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genotypic variation. Based on the results, the genetic 
potential for high and stable grain yield and drought 
tolerance was found mainly in T. turgidum subsp. tur-
gidum and T. turgidum subsp. durum, which could be 
explored in the durum breeding program. The cluster 
analysis revealed that the grouping patterns of tetra-
ploid wheat accessions are not due to their geographi-
cal origin and their respective subspecies classifica-
tion. Among the accessions, G56 (subsp. turgidum), 
G20, G63, G64, G6 and G4 (all belonging to subsp. 
durum) were the best in terms of providing high 
and stable grain yield in combination with breeder-
preferred traits (i. e. earliness, higher kernel weight, 
and plant stature characteristics) adequate for drought 
tolerance. In conclusion, the identified accessions 
are valuable genetic resources that should be used 
directly for cultivar recommendation or to be crossed 
with native or commercial cultivars for improve yield 
productivity in durum wheat under the new circum-
stances of climatic change.

Keywords  Tetraploid wheat · Agro-physiological 
traits · Phenotypic diversity · Drought tolerance

Introduction

Genus Triticum encompases species at three ploidy 
levels, diploid (2n = 14), tetraploid (2n = 4x = 28) and 
hexaploid (2n = 6x = 42), some of which are of con-
siderable economic importance (Igrejas et  al. 2020). 

Abstract  Expanding the genetic basis of mod-
ern wheat cultivars may improve yield stability and 
increase grain yields under climatic changes, to feed 
the growing human population. The main objective 
of this study was to evaluate the potential for incor-
poration into a durum wheat breeding program of 64 
accessions of tetraploid wheats from six sub-species 
of Triticum turgidum, tested under rainfed (terminal 
drought stress) and irrigated (non-terminal drought 
stress) conditions during two cropping seasons. The 
accessions were assessed for twelve above-ground 
agro-physiological traits, drought tolerance and 
stability performance. The combined analysis of 
variance indicated that variability due to genotype, 
environment and genotype by environment (GE) 
interaction was highly significant (P < 0.01) for all 
traits tested into these experiments. Genotype, envi-
ronment and GE interaction accounted for 34.2%, 
27.8% and 25.3% of the total variation in grain 
yield, showing that this trait was mainly affected by 
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Durum wheat (T. turgidum L. subsp. durum Desf; 
BBAA, 2n = 4x = 28) and common wheat (T. aesti-
vum; BBAADD, 2n = 6x = 42) are cultivated on large 
areas and make a major contribution to human food 
and animal feed (Tadesse et  al. 2019; FAO 2021). 
Durum wheat is mainly used for pasta and other local 
end-use products such as semolina and couscous. It is 
an allotetraploid species that resulted from hybridi-
zation between T. urartu, a diploid species as the 
donor of genome A, and Ae. speltoides or a closely 
related species, which contributed genome B (Lilien-
feld and Kihara 1934; Dvorak and Zhang 1990). This 
cross resulted in the wild emmer wheat (T. turgidum 
L. subsp dicoccoides (Korn. ex Asch. and Graebn.) 
Thell.), which was domesticated about 12,000  years 
ago by ancient farmers and gave rise to the primi-
tive emmer wheat (T. turgidum subsp. dicoccon) 
with hulled grains and brittle ears (MacKey, 2005; 
Gupta et al. 2008). A selection from subsp. dicoccon 
evolved the naked type subspecies tetraploid wheat 
such as durum (T. turgidum L. subsp. durum (Desf.) 
Husn.), rivet wheat (T. turgidum L. subsp. turgidum 
(Desf.) Husn.) and the Polish wheat (T. turgidum 
subsp. polonicum (L.) Thell.), resulting in differ-
ent landraces, many of which have been lost because 
of modern breeding programs with the consequent 
reduction in genetic variability (Autrique et al., 1996; 
Soriano et  al., 2016; Kabbaj et  al. 2017; Salsman 
et al. 2021).

Fortunately, genebanks conserve many acces-
sions of these wild, primitive and cultivated subspe-
cies, including a high proportion of local varieties 
that show a great diversity. The subspecies provide 
valuable traits for durum wheat improvement includ-
ing adaptation to low input agriculture and tolerance 
to environmental stresses associated with climate 
change (Xynias et al. 2020). Extensive breeding and 
selection efforts over years have narrowed the genetic 
base in durum wheat, calling for mobilizing adaptive 
genes from landraces, primitive wheats and wild spe-
cies conserved ex situ in gene banks to develop vari-
eties adapted to climate change and having needed 
quality attributes (Sharma et al. 2021).

Durum wheat is mainly grown under Mediter-
ranean type environment, where its productivity is 
severely affected by low and fluctuating rainfall. 
Assessing yield stability and adaptability of gene 
bank accessions has been investigated through dif-
ferent statistical models including joint regression 

models (Finlay and Wilkinson 1963; Eberhart and 
Russell 1966), additive main effects and multipli-
cative interaction (AMMI) model (Gauch 1992), 
and genotype main effect and genotype by environ-
ment (GE) interaction (GGE) biplot model (Yan 
et al. 2000). The AMMI and GGE biplot models are 
among the most efficient methods for exploring geno-
typic diversity for yield stability, adaptability and for 
selecting accessions with specific adaptation to dif-
ferent agro-climatic regions. These methods are used 
extensively for exploring genetic diversity in global 
diversity panels of different crop species (Mallikar-
juna et al. 2015; Das et al. 2019; Enyew et al. 2021; 
Aberkane et al. 2021; Singamsetti et al. 2021).

Climate change is projected to increase the inci-
dence and severity of drought, and therefore future 
food security will seriously depend on the develop-
ment of new drought tolerant wheat cultivars (Kumar 
et al. 2021). Recent studies have shown that interspe-
cific crosses using wild Triticum, primitive wheats 
and Aegilops speltoides have allowed to develop 
durum wheat elite germplasm with enhanced toler-
ance to heat and drought and resistance to major 
diseases and insects calling for strengthening further 
pre-breeding efforts (Zaim et  al. 2017; Aberkane 
et al. 2020).

In this paper, we investigated the phenotypic 
diversity and productivity of a diverse tetraploid 
wheat panel composed by new cultivars, landraces 
and primitive subspecies, all of them with putative 
drought and mild winter cold tolerance. The objec-
tives were (a) to compare agro-physiological char-
acteristics and drought tolerance of six T. turgidum 
subspecies, and (b) to evaluate the productivity and 
stability performance of accessions across environ-
ments. The ultimate goal is to select candidate acces-
sions to be incorporated into durum wheat breeding 
program for the development of drought tolerant vari-
eties adapted to the rainfed conditions of Iran.

Materials and methods

Plant materials

In this study, 62 tetraploid wheat accessions 
(Table  S1) maintained at the gene bank of Dryland 
Agricultural Research Institute (DARI), Sararood sta-
tion, Kermanshah, Iran along with two commercial 
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durum wheat cultivars were evaluated. These acces-
sions were selected as a subset from 641 durum wheat 
accessions received from ICARDA gene bank in 
2010 based on their level of cold tolerance and their 
agronomic performance. The accessions belonged 
to six different subspecies of T. turgidum including 
carthalicum, dicoccon, durum, polonicum, turanicum 
and turgidum. Among the 64 accessions, 27 acces-
sions originated from Turkey (TUR), 19 from Rus-
sia (RUS), six from Azerbaijan (AZE), three from 
China (CHN), two from Armenia (ARM), two from 
Kazakhstan (KAZ), two from Iran (IRN), one from 
Afghanistan (AFG), one from Pakistan (PAK) and 
one from Tajikistan (TJK).

Experimental layout

In 2018–19, the accessions first were grown under 
rainfed condition to multiply the seeds. Then, the 
accessions were evaluated for the following two crop-
ping seasons (2019–20, 2020–21), where in 2019–20 
the experiment was carried out under rainfed condi-
tion and in 2020–21 the experiments were conducted 
under rainfed (terminal drought stress) and supple-
mental irrigation (no-terminal drought stress) condi-
tions, resulting in three environments. The accessions 
in each experiment were carried out in a randomized 
complete blocks design with two replicates. Each 
accession was planted in a two-row plot with 2.5 m 
length and 0.25  m row spacing. Under the irrigated 
condition, two supplemental irrigations of 30  mm 
each were applied from heading to the mid-grain 
filling period to mitigate terminal drought stress. 
The experiments were conducted at Sararood dry-
land agricultural research station, DARI, (34° 19ʹN, 
47o17ʹE; 1351 m a.s.l), the main station for breeding 
crops targeting regions with moderate cold climates 
in the west of Iran. The soil texture was silty-clay-
loam at the research site. Weeds were controlled by 
herbicide complemented by hand-weeding when 
needed. Fertilizers were used at rates of 50 kg N ha −1 
and 50 kg P2O5 ha −1 at the time of planting.

