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Abstract: Solina is an example of a bread wheat landrace that has been conserved in situ for centuries
in Central Italy. A core collection of Solina lines sampled in areas at different altitudes and climatic
conditions was obtained and genotyped. A clustering analysis based on a wide SNP dataset generated
from DArTseq analysis outlined the existence of two main groups, which, after Fst analysis, showed
polymorphism in genes associated with vernalization and photoperiod response. Starting from the
hypothesis that the different pedoclimatic environments in which Solina lines were conserved may
have shaped the population, some phenotypic characteristics were studied in the Solina core collection.
Growth habit, low-temperature resistance, allelic variations at major loci involved in vernalization
response, and sensitivity to photoperiod were evaluated, together with seed morphologies, grain
colour, and hardness. The two Solina groups showed different responses to low temperatures
and to photoperiod-specific allelic variations as well as the different morphology and technological
characteristics of the grain. In conclusion, the long-term in situ conservation of Solina in environments
sited at different altitudes has had an impact on the evolution of this landrace which, despite its high
genetic diversity, remains clearly identifiable and distinct so as to be included in conservation varieties.

Keywords: Triticum aestivum; growth habit; in situ conservation; vernalization; allelic variation

1. Introduction

Solina bread wheat is an ancient landrace which, until recently, was cultivated ex-
tensively in Abruzzo, a Central Italian region mainly mountainous (65%) and hilly (34%),
with a plain (1%) consisting only of a narrow coastal strip. Starting from the mid-twentieth
century, with the spread of highly productive modern varieties, the Solina cultivation
area shrank, remaining mainly in marginal areas of high hills and mountains and in areas
characterized by low fertility soils. Although its cultivation has been drastically reduced,
Solina wheat has continued to be present in the Abruzzo region, ensuring its “in situ”
conservation. Such conservation is of particular value for crop genetic resources as the
accessions are maintained in a state of continuous interaction with the environment. In “ex-
situ” conservation, ensured by germplasm banks, the accessions, preserved as a cyclically
renewed seed, are fixed and crystallized with respect to the time of their collection, while
in the case of “in situ” conservation, the accessions are in constant evolution.

Solina d’Abruzzo is an exemplary case of “in situ” conservation, thanks to the local
farmers who have continued its cultivation over time and thanks to the local demand for
traditional products, which specifically require the technological characteristics of Solina
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flour [1]. Moreover, Solina was extensively used as a parent in Italian breeding programs
of the early decades of the twentieth century [2].

The peculiarities of the history and of the agronomic and qualitative characteristics
of this wheat have been valorised by the Abruzzo region, which has supported Solina’s
registration in the Italian National Register of Conservation Varieties and has promoted
various dissemination and research actions.

Landraces are classically made up of a set of lines, with a highly variable level of
genetic diversity, depending on the population considered. In this regard, Solina wheat,
which was included in a European study aimed at the conservation, use, and study of
landraces significant for European cereal farming [3], was found to be characterized by high
levels of genetic diversity and by the presence of different within population haplotypes [4].
Such a high genetic diversity is difficult to explain in an autogamous crop; however, the
authors speculate that it can be traced back to the past “on-farm” management mode.
Significant quantities of Solina were, in fact, cultivated by many farmers, exchanging seeds
and thus favouring recombination. In spite of the high level of within-population genetic
variability, Solina wheat is a clearly identifiable population, defined as “stable and distinct”,
with relatively homogeneous and well-defined phenotypic characteristics.

In the work of Khan et al., the characterization of genetic diversity within Solina was
accomplished using a small number of single nucleotide polymorphism (SNP) markers
and a small number of samples [4]. In a deeper study by De Flaviis et al., a high number of
SNP markers were used to evaluate genetic diversity in a panel of Solina samples collected
in different Abruzzo farms and located in different areas [5]. The clustering analysis based
on these datasets has clearly outlined the existence of two major clusters (Figure 1).
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Figure 1. Hierarchically cluster analysis (HCA) based on Euclidean distances and average-linkage
agglomeration method computed using a dataset of 15,959 SNP markers, adapted with permission
from De Flaviis et al. [5]. Two Solina clusters are highlighted by red and blue colours.

The two genetic groups brought together lines sampled in areas with different climatic
conditions, including, for instance, a significant difference in average altitudes. Starting
from the hypothesis that the in-situ conservation of Solina in different pedoclimatic environ-
ments may have shaped its adaptation, in the present work, Solina lines were characterized
for two key adaptive traits, such as growth habitus and resistance to low temperatures and
grain quality traits. Allelic variation in the main genes controlling adaptation-related traits
has been investigated. In addition, an evaluation of genetic differentiation (Fst) between the
two clusters was carried out to identify highly differentiated genomic regions and possibly
link them to known adaptation-related loci.
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2. Results
2.1. Growth Habitus

Solina wheat is traditionally cultivated in autumn sowing. The 23 sub-populations
that were sampled in the different geographic areas were sown in the field in autumn 2020
and 2021 and had regularly come to head. In order to verify the actual winter habitus of
this wheat, greenhouse trials were carried out at CREA-GB in 2021/2022. All the accessions
were sown on three different dates (November, February, and June). The plants were
then grown in greenhouses in accordance with the protocols routinely applied in terms of
irrigation and fertilization. The heading dates were determined, and, at maturity some
agronomic parameters were measured (Figure 2).

In autumn sowing, all accessions reached the heading stage after 162–164 days,
whereas no accession flowered when sown in late spring sowing (4 June), as shown in
Figure 2A, in which the Solina accessions belonging to the two major clusters distinguished
by De Flaviis et al. [5] are indicated with red and blue bars. According to the statistical
analysis reported in Table 1, there were no significant differences in the heading date
between accessions for November sowing, when the accessions of the red cluster headed
slightly later (1.4 days) than the blue cluster. In early spring sowing, a variable number
of days was required by the different accessions to flowers (Figure 2A). The range of days
required after the 18 February sowing was between a minimum of 93 and a maximum of
132 days. The accessions included in the red cluster required a mean number of 124 days
to flower, whereas the accessions of the blue cluster headed significantly earlier (Table 1),
after 103 days from sowing. Moreover, Solina 11, included in the red cluster, never flow-
ered after early spring sowing. The joint analyses of relative ranks for the sowing dates
with heading plants resulted in a significant population x sowing date interaction and a
significant (p < 0.001) between-cluster difference.

Table 1. Analyses of statistical differences between accessions and genetic clusters. Significance
of Kruskal–Wallis tests of null hypothesis of equal trait values between accessions (chi squared
accessions) and between genetic clusters (chi squared genetic cluster). The last two columns report
the difference and the ratio of the trait values of the blue minus/over the red cluster.

Trait Sowing Time Accessions
χ2 Test (p Value)

Genetic Cluster (Blue/Red)
χ2 Test (p Value)

Difference
Blue/Red

Ratio
Blue/Red

Height November <0.027 <0.001 1.05
February <0.027 <0.001 1.06

June <0.009 0.641 1.00
Biomass November <0.004 <0.009 1.12

February <0.004 0.189 0.91
June <0.008 0.369 0.95

Heading date November 0.998 <0.032 −1.42
February <0.006 <0.001 −21.06

spikes 1 November <0.005 0.524 1.13
February <0.007 <0.001 4.74

TKW 2 November <0.034 <0.001 1.19
February <0.004 <0.001 20.42

1 # spikes: number of spikes; 2 TKW: thousand kernel weight.

