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Abstract: This study assessed the variations in grain yield (GY) and protein content (PC) within
two commercial durum wheat cultivars (Svevo and Maestrale) and evaluated their responses to
intra-cultivar selection for both traits. We investigated whether the variations are exploitable and
could result in concurrent GY and PC upgrading. The experiments were conducted in the IPBGR,
Thessaloniki, Greece (2018-2020). The first year included two identical honeycomb design trials
under ultra-low plant density (ULD) where the divergent selection was applied based on single plant
yield and protein content. In the second year, progeny evaluation under typical crop density (TCD)
for GY and PC occurred in a randomized complete block (RCB) and with three replications for each
cultivar selected line. This revealed considerable variation within already improved commercial
cultivars. Single-plant selection for GY and PC simultaneously resulted in: (a) one high-yielding line
that significantly outperformed the original cultivar Svevo while maintaining high PC, and (b) two
high-grain PC lines that outperformed the original cultivar Maestrale significantly while maintaining
high GY. ULD allowed efficient selection for GY and PC simultaneously within narrow gene pools by
maximizing phenotypic expression and differentiation among individual plants.

Keywords: grain yield; protein content; variability; field evaluation; density

1. Introduction

Durum wheat (Triticum turgidum subsp. durum (Desf.) Husnot) is an essential crop for
food and feeding products. Its cultivation area reached 17 million ha worldwide in 2019,
and global production was around 38.1 million tonnes [1]. In the Mediterranean basin,
the cultivated area is tending to increase [2,3], due to the adaptation of the crop to stress
prone conditions in terms of both abiotic [3-5] and biotic adversities [6,7]. Moreover, many
research projects aim to increase durum wheat’s stability in contrasting environments by
utilizing wild crop relatives [8-11].

Developing an improved elite cultivar through breeding programs is a time-consuming
and costly process, but is necessary for wheat’s adaptation to continuously changing envi-
ronmental conditions. Thus, the longevity of the elite varieties is of the utmost importance.
Relevant research in many crops has encouraged intense selection at nil competition (e.g.,
ultra-low density) as a useful tool for either upgrading or avoiding a gradual degradation
of the genetic background to maintain uniformity and ensure optimum quality of breeder
seed for longer time periods [12]. Moreover, the long-term selection studies on maize for
oil and protein undertook for almost a century at the University of Illinois [13] showed that
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continuous intracultivar breeding is a workable option for handling intracultivar variation.
A different approach from the classical breeding program is the valuable exploitation of
the intra-cultivar phenotypic variation through selection at nil competition, as shown in
numerous studies on plants such as corn (Zea mays L.) [14], soybean [Glycine max (L.)
Merr.] [15], wheat (Triticum aestivum L.) [16], cotton (Gossypium hirsutum L.) [17], snap
bean (Phaseolus vulgaris L.) [18] and rice (Oryza sativa L.) [19]. This technique, i.e., the
selection at nil competition, is a short-time tool for selection within landraces to breed
for high yielding and stable varieties [20-24]. Many projects using molecular techniques
have revealed genetic heterogeneity within cultivars [19,25,26]. Advances in DNA-based
techniques contributed to discovering genetic variation at the genomic level and verified
significant heterogeneity [27]. It is well documented that the genome is more variable than
previously assumed [13,28] and has endogenous mechanisms to be flexible and dynamic,
characterized by high plasticity. In her Nobel Prize-winning lecture, McClintock [29] argued
that the genomes of many organisms are susceptible to unusual and unexpected events
and can modify themselves in response to environmental forces. The genome undergoes
constant remodelling and restructuring by utilizing an array of different mechanisms, such
as intragenic recombination, unequal crossing over, DNA methylation, excision or insertion
of transposable elements, gene duplication and genetic restoration events [30-34]. All the
above-mentioned factors enlarge the genetic variation within the improved cultivars [35,36]
and provide evidence that inbred lines contain genetic variation that can be further utilized
in a breeding program, and the impact of intra-cultivar genetic heterogeneity may be
significant [25,37].

