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Abstract: If genetic gains in wheat yield are to be achieved in today’s breeding, increasing the genetic
variability of cultivated genotypes is an essential requisite to meet. To this aim, alien gene transfer
through chromosome engineering (CE) is a validated and sound strategy. Attempts to incorporate
more than one alien segment into cultivated wheat have been rare, particularly for tetraploid durum
wheat. Here, we present the agronomic and quality performance of the first successful CE-mediated
multiple introgression into the latter species. By assembling into 7AL, 3BS, and 1AS arms of a
single genotype homoeologous segments of Thinopyrum ponticum 7el1L, Aegilops longissima 3SlS, and
Triticum aestivum 1DS arms, respectively, we have stacked several valuable alien genes, comprising
Lr19+Sr25+Yp (leaf and stem rust resistance and a gene increasing semolina yellowness), Pm13
(powdery mildew resistance), and Gli-D1/Glu-D3 (genes affecting gluten properties), respectively.
Advanced progenies of single, double, and triple recombinants were field-tested across three years in
a typical durum wheat growing area of central Italy. The results showed that not only all recombinants
had normal phenotype and fertility, but also that one of the triple recombinants had the highest
yield through all seasons compared with all other recombinants and control cultivars. Moreover, the
multiple introgressions enhanced quality traits, including gluten characteristics and semolina yellow
index. The presence of effective disease resistance genes confers additional breeding value to the
novel and functional CE products, which can greatly contribute to crop security and safety.

Keywords: chromosome engineering; wheat breeding; Aegilops longissima; Thinopyrum ponticum;
gluten quality; yield; leaf rust; stem rust; powdery mildew

1. Introduction

Durum wheat (Triticum durum var. durum, 2n = 4x = 28, AB genomes) is a major staple crop in
the Mediterranean Basin, where its cultivation largely replaced that of tetraploid emmer, T. dicoccum,
by the first millennium B.C. [1]. In keeping with the crop’s geographical origin, i.e., adaptation to
mild winters and dry summers, the Mediterranean region represents the largest world’s growing area
(60%) for durum wheat [2]. Other major cropping regions are in Northern United States of America,
Canada, and Northern Mexico, besides minor ones in Southern Eurasia, India, South Australia, and
Argentina [3–5]. Durum wheat is mostly used for pasta making, but it is also the raw material for
producing other traditional foods, mostly typical of Mediterranean countries, such as flat breads,
couscous, and bulgur. The current re-discovery of traditional foods on one hand, and, on the other
hand, the new consumption habits of the growing urban populations, particularly in Asian and
African developing countries [6–8], are boosting the popularity and demand for wheat- and specifically
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durum wheat-derived products, such as pasta and couscous [5,9]. Strong value chains for such
products, already in place in traditional durum wheat growing countries and interestingly emerging
for unconventional territories and markets [5], lead to the forecast of an increase in the global durum
wheat cropping over the current 5–6% of total wheat production [10,11]. Moreover, with respect to
the more worldwide spread bread wheat (T. aestivum, 2n = 6x = 42, ABD), durum wheat exhibits an
exceptional adaptation to most booming and threatening climatic stresses, notably heat and drought.
In a future perspective, this feature will be able to make durum wheat, a strategic crop and commodity
for marginal land farmers in the Mediterranean environment [5], together with other few drought
tolerant species [12,13]. Therefore, interventions aimed at maintaining and broadening the durum
wheat genetic basis are highly required and beneficial to sustainably cope with current and forthcoming
limitations to secure and safe yields [14].

Among advanced plant breeding strategies, chromosome engineering (CE) represents an effective
approach to achieve genetic gains in wheat by resorting to its related gene pools, including those of
the wild Triticeae species (reviewed in [14–18]). Through CE, chromosomal segments harbouring
useful genes can be transferred from related (e.g., wild) genomes into those of cultivated wheats with
high precision [19–22]. In most cases, CE-based transfers rely on the promoting effect on pairing and
recombination between corresponding, albeit not fully homologous (i.e., homoeologous), chromosomes
of different Triticeae species exerted by mutations for wheat Ph (Pairing homoeologous) genes, mainly
Ph1 [23,24]. Whatever the intergenomic/interspecific cytogenetic relatedness, CE is inherently based on
sexual gene transfer, hence representing an excellent non-GMO, yet non-conventional breeding option.
The CE approach, in particular, offers a sustainable way to effectively use the still little exploited exotic
genes from secondary and tertiary gene pools, and make them relevant for agriculture. Many genes
have been so far transferred in wheat by means of CE, mainly disease resistance genes, but also genes
for abiotic stress tolerance, grain quality and yield-related traits (reviewed in [14,16,25]). Nevertheless,
a major impact on the breeding of genotypes created through CE has been rare so far, and mainly
regarded hexaploid bread wheat, due to its bigger economic importance and better tolerance to
chromosome manipulations with respect to tetraploid durum wheat. In the latter, phenomena such as
sterility, reduced seed germination, segregation distortion, and anomalies of plant habit are more often
observed than in the former upon alien transfers, with linkage drag more dramatically worsening with
increasing segment size (e.g., [15,25–31]).

The transfer of alien chromatin in wheat through CE generally involves single segments deriving
form one donor species targeting single wheat chromosomes. However, the possibility of combining,
i.e., pyramiding, useful genes from different alien sources in a single genotype represents an appealing
target, potentially enabling simultaneous enrichment of crop genotypes with a variety of novel, valuable
features. This can be achieved either by “nesting” chromosome portions of different but closely related
alien sources in a single alien segment of a given wheat recipient chromosome, or by stacking multiple
alien segments on different wheat chromosomes. The former approach implies that the alien chromatin
of primary and subsequent transfers shares homologous or homoeologous relationships, hence being
capable of recombination. It was through homologous recombination between the 6RL arms of
different rye (Secale cereale L.) cultivars, each inserted in wheat genetic backgrounds, that the Pm20
powdery mildew resistance gene of one rye source was combined with residing genes of the other
rye accession [32]. Several examples of recombination-based wheat-alien gene pyramiding involve
group seven chromosomes of perennial grass species belonging to the Thinopyrum genus [15,16].
In bread wheat, “composite” alien segments, including chromatin from hexaploid Th. intermedium and
decaploid Th. ponticum were generated on the 7DL arm, contributing the Bdv2 BYDW resistance gene
and the leaf rust (Lr19) and stem rust (Sr25) resistance genes, respectively [33,34]. Furthermore, two
effective Fusarium head blight (FHB) resistance QTL, one from Th. ponticum accession “el2” (Fhb-7el2 or
Fhb7) and the other from diploid Th. elongatum (Fhb-7EL), were combined with Lr19 and other valuable
genes of the “el1” accession of Th. ponticum onto the 7DL arm [35–38]. The same pyramiding of Fhb-7el2
or Fhb-7EL with Lr19 and other 7el1 genes was also realised in durum wheat within a single Thinopyrum
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segment, distally located on the 7AL arm [35,39]. Since the size of the alien block introgressed in all the
quoted cases remains within tolerable amounts by the recipient genome, such recombinant genotypes
represent promising materials for use in breeding and cultivation.

