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Abstract: The characterization of C. sativus ecotypes is of great interest for preserving them from a
possible genetic erosion due to the decrease of European cultivation surface. In this study, we
evaluated four ecotypes from Italy (Sardinia and Abruzzo), Spain (Castilla-La Mancha), and Greece
(Kozani) in order to detect the existence of variability and promote the biodiversity of this crop.
Thirty-one traits related to saffron flowering, flower morphology, production of spice and daugh-
ter corms, vegetative development (leaf and corm traits), and spice quality, were evaluated. In ad-
dition, a genetic analysis through three PCR-based approaches, SSRs, RAPD, and SRAP was as-
sessed. Results highlighted a phenotypic variation among ecotypes during two consecutive years.
All the studied parameters were influenced by the ecotype except for the stamen length, color co-
ordinates of tepals, leaf length, and leaf number per plant. Sardinia had a longer flowering interval,
earlier flowering, and higher spice yield and quality than the other corm origins. The maximum
values of morphological traits, such as stigma length, dry weight of stigmas, tepals, flowers and
leaves, leaf area, and daughter corm weight were observed in the Abruzzo ecotype. Principal
component analysis (PCA) showed a clear separation among ecotypes, in which Sardinia and
Spain showed more similarities than Abruzzo and Kozani. Significant negative correlation was
found between days to flower with stigma yield and quality. However, we could not find molec-
ular markers discriminating among corm origins. In conclusion, this study suggests the importance
of C. sativus ecotypes as precious source of biodiversity and bioactive compounds, and of their
enhancement as fundamental prerequisite for a sustainable development strategy and as an agri-
cultural diversification opportunity for growers.

Keywords: saffron; flowering earliness; stigma yield; corm growth; crocin; molecular markers

1. Introduction

Crocus sativus L. is a geophyte cultivated mainly for its red stigmas, a dried part of
the flower is used as spice, colorant, and medicinal due to its anti-inflammatory, antide-
pressant, anticancer, and antioxidant properties [1]. It is known for four millennia and
originated probably in the Middle East or Greece (southern Aegean islands Crete and
Santorini) [2]. C. sativus is a sterile triploid (x = 8; 2n = 3x = 24) species which is vegeta-
tively propagated by means of corms and evolved probably by combining two different
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genotypes of C. cartwrightianus [3]. C. sativus is cultivated in many areas, such as Iran,
India, Afghanistan, Morocco, and Euro-Mediterranean countries, such as Greece, Spain,
and Italy with a world production of 418 t y~! [4].

Recently, it occurred a loss of cultivation surface, particularly in the Mediterranean
Basin countries, due to high manual work requirements in a short period (flower har-
vesting and processing of spice including the separation of stigmas from flower and their
dehydration), lack of modernization of the cultivation methods, poor soil fertility, in-
creased emergence of diseases (fungi, bacteria, virus, nematodes, mites), weed infesta-
tion, climate change (i.e., droughts during the phase of daughter corm development),
spice adulteration, conflicts in market sector, and social factors (migration from rural
sites). All these causes may have resulted in a strong genetic erosion of C. sativus [5-7].
Although in the European Union the production is decreased or even disappeared in
some areas, such as Germany, Austria, and England (Essex and Cambridgeshire), the
protected designation of origin has been attributed to the “Krokos Kozanis” (EC Reg.
378/1999) in Greece, the “Azafran de la Mancha” (EC Reg. 464/2001) in Spain, the “Zaf-
ferano dell’Aquila” and “Zafferano di San Gimignano” (EC Reg. 205/2005), and “Zaf-
ferano di Sardegna” (EC Reg. 98/2009) in Italy [8-10].

Each traditional production country follows specific agronomic and post-harvesting
techniques and obtains different qualitative grades of spice with unique features, differ-
entiating C. sativus ecotypes [11].