The study of this de novo variation is feasible by applying the honeycomb design [38],
which permits optimal conditions to maximize the phenotypic expression and thus [39]
allows continuous selection within the elite cultivars. Elite cultivars are not homogeneous
but rather heterogeneous, within which selections can be made to maintain or improve
uniformity and further improve desirable agronomic traits [40]. The intra-cultivar selection
relies on distinguishing outstanding genotypes within a narrow gene pool. Many reports
confirm that intra-cultivar selection under ULD (i.e., nil competition) maximizes the pheno-
typic expression and differentiation of the genotype [40-42]. Tokatlidis [12] reports that
intense selection at ULD is a useful technique to upgrade or avoid gradual degradation
of the genetic background. The importance of non-stop intra-cultivar selection was high-
lighted by Fasoula [41] and Fasoula and Fasoula [43]. Honeycomb intra-cultivar selection in
wheat [16,39,41], maize [14], cotton [17,40,44] and soybean [15,45] succeeded in upgrading
cultivars for yield, stability and important agronomic traits related to product quality and
tolerance to stresses. While there have been case studies of intra-cultivar breeding with
bread wheat at ULD [16,39,41], there is a lack of information about continuous selection in
durum wheat.

Although there is considerable variability within a variety that can be used for intra-
variety selection [39,40,46], the small number of seeds of individual plants does not allow
the measurement of quality characteristics such as nutrient concentrations via the destruc-
tive classical analytical methods. The seeds are of course necessary for the breeding process
though. A solution to this problem could be the use of the near-infrared spectroscopy
(NIR) technology for non-destructive analysis of small seed samples (protein, starch, gluten,
etc.) [47]. This would allow the analysis of the seed quality of various genotypes without
destroying the seeds and would enable sowing in the next growing season to continue
the selection process. This method has become the most widely used alternative to con-
ventional analytical methods due to its rapidity, simplicity, accuracy, cost-effectiveness
and potential for routine analysis and quantification of nutrients in food products and
crops [48]. Despite the small seed quantity required for measuring seed quality traits
using NIR, the seed quantity limitation can still be a challenge when assessing individual
plants, especially when plants are evaluated under dense stands. Thus, there is a lack of
studies on the evaluation of durum wheat seed quality traits on an individual plant basis.
The ULD approach tackles the problem since durum wheat plants grown far apart can
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produce enough seeds for quality evaluation and selection and line advancement in the
next generation.

Thus, the main objectives of this study were to assess the phenotypic variations in grain
yield (GY) and protein content (PC) within two elite commercial durum wheat cultivars
and evaluate the potential of selection for GY and PC, to investigate whether the variations
are exploitable and could result in GY and PC upgrades for those cultivars.

2. Materials and Methods
2.1. Source Material and Experimental Treatments

Two commercial elite durum wheat cultivars, cv Svevo and cv Maestrale were chosen
as source material. Cv Svevo was registered in 1996. Created by PSB, it is the property
of Syngenta (Genealogy: Linea Cimmyt/Zenith) which is exclusively grown under the
Barilla contract and is considered suitable for the production of high-quality pasta (https:
/ /www.Syngenta.gr/proionta/sporoi/skliro-sitari/svevo, accessed on 1 April 2022). Cv
Maestrale was registered in 2004, was also created by PSB, is the property of Syngenta,
(Genealogy: Iride/Svevo) and is characterized by high productivity and quality (https:
/ /www.syngenta.gr/proionta/sporoi/skliro-sitari /maestrale accessed on 1 April 2022).
According to the specifications provided by the property company, cv Svevo is characterized
by very high seed protein content and medium to high yield potential; cv Maestrale is
reported to have high seed protein content and very high yield potential. These cultivars
were chosen due to their characterization as high-quality commercial genotypes in Greece.

