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Abstract: Rye (Secale cereale L.) cultivation has a long history in the Alpine region, where local ecotypes
have been honed through generations of human selection. Despite the introduction of commercial
varieties during the 20th century, traditional ecotypes are believed to persist in Valtellina, especially
in the medium/upper valley (Teglio and Bormio). Our study aims to identify and preserve these local
rye ecotypes by comparing them to commercial varieties. We examined 14 rye accessions through
population genetic analyses (by using eight SSR makers), agronomic trials (germplasm characters,
plant traits, and yields), and phytochemical analyses (total phenolic compound, flavonoids, and the
radical scavenging activity). Two commercial varieties were used—one from Poland, previously ge-
netically characterized (C_POL_P1; i.e., P1 ancestry), and one with an unknown origin. Additionally,
we analyzed eleven accessions from Valtellina (medium and upper valley) and one from another
alpine valley in South Tirol (Laimburg; LAI). Molecular markers analysis revealed the presence of two
distinct genetic lineages: the first (P1) comprised all Teglio accessions and the commercial one from
Poland, while the second (P2) grouped the two alpine accessions from Bormio (upper Valtellina) and
South Tirol, along with a commercial one of uncertain origin. The clusters P2 exhibited significantly
lower average values of the number of alleles (z = 2.03; p < 0.05), Shannon index (z = 2.35; p < 0.05), and
expected heterozygosity (z = 1.97; p < 0.05) than in P1. Significant differences were observed in plant
traits and agronomic performance between P1 and P2 accessions, with the latter displaying superior
traits. For instance, the seed weight of germplasm was the highest in P2 (H(chi2) = 22.44; p < 0.001).
Phytochemical analyses did not reveal a clear pattern between genetic lineages but identified some
very well-performing Valtellina landraces in terms of scavenging activity. Characterizing these local
rye varieties helps establish a short food supply chain to support Valtellina’s mountain economy. The
medium valley (P1) and upper valley (P2) varieties have the potential for agroecological valorization,
benefiting local farmers. Phytochemical analyses identified better accessions within P1 and P2 for
nutraceutical use and commercialization. Additionally, selecting and conserving resilient ecotypes
can address future challenges from extreme climate conditions.

Keywords: agrobiodiversity; rye; antioxidant activity; mountain economy

1. Introduction

The cultivation of rye (Secale cereale L.) has been documented since ancient times in
the Alpine region, where it has contributed to maintaining a traditional rural economy [1].
Indeed, this species has traditionally been used to supply flour, fodder, and straw material
for building roofs and producing baskets. The broader cultivation of rye in less favorable
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environments, in comparison to other cereals, can be attributed to its remarkable ability to
adapt to infertile sandy soils, extreme temperatures, and periods of drought [2].

Historically, rye cultivation began around 12,000 B.C. in Anatolia, Asia [3]. In Europe,
rye cultivation dates back to the Bronze Age but became widespread in the Iron Age [4-6].
It is believed that rye was introduced to Europe from Southwestern Asia through Russia
and later to Central and Western Europe, with a possible second route through Turkey and
the Balkan Peninsula [7]. Rye may have initially been seen as a weed in wheat and barley
fields and only later adapted to new conditions, performing well in colder climates [8]. In
the Alpine region, rye likely transitioned from a weed to a crop during the pre-Roman Iron
Age [6]. Its widespread cultivation began in the early Middle Ages when Europeans started
farming steep slopes and poor soils [9]. Pollen cores from the region show the presence of
S. cereale since then [10].

Recent studies based on different molecular data (Diversity Array Technology, mi-
crosatellites, and SNP) revealed a relatively low genetic diversity in rye accessions (both his-
torical and modern) collected across the world. They suggested widespread germplasm ex-
change and a common genetic background of rye from different geographic regions [11,12].
In detail, historical accessions retrieved from rye gene banks exhibit divergence from
modern accessions developed by European breeding companies, and a distinction of South-
western Asian/South European populations from those of the rest of the European ones
seems to be confirmed [11-13].

