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Abstract Emmer wheat (Triticum. turgidum ssp.
dicoccum) as an ancestor of bread and durum wheats,
can be a potential resource to restore genetic diversity in
modern durum wheats. In order to estimate the
combining ability, the type of gene action, heritability,
and other genetic parameters of agronomic traits, a full
diallel cross (12 x 12) was made between eight durum
cultivars and four emmer wheat accessions. The F;
hybrids (132 combinations) and their parents were
evaluated for important traits that account for produc-
tivity during two cropping seasons. Considerable
genetic diversity among the parents and the hybrids
was evident, with most of the hybrids showing higher
grain yields than their respective durum parent. High
general combining ability for all of the measured traits,
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and higher Baker ratios for most of the traits indicated
that additive gene action was involved. Based on the
Griffing diallel method, the specific combining ability
was significant for most of the measured traits. The
Hayman analysis revealed the presence of partial
dominance gene action for traits such as the number
of tillers per plant (NT), grain weight per spike (GWS),
harvest index (HI), days to heading (DH), and number
ofkernels per spike (NKS). However, plant height (PH),
days to maturity (DM), peduncle length (PL), and grain
yield (GY) were under the influence of the over-
dominance gene action. The narrow-sense heritability
for GWS, NKS, kernel diameter (KD), and HI was
relatively high and these four were positively correlated
with grain yield. Therefore, selection for these four
traits in early generations may indirectly improve yield.
The results indicate that Iranian emmer wheats are a
good source of wild type alleles and valuable QTLs to
improve the elite durum wheat cultivars.

Keywords Diallel - Gene action - Genetic
bottleneck - Indirect selection - Tetraploid wheat

Introduction

Since the rise of human civilizations, wheat (Triticum
spp.) has been one of the most important cultivated
food crop worldwide (Asseng et al. 2020). During
domestication, and later exacerbated by modern plant
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breeding, genetic diversity of the cultivated wheat
germplasm has been significantly reduced (Fu and
Somers 2009). This poses a potential threat of serious
crop vulnerability to many adverse events, including
global environmental and climate changes; Hence, as
a prerequisite for sustainable future production,
maintaining sufficient diversity in breeding stocks is
crucial (Budak et al. 2013; Henkrar et al. 2016; Bassi
and Nachit 2019; Xynias et al. 2020).

Durum wheat [Triticum turgidum ssp. durum
(Desf.) Husn] derived from domesticated emmer
wheat [T. turgidum ssp. dicoccum (Schrank ex
Schiibl.) Thell] about 10,000 years ago but its culti-
vation as a prominent crop traces back over the last
2300 years (Faris 2014). It is used mainly for the
production of pasta and other semolina-based staples
(Maccaferri et al. 2019). Emmer is a hulled wheat
with strong glumes (husks) that enclose the grains, it
has a semi-brittle rachis. It is considered as the primary
gene pool for durum wheat and it harbors a rich allelic
repertoire, including those conferring various climate-
resilience traits (Lucas et al. 2017). Hybrids between
durum and emmer wheats are quite consistent
(Sheibanirad et al. 2014), and although the wild type
traits such as strong glumes and brittle rachis are not
entirely eliminated, they provide sufficient genetic
diversity for many desirable traits (Zaharieva et al.
2010; Lucas et al. 2017; Maccaferri et al. 2019).
Employing a mix of natural and artificial selection,
traditional farmers have developed a vast array of local
wheat cultivars or landraces with higher yield stability
and better adaption to climate change relative to
modern cultivars (Lopes et al. 2015; Mwadzingeni
et al. 2017). This includes local landraces of Iranian
Emmer wheat traditionally grown in the Zagros region
(Sheibanirad et al. 2014) and are known to carry
valuable traits, especially those linked to tolerance to
biotic and abiotic stresses, and these traits would be
beneficial for the improvement of durum wheat in
general (Vaghar and Ehsanzadeh 2018; Abdehpour
and Ehsanzadeh 2019; Fatholahi et al. 2020). How-
ever, the genetic potential of these local stocks is
largely unexplored.

Reliable estimates of genetic parameters such as
heritability, combining ability, and gene effects are
necessary to decide on appropriate breeding strategies
and selection schemes to create new cultivars with
improved specific morpho-physiological traits. One of
the most reliable and commonly used methods for
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estimating such parameters are the diallel crosses
(Mather and Jinks 1982). In diallel analyses based on
the Hayman method (Hayman 1954), a combination of
genetic information is gathered with respect to allelic
distribution, the average degree of dominance, the
presence or absence of epistasis, the number of gene
groups, broad and narrow sense heritability and the
direction of dominance. Furthermore, using the Griff-
ing method (Griffing 1956), appropriate statistical
models such as, the general and specific combining
ability (GCA and SCA, respectively) are introduced
into the estimates and thus the types of gene effects
(additive or non-additive) are further determined.