Data collection

Agronomic, physiological and phenological traits 
were recorded for each accession in each plot. Head-
ing date (DHE) was recorded when about 50% of 
spikes fully emerged in each plot. Days to maturity 

(DMA) were recorded when about 50% of pedun-
cles turned yellow in each plot. Phenotypic data for 
plant height (PLH), peduncle length (PL), flag-leaf 
length (FL), and spike length (SL) at maturity were 
collected from three randomly selected plants in 
each plot. PLH was measured as the height of the 
plant from the base to the tip of a spike (excluding 
awns). PL was measured as the distance from the 
top node to the base of the spike; FL was measured 
as the distance from the base to the tip of flag leaf, 
and SL was measured as the distance from the base 
to the tip of the spike (excluding awns). The number 
of grains per spike (NGPS) was determined as the 
average number of grains in five randomly selected 
matured spikes for each accession.

For measuring physiological traits such as chlo-
rophyll content (SPAD index), normalized differ-
ences vegetation index (NDVI) and canopy temper-
ature (CT), the data were recorded using standard 
protocols (Pask et  al. 2012). The flag leaf chloro-
phyll content was determined during anthesis for 
three random flag leaves for each accession per rep-
lication using a SPAD 502 portable leaf chlorophyll 
meter (Minolta Co. Ltd., Tokyo, Japan). NDVI 
was recorded during anthesis for each plot using 
the GreenSeeker hand-held active sensor (Trimble 
GreenSeeker, USA) with 0.5  m horizontally above 
the canopy on a sunny day (Pask et  al. 2012). CT 
was taken on a clear and sunny day with an infrared 
thermometer (Kimo KIRAY 100, UK) for all plots 
between 12:00 to 14:00  h and from a distance of 
about 0.5 m in the front of the canopy, (Pask et al. 
2012).

At maturity, the plots were harvested with an 
experimental combine, and then plot yield is con-
verted into kg ha−1. After harvesting, a sample of 
grains was used to determine 1000-grain weight 
(TKW) for each accession.

Five drought tolerance and susceptibility indices, 
including stress tolerance index (STI; Fernandez 
1992), geometric mean productivity (GMP; Fernan-
dez 1992), mean productivity (Rosielle and Hamblin 
1981), tolerance index (TOL; Hossain et  al. 1990), 
and stress susceptibility index (SSI; Fischer and Mau-
rer 1978), were calculated for each entry based on the 
grain yield under drought and irrigated environments, 
according to the following formulas, to differentiate 
the drought-tolerant and susceptible genotypes.
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1.	 STI =
(Ys)(Yp)
(

Yp
)2  (Fernandez 1992)

2.	 GMP =
√

(Ys)(Yp) (Fernandez 1992)
3.	 MP =

(Ys+Yp)

2
 (Rosielle and Hamblin 1981)

4.	 TOL = Yp − Ys (Hossain et al. 1990)
5.	 SSI =

[

1−
(

Ys

Yp

)]

1−SI
; SI = [1 − 

(

Ys
)

/
(

Yp
)

 ] (Fischer 
and Maurer 1978)

where Ys and Yp stand for the grain yield of each 
accession under drought and irrigated conditions, 
respectively;  Ys and Yp , represent mean yields of 
accessions under drought and irrigated conditions, 
respectively; and SI is stress intensity.

Data analysis

The data collected on measured traits from the three 
environments were subjected to combined ANOVA 
using a mixed linear model. The germplasm effect 
was treated as fixed and the environment, GE interac-
tion, replications, and blocks were treated as random 
factors. For genetic and phenotypic correlation analy-
ses among measured traits, best linear unbiased pre-
dictors (BLUPs) using the R software (R Core Team, 
2016) with the package of META-R (Alvarado et al. 
2015) was performed; and then the generated BLUPs 
data were subjected to all subsequent analyses.

A hierarchical cluster analysis was applied using 
Ward’s (1963) method  and Euclidean distance to 
classify the tetraploid accessions based on their sub-
species taxon and their geographical origins. GGE 
biplot model, as described by Yan et al. (2000), was 
performed using the R software (R Core Team, 2016) 
with the package of GEA-R (Pacheco et al. 2016) to 
visualize the GE interaction (Yan 2002). A genotype 
by trait (GT) biplot analysis, as described by Yan and 
Rajcan (2002), was applied for trait profile of tetra-
ploid wheat accessions and investigation of traits 
relationships.

Results

Forecasting data, combined ANOVA and phenotypic 
variations

The cropping seasons varied in the amount of annual 
rainfall and in its monthly distribution (Fig.  1), 

providing different growing conditions. The annual 
rainfalls recorded in 2019–20 and 2020–21 were 
518.8 and 317 mm, respectively. In the second crop-
ping season, the experiments were subject to severe 
terminal drought due to the lack of rainfall com-
bined with high temperatures during the grain-filling 
period (Fig. 1). Thus, based on drought stress experi-
enced in 2019–20 (environment RF20) and 2020–21 
(environment RF21), we refer to RF20 and RF21 
respectively as moderate and severe drought-stressed 
environments, and the environment with supplemen-
tal irrigation (IR21) as near to normal conditions. 
Drought stress in 2019–20 started from late April 
and in 2020–21 from mid-March, which coincided 
with stem elongation and tillering stages, respectively 
(Fig. 1). No remarkable changes in monthly tempera-
ture were observed during the two cropping seasons.

The analysis of variance for investigated traits 
indicated significant effects of genotype, environ-
ment, and GE interaction. The variance due to the 
genotype and environment effects were highly sig-
nificant (P < 0.01) for all measured traits (except for 
environment on spike length), while GE interaction 
was highly significant (P < 0.01) for grain yield and 
1000-kernel weight, and significant for the number of 
grains per spike (P < 0.05) (Table  1). In the  case of 
grain yield, the genotype accounted for the highest 

Fig. 1   Monthly rainfall patterns and average temperature dur-
ing crop growth in two cropping seasons at Sararood experi-
ment station, Iran. Growth stage of wheat experiments in 
accordance with the Zadoks  (1974) scale to show phenologi-
cal stage of wheat in regards to climatic condition. G: germina-
tion; T: tillering; SE: stem elongation; H&F: heading and flow-
ering; GF&M: grain filling and maturity
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contribution to the total variation (34.2%), followed 
by environment (27.8%) and GE interaction (25.3%). 
For TKW, the genotype effect expressed the highest 
contribution (58.3%) to total variation, followed by 
environment (15.3%) and GE interaction (14.7%). 
Overall, the contribution of genotype to observed 
variation was the largest for grain yield, TKW, NGPS, 
SL, PL and DHE, while the contribution of the envi-
ronment to total variation was the highest for PLH, 
CT, DMA, NDVI, FL, and SPAD.

Descriptive statistics including, mean, range 
values, and coefficient of variability (CV%), and 
broad-sense heritability (H2b) for each measured 
trait in each environment are presented in Table  2. 
Under rainfed condition in 2019–20, T. turgidum 
subsp. polonicum and T. turgidum subsp. dicoc-
con were the earliest in heading (DHE = 134  days) 
and T. turgidum subsp. turanicum was the latest one 
(DHE = 140  days). Moreover, accessions with early 

heading (DHE = 127  days) were found in subsp. 
durum. The highest values for SPAD reading were 
expressed in T. turgidum subsp. turanicum and T. 
turgidum subsp. turgidum, while the lowest value 
was observed for T. turgidum subsp. durum. The 
highest NDVI was recorded for subsp. dicoccon and 
the lowest was observed for subsp. turanicum. The 
highest mean number of grains per spike was found 
in the accessions of subsp. turanicum (51 grains/
spike) while the lowest value was observed in subsp. 
durum and dicoccon. The maximum values for TKW 
(40.2 g) were found in subsp. polonicum followed by 
subsp. durum (38.5  g), and the accession with the 
highest mean yield (4392 kg/ha) was found in subsp. 
turgidum.