Phenotypic variation among C. sativus ecotypes cultivated under different climatic

conditions (Iran, Italy, and Morocco) in terms of flower morphology and productive
traits is well documented in the literature. It is concluded that the parameters, such as
length and dry weight of stigmas, stigma yield, flower number, number and fresh weight
of daughter corms, and leaf dry weight could be influenced by corm geographical origin
[12-15].
However, although morphological markers are cheap and easy, they are influenced by
environmental conditions and are less reliable than molecular markers which identify the
variation at DNA level [16]. Thus, other authors conducted some comparative pheno-
typic and genetic studies on C. sativus corm origins and obtained contrasting results. Si-
racusa et al. [17] evaluated the variability of six C. sativus accessions from Iran, India,
Australia, Spain, and Italy, grown in the same experimental field (Sicily region). These
authors found that the Italian origin (Abruzzo and Sardinia) yielded bigger corms and
longer leaves compared to other origins revealing genetic differences among the inves-
tigated origins using amplified fragment-length polymorphism (AFLP) analysis. Simi-
larly, Torricelli et al. [18] showed that Italian accessions from the Abruzzo region (Baris-
ciano and Citta della Pieve) produced more flowers than the Iranian ones and detected
limited genetic differences among them, using AFLP analysis. In contrast, Grilli Caiola et
al. [19] found some phenotypic differences related to flower traits with no genetic varia-
bility. Despite several specific studies have been done on the genetic characterization of
C. sativus ecotypes based on different types of molecular markers, such as se-
quence-related amplified polymorphism (SRAP) [20], random amplified polymorphic
DNA (RAPD), microsatellite (SSRs) [21,22], and inter simple sequence repeats (ISSR) [21],
the C. sativus genetic diversity is not clear. Some researchers concluded that C. sativus is a
monomorphic species [19,21,23], while others stated the presence of genetic differences
among the C. sativus accessions [24-26].

Recently, saffron becomes attractive as functional food for its potential beneficial
effects on different human diseases [1]. In particular, the presence of bioactive com-
pounds including crocetin esters, picrocrocin, and safranal, contributes to the quality of
spice with coloring, bittering, and aromatic properties, respectively [4]. Differences of
chemical composition among ecotypes were detected by various techniques, such as
mid-infrared spectroscopy [27,28], gas chromatography [29], electronic nose [30], and
UV-visible spectrophotometry according to the International Organization for Stand-
ardization (ISO) procedure [14,31]. Crocetin esters, picrocrocin, and safranal are consid-
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ered as interesting markers for the differentiation of spice obtained from corm geo-
graphical origins [14,17,32].

Preservation and characterization of the C. sativus ecotypes are important strategies
to defend and promote the biodiversity of this crop [5,9]. In this regard, the project enti-
tled “CROCUSBANK” supported by the European Commission was the first to create,
characterize with different descriptors, and exploit a germplasm collection of Crocus
species, including 220 C. sativus accessions [9]. With the recent and alarming climate
change, the biodiversity becomes an important resource, which allows to choose climate
resilient ecotypes with high suitability potential [33].

The efforts to prevent the loss of C. sativus ecotypes in European countries, due to all
causes mentioned above, require a multi-analysis approach to test the existence of their
variability. Furthermore, considering the low water requirement of C. sativus [4] and low
environmental impacts of its cultivation [34-36], this study could stimulate farmers to
cultivate it, contributing positively to the agrobiodiversity.

The aim of this work was to characterize four ecotypes, namely Abruzzo (Italy), Sardinia
(Italy), Castilla-La Mancha (Spain), and Kozani (Greece), cultivated in the same experi-
mental field (Matera, Basilicata region, Southern Italy), by evaluating phenological,
morphological, agronomical, qualitative, and molecular traits.

2. Materials and Methods
2.1. Study Site and Experimental Design

A two-year study (from September to May of 2016-2017 and 2017-2018) was carried
out at the experimental field of Matera (40°42', N 16°42’, E; 385 m asl). The town is local-
ized in the eastern part of the Basilicata region (Southern Italy) and falls in the Csa Ko-
ppen—Geiger climate classification characterized by a warm temperate climate with dry
summers [37]. The site was characterized by a Typic Calcixerepts fine loamy soil [38],
texture: 35% sand, 37% silt, and 28% clay and by the following chemical properties: pH
8.3; EC15 0.28 dSm™; organic carbon 0.75%; CEC 14.4 cmol (+) kg'; N 1.14 g kg and
available P 20 mg kg1. All soil analyses were performed according to the Italian regula-
tion [39].