Reif et al. (2007), in a theoretical study, have shown
that the inter-population improvement is more effec-
tive through more divergent heterotic groups rather
than genetically similar heterotic groups. Therefore,
the ratio of dominance to additive variance decreases
with the increase in genetic divergence between two
populations, which in turn leads to an increase in the
GCA variance. As a result, the performance of the top
hybrids can be predicted based on the effects of the
GCA. In another study, Kulkarni et al. (2008) created a
functional diversity for two traits: the thousand-grain
weight parameter and number of days to maturity, in a
population derived from a cross between durum and
emmer wheats. This compared well with other studies
where no reciprocal effects were observed in F,
populations derived from crosses between durum and
emmer wheats for grain weight, and the dominance
effect was observed for grain weight (Millet et al.
1984). In a study conducted on a population of
recombinant inbred lines (RILs) derived from durum
and wild emmer wheat hybrids, a positive correlation
was found between the number of fertile tillers, grain
yield, and grain number per spike, but these traits were
negatively correlated with grain weight (Golan et al.
2019). In another study conducted on a durum x em-
mer RILs population, a positive correlation was
observed between the harvest index and grain yield,
while a negative correlation was observed between
these traits and days to heading (Peleg et al. 2009). In
an experiment to investigate the combining ability of
tetraploid wheat using line x tester crosses of durum
by emmer, the most significant effect of SCA was
observed for the thousand-grain weight, grain yield
and harvest index in hybrids of emmer with durum
wheats (Lohithaswa et al. 2014).
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Table 1 Names, subspecies, origin, and pedigree of parental genotypes of tetraploid wheat, including eight durum and four emmer

used in a 12 x 12 full diallel crosses

Genotype code Name Tetraploid subspecies Origin Pedigree/synonym

1 Shabrang Durum CYMMYT Sora/2*Platal2

2 Dena Durum CYMMYT Tarro-3

3 Ariya Durum ICARDA Stork

4 Behrang Durum CYMMYT Zhong Zuo/2*Green-3
5 Yavaros Durum CYMMYT Yavaros-79

6 Shwa Durum ICARDA Shwa

7 Karkheh Durum ICARDA Shwa/Mald//Anz

8 Saji Durum ICARDA Mrb11//Snipe/Magh/3/Rufom-7
9 Khoyghan Emmer Iran Local variety

10 Ozonbelagh Emmer Iran Local variety

11 Zarneh Emmer Iran Local variety

12 Singerd Emmer Iran Local variety

In this study, four local accessions of emmer were
crossed with eight durum cultivars in a full diallel
pattern, and genetic mechanisms controlling several
important agronomics traits were investigated. In
addition, different aspects of the combing ability
between the two species were addressed. Through
identification and reintroduction of rare but valuable
alleles from wild relatives of wheat, we hope to
provide some insight into the potential for an
improvement of current durum wheat cultivars.

Materials and methods
Breeding material and experimental method

A total of 12 tetraploid wheat genotypes including
eight durum cultivars and four emmer accessions were
used in a full diallel cross to produce 132 hybrids
[px(p-1)=12 x 11 = 132; P = number of par-
ents]. The eight durum cultivars were selected from
among a wide range of cultivated varieties showing
reasonable diversity. The four emmer accessions were
landraces (local varieties) collected from different
villages in central Zagros region of Iran. The accession
names correspond exactly to the village from which
each accession was collected (Sheibanirad et al. 2014).
Plant materials used in this study are kept at the
Isfahan University of Technology (IUT) seed bank and
can be requested through communication with the

corresponding author. Information on the parental
genotypes are presented in Table 1. The 132 F; hybrids
along with their 12 parents (144 entries) were studied
at the TUT experimental field (32°32" N and 51°23' E,
with 1630 m altitude) for two years during autumn to
spring seasons (2016-2017 and 2017-2018) using a
simple lattice design (12 x 12) with two replications.
For each experimental year, the F; seeds were
independently obtained by crossing the parental
genotypes in the previous cropping season. The seeds
from each entry were planted in a plot with two rows,
each consisting of 150 cm of length and an individual
plant distance of 10 cm, with 20 cm of space between
the rows. Field operations such as irrigation, fertiliza-
tion and weeding were performed uniformly for all
entries. The experimental site has a clay loam soil (pH
7.5), an average annual precipitation of 140 mm, and
an average temperature of 15 °C (Fig. 1). Irrigation
was done using a pump station and polyethylene pipes
based on the evapotranspiration rate (Allen et al.
1998). About 500 m°>/ha of water was delivered in each
of the eight irrigation cycles.

Data collection

For each entry (parents and F;s), five samples were
randomly selected from each replicate, and the
following data were recorded: kernel length (KL),
kernel diameter (KD), plant height (PH), number of
tillers (NT), number of fertile tillers (NFT), number of

@ Springer



64 Page 4 of 20 Euphytica (2021) 217:64
(a) s w ——Relative humidity - Maximum --- Relative humidity - Minimum

© ‘ Rainfall (C) 100 100
— 35 —M?xllmum temperature 25 _ % %
| Minimum temperature —_ T ©
e 7 =~
2 =
S 2 =~ Z e 60
= 15 = £
g s 3 ER 50
2 w0 o .E o 0 40
g & ) 30
coe : 2 iy 2

5 bl | A

5 10 W AN ./\:‘,\f 10

-10 - —- -4 - Lo Le L L N 0 ] J 0

Nov2016  Dec2016  Jn2017  Feb2017  Mar2017 x2017  May2017  Jun2017
Nov2016|  Dec2016  Jan2017 Feb2017  Mar2017  Apr2017  May2017  Jun2017 “ < = “ = Ap - n
Booting-  Grain filling-
Anthesis Maturity
Planting date Harvesting date
(b) ( d) —Relative humidity - Maximum  --- Relative humidity - Minimum

as

w0 Rainfall 10 100

o ——Maximum temperature - 20 %
~ T e Minimum temperature X %0 80
e T =7 7
g ” E T e 60
§ 20 % E s0 s0
£ € T ow P
& w £ £ w
H 2 E°
S S o 20

o
Novzln Dec2017  Jan2018 Feb 2018 Mar2018  Apr2018 May2018  Jun2018 l
Booting-

Anthesis

Grain filling-

Planting date Maturity

Fig. 1 Rainfall distribution, maximum and minimum of daily
air temperature during the crop growth period, (a): in
20162017 crop season, (b): in 2017-2018 crop season, and

sterile tillers (NST), peduncle length (PL), peduncle
extrusion (PE), number of kernels per spike (NKS),
grain weight per spike (GWS), number of spikelets per
spike (NSLS), number of kernels per spikelet (NKSL),
spike length (SL), flag leaf length (FLL), flag leaf
width (FLW), flag leaf area (FLA), days to heading
(DH), days to anthesis (DA), days to maturity (DM),
grain yield per plant (GY), biological yield per plant
(BY), and the harvest index (HI).