At the end of the life cycle, some agronomic characteristics were assessed, i.e., plant
height, above-ground biomass, the number of spikes, and thousand kernel weight (TKW).
The results are reported in Figure 3 and Figure S1, from which it can be observed that the
different sowing dates shaped the four traits measured.
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Figure 2. (A) Heading date (days after sowing) for November (left bars) and February (right bars)
sowing, (B) Number of spikes, and (C) thousand kernel weight (g) of Solina lines are sown in
November (left bars) and February (right bars). Mean values are reported. The colours of the bars
indicate membership to the red and blue clusters according to De Flaviis et al. [5].
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Figure 3. Dualex flavonoid index measured on 12 January 2022, i.e., at DAI 36. The colours of the
boxes indicate membership to the red and blue clusters according to De Flaviis et al. [5]. Flavonoid
index did not differ significantly for accessions with the same letter according to Kruskal-Wallis test
and multiple comparison with Bonferroni correction.

The mean plant heights were 163 ± 7.8 cm in autumn (10 November) sown plants,
108 ± 21.2 cm in early spring (18 February) sown plants, and 59 ± 8.8 cm in late spring
(4 June) sown plants (Figure S1). The standard deviation was higher in the early spring sown
class. In this class, Solina accessions of the blue cluster were significantly taller (99.3 cm
mean plant height) than the “red” ones (87.7 cm mean plant height) (Table 1). Between
accession, differences were significant for all sowing dates, and between cluster differences
for November and June sowing dates (Table 1). The joint analyses of relative ranks for all
three sowing dates resulted in a significant population × sowing date interaction and a
significant (p < 0.001) between cluster difference.

The mean biomass production differed significantly between populations for all sow-
ing dates (Table 1) and was 12% higher in the blue cluster than in the red cluster for
sowing in November, while for the spring sowing dates, no significant cluster differences
were found.

The mean number of spikes was 22 ± 3.1 in November sown plants and 7.9 ± 5.2 in
February sown plants, as shown in Figure 2B. No plants sown in June flowered. During
February sowing, the accessions belonging to the blue and red clusters differed significantly
for this trait, with a mean number of 10.5 spikes for the blue accessions and 2.2 for the red
ones, while in November, sowing populations of the blue cluster had only slightly more
spikes (+4% not significant) than the populations of the red cluster (Table 1).

The mean TKW of 44 ± 4.2 g was found in autumn sown plants, and 13 ± 14.3 g
was found for the February sown ones (Figure 2C). High variability was present for this
trait among early spring sown plants (Table 1): the blue Solina accessions had 18.5 g
TKW, whereas the red ones had 0.91 g TKW. It is noteworthy that Solina 21, considered
an outlier between the red and blue clusters according to De Flaviis et al. [5], in the
February sowing resulted phenotypically closer to red accessions than to blue ones for the
characters measured (Figure 2C). The joint analyses of relative ranks for the sowing dates
with heading plants resulted in a significant population x sowing date interaction and a
significant (p < 0.001) between cluster difference.

2.2. Phenotyping for Frost Tolerance and Other Leaf Traits

Out of 15 imbibed seeds, ten or more germinated until the days after imbibition
(DAI) 11 for all populations. The average Dualex chlorophyll (Chl; 24.3 and 26.7) and
flavonoid index values (Flav; 0.52 and 1.10), as well as the nitrogen balance index (NBI;
53.2 and 28.9), were measured at DAI 21 and DAI 48, respectively, and did not significantly
differ between accessions. Epidermal flavonoid content, indicated by the flavonoid index,
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increased between the first measurement at DAI 21, before cold acclimation, and DAI 48,
seventeen days after the change to acclimation temperatures of 3/1 ◦C (Figures S2 and S3).
At DAI 36, five days after the change to acclimation temperatures of 3/1 ◦C, transient
significant differences between the accessions were found (Figure 3). Chl, Flav, and NBI did
not differ between genetic clusters except for DAI 48, when the red cluster had, on average,
a 13% higher Flav index and 13% lower NBI, while Chl did not differ between the clusters.

The maximal quantum yield of photosystem II (PSII), Fv/Fm measured on dark-
adapted leaves at DAI 41, 66, 76, and 91 (i.e., after 10, 35, 45, and 60 days of acclimation at
3/1 ◦C) did not significantly differ between the populations. Population median values
were always above 0.73, indicating healthy, photosynthetically competent leaves. The
grand mean varied in the course of time between 0.785, 0.786, 0.765, and 0.777 at DAI 41,
66, 76, and 91, respectively.

Fv/Fm re-measured after freezing stress and recovery indicated only a generally slight
to moderate impairment of PSII ( Figure S4, S5 and Figure 4).

Plants 2023, 12, x FOR PEER REVIEW 7 of 23 
 

 

 

Figure 4. Fv/Fm, indicator of freezing damage to PSII, measured after freezing stress at −14 °C and 

48h of recovery under acclimation conditions. Experiment on whole plants. The colour of the boxes 

indicates membership to the red and blue clusters according to De Flaviis et al. [5], with Solina 21 

belonging to the blue cluster closest to the red cluster shown in purple. Fv/Fm did not differ signifi-

cantly for accessions with the same letter according to Kruskal-Wallis test and multiple comparison 

with Bonferroni correction. 

The statistical power of the first two experiments (n = 3) was relatively low, resulting 

in some or no statistically significant differences between accessions except for the first 

experiment, where accession six was significantly more damaged than accessions 14, 21, 

and 24. The experiment on whole plants (8 < n < 13) better discriminated between more 

and less susceptible plants. No plant mortality was observed up to six days after the end 

of the freezing treatment. The relatively high frost tolerance after freezing stress of −14 °C 

was in accordance with what could be expected for the species T. aestivum. We hypothe-

size that the lethal temperature (LT50) should be close to −15 °C. Relative ranks of Fv/Fm 

were calculated experiment-wise in order to combine the results of the three experiments. 

In the two experiments on cut leaves, the population in the red genetic cluster, together 

with Solina 21, had significantly higher frost tolerance than the accessions in the blue 

group (p < 0.02). Considering that the relative ranks of all three experiments together (Fig-

ure 5) resulted in significantly higher frost tolerance of the red group compared to the 

blue group (p < 0.001), Solina 21 was not statistically different from both. Solina accession 

17 resulted significantly more susceptible compared to Solina 4, 23, and 24. 

 

Figure 5. Relative rank of frost tolerance in three freezing stress experiments at −14 °C. The colour 

of the boxes indicates membership to the red and blue clusters according to De Flaviis et al. [5], with 

Solina 21 belonging to the blue cluster closest to the red cluster shown in purple. Relative ranks did 

Figure 4. Fv/Fm, indicator of freezing damage to PSII, measured after freezing stress at −14 ◦C
and 48h of recovery under acclimation conditions. Experiment on whole plants. The colour of
the boxes indicates membership to the red and blue clusters according to De Flaviis et al. [5], with
Solina 21 belonging to the blue cluster closest to the red cluster shown in purple. Fv/Fm did not
differ significantly for accessions with the same letter according to Kruskal-Wallis test and multiple
comparison with Bonferroni correction.