Experimentation was carried out on the experimental farm of the Institute of Plant
Breeding and Genetic Resources farm, Thessaloniki, Greece, during the 2018-19 and 2019-
2020 growing seasons. The soil for the 1st year of experimentation was as follows: (1) cv
Svevo experiment: texture (L): sand 34.0%, silt 26.0%, clay 40.0%—pH 7.83 and organic
matter content 1.83%.; (2) cv Maestrale experiment: texture (SCL): sand 54.0%, silt 25.0%,
clay 24.0%—pH 7.40 and organic matter content 1.51%. The soil for the 2nd year of experi-
mentation: texture (L): sand 34.5%, silt 26.5%, clay 3 + 9.0%—pH 7.80 and organic matter
content 1.79%. The same fertilization and weed control were applied in all experiments.
More specifically, 64 kg-ha~ !N and 80 kg-ha~! P,Os were applied pre-sowing as phosphate
ammonium (N-P-K: 16-20-0), and 103.5 kg-ha~ !N was used in spring application in the
middle of March as ammonium nitrate (N-P-K: 34.5-0-0). Weed control was obtained
by post-emergent herbicide (mesosulfuron-methyl 4.5% w/w, propoxycarbazone-sodium
6.75% w/w) and hand weeding.

2.2. Intra-Cultivar Selection at Ultra-Low Plant Density (ULD)

In the 1st year of the experimentation (2018-19), two identical experiments were
established, one for each cultivar. The experimental layout was a non-replicated (NR-0)
honeycomb design [49] with 540 plant positions for cv Svevo, i.e., 15 rows with 36 plants
per row, and 525 plant positions, i.e., 15 rows with 35 plants, for cv Maestrale. A distance
of 1.0 m plant spacing in a triangle grid (11.547 plants-ha~!)—very low plant density—was
used to avoid unfavorable effects of competition in response to selection and to allow plants
to fully express their potential, facilitating the identification of superior ones [12,43]. Each
hill was overplanted with hand jobbers and later thinned to one seedling per hill. At the
maturity stage, 510 individual plants of cv Svevo and 507 individual plants of cv Maestrale
were hand-harvested and threshed with an experimental harvest machine. The following
characteristics were recorded for each plant: plant biomass in grams (PB), GY in grams,
thousand kernel weight in grams (TKW) and PC obtained with an Infratec™ 1241 whole
Grain Analyzer (FOSS, Hillered, Denmark) fitted with a sample transport module for the
analysis of small grain samples suitable for plant breeding purposes.

In the case where cv Svevo was the source material, the moving-circle selection [49]
was used for the selection of seven high-grain yielding (HGY) plants and the three medium-
grain yielding (MGY) plants, giving seven HGY and three MGY families. To create each of
the two low-grain yielding (LGY) families for cv Svevo, the seeds of four low-grain yielding
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plants were combined to give enough seeds for progeny evaluation. A similar selection
procedure was described by Tokatlidis et al. [39] and Ben Ghanem et al. [50]. Similarly, in
the case where cv Maestrale was the source material, the moving-circle selection [49] was
used for the selection of eight high-grain yielding (HGY) plants and the two medium-grain
yielding (MGY) plants, giving eight HGY and two MGY families. To create each of the two
low-grain yielding (LGY) families for cv Maestrale, the seeds of four low-grain yielding
plants were combined to give enough seeds for progeny evaluation.

2.3. Progeny Evaluation under Typical Crop Density (TCD)

In the 2nd year of experimentation (2019-2020), two identical experiments were
established, one for the twelve progeny families selected from the 1st year honeycomb
experimentation of cv Svevo and one for the twelve selected lines of cv Maestrale. The
commercial cultivars were included as controls. The experimental layout was a randomized
complete block (RCB). There were three replicates for each selected line. The size of the
plot was 2.0 m? (i.e., 6 rows 1.34 m in length and 0.25 m distance between them) and the
plant density was 5,000,000 plant-ha~!. Yield per ha and protein content were recorded.

2.4. Statistical Analysis

Analysis of variance (ANOVA) was conducted for the randomized complete block
design. The significance level of all hypotheses tested was pre-set at p < 0.05 using the
Duncan test (p < 0.05). Pearson correlation coefficients were also calculated for all traits.
All statistical analyses were performed using the SPSS software package (version 18. SPSS
Inc., Chicago, IL, USA).