Genetic and statistical analyses

The recorded data were initially assessed for statistical
normality (residuals) and homogeneity of variance
(Kozak and Piepho 2018). The ANOVA and diallel
analyses were performed using the average of five
randomly selected samples from each replicate. The
principal component analysis (PCA) was performed to
determine the relationship between traits and geno-
types. The PCA was based on a correlation matrix
obtained from mean data, and two principal compo-
nents were extracted using eigenvalues (Malik and
Piepho 2018). Efficiency of the randomized complete
block design (RCBD) relative to the simple lattice
design was checked and for most of the studied traits
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the RCBD was found to be as efficient as the lattice
design. Therefore, all analyses were performed using
RCBD. Combined data from the two experimental
years were analyzed using SAS program version 9.4
(SAS Institute 2014). Genotypes were considered as
fixed and years were regarded as random variables in
the statistical model. The mean square of genotypes
was found to be significant, and was subdivided into
three sections for parents, hybrids, and parents versus
hybrids. Further calculations were performed by
diallel analysis.

The relative mid-parent Heterosis (MPH) and
heterobeltiosis or relative better parent Heterosis
(BPH) were estimated for F;, using the following
equations suggested by Mather and Jinks (1982):

Fy — MP

MPH(%) = IW % 100
F, — BP

BPH(%) = I'#P % 100

In these relations F; is mean value of the progeny
obtained by crossing parents, MP = mean value of the
two parents or mid-parent value, and BP = mean value
of the better parent.

As the selection of parents were from a fixed
germplasm set, Griffing diallel was performed based
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on Method I (parents, F;s and their reciprocals) of
Model I (fixed model) using the following statistical
model (Griffing 1956):

Xj = U+ g+ &+ S+

1 Lj=1,...p
+b—zzeiﬂd k=1,...b
T I=1,...c

where u is the population mean, g; and g; are the
GCA effects for the ith and jth parents, s;; is the SCA
effect for the cross between the ith and jth parents such
that s;; = s;;, r; is the reciprocal effect involving the
reciprocal crosses between the ith and jth parents such
that r;; = _r j;, e; is the environmental error effect
associated with the ijklth individual observation, and
p, b, and ¢ are the number of parents, blocks and
sampled plants, respectively.

The Griffing diallel was analyzed using the
DIALLEL-SASOS5 program (Zhang et al. 2005). The
diallel analysis method was also performed according
to the Hayman model to estimate genetic parameters,
the effects of genes, the average degree of dominance,
non-allelic interactions, allele distribution in parents,
and to determine heritability (Hayman 1960). Based
on the assumptions of the additive-dominance model,
genetic parameters and statistical indices were esti-
mated using the SASHAYDIALL-SAS program
developed by Makumbi et al. (2018). The linear
model used for the Hayman diallel in the SASHAY-
DIALL program is shown in the following equations
(Makumbi et al. 2018; Hayman 1954):

lf(r#s) yrs:m+jr+js+l+lr+ls+lrs+kr_ks+krs
if(r=s) y.=m+2j,—(n—1)I—(n—2)I,

where y,, is the entry in the 7th row (female parents)
and sth column (male parents), m is the grand mean of
the diallel table, j, is the mean deviation from the
grand mean due to the rth parents, [, is further
dominance deviation due to the rth parent, [, is the
remaining discrepancy in the rsth reciprocal sum, k, is
the average maternal effect of each parental line, and
k, is the variation in the rsth reciprocal differences
(Hayman 1954). The parameters in the second model
measure different sources of variation whereby j,.
= a s the variation due to additive genes, [ = b; is the
mean dominance deviation, [/, = b, is further domi-
nance deviation due to the rth parental line, [, = b; is
the residual dominance variation, k, = c is the average

maternal effects of each parental line, and k,, = d is
variation in the reciprocal difference not due to
¢ (Hayman 1954).

Two analyses were performed to test the hypothesis
of Hayman. The t* test was done to examine the
uniformity of variance—covariance of arrays (Wr-Vr).
In this respect, if t* was significant, the hypothesis was
not confirmed. The second test was the regression
analysis (Wr-Vr), according to Mather and Jinks
(1982), in which the data will be valid for genetic
interpretation if the regression coefficient value
departs significantly from zero (b = 0), but not from
unity (b =1). A significant difference from unity
suggests epistasis in the genetic control of the traits.
Graphical analysis was performed based on the
regression of the offspring parent covariance (Wr)
on parental array variance (Vr) (Hayman 1954).
Mather and Jinks (1982) in Vr-Wr graphical analysis
described that if the regression line cuts off the Wr-
axis below or above the point of origin, it reveals over-
dominance or an additive type of gene action,
respectively. Also, genotypes possess maximum dom-
inant or recessive genes when they are closest to or
farthest from the origin, respectively.