On the other hand, stacking multiple alien segments from more than one alien species within a
single wheat genotype has more unpredictable outcomes in view of practical exploitation. Examples
are limited to a few even for the more amenable hexaploid bread wheat genome. One such case is
that of Singh et al. [40], who combined the widely exploited whole-arm 1RS·1BL translocation (1RS
from rye, S. cereale; [41]) with the 7AgL (= 7el1L) sizable translocation from Th. ponticum (named
T4 or Agatha, reviewed in [16]) on the 7DL arm. In addition to the Lr19+Sr25 rust resistance genes
and yield-contributing genes of 7AgL derivation (see [16]), the 1RS arm was known to carry multiple
disease resistance genes [42] and to determine positive effects on yield, both in bread wheat [41,43]
and durum wheat [31]. Apart from the lateness defect and some grain yield penalty associated with
the double translocation, its breeding potential, as of any 1RS·1BL translocation, was limited by the
presence on 1RS of the secalin Sec−1 locus, which negatively affects dough quality [44]. Another
example of multiple alien segment stacking was reported by Ali et al. [45], who identified bread
wheat lines with enhanced resistance to wheat streak mosaic virus (WSMV), due to the contemporary
presence on wheat 4D and 1B chromosomes, respectively, of two short arm centric translocations, one
from Th. intermedium (4Ai#2S), bearing the Wsm1 gene, and the other from rye (1RS), probably carrying
an enhancer of the WSMV resistance. Good field performance of the isolated recombinant and the
absence of any meiotic instability associated with the alien chromatin presence, gave hope for their use
in breeding programs [45].

A remarkable example of multiple alien introgressions is represented by the Chinese cultivar
Xiaoyan 6, widely cultivated in the 1980s and 1990s and later used as a core parent for bread wheat
breeding in China. In Xiaoyan 6, at least two wheat chromosomes (2A and 7D) carry chromosomal
segments from Th. ponticum, with genes contributing tolerance to diseases and stressful environmental
conditions, as well as good quality and yield stability [46]. Interestingly, Xiaoyan 6 derivatives, in
which the rye 1RS arm or even the entire 2R chromosome were introduced in place of wheat 1BS
and 2D, respectively, are cytogenetically stable, have additional disease resistances and beneficial
agronomic attributes, including high seed-set, making them readily usable in production [47].

To our knowledge, only one case of multiple segment stacking can be recorded for durum
wheat. This resulted from a successful attempt to combine in a single tetraploid genotype three
different individual transfers, involving the 7AL, 3BS and 1AS wheat arms, each bearing homoeologous
portions of Th. ponticum 7el1L, Aegilops longissima (2n = 2x =14) 3SlS, and T. aestivum 1DS arms,
respectively [48,49]. The individual transfer lines were selected among an array of wheat-alien
recombinant types, obtained by ph1-induced homoeologous recombination, as bearing the respective
target genes associated with alien segments of minimal length and exhibiting satisfactory agronomic
performance. With all three alien segments being inserted at the most distal ends of the respective wheat
arms, the Th. ponticum 7el1L portion spans 23% of the recombinant 7AL and harbours the Lr19+Sr25
resistance genes, but also the Yp gene, increasing endosperm and semolina yellow pigmentation [49,50],
along with several QTL enhancing yield-related traits [28,29,51]. The Ae. longissima 3SlS segment
contains Pm13, a highly effective resistance gene to powdery mildew, and replaces around 20% of
the 3BS arm [26,52,53]. Finally, the 1DS chromosome segment derived from T. aestivum, harbours
the Gli-D1/Glu-D3 storage protein genes, and replaces 17% of durum wheat 1AS arm, containing
the Gli-A1/Glu-A3 homoeoloci [26,54,55]. Introduction of the Gli-D1/Glu-D3 genes into the tetraploid
context resulted in improved SDS, gluten index and dough strength (W) values, as well as a good
dough tenacity-to-elasticity (P/L) ratio, potentially suitable for both pasta and bread making [49,56].
Meiotic stability of the triple introgression line was shown not to be upset, and the simultaneous
transmission of the three alien segments to be normal through both germlines [25,48]. Notwithstanding,
the potential use in breeding and cultivation of any type of wheat-alien recombinant line depends upon
its overall agronomic performance validated under field conditions. Some preliminary small-scale
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evaluation of the original durum wheat-triple alien recombinant, developed in the background of the
Italian cv. Simeto, was previously carried out, and gave promising results for both yielding capacity
and grain quality [49]. In our durum wheat pre-breeding program, we have transferred the three
alien segments in different varietal backgrounds. Here, we report the results of the first field-scale
comparative evaluation, run over a three-year period, of the agronomic performance of durum wheat
recombinants with one, two or all three of the described alien segments, in the prevailing background
of the French cv. Karur, well adapted to central-Northern Italy’s conditions. Semolina quality attributes
of genotypes, with the most promising productive features, will also be illustrated.

2. Materials and Methods

2.1. Plant Material

Six durum wheat recombinant lines (RLs) containing one, two or three chromosome segments from
different alien Triticeae species were employed for the yield assessment in the field (Table 1). Each exotic
segment harbours the respective gene(s) of interest, namely Lr19+Sr25+Yp (7el1L), Gli-D1/Glu-D3
(1DS) and Pm13 (3SlS, see Introduction), and is present within each recombinant line in homozygosis.
The RLs were isolated in the F2 generation after three backcrosses (BC3) to the French cv. Karur of the
initial triple recombinant (= durum wheat line, homozygous for all three alien introgressions selected
in BC1 progeny to the Italian cv. Simeto). The newly isolated recombinants possess the LMW−2 allelic
form of low-molecular-weight glutenin subunits (LMW-GS) at the Glu-B3 locus on 1BS, associated with
best end-use quality of durum wheat (reviewed in [57]), and the cv. Karur alleles at the Glu-B1 locus
on 1BL, coding for the ‘6 + 8′ high-molecular-weight glutenin subunits (HMW-GS) (unpublished).
On 1AS, the Gli-D1/Glu-D3 alleles transferred from bread wheat (see Introduction) replace the 1AS
homoeoalleles. The recombinants analysed here represented F4-6 progenies after BC3 to Karur and
were assessed together with six durum wheat cultivars: Karur and Simeto, the prevailing genotypes in
the pedigree of the RLs, and cvs. Kanakis, Ramirez, Achille, and Dylan, chosen as good yielders and
widely cultivated in Italy, with similar heading date to that of cv. Karur and the RLs [58,59].