Crop genetic erosion over the last century has been globally documented for the
primary food plants (including cereals) and has been attributed to the wide use of modern
crop cultivars. These are genetically homogeneous and are cultivated in monoculture over
large geographic areas [14]. The literature has extensively documented the significant
decline in landraces and the diversity of local crop varieties over the past century up to the
present day [14]. In S. cereale, the replacement of local landraces with modern commercial
varieties has been described as one of the main causes of the loss of genetic diversity [15].
Genetic diversity of crops facilitates the production of varieties with specific traits to
increase tolerance to abiotic and biotic stresses, and, finally, food quality and security [16,17].
For this reason, there has been a growing effort to preserve local landraces and crop
varieties through ex situ collections, as well as the promotion of traditional agricultural
practices. Indeed, landraces are widely recognized to have unique local agroecological
and socio-economic functions, also offering important genetic resources in plant breeding
programs [18], to support the mountain economy [19], and for nutritional and nutraceutical
purposes [20]. Nutritional and nutraceutical aspects are particularly relevant for rye, given
its substantial content of minerals, vitamins, and bioactive compounds. Several scientific
studies attribute a favorable role to the non-starch polysaccharides found in rye, as they are
rich in preventing cardiovascular diseases, obesity, and cancer [21,22]. Over the decades,
the interest in the cultivation of local varieties of cereals (i.e., landraces) has increased
in Europe [23]. In this context, European regulations of seed have imposed restrictions
allowing seed exchange only on a limited scale [24]. Local varieties of cereal products have
also become ever more popular among European consumers [25]. In the Alpine region,
multifunctional agriculture practiced by small-scale farmers can play a strategic role in the
conservation of slopes and terraced areas of mountain valleys [26,27]. Therefore, recovering
the cultivation of traditional cereals like rye can favor local sustainable development and
economy and reduce land abandonment. Considering all these historical, genetic, and
socio-economic aspects, we conducted a multi-disciplinary study in Valtellina (Central
Alps), where the cultivation of rye has drastically declined over the last century due to land
abandonment. Specifically, to avoid genetic crop erosion and favor socio-economic benefits
for the local community, the aims of this research were as follows:

- Characterize the genetic structure through varietal genetic analyses based on codomi-
nant microsatellite (SSR) markers of 12 local landraces of rye collected from small-scale
farmers in Valtellina (Central Alps), one alpine accession, and two commercial modern
accessions from Poland and Russia;
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- Characterize the rye landraces from a nutraceutical point of view to explore the
possibility of enhancing their value in the framework of the local economy.

- Carry out agronomic analyses to estimate the productivity of the landraces and
improve their short food supply chain.

2. Materials and Methods
2.1. The Study Species

Rye (Secale cereale L.) is an out-crossing, wind-pollinated cereal cultivated in world
temperate regions, especially in Central, Eastern, and Northern Europe [11], where it is the
second most used cereal for producing bread, after wheat [5]. The species exhibits good
resistance to both biotic and abiotic stresses. In particular, its cultivation requires low soil
fertility and water supply during the germination phases. Rye is reported to prefer sandy
soils, but it is also able to grow in heavy clays and poorly drained soils. From a climatic
point of view, it can thrive in cool weather conditions and germinate at temperatures as
low as 1 °C, surviving periods of snow cover as well [28,29].

2.2. Plant Materials

Plant material of S. cereale consisted of 14 accessions (Table 1; Figure 1) collected from
seed stocks during 2019:

- Ten at the village of Teglio in Valtellina (T_1-T_10);

- One in upper Valtellina (Up_V);

- One population of alpine origin certified at the Laimburg Research Centre, an experi-
mental station devoted to mountain agriculture in the Bolzano province (LAI);

- One commercial accession from Poland (C_POL_P1) that was already analyzed in
the study of Targoriska et al. [12] (i.e., Danko farm, accession SZK44) where it was
included in the group of the ancestry population P1 clustering accession from Central
and Western Europe. The second cluster (ancestry population P2) of the study [12]
included accessions from Southwest Asia, South Europe, and in the Balkans;

- Another is from a local mill of Teglio (C_UN); about 20 years ago, a local farmer started
producing rye from a commercial seed stock, originating from Russia.

Table 1. Information on rye accessions analyzed in this study.

Population Abbreviation = Sample Size (n) Farmer Origin

Teglio_1 T_1 20 Motalli Teglio, Valtellina, Italy
Teglio_2 T2 20 Mazzucchelli Triangia (SO), Valtellina, Italy
Teglio_3 T3 14  Finotti Teglio, Valtellina, Italy
Teglio_4 T 4 20 Fanchi Teglio, Valtellina, Italy
Teglio_5 T5 20 Fanchetti Teglio, Valtellina, Italy
Teglio_6 T_6 19  Marchetti Teglio, Valtellina, Italy
Teglio_7 T7 20 Arrondini Teglio, Valtellina, Italy
Teglio_8 T8 20 Saini Teglio, Valtellina, Italy
Teglio_9 T9 16  Pelacchi Teglio, Valtellina, Italy
Teglio_10 T_10 20 De Filippi Teglio, Valtellina, Italy
Upper_Valley Up_V 20 Martinelli Valdidentro, Valtellina, Italy
Laimburg LAI 20  Experimental Centre Laimburg, Adige Valley, Italy