Results

Association of traits, trait selection and analysis
of variance

Results of principal component analysis (PCA)
showed that the first two principal components
justified 75.3% of the data variation. The specified
traits were divided into two groups based on the
correlation matrix and the cosine of the angles
between vectors (Supplementary Fig. Sla and
Table S2). The first group included NKSL, NKS,
FLW, FLA, GWS, KD, HI, and GY traits which were
positively associated with each other and resembled
the durum wheat parents. The second group comprised
of NT, NPT, NST, FLL, NSLS, SL, KL, PH, PL, PE,
and BY traits which were also positively associated
with each other and resembled the emmer wheat
parents. Results also showed that the NKSL, NKS,
FLW, FLA, GWS, KD, and HI had negative associ-
ations with NT, NPT, NST, FLL, NSLS, SL, KL, PH,
DH, and DA traits. Therefore, according to traits’
correlations and different plant architecture between
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«Fig. 2 Biplot based on principal component analysis of the
selective traits in 12 tetraploid wheat genotypes and 132 their
hybrids: (a) First year, (b) Second year. Abbreviations: PH plant
height (cm), PL peduncle length (cm), NT number of tillers per
plant, NPT number of productive tillers per plant, DH day to
heading, DM day to maturity, SL spike length (cm), NKS number
of kernels per spike, GWS grain weight per spike (g), KL
kernel length (mm), KD kernel diameter (mm), GY grain yield
per plant (g), HI harvest index (%)

emmer and durum wheat, the more important and
influential traits including PH, PL, NT, NPT, DH, DM,
SL, NKS, GWS, KL, KD, HI, and GY were selected
for further genetic analysis (Fig. 2).

The two cropping seasons (experimental years)
differed in rainfall distribution, relative humidity, and
temperature during the grain filling period (Fig. 1). As

Table 2 Estimates of mid parent heterosis (MPH) and better parent heterosis (BPH) (%) for grain yield in a 12 x 12 full diallel cross

of tetraploid wheat evaluated

Female Male

1 2 3 4 5

Relative better-parent heterosis (%)

1 Shabrang 9444 43.5 162 35 11.3
2 Dena 41.9 8911 348 46.1 -50
3 Ariya -39 152 9657 49.7 41.7
4 Behrang 0.2 1.4 234 9656 18.6
5 Yavaros 44.8 23.6 26.3 60.7 9878
6 Shwa 27.6 439 294 — 6.1 357
7 Karkheh 6.8 2.8 104 305 -39
8 Saji 22.7 20.3 11.8 19.0 29.2
9 Khoyghan 21.5 26.7 206 300 21.0
10 Ozonbelagh 6.2 21.0 1.8 30.1 13.9
11 Zarneh 49.3 54.1 23.8 30.0 - 5.1
12 Singerd 28.2 270 0.2 53.7 59.4

LSD F, 16.5

LSD Parents  851.8
Relative Mid-parent heterosis (%)
1 Shabrang 9444 47.7 175 4.8 13.6
2 Dena 46.0 8911 403 517 —-03
3 Ariya —28 199 9657 52.1 442
4 Behrang 1.3 52 254 9656 20.0
5 Yavaros 479 29.7 28.5 62.5 9878
6 Shwa 29.9 472 322 —46 393
7 Karkheh 19.8 120 249 475 9.8
8 Saji 28.3 23.0 18.1 25.6 37.9
9 Khoyghan 53.1 56.2 533 652 55.0
10 Ozonbelagh 333 48.6 288 645 45.2
11  Zarneh 80.9 82.7 51.5 59.1 17.3
12 Singerd 58.3 534 249 913 100.2

LSD F, 16.3

LSD Parents  851.8

13.8 14.5 19.1 13.8 240 55.1 25.6
30.1 29.4 16.3 6.7 13.8 43.1 16.2

41.4 222 — 193 217 229 20.2 19.9
359 - 108 39 44.1 —-69 294 18.6
34.1 16.5 14.0 27.8 368 -72 172
9379 27.8 27.7 41.0 10.3 28.6 244
10.1 7393 28.9 59.7 347 353 83.7
8.7 37.7 8673 29.9 15.4 33.0 14.2
49.7 73.4 23.1 5569 433 4.6 21.6
25.7 4.7 225 4277 5634 10.8 25.1
23.7 64.1 - 19 654 —09 6179 16.3
—-07 382 6.3 279 65 3.7 5863
15.9 28.4 24.8 437 555 88.3 55.1
33.1 41.1 19.0 316 39.6 69.9 40.4
44.3 38.4 — 145 547 554 47.4 49.3
38.0 0.5 9.7 83.0 17.7 58.2 47.7
377 329 21.6 63.6 744 14.6 47.1
9379 42.4 32.7 712 378 55.6 53.0
22.5 7393 38.6 825 531 48.2 105.0
13.1 47.8 8673 584 3938 55.8 36.1
88.1 98.2 50.1 5569  44.7 9.6 24.9
57.1 19.2 48.4 440 5634 154 27.6
49.6 79.2 15.1 73.6 3.1 6179 13.6
22.1 544 26.7 314 87 6.6 5863

The male parents are on the horizontal axis, and the female parents are on the vertical axis

The amount of parental grain yield (Kg ha™') is in the diameter cells

The upper and lower diameters indicate the percentage of heterosis of grain yield
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a result the grain yield and its components were
affected. The results of the combined analysis of
variance showed significant differences (P < 0.01)
due to the interaction effect of year x genotypes for
all studied traits except for KL (Supplemen-
tary Table S1). Also a significant difference
(P < 0.01) was observed among the genotypes reveal-
ing the existence of variability for all measured traits
in both experimental years. Mean squares showed that
the twelve parents differed considerably and a signif-
icant variability (P < 0.01) was observed among the
hybrids for all the measured traits. Taken together, the
results revealed that there was sufficient genetic
variability in the set of plant materials for diallel
analysis. The distribution of parents and their hybrids
in the scatter plot divided the genotypes into three
distinct groups. Parental emmer, parental durum, and
their hybrid progenies were found to be in groups one,
two, and three respectively (Fig. 2 and supplementary
Fig. S1b).