Prior to the experimental trial, corms from four different geographical origins,
Abruzzo and Sardinia (Italy), Castilla-La Mancha (Spain), and Kozani (Greece) (Table 1),
were dipped in a 1% fungicide water solution of copper oxychloride (Sumitomo Chemical
Italia S.r.1, Milano, Italy) to minimize fungal diseases caused mainly by Fusarium spp. and
cultivated in the same field (Matera) for at least three consecutive years.

The selected C. sativus corms with a mean horizontal diameter of 4 cm were planted
by a randomized block experimental design, replicated three times, in rows 30 cm apart
with a distance of 5 cm between corms and with a depth of 15 cm, achieving a density of
66.7 plants per square meter. Weed control was carried out by hand and no irrigation was
applied during each crop cycle. During the flowering period of each year, between Oc-
tober and November, flowers were collected by hand in the early hours of each day.
Successively, the harvested flowers were taken to the laboratory, where stigmas were
separated manually from the rest of the flower, were dried, stored in closed glass jars in
suitable condition (room temperature of 19 + 3 °C), and kept in the dark until qualitative
analysis which was carried out at the biochemical laboratory.

Table 1. Origin of the selected saffron ecotypes.

Ecotype City (Province)-Region Country Altitude Coordinates Climate !
Abruzzo Navelli (L’ Aquila)-Abruzzo Italy 805 m asl 42°14' N-13°43'E Cfo
Sardinia San Gavino Monreale (Medio Campidano)-Sardinia Italy 100 m asl 39°33' N-8°48' E Csa
Castilla-La Mancha Albacete-Castilla-La Mancha Spain 686 m asl 38°59' N-1°51' W BSk
Kozani Krokos-Kozani Greece 720 m asl 40°18' N-21°47'E Cfa

! Climate classification according to Képpen-Geiger [37].
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For each crop cycle, meteorological data were collected by using a weather station
equipped with temperature and relative humidity probes (CS500-L-modified version of
Vaisala’s 50Y Humitter, Campbell Scientific Inc., Logan, Utah, USA) and with a TE525
precipitation sensor (Texas Electronics, Texas, USA) to measure the rainfall. Collected
data were recorded by a CR 10x data-logger (Campbell Scientific Inc., Logan, Utah, USA)
and were elaborated to have monthly rainfall, mean, maximum and minimum air tem-
perature during the crop cycle of the two experimental years (2016-2017 and 2017-2018).

2.2. Phenological and Morpho-Productive Traits

The following parameters were recorded on 10 plants per replication: stigma and
stamen length using a meter scale (mm); fresh and dry weight of stigmas, stamens, tepals
and flowers (g); days to flower, flowering interval (days), number of flowers harvested (n
corm™; n m=2), stigma yield (kg ha), leaf number (n plant?), leaf length (cm), fresh and
dry leaf weight (g), leaf area (cm? plant™) and shoot number (n plant?). At the end of each
crop cycle, during the senescence phase, the corms were lifted from the soil and the
number of daughter corm per mother corm, fresh weight (g), horizontal diameter (cm),
and yield (t ha') of daughter corms were recorded.

The fresh weight and dry weight of stigmas, stamens, tepals, whole flowers (in-
cluding stigmas, stamens and tepals), leaves, and daughter corms were measured using a
digital weighing balance. Dry weight of all flower parts was measured by drying samples
at low temperature (40 + 3 °C for 24 h) in a forced air oven. Leaf dry weight was obtained
by drying samples in a ventilated oven set at 65 °C for 72 h [40]. Leaf area was deter-
mined by using an area meter LI-Cor Model 3100 (LI-Cor, Inc., Lincoln, NE, USA). The
number of flowers, leaves, shoots, and daughter corms per plant was counted manually.
Leaves were washed with distilled water and their length was measured using a meter
scale [41]. The diameter of daughter corms was measured using digital vernier calipers
(LTF SpA, Cremona, Italy) [42].

Color of fresh tepal was measured on the center of the upper tepal surface according
to Cardone et al. [43] and measured by means of a Minolta CR—400 Chroma Meter [44].
The colorimeter was calibrated using the standard white plate. Fifteen tepal samples
were used for each corm origin and five readings were made on each set of samples.
Color coordinates were expressed as L* describing lightness (L* = 0 for black, L* = 100 for
white), a* describing intensity in green-red (a < 0 for green, a > 0 for red), b* describing
intensity in blue-yellow (b < 0 for blue, b > 0 for yellow) according to the CIELAB color
system.