3. Results
3.1. Intra-Cultivar Selection at Ultra-Low Plant Density (ULD)

Important variation was found among the individual plants of both cultivars for
all the recorded characteristics, i.e., for GY, PC, PB and TKW (Table 1, Figure 1). More
specifically, the mean GY of cv Svevo plants was 78.93 g-plant~!, and the range was
169.70 g-plant !, almost double the value of the mean (Table 1, Figure 1). Similarly, the
mean PB was 324.03 g-plant~!, and the range was a little more than the double value of the
mean. However, the mean for PC was 19.15%, and the minimum and maximum values were
16.50% and 22.40%, respectively. The mean of TKW was 45.49 g; the range was 30.80. The
coefficient of variation (CV) values for GY and PB were 37.16% and 26.66%, respectively; the
CV values for PC and TKW were notably lower. PC and TKW are considered characteristics
controlled by significantly fewer genetic loci than GY and PB [51].

Table 1. Descriptive statistics (mean, coefficient of variation %, minimum, maximum, range, skewness,
kurtosis) for grain yield (GY), protein content (PC), plant biomass (PB) and thousand kernel weight
(TKW) of individual plants of cvs Svevo and Maestrale, in the 1st year of experimentation under
ultra-low plant density (ULD).

Traits Mean CV% Min. Max. Range Skew. Kurt.
cv Svevo GY 79.83 37.16 21.40 191.10 169.70 0.705 ** 3.028 **
PC 19.45 5.09 16.50 22.40 5.90 0.422 ** 0.202
PB 324.03 26.66 88.40 771.00 682.60 —0.446 ** 0.449 *
TKW 45.49 11.52 28.45 59.25 30.80 0.215 ** 0.056
cv Maestrale GY 65.56 44.83 8.65 17091 162.26 0.545 ** 0.320
PC 17.49 5.64 14.70 21.20 6.50 0.486 ** —0.157
PB 290.99 28.57 128.60 598.60 470.00 0.062 —0.116 *
TKW 44.70 11.56 29.35 60.50 31.15 —0.166 0.009

* Significant at a = 0.05; ** significant at a = 0.01.
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Figure 1. Single-plant frequency distribution of cv Svevo plants for grain yield (GY), protein content
(PC), plant biomass (PB) and thousand kernel weight (TKW).

The findings for individual cv Maestrale plants were similar. The mean GY was
65.56 g-plant~! and the range was 162.26 g-plant~!, i.e., almost 2.5 times the value of the
mean (Table 1, Figure 1). Accordingly, the mean PB was 290.99 g-plant~! and the range
was 470.00. However, the mean for PC was 17.49, and the minimum and maximum values
were 14.70 and 21.20, respectively. For TKW the mean was 44.70 g and the range was
31.15. The CV values were 44.83% and 28.57% for GY and PB, respectively, which are
quantitative characteristics. The CV values were notably lower for PC and TKW, which
are characteristics controlled by significantly fewer gene loci compared to GY and PB [51]
(Table 1, Figure 2).
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Figure 2. Single-plant frequency distribution of cv Maestrale plants for grain yield (GY), protein
content (PC), plant biomass (PB) and thousand kernel weight (TKW).

Number of plants

An important positive correlation was found between GY and PB for both experiments
(r=0.764 **, r = 0.767 **, respectively). Values of coefficient of correlation were lower than
0.5 for all the other combinations of recorded characteristics (Tables 2 and 3).

Table 2. Correlations between grain yield (GY), protein content (PC), plant biomass (PB) and thousand
kernel (TKW) weight for individual cv Svevo plants.

GY PC PB TKW
GY 1
PC —0.388 ** 1
PB 0.764 ** —0.314 ** 1
TKW 0.310 ** —0.061 0.172 ** 1

** significant at a = 0.01.
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Table 3. Correlations between grain yield (GY), protein content (PC), plant biomass (PB) and thousand
kernel weight (TKW) for individual cv Maestrale plants.

