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Phenotypic Parent Selection Within
a Khorasan Wheat Collection and
Genetic Variation in Advanced
Breeding Lines Derived by
Hybridization With Durum Wheat

Anna lannucci* and Pasquale Codianni

Centro di ricerca Cerealicoltura e Colture Industriali, Consiglio per la ricerca in agricoltura e I'analisi dell’economia agraria
(CREA-CI), Foggia, Italy

Tetraploid relatives of durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husnot)
represent an important reservoir of economically useful genes for development of new
wheat cultivars. Two field experiments were conducted at Foggia (italy), in the 2004 to
2006 and 2012 to 2015 growing seasons. In the first, 77 Khorasan wheat [T. turgidum
subsp. turanicum (Jakubz.) A. Léve & D. Love] accessions from 23 countries of four
geographic regions (Africa, Asia, Europe, and others) were evaluated to explore breeding
opportunities. Seven agronomic traits were used to describe the diversity among the
accessions: days to heading (HT), plant height (PH), grain yield (GY), specific weight (SW)
as an indication of the density of the grain, 1000-grain weight (TGW), protein content,
and gluten content. The total Shannon-Weaver diversity index was used to estimate
phenotypic diversity, which ranged from monomorphic for PC (0.39) to highly polymorphic
for TGW (0.67). A high level of total variation (87%) was attributed to the within-region
diversity. The accessions grouped into six clusters, and seven elite accessions were
selected as parents for crosses with durum wheat. In the second experiment, ten parents
(seven Khorasan accessions and three durum wheat cultivars) and 790 F6 recombinant
inbred lines (RILs) from the different T. durum x T. turgidum subsp. turanicum crosses
were included to study genotypic and phenotypic variability of the same agronomic traits,
plus the susceptibility index (Sl) for disease. The genotypic coefficients of variation were
lower than the phenotypic ones for all of the traits, which showed an environment effect
on expression of these traits. High broad-sense heritability (h?, > 86%) was recorded
for all traits, and high h?, coupled with high genetic gain as percentage of the mean
(AG) was observed for HT, PH, GY, and SW, and for SI. This suggests that selection for
these traits will provide good responses. Four principal components explained 70% of
the total variation, and the genotypes were clustered into 20 groups. According to the
results, some lines could be tested in varietal registration trials, and/or could be used as
a significant breeding pool for durum wheat cultivar development in Mediterranean area.

Keywords: agronomic traits, Khorasan germplasm, durum wheat, genetic diversity, genetic resources,
interspecies crosses, phenotypic diversity
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INTRODUCTION

Durum wheat (Triticum turgidum subsp. durum (Desf.) Husnot,
2n =4x =28, AABB) is a staple crop that is adapted to the hot, dry
conditions of the Mediterranean Basin and to similar climates
in other parts of the world, with Mediterranean countries
accounting for ~75% of the world durum wheat production
(Shewry and Hey, 2015). In Italy, durum wheat production is
concentrated in the southern regions (~67%), and it is mainly
used for pasta (D’Egidio, 2007).

As stated by the FAO (2016), by 2050, the world demand for
wheat will be 40% greater due to population growth, climate change,
rising incomes in emerging countries, and increasing urbanization.
In particular, to meet the increasing demand for durum wheat in
the future in the Mediterranean region, grain production must
increase at a rate of about 5.85% from 2017 to 2023 (https://www.
marketresearchfuture.com/reports/pasta-market-2428). For these
reasons, new wheat varieties that can adapt to future challenges
must be developed. More efficient use of biodiversity in breeding
programs is essential to this progress (Mackay et al., 2016).

Improvement depends on a continuous supply of new
germplasm as donors of various genes of agronomic importance.
Future gains in yield potential and quality standard of products are
desirable and can be achieved by exploiting the genetic diversity of
related cereal species (Mengistu et al., 2016b) that are predicted to
contain the highest numbers of unexploited, but potentially useful,
alleles (Laido et al., 2013). In this context, landraces, wild forms,
and other related wild species are potential sources of useful alleles
for durum wheat improvement. These will facilitate selection for
high levels of recombination, and thus allow the generation of
new and more adapted genotypes (Lopes et al., 2015). The use of
related cereal species that have the same genome as the current
wheat germplasm for direct crossing and introgression of adaptive
traits represents an attractive breeding strategy.

The tetraploid relatives of durum wheat include T. turgidum
subsp. turanicum (Jakubz.) A. Léve & D. Love (2n = 4x = 28,
AABB), which is commonly known as Oriental or Khorasan wheat.
It is a neglected and underutilized species, which appears to have
survived over the centuries in subsistence farming systems in the
Near East, Central Asia, and Mediterranean areas (Grausgruber
etal.,, 2005; Rodriguez-Quijano et al., 2010). It has a stem with thin
straw, large spikes, and very long kernels, which are glassy with
an intense amber color. In particular, the grain are large, and the
1,000-grain weight can reach 50 g to 60 g. Khorasan also has high
protein content and important nutritional qualities (Sissons and
Hare, 2002; Laddomada et al., 2017). In terms of the ease of gene
transfer to durum wheat, Khorasan wheat represents a desirable
donor for potential improvement. The genetic diversity estimated
by simple sequence repeats and diversity array technology markers
on 20 accessions of Khorasan wheat suggested the genetic potential
for detection of unexplored alleles, with the possibility to use some
genotypes as parents to develop high-yielding durum wheat lines
in breeding programs (Laido et al, 2013). Similar results were
found by Khlestkina et al. (2006).

However, there is little or no information available on
partitioning of the variability and estimation of the genetic gains
of the agronomic traits of Khorasan wheat. As this species is grown

throughout countries with a wide range of variations in altitude,
rainfall, temperature, agricultural systems, and socio-economic
factors, for efficient use of the collected germplasm in cereal
breeding programs it is essential to determine the trait variability
and distribution among and within the different geographic regions.

To detect the presence of variants of potential interest
for breeding purposes, the evaluation of the diversity in the
gene pool and the characterization of available accessions of
Khorasan are necessary. A number of methods are available for
analysis of genetic diversity in germplasm accessions, breeding
lines and populations. The regional or geographic phenotypic
diversity within a germplasm collection can be determined by
the Shannon-Weaver (H') index (Grenier et al., 2000) based on
the frequency data. Furthermore, multivariate analysis methods,
including principal component analysis (PCA) and cluster
methodsare also useful tool to identify groups with desirable traits
for breeding (Bertan et al., 2007). These statistical methods have
been used previously to determine the extent of genetic diversity
for various morphological, agronomic, and physiological traits
in durum wheat under different environments (Ruiz et al., 2012;
Lopes et al., 2015; Alsaleh et al.,, 2016). According to Mansouri
etal. (2018), the diversity of the advanced breeding lines derived
from the segregating generations of interspecific crosses need to
be evaluated to determine the genetic gain that can be expected
through the selection of any given trait and to investigate the
potential production of superior recombinant genotypes.

In this context, a breeding plan was developed to initially
analyze the degree of similarity/dissimilarity in a Khorasan wheat
collection from different eco-geographic regions of the world.
The aim of the experiments was to (i) select superior genotypes
of Khorasan wheat to be used as parents to be crossed with three
durum wheat lines and (ii) introgress these genes to enlarge the
genetic diversity and to select superior genotypes.

