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Abstract: The leading role of Italy in the cultivation of durum wheat stimulated intense breeding
activities in the country from the beginning of the 20th century, much earlier than in any other
country involved in durum wheat production. Older, genetically more heterogeneous landraces
were replaced with new, highly productive, superior quality varieties, and this led to an inevitable
reduction in the overall genetic diversity among new cultivars, which makes the genetic variabil-
ity preserved in old cultivars particularly valuable and important. The aim of this paper was to
assist future breeding programs by providing a detailed description of the history of durum wheat
breeding in Italy and of the changes in yield, quality, and related traits that subsequently occurred,
starting from the most diffuse landraces present between 1900 and 1920 up until the present day.
The parallel evolution of breeding techniques, breeding goals, and agricultural systems in this
period is also described, and some future breeding goals suggested. In the current context of cli-
mate change and of rapidly mutating pathogen populations, preserving the yield level through
the continuous introduction of new cultivars by exploiting the reservoir of largely unused genetic
variation stored in old cultivars and landraces could be as important as increasing grain yield
and quality.
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1. Introduction

Durum wheat (Triticum turgidum subsp. durum (Desf.) Husn) is grown on around
17 million ha worldwide, primarily in the Mediterranean Basin, Canada, and the United
States (Eurostat). Its global production for 2020 was assessed to be 33.6 million tons, and
approximately half of this came from the Mediterranean Basin [1]. Within Europe, Italy is
the front-runner in durum wheat production, with a cultivation area averaging 1.23 million
ha (EUROSTAT, average for the last three years), equivalent to 53% of the EU’s surface area
dedicated to durum wheat and 57% of the EU’s overall production [2].

The first ever durum wheat breeding program was launched in Italy back in the early
1900s, an unsurprising fact considering the economic significance of the pasta industry
and the country’s leading position in Europe in terms of durum wheat production [3]. The
nation’s careful and prolonged breeding work has generated a valuable germplasm that is
widely cultivated both nationally and internationally [4].

The aim of this review is three-fold: (i) to describe the rich and interesting history of
durum wheat breeding in Italy, highlighting the strong interplay between breeding and
the evolution of agricultural systems; (ii) to analyze the effects of breeding on grain yield,
yield-related traits, and grain quality; and (iii) to propose future avenues and directions for
breeders to pursue.

2. Varietal Evolution
2.1. Landraces and Local Populations (1800-1920)

Before Mendel’s discoveries in the 19th century on the principles of genetic inheritance
and before Strampelli’s work at the turn of the century on genetic improvement (initially
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on bread wheat and subsequently on durum), durum wheat cultivation in Italy was mostly
based on indigenous landraces that had evolved and adapted to the agroecosystem of
Southern Italy (primarily the islands of Sicily and Sardinia). They came about through
natural selection and/or unconscious selection by farmers [5]. In 1927, Emanuele De Cillis,
in his book “I Grani d’Italia”, described the most widespread landraces of wheat at that
time [6] (Table 1).

Table 1. The main landraces of durum wheat cultivated in Italy until the 1920s.

Average Productivity

(tons/ha) Rust Resistance

Name Distribution

Late autumn-sown landraces

Rossia Calabria, Basilicata 1.2 medium
Biancuccia Sicilia 1.1 high

Sicilianu Sardegna 1 medium
Saragolla siciliana Campania 11 medium
Trigu arrubbiu Sardegna 1.3 medium
Biancale o Trigu biancu Sardegna 0.9 medium

Autumn-sown landraces, medium earliness

Campania,
. . Puglia, .

Saragolla o Duro di Puglia Basilicata, Abruzzo, 0.8-1.6 high

Molise, Lazio
Realforte Sicilia 1.2-14 high
Sammartinara Sicilia 1 low
Russello Sicilia 1.2 high
Scorzonera Sicilia 1.1 high
Trigu murru Sardegna 1.1-1.2 high

Autumn-sown landraces, early

Ruscia Sicilia 1 low
Gigante Sicilia 1.1 medium

Spring-sown landraces

Triminia Sicilia, Puglia 1.2-1.3 medium
Rusticanu Sardeqna 0.8 high

Most of these landraces belonged to the mediterraneum type [7-9] (Figure 1), charac-
terized by tall plants (up to 180 cm) with early vigor, prone to lodging, late flowering, and
with high grain filling rates. After the war between Italy and the Ottoman Empire in 1912,
North African (Libyan in particular), Syrian, and Palestinian landraces (e.g., “Aziziah” and
“Eiti”) arrived in Italy, thus contributing to the maintenance of a large genetic base. Many
of them belonged to the so-called syriacum type, which is characterized by profuse tillering,
shorter plants (below 120 cm), and earlier anthesis than the mediterraneum type due to the
different climatic conditions of their respective areas of origin [8,9].

These landraces formed an important part of a self-supporting rural economy based on
complex agricultural systems, where animals provided labor and manure for fertilization,
and rotations with legumes provided animal feed whilst increasing soil nitrogen content.
Fallowing was also common, particularly on the islands.
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Figure 1. Schematic representation of durum wheat from the syriacum typicum(blue) and mediterraneum
typicum (black) groups (modified from Ali Dib et al. [9]).

2.2. First Period: Genealogical Selection from Local and Exotic Populations (1920-1950)

In the 30 years spanning 1920 to 1950, Italy was the first country within the Mediter-
ranean basin to begin ‘conscious’ breeding—primarily focused on the genealogical selection
of pure lines derived from previously cultivated local varieties. The only exception was
“Garigliano”, a pure line ‘created” by Strampelli, who, for the first time, used controlled
hybridization to create genetic variability. These more uniform new cultivars gradually
replaced the original landraces in Italy, whereas other countries continued to grow durum
landraces until the so-called “Green Revolution” in the late 1960s [10].

The most successful cultivar of this period was “Senatore Cappelli” (from here on
referred to as “Cappelli”), released by Strampelli in 1915, and subsequently cultivated
across up to 60% of the area dedicated to durum wheat in Italy. Cultivation of the “Cappelli”
variety also spread to other Mediterranean countries, namely Spain and Turkey. Although
it is generally assumed that “Cappelli” originated from the North African population “Jean
Rhetifah”, recent studies highlighted a genetic distance between “Cappelli” and “Jean
Rhetifah” [11-13] and instead confirmed its genetic similarity to the Tunisian “Bidi”.

“Cappelli” was appreciated for its high grain yield (2.6 t ha~! on a plot basis according
to Strampelli), being 33% higher than that of preceding landraces according to Maliani [14]
due to its adaptability, high number of kernels per spike and spikelet, and excellent semolina
quality [15]. It was not the only cultivar developed during those years, and Strampelli was
not the only active breeder, the others being De Cillis, Conti, Barbieri, and Casale (Table 2).
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Table 2. Durum wheat cultivars based on single pure lines developed in Italy between the 1920s and

1950s through genealogical selection from landraces (exception “Garigliano”).