Comm_Poland_P1

Comm_Uncertain

C_POL_P1 19 Commercial seeds

C_UN

Poland (Danko farm, accession SZK44) and
analyzed by Targonska et al. (2016) [12]
20 Maxenti Russia, (not coded) uncertain

The gene pool of each accession was constituted by a sample of 14-20 randomly
chosen plants (see Table 1) germinated and grown in a growth chamber at the University
of Milano-Bicocca at room temperature (20 °C).



Agronomy 2024, 14, 1605

4of 15

A

POPULATION
P1

100
080 -
060 -
040 -
020 -

000 T T T

w

POPULATION 13

K=2 - T4

Id
|

o | upv| 12

P2

T5 1.6 LAl |T3 T8 | CUN(CPOL T2 T1.9% T4 7
P1

T T T T T T T T T T

P2 P2

of f—

Figure 1. (A) Results of the AK calculation (K = 2) with the bar diagram represent the proportion of
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ancestry in each of the K populations; accession assigned to the ancestry population P2 are highlighted
in red. (B) Cluster analysis based on Nei’s genetic (UPGMA) distance between S. cereale accessions
associated with results of the STRUCTURE analysis; accessions of commercial origin are highlighted

in red.

PCR products were resolved using capillary electrophoresis with an ABI PRISM 3130
automatic sequencer Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA),
Pop-7 polymer (Thermo Fisher Scientific, Waltham, MA, USA), and GeneScanTM 500
LIZTM as a size standard (Thermo Fisher Scientific, Waltham, MA, USA). Allele sizes were
scored using GeneMapper software 4.0 (Thermo Fisher Scientific, Waltham, MA, USA). The
resulting capillary sequencer electropherograms were visually inspected for clarity and the
number of obtained fragments.

2.3. Genetic Analysis

Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Hilden, Ger-
many) according to the instructions of the manufacturer. The integrity of DNA extracted
from the samples was assessed by electrophoresis on a 1% agarose gel/1 x TAE contain-
ing 1 x Sybr Safe DNA gel stain (Life Technologies, Carlsbad, CA, USA). Subsequently,
the quality and quantity of the isolated DNA were then determined from absorbance
measurements.

All samples were analyzed with 8 specific microsatellite markers available for S. cereale
(SSR: SCM2, SCM9, SCM43, SCM98, SCM152, SCM164, SCM166, SCM180; see Supplemen-
tary Table S1) and selected from a pool of 20 primers already tested by Targoriska et al. [12].

Multiplex PCR amplification was optimized to be performed in a 10 uL reaction
volume containing 2-10 ng of genomic DNA, 2 puL. Hot FIREPol Multiplex Mix (Solis
Biodyne, Tartu, Estonia), double distilled water, and respective concentrations of forward
and reverse primers each (Supplementary Table S1). We used the following cycling protocol
on a TC-412 Programmable Thermal Controller (Techne, St Neots, UK). Before the first
cycle, a prolonged denaturation step (95 °C for 12 min) was included followed by 35 cycles
with 95 °C for 20 s, 60 °C for 50 s, and 72 °C for 120 s. The last cycle was a 5 min extension
at72°C.
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2.4. Seed Characteristics and Agronomic Analysis

Image analysis software GrainScan v. 1.0 [30] was used to study the seed type of the
different accessions from morphometric and colorimetric points of view. GrainScan can
measure various parameters by returning grain size and color values (RGB) from images
obtained by scanning 100 seeds at 300 dpi resolution (as suggested by the instruction
manual).

To assess the performance of the different accessions and genotypes resulting from
the genetic analyses, we performed field trials, adopting a randomized block experimental
design with four repetitions and 7 x 3 m plots. Due to a lack of space, we were able to only
replicate the 7 accessions from Teglio (T_3, T_4,T_6, T_7, T_8, T_9, T_10). The two alpine
accessions (LAI, UP_V) and one commercial (C_UN) were sowed in only one replicate. For
this reason, statistical comparisons were not performed for all the accessions but only for
varieties identified by the genetic analyses.

In particular, we measured the following:

- Plant height (cm);

- Seed weight of 1000 seeds (g);
- Seed color;

- Crop yield (kg/ha).