MATERIAL AND METHODS

Plant Materials

Collection Population

Seventy-seven accessions of Khorasan wheat that were collected
from different eco-geographic regions of the world and
maintained by the Research Centre for Cereal and Industrial
Crops (CREA-CI; Foggia, Italy). Seed samples were kindly
provided by the Institute of Biosciences and Bioresources gene
bank (Bari, Italy).

The genotypes used in this study were developed through
pure-line selection from the available germplasm and sown for
three consecutive years, 2005 to 2007. Based on their 23 countries
of provenance, the 77 accessions were assigned to 10 groups
according to their geography: East Africa (1), North Africa (8),
North America (1), Central Asia (9), western Asia (40), Australia
(1), eastern Europe (6), southern Europe (6), western Europe (1),
and unknown origin (4) (Table 1).

RIL Population
Seeds from F1 hybrids derived from 21 crosses of three durum
wheat cultivars and seven Khorasan genotypes were used as the
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TABLE 1 | The 77 germplasm accessions of Khorasan wheat used for the evaluation (collection population).

Continent Subcontinent Country of No. of Accession codet
origin accessions
Europe Western UK 1 PI330552
Southern Italy 1 PI1278350
France 1 PI306665
Portugal 2 P1184526, P1184543
Spain 2 PI190973, PI256034
Eastern Hungary 3 PI1272601, P1272602, PI290530
Poland 1 P1286069
Romania 1 P1362067
Ukraine 1 PI251925
Africa Northern Egypt 1 PI10391
Morocco 7 P1185192, PI185193, PI191599, PI192641, PI192658, PI525355, PI559976
Eastern Ethiopia 1 Cltr14599
Asia Western Azerbaijan 3 P168287, PI68293, PI352514
Iran 26 PI113392, PI254204, P1254206, PI254209, P1254210, PI254212,
PI352515, P1623629, P1623641, PI623656, PI624207, PI624208,
P1624209,P1624217, P1624420, PI624421, P1624422, Pl624429, P1624892,
P1624893, P1625164, P1625187, PI625189, PI625214, PI625401, PI627211
Iragq 1 P1113393
Syria 1 PI182717
Turkey 9 PI115815, PI166308, PI166450, PI166554, PI166959, PI167481,
P1254213, PI537992, PI576854
Central Afghanistan 7 PI127106, PI317491, PI317495, PI321737, PI321743, PI337643, PI347132
Turkmenistan 1 P168104
Russia 1 PI115814
Australia Australia Australia 1 P167343
North America USA USA 1 Cltr11390
Unknown Unknown Unknown 4 Cltr14082, Cltr14095, P1210386, PI1225331
Total 77

tGene Bank identification number.

starting materials to develop RILs that segregated for high grain
yield, specific weight, 1000-grain weight, and superior quality
traits. The three durum wheat cultivars were “Iride” (an early
heading, short plant height and medium high specific weight
cultivar), “Saragolla” (an early heading, medium plant height
and high, excellent gluten quality cultivar), and “PR22D89”
(a medium early heading, medium tall plant height and high
specific weight cultivar). These were released in 1996, 2004,
and 2005, respectively. The seven Khorasan genotypes were
PI67343, P1525355, P1330552, P110391, P168287, ClItr14599, and
PI115815. Durum wheat and Khorasan genotypes were used as
female and male parents, respectively. The F1-crosses were single
backcrossed to durum wheat and Korasan genotypes used as the
recurrent male parents (Supplementary Table S1).

A population of 790 lines was maintained at the CREA-CI
(Foggia, Italy) by selfing, starting from the F, generation. All
individual F, plants were advanced to the F generation by the
single seed descent method. The F; recombinant inbred lines
(here called genotypes) were used for the study of the genetic
parameters for the qualitative and quantitative traits.

Field Trials

Two field experiments were conducted at the CREA-CI (Foggia,
southern Italy; 41°28'N, 15°34'E; 76 m a.sl), the collection
experiment and the breeding population experiment. In the

collection experiment, the 77 Khorasan wheat were evaluated
over three growing seasons (2004 to 2006), and in the breeding
population, 790 RILs and 10 parents were evaluated over three
successive growing seasons (2013 to 2015).

Based on 15-year average meteorological data (2000-2014),
the climate through the plant growth season (November-June)
was characterized by mean precipitation of 357 + 12 mm yr,
mean minimum and maximum temperatures of 7.6 + 4.0°C
and 18.3 + 6.3°C, respectively, and annual mean rainfall and
temperature of 506 mm and 15.8°C, respectively. These data were
obtained from an on-site weather station.

The trials were performed in a clay-loam soil (Typic
Chromoxerert) with clay, 36.9%; silt, 50.5%; sand, 12.5%; pH 8
(in H,0), available phosphorous (Olsen method), 15 mg kg;
exchangeable potassium K(NH,Ac), 800 mg kg'!; total nitrogen,
1.4 g kg'l; and total organic matter (Walkey-Black method), 21 g
kg!. The experiments were arranged in a randomized complete
block design, with three replications. The plot area was 5.06 m?,
which contained 8 rows that were 3.7 m long and 0.17 m apart.
The experimental blocks were separated by 1.5 m walkways.

For both experiments, standard cultural management
practices were applied. The previous crop was fallow, which was
ploughed, hoed, and harrowed twice prior to the wheat planting.
Sowing was performed with a plot driller at a seeding density of
350 viable seeds m. For the collection, this was carried out on
December 21, 2003, December 14, 2004, and December 1, 2005.
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For the breeding population, this was carried out on November
29,2012, December 7, 2013, and November 20, 2014.

The fertilizer used at sowing was 200 kg ha'! 18/46 fertilizer
(elemental N, 18%; P,0;, 46%; by weight), and at plant tillering
200 kg ha! NH,NO; (elemental N, 26%). Weed control was
carried out at the end of tillering, using Buctril Universal
(2,4-dichlorophenoxyacetic acid, 23.8% [280 g I!], plus
bromoxynil octanoate, 23.8% [280 g 1!]), mixed with Axial
(pinoxaden, 5.05% [50 g 1], plus cloquintocet-mexyl, 1.26%
[12.5g1]).

Each year, the central six rows of each plot were combine
harvested after physiological maturity. For the collection, this
occurred on June 22, 2004, June 15, 2005, and June 21, 2006. For
the breeding population, this occurred on June 23, 2013, July 1,
2014, and June 15, 2015. A plot combine harvester was used for
threshing and to obtain the grain yield for each plot.

Agronomic Traits

Heading time (HT; days) was recorded as the number of days
from April 1 until the ears of 50% of the tillers had emerged
from the flag-leaf sheaths by approximately half of their length
(i.e., Zadoks scale, growth stage 55; Zadoks et al., 1974). Plant
height (PH; cm) was measured from the ground to the tip of
the ear (excluding awns), during the early dough development
stage (i.e., Zadoks scale, growth stage 83), when the maximum
height was achieved, on five main culms per plot. Grain yield
(GY; t ha'!) was determined and expressed at 13% moisture
level. The grain was stored in a cool chamber at 5°C until
analysis. Thousand-grain weight (TGW; g) was calculated as
the mean weight of five sets of 200 grains per plot. Specific
weight (SW; kg hl!), an indication of the density of the grain,
was measured on 250-g samples per plot, using a Schopper
Chondrometer equipped with a 1-L container, without
reference to the moisture content. Protein content (PC; %N
x5.70) and gluten content (GC; %) were determined on samples
of 500 g kernels, using a near-infrared spectrometer (Infratec
1241 Grain Analyser; Foss Electric Analytical A/S, Hillerod,
Denmark). For the breeding population, during the vegetative
period, the susceptibilities against four fungal diseases were
evaluated, according to a 1 to 9 scale (susceptibility index, SI),
where 1 represented low performance for a trait; i.e., no disease
susceptibility. These fungal diseases were: powdery mildew
(Erysiphe graminis f.sp. tritici Em. Marchal; PM); septoria leaf
spot (Septoria tritici blotch; STB); leaf brown rust (Puccinia
recondita Rob. ex Desm. f. sp. Tritici; LR); and yellow rust
(Puccinia striiformis West; YR).