Breeder Cultivar Origin
Cappelli North African population Jean Rhetifah
Aziziah 17-45 Aziziah, Lybian population but of Palestinian origin and hence “syriacum type”

. . Tripolino Synonimous of Aziziah, according to De Cillis

Strampelli (1866-1941) Duro di Puglia Synonimous of Saragolla, according to De Cillis
Dauno Group of cultivars originated from an unknow cross
Garigliano Tripolino x Cappelli

. Timilia S.1 Homonimous local population

U. De Cillis (1901-1984) Russello S5.97 Homonimous local population
Aziziah 301 e 302  Aziziah, Lybian population but of Palestinian origin, “syriacum type”
Russello 329 Homonimous local population

Conti (1889-1966)

Russello S.G. 7
Triminia 284

Homonimous local population (1)
Homonimous local population

Barbieri (1911-1975)

Biancale

Trigu biancu

Casale (1902-1972)

Eiti6

“Eiti”, North-African population, but “syriacum type”

Despite its undisputed success, “Cappelli”—a typical component of the mediterra-
neum group and hence tall and late—faced challenges such as rust and lodging susceptibil-
ity, which were long-"ignored”, partly because its low sowing density and low soil fertility
requirement did not exacerbate the lodging problem. Moreover the distribution of nitrogen
fertilizers was quite limited (4.0 kg ha=! of N, 7.8 of P,Os and 0.5 of K,O, referring to
the total agricultural area of about 21 million ha) [16]—low compared with contemporary
fertilization rates.

During this period, the area dedicated to durum wheat cultivation in Italy also ex-
perienced significant variation in the surface area (from 1.2 million ha in the 1926-1930
period to 1.3 million ha in the 1946-1950 period, ISTAT data) and geographic distribution.
Initially restrained to the islands and South and Central Italy, in the late 1940s, durum
wheat cultivation expanded to other regions within Central Italy, namely Tuscany, Marche,
and Umbria [17].

With the “Battle for Wheat”, the average yield raised from the 0.9 t ha~! of the 1920s
to 1.2 tha=! in the latter half of the 1930s. However, during the 1940s, yields dropped to
1920s levels due to the impact of the war. This suggests that the agronomic component may
have been more decisive than the genetic component in determining yields during that
period [18]. After the war, the insufficiency of durum wheat production in Italy in both
quantitative and qualitative terms also occurred because it was primarily concentrated in
the southern regions, often on infertile and resource-limited soils. The limited yields did
not encourage the necessary investment. Thus, to ensure an adequate supply, milling and
pasta industries blended locally grown durum wheat with durum wheat from other parts
of the world, such as the United States, Canada, and Argentina (e.g., “Candeal-Taganrog”,
a selection from the original Russian population). These imports exhibited characteristics
such as a yellowish color and a high gluten strength [19].

2.3. Second Period: Intra- and Inter-Specific Hybridization and Mutagenesis (1950-1973)

Between the 1950s and 1960s, the genetic improvement in durum wheat in Italy was
governed by the crossbreeding of lines from the mediterraneum group, mainly from North
Africa (like “Cappelli”), and the syriacum group (“Aziziah”, “Eiti”, “Sinai”, “Tripolino”)
with the aim of generating variability for subsequent selection. Nazareno Strampelli had
already proposed this breeding technique, creating the “Garigliano” cultivar as early as
1927 through the crossbreeding of “Cappelli” with “Tripolino” [20].

Many of the new cultivars released during this period (“Capeiti 8”, “Patrizio 6” [21],
“Casale 92”7, “Sincape 9”, “Grifoni 235”) were based on “Cappelli” (Table 3), meaning that
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this cultivar appears in the pedigree of almost all durum wheat cultivars bred in Italy and
elsewhere [22].

Table 3. Durum wheat cultivars selected in Italy between the 1950s and the first half of the 1970s
from segregating populations obtained through inter- and intra-specific hybridization.

Cultivar Cross Breeder
Capeiti 8 Eiti 6 x Cappelli Casale (1955)
Patrizio 6 Eiti 6 x Cappelli Casale (1955)
Casale 92 Aziziah x Cappelli Casale
Sincape 9 Sinai x Cappelli De Cillis U. (1963)
Spontaneous crossbreeding
Grifoni 235 o B52 Cappelli x unknown wheat (Grifoni Grifoni (1955)
1955), possibly Aziziah (D’Amato, 1989).
Forlani Villa Glori x T.turgidum Maliani (1968)
C. Jucci Forlani x Russello Maliani
Caltelporziano Cappelli mutant Scarascia Mugnozza (1968)
Casteldelmonte Grifoni mutant Scarascia Mugnozza (1968)
Ichnusa Biancale x Capeiti 8 Barbieri e Deidda(1968)
Nuraghus Biancale x Patrizio Barbieri e Deidda(1968)
Maristella Dauno III x Capeiti 8 Barbieri e Deidda(1968)
Trinakria B14 x Capeiti 8 Ballatore (1970)
Hymera B14 x Capeiti 8 Ballatore (1970)
Appulo (Cappelli x Grifoni 235) x Capeiti 8 Dionigi (1973)

The crossbreeding between the mediterraneum and syriacum types reduced plant height
to less than 120 cm and thus the lodging incidence and brought anthesis forward [23]. This
marked the beginning of a gradual genetic improvement to enhance earliness, making
Italian varieties generally earlier than those grown in other Mediterranean areas [24].

The best results were obtained with “Capeiti 8” and “Patrizio 6”, which outperformed
“Cappelli” in yield [16], earliness, and lodging resistance, bringing about the decline of
“Cappelli” by the mid-1960s [8]. The reduction in plant height, initially appreciated solely
for its positive effect on lodging, also led to an initial, significant increase in the harvest
index (HI), a dominant theme in durum wheat genetic improvement, from about 0.32 in
“Cappelli” to about 0.40 in “Capeiti 8” [25,26].

On the other hand, both the milling and pasta-making qualities of “Capeiti 8” and
“Patrizio 6” were considerably worse than those of “Cappelli” [27], in part because of
the expansion of durum wheat cultivation into less suitable areas compared with those
where “Cappelli” was grown [28]. In addition to a lower grain weight [23,25,26], the new
cultivars exhibited deficiencies in the plasticity of dough [17], as well as greater lipoxidase
activity [8], negatively impacting the amber coloration of semolina.

Durum breeding was very intense in Italy in the following years up until 1973.
“Capeiti 8” was widely used as a parent for intra-specific crosses, producing cultivars
including “Maristella”, “Nuragus” and “Ichnusa” [29] (Table 3) in Sardinia and “Hymera”
and “Trinakria” in Sicily [30]. “Maristella” and “Trinakria” were known for their good
quality, although not as good as that of Cappelli. “Appulo”, selected by Dionigi in Apulia,
was the most successful cultivar of this group. After being registered in the Varietal Register
in 1973, the following year it ranked among the top four most widely cultivated Italian
cultivars together with “Capeiti 8”, “Patrizio”, and “Cappelli” (ISTAT). Using results from
about 200 field trials, Rivoira [31] estimated a 12% increase in yield with the transition
from “Cappelli” to “Capeiti 8” and another 7% increase from “Capeiti 8” to “Appulo”,
“Maristella”, and “Isa”.

Inter-specific hybridization with other Triticum species, like T. dicoccum, T. turgidum,
and T. sphaerococcum, was also common during this period to improve resistance to
pathogens, cold, and lodging and to increase spike fertility. These efforts resulted in
the creation of varieties such as “Lambro” and “Belfuggito”, characterized by high yields
and cold resistance but not widely cultivated [32].
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In the same years, mutagenesis was applied to durum breeding by the groups led
by D’Amato and Scarascia-Mugnozza at the CNEN (National Committee for Nuclear
Energy, now ENEA) to obtain the cultivars making up the Castel group: “Castelporziano”
and “Castelfusano” (a “Cappelli” mutant), “Casteldelmonte” (a “Grifoni” mutant), and
“Castelnuovo” (a “Garigliano” mutant) [26,33,34]. “Castelporziano” was more lodging-
resistant than “Cappelli”, thanks to a single partially dominant gene capable of reducing
height by 34% [35].