Under severe drought conditions of 2020–21, 
the accessions with the earliest heading date 
(DHE = 119  days) were found in subsp. durum and 
turgidum which also exhibited the maximum values 

Table 1   Combined analysis 
of variance for grain yield 
and agro-physiological 
traits of 64 tetraploid wheat 
accessions grown in three 
environments

df degree of freedom, 
MS mean squares, %TSS 
percentage relative to total 
sum of squares, DHE days 
to heading, DMA days to 
maturity, NGPS number of 
grains per spike, PLH plant 
height, FL flag-leaf length, 
PL peduncle length, SL 
spike length, SPAD SPAD-
reading, NDVI normalized 
difference vegetation index, 
CT canopy temperature, 
TKW thousand kernel 
weight, YLD grain yield
**  and ns indicate signifi-
cant at 1% level of prob-
ability and non-significant, 
respectively

Source of variation CV%

Environment (E) Rep/E Genotype (G) GE interaction Error

Traits df 2 3 63 126 189
YLD MS 34,589,299** 68,904 1,347,502** 498,726** 166,471 17.2

%TSS 27.8 0.1 34.2 25.3 12.7
TKW MS 954.7** 6.2 115.6** 14.5** 7.7 8.3

%TSS 15.3 0.2 58.3 14.7 11.6
NGPS MS 3151.8** 18.3 154.8** 65.3** 34.6 14.35

%TSS 20.4 0.2 31.6 26.7 21.2
DMA MS 1116.8** 15.0 29.5** 3.8 ns 4.7 1.3

%TSS 40.6 0.8 33.7 8.7 16.2
PLH MS 56,889.6** 396.3 701.6** 76.9 ns 93.2 9.69

%TSS 61.0 0.6 23.7 5.2 9.4
PL MS 3276.9** 76.1 119.7** 22.8 ns 26.3 12.5

%TSS 29.6 1.0 34.0 13.0 22.4
SL MS 24.3 ns 14.9 299.5** 80.6 ns 161.6 11.99

%TSS 4.2 2.6 51.6 13.9 27.8
FL MS 552.5** 14.3 9.0** 4.9 ns 5.3 11.56

%TSS 33.0 1.3 17.0 18.6 30.1
CT MS 664.7* 67.4 4.6 ns 3.1 ns 2.5 5.5

%TSS 49.7 7.6 10.9 14.5 17.4
NDVI MS 0.613** 0.018 0.010** 0.004 ns 0.003 9.2

%TSS 41.1 1.8 21.3 15.5 20.3
SPAD MS 1261.2** 43.6 37.2** 8.6 ns 9.2 6.1

%TSS 32.3 1.7 30.0 13.8 22.3
DHE MS 1409.1** 3.8 88.0** 7.3 ns 8.5 2.2

%TSS 25.9 0.1 50.9 8.5 14.7
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of SPAD reading and NDVI. Accessions with maxi-
mum TKW belonged to subsp. polonicum (48.0  g) 
and subsp. durum (38.7  g). The accessions belong-
ing to subsp. turgidum performed well under severe 
drought conditions with an average grain yield of 
1834  kg/ha (ranging from 1240 to 2880  kg/ha), fol-
lowed by accessions belonging to subsp. dicoccon 
with an average grain yield of 1825  kg/ha (ranging 
from 1484 to 2087 kg/ha); and accessions belong to 
subsp. durum with an average grain yield of 1797 kg/
ha (ranging from 1222 to 2494 kg/ha). The accessions 
from subsp. turgidum and subsp. durum expressed 
better performance than the two check cultivars.

Under irrigated conditions in 2020–21, the best 
yielding accessions belonged to subsp. durum 
(3612  kg/ha) and subsp. turgidum (3572  kg/ha), 
out-yielded the check cultivars. The maximum val-
ues for TKW were found among the subsp. poloni-
cum (56.2  g) and subsp. durum (44.8  g). The high-
est number of grains/spike (average 43 grains; and 
ranged from 31 to 48) was shown by subsp. poloni-
cum followed by subsp. durum (average 41 grains; 
varied between 35 and 48). The highest spike length 
was observed for subsp. polonicum (8.1  cm; ranged 
from 7.5 to 9.7 cm) and the shortest spike length was 
recorded for the check cultivars belonging to subsp. 
durum. Highest NDVI was expressed for subsp. 
turanicum which was also the latest in heading among 
the six turgidum subspecies.

Mean yield and stability performance of tetraploid 
wheat accessions

Evaluation of GE interaction and stability perfor-
mance of 64 tetraploid accessions through GGE 
biplot analysis is presented in Fig. 2. The GGE biplot 
accounted for 88.46% of the total variation in grain 
yield. The which-won-where pattern of the GGE 
biplot indicated remarkable GE interaction between 
tetraploid accessions and environments and allowed 
the visualization of the best-performing accessions. In 
the polygon view of the GGE biplot (Fig. 2), the ver-
tex accessions for grain yield were accessions G56, 
G37, G54, G60, G52, and G10, with G56 and G10 
taking the vertices for the highest grain yield. Hence, 
these two accessions showed the highest response to 
environmental conditions for grain yield, where the 
accession G56 belonged to subsp. turgidum (origi-
nated from Pakistan) expressed the highest response Ta
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to drought environments (RF20 and RF21); and in 
contrast, G10 belonged to subsp. durum (originated 
from Turkey) was the best performer under irrigated 
environment (IR21).

In the polygon view of the GGE biplot (Fig.  2), 
lines from the origin of the biplot divide the biplot 
into different sections, which are resulting in different 
environment groups (Yan and Tinker 2006). Accord-
ingly, two groups were identified for grain yield. 
Environments representing drought conditions (RF20 
and RF21) jointly formed one group, whereas the irri-
gated environment (IR21) made a separate group for 
grain yield. The G56 was the best performing entry 
in drought environments. The other accessions which 
are far from the origin of the biplot also expressed 
good adaptation to these stressed environments. 
These accessions were: G20 belonging to subsp. 
durum with the origin of Turkey, G49, G4, and G6 
(all belonging to subsp. durum) with the origins of 
Russia, Turkey and Russia, respectively, and G63 and 
G64 (check cultivars). Similarly, the genotype G10 
followed by G15, G17, G11 and G26 were the best 
yielders in the section where environment IR21 was 

positioned. The other genotypes which exhibited also 
relatively good adaptation to IR21 were: G17, G15 
(Russia), and G11 (Turkey) all belonging to subsp. 
durum.

The genotypes were ranked for integrating mean 
yield and stability performance across environments 
using the average environment coordinate (AEC; 
Fig.  2). The AEC represented by a single arrow-
head line that passes through the biplot origin shows 
a higher mean performance of a genotype. Geno-
types G56, G20, G63, G64, G4, G6, G49, G12, G2, 
G17, and G34 expressed the highest mean yields 
across environments. In contrast, G54, G60, G58, 
G21, and G33 had the lowest yields across environ-
ments. Accessions far from the origin but positioned 
on the AEC or close to it are considered as best per-
forming and stable accessions. Accordingly, G56, 
G63, G20, G64, G6, and G4 were the most stable 
genotypes with high mean yield, whereas G17, G37, 
and G10 with high mean yield had long distances 
from the AEC and then expressed the highest insta-
bility (Fig. 2).

For the assessment of mean yield and stability of 
tetraploid wheat accessions in the level of subspecies, 

Fig. 2   Patterns of (i) "which-wins-where" and (ii) "mean 
versus stability" views of the GGE biplot for grain yield of 
the 64 tetraploid wheat accessions across three environments. 
The vertex accessions on convex hull (polygon) are the best in 
each mega-environment for the corresponding trait. The green 
arrowhead line that passes through the origin shows higher 
mean performance of an accession and the green dotted lines 
extending from the green arrowhead line show the stability of 
the accessions. The shorter the dotted line the higher the stabil-
ity of the accession. (Color figure online)

Fig. 3   Patterns of (i) "which-wins-where" and (ii) "mean ver-
sus stability" views of the GGE biplot for grain yield of the the 
six tetraploid subspecies across three environments. The green 
arrowhead line that passes through the origin shows higher 
mean performance of an accession and the green dotted lines 
extending from the green arrowhead line show the stability of 
the accessions. The shorter the dotted line the higher the stabil-
ity of the accession. (Color figure online)
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a GGE biplot was constructed (Fig. 3). In the polygon 
view of the GGE biplot (Fig. 3), the vertex subspecies 
for grain yield were subsp. turgidum, durum, carth-
licum, turanicum and dicoccon, showing the highest 
response to environmental conditions. The subsp. 
turgidum and subsp. durum took the vertices for the 
highest mean yields. The subsp. turgidum expressed 
the highest positive response to environments RF20 
and RF21, and in contrast subsp. durum was the best 
performer for the environment IR21.