Statistical Analysis

For the collection experiment, descriptive statistics include
mean, standard error (SE), range (min-max), and coefficient
of variation (CV, %), which were calculated over the three
growing seasons to describe the variability among the Khorasan
accessions. The mean and standard deviation (SD) calculated
for seven quantitative traits were used to group the accessions
into five classes according to Shakhatreh et al. (2010): <mean

- 2SD; <mean - SD; > mean +/- SD; >mean + SD; >mean + 2SD.
The phenotypic frequency data of each trait were analyzed as the
Shannon-Weaver diversity index, H’', as shown in Equation (1)
and suggested by Grenier et al. (2000):

H :_izzipi loge b (1)

where p; is the proportion of the entries in the i class of an
n-class trait, n is the number of the phenotypic classes for a trait,
p; is the relative frequency, and log, is the natural logarithm.
Each value of H' was divided by its maximum value, log, n, and
normalised, to keep the values between 0.0 (monomorphic trait;
i.e., all individuals belong to one and the same category) and 1.0
(maximum diversity; i.e., individuals are equally dispersed among
the n classes). H' was estimated on the whole dataset H', then
the proportion of the diversity present was partitioned as within
the four regions (Africa, Asia, Europe, others) (H, =H'/HY,
where H’ =1/nY H/ is the average diversity over the regions)
and between the four regions [G, =(H{-H.)/H! |.

Analysis of variance (ANOVA) was performed for each trait
according to GLM procedure, using JMP software (version 8.0;
SAS Institute Inc., Cary, NC, USA). Homogeneity of the error
variance was verified using Bartlett’s tests. Mean comparison was
performed by applying the Tukey-Kramer tests, with statistically
significant differences determined at the probability level of
P <0.05.

In the breeding population, the total phenotypic variation
of each trait was partitioned into the variance components due
to genetic and nongenetic factors, according to Falconer and
Mackay (1996). Genotypic variance (ng), phenotypic variance
((52p ), and coefficients of variation of the genotypes (GCV) and
phenotypes (PCV) were estimated.

Broad-sense heritability (h?,) was estimated as:

2 _ 2 2
h%, =0%, /067, %100 )

where O Zg is the genotypic variance and 02p is the phenotypic
variance. The components of the phenotypic variance were calculated
on the basis of the analysis of variance of the expected mean squares.
The phenotypic variance was therefore calculated as follows:

0%, =0%+0% /y+0./rxy 3)

where ngy is the genotype x year interaction variance, 67 is
the error variance, r is the number of replicates, y is the number
of years. According to Crespel et al. (2014), years were considered
as different environments.

Response to selection (R) was calculated as:

R:hsziw/czp (4)

where, i is the standardized selection differential at 5%
selection intensity (i = 2.063).
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Then, the R as a percentage of the mean (AG) was calculated
to compare the extent of predicted R of the different traits under
selection, using the following formula:

AG(%) = R/p x 100 )

The phenotypic (r,) and genotypic (rg) correlation coeflicients
for the different traits for all possible combinations were
estimated using variances and covariances, according to the
method described by Sharma (1998):

I, = COV,, /\/((SZP1 X Gzpz) (6)

r,= covgl,z/\/(cszglx ngz) )

where cov,,, and cov,, , are the phenotypic and genotypic
covariances between traits 1 and 2, and 67, 6%, and 6%, 67,
are the phenotypic and genotypic variances, respectively, of the
two traits.

Contributions of different traits to multivariate polymorphism
were tested by PCA. According to Jolliffe (2002), to better
understand the relationships and similarities and dissimilarities,
and to identify the best genotype, hierarchical clustering were
used. PCA was calculated to extract the factorial load of the
matrix and also to estimate the number of factors. Principal
components with an eigenvalue >1 were retained for analysis
and subjected to hierarchical cluster analysis. Cluster analysis
was performed to measure the hierarchical similarity among
the genotypes.

A Euclidean distance matrix was established from the PCA
values, to obtain a relative dendrogram (Kamara et al., 2003;
Salihu et al., 2006). The entries were clustered using Ward’s
minimum variance method. To identify the group to which each
genotype belonged, the automatic truncation available as part
of the software was used. The means and standard deviations
of traits for clusters were obtained from cluster analysis. To
determine the significant differences of each trait among the
clusters, nested analysis of variance (NANOVA) was performed
using the restricted maximum likelihood procedure.

The statistical analyses were performed using two software
programs: the JMP software (version 8.0; SAS Institute Inc., Cary,
NC, USA); and the R package Agricolae (version 1.2-1) (http://
cran.r-project.org/web/packages/agricolae/index.html).

RESULTS

Collection Population

The descriptive statistics and the ANOVA results for the recorded
phenotypic traits of the 77 Khorasan accessions of the collection
population are summarised in Table 2. Significant differences (P
<0.01, P <0.001) and a wide range of variation were observed for
all of the traits. Grain yield ranged from 1.0 to 4.5 t ha!, with an
overall mean of 2.8 t ha'!; furthermore, some genotypes showed
high values for very important agronomic and qualitative traits,
such as: SW (84.5 kg hl!), TGW (70.9 g), PC (15.9%), and GC
(12.2%). HT was 25.0 days to 39.0 days, and PH was 90.0 cm to
125.0 cm. The widest range was recorded for GY (CV = 21.3%),
followed by TGW (CV = 13.1%), with the narrowest range for
SW (CV = 4.8%). Broad-sense heritability (h%) for the whole
collection was high (>85%) for all traits except for GY (29.2%).

The H’ estimate based on the frequencies of the entire
dataset was 0.55, and the traits differed in the capacity to detect
total diversity that ranged from 0.39 for PC, to 0.67 for TGW,
followed by SW (0.61), GC (0.57), PH (0.57), and GY (0.55)
(Table 3). Total gene diversity H| of a germplasm collection
was partitioned into the mean gene diversity within geographic
regions (H ;) and the gene diversity between regions (G_).
Partitioning of the phenotypic diversity showed that 87% of the
total variation was within the regions of origin, while only 13%
was between the regions. Among the seven traits, GY, PC, and
GC showed high within region variation (H/ =92%,90%,92%,
respectively), whereas, in decreasing order, TGW, PH, and SW
contributed relatively more to the regional differentiation (G, =
27,15, and 14%, respectively); the remaining traits showed much
lower G, (8-12%).