During this period, the cultivated area for durum wheat in Italy increased from 1.4
to 1.6 million ha due to its expansion across the south as well as in more northern regions
such as Marche, Umbria, Lombardy, Veneto, and Emilia Romagna. Altogether, the more
favorable pedoclimatic conditions of these regions, the improved cultivars, and the increase
in nitrogen fertilization made the reduction in plant height possible and boosted national
grain yields from 1.12to 1.9 t ha~! (ISTAT).

2.4. Final Period: Semi-Dwarf Cultivars (1974-Today)

The last period of durum breeding began with the production of the first semi-dwarf
cultivars, which continue to be grown today. The success of dwarfing genes, responsible
for a reduction in height and an increase HI and ear fertility at similar biomass levels,
arose from a strong synergy between breeding and management: these new cultivars were
able to exploit the high nitrogen rates made available by the contemporary replacement of
animal waste with industrially produced ammonia as the primary source of nitrogen; their
lower competitiveness towards weeds was compensated for through the use of herbicides;
and they were better suited to the increasing levels of mechanization in farming practices.
Interestingly, the scheme followed by Norman Borlaug, the father of the Green Revolution,
was practically the same as Strampelli’s and benefited from the preceding diffusion of
Strampelli’s varieties all over the world. What was different was the organization level
(Borlaug worked at CIMMYT [36]) and the reference agro-ecosystems, which were not yet
prepared to exploit the potential of semi-dwarf cultivars at the time of Strampelli.

The semi-dwarf Rht-B1b allele, the central protagonist of the 1960s Green Revolu-
tion of bread wheat, appeared for the first time in commercial durum wheat cultivars in
the 1970s as the outcome of the breeding work carried out by Vallega and Zitelli, ENEA
(Italian National Agency for New Technologies, Energy, and Sustainable Economic Devel-
opment), the Experimental Institute for Cereal Research and the Experimental-Agricultural
Regional Center in Sardegna. These first semi-dwarf cultivars were “Valgerardo”, “Val-
nova”, “Creso”, and “Karel” [37] (Table 4). The Japanese bread wheat “Norin 10” was
the donor of Rht alleles, and durum wheats from Central and North America were the
donors of various resistances to pathogens. “Creso” originated from a cross between a
segregating population from CIMMYT (Centro Internacional de Mejoramiento de Maiz Y
Trigo, Mexico) with Cp B 144, a Cappelli mutant. Registered in 1974, “Creso” spread across
Italy quickly, especially in the central and northern regions due to its lateness, gradually
replacing “Capeiti 8” and “Appulo”. Its diffusion reached a peak in 1987, when it was
responsible for 43% of national durum wheat production (ISTAT). It was one of the most
longeval durum wheat cultivars, remaining within the top 10 Italian cultivars until 2005,
i.e., for about 30 years.

Table 4. Main semi-dwarf cultivars released between 1974 and 2000.

. Year of Type of
Cultivar Registration Pedegree Breeder Institution
Creso 1974 Cpb 144 x [(Yt54-N10-B) Cp2 63 Tcl] ENEA Roma Public

(Yt54-N10-B) BY2 LD 390, II 14587/ Ist. Sperimentale .
Valgerardo 1975 (Cappelli x Yuma) Cerealicoltura Roma Public
Valnova 1975 Cappelli x {[Sel F2(Yt54-N10-B)BY2] LD 390, Ist. Sperimentale Public

1114587} x (S.Cappelli x Yuma) Cerealicoltura Roma
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Table 4. Cont.

. Year of Type of
Cultivar Registration Pedegree Breeder Institution
Karel 1979 Mex x 198 x Maristella CRAS Cagliari Public
Appio 1982 Cappelli x Gaviota x Yuma Federconsorzi Roma Private
Arcangelo 1983 Creso x Appulo Granital Srl, Roma Private
Tresor 1984 Amber durum x S-22-80 ISEA Ancona Private
Duilio 1984 Cappelli x (Anhinga x Flamingo) Federconsorzi Roma Private
Adamello 1985 Valforte x sel Turchia 7116 Ist. Sp?rlmentale Public

Cerealicoltura Roma
Lira 1985 Mandon x FD 1104 Societa Produttori Sementi ;.\
Bologna
Messapia 1985 (Mex x Crane “S”) x Tito Ist. Migl. Gen. Bari Public
Grazia 1985 M 6800127 x Valsesa Maliani Genetica Recanati ~ Private
Vitron 1987 Turqt}la 77” ><” (Jori “S” x Anhinga “S” x Ramo.n Battle Vernis Private
Flamingo “S”) Madrid
Plinio 1988 Linea D 50 x Trigo Candeal Federconsorzi Roma Private
Simeto 1988 Capeiti 8 x Valnova Staz. sperim. granicoltura, 1 ;.
Caltagirone
Neodur 1990 (184-7 x Valdur) x Edmore Gae Masse Francia
Ofanto 1990 Adamello x Appulo Ist Sperlm. Cerealicoltura Public
Foggia
Flavio 1992 Latino x Cappelli Federconsorzi Roma Private
Gianni 1992 Incroci di genotipi turchi e varieta italiane Mosconi Giovanni Ancona  Private
Radioso 1992 Creso x Isa Proseme Foggia Private
Parsifal 1992 INRA 92-1 x D81028 Venturoli Sementi Bologna  Private
Italo 1993 Incroci di genotipi turchi e varieta italiane Mosconi Giovanni Ancona  Private
Colosseo 1995 Mutante Mexa x Creso Eurogen (Proseme) Private
Giemme 1995 Duilio x Grazia Maliani Genetica Recanati ~ Private
. . Societa Produttori Sementi .
Iride 1996 Altar84 x Ares Sib SPA (BO)/ENEA Private
. o Societa Produttori Sementi .
Svevo 1996 Sel. Cimmyt x Zenit sib SPA (BO)/ENEA Private

) . Societa Produttori Sementi .
Rusticano 1996 Linea CIMMYT F2-ce/16 0 n.09 SPA (BO)/ENEA Private
Ciccio 1996 (Appulo x Valnova) x (Valforte x Patrizio) Eurogen (Proseme) Private
Claudio 1998 (Sel. Cimmyt x Durango) x (ISI 938 x Grazia) Smagrg ISEA Falconara Private

Marittima

The take up of “Val” group varieties (“Valgerardo”, “Valnova”, “Valforte”, etc.) was
limited, primarily due to their inadequate commercialization rather than to genuine genetic
inferiority [19]. These cultivars did not spread as widely as “Creso”, in spite of being earlier
than the latter and hence more suited to southern regions. During this period, the cultivar
“Karel” (“Mex” x “198” x “Maristella”), established in Sardinia at the CRAS (Centro Regionale
Agrario Sperimentale) by Deidda in 1979, exhibited higher production levels and greater
production stability compared with “Creso”, albeit with smaller kernels and a medium-low
pasta-making quality. Results from a three-year varietal comparison trial conducted across
33 locations in central and southern Italy [38] found the earliness of Karel to be similar to that
of “Appulo”, “Maristella” and “Trinakria”, but it outperformed other dwarf and semi-dwarf
cultivars in production levels (averaging 4.5 t ha~! over three years and across all locations),
along with “Valforte” (4.3 tha=!)and “Valgerardo” (4.1 tha™1).