The T. turgidum subsp. turgidum followed by 
subsp. durum was the most stable with high mean 
yield, whereas subsp. dicoccon with a high mean 
yield expressed a longer distance from AEC and then 
showed the highest instability (Fig.  3). The subsp. 
polonicum with average mean yield showed the high-
est stability, while subsp. turanicum showed the low-
est performance with average stability.

Trait relationships and trait profile of tetraploid 
wheat accessions

To study the traits profile of tetraploid wheat acces-
sions and the relationships among investigated traits, 
a graphical genotype by trait (GT) biplot analysis was 
applied based on the genotype-by-trait matrix data for 
each environment (Fig. 4). The GT biplots explained 
45.68–49.16% of the total variation. In the case of 
environment RF20 (Fig. 4a), the accessions and traits 
fell into six sections. The grain yield is separated into 
a single section, with G33 being the winner. The next 
section consisted of TKW, SPAD, NGPS, and FL, 
with G12 being the winner, while the third section 
comprised the accession G61 with the highest values 
of heading date and days to maturity. The fourth sec-
tion comprised NDVI and PLH with G50 having the 
best combination for these traits. G52 expressed the 
highest value for peduncle length, while G54 showed 

Fig. 4   Patterns of (i) "which-for-what" and (ii) "traits rela-
tionships" views of the GT-biplot for 12 traits of 64 tetraploid 
wheat accessions under rainfed condition in 2019–20 (A), 
under rainfed condition in 2020–21 (B) and under irrigated 
condition in 2020–21 (C). Vertex accessions on convex hull 
(polygon) are the best in each section for the corresponding 
trait. The dotted blue lines shows traits vectors and the angle 
between trait vectors shows correlation between traits. Acute 
angle shows positive correlation, obtuse angle indicates nega-
tive correlation and right angle represent for no correlation. 
(Color figure online)

▸
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the highest combination level for traits of canopy 
temperature and spike length. Figure  4a also shows 
graphical relationships among studied traits. Most 
prominent positive correlations were found between 
NDVI and PLH, between DHE and DMA, between 
TKW, SPAD, and NGPS, and between grain yield 
and PL, as can be observed through the acute angles 
between their respective vectors. Accessions G33, 
G12, G40, G9, G42 as well as G63, G64, G56, G13, 
G22, G6, and G18 positively interacted with grain 
yield, TKW, SPAD, and grains/spike; while these 
accessions showed negative interaction with traits of 
days to heading and maturity, spike length and can-
opy temperature.

Under severe drought conditions in 2020–21 
(Fig.  4b), the GT biplot explained 49.16% of the 
total variation. The traits fall into five sections and 
genotypes into six sections. Genotype G56 belong-
ing to subsp. turgidum followed by G6, G63 and 
G64 had the best combination levels for grain yield, 
SPAD-reading, and canopy temperature. G58 had a 
high combination of plant height, spike length, and 
NDVI. G12 was characterized by the highest values 
of flag-leaf length, peduncle length, and the grains/
spike; and G4 expressed the highest 1000-kernel 
weight. Genotype G12 followed by G54 and G61 
exhibited the highest values of days to heading and 
maturity. Grain yield was positively associated with 
SPAD-reading, and G56, G63, and G64 positively 
interacted with these traits (Fig. 4b). Strong positive 
correlations were also observed between 1000-ker-
nel weight, flag-leaf length and grains/spike, and G4, 
G57, G12, G13, G42, and G5 positively interacted 
with these traits. Plant height, peduncle length, spike 
length, and NDVI were positively associated in geno-
types ranking, and G58 and G52 positively interacted 
with these traits. Days to heading and maturity were 
strongly correlated and showed negative or no cor-
relation with other traits; where the G62, G54, G61, 
G43, G23, G25 and G15 positively interacted with 
these traits; and negatively interacted with grain yield 
and yield-related traits. Days to heading and maturity, 
plant height, peduncle length, grain yield and SPAD 
with highest long vectors showed the highest discrim-
inating ability, while canopy temperature and NDVI 
exhibited the least discriminating ability.

In the case of environment IR21 (Fig. 4c), the GT 
biplot accounted for 45.68% of the total variation, 
and the traits and genotypes fell into six sectors. The 

genotype G56 followed by G6 and G63 expressed the 
highest combination level for grain yield and SPAD. 
Genotype G59 showed the highest values for plant 
height, NDVI, flag-leaf length and spike length. Gen-
otype G12 expressed the highest combination of the 
grains/spike and peduncle length; and G61 expressed 
the highest value for canopy temperature. Genotype 
G64 expressed the highest 1000-kernel weight, while 
days to heading and maturity fell in the same section 
without any vertex genotype in their respective sec-
tor. Graphical analysis of trait relationships under 
irrigated conditions (Fig.  4c) indicated strong posi-
tive correlations between grain yield with SPAD and 
1000-kernel weight; where G56, G6, G63, and G64 
interacted positively with these traits. These traits 
were negatively associated with phenological traits 
(DHE and DMA), suggesting that selection for higher 
grain yield and TKW will enhance early maturity. 
Plant height, NDVI, flag-leaf length, spike length and 
peduncle length were positively correlated, and G59, 
G33, G29, G27, and G52 positively interacted with 
this group of traits. The grains/spike showed positive 
correlation with 1000-kernel weight and G12, G13, 
G57 and G64 expressed the highest values for these 
traits.

Genetic and phenotypic correlations of the 12 
studied traits in the 64 tetraploid wheat accessions 
across environments are presented in Table  3. Sig-
nificant positive genetic and phenotypic correlations 
were observed between TKW and SPAD with grain 
yield, indicating that accessions with higher TKW 
and SPAD-reading also produced higher grain yield. 
The significant negative correlation between days 
to heading, days to maturity, spike length and plant 
height with grain yield suggested that accessions with 
early heading and maturity and optimum plant stat-
ure tend to have higher productivity. Flag-leaf length 
showed a significant positive genetic and phenotypic 
correlation with TKW, suggesting that accessions 
with higher flag-leaf length tend to have higher kernel 
weights. NDVI was positively correlated (P < 0.01) 
with days to heading and maturity and plant height, 
suggesting that the accessions with higher plant stat-
ure and late heading and maturity have higher values 
of vegetation index. The genetic and phenotypic cor-
relation analyses between traits were in agreement 
with those reported by graphical analysis of trait rela-
tionships through GT biplot analysis.
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Quantifying drought tolerance/susceptibility in 
tetraploid wheat accessions

For evaluation of drought tolerance of the 64 tetra-
ploid wheat accessions, five selection indices of 
STI, GMP, MP, TOL, and SSI were calculated 
(Table S2). The highest value of STI was obtained 
for G56 (belonging to subsp. turgidum) followed 
by G64, G63, G17, and G6 (belonging to subsp. 
durum), and the lowest was identified for G54 
(subsp. durum) followed by G60 (subsp. turgidum), 
G58 (subsp. turanicum), G33 (subsp. polonicum) 
and G59 (subsp. carthlicum) (Table  S2). Similar 
rankings of genotypes were obtained using GMP 
and MP.

The low value of the TOL index shows a low 
difference between the response of genotypes to 
drought and irrigated conditions; and then, no posi-
tive response to a favorable condition, which leads to 
finding stable genotypes with more tolerance to envi-
ronmental changes. In contrast, a high value of TOL 
shows a positive response of genotypes to favorable 
conditions, leading to identifying genotypes spe-
cifically adapted to irrigated environments. Based 
on this, genotypes G15 (subsp. durum) followed by 
G2 (subsp. durum), G26 (subsp. carthlicum), G11 
(subsp. durum) and G10 (subsp. durum) with the 
highest TOL values showed good response to the 

irrigated condition. In contrast, the genotypes G53, 
followed by G49, G37, G36, and G4 (all belonging to 
subsp. durum) exhibited the lowest values for TOL, 
which could be considered as resistant genotypes to 
environmental stresses.

In the case of SSI, genotypes with higher values 
are more susceptible to drought stress and those with 
lower values are more resistant. The highest value for 
SSI was obtained for G15 (subsp. durum) followed by 
G26 (subsp. carthlicum), G14 (subsp. durum), G11 
(subsp. durum), and G2 (subsp. durum) should be 
characterized as most susceptible to drought stress. In 
contrast, the lowest value for SSI was found for G53, 
G49, G37, G4 (all belonging to subsp. durum), and 
G37 (subsp. dicoccon), indicating these genotypes are 
resistant to drought stress.