The statistical power of the first two experiments (n = 3) was relatively low, resulting
in some or no statistically significant differences between accessions except for the first
experiment, where accession six was significantly more damaged than accessions 14, 21,
and 24. The experiment on whole plants (8 < n < 13) better discriminated between more
and less susceptible plants. No plant mortality was observed up to six days after the end of
the freezing treatment. The relatively high frost tolerance after freezing stress of −14 ◦C
was in accordance with what could be expected for the species T. aestivum. We hypothesize
that the lethal temperature (LT50) should be close to −15 ◦C. Relative ranks of Fv/Fm were
calculated experiment-wise in order to combine the results of the three experiments. In
the two experiments on cut leaves, the population in the red genetic cluster, together with
Solina 21, had significantly higher frost tolerance than the accessions in the blue group
(p < 0.02). Considering that the relative ranks of all three experiments together (Figure 5)
resulted in significantly higher frost tolerance of the red group compared to the blue group
(p < 0.001), Solina 21 was not statistically different from both. Solina accession 17 resulted
significantly more susceptible compared to Solina 4, 23, and 24.
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Figure 5. Relative rank of frost tolerance in three freezing stress experiments at −14 ◦C. The colour of
the boxes indicates membership to the red and blue clusters according to De Flaviis et al. [5], with
Solina 21 belonging to the blue cluster closest to the red cluster shown in purple. Relative ranks
did not differ significantly for accessions with the same letter according to Kruskal-Wallis test and
multiple comparison with Bonferroni correction.

At the start of the hardening treatment (DAI 23), the second leaf was still expanding.
The leaf length of leaves 1 and 2 measured at DAI 31 did not differ significantly between
accessions nor between the red and blue genetic clusters for any of the two leaf ranks. The
length of the first leaf was significantly correlated with the length of the second leaf (r = 0.77,
p < 0.001). Additionally, for the six accessions measured at DAI 52, the width of leaf 2 did
not differ significantly between populations, as well as the Haun stage, which was 3.5 on
average, i.e., the fourth leaf was expanding. At this time, the accessions demonstrated
between 1.4 and 1.8 visible tillers. At DAI 69 and 76, no significant difference in leaf length
was found between the genetic clusters. The same held true for the leaf width measured at
DAI 76. In conclusion, the accessions and genetic groups exhibited similar phenology and
leaf dimensions during the acclimation treatment. Under hardening conditions, the plants
still grew slowly.

2.3. Allelic Variation at Major Loci Governing Vernalization Response and Photoperiod Sensitivity

Allelic variations in the genes determining vernalization requirement and photoperiod
sensitivity have a key role in wheat growth habits and environmental adaptability. The
polymerase chain reaction (PCR) based assays reported in the Material and Methods section,
have been exploited to explore allelic diversity in Solina accessions (Table 2). Two major
polymorphisms were found among Solina accessions. Eight out of twenty-three Solina
accessions carried the vrn-A1b allele, whereas the other 15 Solinas had vrn-A1. A second
polymorphism was found in the VRN-B1 locus: two accessions had the Vrn-B1a allele,
whereas all the other Solinas had vrn-B1.

Chip digital PCR assays were applied to determine the copy number variation affecting
the Vernalization-A1 gene, which was found by Diaz et al. to be associated with an altered
flowering time in the wheat [6]. The assay developed by Diaz et al. targeting the Vrn-A1
sequence was coupled with the assay developed by Morcia et al. to target the Pinb-D1
single-copy gene as an internal positive control [7]. Solina 1, Solina 6, and Solina 7 have
two copies of the target gene, whereas all the other Solina have one copy. Within the Solina
21 accession, both seeds with one copy of the target gene, as well as seeds with two copies,
were present.

Two scatter plots of the samples showing a copy number variance (CNV) are shown
in Figure 6.
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Table 2. Allelic variants of vernalization and photoperiod sensitivity genes identified in Solina accessions.

Accession VRN-A1 VRN-B1 VRN-B3 VRN-D1 PPD-A1 PPD-B1 PPD-D1

Solina1 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina2 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina3 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina4 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina5 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina6 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina7 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina8 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina9 vrn-A1 Vrn-B1a vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b

Solina10 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina11 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina12 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina13 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina14 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina15 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina16 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina17 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina19 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina20 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina21 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina22 vrn-A1 Vrn-B1a vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina23 vrn-A1b vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b
Solina24 vrn-A1 vrn-B1 vrn-B3 vrn-D1a Ppd-A1a.1 Ppd-B1b Ppd-D1b

2.4. Genetic Differentiation of Clusters by Fst

The genetic differentiation between the “red” and “blue” Solina genetic groups was
evaluated by Fst using previously developed DArTseq data [5]. Fst values were calculated
for each marker individually and plotted according to their genomic position (Figure 7). The
permutation-based significant threshold was too liberal, resulting in more than 10% of the
markers being significantly differentiated. Hence, we opted for an arbitrarily chosen more
stringent threshold (the 99th percentile of Fst values) to highlight genomic regions with
extreme Fst values. A total of 147 SNPs were found in the highest 1% of Fst values, some of
them clustering together in a few genomic regions (Figure 7, in red). The main clusters of
markers with extreme Fst values were found in Chr1B (6 SNPs at 582.0–588.5 Mb), Chr2A
(3 SNPs at 78.0–89.5 Mb), Chr2B (9 SNPs at 665.0–667.0 Mb and 3 SNPs at 799.0–800.5 Mb),
Chr4B (9 SNPs at 626.0–636 Mb), Chr5A (9 SNPs at 557.0–591.0 Mb), Chr5B (9 SNPs at
396.5–409.0 Mb and 9 SNPs at 613.0–625.0 Mb), Chr5D (5 SNPs at 340.5–357.0 Mb), Chr6A
(5 SNPs at 494.5–501.5 Mb, 9 SNPs at 523.0–534.0 Mb and 11 SNPs at 605.5–616.0 Mb),
Chr6D (3 SNPs at 482.5–484.0 Mb), and Chr7A (5 SNPs at 565.0–571.0 Mb).