2.5. Phytochemical Analysis

Phytochemical analyses were performed on the same subset of accessions and geno-
types investigated for agronomic performance to compare plant materials grown in the
same field conditions and cultivated with the same techniques (see Supplementary Table S2).

Total phenolic compound (TPC), total flavonoid content (TFC), and radical scavenging
activity (RSA) were determined in whole grains of rye taking into consideration that many
bioactive compounds are concentrated in the bran of the rye grain and only in low amounts
in the flour endosperm [31,32]. TPC, TFC, and RSA are among the most used phytochemical
indicators for characterizing nutraceutical performances of crop plants [33].

After being milled from mature rye grains, flour (0.15 g) was extracted in 2.25 mL of
80% (v/v) methanol and 0.1% HCI, with stirring for 12 h, and then centrifugated for 20 min
(7830 rpm x g at 20 °C). The obtained supernatant was recovered and used for the TPC,
TFC, and RSA determinations according to the methods reported below.

The extraction was performed at least in triplicate for each sample.

Antioxidant activity in vitro/radical scavenging activity (RSA): the antioxidant activity
of the extracts was evaluated using the scavenging effect on 2,2-diphenyl-1-pycrylhydrazil
radical (DPPHe) according to the method of Brand-Williams et al. [34], modified for the
microplate screening assay.

Briefly, 25 pL of extracts/standard /MeOH (blank) was mixed with 100 pL of a 50 uM
solution of DPPH in 60/40 MeOH/ Acetate buffer (0.1 M, pH 5). The samples were incu-
bated in the dark for 30 min, and absorbance was measured at 515 nm. The percentage (%)
of radical scavenging activity was calculated using the following equation: RSA% = [(A
0 — A's)/A 0] x 100; where A 0 is the absorbance of the blank and A s is the absorbance
of the sample at 515 nm. IC50 values refer to the concentration of the samples/standards
required to scavenge 50% DPPH free radical. The scavenging activity was expressed as
equivalents of Trolox equivalents (Trolox equiv. or TEAC) or Ascorbic acid equivalents
(AA equiv. or AEAC) per kilogram of grain, where TEAC = IC50 Trolox/IC50 sample, and
AEAC =IC50 Ascorbic Acid/IC50 sample.

Total phenolic compound (TPC): the total phenolic contents of the extracts were
determined using the method based on the Folin—Ciocalteu reagent [35] modified for the
microplate screening system.

Briefly, 20 pL of Folin—Ciocalteu reagent was added to 20 pL of each extract/standard/
MeOH (blank). After mixing, samples were kept in the dark for 5 min, then 200 uL of an
aqueous solution of Na,CO3 (10% w/v) was added by mixing. Samples were incubated in
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the dark for 90 min and absorbance was measured at 760 nm. The total phenolic content
was expressed as mg of gallic acid equivalents (GA equiv.) per kilogram of grain.

Total flavonoid content (TFC): the total flavonoid contents of the extracts were de-
termined according to Kroslak et al. [36] protocol modified for the microplate screening
system. Briefly, 20 uL of a solution of AICl3 (5% w/v in MeOH) or 20 uL of MeOH as blank
was added to 100 pL of each extract/standard. Samples were incubated in the dark for
10 min and absorbance was measured at 415 nm. The total flavonoid content was expressed
as mg of quercetin equivalents (Q equiv.) per kilogram of grain.

2.6. Data Analyses

Concerning the SSR analysis, the percentage of polymorphic loci (P), number of
observed and expected alleles (Na and Ne, respectively), Shannon information index
(I), observed heterozygosity (Hp), expected heterozygosity (Hg) across the populations,
inbreeding coefficient, and estimate of gene flow (Nm =1 — GST/(4GST) were calculated
using in Genalex software version 6.5 [37]. The F-statistics (Fst) of Wright [38], inbreeding
coefficients (FIS = (Hg — Hp)/Hg), and significance of deviations of FIS from zero using
permutation tests were calculated for each population using FSTAT [39].

The ancestry of S. cereale samples was estimated with a Bayesian approach to model the
structure of the different populations (i.e., accessions) in STRUCTURE version 2.3.4 [40,41].
Allele frequencies of the different S. cereale accessions were assumed to be correlated, which
is a realistic model for populations that are likely to be similar due to common migration
events and/or shared ancestry. To individuate the number of clusters, 20 independent runs
of K (K = 1-14) were carried out with an admixture model, 1,000,000 Markov chain Monte
Carlo (MCMC) iterations, and a 100,000 burn-in period (LOCPRIOR selection; estimate
A). Results of STRUCTURE were plotted according to the K value with the highest log-
likelihood. These calculations were performed by processing the STRUCTURE result files
in Structure Harvester version 0.6.94 [42].