The productivity enhancements achieved with these new cultivars compared with
“Capeiti 8” varied from 21 to 33% [38]. Besides the height variations, studies reported
a higher ratio of useful to total tillering and greater synchrony in the development of
secondary tillers compared with that for primary tillers [31]. Overall, these new durum
wheat cultivars achieved production levels comparable to those of bread wheat, while
maintaining the high technological quality required by the pasta industry.
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The rapid evolution of durum breeding led, in 1974, to the foundation of the National
Network for Comparison of Durum Wheat Varieties, coordinated by the Research Unit for
the Quality Enhancement of Cereals (CREA) in Rome, which aimed to orient farmers in
their cultivar choice. This network is still active and organizes 50-60 variety comparison
trials each year across six areas encompassing the different environmental conditions of
Italy, with the scope of comparing new cultivars against the most cultivated ones. The
parameters evaluated include data on heading date, plant height, grain yield and yield
components, quality, and other agronomic traits, providing a useful historical dataset with
which to analyze the evolution of durum wheat productivity.

New legal regulations accompanied the entering of semi-dwarf wheats into the
panorama of durum wheat cultivars, such as the Italian decree n. 580/67, which en-
couraged the use of durum for “pasta pureness”; regulation (EEC) n. 1143/76, which
established a community support system for various types of cereals, including durum
wheat; the Italian decree n. 1096/71 “Discipline of seed activity”, which established Variety
Registers, the registration of cultivars, and the official certification of seeds as preliminary
conditions for their commerce.

The success of the recently established varieties and the enactment of these new legal
regulations spurred increased investments in durum wheat improvement and ultimately led
to a decline in the contribution of public breeders to varietal development, which were pro-
gressively substituted by private seed companies (Table 4). This change made the marketing
and commercialization activities carried out by seed companies crucial to the success of a
cultivar, which did not always mirror its actual agronomic value. As a result of this intense
breeding work, the entire available gene pool for tetraploid wheats underwent recombination,
and a plethora of highly productive new cultivars incorporating novel germplasm, primarily
sourced from CIMMYT, were registered on the national register [39—42].

Breeding techniques still mostly rely on the conventional schemes adopted for auto-
gamous species, i.e., the creation of genetic variability through controlled hybridization
and the subsequent selection of pure lines. Marker-assisted selection has been a useful aid
since 1990, particularly for the so-called “breeding by design” (involving the assembling of
specific alleles necessary to obtain a previously defined “ideotype”), although it is mostly
effective when “qualitative” traits controlled by just a single or few genes are involved
(e.g., disease resistances, grain quality, or development traits).

The adoption of new cultivars did not keep pace with the rhythm of appearance of
new cultivars, as demonstrated by the dynamics of seed certification (Table 5). For example,
“Duilio”, one of the most used cultivars until 2010, reached its maximum diffusion in 1993,
despite being registered nearly a decade earlier in 1984; “Simeto”, registered four years later
in 1988, reached its maximum diffusion (at 33%, expressed as the percentage of the seed
used considering the top ten cultivars) in 1996. Among the cultivars registered in the 1990s,
“Colosseo”, “Iride”, “Ciccio”, and “Claudio” were the most diffuse. Apart from “Colosseo”
(which became moderately widespread in the same year as its registration and reached its
maximum diffusion just three years later at 10%,), “Ciccio”, “Iride”, and “Claudio” only
appeared 3-6 years after their respective registrations. “Iride” was the most widespread,
peaking at 13.2% in 2008, i.e., 12 years after being registered.

In 2017, four years after being registered in the Varietal Register, “Antalis” ascended
to the fourth position among the most produced seeds. This success reached its zenith
in 2020 when “Antalis” claimed the top spot as the most produced cultivar. “Simeto”,
“Iride”, and “Claudio”, each with a registration history spanning over two decades in the
Varietal Register, consistently maintained prominent positions among the most diffused
cultivars until 2020. Overall, the varietal landscape seems to be heading towards greater
diversification, considering that the top ten cultivars for seed production represented a
whopping 84% of the total seeds produced in 1992, compared with only 58% in 2010 and
46% in 2018 [43].
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The great diffusion of “Antalis” was justified by its greater productivity in the va-
rietal comparisons carried out from 2015 to 2021, together with “Ramirez”, “Monastir”,
“Claudio”, and “Kanakis.

Table 5. The percentage of seed production for the top ten cultivars over the total production of the
top ten cultivars between 1992 and 2010 in Italy (ISTAT data).

Year' of . Cultivar 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Registration

1973 Appulo 45 108 23 38 31 30 26 24 20

1974 Creso 161 134 93 79 75 86 91 86 79 78 74 62 59 47

1982 Appio 19 108 77 59 38 37 32

1983 Arcangelo 1.0 25 44 46 52 58 74 80 90 101 75 77 69 68

1984 Duilio 156 159 117 91 102 136 133 150 139 123 123 113 103 96 84 74 71 5.4 34
1985 Grazia 133 107 85 71 62 6.1 54 42 36 28 28

1988 Simeto 144 194 285 321 326 266 226 204 192 193 193 188 198 177 214 193 160 155 9.6
1990 Neodur 29 37 30 12 12 14 138

1990 Ofanto 47 63 112 133 110 80 73 54 43 26 31

1992 Radioso 2.7

1995 Colosseo 22 63 103 96 79 55 57 52 54 42

1996 Ciccio 33 69 83 91 84 70 54 62 52 44 33

1996 Iride 24 49 64 82 101 122 132 130 129
1996 Rusticano 24 2.9 2.4

1996 Svevo 1.8 2.0 1.7 2.2 34

1996 San Carlo 23 21 22 24 22
1998 Claudio 1.1 21 32 40 47 50 49 61 7.0
1999 Orobel 0.3 24 25 22 24 32
2002 Levante 2.8 45 4.6 53 5.7
2003 Anco Marzio 24
2004 Saragolla 19 37 57 8.7
2004 Latinur 03 16 33 37

Total top ten

843 935 866 851 830 831 830 796 770 737 671 669 685 668 586 617 616 63.0 577

The steady rise in the number of cultivars being registered is testament to this intense
breeding activity: 58 cultivars in 1981 [31], 134 in 2002, 174 in 2011, and an enormous
327 in 2022; thus, there has been an average of 14 new cultivars per year over the last decade.
Alongside the new varieties, several older varieties are still present, including “Cappelli”,
“Castelporziano”, “Appulo”, “Valnova”, and “Creso”, all registered before 1975, as well
as a group of 25 older constitutions registered as “varieta da conservazione”, including
some of the pure lines diffused earlier on (“Bidi”, “Tripolino”, “Ruscia”, “Capeiti”, etc.).
Cultivars imported from other countries, mainly France, appeared in the Italian Register
as early as 1995, and their presence has increased in recent years. Indeed, one of the most
diffuse cultivars in the last decade, “Antalis”, was developed in France.