About 50% of those 147 markers were located in 5A, 5B, 5D, and 6A chromosomes.
The co-localization between those regions identified by Fst and genes controlling adaptive
traits (e.g., VRN, PPD, EPS, RHT, and CBF/DREB gene families) was investigated. Inter-
estingly, some of the signals in Chr5 co-localized with VRN-A1 and VRN-D1: two major
genes controlling vernalization and flowering in wheat (Figure 7). The PHYTOCHROME
C (PHYC) genes, which regulate genes associated with photoperiod sensitivity and light
perception (PPD1 and TaHD1), are very close to the VRN genes (Figure 7). The cluster of
high Fst SNPs on Chr6A (523–534 Mb) co-localized with TaHD1: a light-sensitive flowering
activator. The clusters in Chr5B (396.5–409.0 Mb) and Chr5D (340.5–357.0 Mb) represent
homeologous chromosomic regions, possibly indicating the presence of a common under-
lying gene under selection. However, we failed to identify in those regions any gene that
was related to adaptive traits. Lastly, the gene TaCHLH (involved in the light-dependent
chlorophyll accumulation) was found in the proximity of the region identified on Chr2A
(78.0–89.5 Mb).
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Figure 6. Chip digital PCR scatter plots of Solina 1 (A) and of Solina 2 (B) samples, carrying,
respectively two and one copy of vrn-A1 gene. Blue dots are chip wells in which Pinb-D1 gene
(marked with FAM) has been amplified, red dots are wells in which vrn-A1 gene (marked with VIC)
has been amplified, green dots are wells in which both genes have been amplified, whereas yellow
dots are wells without any amplification. From raw data, the software calculates the number of
copies/µL of each gene. The ratio between vrn-A1 copies and Pinb-D1 copies is 1.9 for Solina 1 and
1 for Solina 2.

2.5. Commercial Quality Parameters

Morphological traits of kernels such as the length, width, and thickness (L1, L2, and
L3, respectively), dimension ratios (L1/L2 and L1/L3), volume (V), colour, and hardness
were analysed on 24 Solina lines (see Tables 3 and 4 for the ANOVA results).

Table 3. Results of the ANOVA performed on morphometric data in the 24 Solina accessions.

24 Accessions Type L1 L2 L3 V L1/L2 L1/L3

Cluster Fixed <0.001 <0.001 <0.001 <0.001 0.006 ns
Farm (Cluster) Random <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

ns: not significant.

Table 4. Results of the ANOVA performed on commercial quality data in the 24 Solina accessions.

24 Accessions Type L* a* b* C* h◦ Hardness Protein 1 TKW 1 TW 1

Cluster Fixed ns <0.001 <0.001 0.003 <0.001 0.005 ns 0.018 0.017
Farm (Cluster) Random <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 Data from De Flaviis et al. [5]. ns: not significant.
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Within the 24 Solina accessions, the effect of the genetic cluster (individual or interac-
tive) was significant (p < 0.05) for all of the analysed parameters except L1/L3 and the L*
colour parameter, even though the nested farm effect always resulted in the main effect
(p < 0.001). The blue cluster was the one with the highest kernel volume (40.7 vs. 36.9 mm3),
the highest kernel length (7.05 vs. 6.84 mm), width (3.30 vs. 3.13 mm), and thickness
(3.34 vs. 3.28 mm), as well as the lowest L1/L2 value (2.14 vs. 2.19), which describes kernel
elongation. The blue cluster showed a lower redness (a*) value (8.41 vs. 8.59), which, in
turn, was reflected in a higher hue angle (h◦) value (69.5 vs. 68.9). The kernels of the blue
cluster also showed a higher hardness (55.7 vs. 54.5).

In the sample set obtained with the in-situ experiment (Tables 5 and 6), the blue cluster,
which in a previous study resulted in higher protein content [5], was the one with the
highest kernel width (3.22 vs. 3.06 mm) and lowest thickness (3.14 vs. 3.23 mm), as well as
the lowest kernel elongation (2.21 vs. 2.32).

Table 5. Results of the ANOVA performed on morphometric data from the in situ experiment.

Effect Type L1 L2 L3 V L1/L2 L1/L3

Plot Random ns ns ns ns ns ns
Year (Y) Random 0.003 <0.001 <0.001 <0.001 0.035 0.028
Farm (F) Fixed ns ns 0.016 0.016 ns ns

Cluster (C) Fixed ns 0.004 0.047 ns 0.013 ns
Y × F Random ns ns 0.049 ns ns ns
Y × C Random ns ns ns ns ns 0.029
F × C Fixed 0.006 ns ns ns 0.027 0.001

ns: not significant.
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Table 6. Results of the ANOVA performed on commercial quality data from the in situ experiment.

Effect Type L* a* b* C* h◦ Hardness Protein 1 TKW 1 TW 1

Plot Random ns ns ns ns ns ns ns ns ns
Year (Y) Random ns <0.001 <0.001 <0.001 ns 0.013 0.008 ns <0.001
Farm (F) Fixed <0.001 ns ns ns 0.003 ns 0.004 <0.001 ns

Cluster (C) Fixed ns ns ns ns ns ns 0.004 0.006 <0.001
Y × F Random 0.041 ns 0.009 0.013 ns 0.001 <0.001 <0.001 <0.001
Y × C Random 0.014 ns ns ns 0.007 ns 0.011 0.006 ns
F × C Fixed ns ns ns ns ns ns ns ns <0.001

1 Data from De Flaviis et al. [5]. ns: not significant.

By merging the morphological and quality parameter data obtained in the in situ
study with those (protein, TKW, and TW) obtained in previous work and by computing
a PLS-DA analysis, it was possible to discriminate the two genetic clusters with a 100%
correct classification (Figure 8A). The most important variables for classification (VIP > 0.8)
were: L1/L3, L3, L1/L2, L2, TW, hardness, TKW, and the hue angle in order of importance.
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the two latent variables (t) calculated by PLS-DA. (A) Accessions #2 (blue) and #3 (red) cultivated
in the in situ experiments; (B) 24 accessions collected in 2018 added with the #2 and #3 accessions
cultivated in situ.

The samples belonging to the red cluster fell within a wide range along both the t1
and t2 dimensions, whilst the sample of the blue clusters varied mostly along the second
dimension (t2), which has a lower R2Y value. The second dimension was permitted to
differentiate the samples in two years of in situ experiments. The red cluster was more
affected by the year of harvesting than the blue one.
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By merging the 24 accessions collection and the in situ trial datasets and computing a
further PLS-DA, it was possible to discriminate the two genetic clusters with an overall
92% correct classification (Figure 8B), the 100% correct classification of the blue cluster, and
80% classification of the red one. The most important variables for classification (VIP > 0.8)
were the morphological traits: L1/L3, L3; L2, TW, TKW, volume, and L1/L2, in order
of importance.

3. Discussion

Solina d’Abruzzo is a bread wheat landrace that has been in situ conserved for cen-
turies in a relatively restricted region of Central Italy. Starting from the hypothesis that
such long-term in situ conservation has the potential to shape the adaptive, agronomic,
and quality traits of the landrace, a Solina line collection was created [5]. The samples
were collected in farms located in a relatively restricted area, characterized by a strong
gradient of altitude and temperature. The climate of Abruzzo is greatly conditioned by
the Apennines, which clearly separates the climate of the coastal strip and of the sub-
Apennine hills from that of the higher inland mountain strips. The coastal areas have a
typical Mediterranean climate with hot, dry summers and mild, rainy winters, thenthe
temperatures decrease progressively with altitude. Towards the interior areas, the climate
gradually became more continental and eventually a typical mountain climate, especially
in the province of L’Aquila. Here, the frosts are frequent and intense, with the presence of
snow on the ground and particularly intense cold spells. In this territory, Solina cultivation
has been present at least since the sixteenth century [5]. It can be hypothesized that during
this long time of “on farm” conservation, recombination events, together with the fixation
of neutral and adaptive variants, have shaped Solina accessions, even if its distinctness as a
landrace is still undoubtable. Additionally, a selection pressure operated by the farmers on
the quality and technological characteristics of the grains can be hypothesized.