A heat map was constructed to visualize the traits that
had weak (r <0.21), moderate (r = 0.22-0.27) and strong (r =
0.28-1.00) correlations (Supplementary Figure S1). This
analysis showed that 43% of the trait combinations had strong
correlations, while 10% had moderate correlations. The highest

TABLE 2 | Mean, standard error (SE), range, coefficient of variation and broad-sense heritability (h2,) for the seven agronomic traits of the 77 Khorasan accessions

grown at Foggia (Italy) over the three growing seasons (from 2005 to 2007).

Trait Mean + SE Range Coefficient of h?,
variation (%) (%)
Heading time (days)" 33.0+£0.2 25.0-39.0"** 6.9 92.62
Plant height (cm) 109.3+0.5 9.0-125.0"* 7.3 85.37
Grain yield (t ha™) 2.8 +0.1 1.0-4.5" 21.3 29.20
Specific weight (kg hi') 77.7+0.2 68.2-84.5** 4.8 97.68
1000-grain weight (g) 54.0+0.5 37.1-70.9* 13.1 99.14
Protein content (%) 13.4 £ 0.1 10.56-15.9* 5.4 85.35
Gluten content (%) 10.2 0.1 9.0-12.2** 6.6 87.98

TFrom April 1.
=, o Statistically significant: 1%, 1%o level of probability, respectively.
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TABLE 3 | Phenotypic diversity index and partitioning within the four geographic
regions of Africa, Asia, Europe, and others, based on the seven traits of the 77
Khorasan accessions.

Trait Statistic

H# Hy Hs Get
Heading time (days) * 0.51 0.45 0.88 0.12
Plant height (cm) 0.57 0.48 0.85 0.15
Grain yield (t ha™) 0.55 0.50 0.92 0.08
Specific weight (kg hl") 0.61 0.52 0.86 0.14
1000-grain weight (g) 0.67 0.49 0.73 0.27
Protein content (%) 0.39 0.35 0.90 0.10
Gluten content (%) 0.57 0.53 0.92 0.08
Means 0.55 0.48 0.87 0.13

tFrom April 1.
i/-/'t, total diversity; Hy, average diversity over regions; H's, diversity within
regions; Ggt level of differentiation between regions.

correlation coeflicients were between HT and PH (r = 0.53,
P <0.01), SW and TGW (r = 0.68, P < 0.01), GY and SW (r = 0.51,
P <0.01), and PC and GC (r = 0.66, P < 0.01). GY also correlated
with TGW, PC, and GC (0.32, 0.32, 0.33, P < 0.01, respectively).
The structure of the genetic diversity among the accessions
was examined with PCA on the seven traits. The first three axes
showed eigenvalues >1.0 and explained ~78% of the observed

phenotypic diversity for the whole Khorasan germplasm
collection (Supplementary Table S2). The first and second axes
accounted for 35.8% and 27.5% of the total variation, respectively.
Three traits, SW, TGW, and GY (in decreasing order), showed
positive eigenvector loading, and explained 57% of the total
variation in the first principal component, whereas HT, protein
content, and PH (in decreasing order) explained 61% of the total
variation in the second principal component. The third principal
component explained 14.7% of the variance, and was associated
with gluten content and HT.

The cluster analysis identified six clusters, i.e. I to VI, which
included 7, 22, 1, 5, 35, and 7 accessions, respectively (Figure 1;
Supplementary Table S3). Based on the means calculated over
the genotypes included in each cluster (Supplementary Table
$3), we found that cluster I showed high TGW, and cluster II was
characterised by the highest PH and SW. Cluster III had a single
accession, which was distinct from each of the others in terms
of its high protein content and gluten content and its low HT
and PH. Cluster IV had the highest GY, SW, and TGW, and good
protein and gluten contents. Cluster V had intermediate values
for almost all of the traits, and finally, cluster VI included the
genotypes with high PH and the latest HT.

According to the Shannon index, despite ecological and
geographic differences within each cluster, there were similar
accessions from regions that were distant from each other
(Figure 1). However, this classification suggested that most of
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FIGURE 1 | Hierarchical cluster analysis dendrogram (Ward’s method) and pattern map of the values of the bio-agronomic traits for the 77 Khorasan wheat
genotypes. HT, heading time; PH, plant height; GY, grain yield; SW, specific weight; TGW, 1000-grain weight; PC, protein content; GC, gluten content. Dotted line,
20% threshold point delineating six clusters. ***, significant differences at 0.001 level among clusters (Tukey-Kramer test).
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the accessions from Iran and adjacent regions had a tendency to
come together in cluster V. The dendrogram in Figure 1 shows
the similarities of the accessions examined. The pattern map of
the traits for each genotype allowed the identification of seven
genotypes with desirable variants of each trait for the use as gene
donors for the RIL breeding populations: P167343, P1525355,
PI330552, P110391, P168287, Cltr14599, and PI115815. Based
on the results of the multi-year trials, the selected genotypes
showed phenotypic stability and combined high grain yield
and/or protein and gluten contents, and good agronomic
performance (Supplementary Table S4). In particular, all these
genotypes had high GY potential (> mean + 0.58 SD) and other
favourable traits, such as: high SW (>mean + 3.64 SD), high
TGW (>mean + 7.00 SD), high protein content (>mean + 0.56
SD), high gluten content (>mean + 0.53 SD), low HT (<mean -
1.87 SD), low PH (<mean - 6.50 SD). In particular, across these
accessions, P167343 and PI115815 (cluster I) had high SW and
TGW, CItr14599 (cluster III) had high qualitative traits of protein
and gluten contents, P168287, P1525355, and PI330552 (cluster
IV) had high SW, TGW, protein content, and gluten content, and
P110391 (cluster V) had the lowest PH.

RILs Population

Significant differences (P < 0.0001) were seen among the
Genotype (G), Year (Y), and G x Y interaction effects for all of
the traits examined. Compared to durum wheat, the Khorasan
parent accessions had later HT (+10 days), higher PH (+38 cm),
lower GY (-2 t ha'!), higher SW (+10 kg hl!) and higher protein
content (+1%) and gluten content (+0.8%) (Table 4). The means
across all RILs for SW, TGW, protein, and gluten content traits
were higher than those of the durum wheat parents. The data
indicated wide ranges of variation and most of the backcross
lines were characterized with improved agronomic characters. In
particular, the highest GY (6.7 t ha!), SW (67.9 kg hl'!), TGW

(85 g), protein content (17.9%), and gluten content (14.3%) were
seen for the breeding population genotypes. Furthermore, some
of the RILs produced significantly early heading and shorter
plants. The extent of the variability was assessed by estimation of
the genetic parameters (Table 4). For all traits, a large portion of
the phenotypic variance (0°,), i.e. more than 68%, was accounted
for by the genetic component (¢%,). The phenotypic coeflicient
of variation (PCV) was higher than the genotypic coefficient of
variation (GCV) for all of the traits. The PCV and GCV were
high (>20%) for GY and SI for diseases, intermediate (10-20%)
for HT, PH, and SW, and low (< 10%) for the other traits. Broad-
sense heritability for the whole collection was high, and ranged
from 68.2% (STB score) to 98.2% (PH). Heritability was >90%
also for HT, GY, and TGW. Selection gains of more than 10%
would be expected in 10 traits if 5% of the lines were selected.
AG was particularly high for SI for diseases (>69.4%) and GY
(63.7%), while it was minimal for TGW (4.6%). High heritability
and genetic gain were recorded for SI for diseases, GY, PH,
and HT.