Grain yields showed a continuous and almost linear increase from the introduction of
semi-dwarf cultivars until 2020, an increase that already began as early as in the second half
of the 1960s (Figure 2). Although lower than the 96% average increase recorded between
1926-1930 and 1976-1980, when semi-dwarf cultivars were first cultivated, the 76% average
increase observed from 1976-1980 to 2016-2020 is still relevant. On the other hand, it
cannot be attributed to varietal evolution only, because ISTAT data refer to farm or “actual’
yields, and hence they reflect the combined effects of management, environment, cultivar,
and geographic distribution. Sowing rates of 350-400 viable seeds m~2 and fertilization
rates of 100-180 kg of nitrogen ha~! are common for modern cultivars, compared with
200 seeds m 2 and 40-60 kg of nitrogen ha~"! for the old cultivars.

The cultivation area assigned to durum wheat continued to grow after the appearance
of semi-dwarf cultivars in parallel with the increase in yields, reaching a peak of 1.8 million
ha in the 1986-1990 period. A progressive decline in the area invested in durum wheat
cultivation in Italy was observed after 1990, despite the MacSharry Reform (1765/92),
which introduced an additional payment to durum wheat producers, compensating them
for income loss due to the alignment of the price of durum wheat with those of other cereals.
Unfortunately, the MacSharry Reform also led to a deterioration in farming practices, which
was responsible for the deterioration in the quality of European durum wheat [44]. Starting
from 1995, pressures by seed producer lobbies led the Ministry of Agriculture to impose
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the use of 100% certified seeds to access the additional aid for durum wheat production
areas, thus increasing the seed renewal rate from 30% in the early 1990s to over 70% [45].
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Figure 2. Evolution of the surface area (red crosses) and grain yield (circles) according to ISTAT data.
Data are means of five-year periods.

The reduction in the area dedicated to durum wheat cultivation after 2005 primarily
affected regions traditionally suited for durum wheat cultivation, such as South Italy and
the islands. Several factors contributed to this decrease, including the significant price
volatility of durum wheat, with extended periods of low profitability often failing to cover
production costs. The introduction of decoupling from the new European Union regulations,
which no longer tied premium payments to crop selection, also had a significant impact.
Puglia became the top-ranking region, providing 27% of the national surface dedicated to
durum wheat, followed by Sicily (21%), Basilicata (9%), Marche (8%), and Emilia Romagna
(6%) (mean for the 2016-2020 data, ISTAT). This decrease in the cultivated area resulted
in a decrease in the national production of durum wheat, exacerbating the incapacity of
Italy to meet the needs of the processing industry [46]. Consequently, Italy is compelled to
import durum wheat (2.318.604 t in 2021, according to ISTAT).

3. Evolution of Grain Yield and Related Traits

Grain yield is a complex, low-heritable trait that is affected by a number of physio-
logical mechanisms. Although empirical selection for grain yield has been effective in the
past, improving plant types through physiological breeding [47] may prove to be the more
effective approach nowadays, when the relative rates of yield increase are declining [48].
The premise for designing improved plant types is knowledge about well-characterized
genetic resources to use in crossing strategies. An understanding of the changes in the grain
yield and related traits resulting from durum wheat breeding in Italy and a characterization
of the genotypes involved can, therefore, help physiological breeding.

3.1. Grain Yield

Evaluating the effect of breeding on grain yield is a difficult task because of the strong
interaction between genotype, environmental conditions, and management.

Even when cultivars from different eras of breeding are grown side-by-side and, as a
consequence, subjected to the same environment, evaluation of the genotypic component
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can be biased by management, since old durum wheat cultivars cannot be grown at the
same plant population density and with the same rates of nitrogen fertilization commonly
adopted for modern semi-dwarf cultivars due to their susceptibility to lodging. Moreover,
both the biotic and abiotic environment may change over the time span of comparison, so
that adaptation to these changes is also included in the apparent “breeding progress” [48,49].
Giunta et al. [50] compared cultivars from different eras of breeding in Sardinia with their
pertaining sowing rates, two sowing dates (normal and late), and two nitrogen rates,
one suitable for old and the other suitable for modern cultivars. A 37% increase in yield
potential was calculated for a comparison of old cultivars (pure lines grown until 1950)
with an intermediate group including cultivars obtained by crossing mediterraneum and
syriacum germplasm, plus an additional 19% considering the introduction of Rkt genes,
corresponding to a mean increase of 23.9 kg ha~! year~!. The greater productivity of
modern cultivars was expressed at both N rates and sowing dates, although modern
cultivars benefited more from the higher nitrogen supply. Similar results were obtained by
De Vita et al. [51], who estimated an genetic yield gain of 19.9 kg ha~! year~! for cultivars
covering the same historical period as Giunta et al. [50], grown under different fertilization
rates and with vs. without irrigation in South Italy. Grain yield variation between cultivars
ranged from 3.26 to 5.43 t ha—!, i.e., the same range observed by Giunta et al. [50] between
old and modern cultivars. In both experiments, the genetic gain was most clearly associated
with a higher kernel number m—2 [50,51].

These comparisons, although informative, mainly reflect the effect of Rht introgression,
but they cannot quantify the effects of breeding on the grain yield of the semi-dwarf cultivars
released in the last 50 years. To the best of our knowledge, no side-by-side comparison of
durum wheat semi-dwarf cultivars released after 1974 exists in the present literature.

Historical data available from the National Network for Comparison of Durum Wheat
Varieties have been used, and the breeding effect was isolated from other sources of variation
(environment, geographical distribution, management, etc.) by means of the “check cultivars”
included in all trials. Until the late 1980s, approximately 50% of the increase in agricultural
yield was attributed to breeding, and the remaining 50% to agronomic management prac-
tices [52]. However, both processes significantly contributed, and the overall benefits were
enhanced by positive interactions between genetic improvement and agronomic management.
The combined effectiveness of these two approaches led to more substantial improvements
compared to what could have been achieved by each process individually [53].

Bianchi and Mariani (1993) [54], using data from the trials conducted between 1974 and
1992, for which the check cultivars were “Appulo”, “Capeiti 8”, and “Trinakria”, quantified
an average yield increase of 1.4 t ha~! during the considered period, equivalent to an annual
increment of approximately 0.07 t ha~!. It is worth noting that the maximum recorded yields
exceeded 5.5 tha~! during this period. Bias was introduced into the evaluation of their genetic
progress by the tall stature of the check cultivars that tended to lodge when grown at high
planting densities and with high doses of nitrogen fertilizers. The cultivars that contributed
the most to this genetic improvement included “Duilio” and “Simeto” [54].

A similar approach was subsequently used by Salis [55] with the 153 cultivars com-
pared between 1990 and 2010 in 39 field trials, involving 25 cultivars from each of the
two Sardinian fields belonging to the national evaluation network. The check cultivars in
this period were the semi-dwarf cultivars “Creso”, “Duilio”, and “Simeto”. The analysis
allowed for the identification of the most productive cultivars released before the 1980s
and in different five-year periods, spanning from 1981-1985 to 2001-2005. A continuous
increase in grain yield in the considered period was highlighted (Figure 3). “Duetto”,
the best among the cultivars released between 2001 and 2005, produced an average 23%
(more than 8 t ha~—!) more than the check cultivars. Although the check cultivars were
semi-dwarf varieties in this case, an overestimation of genetic progress may have arisen
from the generally observed ‘decay” in productivity of a given cultivar (the check cultivars
in this case), often deriving from a progressive increase in susceptibility to insects and
diseases [49].
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Figure 3. Productivity indices (yield expressed as a percentage of the controls) of the best cultivars
within each five-year period of constitution and average grain yield for the trials in which they were
present (modified from Salis [55]).