GY PC BP TKW
GY 1
PC —0.193 ** 1
PB 0.767 ** —0.139 ** 1
TKW 0.288 ** 0.064 0.082 1

** significant at a = 0.01.

Moreover, in both experiments, the selected single plants combined high, medium
or low GY and high, medium or low-grain PC (Tables 4 and 5). More, specifically, from
cv Svevo plants we selected: two high-yielding plants with high PC (HGY_HPC), four
high-yielding plants with moderate PC (HGY_MPC), one high-yielding plant with low
PC (HGY_LPC), two moderate-yielding plants with high PC (MGY_HPC), one moderate-
yielding plant with low PC (MGY_LPC), one line which came from the mixture of four
low-yielding plants with high PC (LGY_HPC 1) in order to have enough seed for exper-
imentation and one line which came from the mixture of four low-yielding plants with
low PC (LGY_LPC 1) (also in order to have enough seed for experimentation) (Table 4).
In the case of cv Maestrale, the selected plants consisted of five high-yielding plants with
moderate PC (HGY_MPC 1 to 5), three high-yielding plants with low PC (HGY_MPC 1
to 3), one moderate-yielding plant with high PC (MGY_HPC 1), one moderate-yielding
plant with moderate PC (MGY_MPC 1), a mixture of four low-yielding plants (in order
to have enough seed for experimentation) with high PC (LGY_HPC 1) and a mixture of
four low-yielding plants with low PC (LGY_LPC 1) (in order to have enough seed for
experimentation) (Table 5).

Table 4. Characteristics of selected plants (cv Svevo) from the 1st year of experimentation under
ultra-low plant density (ULD) that were evaluated in the 2nd year of experimentation under typical
crop density (TCD).

Selected Plants GY PC PB TKW

1 HGY 2 HPC1P 125.0 21.0 430.4 50.35
2 HGY_HPC2 131.0 20.0 459.6 48.55
3 HGY_MPC 163.0 19.0 465.5 49.35
4 HGY_MPC2 137.0 19.0 438 45.05
5 HGY_LPC1 154.0 18.0 535.2 47.75

6 MGY_HPC1 91.2 22.0 464.5 47.1
7 MGY_HPC2 93.9 21.0 757.1 49.45
8 LGY-HPC1 34.6 21.0 276.4 46.2

42.6 23.0 264.4 46.1

35.8 22.0 228.7 50.2

41.0 22.0 199 49.1

9 LGY-LPC1 442 18.0 266.8 44.0
39.8 18.0 193.2 46.05

38.6 18.0 245.2 44.5

38.6 18.0 196.4 45.8

10 MGY_LPC1 90.5 18.0 745.7 50.7
11 HGY_MPC3 191.0 19.0 520.6 49.05
12 HGY_MPC4 177.0 19.0 510.1 47.75

2 In the 1st year of experimentation, GY of the individual plants of cv Svevo ranged from 21.4 to 191.1 g. Thus,
plants yielding from 21.40 to 77.97 g were low-grain yielding plants (LGY), and those with values from 77.98 to
134.53 g were moderate-grain yielding plants (MGY) and those with yield from 134.54 to 191.10 g were high-grain
yielding plants (HGY). ® Similarly for PC, plants with values from 16.50 to 18.47% were characterized as low PC
(LPC), those with values from 18.48% to 20.43% were characterized as moderate PC (MPC) and those with values
from 20.44% to 22.40% were characterized as high PC (HPC) plants.
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Table 5. Characteristics of selected plants (cv Maestrale) from 1st year of experimentation under
ultra-low plant density (UPD) that were evaluated in the 2nd year of experimentation under typical
crop density (TCD).

Selected Plants GY PC PB TKW
1 HGY_LPC1 170.9 16.6 498.6 44.05
2 HGY 2_MPC b1 143.3 17.5 598.6 43.1
3 HGY_MPC 2 139.7 17.2 550.0 46.65
4 HGY_MPC 3 134.2 17.8 469.9 50.55
5 HGY_MPC 4 131.0 17.8 492.2 50.4
6 HGY_LPC2 130.6 16.7 362.5 51
7 HGY_MPC 5 125.4 17.6 374.9 52.8
8 MGY_HPC 1 106.1 20 363.0 50.5
9 LGY_HPC1 34.3 19.1 251.9 49.5
314 19.1 164.8 47.65
39.9 19.2 254.5 46.7
37.5 19.1 251.8 56.65
10 LGY_LPC1 30.0 16.8 180.0 43.15
30.5 16.8 257.0 44.8
30.5 16.8 161.1 41.45
31.5 16 188.2 43.4
11 HGY_LPC3 145.0 16.7 456.6 46.95
12 MGY_MPC 1 114.5 18.5 379.6 44.45