2.3. Qualitative Analysis

The qualitative analysis of spice produced in 2016 and 2017 was conducted accord-
ing to the ISO 3632 standard, which is the internationally accepted reference specification
used at commercial level [45,46]. Five-hundred mg of powdered samples were passed
through a 0.5 mm sieve, transferred into a 1000 mL volumetric flask with 900 mL of dis-
tilled water. The obtained aqueous solution was stirred for 1 h in the dark and then
brought to 1000 mL with distilled water. This extract was diluted (1:10 v/v) with deion-
ized water and filtrated with polytetrafluoroethylene (PTFE) filters (25 mm diameter and
0.45 pm pore size). The results of the ISO 3632:2011 parameters were expressed as values
of 440 nm or coloring strength, values of 330 or aroma strength, and values of 257 or
flavor strength, using an UV-Vis spectrophotometer (Ultrospec 4000, Amersham Phar-
macia Biotech, Milan, Italy) according to the following equation:

A (L) = (D *20,000)

lem (100 _ H) (1)

where D is the specific absorbance; 20,000 is dilution factor of the total extract consider-
ing the amount of saffron sample; H is the moisture and volatile matter content, ex-
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pressed as a percentage mass fraction. H was determined by placing 2.5 + 0.001 g of each
saffron sample in an oven from 103 + 2 °C for 16 h and it was calculated as the percentage
of the initial weight of the sample according to the formula:

H (%) = (mo-mi)* (100 / mo) )

where mo is the mass, in grams, of the saffron portion before drying and mu is the mass, in
grams, of the dry residue. All the analyses were performed in triplicate, and two meas-
urements were taken for each replicate.

2.4. Molecular Analysis

For each ecotype and repetition, leaves of three individuals were collected and pre-
served in refrigeration at -80 °C until the moment of the extraction. Genomic DNA
(gDNA) extraction was performed from about 100 mg of young leaf material. The plant
material was ground into a fine powder in liquid nitrogen and was collected in a collec-
tion tube of 1.5 mL. The extraction was carried out using the E.Z.N.A. (Eazy Nucleic Acid
Isolation) Plant DNA Miniprep KIT following the manufacturer’s protocol and the DNA
was quantified using a spectrophotometer JENWAY 6305 (Jenway). DNA was amplifi-
cated with three different types of molecular markers, microsatellites (SSRs), RAPD, and
SRAP in a thermal cycler iCycler (Biorad).

2.4.1. SSRs Analysis

SSRs-PCR reactions were conducted according to Nemati et al. [22] using five selec-
tive SSRs primer combinations (ABRII/Cs2, ABRII/Cs8, ABRII/Cs10, ABRII/Csl1, and
ABRII/Cs20), which are listed in Table S1. The total reaction volume was 20 pL contain-
ing 6 pL of DNA extract (30 ng), 5 uM primers, 2.0 uL 10x PCR buffer, 5 mM dNTPs, 50
mM MgClz and one unit Tag DNA polymerase. The PCR program involved initial dena-
turation at 95 °C for 5 min; followed by 35 cycles at 94 °C for 30 s, at the annealing tem-
perature (50-55 °C) for 30 s, and at the extension temperature (72 °C) for 2 min; followed
by a final extension of 72 °C for 7 min.

2.4.2. RAPD Analysis

RAPD-PCR reactions were conducted according to Rubio Moraga et al. [21] using
eleven RAPD primers (OPL07, OPL16, OPK08, OPK09, OPK15, OPJ13, OPR05, OPRO6,
OPRO07, OPA04, and OPA09), which are listed in Table S1. The total reaction volume was
20 pL containing 6 pL of DNA extract (30 ng), 5 uM primers, 2.0 pL 10x PCR buffer, 5
mM dNTPs, 50 mM MgClz and one unit Tag DNA polymerase. The cycling program be-
gan with an initial 2 min at 94 °C followed by 45 cycles at 94 °C for 30 s, 35 °C for 30 s and
72 °C for 2 min plus a final 10 min at 72 °C and storage at 4 °C.