The Solina collection has been previously genotyped, and two major genetic clusters
were identified [5], as reported in Figure 1. The blue Solina accessions were collected from
farmers who cultivated them at the average altitude of 700 m a.s.l., which is common for
Solina cultivation, whilst the red accessions were collected from farmers who cultivated
them in a confined zone localized in the south-eastern part of the cultivation area whose
average altitude was 880 m a.s.l.

Starting from the hypothesis that the different climatic microenvironments, combined
with the long period of in situ conservation, could have favoured the emergence of specific
allelic variants, the genomic regions with extreme Fst values when contrasting between
red and blue Solina clusters were studied since they could reflect genomic regions that
have undergone selective pressure for phenotypes related to adaptation. We found some
of those regions to be co-localizing with major genes affecting flowering in wheat, such
as VRN-1A, VRN-1D, and TaHD1. This is in agreement with the allelic variation found in
VRN genes and with the heading dates observed by sowing Solina lines in February. While
these findings represent a good indication that adaptive traits may have been differentially
selected between the two Solina clusters, it cannot be excluded that other traits were
involved in this process. Yet, for several genomic regions identified by Fst, we could not
find any co-localizing known gene related to adaptive traits. Additionally, Fst is not a
formal test of differential selection, and its pattern may be affected by other phenomena,
such as, for instance, chromosomic rearrangements.

Wheat has the capacity to grow in very different environments. Several mechanisms
contribute to this feature, among which structural and functional variants of gene sequences
controlling complex adaptive characters are of great relevance, such as flowering time in
response to vernalization, photoperiod, and temperature. The heading date is, in fact, a
major determinant of global adaptability in cereals [8–10]. The overall flowering pathway
is very complex, as reviewed by Kamran et al., with vernalization (Vrn) and photoperiod
(Ppd) as the major genetic systems involved [11]. The wheat growth habit is controlled
by genes that can be sensitive or insensitive to vernalization, defined as the “acquisition
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or acceleration of the ability to flower by a chilling treatment”. Allelic variations in such
genes can modulate the vernalization requirement, resulting in spring, facultative, or winter
habits. During the photoperiod impact on the transition from the vegetative to reproductive
phase, spikelet initiation, and stem elongation processes compete for assimilate supply.
Ppd alleles are critical for the duration of this transition, with an impact on fertility and
yield [11].

Based on the results obtained, it can be concluded that all the Solina accessions are
winter types: their transition from a vegetative to reproductive phenological phase is
completed after autumn sowing, and all the plants reach full maturity. On the contrary, late
spring sowing inhibits this transition, and all plants remain in the vegetative stage. An
intermediate situation has been observed after early spring sowing: some of the accessions
conclude the transition, whereas, in others, the transition is only sketchy. Interestingly,
the vernalization request highlighted by February sowing is different between the two
clusters (Figure 1), into which Solina accessions can be grouped according to previous
genetic analysis [5]. Solina accessions belonging to the red cluster require a higher level
of vernalization to leave the vegetative phase in comparison to accessions belonging to
the blue cluster. Line 21, which is an outlier between the two clusters, is closer to the red
accessions for this phenotypic trait.

In the greenhouse environment, the earlier heading of the accessions of the blue cluster
was associated with more vigorous growth (higher plant height and biomass), whereas
when the vegetative growth phase of the blue cluster accessions was much shorter than
that of the red cluster, lower biomass was observed. Eventually, the blue cluster accessions
produced more spikes and showed a higher TKW, and thus invested much more in grain
production. The accessions of the red cluster had significantly higher frost tolerance in
comparison to those of the blue cluster, whereas Solina 21 was intermediate between them.

The markers for Vrn and Ppd genes confirm the winter growth habit of the Solina
landrace. However, some variability has been found in the allelic status of Vrn genes among
Solina accessions, whereas no variation has been observed for Ppd genes. The accessions of
the blue cluster carry vrn-A1, a wild-type allele encoding for a MADS-box transcription
factor expressed in leaves and the shoot apical meristem, whereas the vrn-A1b allele is
carried by the accessions of the red cluster. Despite the presence of polymorphisms between
the two allelic forms, both are involved in conferring winter habitus [12,13]. The Vrn-1
gene has been evaluated even in terms of copy number variation, using a double digital
PCR assay, targeting a reference Pinb-D1 single-copy gene [7] and Vrn-A1 gene [6]. The
doubling of copies was observed in Solina 1, 6, and 7. This same analysis conducted on
Solina 21 single seeds showed the co-presence of seeds with one and two copies.

Finally, all the accessions are monomorphic for Ppd1 alleles, and all carry the com-
bination Ppd-A1a.1, Ppd-B1b, and Ppd-D1b. The dominant alleles of Ppd genes (indicated
with the suffix “a”) induce insensitivity to day length and, therefore, accelerate flowering
in wheat [14]. In particular, Ppd-D1a, the dominant allele of Ppd-D1, is a major source
of photoperiod insensitivity in wheat cultivars worldwide, whereas its recessive allele,
Ppd-D1b, inhibits earlier ear emergence and flowering [14–17]. Ppd-D1a confers the earli-
est flowering time, followed by Ppd-A1a and Ppd-B1a [18]. Nishida et al. compared the
heading time among DH lines differing in the Ppd-1 genotype and showed that the effect
of Ppd-A1a was weaker than that of Ppd-B1a or Ppd-D1a [19]. The Solina landrace carries
two of the Ppd genes in the recessive allelic form (i.e., Ppd-B1b and Ppd-D1b), which are
related to sensitivity to day length and the third gene, Ppd-A1a.1, in the dominant form,
relates to the insensitivity of day length. Seki et al. indicated in Ppd-A1a is a useful source
for fine-tuning the heading time [20]. However, the interaction of this allele with the other
photoperiod-related genes and with vernalization genes is still not clear.

The alleles of VRN-A1 explained 52% of the deviance in heading dates for sowing in
February (GLM). Adding a copy number of VRN-A1 did only marginally improve the fit,
but the model based on the alleles alone was the more parsimonious evaluated with the
Akaike Information Criterion. The same was true for height, with an explained deviance
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of 40.8%, while the number of spikes and TKW were more parsimoniously explained by
the alleles and copy number of VRN-A1, with an explained deviance of 59.8% and 38.1%,
respectively. The contribution of the copy number was always minor.

The increase in epidermal flavonoids during cold acclimation is consistent with the
C/N allocation hypothesis that predicts increased allocation to secondary metabolites that
do not contain nitrogen, such as in flavonoids when a surplus of carbon is produced relative
to its use for the growth of new organs. Under cold acclimation temperatures, growth is
reduced more severely than photosynthesis leading to a surplus of carbohydrates. Alterna-
tively, a slowly proceeding exhaustion of nitrogen availability in the limited soil volume of
the culture trays could be the cause of the same mechanism. The transient between popula-
tion differences during the first days of acclimation with Solina 6 significantly lag behind
Solina 5, 9, 10, 11, 13, 19, 20, 21, 23, and 24 and indicates a putative difference in the speed
of the acclimation response. Additionally, the small reduction in the maximal quantum
yield of photosynthesis during the early cold acclimation of population 6 (Fv/Fm = 0.796)
lagged behind the average of these populations (Fv/Fm = 0.784).