2 In the 1st year of experimentation, GY of the individual plants of cv Maestrale, ranged from 8.65 to 170.91 g.
Thus, plants yielding from 8.65 g to 62.74 g were characterized as low-grain yielding (LGY) plants, those with
values from 62.75 g to 116.82 g were characterized as moderate-grain yielding (MGY) plants and those with yield
from 116.83 g to 170.71 g were characterized as high-grain yielding (HGY) plants. ? Similarly, for PC, plants with
values from 14.70% to 16.87% were characterized as low PC (LPC), those with values from 16.88% to 19.03% were
characterized as moderate PC (MPC) and those with values from 19.04% to 21.20% were characterized as high PC
(HPC) plants.

3.2. Progeny Evaluation under Typical Crop Density (TCD)

Significant differences were found between the twelve selections/families of cv Svevo
for GY (t-ha~!) and PC (%) (Table 6, Figure 3). Mean GY was 2.26 tha™!, and three
selections/families (1. HGY_HPC1, 2. HGY_MPC1 and 3. HGY_MPCS3) had significantly
higher GY than the original cv Svevo by 25% to 33%. Mean PC (%) was 18.53%, and only
three (1.HGY_HPC1, 2. HGY_HPC2 and 10. HGY_MPC3) of the twelve selections/families
had significantly lower PC (%) than the original cv Svevo by 5% to 8% (Table 6, Figure 3).

Table 6. Mean grain yield (GY) (t-ha~!) and protein content (PC) (%) of the 12 progeny originated
from cv Svevo and that of cv Svevo as a control, during the 2nd year of experimentation under typical
crop density (TCD).

Selected Plants GY PC

1 HGY_HPC1 3.18a! 17.13g
2 HGY_HPC2 2.84ab 17.10g

3 HGY_MPC1 3.06a 19.70bc
4 HGY_MPC2 2.13cde 18.93cde
5 HGY_LPC1 2.00cde 18.17defg
6 MGY_HPC1 1.86de 17.77efg
7 MGY_HPC2 1.73e 20.60ab
8 LGY_HPC1 1.63e 21.37a

9 LGY_LPC1 1.72.0e 19.30bcd
10 MGY_LPC1 1.80de 17.10g
11 HGY_MPC3 2.99.3a 17.70efg
12 HGY_MPC4 2.26cd 17.47fg
13 Svevo 2.39bc 18.60cdef

! Means followed by different letters are differentiated statistically for a = 0.05.



Agriculture 2022, 12, 661 9 of 15

E%

£ %
G *
+< O R4
© 3 120 — [
=&
-c 43
c g 100 % %
T S g0
© 4 —
< R
o) —
SN = me . | mGY
% £ 40
s mPC
c 5
£8 2 H S = S =
LD 0 I I T I I 1
% ™ 5 N 3 %
N N N
AU A A S N VA S
N N @Q @Q N Q Q N\
ORI VI OARIN- DA A A
S N CHR RN OMIRC

Figure 3. Grain yield (GY) and protein content (PC) of seven families coming from high-yielding
plants, are expressed as percentages (%) of the original cv Svevo values. * The vertical bars with
* represent families that differ statistically with the original cv Svevo for a = 0.05.

Significant differences were found between twelve selections/families of cv Maestrale
for GY (t-ha!) and PC (%) (Table 7, Figure 4). Mean GY was 4.14 t-ha~! and for seven
selections /families GY did not differ significantly from the original cultivar. Mean PC (%)
was 16.58%, and nine of the twelve selections/families had significantly higher PC (%) than
the original cv Maestrale by 9% to 19%, which had the lowest value (Table 7, Figure 4).

Table 7. Mean grain yield (GY) (tha~1) and protein content (PC) (%) of the 12 progenies derived
from cv Maestrale and those of cv Maestrale as a control, during the 2nd year of experimentation
under typical crop density (TCD).