Grain yield had significant positive phenotypic correlation with
TGW (r, = 0.31, P < 0.05), and significant negative association
with HT (r, = -0.34, P < 0.01), PH (r, = -0.20, P < 0.05), YR score
(r,=-0.34,P <0.01), and LR score (r, = -0.40, P < 0.01) (Table 5).
GY showed a not significant negative association with protein and
gluten content. TGW was also positively correlated with PH (r, =
0.40, P <0.01) and SW (r, = 0.43, P < 0.01), and the association of
protein content with gluten content was positive and significant
(r, = 0.92, P < 0.01). The genetic correlation coefficients were
higher than their corresponding phenotypic ones.

Due to the high phenotypic variation, the PCA showed wide
dispersion along both of the PC axes. For the RILs population,
four principal components had eigenvalues >1 and accounted
for 70% of the total variance (Supplementary Table S5). The
proportions of the total variance attributable to the first four
principal components were 22.0, 19.6, 15.7, and 12.8%. PH,

TABLE 4 | Phenotypic performance and estimates of genetic parameters of the 11 agronomic and disease-resistance traits in the parent lines and in the breeding

population derived from the T. durum x T. turanicum crossing.

Trait Durum Khorasan Breeding Whole collection
parental parental population
Mean + SE Mean +SE Mean +SE Mean Range Cv& 62 o2 GCV PCV h% AG
(%) ¢ ’ (%) (%) (%)
(%)
Heading time (days)* 27.0+£15 37.0=+1.0 29.8 + 0.1 29.9 21.0-40.7 10.8 10.31 10.73 10.74 10.96 96.09 21.68
Plant height (cm) 76.7+£10 1150+x24 1000+0.7 100.0 63.3-141.7 191 364.13 370.73 19.08 19.25 98.22 38.96
Grain yield (t ha') 4.2+041 22+0.2 3.2+0.1 3.2 1.01-6.7 31.3 1.00 1.02 31.25 31.56 98.04 63.74
Specific weight (kg hI')  40.0 + 3.1 50.0+2.9 496 +0.3 49.6 28.0-67.9 15.5 53.89 70.45 14.80 16.92 76.49 26.67
1000-grain weight (g) 79.7 +0.9 79.4+0.8 80.6 + 0.1 80.6 72.2-85.0 2.4 3.57 3.88 2.34 2.44 92.01 4.63
Protein content (%) 149+05 159+0.3 15.7 £ 0.1 15.6 12.5-17.9 6.1 0.86 1.00 5.94 6.41 86.00 11.36
Gluten content (%) 11.1+£02 11.9+03 11.5 £ 0.1 11.5 8.0-14.3 8.1 0.83 0.94 7.92 8.43 88.30 15.33
PM scoret 1.2 +0.1 4107 2.0+ 0.1 2.0 0.0-6.7 63.6 1.55 1.84 62.25 67.82 84.24  117.70
STB score 1.7+£04 43+04 1.9+0.1 1.9 0.3-6.0 43.6 0.60 0.88 40.77 49.37 68.18 69.35
YR score 0.0+0.0 0.0+0.0 0.9 £0.1 0.9 0.0-6.3 106.1 0.79 1.05 98.76 113.86 75.24  176.46
LR score 3.1+£1.2 1.2+03 2.7+0.1 2.7 0.0-7.7 68.8 3.30 3.70 67.28 71.24 89.19  130.89

tFrom April 1.

*PM, powdery mildew resistance; STB, Septoria tritici blotch resistance; YR, yellow rust resistance; LR, brown rust resistance.

&CV; coefficient of variation; %, genotypic variance; °,, phenotypic variance; GCV, genetic coefficient of variation; PCV, phenotypic coefficient of variation; h?,, broad-sense
heritability; AG, expected response to selection at 5% of the selection intensity.
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TABLE 5 | Phenotypic (above diagonal) and genotypic (below diagonal) coefficients of correlation () between the 11 agronomic and disease-resistance traits for the 800
genotypes evaluated in 2013-2015.

Traitt HT PH GY swW TGW PC GC PM STB YR LR
HT 0.07 -0.34* 0.14 0.13 0.07 0.14 0.19 0.02 0.20% 0.08
PH 0.07 -0.20* 0.58" 0.40™ 0.20* 0.19 0.02 -0.09 0.03 -0.13
ay -0.34+ -0.20+ -0.10 0.31* -0.09 -0.08 -0.19 0.15 -0.34™ -0.40"
sw 0.15 0.61+ -0.10 0.43" 0.15 0.14 -0.05 -0.09 0.08 -0.11
Taw 0.13* 0.41+ 0.31+ 0.46 0.01 0.04 -0.04 0.02 -0.08 -0.24*
PC 0.07 0.21+ -0.09* 017+ 0.00 0.92* 017 0.08 -0.01 -0.19
GC 0.5 0.20 -0.08+ 0.5 0.03 0.94+ 017 0.10 0.01 -0.20*
PM score 0.20° 0.03 -0.20+ -0.05 -0.04 017+ 017+ 0.52** 0.33™ 018
STB score 0.02 -0.10% 0.15+ -0.10 0.02 0.09¢ 0.11+ 0.56+ 0.12 -0.06
YR score 0.2+ 0.03 -0.35+ 0.09 -0.08* -0.01 0.01 0.36+ 0.14+ 0.31™
LR score 0.08 -0.13¢ -0.51+ -0.12¢ -0.25+ -0.20+ —0.21+ 0.18+ -0.06¢ 0.33+

tHT, days to heading from April 1; PH, plant height; GY, grain yield; SW, specific weight; TGW, 1000-grain weight; PC, protein content; GC, gluten content; PM,
powdery mildew resistance; STB, Septoria tritici blotch resistance; YR, yellow rust resistance; LR, brown rust resistance.

Genotypic coefficients: significance of a genetic coefficient correlation is expressed as being greater than once (+) or twice (++) its SE

* ** Significance at P < 0.05, P < 0.01, respectively.

protein content, and gluten content had the highest loadings  differences between these clusters for all traits. Based on the
for the first principal component, which indicates that they = mean performance of each trait, cluster IV was composed
contributed significantly to this component. GY, PM score,  of early HT (-25.1 days) and high GY (+4.1 t ha') genotypes.
YR score, and LR score contributed to the second principal  Clusters VIII and XIV were composed of genotypes with good
component. SW was the main trait that contributed to the third  qualitative traits, i.e. protein content (+16.9%, on average) and
principal component, and for the fourth principal component,  gluten content (+12.6%, on average). Cluster IX comprised
TGW, PM score, and STB score were most important. genotypes that were characterized by high PH (+116.0 cm).

Cluster analysis was performed considering all measured  Genotypes that constituted clusters X and XII showed higher
traits, and this divided the 800 genotypes into 20 major = PH (+115.7 cm, on average), higher SW (+82.0 g) and lower SI
clusters, I to XX (Table 6). Nested ANOVA revealed significant for diseases (-1.8, on average). Cluster XIII comprised genotypes

TABLE 6 | Mean values for the 11 agronomic and disease-resistance traits according to the 20 clusters grouped from the cluster analysis of the 800 genotypes derived
from the T. durum x T. turanicum crossing.