Analysis of molecular variance (AMOVA) was performed using Genalex to estimate
genetic differentiation within and among populations. The significance of the estimates
was obtained through 999 data replications.

Differences in phytochemical contents (TPC, TFC, RSA) between accessions or ancestry
populations were tested utilizing Analysis of Variance (ANOVA), with Tukey’s post hoc test
to assess pairwise differences or by non-parametric tests (Mann-Whitney). When necessary,
variables were log-transformed to achieve normality of model residuals. Correlation
analyses between phytochemical contents and parameters relating to genetic variability
were performed using Spearman’s correlation index.

3. Results
3.1. Genetic Analysis and Population Structure

A total of 57 alleles were generated by the 8 SSR markers across the 14 accessions of
rye. The number of alleles detected per SSR primer pairs varied between 5 (SCM9, SCM98,
and SCM164) and 11 (SCM43), with an average of 7.1 alleles per loci. A total of 5 rare alleles
(8.77% of the total) were detected in this study. For the investigated loci, polymorphism
information content (PIC), an estimator of the allelic diversity for a specific locus, ranged
from 0.12 to 0.63 with an average of 0.37 (Table 2). The highest values of PIC were observed
in 2 SSR loci, SCM2 (0.63) and SCM43 (0.51), then exhibited their utility in discriminating
genotypes (see Supplementary Table S1).

The percentage of polymorphic loci was 100% for all accessions. Across accessions, the
number of alleles (Na) varied from 4.12 in T_3 to 5.50 in T_2, while the expected number
of alleles (Ne) varied from 2.56 in LAI to 3.28 in T_7. The Shannon information index (I)
exhibited the highest value in T_4 (I = 1.31) and the lowest one in LAI (I = 1.07). Across
accessions, the observed heterozygosity (Hp) varied from 0.48 in T_10 to 0.69 in T_9 with an
average value of 0.61 (Table 2), while expected heterozygosity (Hg) varied from 0.58 in LAI
to 0.68 in T_4 and T_6 with an average value of 0.65. The inbreeding coefficient (F) exhibited
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values around 0 for all accessions indicating an equilibrium between homozygotes and
heterozygotes (Table 2).

Table 2. Population genetic variability across the analyzed accessions. Na: observed number of alleles;
Ne: effective number of alleles; I: Shannon index; Ho = observed heterozygosity; uHe: unbiased
expected heterozygosity; F: inbreeding coefficient.

Population Na Ne I Ho uHe F

T1 5.25 2.94 1.25 0.60 0.66 0.06
T2 5.50 3.03 1.27 0.61 0.67 0.07
T3 4.50 2.74 1.16 0.56 0.63 0.09

T 4 5.37 3.22 1.31 0.62 0.68 0.08
T_5 5.00 3.06 1.23 0.62 0.66 0.02
T_6 5.25 3.03 1.29 0.67 0.68 —0.02
T7 475 3.28 1.26 0.61 0.67 0.06
T8 4.87 3.25 1.25 0.66 0.65 —0.033
T9 4.87 3.19 1.24 0.69 0.65 —0.063
T_10 5.15 2.88 1.22 0.48 0.64 0.22
Up_V 412 2.83 1.13 0.51 0.62 0.16
LAI 4.5 2.56 1.07 0.59 0.58 —0.05
C_POL_P1 45 3.19 1.22 0.68 0.65 —0.02
C_RUS 4.62 3.04 1.21 0.58 0.65 0.08

Gene Flow (Nm) = 3.64

STRUCTURE analysis estimated the highest mean log-likelihood at K = 2 (In P(K)
(-5898.7)). This indicated that the studied accessions of S. cereale are subdivided into two
distinct genetic clusters. Results were produced using an Admixture model suggesting
that individuals may have mixed ancestors from different populations (Figure 1). The
cluster analysis associated with the ancestry of populations resulting from STRUCTURE
(pie graphs) revealed that all the Teglio accessions (T_1-T_10) were related and formed a
separate cluster along with the commercial variety C_POL_P1 (originating from North-East
Europe, Poland). On the other hand, the alpine accession of LAI, commercial accession
(C_UN), and the Up_V, form the upper valley of Valtellina formed a separate cluster.

The overall genetic differentiation among populations (Fst) was 0.072 while gene flow
(Nm) was 3.64. The AMOVA (analysis of molecular variance) highlighted that most of the
genetic variability (94%) was allocated within populations, while a minimal, but significant,
proportion of the variation was present between populations (6%).