Heterosis for grain yield

The estimated values for the two categories of
heterosis, best-parent heterosis (BPH) and mid-parent
heterosis (MPH), differed in magnitude (Table 2).
Overall, the best estimates for MPH were related to
grain yield. In the first experimental year, approxi-
mately 97.0 and 91.0% of the hybrids showed positive
values for MPH and BPH respectively. Also, in the
second year, about 95.0 and 88.0% of the hybrids
showed positive values for MPH and BPH, respec-
tively. The hybrids with the best and positive MPH and
BPH values were Karkheh x Singerd, Khoyghan x
Karkheh, Singerd x Yavaros, Yavaros x Behrang,
and Shabrang x Zarneh. In contrast, the three hybrids
of Ariya x Saji, Ariya x Shabrang, and Dena x
Yavaros, had negative values in this respect in both
years.

Griffing analysis

Griffing analysis of variance was used to evaluate the
effects of general and specific combining ability (GCA
and SCA) and the reciprocals (Table 3). The mean
square of GCA was significant for all traits (P < 0.05)
in both years. SCA effects were significantly different
between hybrids for all the measured traits except for
NKS and KD in the first year and NT in the second
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year of the study. Moreover, the reciprocal effects
were significantly different for PL, NT, NPT, DM, SL,
NKS, GWS, KL, GY, and HI and not significant for
PH, DH, and KD in the first year. In the second year,
the reciprocal effects were significant for PH, PL,
NPT, DH, DM, NKS, GWS, and HI, while non-
significant for NT, SL, KL, KD, and GY. In general,
maternal effects were non-significant for traits affect-
ing yield such as NT, DM, SL, GWS, HI, and GY in
both experimental years. This was also evident in the
PCA results (Fig. 2). The Baker’s ratio was closer to
unity for all the measured traits except for DM, PL,
NPT, and GY in both years.

GCA effects of parental genotypes

The results of the GCA estimates of parental geno-
types showed both positive and negative directions for
the measured traits (Table 4). For HI, KD, GWS, and
NKS traits which had a positive correlation with grain
yield (Supplementary Table S2), durum parents
Yavaros, Dena, and Behrang in the first year and
Yavaros, Dena, and Shwa in the second year had high
positive GCA effects. However, for the PH, NT, DH,
and DM traits which had a negative correlation with
grain yield, durum parents Shwa, Yavaros, and
Behrang in the first year and Shabrang, Behrang, and
Ariya in the second year had high negative GCA
effects. Also, for the PL and NPT traits which had
positive correlations with grain yield as well as SL and
KL traits, parents of emmer wheat Khoyghan, Ozon-
belagh, Singerd, and Zarneh had high positive GCA
effects in both years. Altogether, the emmer parents
had high positive GCA effects for NT, NPT, PH, PL,
SL, DH, DM, and KL traits and the durum ones for
NKS, GWS, KD, GY and HI in both experimental
years.

SCA effects of hybrids

The highest positive significant SCA effects for the
GY and HI traits was observed in Shwa x Singerd in
the first year, and in Karkheh x Singerd and Shab-
rang x Singerd in the second year (Supplemen-
tary Table S3 and S4). Dena x Karkheh,
Behrang x Singerd, and Ariya x Saji had high pos-
itive significant SCA effects for NKS and GWS traits
and considered to be good combiners. Also a high
significant SCA effect in the positive direction was
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‘5:? % _qg exhibited by the Dena x Singerd for SL trait in both
= 2 é experimental years. Ariya x Singerd and Shwa x
“ 9 Singerd in the first year and Yavaros x Singerd in the
N ‘g SE‘ second year showed the highest positive significant
s | o ‘g T SCA effects for KL and KD traits. For PH Khoy-
© S C) ghan x Zarneh, Khoyghan x Ozonbelagh, and
_§‘§ Ozonbelagh x Zarneh showed high significant SCA
S| g effects in the negative direction. Yavaros x Singerd,
8 e ?D:‘j“ Karkheh x Singerd, and Shwa x Singerd showed
g2 high significant SCA effects in the positive direction
- _0;3 £ for PL in both experimental years. The two hybrids of
S| E‘D Saji x Khoyghan and Ariya x singerd in the first
2 § © year, and the Yavaros x Zarneh in the second year
E g showed a high negative significant SCA effect for NT,
~ 2% while Yavaros x Singerd exhibited the highest sig-
§ S| = é nificant SCA effect in the positive direction for NPT.
© 8 = For DH and DM traits, Saji x Khoyghan in the first
£ year and Yavaros x Zarneh in the second year
" g % 3 showed significantly high SCA effects in the negative
% % g direction.
= The reciprocal effect for most of the aforemen-
ég tioned hybrids was found to be non-significant and
§ L‘é = only hybrids Ozonbelagh x Zarneh, Dena x Kar-
A 25 kheh, and Behrang x Singerd showed significant
E — . . e
Ee reciprocal effects. Similarly, the distribution of par-
g | 8 ents and their hybrids in the scatter plot indicated very
E < i E little maternal and reciprocal effects. This showed that
% C) hybrids acted differently from their parents in the
o | 52 expression of traits (Fig. 2).
= | =%
E % % Hayman analysis
- cE é i Test of Hayman diallel hypothesis
z R
§ § As required, the validity of several assumptions was
8 gu tested before the Hayman analysis was conducted.
[ A A Results indicated that the additive-dominance model
“ £ % was fully adequate for most of the examined traits
R including NT, NPT, DH, GWS, and GY in both
n Lé T}:: experimental years, DM in the first year and NKS, KL,
= § i) KD, and HI in the second year (Supplementary
__°]‘ Qf Table S5). The model was also partially adequate for
< i é PH, SL, KL, and HI in the first year, and PL and DM in
9 E “ g Z the second year. However, for PL and NKS in the first
g £ E year and PH and SL in the second year, the model
§ B2 g assumptions were not confirmed, and the adequacy of
- R EL the model was rejected.
2|22 ]Es
A EIEER
HlAl A2
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Estimates of genetic components variance