Table 1. Description of alien introgressions and recombinant lines used in the present study.

Recombinant
Chromosome

Donor
Species

Alien
Segment

Size (% arm)

Alien
Genes

Recombinant Line

R11-20 R9-11 R9-71 R9-59 R2-21 R11-8

7AS·7AL-7el1L Th. ponticum 23 Lr19+Sr25+Yp + + + + + +
1AL·1AS−1DS T. aestivum 17 Gli-D1/Glu-D3 + + + + + -
3BL·3BS-3S’S Ae. longissima <20 Pm13 + + + - - -

2.2. Plot Trials and Growing Seasons

Three rain-fed field trials were carried out in Viterbo (42◦25’ N, 12◦4’ E, Central Italy) in the
2014–15, 2015–16, and 2016–17 seasons (from this point onward referred to as 2015, 2016 and 2017,
respectively), and used for yield assessment of the novel chromosomally engineered genotypes. Details
on each experimental year are reported in Table 2. In the first two seasons, all six recombinants were
tested together with the two recurrent cultivars Karur and Simeto in small plots (1.5 × 1.5 m). Based on
the results from the first two years, only the three most promising recombinants, i.e., R11−20, R9−11
and R2−21, were tested in regular plots (1.5 × 7 m) in the 2017 season, along with six control cultivars,
namely Karur, Simeto, Kanakis, Achille, Ramirez, and Dylan. In all field experiments, a complete
randomized block design with three replicates for each genotype was used, resulting in 24 total plots in
2015 and 2016 seasons, and 27 plots in 2017. During the growing seasons, data for daily temperatures
(minimum, mean and maximum) and rainfall (Table 2) were retrieved from the meteorological station
located at the experimental farm of the University of Tuscia, where all trials were carried out. In all
seasons, nitrogen fertilization (208 kg ha−1) was split into three applications: the first was given at
sowing as di-ammonium phosphate (22% of total N applied), the second when the first node was
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detectable above ground (Zadoks 31 phase, [60]) as urea (38% of total N), and the third at heading
(Zadoks 57) as ammonium nitrate (40%). Weed control was performed during tillering by a single
distribution of commercial herbicide Atlantis®Pro at a rate of 1.5 L ha−1. The commercial fungicide
Folicur®WG was applied once during grain filling period in order to evaluate the impact of alien
introgressions on yield performance, independently of the possible advantage provided by the Lr19,
Sr25, and Pm13 genes against leaf rust, stem rust, and powdery mildew attacks. To monitor the efficacy
of the alien resistance genes, 5–10 rows of corresponding near-isogenic lines were separately grown in
each season without any fungicide treatment.

Table 2. Description of experimental seasons analysed in the present study.

Season 2014–15 2015–16 2016–17

Sowing date 15 Jan 2015 17 Nov 2015 6 Dec 2016
Harvest date 30 Jun 2015 30 Jun 2016 28 Jun 2017

Crop cycle length (days) 166 226 204
Sowing density (seed m−2) 350 350 350

Plot size (m2) 2.25 2.25 10.5
Total rainfall (mm) 238 383 176

Mean temperature at heading (◦C) 18.6 13.2 12.1
Sowing to heading

Rainfall (mm) 215 257 122
Tmin (◦C) 4.8 4.2 3.4

Tmean (◦C) 9.6 9.3 8.7
Tmax (◦C) 15.1 14.9 14.6

Heading to harvest
Rainfall (mm) 22 126 54

Tmin (◦C) 12.9 12.2 12.5
Tmean (◦C) 19.7 17.9 19.7
Tmax (◦C) 26.8 24.3 27.0

2.3. Measurement of Agronomic Traits

In the 2015 and 2016 seasons, heading date (HD) was recorded as number of days from April 1st
to the plant stage when 50% of culms in a plot had reached the Zadoks 55 phase. At maturity and
post-harvest, the following traits were recorded: plant height (PH), grain yield m−2 (GYM2), biomass
m−2 (BM2), harvest index (HI; as GYM2/BM2 ratio), grain number m−2 (GNM2), spike number m−2

(SNM2), thousand grain weight (TGW), grain yield spike−1 (GYS), grain number spike−1 (GNS), grain
number spikelet−1 (GNSP), spikelet number spike−1 (SPN), spike length (SL), spike chaff dry weight
(CHAFF), and spike fertility index (SFI; as GNS/CHAFF ratio). PH was measured on eight culms per
plot just before harvest. Four 1-m-long rows were harvested per each plot to obtain yield traits per
unit area (GYM2, BM2, HI, SNM2, GNM2) and TGW. TGW was obtained from weighing two 200-seed
samples plot−1 and then used to calculate GNM2 as GYM2×1000/TGW. From each harvested sample,
eight randomly selected spikes were taken for measurements of single spike traits (GYS, GNS, GNSP,
SPN, CHAFF and SFI). All dry weights of spikes, chaff and total aboveground biomass were recorded
after 48 h oven-drying at 65 ◦C. Narrow sense heritability (h2) was calculated for each trait across the
2015 and 2016 seasons as follows [61]:

h2 = σ2
G/
(
σ2

G + σ2
G×Y /n

)
where n is number of years/environments tested, G and Y are the genotype and year effects, respectively,
and:

σ2
G = (MSG − MSG×Y) / n

σ2
G×Y = MSG×Y



Agronomy 2020, 10, 486 6 of 21

where MS is the mean square.
The 2015 trial alone was partly described in [25] by a subset of yield-related traits, included also

in the present multi-year assessment (SNM2, BM2, GYM2, GNM2, HI). Furthermore, traits such as
TGW, GYS, GNS and GNSP were re-analysed here with respect to [25], on a bigger number of samples
per plot (8 vs. 5), and in the case of HD, by adopting April 1st as more common starting date for day
count instead of the sowing date.

In the 2017 season, two lateral rows were trimmed from each 10.5 m2 plot, and the remaining
7 m2 of the plot area harvested and used for measurement of GY (grain yield ha−1), SNM2, TGW,
GNM2, and test weight (TW). HD and PH were determined in the same way as in the first two seasons.
TW was assessed on a grain sample for each plot by using a Schopper Chondrometer equipped with a
250 mL cylindrical metal container.