To better understand the relationships among 
drought selection indices and characterize the tetra-
ploid wheat accessions, a biplot based on principal 
component analysis (PCA) was constructed based on 
the first two components (PC1 and PC2) that justified 
approximately 99.59% of the total variation (Fig. 5). 
The PC1 had high positive coefficients for STI, GMP, 
MP, Ys, and Yp. Thus, the first component could be 
named as a component of yield potential and tolerance 
to drought stress. STI, GMP, and MP were positively 
associated with Ys and Yp. This shows that the indi-
ces STI, GMP, and MP are suitable indices to identify 

Table 3   Genetic (diagonal lower) and phenotypic (diagonal upper) correlations of 12 studied traits in the diversity panel of 64 tetra-
ploid wheat accessions across environments

DHE days to heading, DMA days to maturity, NGPS number of grains per spike, PLH plant height, FL flag-leaf length, PL peduncle 
length, SL spike length, SPAD SPAD-reading, NDVI normalized difference vegetation index, CT canopy temperature, TKW thousand 
kernel weight, YLD grain yield
*, ** significant at 5%, 1%, respectively

Traits DHE SPAD NDVI CT FL SL PL PLH DMA NGPS TKW YLD

DHE −0.52** 0.35** −0.12 −0.21 0.11 −0.25* 0.33** 0.92** −0.30* −0.50** −0.63**
SPAD −0.66** −0.18 0.01 0.21 −0.19 −0.02 −0.37** −0.41** 0.43** 0.48** 0.53**
NDVI 0.46** −0.27* −0.61** 0.01 0.06 0.25* 0.56** 0.27* −0.08 −0.24* 0.12
CT −0.25* 0.05 −1.00** −0.04 0.07 −0.23 −0.42** −0.11 −0.21 0.01 −0.14
FL −0.43** 0.34** 0.01 −0.23 0.50** 0.40** 0.20 −0.02 0.21 0.48** 0.04
SL 0.07 −0.23 0.14 0.09 0.72** 0.23 0.29* 0.21 −0.03 0.17 −0.36**
PL −0.26* 0.01 0.29* −0.30* 0.64** 0.34** 0.75** −0.17 0.29* 0.18 −0.07
PLH 0.41* −0.46** 0.60** −0.64** 0.30* 0.36** 0.77** 0.35** 0.08 −0.11 −0.41**
DMA 0.96** −0.53** 0.36** −0.29* −0.05 0.24* −0.17 0.40** −0.17 −0.37** −0.66**
NGPS −0.43** 0.66** −0.25* −0.33** 0.35** −0.07 0.40** 0.10 −0.31* 0.12 0.21
TKW −0.56** 0.54** −0.32** −0.07 0.81** 0.21 0.22 −0.13 −0.42** 0.16 0.26*
YLD −0.74** 0.78** −0.06 0.01 0.27* −0.39** −0.16 −0.64** −0.81** 0.31* 0.30*
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high-yielding and drought-tolerant genotypes under 
drought stress and non-stress conditions. Considering 
the high and positive values of PC1, genotypes with 
high values for these indices should be considered as 
drought-tolerant genotypes with high-yielding perfor-
mance in both conditions. In this regard, accessions 
G56 (subsp. turgidum), G17, G20, G64, G63, and 
G6 (subsp. durum) positively interacted with these 
indices and should be considered as superior geno-
types under both drought and irrigated conditions. 
The second component exhibited high positive coef-
ficients for the indices SSI and TOL, thus could be 
named as a component of low yield and susceptibil-
ity to drought stress. Accessions G15 (subsp. durum), 
G26 (subsp. carthlicum), G14 (subsp. durum), G11 
(subsp. durum), G33 (subsp. polonicum), G62 (subsp. 
turgidum), G61 (subsp. durum), G2 (subsp. durum), 
and G29 (subsp. carthlicum) with low PC1 and high 
PC2 showed a high level of susceptibility to drought 
stress and performed poorly under both conditions 
(Fig. 5).

Hierarchical clustering patterns of geographical 
origins

Cluster analysis based on the 12 measured traits 
using Ward’s method was applied to analyze the 
relationships between tetraploid wheat accessions. 
The results of hierarchical cluster analysis for the 
geographical origins and their corresponding sub-
species, allowed to identify eight accession groups 
that may be explored as potential genetic materials in 
durum wheat breeding programs. Group VII was the 
largest consisting of 21 accessions, followed by group 
VIII which contained 12 accessions. Groups II, III, V, 
VI, I, and IV, respectively, comprised 10, 10, 4, 3, 2, 
and 2 accessions. The clusters exhibited good corre-
spondence with the stability and the performance of 
accessions obtained from the GGE biplot analysis. 
For example, accessions no. G56, G6, G63 and G64 
in group V were among the high yielding accessions 
with high stability based on GGE ranking biplots. 
Furthermore, the two check varieties were grouped 
in cluster V. However, the results of cluster analysis 
do not support the relationship of the formed groups 
based on their geographical origins as well as on their 
respective sub-species. Based on the results, acces-
sions from different regions were classified together 
and accessions with the same origins were classified 
into different groups. For example, among 27 acces-
sions that were originally collected from Turkey, 12 
accessions were classified in group VII, five in group 
VIII, four in group III, four in group II, and two 
accessions in group VI (Fig. 6). Such trends were also 
observed for the sub-species, as their corresponding 
accessions were distributed across different groups. 
For example in group V, three accessions belonging 
to subsp. durum were grouped with one accession 
belonging to spp. turgidum. The group IV consisted 
of two accessions, both originated from Azerbaijan, 
one belonged to subsp. durum and the other belonged 
to subsp. turgidum. Similar trends were also observed 
for other subspecies.

Discussion

This study was a part of pre-breeding efforts for 
durum wheat improvement under rainfed condition 
of Iran; and we are aimed at identifying genotypes 
from among several tetraploid wheat subspecies 

Fig. 5   PCA-based biplot for drought tolerance indices and 
mean yields under drought (Ys) and irrigated (Yp) conditions 
based on the first two principal components axes (PC1 and 
PC2) for 64 tetraploid wheat accessions. STI: stress tolerance 
index; GMP: geometric mean productivity; MP: mean produc-
tivity; TOL: tolerance index; SSI: stress susceptibility index
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that are candidates for contributing useful genes to 
the durum wheat breeding program. However, due 
to the limited genetic variability available in culti-
vated germplasm, pre-breeding is gaining impor-
tance in most crop improvement programs includ-
ing wheat (Valkoun, 2001; Moore et al. 2015; Zaim 
et  al. 2017). Furthermore, the increasing crop pro-
ductivity under climate change requires the inves-
tigation, and subsequent exploitation of the genetic 
diversity preserved beyond the narrow range of 
commonly cultivated varieties (Moore et al. 2015). 
Under such situations, pre-breeding offers a unique 
tool to enhance the use of genetic variability pre-
sent both in cultivated and wild type germplasm for 
better adaptation to the new circumstances of cli-
matic change. Due to climate change, the Mediter-
ranean area is expected to face more severe drought 
and an increase in average temperature in the near 
future, resulting in increased uncertainty in the 
performance of rainfed wheat (Mohammadi 2018). 
Under this situation, improving wheat productivity 
in drought-prone environments is a major challenge. 
Phenotyping available landrace collections and the 
integration of cost-effective technologies are crucial 
for achieving progress through plant improvement 
(Reynolds and Tuberosa 2008; Kyratzis et al. 2017; 
Mohammadi 2018).

It has been documented that the genetic diver-
sity due to modern breeding has been increasingly 
narrowed in wheat and other crops (Autrique et  al. 
1996; Reif et al. 2005; Soriano et al. 2016; Salsman 
et  al. 2021). This makes a serious challenge in 
breeding for higher crop performance and adapta-
tion to biotic and abiotic stresses. Iran is one of the 
main centers for wheat domestication, and based on 
genetic and archaeological evidence, tetraploid wild 
emmer was domesticated from Fertile Crescent about 
10,000  years ago (Salamini et  al. 2002; MacKey, 
2005; Oliveira et al. 2012).

Genetic variability plays an important role in plant 
breeding programs (Shukla et  al. 2006). In durum 
wheat, species in the primary genepool, mainly lan-
draces and primitive wheat belonging to subspecies 
of Triticum turgidum could contribute substantially 
to its improvement. The results of this study revealed 
a remarkable variation among the tetraploid wheat 
accessions for the measured traits. The considerable 
genotypic variation indicated in this study and in pre-
vious reports in durum landraces (Mohammadi et al. 