The occurrence between the two clusters was also highlighted by significantly lower
average values of Na (z =2.03; p < 0.05), I (z = 2.35; p < 0.05), and uHe (z = 1.97; p < 0.05) in
P2 than in P1 applying the Mann-Whitney test.

3.2. Seed Characteristics and Agronomic Analysis

The shape of the seed (germplasm) collected from the different farmers was different
between populations grouped according to P1 and P2 genetic ancestry (Figure 2). Seed
weight of germplasm was the highest in P2 (H(chi2) = 22.44; p < 0.001). Similarly, the seed
area and the ratio between seed axes were highest in P2 (Figure 2; Seed area: H(chi2) = 73.92,
p < 0.001; Am/AM: H(chi2) = 135.80, p < 0.001). RGB colors exhibited significant differences
in red, green, and blue components (R: H(chi2) = 152.2, p < 0.001; G: H(chi2) = 13.48,
p <0.001; B: H(chi2) = 9.34, p < 0.01).

In Figure 3, the results of agronomic trials are shown. Overall, the accessions LAI,
UP_V, and C_UN exhibited better performance than the accession from Teglio (Figure 3).
Indeed, the productivity of rye ranged from 2449 kg/ha (in T_3) to 4479 kg/ha in (LAI).
Plant height was the highest in the accessions of Teglio (especially T_9 and T_7 with a
height of 195 cm) and lowest in LAl and UP_V (height of 145 cm). Therefore, accessions
from Teglio were more subject to lodging.
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The seed weight (100 seeds) produced in the trial ranged from 30.04 g (in T_6) to
36.61 g (in C_UN).
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3.3. Phytochemical Analysis

The contents in total phenolic compounds (TPC), flavonoids (TFC), and the radical
scavenging activity (RSA) for the accessions tested in the Teglio experimental field during
summer 2021 are shown in Figure 4.

a b

[ ook
O B
i |

40 500

TPC
3000

2500

o e 15§

1000

&
S

=
S

mg Q ekv/Kg
B
3

mg GA ekv/ig

T3 T7 T4 T2Up VTS5 T1T6CPOLCUNTI0 TS TS LA T47T7 T5 76 T8 T2T1 T3 T_10Up_V LAl CPOL CUNTSO

Cc " .
Radical scavenging activity

4500
4000
3500
3000

EE
< @_-El@*i

1000 EEEES

mg Trolox ekv/ig

CPOLT2 T5 CUN LAl T4 UpV T10 TO T8 T2 T6 T7

Figure 4. Box plots of total phenolic compounds (a), total content of flavonoids (b), and radical
scavenging activity (c) in the tested rye accessions (see Table 1 for abbreviation). Box plots are ordered
according to increasing median values.

The highest content of TPC was found in accession T_9 (2015.9 £ 87.80), followed by
T_10 (1872.6 & 159.33) and C_UN (1872.1 &+ 125.32), while the lowest was registered for
T_7 (1436.6 £ 63.59). However, the statistical analysis did not show significant differences
in TPC among the accessions (p = n.s.) and between the two genetic clusters P1 and
P2. The same result was obtained for TFC: the highest content was found in accession
LAI (137.0 £ 17.45), followed by T_9 (136.1 £ 15.15) and T_10 (129.2 + 15.89), while the
lowest was registered for accession T_3 (100.5 £ 23.91), but no significant differences in
TFC between accessions were highlighted by the analysis (p = n.s.). Differently, statistical
differences among accessions were recorded for RSA (H = 31.48; p < 0.01). The highest RSA
was expressed by the accession T_7 (3756.2 + 514.0), followed by T_6 (2720.6 &= 114.34)
and T_3 (2416.8 £ 335.02), while the lowest was registered for C_UN (1351.7 £ 80.05). The
analysis showed significantly higher RSA of T_7 with respect to C_UN, LAI UP_V, T_4,
T_8, T_9, T_10, and of T_6 with respect to C_UN (Figure 3c). RSA was accession specific
and, on average, no statistical difference was observed between the two P1 and P2 clusters.

Correlation analyses between phytochemical contents (TFC, TPC, and RSA) and
parameters relating to genetic population variability (Table 2) only exhibited negative
relations between TPC and I (rs = 0.696; p < 0.01) and between TPC and uHe (rs = 0.695)
p <0.01).

4. Discussion

Our research on the recovery of rye cultivation in an alpine valley (Valtellina, Central
Alps) indicated that the investigated local varieties (landraces) are worthy of conservation
due to their genetic, nutraceutical, and agronomic characteristics.