The record yield of 10.56 t ha~! recorded with the cultivar “Fiore” was assumed to
represent the potential yield for this type of environment, but the cultivar “Iride” also
produced more than 10 t ha~! in the same year (2005). Similar potential yields have been
reported for bread wheat grown in the UK [48], confirming that the two wheat species
share a comparable yield potential. Comparing this potential yield with the attainable
water-limited yields (assumed to be equal to the average field yields) and the farm or actual
yields, as reported in the ISTAT database (Figure 4), reveals large differences. While the
gap between the potential and attainable yield can mostly be attributed to the notable
variability in the amounts and patterns of rainfall in Mediterranean environments, the
gap between attainable and farm yields highlights the importance of actions aimed at
supporting farmers” activities (infrastructure, education, extension services, etc.).

m Potential yield m Attainable yield Farm yield
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Figure 4. Potential, attainable, and farm yields for two Sardinian sites in absolute values and as
percentages (numbers inside the bars). Potential yield was considered to be equal to the record yield
in the 20 years of experimental trials, i.e., 10.56 t ha~!, attainable yields were field means, and farm
yields were obtained by ISTAT (modified from Salis [55]).
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3.2. Plant Height, Lodging Resistance, HI

The gradual reduction in plant height associated with an increase in the harvest index
has been a primary breeding objective, affecting lodging susceptibility, sink capacity, and
biomass partitioning [56,57]. The initial reduction in plant height, of about 30 cm, was
obtained by crossing the mediterraneum with the syriacum germplasm (cultivars released
between 1950 and 1970, or the so-called ‘intermediate cultivars’), followed by a further
reduction of about 20 cm attained by the introduction of the Rht1 gene [50]. These events
caused a height decrease of approximately 0.51 cm year ™! for cultivars grown between
1900 and 2000 [57]. This progressive reduction in height also occurred in other countries
such as Spain [1] and Argentina [58].

The strong correlation between decrease in plant height and increase in harvest index
(HI) led to a notable increase in HI, even before the introgression of Rht genes. Starting
from average values of 0.25-0.28 for the old cultivars, the HI of the intermediate cultivars
was 10% higher, rising a further 4% in the modern, semi-dwarf cultivars released at the end
of 20th century, reaching a maximum value of around 0.40 [50,59]. The resulting estimated
average increase in HI was 0.19 & 0.017% per year, comparable to the 0.2% increase per
year calculated by Brancourt-Hulmel et al. (2003) [60] in bread wheat cultivars released in
France between 1946 and 1992.

The reasons why the decrease in plant height translated into an increase in HI are
that total biomass was almost unaffected [50,57] and that the reduced stem growth rates
allowed for more resources to be allocated to the developing ear, resulting in a greater
number of fertile florets and grains per ear [48] and, ultimately, in an estimated increase
of 35-41 kernels m~2 year~! [50,57]. Kernel weight was almost unaffected by the year of
release of durum wheat cultivars, or showed just a slight decrease, but grain yield, being
closely associated to kernel number m~2, increased by 20-24 kg ha~! year—! [50,57].

Following the increase in wheat yield, over 70% of commercial wheat worldwide now
contains Rht1 (located on the B genome of bread and durum wheat) or Rht2 (on the D
genome of bread wheat) [61]. One of the pleiotropic effects of Rht1 and Rht2 is to reduce
plant height by decreasing cell size and reducing cell elongation due to insensitivity to
endogenous gibberellins. This results in a shorter coleoptile length and smaller leaf areas
in seedlings, undesirable traits in semi-arid and arid environments, where they lead to
poor emergence and reduced early growth if sowing conditions are unfavorable [61,62]. A
gibberellin-sensitive dwarfing gene (Rht14) was identified in the old durum wheat cultivar
“Castelporziano”, and it was proposed that it could be used to cope with this problem [62].
Rht14 exerts no negative effects on coleoptile length and seedling establishment, although
it negatively affects kernel weight and some quality traits [62].

Lodging incidence also changed as a consequence of the reduction in plant height. Not
only does lodging reduce grain yield due to inefficient radiation use but it also worsens grain
quality [63]. Lodging depends on plant height [64] and may be caused by stem buckling [65]
or by the failure of the root-soil complex. Breeding has not significantly altered stem or
anchorage strength [66]; hence, the improved resistance to lodging of modern cultivars comes
from the reduction in plant height. Reducing plant height through the introgression of the
syriacum germplasm was less efficient at reducing lodging than the introgression of Rht genes,
because while the lodging incidence of intermediate cultivars was still lower than that of old
cultivars, it remained higher than that of semi-dwarf ones [50].

3.3. Leaf and Canopy Traits

Breeding for grain yield and earliness indirectly affected a number of leaf and canopy
traits involved in carbon assimilation and transpiration. In particular, the progressive
reduction in plant height increased canopy’s aerodynamic resistance, ultimately resulting
in a higher canopy temperature of the modern Italian durum wheat cultivars compared
with old ones [67]. This result was confirmed, although only for the grain filling period, in a
larger set including landraces and modern cultivars from the whole Mediterranean basin [1].
At the leaf level, breeding acted in the opposite direction by decreasing the stomatal
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resistance of modern cultivars [67]. The combination of a lower canopy temperature and
a higher stomatal resistance in older cultivars may be advantageous for the crop’s water
requirements and water use efficiency, especially during grain filling [1].

Modern cultivars also produce smaller and thicker flag leaves than older cultivars [67],
similarly to what was noted in UK bread wheat [68], likely as a consequence of the presence
of semi-dwarfing alleles at Rht-B1 [69,70]. Overall, these changes should be considered
positive for photosynthesis, because a lower flag leaf area may help to improve light capture
by lower leaves, and the thickness was associated with a greater photosynthetic machinery
density, as shown by the parallel increase in the nitrogen content per unit of leaf surface [67].
It should be noted that the change in this latter trait had already occurred in the cultivars
obtained by crossing the mediterraneum germplasm with the syriacum germplasm before the
introgression of “Norin 10” genes. Consistent with this observations, the photosynthetic
efficiency of the flag leaf, often correlated with Rubisco activity, is one of the factors
associated with grain yield in modern wheat cultivars [71-73].

No effect of breeding was observed on the green area index or the leaf area index [74],
but senescence began later relative to anthesis date and developed at a faster rate in the
modern than in the old cultivars. The earlier anthesis in modern cultivars is one of the
reasons for their later onset of senescence, because it shifts the anthesis-maturity period
to less stressful conditions. As a result, modern cultivars maintain their greenness over a
greater proportion of their anthesis-to-maturity period [67].

It is interesting that, in both bread wheat and durum wheat, the morphological changes
in the flag leaf seen with this ‘breeding progress’ (e.g., smaller, more erect, higher N per
unit area, and higher chlorophyll concentration) were not unlike those reported for winter
wheat progress in the United Kingdom [52].