2.4.3. SRAP Analysis

SRAP-PCR reactions were conducted according to Babaei et al. [20] using three
SRAP primer combinations (M1-E18, M2-E18 and M3-E18), which arere listed in Table S1.
The total reaction volume was 20 pL containing 6 uL of DNA extract (30 ng), 5 uM pri-
mers, 2.0 pL 10x PCR buffer, 5 mM dNTPs, 50 mM MgCl: and one unit Tag DNA poly-
merase. DNA amplifications were performed in 5 cycles of 94 °C for 1 min, 35 °C for 1
min, and 72 °C for 1 min for denaturing, annealing, and extension, respectively.

For all three analyses, a negative control, consisting of all reagents except for DNA,
was added to test contamination. The amplified DNA obtained from SSRs, RAPD, and
SRAP analysis, respectively was separated by electrophoresis in a 2% agarose gel in TBE
0.5%. The molecular weight marker used was Gene Ruler DNA Ladder Mix, 0.1 ug/uL.
Finally, agarose gels were stained in an ethidium bromide solution (0.5 pug/mL). Ten mi-
croliters of amplified DNA were mixed with 2 pL sample buffer and 10 uL was applied in
each well of the gel. The bands were visualized under UV light and photographed. DNA
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extracts obtained using the E.Z.N.A. Plant DNA Miniprep KIT from leaf saffron were
characterized by yields ranging from 35 to 65 ng/uL and purity ranging from 1.8 to 2.0.
All the amplified DNA fragments were scored as present (1) and absent (0). The binary
data generated were used to estimate levels of polymorphism by dividing the polymor-
phic bands by the total number of scored bands (Table S1).

2.5. Statistical Analysis

Data on plant growth, yield, and spice quality were analyzed using two-way
ANOVA, considering “ecotype” and “year” as sources of variation. Stu-
dent-Newman-Keuls (SNK) test at p < 0.05 was used to test statistical differences be-
tween means. Principal component analysis (PCA) was performed to express the rela-
tionship between phenological, morpho-productive, and qualitative traits. All statistical
analyses were performed using the software RStudio: Integrated Development for R,
version 1.0.136 (RStudio, Inc., Boston, MA, USA).

3. Results
3.1. Climatic Data

Table 2 shows the climatic data (monthly minimum, mean and maximum temper-
atures, and total rainfall) recorded during the two experimental years (2016-2017 and
2017-2018) in Matera. The meteorological trend was very similar for the two years. On
average, during flowering period, between October and November, the Matera site was
characterized by an annual minimum, mean and maximum air temperature of 11.0, 13.8,
17.9 °C, respectively. The annual average rainfall was of 366.6 mm (Table 2). The first
experimental year was rainier than the second one, in particular, greater rainfall was
recorded during the phases of pre-flowering (September and October). Meanwhile, the
second year was distinguished for the increased rainfall (110.2 mm) during the period of
maximum daughter corm multiplication (February—March) compared to the first one
(64.8 mm).

Table 2. Monthly minimum, mean and maximum air temperature and total rainfall recorded during two experimental
years (2016-2017 and 2017-2018) in Matera.

Sep Oct Nov Dec Jan Feb Mar Apr May  Mean
2016-2017
T.min (°C) 16.0 12.9 9.8 5.3 1.8 6.4 7.9 9.0 13.6 9.2
T.mean (°C) 19.5 15.8 12.1 8.1 4.0 9.3 11.6 12.5 17.9 12.3
T.max (°C) 24.8 20.5 15.3 11.6 7.1 13.4 16.6 17.3 23.8 16.7
Rainfall (mm) 80.2 37.0 34.8 25.4 68.0 49.0 15.8 40.0 41.8 395.0
2017-2018
T.min (°C) 15.8 12.8 8.6 48 6.3 3.8 6.8 12.1 14.8 9.5
T.mean (°C) 19.6 16.2 11.1 7.9 9.2 6.7 9.9 16.1 18.9 12.9
T.max (°C) 25.2 21.3 14.6 13.8 15.2 12.2 15.9 23.2 25.0 18.5
Rainfall (mm) 52.4 14.0 62.6 26.4 14.4 62.4 47.8 10.8 47.4 338.2