Fig. 6   Hierarchical cluster analysis generated using Ward’s 
method based on the phenotypic traits measured for 64 tetra-
ploid wheat accessions in relation to their geographical origins 
and respective subspecies. The dashed line represents the cut-
off line for clusters (eight groups) according to discriminant 
analysis. Sp: Subspecies; Acc: Accession
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2014; Royo et  al. 2014; Kyratzis et  al. 2017), sug-
gest the existence of a great opportunity for selection 
and the use of landraces in durum wheat breeding 
programs. The highest variance due to the genotype 
effect indicates high genetic diversity in the tetra-
ploid wheat accessions, which helps to select the best 
accessions for the target traits, and in such cases it is 
important to minimize the impact of the main envi-
ronmental effects.

Previous studies have recommended GGE biplot 
as a useful tool for visualizing genotype stability and 
performance, genetic diversity between genotypes, 
and relationships with environments (Mohammadi 
et al. 2010; Das et al. 2019; Enyew et al. 2021). Using 
the GGE biplot method, the most responsive acces-
sions to environmental conditions can be identified 
(Yan et al. 2000). In this study, accessions G56, G20, 
G63, G64, G4, G6, G49, G12, G2, G17, and G34 
were the best performing for grain yield. The geno-
types G56 belonged to subsp. turgidum followed by 
G20 G64, G64 G49, G4, and G6 belonging to subsp. 
durum showed the highest response to drought envi-
ronments, and in contrast, genotypes G10, G15, G17, 
G11, and G26 (all belonging to subsp. durum) were 
the best performers under irrigated conditions. Dif-
ferences in the relative performance of genotypes in 
different environments are also considered as a strong 
indicator of the existence of GE interaction (Gauch 
et al. 1997; Yan et al. 2000). High yielding genotypes 
under specific environments have been previously 
reported through GGE biplot analysis in different 
crop species such as in durum (Aberkane et al. 2021; 
Mohammadi et al. 2021) and bread wheat (Yan et al. 
2000; Thungo et  al. 2019). Using the GGE biplot, 
the top-ranking and stable accessions can be selected 
through the AEC axis (Yan 2002). In this study, G56 
(subsp. turgidum), G20, G63, G64, G6 and G4 (subsp. 
durum) were found to be the most stable accessions 
with high mean yield, whereas G17, G37 and G10 
(subsp. durum) with the highest mean yield but were 
instable. Previous reports on crop performance also 
showed that the high-yielding genotypes are not nec-
essarily the most stable (Mohammadi et al. 2010; Yan 
et al. 2000; Enyew et al. 2021). The best accessions 
should express a larger projection on AEC which rep-
resents the highest mean yield and no distance from 
AEC refers to high stability (Yan and Tinker 2006). 
By this approach, many authors selected the best 
genotypes in durum wheat (Mohammadi et al. 2021) 

and other cereal crops including bread wheat (Thungo 
et al. 2019), sorghum (Enyew et al. 2021) and Maize 
(Mallikarjuna et al. 2015).

Grain yield expressed significant positive phe-
notypic and genetic correlations with 1000-kernel 
weight and SPAD reading. This is in accordance with 
other reports in wheat (Mohammadi et al. 2018; Del 
Pozo et al. 2016). So, the positive correlation between 
yield and TKW indicates the possibility of simulta-
neous improvement of both traits through effective 
selection. Grain yield also exhibited significant nega-
tive phenotypic and genetic correlations with days to 
heading and maturity. This leads to the conclusion 
that selection for higher grain yield and TKW will 
be simultaneously improved by earliness. Negative 
correlations between grain yield with plant height, 
peduncle length, flag-leaf length, and phenological 
traits (heading and maturity) under drought condi-
tions were confirming the results of other studies 
in durum wheat (Mohammadi et  al. 2018; del Pozo 
et al. 2016). The negative correlations between grain 
yield and NDVI in 2020–21 were in agreement with 
Kyratzis et  al. (2017) in durum wheat; while their 
positive correlation in 2019–20 was in agreement 
with other studies (Kyratzis et al. 2015; Mohammadi 
et al. 2021) in durum wheat.

The results verified that the clustering patterns of 
durum accessions are not mainly due to their geo-
graphical origin. This is in agreement with other 
reports in wheat that the accessions collected from 
the same geographical area are clustered in different 
groups (Mengistu et al. 2015; Yang et al. 2020). The 
clustering of accessions belonging to different regions 
in the same groups is probably due to the gene flow 
among the regions through market channels as well 
as the gradual exchange of grains among farmers. It 
could also be due to the fact that the used accessions 
were pre-selected for their cold tolerance and some 
agronomic traits.

The two national modern cultivars Saji and 
Zahab (belonging to subsp. durum), included in 
this study, were grouped in the same cluster (clus-
ter V). These varieties are early in maturing and 
moderate in height with good yield potential. 
Accessions grouped with these check cultivars also 
should be considered as best accessions that com-
bine high yielding with earliness and higher grain 
weight. Clustering of the best accessions identified 
by both GGE biplot and cluster analysis methods in 
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the same group shows that these accessions were 
selected for the same traits, particularly grain yield, 
which led to their greater similarity but showed 
more distance from other accessions. Multivariate 
analysis methods have been recommended to meas-
ure variability in the germplasm collection and to 
evaluate the relative contribution of different traits 
to the total variation in plant collections (Dodig 
et  al. 2012; Rana et  al. 2021; Das et  al. 2019). 
These analyses allow the classification of germ-
plasm into groups with similar traits. In this study, 
the results of biplot analysis for tetraploid wheat 
sub-species and geographical areas showed great 
diversity in the studied traits. The accessions with 
high mean yield tend to be early in maturity and to 
have a high SPAD index. These results show that 
grain yield is positively correlated with SPAD and 
negatively correlated with days to maturity. Simi-
lar results also are reported in wheat (Del Pozo 
et  al. 2016; Roy et  al. 2021), and rice (Saikumar 
et al. 2016). Based on the results, G56 (belonging 
to subsp. turgidum) and G20 (belonging to subsp. 
durum) were ideal accessions in terms of providing 
high mean yields and stability performance across 
environments. Furthermore, these accessions 
which expressed higher values of TKW and SPAD 
reading, were earlier in heading and maturity, and 
had optimum plant stature.

Considering the result of this study, it was 
observed that terminal drought stress decreased 
grain yield by 37% compared to irrigated condi-
tions. Selection of accessions based on a combina-
tion of indices can be useful for improving drought 
tolerance with desirable yield under drought and 
irrigated conditions. Based on the results, genotypes 
G56 (subsp. turgidum), G17, G20, G64, G63, and 
G6 (subsp. durum) with higher yield performance 
under both stress and non-stress conditions were the 
most drought tolerant genotypes; and thus, should 
be recommended  as sources of drought tolerance in 
durum wheat breeding.

In our investigation, G56 (belonging to subsp. 
turgidum) showed a wide adaptation to the environ-
ments that experience terminal drought conditions. 
This accession was one of the most stable acces-
sions and performed better than the checks (Fig. 2). 
Therefore, this accession could be regarded as a 
potential genotype to be recommended for drought-
prone environments. In addition, G20 (belonging 

to subsp. durum) may qualify as another widely 
adapted and stable genotype, as its performance was 
greater than the checks. This accession also showed 
a positive response to the irrigated environment, as 
it can capture more benefits under favorable condi-
tions. The development and release of high-yielding 
genotypes with high adaptation to different loca-
tions may allow the expansion of the areas used to 
grow durum wheat in Iran.