Genotypic differences among the Solina accessions of the red and blue cluster, which
have adapted to different altitudes and hence, climatic conditions, resulted in phenotypic
variations that are of interest for their handling, grading, processing, and storage. Phe-
notypic variation among Solina accessions was already observed by Bonvicini; thus, De
Flaviis and coworkers started to study differences in grades, determining factors for the
commercial quality of the two groups (protein content, TKW, and TW), but no information
was reported on their morphology, colour, and hardness [5,21].

Moisture and colour are grade-determining factors, whilst hardness and morpho-
logical characteristics are of interest for handling and processing, including sieving and
milling, in particular. The Solina accessions of the red cluster, which have adapted to higher
altitudes, are morphologically different from those of the blue cluster, and they generally
show lower L1, L1/L2 values, higher a*, and lower hue angle values, which denote a redder
hue. The kernel shape and the size difference are visible to the unaided eye, and the colour
difference between the two groups is above the just notable difference (JND) value (2.3)
and could be easily perceived by the sight.

By merging morphological, colour, and hardness data with those of protein content,
TW, and TKW, it was possible to clearly discriminate between Solina accessions belonging
to the blue and red clusters. The accessions of the red cluster, which were adapted to high
altitudes, showed higher annual variability in morphometric and quality traits than those
of the blue cluster independent of the experimental fields.

The Solina accessions of the red cluster showed a higher elongation of the kernels,
lower kernel dimensions, lower hardness, lower protein content, and TKW (data previously
reported) than those of the blue cluster; these characteristics are less recommendable for
grading and processing purposes, even though they did not show a significant difference
in agronomic yield [5]. This latter trait, in particular, was a key factor for the agriculture
practiced in marginal areas located at high altitudes, and favoured the use of the Solina
landrace over centuries, as well as its in situ conservation.

The results obtained within this study can lead to some considerations. The first is
that the genetic diversity enclosed in a landrace is the engine for the evolution of variants
with greater resilience and environmental adaptability. Bocci et al. suggested that an
“evolutionary population grown continuously in different locations evolved into locally
adapted populations with significant differences in important quantitative traits” [22].
Even landraces, whose definition changed over time, are evolutionary populations in
a constant state of change driven by natural and artificial selection, as pointed out by
Casanas et al. [23].

Solina variability can be considered the result of a long-term, unwitting experiment
in which environmental and human factors impact its microevolution, with the devel-
opment of variants for both adaptive and qualitative characteristics. This population is,
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therefore, an interesting genetic material that can deepen our knowledge of the evolution
and conservation of genetic resources.

The second consideration is that Solina has an important cultural value for farmers
and local communities because of its qualitative peculiarities and traditional uses. The
value of landraces for in situ conservation and valorisation have recently been discussed
by Raggi et al. [24], with the aim of creating an inventory for the entirety of Europe. The
idea to protect a landrace and foster its use has been pioneered by Solina d’Abruzzo.

4. Materials and Methods
4.1. Plant Materials

A collection of 24 accessions of Solina wheat was sampled by the University of Teramo
in different locations representative of the area where Solina was grown, as previously
reported by De Flaviis et al. [5]. The collection sites were all in Abruzzo, mainly distributed
in the province of L’Aquila, except for two genotypes that were collected in the Pescara
province (Table 7).

Table 7. Solina accessions used in the study. Each accession is identified by a number and the
sampling location is reported, together with geographical information.

N.ID Location Latitude Longitude Altitude (m a.s.l.)

1 Castelvecchio Subequo 42.13 13.73 492
2 Castelvecchio Subequo 42.13 13.73 492
3 Introdacqua 42.01 13.90 652
4 Scanno 41.90 13.88 1004
5 Luco dei Marsi 41.96 13.47 664
6 Goriano Sicoli 42.08 13.77 712
7 Tagliacozzo 42.07 13.25 736
8 Rosciolo dei Marsi 42.12 13.34 902
9 Magliano dei Marsi 42.08 13.36 707

10 Magliano dei Marsi 42.08 13.36 707
11 Scurcola Marsicana 42.06 13.34 698
12 Rocca Pia 41.93 13.98 1067
13 Scurcola Marsicana 42.06 13.34 698
14 Pescosansonesco 42.25 13.88 532
15 Farindola 42.44 13.82 514
16 Cagnano Amiterno 42.46 13.23 844
17 Castel Del Monte 42.37 13.73 1354
18 Montereale 42.53 13.24 911
19 Capestrano 42.27 13.77 501
20 Barisciano 42.33 13.59 948
21 Capitignano 42.52 13.30 908
22 Ofena 42.33 13.76 521
23 Rivisondoli 41.87 14.07 1309
24 Elice 42.52 13.97 249

The average altitude at which the harvest took place was 755 ± 263 above sea level,
with different pedoclimatic conditions typical of the Abruzzo region. The 24 accessions were
sampled at local farms where Solina wheat was grown for at least ten years under organic
conditions. Accession 18 was not included in the greenhouse trial, and the subsequent
frost tolerance test and DNA extraction were due to germination issues. Even in a repeated
germination trial after 12 days of stratification at 3/1 ◦C, Solina 18 did not germinate.

4.2. Greenhouse Trial

Seeds of all the Solina accessions were sown in 20 cm diameter pots in a greenhouse
without any light and temperature adjustments with respect to the external environment
on subsequent dates (10 November 2021; 18 February 2022; 4 June 2022). Five seeds/pots
were sown for each accession in duplicate. The pots were regularly watered and fertilized,
and the heading dates were registered. At full maturity, the following parameters were
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determined: plant heights (cm), above-ground plant biomass (g), number of spikes, and
Thousand Kernel Weight (g). As conditions for the application of ANOVA were not met
for most of the traits, a non-parametric Kruskal–Wallis test was applied to test the Null
hypothesis of equal trait values between accessions or HCA clusters with subsequent
multiple comparisons for applying the Bonferroni correction.

4.3. Frost Tolerance Test

Seeds of 23 Solina landraces were used for phenotyping. Fifteen seeds per landrace
were imbibed on 7 December 2021 and kept in a growth cabinet at 20/15 ◦C day/night.

At 11 days after imbibition, the plantlets were transplanted to culture trays. On
30 December (DAI 23) and 7 January (DAI 31), the temperature in the growth cabinet was
lowered to 12/7 ◦C and 3/1 ◦C day/night, respectively, in order to acclimate the plants to
low temperatures.

Measurements of leaf chlorophyll (Chl), epidermal flavonoids (Flav), and a nitrogen
balance index (NBI) were taken before the start of hardening (DAI 21) and during hardening
(DAI 36 and DAI 48), i.e., after 5 and 17 days of hardening at 3/1 ◦C.