Cluster No. of Agronomic traitt Disease-resistance trait"
genotypes
HT PH GY sSw TGW PC GC PM STB YR LR
(days) (cm) (t ha) (kg hI) (9) (%) (%) score score score score
I 33 31.9b 77.5] 1.7m 41.7 jk 76.7 | 15.3fg 11.3e-h 1.8e—g 1.3 hi 1.3 cd 54a
Il 34 323b 78.9] 2.5 46.6 i 79.5i 15.5 d-f 11.6 d-f 1.2i 1.4 g 1.1de 2.7f
Il 49 29.5 de 78.9] 32e 409k 79.1] 15.7 de 11.5e-g 2.3d 2.0ef 0.8gh 4.8bc
I\ 26 2519 111.2¢c 4.1b 51.1 d-f 81.8b 14.4 ] 104 1.2i 1.7 fg 0.5 jk 1.8h
\Y 29 28.9 de 84.51i 39c¢c 47.0 hi 81.5 bc 13.7 k 9.8k 1.3 hi 2.1de 0.4 2.4fg
VI 16 28.7 de 9469 2.3k 47.5 g 80.3e—g 13.6 k 9.5k 1.2 1.5gh 1.2cf 5.3 ab
Vil 39 26.2 fg 83.11i 3.6d 42.9]j 78.5 k 14.81i 10.5] 1.2i 1.5gh 0.5 jk 2.7f
VIl 4 29.3 de 111.5¢ 26i 50.0 e-g 79.7 hi 16.8a 126 a 1.7 gh 1.4 g-i 0.8 g-i 1.8h
IX 48 259¢g 116.0a 3.0f 55.4 bc 80.4 ef 16.2 ¢ 11.9d 1.3i 1.4 g 0.6 h—j 2.61g
X 83 32.4Db 115.6 a 289 54.6¢c 81.8b 15.7d 11.6 de 1.3i 1.2 0.9fg 239
X 60 31.6b 115.2 ab 289 56.5 ab 81.2¢c 15.0 hi 10.9i 20e 169 1.0e-g 4.2d
XII 49 31.6b 115.8a 2.7h 57.3a 82.2a 16.5 ab 12.5 ab 2.7¢c 2.2de 14c 2.4fg
Xill 17 34.6a 112.8 bc 299 52.0 de 81.4 bc 16.2 bc 12.3a—c 3.7b 3.6a 1.1d-g 1.5 hi
XV 17 28.1 ef 108.3d 2.8 gh 50.1 d-g 80.6 de 169 a 12.6 ab 3.8b 2.5cd 1.2.cHf 5.0 ab
XV 16 31.8 bc 98.1 f 2.4 48.2 g-i 79.8 g-i 15.4 d-h 11.4e-h 39b 3.0b 49a 4.4 cd
XVI 24 32.0b 105.3 e 2.11 48.9 f-h 80.0 f-h 15.5d-g 11.2gh 5.3a 2.8 bc 1.8b 3.7¢€
XV 26 29.4 de 100.9 f 33e 45.8'i 81.7b 15.2 g-i 111 hi 28¢c 2.8 bc 1.2c—e 35e
XVIII 89 29.9 cd 105.8 e 4.1b 52.3d 81.8b 16.2 ¢ 12.2 bc 1.9 ef 2.2de 0.21 0.9]
XIX 45 29.1 de 87.4h 3.6d 41.2 jk 79.7 hi 16.2 bc 12.2¢ 2.5cd 2.1de 0.6 ij 1.5 hi
XX 59 284 e 78.9] 4.7 a 46.9 hi 80.8d 15.5e-g 11.3f-h 1.8fg 2.3de 0.3kl 1.3i

tHT, days to heading from April 1; PH, plant height; GY, grain yield; SW, specific weight; TGW, 1000-grain weight; PC, protein content; GC, gluten content; PM,
powdery mildew resistance; STB, Septoria tritici blotch resistance; YR, yellow rust resistance; LR, brown rust resistance.

Data with different letters within columns indicate significant differences (Tukey-Kramer tests).

Data in bold text indicate highest value(s) within each column (i.e., trait) across the 20 clusters.
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that were characterized by late HT (+34.6 days). Cluster XVIII
was composed of genotypes with high GY (+4.1 t ha'!) and low
SI for diseases (-1.3, on average). Finally, early HT (-28.4 days),
short PH (-78.9 cm) and high GY (+4.7 t ha!) were the special
features of cluster XX.

Table 7 presents the number of superior genotypes for each
trait within each group based on the genotypes with trait values
that exceeded the mean plus SD and with a high probability
of success in the selection where there is sufficiently high
heritability. For HT, PH, and SI for diseases, mean minus SD
was used, as these traits are useful for better crop performance
under Mediterranean conditions. According to these criteria, the
highest number of superior genotypes was 205 for PH and 206 for
YR score, and the lowest number was 110 for protein content and
124 for gluten content. Six of the lines showed better performance
for at least six different traits. These superior lines showed
increased GY (+64.5%), SW (+28.5%), TGW (+3.5%), protein
content (+6.4%), and gluten content (+6.8%), and decreased HT
(-24.9%), PH (-20.8%), and pathogen susceptibility (-79.2%, on
average). Compared to the parents, line 721 was 8 days earlier for
HT, and the three lines 630, 721, and 754 were 20 cm shorter, on
average, for PH, and 65% more productive, on average, as GY. In
particular, line 696 was superior according to seven of the traits.

DISCUSSION

Phenotypic variation in Khorasan wheat has not been studied in
great detail. However, knowledge of the extent of variability for
plant traits and the association of specific traits within the collected
material would help to revisit the breeding programs (Mengistu
et al., 2016b).The data showed significant variations among the
Khorasan accessions particularly for GY and TGW, which can
be used to develop higher yielding cultivars through breeding.
Grausgruber et al. (2005) reported average yields of the best

performing Khorasan wheats of about 440 g m™ for the autumn
crop grown in Central Europe. These values are comparable to the
best accessions evaluated in the present study, in which we adopted
a similar sowing density (300-350 seeds m2). Also, the means
observed in the present study for SW (77.7 kg hl'') and TGW (54.0
g) were similar to those reported by Grausgruber et al. (2005)
and Sissons and Hare (2002), for the environmental conditions of
Central Europe and Australia, respectively. The size and shape of
the wheat grain can have significant effects on grain weight and
flour yield. Here, the particularly high TGW is explained by the
very large kernel size, which is up to twice the size of durum wheat
kernels. The narrow and flinty kernel shape, which reduces the
density of agglomeration within the chondrometer, is the reason
for a relatively low hectoliter weight (Stagnari et al., 2008).

Protein content represents an important factor for price
determination in wheat trading, and semolina PC>12% is considered
one of the parameters required to obtain good pasta quality (Ross
and Bettge, 2009). According to Piergiovanni (2009), experimental
evidence suggests that Khorasan showed a tendency to accumulate
high protein content. Similar to our data, Stagnari et al. (2008)
reported protein content and gluten content of 16.1 and 12.1%,
respectively, in 13 lines of Khorasan evaluated in southern Italy.