2.4. Grain and Semolina Quality Tests

Quality traits were determined on seeds harvested in the 2017 season for RLs R11−20, R9−11
and R2−21 and cv. Karur. The same amount of seeds from three replicated plots of each genotype
was combined in a single 1.2 kg sample to be used for all analyses. All tests were performed on
technical duplicates, derived from the same grain sample. Grain protein and moisture were assessed
by Inframatic 9500 NIR grain analyser (Perten Instruments, Hägersten, Sweden). Ash content was
determined in the furnace according to the ISO 2171/1993 method. Analyses of semolina and gluten
parameters were carried out on semolina samples obtained with a laboratory mill Labormill 4RB
(Bona, Monza, Italy), after the grains were tempered for 18h to 17% moisture. Colour analysis was
performed using the reflectance colorimeter Chroma meter CR−200 (Konica Minolta Inc., Tokyo, Japan)
and absolute values of brightness (L*) and yellow-blue chromacity (b*) measured by manufacturer’s
instructions. The b* value represents the variation in semolina yellow index and is highly correlated
with yellow pigment content of whole meal flour extracts [62,63]. The brightness reading was used
to determine brownness i.e., brown index as (100 − L*). Gluten parameters (wet gluten, dry gluten,
gluten index) were measured according to the ISO 10275-01/1994 method by using Glutomatic 2200
instrument (Perten Instruments, Hägersten, Sweden). Brabender farinograph (Brabender GmbH & Co.
KG, Duisburg, Germany) was used to assess farinograph quality number (FQN), water absorption
(14% moisture), peak time, stability and softening at 12 min after the peak time (Eicc), according to
the “Italiana B” method, which corresponds to a modification of the ICC115/1 standard method for
using the Brabender farinograph. Specifically, while according to the ICC115/1 method the peak time
represents the point of farinogram curve just before the first signs of dough softening, the “Italiana B”
method measures the peak time as a time lapse from the start of the test until the first highest value on
the farinogram curve is reached. Moreover, in contrast to the ICC115/1 method, “Italiana B” implies the
use of a constant amount of flour/semolina (300 g), regardless of its humidity, and a variable amount of
water to reach the optimal ratio between the two components (500 FU).

2.5. Statistical Analysis

To assess differences between genotypes, an analysis of covariance (ANCOVA) was applied.
Genotype (G) was entered as a fixed factor against replicate (R) as the covariate. For the analysis of year
effect in interaction with genotype across the 2015 and 2016 years (all recombinants tested, see above),
analysis of variance (ANOVA) was used by applying a general linear model (GLM) on the 2-year
dataset. Each variable (i.e., trait measured) was entered as a ‘dependent’ factor against ‘independent’
factors, i.e., genotype (G), year (Y), and replicate (R). Replicate was used in all models as the error,
and analysed as a year-nested, first-order interaction [R(Y)]. The first-order interaction G × Y was
also examined. In all analyses three levels of significance were considered, corresponding to p < 0.05,
p < 0.01 and p < 0.001. When significant factors and/or interactions between them (F values) were
observed, a pairwise analysis was carried out by the Tukey Honestly Significant Difference test at the
0.95 confidence level. Normality of data was assessed for each variable by Kolmogorov–Smirnov (K–S)
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test. In addition, for the 2-year dataset from the 2015 and 2016 seasons, a principal component analysis
(PCA) was used to examine the nature of relationships between key productivity traits and genotypes.
PCA was performed and graphed in the R Environment (R Project for Statistical Computing 3.5.2,
The R Foundation for Statistical Computing, Vienna, Austria, 2018), by functions prcomp() and ggbiplot().
All other analyses were made by SYSTAT12 software (Systat Software Incorporated, San Jose, CA, USA).

3. Results

3.1. Environmental Conditions

The three experimental seasons were characterized by similar temperature conditions throughout
the growth cycle (Table 2), with higher values (particularly the minimum temperatures) with respect
to the site’s multi-year means [64–66]. Winters in all three seasons were unusually mild for the area.
The 2015 and 2017 seasons were typically very hot and dry in the period from heading to harvest; yet
in these years, events of sudden temperature falls were observed around anthesis (from mid-April to
beginning of May), which could have had some negative impact on spike fertility [64–66]. Rainfall
amount and distribution were more unstable and variable between the seasons (Table 2). Anomalous
heavy rains were recorded from October to December in 2015 and 2017 seasons, which determined a
full soil moisture profile and a significant delay of the sowing date (Table 2). On the other hand, in
2016 season unusually abundant rainfall occurred in the period from heading onwards and during
grain filling. However, the total precipitations in all three seasons proved to be lower than the site’s
30-year mean, which could be associated with the observed general increase in temperatures.

3.2. Yield Assessment

3.2.1. Small-Scale Plots

In the first two seasons (2015 and 2016), when all six recombinant lines were tested in small-scale
trials, a GLM model was applied to examine the genotype and year effects on the expression of
recorded traits (Table 3). Irrespective of the number of alien segments contained, all RLs showed
good performance for all traits, being in most cases superior to at least one of the control cultivars,
Karur and Simeto. The range and distribution of values for all traits were different to a variable extent
(Supplementary Figure S1) and, overall, RLs showed to be more similar to Karur than to Simeto, as
expected from their pedigree (see Materials and Methods). The two control varieties were significantly
different for a number of traits, with Karur heading about one week later and showing superior values
(13–66%) for most other traits (except TGW, GYS, and GNSP, Table 4) compared with Simeto. Although
most traits showed normal distribution (K–S test, Table 4), positive transgressive segregation was
observed in the case of spike traits, such as yield, biomass and grain number (GYS, CHAFF, GNS), for
which all RLs displayed higher values with respect to both control varieties (Figure S1 and Table 4).
Narrow-sense heritability was high for GNM2, SNM2, HD, TGW, and essentially for all spike traits,
and medium for GYM2, BM2, HI, and PH (Table 4), indicating the presence of strong genetic factors
influencing the expression of yield potential of the recombinants.