Our genetic analysis revealed the presence of two distinct genetic lineages (ancestral
populations) in the study area: the first cluster (P1) grouped all Teglio accessions (T) and the
commercial one from Poland (C_POL_P1); the second cluster (P2) grouped the two alpine
accessions, Up_V and LAI, and the commercial one of uncertain origin, C_UN. These results
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agree with the study by Targoniska et al. [12], who, in turn, revealed the presence of two
ancestral populations: (a) a first cluster (P1) mostly including populations from Central and
Western Europe; (b) a second cluster (P2) mostly including populations from Southwestern
Asia, South Europe, and the Balkans. Among our accessions, one (Comm_Poland_P1) was
already analyzed in the study by Targoriska et al. [12] (i.e., Comm_Poland_P1 = Danko farm,
accession SZK44) and was included in the group of the ancestral population of Central and
Western Europe (i.e., P1). Hence, it is highly likely that the second cluster of our analysis
corresponds to the other cluster identified by Targoriska et al. [12], including accessions
from Southwestern Asia, South Europe, and the Balkans (i.e., P2).

The presence of two distinct ancestries suggests different historical cultivation paths
of rye in Valtellina, especially between the upper and lower valleys. Indeed, the upper
valley has historically been separated from the rest of Valtellina, and in ancient documents,
it was reported as the County of Bormio with distinct economy and jurisdiction [43,44].
Particularly, since the Middle Ages, the medium Valtellina, with a warmer climate, was
mainly cultivated with vines, while the upper Valtellina, with less favorable environmental
conditions, was principally cultivated with rye [45,46]. From a genetic point of view, the
two ancestral populations verified in Valtellina exhibit quite different patterns, with the
accessions from the upper valley exhibiting lower levels of allelic and genetic diversities.
In other contexts, this unbalanced genetic differentiation with unequal levels of erosion has
been explained by long-term environmental isolation [47]. On one side, the lower genetic
diversity of the upper valley population (i.e., P2 ancestry) can be attributed to the genetic
loss of ancient lineages already observed in rye or other cereals [48,49]. On the other hand,
the higher genetic diversity observed in the medium Valtellina (at Teglio) can be explained
by more intense germplasm exchange, likely with populations from Central and Western
Europe, for historical and economic reasons (see [50]).

Interestingly, the characteristics of the seeds and plants and their agronomic behavior
were similar within the two genetic clusters P1 and P2. This result supports the real
existence of two distinct groups of varieties with different origins cultivated in two separate
areas of Valtellina (middle and upper Valley). The seed stocks used for genetic analyses
and field agronomic trials revealed significant differences in color pattern (RGB) and
size (seed area and ratio between main seed axes). In terms of color, P1 exhibited a
more brownish hue, while the seeds of P2 appeared more greyish. Previous studies
have predominantly attributed differences in seed color among cereal varieties to the
human selection of germplasm (artificial allelic segregation) during historical utilization
and cultivation [51]. However, some studies have demonstrated differential responses to
environmental stressors (e.g., temperature, insulation, salinity, etc.) in the seed with color
variants, invoking genetic mechanisms [52,53]. Seed size showed the highest values in P2
varieties. This trait, closely linked to seed weight, is among the principal quality attributes
of cereal yield that have been consistently selected during crop domestication and seed
exchanges [54]. Additionally, elevation (P2 accessions were collected from localities at
higher elevations) might play a role in population differentiation via short-term changes
in plant traits through plasticity mechanisms [55,56]. Regarding agronomic trials in the
fields, we only reported the main trends. Indeed, reliable results regarding the quantity
and quality of yields would require multi-year data collection and numerous replications
across different environments [57,58]. Our trials revealed different trends between varieties
P1 (including Teglio accessions) and P2 (including upper valley accessions). Particularly,
P2 varieties exhibited higher seed production and weight, and lower plant size than
P1 varieties.

In a recent study on rye landraces conducted in the western Alps, genotypes collected
from higher elevations (i.e., Maira Valley) were characterized by taller and thinner culms
but lower yield capacity [2]. This outcome may seem divergent from our own analysis, but
it is not unexpected. In fact, rye genotypes can display varying performances influenced by
factors such as their origin, historical selection, and growth environment [59]. Nonetheless,
in mountain regions, several rye traits across different landraces (e.g., winter hardiness
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and ripening time) have been reported to be influenced by the elevation of the occurrence
where the landraces were collected, indicating a degree of adaptation of rye to climatic
conditions [59].