3.2. Flower Morphological Traits and Colorimetric Coordinates of Tepals

Flower morphological traits varied significantly with corm geographical origin, ex-
cept for the stamen length and colorimetric coordinate of tepal (Table 3). The average
data of the two experimental years indicated that all flower traits were significantly
higher in the Abruzzo ecotype followed by Sardinia, Kozani, and Spain. No significant
effect of ecotype on L*, a* and b* parameters of tepals was reported (Table 3). On average
153.8 flowers were needed to obtain 1 g of dried stigma, and in detail 126.6, 156.3, 163.9,
and 178.6 flowers were needed for the Abruzzo, Sardinia, Kozani, and Spain ecotypes,
respectively (Table 3).
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Some flower morphological traits were significantly influenced by the year, except
for the length of stigmas and stamens, fresh weight of stigmas, tepals and flowers, dry
weight of stigmas and stamens, and b*. In general, all values decreased in the second year
(Table 3). The significant interactions “ecotype x year” highlighted the best performance
of Abruzzo ecotype when cultivated in 2017 in terms of stigma length (41.8 mm), stigma
fresh (0.0460 g), and dry weight (0.0084 g) (data not shown). In contrast, the lowest values
of dry weight of all flower traits, stigmas (0.0048 g), stamens (0.0073), tepals (0.0244 g),
and flowers (0.0365 g) were reached by Kozani in 2017 (data not shown).
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Table 3. Flower morphological and colorimetric traits related to ecotype (E), year (Y) and their interaction.
. . . . Stamen Tepal Flower
Experimental Stigma Stamen Stigma Fresh Stigma Dry . . . Stamen Dry Tepal Dry Flower Dry
Factors ! Length (mm) Length (mm) Weight (g) Weight (g) Fresh Weight Weight (g) Fresh Weight (g) Fresh Weight (g) r a b
(g Weight (g) Weight (g)
Ecotype (E)
Abruzzo 40.57 a 23.92 0.0438 a 0.0078 a 0.0270 a 0.0091a  0.2878a 0.0359 a 0.3586 a 0.0528 a 4931 2513 -20.92
Sardinia 36.80 b 22.75 0.0360 b 0.0065 b 0.0269 a 0.0082b  0.2829a  0.0324 ab 0.3430 a 0.0471ab 5295 27.94 -24.79
Kozani 36.63 be 22.65 0.0302 be 0.0055 ¢ 0.0241 a 0.0075bc  0.2395b 0.0292 b 0.2968 b 0.0422 b 50.07  26.37 -20.64
Spain 34.50 ¢ 23.00 0.0260 ¢ 0.0061 be 0.0168 b 0.0069c  0.2542b  0.0318 ab 0.2970 b 0.0448 b 48.51  28.58 -22.17
Slgnlflcm’lce 2 *% ns *% *% * *3% *3% * *3% *3% ns ns ns
Year (Y)
2016 37.14 23.27 0.0352 0.0067 0.0265 0.0082 0.275 0.0348 0.3366 0.0497 47.54 2827 -22.22
2017 37.11 22.89 0.0328 0.0062 0.0209 0.0076 0.257 0.0299 0.3111 0.0437 52.87 2574 -22.04
Significance ns ns ns ns * ns ns * ns * ** * ns
ExY
SlgnlflCﬂTlC@ *% ns *% *% *3% %% ns 3% ns %% 3% %% ns

! Mean values followed by a different letter are significantly different at p < 0.05, according to the Student-Newman-Keuls (SNK) test. 2 *, Significance at p <0.05; **, significance at p <

0.01; ns, no significant difference.
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3.3. Phenological, Productive and Vegetative Development Traits

All phenological and productive traits were significantly influenced by the saffron
ecotype. No significant effect of the year was observed on all traits except for the daughter
corm yield (Table 4). Corm origin was significantly related to the earliness and flowering
interval (days). In general, 40.4 days were needed to flower from corm planting and the
flowering lasted about 20 days. Sardinia bloomed about six days earlier than Kozani and
showed a wider flowering period (Table 4). A greater flower number per corm, flower
number per m?, and stigma yield were also observed in the Sardinia ecotype. In contrast,
Kozani obtained the lowest value in terms of flower and stigma production (Table 4).

Table 4. Phenological and productive traits related to ecotype (E), year (Y) and their interaction.