Estimation of the genetic variance components and
related parameters showed that the additive compo-
nent (D) was highly significant for all measured traits
except for PL in both experimental years (Table 5).
The values of the dominant components (H1 and H2)
were significant for the PH, PL, NPT, DH, SL, GWS,
KL and GY traits in both experimental years. For NT,
DM, and KD they were significant in the first year, and
for NKS in the second year. The estimates of the
average degree of dominance (\/ (H1/D)) were lower
than unity for NT, DH, SL, NKS, GWS, KL, KD and
HI traits in both experimental years (Table5). How-
ever, it was more than unity for PL, PH, NPT and GY
in both years, and for DM in the first year, indicating
the preponderance of the over dominance type of gene
action.

The F component, which estimates an unequal
frequency of dominant and recessive alleles in the
parental genotypes, was highly significant and positive
for the DH and HI traits in both studied years and for
NT and DM in the first year (Table5). The proportion
of genes in the parents with positive and negative
effects (H2/4H1) was almost equal to its theoretical
value (0.25) for PH, DH, SL, NKS, KL and GY traits
in both experimental years. This suggested an even
distribution of increasing (positive) and decreasing
(negative) alleles in the parents. Also, the proportion
of dominant and recessive genes in the parents
((4DH1)"® 4+ F/(4DH1)*>-F) was equal to unity for
PH, NPT, SL, NKS, GWS, KL and GY traits in both
years. For HI it was equal to unity in the first year and
for PL, DH and KD in the second year. NT, DH, DM
and KD traits revealed more dominant genes in the
parents.

The E component which indicates environmental
effects on the expression of genes was highly signif-
icant for all measured traits in both years (Table5).
However, its value was much lower than that of the D
or H components for all measured traits except KL in
the first year, DM in the second year and NPT in both
experimental years. The broad-sense heritability (h?)
values were moderately high for nearly all traits in
both years. NPT, DM and GY showed a lower value of
h%, in the second year. Narrow-sense heritability
values (hzn) for the NT, DH, NKS, GWS, KL, KD and
HI were moderately high in both years.

@ Springer

Graphical representation by Hayman analysis

Since the regression line slope was significantly
different from zero for all traits, Hayman graphical
analysis was performed (Fig. 3 for harvest index, and
Supplementary Fig. S2 and S3 for other traits). The
Wr/Vr graphical presentation revealed that the regres-
sion line passes above the origin, cutting the Wr axis in
the positive region for NT, DH, NKS, GWS, and HI in
both experimental years, and KD in the second year.
This suggested the presence of a partial dominance
gene action for these traits. Results also indicated that
PH, PL, DM, and GY in both experimental years, and
NPT in the second year were under the control of over-
dominance as the regression line cut the Wr axis below
the point of origin. For NPT and KD traits in the first
year, and for the SL and KL in both experimental
years, the regression line almost passed the point of
origin indicating the presence of complete dominance
gene action.

Discussion
Existence of genetic variation

Emmer wheat is part of primary gene pool for durum
wheat and has many valuable traits such as tolerance to
environmental stresses, resistance to pests and dis-
eases, and beneficial quality traits (Zaharieva et al.
2010). Our results showed that there was considerable
variation among the studied parental genotypes,
particularly between the two species of emmer and
durum. This variation was better manifested in the
hybrids, as they were significantly different for all
measured traits. This suggest the potential of emmer as
a rich pool of genetic diversity from which to obtain
genes for desirable traits and improvement of durum
wheat cultivars (Faris et al. 2014). Also the created
inter- and intra-specific variation provided the condi-
tion for genetic analysis and selection processes.

The interaction between genotype and experimen-
tal years were significant for all traits except KL,
indicating different responses of hybrids to environ-
mental variations in two years (Daugiistii 2008). The
two cropping seasons (2016-2017 and 2017-2018)
were significantly different in terms of precipitation
patterns, air humidity, and air temperature especially
during the grain filling stage. This significantly
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Fig. 3 Regression of Wi/Vr and dispersion of parents around
origin for harvest index (HI) in two years: (a) the first year
(b) the second year, the points of Wr/Vr intercepts refer to

affected the mean values of studied traits. Drought and
high temperatures are the leading causes of stress
during the post-flowering period, which shortened the

@ Springer

10 20
Vr

30 40

Shabrang (1), Dena (2), Ariya (3), Behrang (4), Yavaros (5),
Shwa (6), Karkheh (7), Saji (8), Khoyghan (9), Ozonbelagh
(10), Zarneh (11), Singerd (12) arrays

grain-filling period and decreased grain weight (Mo-
hammadi 2019).
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Genetic potential of durum and emmer wheat
Crosses