Selected Plants GY PC

1 HGY_LPC 1 5.68a 1 16.43bc
2 HGY_MPC1 5.87a 16.43bc
3 HGY_MPC 2 5.18ab 16.13bcd
4 HGY_MPC 3 4.15bcd 16.37bc
5 HGY_MPC 4 3.62de 16.73abc
6 HGY_LPC2 2.66e 17.30ab
7 HGY_MPC 5 4.22bcd 17.33ab
8 MGY_HPC 1 3.93bcde 17.87a

9 LCY_HPC1 3.65de 17.37ab
10 LCY_LPC1 2.62e 15.77cd
11 HGY_LPC3 3.86cde 16.77abc
12 MGY_MPC 1 3.29de 16.07bcd
13 Maestrale 5.04abc 15.00d

1 Means followed by different letter are differentiated for a = 0.05.
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Figure 4. Grain yield (GY) and protein content (PC) of seven families coming from high-yielding
plants, expressed as percentages (%) of the original cv Maestrale. * The vertical bars with * represent
families that differ statistically with the original cv Maestrale for a = 0.05.

3.3. Relationships between GY and PC under ULD and TCD

Regarding the relation between GY and PC of twelve selected plants at ULD (in the 1st
year of experimentation) and the GY and PC of twelve families under TCD (in the 2nd year
of experimentation), we found: (1) positive correlations between GY under TCD and ULD
for cv Svevo experiments (r = 0.649 *) and for cv Maestrale experiments (r = 0.596 *); (2) pos-
itive correlations between PC under TCD and ULD for cv Svevo experiments (r = 0.643 *)
and for cv Maestrale experiments (but not significant r = 0.554).

4. Discussion

This study developed two distinct sets of durum wheat lines by applying divergent
single-plant selection under ultra-low plant density to two elite durum wheat commercial
cultivars. The results revealed that selection under ultra-low density is an effective tool to
select simultaneously for GY and PC. Both traits are of major importance in durum wheat
breeding [52]. However, PC in durum wheat is negatively associated with GY [53,54], so
breeding for higher yield can decrease PC [55]. Nevertheless, as Simmonds [56] highlighted,
despite the consensus on a strong negative correlation between GY and PC in cereals, a
positive expected relationship also holds by making some compromises between the
attainable higher yield and the protein concentration. Indeed, in our case, we identified
that three lines derived from cv Svevo significantly surpassed the source material in terms
of GY, with one maintaining a high PC concurrently. In addition, another two lines derived
from cv Maestrale outperformed the source material in GY, even though the difference did
not reach significant levels. Still, these lines had significantly higher PC than the original
genotype at the same time, implying that intra-cultivar selection under ultra-low density
was effective at upgrading at least one target trait.

Numerous studies have been conducted on the simultaneous selection of PC and GY in
wheat, employing index selection [57-60], tailored with genome-wide association mapping
and prediction models [52,61], providing evidence of efficient concurrent selection, even
though results sometimes can be genotype or environment dependent. However, all these
studies have been processed with very diverse sets of germplasm. In our study, though, we
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evaluated and distinguished for yield and PC among lines of very narrow genetic diversity,
since these lines were derived through intra-cultivar selection. While breeders commonly
believe that intra-cultivar selection within a fairly homogeneous germplasm cannot lead
to high amounts of genetic gain due to limitations of the genetic variance component,
new debates have come to light in this regard. Selection within the bread wheat cultivar
Nestos for two generations at 1.2 plants-m? confirmed an improvement in GY of up to 22%
per unit area under typical farmers’ stands [39]. In barley, two years of selection under
ultra-low density within the cultivar Athenaida resulted in lines that showed average yield
increases of up to 2.5 times over the original genotype when tested under typical farm
densities in two locations [41]. Similar results on the efficiency of intra-cultivar selection
have also been obtained in other predominately self-pollinated crops, other than cereals.
Tokatlidis et al. [17] selected three cotton commercial cultivars for two years at the density
of 1.15 plants-m~2, and succeeded in identifying lines that, when tested under typical crop
density, there were up to 12% higher cotton seed yield on average across the sites and years
compared to the original cultivars. Furthermore, in terms of quality traits, selecting for
protein and oil content within three soybean cultivars using a density of 1.4 plants-m~2,
Fasoula and Boerma [15] reported considerable variation for these two traits within each
of the three cultivars. Our results confirm the above studies not only for the higher GY
achieved when we selected within two elite durum wheat cultivars, but at the same time for
the simultaneous upgrading of the PC, which in the case of the one cultivar (cv Maestrale)
reached significant levels in comparison to the original genotype.