3.4. Phenology

The timing of phenological events is one of the most critical factors for crop adaptation
and yield in a specific environment [75,76], and an optimal window for flowering can be
defined for each environment. In Mediterranean environments, this optimal window is
bound by spring frost, on one side, and by terminal water and temperature stress on the
other. The lateness of old cultivars with respect to this optimal window led to an advance
in the anthesis date as a consequence of breeding [50]. In contrast with what was observed
in bread wheat [77], in durum wheat, the advance in the anthesis date was attained before
the introgression of Rht genes, thanks to crosses with the syriacum germplasm [50], while
the subsequent introgression of Rht genes appears to have delayed flowering time with
respect to intermediate cultivars [78].

The genetic regulation of flowering time in wheat is determined by the interplay of at
least 20 genes scattered across the whole genome [79]. These genes have been classified ac-
cording to whether they respond to vernalization or to photoperiod or whether they confer
earliness per se [80-82]. Understanding which of these genes were involved in the change
in anthesis date in the shift from old to modern cultivars and which ones are governing
the development of modern cultivars may be useful to improve the adaptation and yield
potential even further [83]. According to Motzo and Giunta (2007) [78], the lateness of old
cultivars was due to their greater photoperiod sensitivity and cold requirements, whereas
the greater earliness, per se, was the reason for the earlier flowering time of the intermedi-
ate group of cultivars. Rht genes reduced photoperiod sensitivity but decreased earliness
per se. This residual earliness per se is fundamental to modern cultivars to preserve and
increase the length of the terminal spikelet-anthesis period because the longer this period,
the greater the ear fertility [84]. Interestingly, some quantitative cold requirements are
still present in modern Italian cultivars, although they are generally classified as spring
types [78], partly because the traditional autumn sowings ensure the cold requirement
is met [78]. In any case, the lower cold requirement of modern cultivars compared with
old ones has the drawback of increasing their inter-annual variability in anthesis date by
increasing the role of temperature in the control of their development [85].



Agronomy 2024, 14, 87

15 of 23

The reduced duration of the vegetative phase of modern cultivars [57] moved the
grain filling period to less stressful conditions and lengthened its duration whenever the
terminal drought caused the simultaneous senescence of all cultivars, contributing to the
increase in HI. Therefore, the above-mentioned relative constancy of grain weight was the
result of an almost full compensation between rate and duration of grain filling, as shown
by the negative correlation between the maximum rate of grain filling (that ranged between
2.4 and 3.3 mg d~!) and the year of cultivar release of six Italian cultivars constituted
between 1910 and 1996 [86]. The high rate of grain filling of old cultivars confers tolerance
to terminal drought [87], i.e., the ability to maintain high grain weights despite the high
temperatures and short grain filling period caused by their lateness [88].

3.5. Nitrogen Uptake and Use-Efficiency

In contrast with what was observed in bread wheat [89], durum wheat breeding induced
an increase in total nitrogen uptake, necessary to sustain the increases in yield and harvest
index [50]. Grains have a higher nitrogen concentration than straw, and the greater proportion
of dry matter allocated to grains as a consequence of the increase in HI was, therefore, the
reason for the increase in total N uptake, despite the parallel reduction in grain protein
percentage [90]. This is why similar time trends were observed between HI and NHI, with the
latter increasing from 0.71 in old cultivars to 0.80 in semi-dwarf ones [50].

Although substantial progress has been made, wheat is the least efficient major crop in
terms of nitrogen use, with its nitrogen use efficiency (NUE, grain yield vs. total available
N in the soil) being around 25% lower than those of maize and rice [91]. From an agronomic
point of view, fertilizer use efficiency (fertilizer recovered in total biomass as a fraction of
fertilizer applied) is a useful index to consider and is estimated to be only 33% in wheat [92].

A recent study by Lupini et al. (2021) [93], comparing NUE and tolerance to water
and nitrogen stress in old and modern durum wheat varieties, found that modern cultivars
outperformed old ones under conventional nitrogen and water regimes, whereas old
varieties were better able to cope with both water and nitrogen stress, particularly at the
stem elongation and milk-ripening stages of development, when nitrate and ammonium
transporter gene expression in the root was the highest. NUE, in this paper, was calculated
as total biomass production per unit of N taken up to avoid the penalization conferred to
old cultivars from their low HIs [94]. These findings confirm recent discoveries suggesting
the possible indirect selection of wheat varieties with better NUE values through the choice
of high-yielding varieties [11,95]. In particular, Taranto et al. [11] showed that major well-
known genes and/or QTLs (quantitative trait loci) influencing traits such as plant height
(RHT), earliness (VRN, PPD), and grain quality could explain the differences between old
and modern durum wheat varieties and are often located in the same genomic regions
where genes related to nitrogen metabolism are found.

3.6. Grain and Semolina Quality

Durum wheat quality is evaluated according to the final product obtained. Before
the 20th century, no distinction was made between bread and durum wheat, and durum
was used for both bread and pasta production. It was De Cillis (1942) [6,18] who first
demonstrated that pasta made using vitreous grains, which have a higher protein content,
has a better cooking quality than pasta made from starchy grains with a lower protein
content. Nowadays, durum wheat is mainly used for pasta production, although in the
south of Italy, it is traditionally used for breadmaking too. In both cases, protein percentage
and gluten strength are the traits defining the quality of durum wheat, with grain protein
percentage contributing the most (40%) to the EUQuality Index for durum wheat (European
Commission Regulation No. 2237/2003, 23 December 2003).

One of the trade-offs for an increase in grain yield obtained with breeding is the
decrease in grain protein percentage, estimated at 0.14-0.19% year~! [57,96]. This has led to
an average difference in protein percentage of about 1-1.5% between landraces and modern
Italian cultivars [50,97], with protein content of old cultivars ranging between 11.9 and 14%
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against a variation in the range of 10.5-12% for modern cultivars in a five-year field trial
which compared 14 old against 14 modern cultivars [85]. This superiority of old cultivars
in protein percentage persists even when they are grown in soils characterized by lower
fertility and with lower fertilization rates than modern ones [85]. As stated above, this
difference cannot be attributed to a lower capacity of modern cultivars to take up nitrogen,
nor to a reduced NHI, but rather to the decrease in the amount of nitrogen allocated to each
grain caused by the higher number of grains m 2 set up by modern cultivars, responsible
for their high grain yields [85].

Gluten strength describes the continuity and strength of the protein network asso-
ciated with gluten viscosity and elasticity. Strong and tenacious gluten is needed when
pasta is the final product, whereas strong but extensible gluten is needed in the case of
breadmaking. Given similar protein percentages, gluten strength depends on the types of
glutenin and gliadin proteins present (genetically determined) and on their ratio [98], and
it can be quantified via the Gluten Index (0-100%) [99,100]. Breeding activity on durum
wheat was mainly directed at ameliorating pasta-making quality and compensated for the
above-mentioned decrease in protein percentage by improving gluten strength through
the incorporation of favorable combinations of alleles for both high (HMW-GS) and low
(LMW-GS) molecular weight glutenin subunits and by an increase in the expression of
B-type LMW-GS [101]. As a consequence, the glutenin—gliadin ratio increased, the Gluten
Index increased from 6-32% in landraces to 55-87% in modern cultivars, and the technolog-
ical quality of dough in general improved [51,97,101-103]. Similar results were obtained
in Spain [96]. The higher gluten strength of modern cultivars, combined with their lower
protein percentage, resulted in a lower or similar spaghetti cooking quality [102,104] de-
pending on the pasta drying temperature—low (<60 °C), high (60-80 °C), or ultra-high
(80-100 °C)—with consequent changes in the relative importance of the quantity vs. the
quality of proteins. While the quality of pasta dried at low temperatures is governed by
both protein quantity and quality, the quality of pasta dried at high and ultra-high drying
temperatures is governed by protein quantity only [105].