The estimate of heritability provides index of transmissibility
of characters. In our Khorasan collection, the heritability value
for GY was low, suggesting that selection for this single character
would not be effective due to predominant effects of non-additive
genes. The phenotypic diversity of the gene pool of Khorasan
wheat is reflected on the H', estimates. According to Eticha et al.
(2005), the phenotypic frequencies for each trait analyzed by the
Shannon-Weaver diversity index can be classified as high (H' >
0.60), intermediate (0.40 < H' < 0.60), and low (0.10 < H’ < 0.40).
The overall genetic diversity (H’,) was medium to high (0.55) in the
present study, which indicates that the Khorasan wheat accessions
had a substantial level of genetic diversity, with relatively high
frequency for the desirable classes of many of the agronomically

TABLE 7 | Number and means of genotypes with superior values for each of the 11 agronomic and disease-resistance traits, and superior lines for multiple traits, as

identified by cluster analysis, with comparisons to parent values also given.

Trait No. of Mean Superior line for multiple traits Parent comparison
genotypes

382 422 630 696 721 754 Mean* Parent Difference

(X)* (Xvi) (Xvii) (XVI) (XX) (XVIi1) (M) mean (PM) (%)
Heading time (days) 129 24.9 - - - - 24.7 - 24.7 32.9 -24.9
Plant height (cm) 205 74.4 - - 73.3 - 78.3 78.3 76.6 96.7 -20.8
Grain yield (t ha™) 124 4.9 - - 4.7 - 5.2 5.5 5.1 3.1 +64.5
Specific weight (kg hl") 152 60.2 57.5 - - 62.3 - - 59.9 46.6 +28.5
1000-grain weight (g) 132 83.1 82.8 83.2 - - - 83.4 83.1 80.3 +3.5
Protein content (%) 110 17.0 16.7 16.6 16.6 16.7 - 17.0 16.7 15.7 +6.4
Gluten content (%) 124 12.8 12.6 12.6 12.5 12.5 12.5 12.7 12.6 11.8 +6.8
PM score* 143 0.62 0.67 0.67 - 0.67 - - 0.67 3.28 -79.6
STB score 176 0.96 1.00 1.00 - 1.00 - - 1.00 3.06 -67.3
YR score 206 0.00 - - 0.00 0.00 0.00 - 0.00 0.00 -0.00
LR score 129 0.32 - 0.00 0.00 0.33 0.67 0.00 0.20 217 -90.8

TFrom April 1.

*PM, powdery mildew resistance; STB, Septoria tritici blotch resistance; YR, yellow rust resistance; LR, brown rust resistance.

éCorresponding cluster.

*M, mean of the lines with superior traits; PM, mean of 7 Khorasan accessions and 3 durum wheat cultivars; Difference (%) = [(M - PM)/PMx100]
Superior trait for HT, PH, PM, STB, YR, and LR: mean - o; for GY, SW, TGW, PC and GC: mean + o.
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important traits. While most traits showed relatively high levels of
polymorphism, only protein content had low H’, estimates which
might reflect unequal frequencies of different classes rather than
the absence of the desirable class for a particular trait (Jaradat and
Shahid, 2006). Furthermore, our data indicate that most of the
variation between accessions is due to differences within regions,
rather than across different regions. According to Bekele (1984), it
appears that collection strategies depend very much on variations
in the ecologic-climatic and/or topographic conditions within a
collection site. In areas with significant environmental variation, a
larger number of collection sites should be considered.

Using Pearsons correlations, we determined the traits with
moderate to high correlations that can be considered by breeders
as important targets during selection (Mwadzingeni et al., 2016).
Thus, SW by its positive association with GY, can be used as criteria
for indirect selection for productive Khorasan cultivars. Also TGW,
protein content, and gluten content showed a moderate positive
phenotypic association with GY. Several studies showed inverse
relationship between grain yield and grain N concentration (Triboi
et al,, 2006; Amiri et al., 2018). They suggested that this inverse
relationship is because the genetic variations in C assimilation are
higher than those of N assimilation. The variability is induced by
both genetic and environment factors and their interactions. A
positive association between GY and protein content was reported
for durum wheat cultivars grown in a Mediterranean environment
under organic farming system (Iannucciand Codianni, 2016). These
data were confirmed by the PCA analysis, in which the agronomic
traits explained a high percentage of the total variation among the
accessions. Indeed, HT, PH, SW, and TGW were positive for both
the first and second principal components, which indicated that
these traits contributed maximally toward divergence, and can be
considered as key traits for the estimation of genetic diversity in
Khorasan wheat.

The promising genotypes can be identified from the cluster
means recorded for each trait. The distribution of the accessions
within clusters has no apparent relationship in terms of
geographic origin, although many of the Western Asia accessions
had a tendency to remain together. The broad diversity of
the Khorasan accessions within large regions can be due to
different reasons, i.e., the variability of climatic and agricultural
conditions, the selection pressure, and the high levels of gene
migration (i.e., gene flow) (Jaradat and Shahid, 2006), or it is also
possible that classification by regions masks divergence, because
different phyto-geographic regions can be included in the same
political boundaries (Khan et al., 2009). On the other hand,
accessions from very distant regions (i.e., Australia, Turkey,
and Spain) may have similar genetic background (i.e., cluster I).
These results could be attributed to free exchange of materials
that may have overlapped the previous diversity distribution
pattern of the domesticated species (Jaradat and Shahid, 2006).
Therefore, geographic diversity should not necessarily be
used as an index of gene-specific populations. We found five
real clusters and a mono-genotype cluster. Interestingly, CItr
14599 (originating from Ethiopia), which is the only genotype
that belongs to cluster III, was earliest and had a higher grain
yield, which makes it desirable, as this combines two important,
but mostly contradicting, traits. Indeed, it has been recently

indicated that the geographic area of Ethiopia was a separate
domestication center for tetraploid wheats (Mengistu et al,
2016b). The distinctiveness of the Ethiopian materials from any
of the other gene pools probably results from geographic barriers
that prevented gene flow, or alternatively from intensive selection
for adaptive gene complexes (Lopes et al., 2015).

To the best of our knowledge, the present study is the first
to evaluate variability of agronomic and qualitative traits in
a wide collection of Khorasan wheat under field conditions.
These data show a great genetic potential, and the selection of
the best genotypes from the clusters with the best combinations
of yield-related traits for direct use as cultivars is feasible
for Khorasan wheat. Based on univariate and multivariate
assessments, seven promising accessions that showed desirable
expression for many traits simultaneously were identified
as donors for durum wheat improvement. In particular, we
identified: PI68287 from Azerbaijan (with high GY, SW,
TGW, PC, and GC), P167343 from Australia and PI115815
from Turkey (with high GY, SW, and TGW), PI525355 from
Morocco (with high GY, SW, PC, and GC), PI330552 from
United Kingdom (with high GY and PC), PI10391 from Egypt
(with high GY and low PH), and Cltr14599 from Ethiopia
(with high GY, PC, GC and low HT, PH).

The highly significant genotypic differences observed among
all of the traits investigated indicate that the germplasm derived
from T. durum x T. turanicum crossing is a rich source of genetic
diversity for breeding purposes. High variation was observed here
for the SI for diseases, GY, PH, SW, and HT traits. Appreciable
variability for several durum wheat traits was reported by
Mengistu et al. (2016a), which included HT, PH, aboveground
biomass, GY, and other yield components. As reported by
Grausgruber et al. (2005), in general, Khorasan wheats have
turned out to be medium to very susceptible to the prevalent races
of PM, LR and YR. High susceptibility to YR has already been
reported by Vavilov (1951). In the present study, low to medium
susceptibilities to leaf diseases were observed, probably because of
the low rainfall (132 mm) and humidity during the spring period
(April-June), which represented 26% of the annual total rainfall
recorded for southern Italy (average from 2003-2017).