Evidence from molecular markers studies elucidate further the concept of exploitable
intra-cultivar variation within homogeneous germplasm and further enhance our results.
Using RFLP and microsatellite markers, Olufowote et al. [19] detected significant variation
within rice landraces and cultivars that were assumed to be pure lines. In barley, Ben
Ghanem et al. [50] detected variation within landraces and elite commercial varieties for
the RYd2 and RYd3 alleles that allow resistance to barley yellow dwarf virus (BYDV). The
intrinsic amount of genetic variation detected within homogeneous gene pools can be
attributed either to latent genetic diversity or to mechanisms that can generate de novo
variation. Hence, residual heterozygosity, due to differential segregation of polymorphic
chromosomal regions in the breeding process’s successive generations, has been concluded
to be one source of structural intra-cultivar genetic variation in soybean [37]. On the other
hand, additional heterogeneity might stem from de novo generated variation, as a result of
spontaneous mutations [62,63] or via genetic and epigenetic mechanisms, such as intragenic
recombination, unequal crossing over, gene duplications or deletions, DNA methylation,
excision or insertion of transposable elements, chromatin alterations and others [32,64-66].

Detecting exploitable intra-cultivar variation, though, is a challenging procedure.
Potential response to selection relies on the ability to distinguish outstanding genotypes
within a narrow gene pool [12]. Thus, all the above studies that recorded significant
progress by applying intra-cultivar variation have been conducted via selection under
ultra-low density, in conditions that practically eliminate plant to plant interference and
simulate a nil-competition regime. Notwithstanding, the argument that usually pertains
among breeders is that selection should be applied under a dense stand regime similar to
farming conditions [46,67]. At the same time, though, the consensus among breeders is that
the optimum environment for selection is the one that maximizes genetic variation and
hence responds to selection [68,69]. However, the ultra-low planting density regime will
ensure the conditions of nil-competition among plants and allow for maximum phenotypic
expression of their genetic differences, ultimately facilitating the selection of desirable
genotypes [12,70]. Moreover, Tokatlidis [46] raised another issue as a counterargument
to the claim of a lack of connection between plants spaced apart for selection purposes
and those densely grown by questioning whether segregating generations can simulate
farming conditions. He highlighted that solid seeded conditions and nil-competition may
not correlate when heterogeneous populations are evaluated due to strong competitor geno-
types and the inverse association between yielding and competitive ability [46]. Several
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studies on different crops, such as rye [71], vetch [72] and wheat [73], have well demon-
strated this negative relationship between yielding and competitive ability. Nevertheless,
as Tokatlidis [46] mentioned, solid seeded and nil-competition do correlate well in the case
of genetically homogeneous lines, something that also agrees with the findings of our study;,
since we found high positive correlation coefficients for GY between ultra-low density and
typical crop density for both cultivars.

Overall, the development of durum wheat varieties that combine high GY and high
PC is one of the significant challenges of modern plant breeding, since these are the two
most critical factors determining the crop’s economic value. Thus, exploiting intra-cultivar
variation through simultaneous selection for GY and PC under ultra-low density conditions
seems an efficient tool to surpass the negative association between these two traits and to
develop elite material characterized by high GY, stability of performance and upgraded
quality traits, meeting the future demands of the market.

5. Conclusions

The results herein provide evidence of exploitable variation within improved commer-
cial durum wheat cultivars. The single-plant selections at ultra-low density within two
elite durum wheat commercial cultivars resulted in: (1) improved GY lines that maintained
the PC, in the case of cv Svevo, and (2) improved PC lines that maintained GY, in the case
of cv Maestrale. Ultra-low density allowed for efficient simultaneous selection for GY and
PC within narrow gene pools by maximizing phenotypic expression and differentiation
among individual plants, erasing at the same time the confounding effect of competition.
The results can give further insights for addressing the negative association between GY
and PC in durum wheat, and in other crops, towards the development of high-yielding
cultivars that maintain high-grain quality traits.
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