Three third leaves per landrace were harvested for every two frost tolerance tests at 66
and 76 DAI, respectively, and were kept in falcons (see [25] for validation of the method).
A third test for frost tolerance was performed on all plants within the cultivation trays
at DAI 91. A maximum photosystem II quantum yield, Fv/Fm, was measured after dark
adaptation on the fourth leaf. Subsequently, the leaves or plants were exposed to a frost
stress treatment with temperatures gradually decreasing down to −14 ◦C, which was kept
for several hours and then gradually increased again to 1 ◦C. Fv/Fm was again measured
directly after the end of stress and after 24 h or 48 h of recovery within the growth cabinet
at 3/1 ◦C in the experiments on cut leaves and plants, respectively.

The leaf lengths of the first and second leaves were measured at 31 DAI. Leaf width
and phenology were assessed on 28 January 2022 for six populations (Solina 19 through 24).
The leaf length of the third leaf was measured at DAI 69 and DAI 76 on the leaves used
for the frost tolerance tests of cut leaves. At DAI 76, the leaf width of the third leaf
was measured.

4.4. DNA Extraction and PCR Based Assays

Young leaf tissues were sampled, and their genomic DNA was extracted using a
DNeasy Plant Mini Kit (Qiagen, Milan, Italy). Both bulked (derived from 5 plantlets) and
single-seed derived plantlets were sampled. The evaluation of the quality and quantity of
the extracted DNA was performed using a Qubit™ fluorometer in combination with the
Qubit™ dsDNA BR Assay kit (Invitrogen by Thermo Fisher Scientific, Monza, Italy).

End-point PCR reactions were performed with the primers reported in Table 8.
The following PCR protocol was used: 30 ng genomic DNA in 20 µL reactions com-

prising 1× PCR buffer and 0.2 µL Taq polymerase (GoTaq Flexi, Promega Corp., Milano,
Italy) with 3 mM MgCl2, 250 µmol of each primer and 0.5 mM dNTPs, with 40 cycles of
denaturing (95◦C for 40 sec), annealing (54–62 ◦C for 40 s), and polymerization (72 ◦C for
1 min). The amplification reactions were conducted in an Applied Biosystem 2720 Thermal
Cycler (Thermo Fisher Scientific, Monza, Italy) and separated by electrophoresis on 1%
agarose gels using a 0.5× TBE (Tris-Borate-EDTA) buffer, visualized under UV light.

A chip digital PCR was performed using a QuantStudioTM 3D Digital PCR System
(Applied Biosystems by Life Technologies, Monza. Italy). The primers and probes reported
in Table 9 were used. The reaction was conducted in a final volume of 16 µL, which was
obtained by mixing 8 µL of QuantStudioTM 3D Digital PCR 2X Master Mix, 0.72 µL of each
primer at 20 µM (final concentration 900 nmol), 0.32 µL of FAM, and VIC-MGB probes at
10 µM (final concentration 200 nmol), 2 µL of DNA (20 ng/µL) and nuclease-free water.
Nuclease-free water as a template was used in the negative control. The reaction mixture of
15 µL was loaded onto the QuantStudioTM 3D DigitalPCR chips using a QuantStudioTM
3D Digital chip loader, according to the manufacturer’s instructions. Amplifications were
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performed in ProFlexTM 2Xflat PCR System Thermocycler (Applied Biosystems by Life
Technologies, Monza, Italy), and the amplification conditions used are reported in Table 10.
End-point fluorescence data were collected in QuantStudioTM 3D Digital PCR Instrument,
and files generated were analysed using the cloud-based platform QuantStudioTM 3D
AnalysisSuite dPCR software, version 3.1.6. Each sample was analysed in duplicate. The
CNV was calculated as the ratio between copies/µL of Vrn-A1 and copies/µL of Pinb-D1.

Table 8. PCR assays used to genotype Solina accessions for alleles at major vernalization and
photoperiod loci.

Primer Name Primer Sequence
[5′–3′] References

VRN1AF
VRN1R

GAAAGGAAAAATTCTGCTCG
TGCACCTTCCC(C/G)CGCCCCAT [26]

Intr1/A/F2
Intr1/A/R3

AGCCTCCACGGTTTGAAAGTAA
AAGTAAGACAACACGAATGTGAGA [27]

Intr1/C/F
Intr1/AB/R

GCACTCCTAACCCACTAACC
TCATCCATCATCAAGGCAAA [27]

Intr1/B/F
Intr1/B/R3

CAAGTGGAACGGTTAGGACA
CTCATGCCAAAAATTGAAGATGA [27]

Intr1/B/F
Intr1/B/R4

CAAGTGGAACGGTTAGGACA
CAAATGAAAAGGAATGAGAGCA [27]

VRN4-B-INS-F
VRN4-B-INS-R

CATAATGCCAAGCCGGTGAGTAC
ATGTCTGCCAATTAGCTAGC [28]

VRN4-B-NOINS-F
VRN4-B-NOINS-R

ATGCTTTCGCTTGCCATCC
CTATCCCTACCGGCCATTAG [28]

TaPpd-A1prodelF
TaPpd-A1prodelR3

CGTACTCCCTCCGTTTCTTT
AATTTACGGGGACCAAATACC [19]

TaPpd-A1prodelF
TaPpd-A1prodelR2

CGTACTCCCTCCGTTTCTTT
GTTGGGGTCGTTTGGTGGTG [19]

TaPpd-B1proinF1
TaPpd-B1proinR1

CAGCTCCTCCGTTTGCTTCC
CAGAGGAGTAGTCCGCGTGT [19]

Ppd-D1_F1
Ppd-D1_R2

ACGCCTCCCACTACACTG
CACTGGTGGTAGCTGAGATT [29]

Ppd-D1_F1
Ppd-D1_R1

ACGCCTCCCACTACACTG
GTTGGTTCAAACAGAGAGC [29]

Table 9. Primers and probes sequences and references are reported. The VRN-A1 assay was used
to check VRN-A1 copy number variation. The TriAPX assay targets a single copy Triticum aestivum
sequence Pinb-D1.

Oligo Name Sequence (5′ to 3′) 5′ Dye 3′ Quencer Reference

TriAPX-prob AGCTCTTGCAAGGAT FAM MGB
[7]TriAPX-For AGGAGCGGCCGAAGCT

TriAPX-Rev TGTGAAACATCGCTCCATCAC
VRN-A1 TGTGTTCGCTTTGGTTGTGCAGGCA VIC MGB

[6]VRN-A1-For GCAGCCCACTTTTGGTCTCTA
VRN-A1-Rev TCTGCCCTCTCGCCTGTT

Table 10. Amplification conditions used in digital-PCR.

Steps Temperature Time Cycles

Activation 96 ◦C 10 min 1
Denaturation 98 ◦C 30 s

47Annealing/extension 56 ◦C 2 min
Final extension 60 ◦C 2 min 1

Storage 4 ◦C ∞ 1
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4.5. Fst Analysis

The genetic differentiation between populations was analysed using the genotypic
dataset developed by De Flaviis et al. [5]. The dataset consisted of 15,959 markers obtained
by (DarTseq) genotyping four single seeds per each of the 24 Solina accessions. As a measure
of differentiation across the genome, fixation index (Fst) was estimated, contrasting the
variance between the two Solina genetic clusters [30,31]. Fst was estimated for each SNP
by the function basic.stats of the hierfstat R package [31–34]. A significance threshold for
Fst values was calculated by permuting the assignment of accessions to the two clusters.
For each permutation, the maximum Fst value was stored to generate a null distribution
of values. A total of 100 permutations were performed. In addition, and in accordance
with Esvelt Klos et al. [34], a more stringent threshold (the 99th percentile of Fst values)
was used to identify the most highly differentiated genomic regions only. The CMplot R
package [32,35] was used to graph the rectangular Manhattan plot.