Across the first two years, the genotype effect (G) was statistically significant for all parameters,
with three of them, i.e., GYM2, GNM2, and SL, being independent of the year (Y) effect (Table 3).
The two RLs with the highest grain yield m−2 across the two seasons were the triple recombinants
R11−20 and R9−11 (Table 4). Interestingly, R11−20 (though not R9−11) yielded significantly more
(+52% GYM2) than a third triple recombinant, R9-71. With respect to the latter, R11−20 had also
significantly higher biomass (+33% BM2), harvest index (+15% HI), thousand grain weight (+10%
TGW), grain yield spike−1 (+18% GYS), and spikelet fertility (+10% GNSP). As a whole, R9-71 was the
least productive of all RLs and showed reduced performance for most yield traits unit area−1 vs. both
controls (Table 4).
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As revealed by the Tukey test analysis of significant G × Y interactions (see Table 3),
genotype-dependent differences emerged more clearly under the 2016 environmental conditions,
rather than in 2015 (Figure 1). In 2016, the triple recombinants R11−20 and R9−11 had the highest
values for harvest index (HI), grain yield (GYS), and grain number (GNS) spike−1, with differences
being significant vs. more than one of the other genotypes (Figure 1, Supplementary Table S1). On the
other hand, the 2015 environment was probably at a disadvantage for R9−11, since its yield (GYM2,
GYS), 1000-grain weight (TGW), and spike fertility (GNS, SFI) were medium-to-low vs. those of other
genotypes (Supplementary Table S1). In the same year, no yield penalty affected the triple recombinant
R11−20, which resulted significantly superior for spike fertility traits (GYS, GNSP) when compared
with R9-59 (double) and R9−11 (triple) recombinants, and with Karur (Figure 1, Supplementary
Table S1). Therefore, being the only recombinant that in both years confirmed higher grain yield with
respect to both Karur and Simeto, and higher values for all other traits vs. at least one control cultivar
(Supplementary Table S1), R11−20 can be considered as the durum wheat recombinant with the most
promising yield potential.

Table 3. Mean squares from the GLM for yield and yield-related traits of the 8 genotypes across the
2015 and 2016 seasons.

Factor G Y G x Y R(Y) Error

df 7 1 7 4 28

GYM2 12704.4 * 8991.0 7932.3 1341.9 3871.5
BM2 53432.8 * 1197633.8 ** 31304.2 17905.1 16021.7
HI 0.003 *** 0.128 *** 0.002 ** 0.002 * 0.000

GNM2 5963918.1 ** 470143.0 2046131.3 242809.3 1357093.7
SNM2 1993.7 * 3700.1 * 550.7 252.9 776.3

PH 98.3 *** 297.8 *** 56.1 ** 31.0 12.2
HD 59.4 *** 2227.7 *** 5.0 * 0.792 2.1

TGW 120.9 *** 103.2 *** 9.4 8.7 5.4

df 7 1 7 4 364

GYS 2.1 *** 2.5 ** 1.9 *** 0.3 0.2
GNS 1470.5 *** 3260.0 *** 341.2 *** 106.2 60.2

GNSP 1.1 *** 37.6 *** 0.3 ** 0.1 0.1
SFI 926.3 *** 1457.7 *** 220.5 ** 433.5 *** 76.5
SL 59.9 *** 0.004 0.504 1.381 * 0.465

SPN 222.5 *** 1047.7 *** 26.1 *** 5.7 2.629
CHAFF 0.3 *** 1.7 *** 0.1 0.2 *** 0.035

df, degrees of freedom; GYM2, grain yield m−2 (g); BM2, biomass m−2 (g); HI, harvest index; GNM2, grain number
m−2; SNM2, spike number m−2; PH, plant height, (cm); HD, heading date (days); TGW, thousand grain weight
(g); GYS, grain yield spike−1 (g); GNS, grain number spike−1; GNSP, grain number spikelet−1; SFI, spike fertility
index; SL, spike length (cm); SPN, spikelet number; CHAFF, spike biomass without seeds(g). *, **, and *** indicate
significance at p < 0.05, p < 0.01 and p < 0.001 levels, respectively.
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Table 4. Mean values of yield-related traits and narrow-sense heritability of the analysed genotypes across 2015 and 2016 seasons.

Genotype R11-20 R9-11 R9-71 R9-59 R2-21 R11-8 Simeto Karur h2 K-S Test
7el1/1D/3Sl a) + + + + + + + + + + + - + + - + - - - - - - - - (p-value)

GYM2 (g) 354.9 a 339.8 ab 233.2 b 261.2 ab 261.7 ab 276.6 ab 249.0 ab 327.9 ab 0.38 0.196
BM2 (g) 954.2 a 907.8 ab 714.8 b 793.0 ab 752.0 ab 793.1 ab 830.1 ab 969.6 a 0.41 0.058

HI 0.38 a 0.38 a 0.33 bc 0.34 abc 0.36 ab 0.35 abc 0.31 c 0.35 abc 0.33 0.084
GNM2 6691.9 a 6663.0 a 4827.8 ab 5145.1 ab 5269.2 ab 5372.6 ab 3992.8 b 6645.2 a 0.66 0.188
SNM2 203.5 ab 190.8 ab 161.5 b 172.3 ab 177.8 ab 189.8 ab 186.7 ab 219.9 a 0.72 0.226

PH (cm) 79.1 a 69.8 bcd 67.5 d 68.8 cd 74.8 abc 75.0 abc 74.5 abc 76.0 ab 0.43 0.052
HD (days) 32.3 c 36.8 a 35.7 ab 34.8 abc 35.2 ab 34.3 abc 26.7 d 33.0 bc 0.92 0.369
TGW (g) 53.0 b 50.7 bc 48.3 c 50.6 bc 49.7 bc 51.6 b 62.4 a 49.0 bc 0.92 0.442
GYS (g) 3.02 a 2.81 ab 2.55 bcd 2.55 bcd 2.75 abc 2.71 bc 2.47 cd 2.39 d 0.06 0.001

GNS 57.1 a 55.9 a 53.3 abc 50.1 bc 54.0 ab 52.7 abc 39.6 d 48.7 c 0.77 0.000
GNSP 2.69 a 2.45 bc 2.45 bc 2.30 cd 2.52 ab 2.55 ab 2.47 bc 2.18 d 0.69 0.053

SFI 64.6 abc 60.9 bcd 65.3 ab 59.8 cd 67.0 a 67.0 a 55.9 d 68.7 a 0.76 0.101
SL (cm) 8.7 abc 9.2 a 8.6 bc 9.0 ab 9.2 a 8.0 d 5.8 e 8.3 cd 0.99 0.219

SPN 21.3 bc 22.7 a 21.7 abc 21.8 abc 21.9 abc 21.0 c 15.9 d 22.2 ab 0.88 0.233
CHAFF (g) 0.90 ab 0.94 a 0.82 bcd 0.84 ab 0.82 bc 0.81 bcd 0.70 d 0.71 cd 0.79 0.000