Conclusion

The results obtained in this study clearly showed that 
the tetraploid wheat sub-species are potential genetic 
resources with high diversity in grain yield and meas-
ured traits, which should be considered for the devel-
opment of new high-yielding durum wheat cultivars. 
Among these, accessions with higher TKW, SPAD 
index and early in heading and maturity with opti-
mum plant stature leads to higher grain yield under 
drought conditions in both cropping seasons. Addi-
tionally, genotypes with delayed leaf senescence (a 
higher SPAD index) would lead to higher grain yield 
and higher TKW. Therefore, SPAD reading, early head-
ing and maturity dates that are significantly correlated 
with both TKW and grain yield are among the most 
useful traits for rapid evaluation of genetic material or 
for forward selection. The cluster analysis of accessions 
revealed that the clustering patterns of tetraploid wheat 
accessions are not mainly due to their geographical ori-
gin and respective subspecies. Among the accessions, 
the G56 (subsp. turgidum), G20, G63, G64, G6 and G4 
(all belonging to subsp. durum) were the best in terms 
of providing high and stable grain yield in combina-
tion with breeder-preferred traits such as higher grain 
weight, optimum plant stature and drought tolerance. 
However, this does not make other sub-species less 
novel. This just highlights the closeness of turgidum 
to durum wheat compared to others in the evaluated 
traits. Selection of accessions based on a combination 
of drought selection indices can be useful for improving 
drought tolerance with desirable yield under drought 
and irrigated conditions. In summary, this study 
resulted in identifying several outstanding accessions 
that out-yielded the check varieties based on agronomic 
performance and drought tolerance which should be 
regarded for further evaluation in durum wheat breed-
ing program.



Euphytica (2022) 218:70	

1 3

Page 17 of 19  70

Vol.: (0123456789)

Acknowledgements  Special thanks to ICARDA gene bank 
for providing genetic materials. The authors thank the review-
ers and Associate Editor of Euphytica for comments and cor-
rections to the manuscript.

Funding  This research  was founded by Dryland Agricultural 
Research Institute (DARI) of Iran.

Declarations 

Conflict of interest  There is no conflict of interest.

References

Aberkane H, Amri A, Belkadi B, Filali-Maltouf A, Kehel Z, 
Tahir ISA, Meheesi S, Tsivelikas A (2020) Evaluation 
of durum wheat lines derived from interspecific crosses 
under drought and heat stress. Crop Sci. https://​doi.​org/​10.​
1002/​csc2.​20319

Aberkane H, Amri A, Belkadi B, Filali-Maltouf A, Valkoun J, 
Kehel Z (2021) Contribution of wild relatives to durum 
wheat (Triticum turgidum subsp. durum) yield stability 
across contrasted environments. Agronomy 11:1992.

Alvarado G, López M, Vargas M, Pacheco Á, Rodríguez F, 
Burgueño J, Crossa J (2015) META-R (Multi Environ-
ment Trail Analysis with R for Windows) Version 6.0, 
hdl:11529/10201, CIMMYT Research Data & Software 
Repository Network. Accessed 30 November 2016.

Autrique E, Nachit MM, Monneveux P, Tanksley SD, Sorrells 
ME (1996) Genetic diversity in durum wheat based on 
RFLPs, morphophysiological traits, and coefficient of par-
entage. Crop Sci 36:735–742

Das A, Parihar AK, Saxena D, Singh D, Singha KD, Kushwaha 
KPS, Chand R, Bal RS, Chandra S and Gupta S (2019) 
Deciphering genotype-by- environment interaction for 
targeting test environments and rust resistant genotypes in 
field pea (Pisum sativum L.). Front Plant Sci 10:825

Del Pozo A, Yáñez A, Matus IA, Tapia G, Castillo D, Sanchez-
Jardón L, Araus JL (2016) Physiological traits associated 
with wheat yield potential and performance under water-
stress in a Mediterranean environment. Front Plant Sci 
7:987

Dodig D, Zoric M, Kandic V, Perovic D, Momirovic GS 
(2012) Comparison of responses to drought stress of 100 
wheat accessions and landraces to identify opportuni-
ties for improving wheat drought resistance. Plant Breed 
131:369–379

Dvorak J, Zhang HB (1990) Variation in repeated nucleotide 
sequences sheds light on the phylogeny of the wheat B 
and G genomes. Proc Natl Acad Sci USA 87:9640–9644

Eberhart SA, Russell WA (1966) Stability parameters for com-
paring varieties 1. Crop Sci 6(1):36–40

Enyew M, Feyissa T, Geleta M, Tesfaye K, Hammenhag C, 
Carlsson AS (2021) Genotype by environment interaction, 
correlation, AMMI, GGE biplot and cluster analysis for 
grain yield and other agronomic traits in sorghum (Sor-
ghum bicolor L. Moench). PLoS ONE 16(10): e0258211

FAO (2021) Available online: http://​www.​fao.​org/​faost​at/​es/#​
home. Accessed on 20 Sept 2021

Fernandez GCJ (1992) Effective selection criteria for assessing 
plant stress tolerance. In: Kus EG (ed)  Proceeding of the 
Adaptation of Food Crop Temperature and Water Stress, 
4th International Symposium, Shantana, Taiwan, 13–16 
August 1992 (pp 257–270). Tainan, China: Asian Vegeta-
ble and Research and Development Center Publication

Finlay KW, Wilkinson GN (1963) The analysis of adapta-
tion in a plant-breeding programme. Aust J Agric Res 
14:742–754

Fischer RA, Maurer R (1978) Drought resistance in spring 
wheat cultivars. I. Grain yield response. Aust J Agric Res 
29:897–912

Gauch H Jr (1992) Statistical analysis of regional yield trials: 
AMMI analysis of factorial designs: Elsevier Science 
Publishers

Gauch HG, Zobel RW (1997) Identifying mega-environments 
and targeting genotypes. Crop Sci 37:311–326

Gupta PK, Mir RR, Mohan A, Kumar J (2008) Wheat Genom-
ics: present status and future prospects. Int J Plant Genom 
896451

Hossain ABS, Sears AG, Cox TS, Paulsen GM (1990) Desicca-
tion tolerance and its relationship to assimilate partition-
ing in winter wheat. Crop Sci 30:622–627

Igrejas G, Ikeda TM, Guzmán C (eds) (2020) Wheat quality for 
improving processing and human health. Springer, Cham

Kabbaj H, Sall AT, Al-Abdallat A, Geleta M, Amri A, Filali-
Maltouf A, Belkadi B, Ortiz R, Bassi FM (2017) Genetic 
diversity within a global panel of durum wheat (Triticum 
durum) landraces and modern germplasm reveals the his-
tory of alleles exchange. Front Plant Sci 8:1277

Kumar A, Sharma A, Sharma R et  al. (2021) Morpho-physi-
ological evaluation of Elymus semicostatus (Nees ex 
Steud.) Melderis as potential donor for drought tolerance 
in Wheat (Triticum aestivum L.). Genet Resour Crop Evol 
https://​doi.​org/​10.​1007/​s10722-​021-​01241-1

Kyratzis A, Skarlatos D, Fotopoulos V, Vamvakousis V, Kat-
siotis A (2015) Investigating correlation among NDVI 
index derived by unmanned aerial vehicle photography 
and grain yield under late drought stress conditions. Pro-
cedia Environ Sci 29:225–226

Kyratzis AC, Skarlatos DP, Menexes GC, Vamvakousis VF, 
Katsiotis A (2017) Assessment of vegetation indices 
derived by UAV imagery for durum wheat phenotyping 
under a water limited and heat stressed mediterranean 
environment. Front Plant Sci 8:1114

Lilienfeld F, Kihara H (1934) Genomanalyse bei Triticum 
und Aegilops: 5. Triticum timopheevi Zhuk. Cytologia 
6:87–122

MacKey J (2005) Wheat: its concept, evolution, and taxonomy. 
In: Royo C, Di Fonzo N (eds) Durum wheat breeding. 
CRC Press, Boca Raton, FL, pp 35–94

Mallikarjuna MG, Thirunavukkarasu N, Hossain F, Bhat JS, 
Jha SK, Rathore A et  al (2015) Stability performance 
of inductively coupled plasma mass spectrometry-phe-
notyped kernel minerals concentration and grain yield 
in maize in different agro-climatic zones. PLoS ONE 
10(9):e0139067

Mengistu DK, Kiros AY, Pè ME (2015) Phenotypic diver-
sity in Ethiopian durum wheat (Triticum turgidum var. 
durum) landraces Author links open overlay panel. Crop 
J 3(3):190–199

https://doi.org/10.1002/csc2.20319
https://doi.org/10.1002/csc2.20319
http://www.fao.org/faostat/es/#home
http://www.fao.org/faostat/es/#home
https://doi.org/10.1007/s10722-021-01241-1


	 Euphytica (2022) 218:70

1 3

70  Page 18 of 19

Vol:. (1234567890)

Mohammadi R (2018) Breeding for increased drought toler-
ance in wheat: a review. Crop Pasture Sci 69:223–241

Mohammadi R, Etminan A, Shoshtari L (2018) Agro-physio-
logical characterization of durum wheat genotypes under 
drought conditions. Exp Agric 55:484–499

