis
is used not only to group environments based on the simi-
larity of their effect on yield and yield components but also
to identify genotypes exhibiting superior performance and
stability in one or more groups of environments. As such,
GGE biplot model applied in the present study was suited
for stability analysis and was able to visualise graphically
the genotypes that were more adaptable, i.e. drought tolerant
across the three years. The biplot analysis showed that ‘DP-
133" and ‘DP-017' were the best cultivars in terms of yield,
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Fig.3 Discriminating ability
and representativeness of the

rain-fed test environments. 1:
2011;2:2012; 3: 2013

Comparison biplot (Total - 80.53%)

PC2-31.11%

PC1-49.43%

X

+
o

Genotype scores
Environment scores
AEC

but that genotypes *'DP-011', ’DP-185', "'DP-126' and *DP-
136’ preceded them with their good stability. This result is in
agreement with previous report by Pagi et al. (2017) that this
procedure can effectively reveal genotype performance and
stability. Similarly, Kendal (2019) identified mega environ-
ments for durum wheat in Turkey and identified stable and
ideal genotypes for grain yield and quality traits suitable for
such environments.

The present work further examined the effect of various
combinations of multiple trait values on yield and yield sta-
bility under the study environment. The association of yield
with plant height parameters, heading date and chlorophyll
retention (SPADS83) in rain-fed treatment provides more
opportunity for breeders to increase yield in predominantly
rain-fed production. On the other hand, the consistent asso-
ciation between test weight and grain yield in both rain-fed
and irrigated conditions suggest a possibility to improve
both yield potential and yield stability.
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Mohammadi (2019) applied genotype by yield*trait
(GYT) biplot analysis to rank durum wheat varieties based
on multi-trait values measured in multi-year trails under
rain-fed conditions of Iran. The same work reported iden-
tification of breeding lines that possess better combination
of agro-physiological characteristics and grain yield, mak-
ing the approach valuable for breeders to select genotypes
that combine multiple traits that contribute to high yield
and stability.

Mohammadi et al. (2016) found that selection for high
value kernel weight resulting from early flowering enhances
yield stability in breeding lines, which is a major step
towards adapting the increasing abiotic stress expected from
the predicted climate change. The significant positive cor-
relation between the SPAD values recorded in later pheno-
phases (Z83, Z85) and yield shows that these phenophases
exhibit the greatest variability between the genotypes under
dry conditions. Many efforts have been made to determine
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the relationship between yield and vegetation indices. How-
ever, the results indicats that replicability is mostly limited
by crop type, climate zone and year effects (Toscano et al.
2019), confirming our results.

The significant positive correlations revealed by princi-
pal component analysis between yield, fertile tiller number,
and the hectolitre weight made it clear that these traits also
contributed to the yield in the case of drought stress, so
it is essential to take them into account during selection.
In agreement with the report by Arduini et al. (2018), the
plasticity in the number and yield of tiller spikes is crucial
to respond positively to high yielding conditions, and to
compensate for the lower yield of main culm spikes. These
results provided further confirmation of the fact that selec-
tion for yield leads to the simultaneous selection of genes
responsible for yield and abiotic stress adaptation (Richards
2006).

Identification of high yielding and stable genotypes has a
substantial benefit to the regional breeding. Our work rein-
forces the need to evaluate genotypes under a representative
test environment in order to realize this benefit. When multi
environment trial is not possible, effective selection can be
done on environment that has better representation and dis-
criminating ability. In our case, selection based on one suit-
able year was indicative of performance on accross three
years. The positive and negative associations between yield
and component traits is also valuable information source
parental lines and combine yield positive and stress adaptive
traits in breeding programs. The use of multiple trait profile
evaluated under target environment will help improve the
gain from selection in variable environment.
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