The successful breeding work on gluten strength had the negative side effect of
decreasing the large genetic variability in gluten characteristics present in the landraces to
the very low levels retained in modern cultivars [10]. This means that landraces provide
potential sources of genetic variation for gluten characteristics [106], particularly when
bread is the final product in mind [3,97].

Durum wheat bread is characterized by a higher protein content, greater yellowness,
and a longer shelf-life than common bread. It remains highly traditional in the Mediter-
ranean region, particularly in Italy [107-109]. However, bread made with durum wheat
cannot achieve the same volume as bread made with bread wheat, because although its
gluten is more tenacious, it is less strong and elastic as a consequence of the absence of the
glutenin D-genome, which confers extensibility to bread wheat [110-112]. Substituting the
glutenin alleles of durum wheat was a less effective breeding strategy than transferring
bread wheat chromosome 1D, responsible for gluten and dough strength, and /or chromo-
some 5D, responsible for kernel softness [108,112-115]. The improved gluten extensibility
and superior baking quality obtained by Canadian breeders by crossing durum with emmer
wheat (T. dicoccum, tetraploid) improved the breadmaking quality of durum wheat without
sacrificing its strong gluten and pasta-cooking quality [116,117].

The importance of pasta color for the market led breeders to try to enhance the
carotenoid contents of durum kernels and semolina through the introgression of a yellow
pigment gene (Yp) [118]. In contrast with De Vita et al. (2007) [57], who did not find any
difference in color between old and modern cultivars, several studies ascertained modern
cultivars to have a higher yellow index than old cultivars [96,119]
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4. Future Prospects: Lessons from the Past
4.1. Grain Yield

Increasing biomass production seems to be the most promising strategy for increasing
grain yield [120] given the limited scope for increasing HI above the actual potential 50%
due to the negative consequences of further reductions in plant height on grain yield [121].
It was suggested that the optimal plant height to maximize yield often falls between
0.7 and 1.0 m. Greater biomass already appears to be contributing to genetic yield progress
in modern bread wheat cultivars released since about 1990 (e.g., [52,122]).

Biomass can be increased by lengthening the growth cycle. Antedate sowings can
lengthen the growing season if phenology is also changed through the introduction of
some cold requirement and/or with an increase in photoperiodic sensitivity to avoid
excessively early anthesis. Crop simulations reveal that an early sowing system combined
with slower-developing wheat genotypes could exploit a longer growing season and
increase grain yield in spite of the recent climate changes [123]. In semi-arid and arid
environments, advancing sowing date would also require an increased sowing depth to
guarantee sufficient humidity for seed germination. Gibberellin-sensitive Rht genes, such
as Rht14 in the old “Castelporziano” cultivar, are needed in this case, because their longer
coleoptiles are associated with good seedling emergence.

4.2. Phenology: Is the Advance in Anthesis Date Still Desirable?

Between 2011 and 2020, the average surface temperature increased by 1.1 °C compared
with the average temperature of the late 19th century (before the industrial revolution),
and it is now warmer than any other period in the last 100,000 years [124]. The earliness of
most durum wheat cultivars, partly due to limited or absent vernalization sensitivity, could
already represent a problem today, but even more so in the future. The increasing tempera-
tures associated with climate change may cause an excessive advance in anthesis date and
a shortening of the whole growing period (the time from sowing to maturity), becoming
the main yield-reduction factor [125]. Both modelling and field data have demonstrated
that the combination of a delayed anthesis and a higher rate of grain filling compared
with current cultivars is an effective adaptation strategy in warmer climates, because it
increases both grain and protein yield, provided that nitrogen supply is not limiting [126].
This combination of traits is present in many old cultivars [86,88]. The positive effect
of a delayed anthesis on grain yield is likely the consequence of the lengthening of the
sowing-anthesis period that, by allowing for a greater biomass at anthesis, may result in
an increased grain set [127].

4.3. Grain Quality: Are Grain Yield and Grain Protein Content Mutually Exclusive?

Durum wheat grain protein content and grain yield are often negatively correlated [85,128].
The comparison between old (lower grain yields and higher grain protein percentages) and
modern (the opposite combination) cultivars has identified in an imbalance between the increase
in total nitrogen uptake and the increase in grain number m~? (the main determinant of grain
yield), the reason for this trade-off associated with breeding. In modern cultivars, a rather
limited source of nitrogen is diluted by high grain numbers [129]. Grain nitrogen comes
partly from the N absorbed before anthesis, which is remobilized to the grains from
senescing organs and partly from post-anthesis N uptake. It seems that the good capacity
to absorb N after anthesis endows a cultivar with the ability to make the most of favorable
weather conditions in the spring by combining a high grain N content with a high grain
yield [130,131]. Traits that improve the post-anthesis N uptake are a high potential grain
weight [132] and prolonged root activity after anthesis [131].

Breeding for gluten strength in durum wheat focused on the pasta-making quality so
that only part of the genetic diversity of durum wheat has been captured by the modern
varieties generated through breeding over the last century, and the modern germplasm is
characterized by a drastically limited variation at the loci and in the allelic combinations
controlling gluten strength [10]. Landraces and old cultivars represent, therefore, a potential
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source of genetic variability, and could be used to identify the best gluten composition and
the appropriate gluten strength, particularly for final products other than pasta, such as
bread [3,101,106,133].

A wide range of micro-nutrients (iron and zinc primarily) has been observed in durum
landraces [134,135], making them potentially useful for improving the nutritional value
of modern cultivars, which are instead characterized by a rather limited range of micro-
nutrients [136].

The volatile organic compounds responsible for bread aroma, a very complex and
important trait for breadmaking, are different in old vs. modern cultivars, once again
offering new opportunities for future breeding with this quality in mind [106].

5. Conclusions

The effective process of genetic improvement, by replacing older and genetically het-
erogeneous varieties with new highly productive and superior quality varieties, inevitably
involved a reduction in the overall genetic diversity [10]. In the current context of climate
change and rapidly mutating pathogen populations, preserving the yield level through the
continuous introduction of new cultivars, exploiting the reservoir of largely unused genetic
variation stored in old cultivars and landraces, could be as important as increasing grain
yield and quality [137]. The accurate phenotyping of agronomic and physiological traits
and the study of the relationships between agronomic performance and genetic structure
will be fundamental for exploiting the genetic variability present in old constitutions. In
the future of durum wheat improvement, the synergistic integration of conventional and
molecular approaches emerges as a promising perspective. The conventional approach,
based on hybridization and selection of pure lines, can be enhanced using molecular mark-
ers to facilitate the identification of the parents needed to generate the desired genetic
variability, and to accelerate the development timelines of new varieties by a more effective
selection within the segregating progenies. New genetic variability could be used thanks to
genome sequences, TILLING mutant collections, genomic selection and editing, although
plants containing genes mutated through editing cannot still be grown in Europe [138].

The emerging interest towards mixed systems as a way to increase sustainability by
improving the carbon balance and carbon sequestration could restore the value of straw in
the future, eventually leading breeders to increase plant height.
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