Nevertheless, the extensive historical selection and adaptation to local conditions in
Valtellina are apparent when examining the antioxidant properties of different rye acces-
sions cultivated in the same year and location within Valtellina. Differently from agronomic
performance and seed /plant characteristics (that were similar within P1 and P2 groups), the
antioxidant activity we determined was variety specific. Most of the Valtellina landraces,
independently ascribed to the P1 or P2 group, showed a higher radical scavenging activity
(RSA) in comparison to the commercial accessions, and in particular T7 showed a four-fold
higher RSA than that of the commercial accession Comm_Polland_P1. It agrees with Kuli-
chova et al. [32], who reported considerable differences in the antioxidant properties of
19 rye genotypes. However, the authors ascribed the different radical scavenging properties
to the provenience of the genotypes from different parts of Europe, and to their differ-
ent morphological and agronomical traits. Instead, we can speculate that each Valtellina
rye accession adapted to the local conditions by changing the synthesis of some classes
of secondary metabolites, usually involved in plant resistance to environmental stresses.
Unfortunately, our analyses showed that the content of TPC and TFC did not explain the
high RSA found in the Valtellina landraces, as they were similar in all the tested accessions
and not significantly correlated to RSA. The negative correlation between TPC and RSA
was also evident in rye landraces from the Northwest Italian Alps, which, despite showing
a higher content of polyphenols than commercial accessions, did not show a higher RSA [2].
Thus, further studies are needed to discover the antioxidant compounds explaining the
high RSA found in some Valtellina landraces. Previous studies suggested that the high
antioxidant capacity of rye grains can be related to alkylresolcinols in the bran fraction,
whose content is greater than in wheat, oat, and triticale [60,61]. However, these substances
are unlikely to be responsible for the high RSA, since these amphiphilic phenolic lipids
present an important hydrophobic chain that makes their extraction unlikely under the
methanol-based conditions applied in this work.

On the other hand, our results exhibited a negative correlation between phenolic
content and genetic variability (expected heterozygosity and Shannon index). This result
can be ascribed to the overall lower genetic variability of alpine landraces (P2) compared
with the Teglio ones (P2). Multi-genic control can be invoked for the synthesis of phenolic
compounds and has been explained by the relationship between their biosynthesis and
other metabolic pathways (e.g., carbohydrates) [62]. In this case, the higher elevation of P2
accession can have played a role in their increased content of phenolic compounds.

Implication for the Rural Mountain Economy

In conclusion, recognizing local varieties of cereal species, such as the rye varieties
we investigated, can yield several benefits for mountain economies and communities in
Valtellina [63]. Indeed, the varieties of the middle (P1 lineage) and upper valley (P2 lineage)
may be valorized following agroecological approaches with advantages for local farmers
and stakeholders in several respects. In addition, phytochemical results allowed the identi-
fication of better accessions to exploit for nutraceutical purposes (e.g., commercialization).
These benefits coming from the valorization of local crop varieties are common for different
mountain or marginal regions, and crop types:

(a) Conservation of agro-biodiversity: Local varieties embody a rich genetic diversity
crucial for preserving resilient and sustainable agricultural systems. Cultivating these
varieties contributes to conserving agro-biodiversity in rural mountain areas and mitigating
the risk of losing significant genetic resources [64,65].

(b) Income diversification: Local crop varieties offer mountain region farmers an oppor-
tunity to diversify their income. By cultivating crop varieties suited to mountain lands
and climates, like rye, farmers can mitigate risks and vulnerabilities associated with crop
failures or market fluctuations [66]. Moreover, reclaiming marginal and abandoned fields



Agronomy 2024, 14, 1605 12 of 15

can promote local food chains and agro-tourism, further enhancing income and diversifica-
tion [27,67].

(c) Preservation and transmission of traditional knowledge: Cultivating and preserving
local crop varieties helps rural mountain communities maintain their traditions of ancient
farming practices and cultural heritage (e.g., traditional instruments, mills) and pass on
historical knowledge to future generations [68].

(d) Enhancement of food security: The resilience of local varieties to harsh environmental
conditions in mountain areas and climatic fluctuations can bolster food security in mountain
regions by promoting food self-sufficiency, even in challenging conditions [69].

In the case of this study, these targets are going to be achieved. In fact, the analyses we
performed contributed to the creation of a protected label of Municipal Origin Denomina-
tion (Denominazione Comunale di Origine, DECO) and to the formation of an association of
local farmers to implement a short food chain supply.

Supplementary Materials: The following supporting information can be downloaded at https:
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