GYM2, grain yield m−2; BM2, biomass m−2; HI, harvest index; GNM2, grain number m−2; SNM2, spike number m−2; PH, plant height; HD, heading date; TGW, thousand grain weight; GYS,
grain yield spike−1; GNS, grain number spike−1; GNSP, grain number spikelet−1; SFI, spike fertility index; SL, spike length; SPN, spikelet number; CHAFF, spike chaff; h2, narrow-sense
heritability; K-S, Kolmogorov-Smirnov normality test. Letters in each row correspond to the ranking of the Tukey test at p < 0.05 level following the GLM analysis. (a) Symbols of alien
chromosomes involved in the transfers into A or B genome chromosomes of durum wheat.
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3.2.2. Relationship between Main Yield Components

To identify the grain yield (GYM2) components that mainly contributed to its final expression in
2015 and 2016 trials, a principal component analyses (PCA) was conducted (Supplementary Table S2).
The first two axes accounted for 74.7% of the total variance (axis 1: 45%, axis 2: 29.7%), as shown by a
bi-plot graph (Figure 2). Principal component 1 (PC1) was largely and positively related to grain yield,
biomass and spike number m−2 (the angle between the latter two showing strong interrelatedness), and
to a lesser extent to thousand-grain weight (TGW). At the same time, PC1 was negatively influenced
by heading date. Increases in PC2 were related mainly to grain number and yield spike−1 and less to
heading date, while the TGW weighted moderately in negative direction. These results are in line
with those of GLM analysis, showing that higher yield of the RLs was always accompanied by higher
biomass production, harvest index and spike fertility parameters (see above).
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Figure 2. Bi-plot of the first two axes of principal component analysis for the main yield components of
the eight genotypes analysed in 2015 and 2016 (GYM2, grain yield m−2; BM2, biomass m−2; SNM2,
spike number m−2; TGW, thousand grain weight; GNS, grain number spike−1; GYS, grain yield spike−1;
HD, heading date).

3.2.3. Large-Scale Plots and Grain Quality of the Most Promising Recombinants

The two best performing triple recombinants in 2015 and 2016 seasons, R11−20 and R9−11, and
one of the two (similarly performing) double recombinants, namely R2−21, were further assayed in
large plot trials in 2017. Along with the two recurrent varieties Karur and Simeto, the RLs were also
compared with four of the most productive and largely cultivated varieties in Italy in recent years
(Table 5). ANCOVA showed differences between genotypes to be significant for six out of seven traits
(Supplementary Table S3). All RLs and cvs. Karur and Achille had about one week later heading date
than the other lines (Table 5). Plant height of all genotypes showed to be somewhat lower with respect
to previous years, probably due to reduced rainfall in 2017. The environmental conditions in 2017 were
comparable to those of 2015 (Table 2), in both years apparently favouring the R11−20 yield potential.
By contrast, R9−11 and R2−21 yielded on average 23% less than R11−20 (GY, Table 5), the difference
being significant in the case of R9−11. The results from 2017 showed that, also under larger scale
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cultivation, R11−20 displayed significantly higher GY (+33%) vs. R9−11. At the same time, R11−20
yield was the second highest in 2017 (Table 5), inferior only to that of Kanakis, the most productive
cultivar in the Tyrrhenian coastal area in the same year [66]. Grain number m−2 was the mostly
contributing trait to GY increase of R11−20, as shown by the Pearson correlation (Supplementary
Table S4). Its TGW, on the other hand, was better than that of Karur, yet lower than that of most other
genotypes, not having a significant effect on final yield (Table 5).

Grain, semolina, and gluten quality parameters were assessed in three of the multiple recombinant
lines and the good-quality Karur parent (Table 6). As a whole, no negative effect on quality traits was
found to be associated with contemporary presence of the alien segments into the durum background.
Semolina milling yield was high (around 64%) and comparable in all four genotypes (Table 6).
This result was in line with the observed high values (>80 kg hL−1) of the correlated test weight
(Table 5). Similar among the sampled genotypes was also protein content, with values not inferior to
15%. On the other hand, recombinant lines, all carriers of the 7el1L-linked Yp trait and the associated
Psy1 gene controlling carotenoid biosynthesis (see, e.g., [36]), had up to +9% higher yellow index, a
measure of carotenoid pigment content, as compared to Karur. Combined with lower ash content
(−10% in R11−20), this contributes to the increase of semolina brightness and to carotenoid stability
during semolina processing into pasta [67]. Gluten characteristics were all indicative of an increased
strength of gluten extracted from recombinant lines, which incorporates the Glu-D3-encoded LMW-GS
as main differential protein components vs. Karur. As a result, in the three recombinant lines carrying
the 1DS segment in place of the most distal 1AS portion, gluten index (GI) was significantly enhanced
of over 20% (GI = 98.5) in R11−20 (and similarly in R2−21 and R9−11) with respect to the already good
value of Karur (GI = 81.8). The higher gluten strength of recombinant lines compared with Karur was
consistent with significantly different values of farinograph parameters, including a longer mixing time
to bring their dough to optimum development (peak time), an almost doubled stability and largely
reduced subsequent softening (Eicc, FQN) (Table 6). This outcome is altogether indicative of a strong
dough tolerance to fermentation and mechanical stress, as required for bread making [68].
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Table 5. Mean values of yield related traits recorded in 2017 season.

Trait Genotype

R11−20 R9−11 R2_21 Kanakis Achille Ramirez Karur Dylan Simeto
7el1/1D/3Sl a)

+ + + + + + + + - - - - - - - - - - - - - - - - - - -

HD (days) 29 ab 31 a 31 a 25 de 28 bc 26 cd 30 ab 23 f 23 ef
PH (cm) 72.7 ab 60.7 c 72.7 ab 77.7 a 75.0 ab 74.7 ab 72.0 ab 69.3 abc 66.3 bc

GY (t ha−1) 4.63 ab 3.49 c 3.67 bc 5.22 a 4.36 abc 4.17 bc 3.97 bc 3.95 bc 3.93 bc
SNM2 263.3 284.4 254.4 262.2 230.0 254.4 252.2 247.8 240.0 ns
GNM2 9775.0 a 7570.0 abc 7609.1 abc 9426.0 ab 7893.5 abc 8374.5 abc 9059.6 ab 7327.4 bc 6223.9 c

TGW (g) 47.5 bcd 46.1 cd 48.3 bcd 55.2 abc 55.3 ab 49.8 bcd 43.8 d 54.1 bc 63.5 a
TW (kg hL−1) 81.3 cd 80.5 d 82.0 c 85.4 a 86.2 a 86.1 a 82.1 c 83.7 b 83.8 b

(HD, heading date; PH, plant height; GY, grain yield; SNM2, spike number m−2; GNM2, grain number m−2; TGW, thousand grain weight; TW, test weight). Letters in each row correspond
to the ranking of the Tukey test at p < 0.05 level. (a) Symbols of alien chromosomes involved in the transfers into A or B genome chromosomes of durum wheat.
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Table 6. Grain and semolina quality traits of the selected genotypes in the 2017 season.