Mohammadi R, Haghparast R, Amri A, Ceccarelli S (2010) 
Yield stability of rainfed durum wheat and GGE biplot 
analysis of multi-environment trials. Crop Pasture Sci 
61(1):92–101

Mohammadi R, Haghparast R, Sadeghzadeh B, Ahmadi H, 
Solimani K, Amri A (2014) Adaptation patterns and yield 
stability of durum wheat landraces to highland cold rain-
fed areas of Iran. Crop Sci 54:944–954

Mohammadi R, Sadeghzadeh B, Poursiahbidi MM, Ahmadi 
MM (2021) Integrating univariate and multivariate statis-
tical models to investigate genotype × environment inter-
action in durum wheat. Ann Appl Biol 178(3):450–465

Moore G (2015) Strategic pre-breeding for wheat improve-
ment. Nature Plants 1:15018

Pacheco A, Vargas M, Alvarado G, Rodríguez F, Crossa J, Bur-
gueño J (2016) GEA-R (genotype x environment analysis 
with R for Windows). Version 2.0. CIMMYT. http://​hdl.​
handle.​net/​11529/​10203. Accessed 20 June 2016

Pask A, Pietragalla J, Mullan D (2012) Physiological breeding 
II: a field guide to wheat phenotyping. Mexico: CIMMYT

Oliveira HR, Campana MG, Jones H, Hunt HV, Leigh F et al 
(2012) Tetraploid wheat landraces in the mediterranean 
basin: taxonomy, evolution and genetic diversity. Plos 
ONE 7(5):e37063. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00370​63

Rana C, Sharma A, Sharma KC et  al (2021) Stability analy-
sis of garden pea (Pisum sativum L.) genotypes under 
North Western Himalayas using joint regression analysis 
and GGE biplots. Genet Resour Crop Evol 68:999–1010. 
https://​doi.​org/​10.​1007/​s10722-​020-​01040-0

R Core Team (2016) R: a language and environment for sta-
tistical computing. R foundation for statistical computing, 
Vienna, Austria

Reif JC, Zhang P, Dreisigacker S, Warburton ML, van Ginkel 
M, Hoisington D et  al (2005) Wheat genetic diversity 
trends during domestication and breeding. Theor Appl 
Genet 110:859–864

Reynolds M, Tuberosa R (2008) Translational research impact-
ing on crop productivity in drought-prone environments. 
Curr Opin Plant Biol 11:171–179

Rosielle AA, Hamblin J (1981) Theoretical aspects of selection 
for yield in stress and non-stress environment. Crop Sci 
21:943–946

Roy C, Chattopadhyay T, Ranjan RD, Ul Hasan W, Kumar 
A, De N (2021) Association of leaf chlorophyll content 
with the stay-green trait and grain yield in wheat grown 
under heat stress conditions. Czech J Genet Plant Breed 
57:140–148

Royo C, Nazco R, Villegas D (2014) The climate of the zone 
of origin of Mediterranean durum wheat (Triticum durum 
Desf.) landraces affects their agronomic performance. 
Genet Resour Crop Evol 61:1345–1358

Saikumar S, Verma CMK, Saiharini A, Kamleshwer GP, 
Nagendra K, Lavanya K, Ayyappa D (2016) Grain yield 
responses to varied level of moisture stress at reproduc-
tive stage in an interspecific population derived from 

Swarna/O. Glaberrima introgression line. NJAS Wagen J 
Life Sci 78:111–122

Salamini F, Ozkan H, Brandolini A, Schafer-Pregl R, Martin W 
(2002) Genetics and geography of wild cereal domestica-
tion in the near east. Nat Rev Genet 3:429–441

Salsman E, Liu Y, Hosseinirad SA, Kumar A, Manthey F, Elias 
E, Li X (2021) Assessment of genetic diversity and agro-
nomic traits of durum wheat germplasm under drought 
environment of the northern Great Plains. Crop Sci 
61:1194–1206

Sharma S, Schulthess AW, Bassi FM, Badaeva ED, Neumann 
K, Graner A, Özkan H, Werner P, Knüpffer H, Kilian B 
(2021) Introducing beneficial alleles from plant genetic 
resources into the wheat germplasm. Biology 10(10):982

Shukla S, Bhargava A, Chatterjee A, Srivatava A, Singh SP 
(2006) Genotypic variability in vegetable amaranth (Ama-
ranthus tricolor L.) for foliage yield and its contribut-
ing traits over successive cuttings and years. Euphytica 
151:103–110

Singamsetti A, Shahi JP, Zaidi PH, Seetharam K, Vinayan MT, 
Kumar M, Singla S, Shikha K, Madankar K (2021) Geno-
type × environment interaction and selection of maize 
(Zea mays L.) hybrids across moisture regimes. Field 
Crops Res 270:108224

Soriano JM, Villegas D, Aranzana MJ, delMoral LFG, Royo C 
(2016) Genetic structure of modern durum wheat cultivars 
and Mediterranean landraces matches with their agro-
nomic performance. PLos ONE, 11(8)

Tadesse W, Sanchez-Garcia M, Gizaw Assefa S, Amri A, 
Bishaw Z, Ogbonnaya FC, Baum M (2019) Genetic gains 
in wheat breeding and its role in feeding the world. Crop 
Breed Genet Genom 1:e190005

Thungo Z, Shimelis H, Odindo AO, Mashilo J (2019) Geno-
type-by-environment interaction of elite heat and drought 
tolerant bread wheat (Triticum aestivum L.) genotypes 
under non-stressed and drought-stressed conditions. Acta 
Agric Scand Sect B: Soil Plant Sci. 69 (8):725–733

Valkoun JJ (2001) Wheat pre-breeding using wild progenitors. 
Euphytica 119:17–23

Ward J (1963) Hierarchical grouping to optimize an objective 
function. J Am Stat Assoc 58(301):236–244

Xynias IN, Mylonas I, Korpetis EG, Ninou E, Tsaballa A, 
Avdikos ID, Mavromatis AG (2020) Durum Wheat Breed-
ing in the Mediterranean Region: current status and future 
prospects. Agronomy 21:432

Yan W (2002) Singular value partitioning in biplot analysis of 
multi-environment trial data. Agron J 94:990–996

Yan W, Rajcan IR (2002) Biplot analysis of test sites and trait 
relations of soybean in Ontario. Can J Plant Sci 42:11–20

Yan W, Tinker NA (2006) Biplot analysis of multi-environment 
trial data: principles and applications. Can J Plant Sci 
86:623–645

Yan W, Hunt L, Sheng Q, Szlavnics Z (2000) Cultivar evalu-
ation and mega-environment investigation based on the 
GGE biplot. Crop Sci 40(3):597–605

Yang X, Tan B, Liu H, Zhu W, Xu L, Wang Y, Fan X, Sha L, 
Zhang H, Zeng J, Wu D, Jiang Y, Hu X, Chen G, Zhou 
Y and Kang H (2020) Genetic Diversity and Population 
Structure of Asian and European Common Wheat Acces-
sions Based on Genotyping-By-Sequencing. Front Genet 
11:580782

http://hdl.handle.net/11529/10203
http://hdl.handle.net/11529/10203
https://doi.org/10.1371/journal.pone.0037063
https://doi.org/10.1371/journal.pone.0037063
https://doi.org/10.1007/s10722-020-01040-0


Euphytica (2022) 218:70	

1 3

Page 19 of 19  70

Vol.: (0123456789)

Zadoks JC, Chang TT, Konzak CF (1974) A decimal code for 
the growth stage of cereals. Weed Res 14: 415–421

Zaim M, El Hassouni K, Gamba F, Filali-Maltouf A, Belkadi 
B, Ayed S, Amri A, Nachit M, Taghouti M, Bassi F 
(2017) Wide crosses of durum wheat (Triticum durum 
Desf.) reveal good disease resistance, yield stability, and 
industrial quality across Mediterranean sites. Field Crops 
Res 214:219–227

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Assessment of the suitability of Triticum turgidum accessions for incorporation into a durum wheat breeding program
	Abstract 
	Introduction
	Materials and methods
	Plant materials
	Experimental layout
	Data collection
	Data analysis

	Results
	Forecasting data, combined ANOVA and phenotypic variations
	Mean yield and stability performance of tetraploid wheat accessions
	Trait relationships and trait profile of tetraploid wheat accessions
	Quantifying drought tolerancesusceptibility in tetraploid wheat accessions
	Hierarchical clustering patterns of geographical origins

	Discussion
	Conclusion
	Acknowledgements 
	References