4.6. In Situ Trials

Seeds of accessions #2 and #3 (Table 7) belonging to the blue and red genetic clusters
and supplied by Az. Agricola Cipolla, (Castelvecchio Subequo, Italy) and Az. Agricola De
Santis (Introdacqua, Italy), respectively, were used for field trials conducted in randomized
plots in the Abruzzo region (Italy).

The experimental fields were located in two different farms coded as F1 and F2 and
sited in Corropoli (42◦49′ N, 13◦51′ E, 70 m a.s.l.) and Castelvecchio Subequo (42◦07′ N,
13◦44′ E, 500 m a.s.l.), respectively; they presented different soil and climatic characteristics.
The two accessions were cultivated in the 2018/2019 and 2019/2020 seasons. The sowing
was performed between the end of October and the beginning of December 2018 and 2019
in a 500 m length plot area. All accessions were collected between the beginning and middle
of July 2019 and 2020 depending on altitude. During this period, the phytosanitary quality
of the crops was periodically checked.

4.7. Commercial Quality Parameters

The phenotyping of several commercial quality parameters was carried out. The
moisture content was also analysed (AACC 44–15.02). The total nitrogen content (NC) was
determined by the Kjeldahl method (AACC 46–12.01), and protein content was calculated
using a conversion factor of 5.7. Test weight (TW) and thousand-kernel weight (TKW) were
analysed after removing all impurities. All analyses were carried out in duplicate.

Size and shape were evaluated on 30 kernels using a Vernier caliper (to 0.01 mm).
The principal dimensions of the major (L1), intermediate (L2), and minor (L3) diameters,
volume, and internal ratios (L1/L2 and L2/L3) were measured and calculated. The volume
of the seed was then calculated using Miller’s (1987) equation: V (cm3) = π (L1*L2*L3)/6.

The colour of kernels was measured in bulk by a Minolta (Osaka, Japan) colorimeter
model CR5 equipped with the D65 illuminant and using the 10◦ standard observer. L*,
a*, b*, C*, h◦, and ∆E were measured. Twenty repetitions of colour analysis were carried
out. Grain hardness was measured in bulk by NIR analysis (AACC 39–70.02), and two
repetitions were carried out.

4.8. Statistical Analyses

Between population differences in frost, tolerance were assessed with a Kruskal–Wallis
test with Bonferroni correction for multiple comparisons (R 2019, version 3.5.3) [32]. This
non-parametric test was applied for the analysis of Fv/Fm and relative ranks as they were
confined within the [0, 1] interval and were generally non-normally distributed [36]. For
other traits, the Kruskal–Wallis test was applied if conditions for ANOVA were not met.
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The statistical analyses of quality parameters were performed using XLSTAT 2021
software (Addinsoft, Paris, France). Mixed nested ANOVA was carried out on data from
the 24 accessions of Table 7 by considering the Clu1/Clu2 as a fixed effect and the farm
collection as the random nested effect. Repeated measurement of ANOVA was carried
out on data of accessions 2 and 3 (representative of Clu1 and Clu2, respectively) culti-
vated in farms F1 and F2 for two consecutive years, and the plot and year were used as
random effects.

PLS-DA was computed using all the morphological and quality parameters (including
those measured by De Flaviis et al. [5]) of the 24 accessions, and the final number of
latent variables (LVs) was chosen using the minimum predicted residual error sum of
squares (PRESS) approach in cross-validation. A variable importance in projection (VIP)
was used as a selection index in order to investigate the most important variables capable
of discriminating the two genetic clusters (blue/red). A threshold value of 0.8 was selected
to discuss the most important ones.

5. Conclusions

Solina d’Abruzzo is a local population of common wheat that has been cultivated for
a very long time in an environment that, although restricted, has peculiar environmental
and climatic variations. It is a case of long-term in situ conservation on-farm, able to
drive microevolution of the crop under a dynamic management of its diversity [9,37,38].
Both natural and farmers-driven selective forces can, in fact, modulate adaptive, agro-
nomic, and qualitative traits. The case of the Solina landrace is an exemplificative of this
microevolutionary phenomenon.

Genome-wide genetic analysis has outlined how the Solina d’Abruzzo landrace can
be split into two clusters that correspond to areas at different altitudes and climates. A
deeper genetic and phenotypic characterization of the two clusters showed diversity for
key adaptive traits that are able to modulate the spreading of a crop [12,13,39,40]. The
high-altitude cluster not only has a higher level of vernalization requirement, photoperiod
response, and frost resistance but even greater phenotypic variability and greater rusticity
and, therefore, an increased ability to respond to environmental stress. As opposed to this,
the lower-altitude cluster had higher qualitative and technological properties and traits
verisimilarly subjected to positive selection by the farmers for centuries. In conclusion, this
study showed how the long-term cultivation of a landrace in a limited area but with varied
climatic characteristics could impact the microevolution of the population as a whole with
the appearance of lines that have peculiar physiological and genetic variants. Starting from
the fact that agrobiodiversity is a pillar of food security, making production systems more
resilient [41,42], the genetic diversity harboured by landraces can justify their conservation
and cultivation. In particular, Solina d’Abruzzo can be considered the result of a long-term
experiment in which biological, edaphic, human, and climatic factors shaped the genetic
structure and a number of agronomic and qualitative characteristics that can, therefore,
be equated to an evolutionary population. Solina d’Abruzzo has been characterized in
the present study for some aspects of its genetic and physiological variability and for a
few allelic variants. The results that were obtained demonstrated that this landrace is an
interesting genetic resource with open opportunities to deepen our knowledge of the role
of further allelic variants resulting from its microevolution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12061306/s1, Figure S1: A, Plant height [cm], B, Biomass [g],
bars from left to right correspond to sowing in November, February, and June, the color of the bars
indicates membership to the red and blue clusters according to De Flaviis et al. [5]; Figure S2: Dualex
flavonoid index measured at 28 December 2021, i.e., at DAI 21; Figure S3: Dualex flavonoid index
measured at 24 January 2022, i.e., at DAI 48; Figure S4: Fv/Fm, an indicator of freezing damage to
PSII, measured after freezing stress at −14 ◦C and 24 h of recovery under acclimation conditions.
The first experiment was on cut leaves. The color of the boxes indicates membership to the red and
blue clusters, according to De Flaviis et al. [5], with population 21 belonging to the blue cluster but
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closest to the red cluster shown in purple; Figure S5: Fv/Fm, an indicator of freezing damage to PSII,
measured after freezing stress at −14 ◦C and 24 h of recovery under acclimation conditions. The
first experiment was on cut leaves. The color of the boxes indicates membership to the red and blue
clusters according to De Flaviis et al. [5], with population 21 belonging to the blue cluster but closest
to the red cluster shown in purple.
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