Trait Recombinant Line ANCOVA
p value

R11−20 R9−11 R2−21 Karur
7el1/1D/3Sl a)

+ + + + + + + + - - - -

Grain protein content (%) 15.4 16.4 15.0 16.1 0.072
Grain moisture (%) 11.1 11.2 11.5 11.4 0.151
Yellow index (b*) 31.6 30.1 31.7 29.1 0.202

Brown index (100 - L*) 10.4 b 10.0 b 11.6 a 10.2 b 0.002**
Semolina yield (%) 64.2 64.1 64.3 64.5 0.932

Ash content (%) 0.82 d 0.85 c 0.87 b 0.91 a 0.000***
Gluten index (%) 98.5 a 95.1 a 98.2 a 81.8 b 0.001**

Water absorption (14%) 60.8 61.7 59.7 62.1 0.526
Peak time (min) 5.0 a 5.1 a 5.3 a 4.2 b 0.002**
Stability (min) 18.0 b 16.8 b 20.7 a 10.5 c 0.001**

Eicc (FU) 30.0 c 37.0 b 23.0 d 45.0 a 0.000***
FQN 170.0 b 150.0 c 200.0 a 100.0 d 0.000***

(Eicc, softening after 12 min; FQN, farinograph quality number). Letters in each row correspond to the ranking of the
Tukey test at p < 0.05 level. ** and *** indicate significance at p < 0.01 and p < 0.001 level, respectively. (a) Symbols of
alien chromosomes involved in the transfers into A or B genome chromosomes of durum wheat.

4. Discussion

In the present study, the effects on agronomic and quality traits of the first successful multiple alien
segment introgression into durum wheat were evaluated in rain-fed plot trials, carried out in central
Italy over three growing seasons. The durum wheat-alien recombinants, some of them simultaneously
harbouring chromosome segments from Th. ponticum, Ae. longissima, and T. aestivum showed an
excellent tolerance to the presence of one, two, and even three alien segments (each one occupying not
more than 23% of the recipient chromosome arm), as indicated by the absence of any adverse effects on
plant fitness, productivity, and grain quality. This result is highly significant, and not always readily
expected in durum wheat breeding involving alien introgressions. In fact, the negative impact of even
single alien segments on morpho-physiological, yield, and grain quality traits were often observed
in durum wheat background as a consequence of linkage drag or excessive size of alien segments,
particularly of wild origin (see Introduction). In the present study, not only all recombinants had
normal phenotype and fertility, but also two of the triple recombinants, namely R11−20 and R9−11,
had the highest yield (GYM2, Table 4) compared with control cultivars and all other recombinants.
In particular, differences in the expression of yield traits between R11−20 and other genotypes were
often significant across the three seasons, indicating very good productive potential of this genotype.

Nonetheless, comparisons for yield traits between specific chromosomal makeups, such as
those of single vs. double or triple recombinants and vs. control varieties (absence of any alien
segment), revealed considerable variation within each of them, irrespective of presence/absence of
alien introgression(s). This prevents from directly associating any trait enhancement with presence
per se of a given alien segment. Indeed, considering the residual background heterogeneity of the
recombinant materials analysed here, the consistent yield advantage of some of them, notably of
R11−20, over other recombinant types and most of high yielding checks (Table 5) is likely ascribable to
the positive interaction of the alien alleles with those of the specific wheat background. In addition
to a genetic basis (see, e.g., [69]), such line-specific phenotypes may well also have an epigenetic
underpinning, which contributes to further diversity of crop-alien species combinations (e.g., [70,71]).
Only in the case of the GNS trait, presence of a genetic determinant(s) within the 23%-long 7el1L
Th. ponticum segment might be hypothesised, as all six recombinants carry this segment and had
significantly higher GNS vs. Karur and Simeto in the 2016 trial (Supplementary Table S1). Improved
values of spike-related traits (including grain number, spike fertility and also harvest index) were
previously associated with presence of this segment [28,29,51], particularly when the corresponding
durum wheat-Th. ponticum recombinant line R5 in the near-isogenic background of Simeto was tested
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in hot and dry environments [51]. Thus, a specific linkage of the R5-type segment with sink (i.e.,
spike) traits cannot be excluded. Still, both in previous trials of R5 alone [51] and in the present
study on all R5-containing genotypes, yield increase was also found to be associated with higher
biomass and spike number m−2 (see R11−20 in all three years, R11-8 in 2015, R9−11 in 2016 in Table 4,
Supplementary Table S1, Figure 2). This is indicative of an equally important involvement of the
source (leaves, tillers) in final yield formation of the best performing recombinants. Similar trends were
observed also for spike traits, i.e., GYS and GNS (sink) and CHAFF (source), for which all recombinants
displayed positive transgressive segregation with respect to background varieties Karur and Simeto
(Table 4, Supplementary Figure S1). Therefore, the genetic potential of the recently isolated multiple
recombinants seems to be encouraging for future breeding, especially because GYM2 and GNM2
expression proved to be independent of the year effect (Table 3).

Whereas more trials in time and locations are needed to confirm yield stability and adaptability
of the novel genotypes, it seems noteworthy the excellent performance of R11−20, especially in the
dry and warm 2017 season, when it had an average 14% higher yield vs. widely cultivated and
productive cultivars (Table 5). The consistently expressed increase of grain number and biomass in
R11−20, especially in hot conditions, is of particular relevance for breeding for heat- and drought-prone
environments, where such traits are essential for reaching significant yield gains (e.g., [72,73]).