Grain yield is a function of its components that are
directly involved in yield fluctuations (Mwadzingeni
et al. 2018). Grain yield was significantly and
positively correlated with KD, NPT, PL, NKS,
GWS, and HI. These traits individually or in combi-
nation may be used for indirect selection to improve
the grain yield in early generations of durum x em-
mer hybrids (Fischer and Rebetzke 2018). Golan et al.
(2019), investigated a population of RILs derived from
crossing durum with wild emmer wheats and reported
a positive correlation between grain yield and NPT
and NKS. In another durum x emmer RILs popula-
tion, a positive correlation was found between HI and
grain yield, while both were negatively correlated with
DH (Peleg et al. 2009). Others have also reported a
significant positive correlation between NKS and
GWS in a durum x emmer wheat population (Faris
et al. 2014). The peduncle length (PL) was also
positively correlated with grain yield (Fig. 2 and
Table S2). Given that in wheat, the peduncle has the
highest stored soluble carbohydrates, such as fructan
and starch, some of these carbohydrates are trans-
ported back to the kernel during the grain-filling
period (Wardlaw and Willenbrink 1994). The wheat
peduncle due to its attachment to the flag leaf, its high
photosynthetic activity, and the proximity to the spike
plays an important role in transporting photosynthate
during the grain filling period (Ataei et al. 2017).
Peduncle plays a key role in increasing wheat’s final
yield in well-watered conditions (about 10%) and even
more so (about 40%) in drought and heat stress
conditions (Davidson and Chevalier 1992).

Some studies have reported QTLs with additive
effects for grain yield and its components, showing
that traits can be improved through combinations of
superior parents followed by selection (Mwadzingeni
et al. 2016; Zhang et al. 2010). Peng et al. (2003), in a
T. durum x T. dicoccoides mapping population, iden-
tified 18 QTLs in wild emmer wheat related to higher
yield, higher kernel number, higher spike number and
weight, and early flowering. Likewise, in the present
study, more than 87% of the hybrids showed positive
values for the relative best-parent heterosis (BPH) in
respect to grain yield in both experimental years. This
indicates that the emmer parents carried additive genes
that positively affected grain yield and its components.

However, it is unlikely to have parents with com-
pletely desirable GCA effects for all traits of interest.
Therefore, to achieve and stabilize superior recombi-
nants, several cycles of hybridization and selection
may be needed for gene pyramiding (Joshi and Nayak
2010; Mwadzingeni et al. 2016). Terzi et al. (2007), in
an assessment of genetic diversity of emmer x durum
derived lines and their parents, discovered that six
advanced breeding lines had yield values equal to or
greater than the durum parent. Moreover, all six lines
showed significantly different plant height and earli-
ness compared to the emmer parent and were closer to
the durum parent. Given that hybrid breeding in wheat
is not currently commercially viable, an important
goal in wheat hybridization is to find transgressive
segregates or superior recombinants for specific
purposes and particular traits (Mwadzingeni et al.
2018). The high positive SCA effects for grain yield
and its components in most of the hybrids indicated
that emmer and durum wheats are good combiners.
Successive bottlenecks due to domestication followed
by breeding practices have reduced the diversity in
elite wheat cultivars in a way that many loci possess
similar alleles (Haudry et al. 2007). This may suggest
that durum x durum hybrids may not create new
variations and additive effects at QTLs. However,
crossing emmer x durum may provide the desired
genetic diversity (Holtz et al. 2017), and as a result,
gain from selection can be more prominent.

Heritability of traits and indirect selection

High narrow-sense heritability (h%,) estimates for
several traits including NT, DH, NKS, GWS, KL, KD,
and HI in both experimental years suggest that a few
major genes are involved in controlling the inheritance
of a particular trait. This indicates a positive response
to selection during early segregating generations and
successful genetic advances (Kearsey and Pooni
1998). Grain yield is a highly polygenic characteristic
with low heritability due to genetic, environmental,
and management factors (e.g., G x E x M) (Golan
et al. 2019). Also as grain yield is a function of its
components (such as KD, GWS, NKS, and HI), a high
positive correlation between grain yield and these
traits coupled with high heritability assures a positive
response to indirect selection for yield in early-
generations (Fischer and Rebetzke 2018).
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Genetic control of traits

To design an effective strategy for a breeding
program, it is essential to gain knowledge on the
genetic control of traits. The genetic effects obtained
from the Hayman and Griffing analyses showed that
for the expression of DH, NT, NKS, GWS, SL, KL,
KD, and HI traits, the contribution of additive effects
were higher than the dominance component in both
experimental years (Table6). In addition, due to the
high Baker’s ratios, which were close to unity for these
traits, they may be used for selection in early
generations with greater confidence and increase the
selection efficiency in breeding programs (Baker
1978). Furthermore, in the Hayman graphical analysis,
the regression line for the NT, DH, NKS, GWS, KD,
and HI traits intercepted above the point of origin (in
both experimental years) indicating the presence of
additive gene action. This suggests that pedigree
selection can be employed for genetic improvement of
these traits when emmer is used in crosses with durum.
Other durum wheat researches have shown that in the
genetic control of traits such as DH (Hannachi et al.
2013), KL (Topal et al. 2004), NKS (Gowda et al.
2010; Hannachi et al. 2013), and HI (Solomon and
Labuschagne 2004; Hannachi et al. 2013; Malchikov
and Myasnikova 2016) the additive effects were more
important than the non-additive ones.