Information on the magnitude and significance of the
genotypic and environmental components of the phenotypic
variation for important traits provides a basis for the development
of efficient breeding programs (Allard, 1960). In our research,
the phenotypic variance (02,) and PCV were a little higher than
the corresponding genotypic variance (0%,) and GCV for all of the
traits, which suggested the presence of environmental influence
to some extent in the expression of these traits (Johnson et al.,
1955; Ehdaie and Waines, 1989). This was confirmed by the
significant genotype x environment interactions. However, high
ratios of genotypic variance to phenotypic variance indicate that
there is inherent variability among the genotypes that remains
unaltered by environmental conditions, and which in turn,
is more useful for exploitation in selection and hybridization
programs (Falconer and Mackay, 1996). Here, PCV and GCV
were categorized as low (0-10%), moderate (10-20%) and high
(>20%) (Johnson et al., 1955). Accordingly, high PCV and GCV
were recorded for SI for diseases and GY, which suggests the
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possibility of improving these traits through selection based on
phenotypic expression. In contrast, TGW, protein and gluten
content showed low PCV and GCV. Similar findings were
reported by Chatzav et al. (2010) for durum wheat genotypes.

Nevertheless, the proportion of genetic variability that is
transmitted from parents to all offspring is reflected by the
heritability, which gives information on the relative values of
the phenotypic selection. According to Johnson et al. (1955),
heritability >80% is very high, from 60-79% is moderately high,
from 40-59% is medium, and <40% is low. As a consequence,
the particularly high heritability seen here for HT, PH, GY, and
TGW (> 90%) shows that these traits are governed by additive
genes. Comparable data were reported for durum wheat by
Mengistu et al. (2016b). The high heritability obtained might
be due to favorable growing conditions and the adaptability of
the plant material used. There were high h? values for protein
content and gluten content (86 and 88%, respectively), which
suggests that these traits are controlled by the genotype more
than by the environment, in comparison with SW. Similar data
were reported by Zanetti et al. (2001) for Triticum aestivum RILs
and improved lines.

Falconer and Mackay (1996) stated that heritability estimates
together with R are more important than heritability alone for
prediction of the effects of selection of the best individuals.
R indicates the degree of gain in a trait obtained under one
cycle of selection at a given selection intensity, and it helps in
the understanding of the type of gene action involved in the
expression of various polygenic traits (Allard, 1960). According
to Johnson et al. (1955), R can be classified as low (< 10%),
moderate (10-20%) and high (> 20%). High and low R are
indicative of additive or non-additive gene actions, respectively.
The maximum expected R, which was expressed as percentage
of the mean (AG), was seen for SI for diseases and GY. The high
h?, and AG for GY, PH, HT, SW, and SI for diseases indicates
that selection for these traits would be more effective. High h?,
coupled with moderate AG were reported for protein content
and gluten content, which indicated the presence of intra-
allelic and inter-allelic interactions in the expression of these
traits (Falconer and Mackay, 1996). High h? estimates and low
expected AG were seen for TGW, which indicate the dominant
and epistatic nature of inheritance (i.e., nonadditive gene action).
The lower R for TGW, protein content, and gluten content
despite high heritability estimates are due to low variability. This
shows the importance of genetic variability for improvements
through selection.

Genotypic and phenotypic correlation analyses among the
traits is needed to understand correlated inheritance (Lopes
et al, 2015). Between all of the trait combinations, the r,
values were close, and a little higher than their corresponding
phenotypic values, which might be due to masking or modifying
effects of the environment on the genetic association among
the traits (Johnson et al, 1955). The negative and significant
phenotypic and genotypic association between GY and HT
and PH indicates the possibility of identifying lines with a
combination of high grain production, early heading, and short
plants. These associations might be due to pleiotropy or linkage
disequilibrium (Chen and Liibberstedt, 2010), and they have

significant importance in durum wheat breeding programs. As
De Vita et al. (2007) and Gonzélez-Ribot et al. (2017) reported,
selection for early flowering has been positive for grain yield
as this avoids terminal drought stress. So, HT might be used as
an indirect selection criterion for better grain yield. Also TGW,
an important component of GY, showed significant positive
phenotypic and genotypic associations with GY, which implies
that improving this trait might provide high GY.

Based on across-year analyses, HT, PH, and TGW are the most
promising traits for indirect selection. Similar data were obtained
by Mohammadi et al. (2018) for 25 durum wheat breeding
genotypes under drought conditions, and by Gonzilez-Ribot et al.
(2017) for a durum wheat collection. The negative relationship
between GY and PC and GC might be due to opposite pleiotropic
gene effects, caused by the major bio-energetic requirements for
synthesis of protein and then carbohydrate (Blanco et al., 2006).
This suggests that it is difficult to combine higher GY, protein
content, and gluten content in a single genotype.

A high percentage of total variation (70%) was accumulated
by the first four principal components, which was explained
by the bio-agronomic traits studied. On the basis of the
cumulative effects of the individual traits examined, the
genotypes were clustered into 20 groups, each of which
included 16 to 89 genotypes. The genotypes in each cluster
have defined traits, and thus represent resources for specific
breeding programs. The results indicated that based on each
trait, many RILs from the complex crossing program exceeded
the parents (from 110 to 205 genotypes for protein content
and PH, respectively). The best breeding lines showed low
increments for TGW. Accordingly, De Vita et al. (2007) and
Royo et al. (2014) reported that the response to selection
of durum wheat in Mediterranean environments is more
associated with the number of spikes m and kernels m, than
with TGW.

Grouping of genotypes by multivariate methods allow us to
choose elite lines from different clusters. The superior wheat
genotypes identified were: 382 (with high SW, TGW, PC, and
GC), 422 (with high TGW, PC, and GC), 630 (with high GY, PC,
GC, and low PH), 696 (with high SW, PC, and GC), 721 (with
high GY, GC, and low HT, PH) and 754 (with high GY, TGW,
PC, GG, and low PH). All these genotypes were highly resistant
to plant diseases examined.

CONCLUSIONS

The present study represents the first comprehensive study
of the variability of agronomic and qualitative traits in a
large sample of T. turanicum collected from different eco-
geographic regions around the world. In contrast to others
tetraploid species, i.e., T. dicoccoides and T. dicoccum, the
involvement of the T. turanicum in practical durum wheat
breeding programs, by hybridization, still remains limited.
Our results indicate that Khorasan wheat offer abundant
genetic diversity for multiple agronomic adaptive traits and
gives us the opportunity to exploit favorable alleles that were
excluded from the domesticated genepool. Seven accessions
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were identified with a combination of desirable traits for high
GY and other useful characteristics that can be further used in
durum wheat breeding programs. Moreover, no studies were
found in the literature that have considered the heritability, or
phenotypic or genotypic correlations, for GY and its related
traits, and the quality traits of lines derived from T. durum x
T. turanicum crossing. The current research shows that the
backcross strategy used is appropriate for transferring of
novel alleles from wild relative species into durum wheat
elite cultivars without a significant reduction in their valuable
agronomic qualities. The promising introgressed lines have
been selected for use in durum wheat breeding programs,
based on their diverse and complementary agronomic traits
that are adapted to the Mediterranean environment.
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