In addition to sink and source traits that directly contribute to productivity, the presence of leaf
rust (Lr19), stem rust (Sr25), and powdery mildew (Pm13) resistance genes represents an additional
breeding value of R11−20 in seasons when disease incidence is high. While leaf rust is a common and
recurrent wheat disease in whole Europe and other wheat growing areas, stem rust, not observed
since the 1950s [74], is a worryingly re-emerging disease. In fact, new highly virulent races of the
stem rust pathogen are posing serious threat to the wheat crop all over the Mediterranean Basin
and beyond. In the particularly severe outbreak occurred in Southern and mainland Italy in 2016,
which destroyed thousands of hectares of wheat (mostly durum wheat), a new stem rust race, named
TTTTF, was found to be almost exclusively present in the rust samples analysed [75]. With respect
to the complex virulence pattern of this race, not related to the Ug99 group, only a few Sr genes
were found to provide effective resistance, namely Sr31 (from S. cereale), Sr24, and Sr25 (both from
Th. ponticum). The durum wheat variety Cincinnato, a derivative of the R5 recombinant and hence
carrier of Sr25, was completely unaffected by stem as well as leaf rust attacks in Southern Italy (Biagio
Randazzo, pers. comm.). Similarly in Viterbo (central Italy), where even heavy leaf rust attacks
constantly occur and stem rust was detected in the last four years, all recombinants incorporating
distal 7el1L segments showed complete efficacy of the Lr19 and Sr25 genes against the respective
rust disease (see, e.g., [36,39], and unpublished). Equally effective proved to be the Ae. longissima
Pm13 gene [76], not yet overcome by any powdery mildew race in various diseased areas worldwide
(e.g., [77,78]). Considering the estimated 4.3–5 billion US dollar cost of global annual losses due to
wheat rust diseases [79], the economic benefit of deploying efficient resistance genes, not to speak of
food safety and security, is remarkable. Moreover, the rapid occurrence of new pathogen races, also
favoured by climate changes [14,80–82] corroborates the use of resistance genes as the best disease
management strategy. In this view, R11−20 recombinant represents an outstanding CE product, with
great promise of efficiently facing current and future challenges, ready to be registered for cultivation
and to be included in breeding pipelines in several environmental contexts.

Since high quality standards are also required for a commercially valuable variety [67,83], quality
parameters have also been a major concern in the course of selection of the best candidate(s) for
grain marketing among the multiple recombinant lines. The engineered lines produced first-grade
commercial grain and semolina, comparable to that of the high-quality cv. Karur, as to important
factors for the milling and processing industry, like protein content, semolina yield, ash content and
grain moisture (Table 6). Furthermore, the 7el1L and 1DS introgressions confirmed their positive
contribution to specific quality attributes. The former conferred a moderate but consistent increase to
yellow index of RLs vs. Karur, due to the presence in it of a Phytoene synthase 1 allele (Psy1-7el1), likely
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responsible for the associated Yp phenotype [36,84]. Since Karur itself is characterized by a high yellow
index [85], and the trait has a typically additive expression, the increase in Karur background was of
lower magnitude than that observed in the prevailing background of cv. Simeto [39,49,86]. Moreover,
besides phytoene synthase, majorly responsible for carotenoid (= yellow colour) accumulation in the
grain, other enzymes contribute to modulate semolina yellowness through carotenoid degradation,
such as lipoxygenases, peroxidases and polyphenol oxydases [49,63,67], but their contribution to the
final semolina colour was not assessed here. As for the effect of 1DS alleles in place of 1AS resident
alleles, all multiple recombinants tested confirmed a prominent increase of parameters of gluten
quality, as previously observed in single or multiple durum wheat recombinants having the same
T. aestivum 1DS segment with Gli-D1/Glu-D3 genes [49,56]. In all cases, irrespective of the variation
for HMW-GS coded at the Glu-B1 locus (see Materials and methods and [56]), LMW-GS encoded by
Glu-D3 alleles determined a considerable increase of gluten strength vs. Karur, as indicated by almost
20% higher gluten index (GI). Whereas no clear relationship seems to exist between gluten strength
and pasta quality, except for definitely undesirable weak gluten, a strong gluten is undoubtedly at
the basis of bread making potential of durum wheat dough ([83] and references therein). In fact, GI
showed a strong positive correlation with loaf volume of bread made from durum wheat, and so did
dough rheological properties, particularly its stability (e.g., [68]). Besides strength, for the overall
bread-making ability of durum wheat, additional dough attributes are known to be required, such as
elasticity and extensibility. Optimal values for these attributes are typical of bread wheat flour and are
mainly associated to HMW- and LMW-GS genes located on chromosome 1D [87]. Thus, as one approach
to improve durum wheat bread-making performance, various chromosome engineering exercises were
undertaken, aimed at transferring 1D segments containing different T. aestivum 1D-encoded glutenin
subunits ([55] and references therein). Among them, the early incorporation of Glu-D3-encoded
LMW-GS in the 1AL·1AS−1DS recombinant chromosome, subsequently pyramided in the multiple
recombinant types described here, resulted in more balanced alveograph values, particularly the
tenacity-to-extensibility (P/L) ratio, than those associated with Glu-D1-encoded HMW-GS ‘5+10′ ([56]
and unpublished). Therefore, as in early work on 1AS/1DS transfer lines carrying Gli-D1/Glu-D3
loci [56,88], the novel multiple recombinants (e.g., R11−20) seem to have good prospects for exploitation
as dual-purpose durum wheat. To verify this potential, further quality tests, including alveograph
analyses, as well as small-scale pasta and bread (loaf) preparations, are planned.

5. Conclusions

The use of alien genetic resources confirms to be a valid approach to widen the genetic basis
of cultivated wheats, particularly through CE. Although CE strategies require adequate time and
professional cytogenetic competences in the initial phases of the transfer work, thus so far under-utilised
in a breeding perspective, the number of novel breeding lines and the even readily exploitable CE
outcomes have been rapidly increasing in recent years (see [89] for a review). The multiple recombinants
illustrated in the present work add a relevant contribution to this trend. Whether the CE strategy
is designed to improve specific wheat traits, weakened or unavailable in the current germplasm
(e.g., [36,39]; this work), or to capture genes/traits from the alien source in a genome-wide, “untargeted”
fashion [90], it is doubtless a powerful platform through which the needed genetic variation can
be infused into the crop genome to develop more stress-resilient, productive, and high-quality
durum wheat.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/4/486/s1,
Figure S1: Boxplots of the yield-related traits recorded through the seasons 2015 and 2016, Table S1: Mean values
of yield-related traits of the analysed genotypes in each 2015 and 2016 seasons, Table S2: Correlations between
four principal component variants and main yield-related traits of the eight genotypes analysed in the 2015 and
2016 seasons, Table S3: Mean squares from the ANCOVA of yield-related traits in the 2017 season, Table S4:
Pearson’s correlation coefficients between pairs of yield-related traits recorded for the four tested genotypes in the
2017 season.
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13. Rossini, F.; Provenzano, M.E.; Kuzmanović, L.; Ruggeri, R. Jerusalem Artichoke (Helianthus tuberosus L.): A
versatile and sustainable crop for renewable energy production in Europe. Agronomy 2019, 9, 528. [CrossRef]
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