Our results in graphical analysis showed that for
NPT, PL, PH, DM, and GY traits, the contribution of
the dominance effect was higher than the additive
component. In addition, the average degree of dom-
inance was more than unity for these traits. In other
durum wheat studies the role of the dominance effect
was more than the additive effect for several traits
including NPT, GY (Solomon and Labuschagne 2004;
Gowda et al. 2010; Hannachi et al. 2013), and GWS
(Gowda et al. 2010; Malchikov and Myasnikova
2016). Our results were not in complete agreement
with the previously reported findings for GWS.
Furthermore, it should be noted that grain yield is a
function of its components such as number of tillers,
number of kernels per spike and grain weight per spike
(Mwadzingeni et al. 2018). Our results as well as other
reports (Such as: Solomon and Labuschagne 2004;
Gowda et al. 2010; Hannachi et al. 2013; Malchikov
and Myasnikova 2016), show that these traits are
controlled by the additive gene action. It seems that
aggregation of additive effects in hybrids had

@ Springer

increased grain yield (Peng et al. 2003; Zhang et al.
2010). Consequently, based on the diallel model
results, the dominant effect in genetic control of grain
yield was confirmed. In situations where the role of
dominance is greater than additive effects for a trait,
selection should be made in advanced generations
after the lines have reached genetic purity. Due to a
different distribution of allele frequencies among the
parents, the amount of dominance variance against
additive variance differ among hybrids (Reif et al.
2007; Longin et al. 2013). The distribution of parents
around the regression line and also proximity to the
origin indicated maximum dominant alleles for PH,
PL, NPT, SL, NKS, and KL traits in the emmer
genotypes. Conversely, the durum genotypes pos-
sessed maximum dominant alleles for the NT, DH,
DM, GWS, KD, HI, and GY traits.

Combining ability of durum and emmer wheat
crosses

The SCA and GCA show a non-additive and additive
effects in controlling traits, respectively (Griffing
1956). For all measured traits except for PL. and DM,
the non-additive effect was lower than the additive one
in both experimental years. This can be attributed to
genetic divergence between the parents, further
increasing the variance of GCA (Gowda et al. 2010;
Reif et al. 2007). In general, the ratio of GCA to SCA
increases with an increased genetic divergence
between the two parental groups (Fischer et al.
2009) and leads to increased gain from selection and
also the identification of promising hybrids based on
the GCA predictions (Reif et al. 2007; Longin et al.
2012). Specifically, this genetic divergence can be
clearly observed in the scatter plot of parents and their
hybrids in the present study (Fig. 2 and Supplemen-
tary Fig S1b). Also, in the absence of epistasis, parents
with higher genetic divergence for the target trait tend
to have higher GCA variance rather than SCA
variance (Reif et al. 2007). The results of the
additive-dominance model confirmed the absence of
epistasis for most of the studied traits. Therefore, the
role of both additive and non-additive effects were
important in their genetic expression (Gowda et al.
2010).

Among the hybrids, Shwa x Singerd and
Yavaros x Singerd were superior in most of the
measured traits. As they belong to two divergent
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Table 6 Comparative evaluation of different estimates for the results on gene action and average degree of dominance obtained by
two methods of diallel for the studies traits in two years

Traits Years  Gene action obtained by Griffing  Gene action obtained by Hayman  Average degree of dominance
method method
(\/ (H1/D)) (Vr/Wr)
PH First Additive Dominance Over dominance ~ Over dominance
Second Additive Dominance Over dominance ~ Over dominance
PL First Non-additive Dominance Over dominance ~ Over dominance
Second Non-additive Dominance Over dominance = Over dominance
NT First Additive Additive Partial dominance Partial dominance
Second Additive Additive Partial dominance Partial dominance
NPT  First Additive Dominance Over dominance ~ Complete
dominance
Second Additive Dominance Over dominance  Over dominance
DH First Additive Additive Partial dominance Partial dominance
Second Additive Additive Partial dominance Partial dominance
DM First Non-additive Dominance Over dominance ~ Over dominance
Second Additive Additive Partial dominance Over dominance
SL First Additive Additive Partial dominance Complete
dominance
Second Additive Almost equal Complete Complete
dominance dominance
NKS  First Additive Additive Partial dominance Partial dominance
Second Additive Additive Partial dominance Partial dominance
GWS  First Additive Additive Partial dominance Partial dominance
Second Additive Additive Partial dominance Partial dominance
KL First Additive Additive Partial dominance Complete
dominance
Second Additive Additive Partial dominance Complete
dominance
KD First Additive Additive Partial dominance Complete
dominance
Second Additive Additive Partial dominance Partial dominance
GY First Additive Dominance Over dominance ~ Over dominance
Second Non-additive Dominance Over dominance ~ Over dominance
HI First Additive Additive Partial dominance Partial dominance
Second Additive Additive Partial dominance Partial dominance

(H1/D)? degree of dominance using to parameters of the Hayman diallel,

Vr/Wr, degree of dominance using to regression of Vr/Wr based on the Hayman graphical analysis

PH plant height (cm), PL peduncle length (cm), NT number of tillers per plant, NPT number of productive tillers per plant, DH day to
heading, DM day to maturity, SL spike length (cm), NKS number of kernels per spike, GWS grain weight per spike (g), KL
kernel length (mm), KD kernel diameter (mm), GY grain yield per plant (g), HI harvest index (%)

heterotic groups (Reif et al. 2007) and also based on

Conclusion

Hayman’s graphical analysis, these three parents must

contain the maximum dominant or recessive alleles
which will result in transgressive segregation.

Hybrids obtained from crosses between durum and

emmer wheats produced higher grain yields than the
superior durum parents. The results showed that for
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most of the studied traits, additive genetic effects
played a more important role compared to non-
additive one in controlling traits. The adequacy test
of the additive-dominance model showed that the
epistatic effects in controlling these traits were low.
The specific combining ability was significant for all
of the measured traits, indicating the possibility of the
durum wheat improvement by interspecific hybridiza-
tion. A partial dominance gene action was observed
for the NT, DH, NKS, GWS, and HI traits in both
experimental years. However, the PH, DM, PL, and
GY were controlled by the over-dominance gene
action. A relatively high narrow-sense heritability for
the grain yield components and their positive corre-
lation with grain yield indicated chances for yield
improvement by indirect selection in early genera-
tions. Our findings revealed that Iranian emmer wheat
landraces are a valuable gene source and can be further
exploited for the improvement of durum wheat.
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