Experimental Fac- Days to Flower Flowering In-

Flower Num- Flower Num- Stigma Yield Daughter Corm

tors ! (d) terval (d) ber Corm! ber (n m) (kg ha) Yield (t ha™)
Ecotype (E)
Abruzzo 41.0 ab 21.7 a 208 ¢ 83.12 ¢ 6.58 b 18.68 a
Sardinia 37.0b 23.0a 3.61a 14423 a 9.26 a 18.77 a
Kozani 43.0a 16.0b 210c 82.68 c 4.59 c 15.13 b
Spain 40.5 ab 16.0 b 2.83b 113.27 b 6.89b 19.03 a
SlgnlﬂCﬂnCez * * % % ok *
Year (Y)
2016 38.75 20.3 2.69 105.86 7.11 16.18
2017 42.00 18.1 2.64 105.79 6.54 19.63
Significance ns ns ns ns ns *
ExY
Significance ns ns ns ns ns o

! Mean values followed by a different letter are significantly different at p < 0.05, according to SNK test. 2 *, Significance at
p <0.05; **, significance at p < 0.01; ns, no significant difference.

All vegetative development traits were significantly influenced by saffron ecotype
except for the leaf number and leaf length. A significant effect of the year was observed
for the leaf number, leaf length, leaf area, daughter corm weight, and diameter (Table 5).
Regarding to the leaf development and daughter corm multiplication, Abruzzo showed
the highest fresh and dry leaf weight, leaf area, daughter corm weight, and diameter
(Table 5). On the contrary, this ecotype showed the lowest number of daughter corms, in
such a way that the total production was not higher than that of Sardinia or Spain, which
were distinguished for the daughter corm number for plant (Table 5). Only Kozani
showed significantly lower corm production according to its smaller leaf area (Table 5).

Table 5. Leaf development and daughter corm multiplication traits related to ecotype (E), year (Y) and their interaction.

. Leaf Num-  Leaf Leaf Dry Leaf Shoot Daughter Daughter  Daughter
Experimental Leaf Fresh . Corm corm
Factors ! ber (2 Length Weight (g) Weight i&rea " Number_l n (;orm Number (n Diameter
Plant™) (cm) (g) (cm?Plant’)  Plant?)  Weight (g) Plant) (cm)
Ecotype (E)
Abruzzo 40.45 33.90 14.48 a 514 a 240.58 a 6.28b 7.63 a 6.37b 2.31a
Sardinia 42.25 30.37 9.36 b 321b 197.63 b 8.63 a 6.76 ab 9.12a 222a
Kozani 41.38 30.80 7.15¢c 230c 149.82d 6.22Db 417b 6.57Db 1.82b
Spain 41.17 31.65 1011b 329D 185.34 ¢ 8.25a 472b 8.58 a 2.18a
Significance 2 ns ns o o * * * * *
Year (Y)
2016 34.93 27.51 9.70 3.42 183.62 7.67 4.14 8.08 1.96
2017 47.69 35.85 10.85 3.55 203.07 7.03 7.50 7.24 2.30
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Significance ** ** ns ns *% ns ok ns -
ExY
Significance ** % * ns % * % * *

! Mean values followed by a different letter are significantly different at p <0.05, according to SNK test. 2 *, Significance at
p <0.05; **, significance at p < 0.01; ns, no significant difference.

Significant interactive effects of experimental factors were recorded in all morpho-
logical traits of leaf and daughter corm, except for the leaf dry weight. This interactive
effect could be explained by the greater differences presented by Abruzzo in the second
year in relation to the other ecotypes. Particularly, Abruzzo obtained the maximum val-
ues of leaf area (279.06 cm? plant™), daughter corm weight (10.02 g), and diameter (2.60
cm) in 2017 (data not shown).

3.4. Qualitative Traits

Results of moisture and volatile matter (%), coloring power (A!*1cm 440 nm), bitter-
ing power (A'%1em 257 nm), and aromatic power (A!*1m 330 nm) of spice obtained from all
ecotypes are reported in Table 6. All the values of moisture content were lower than 12%,
the maximum limits established by ISO 3632 references [46]. Although all spice samples
belonged to the first qualitative category according to ISO 3632, the qualitative traits were
significantly influenced by corm ecotype except for the moisture and volatile matter
(Table 6). The highest coloring, bittering, and aromatic powers were reached in spice
obtained from Sardinia, followed by Spain, Abruzzo, and Kozani ecotypes (Table 6). No
significant effects of year and “ecotype x year” interaction was found for all qualitative
parameters (Table 6).

Table 6. Moisture and volatile matter, coloring, bittering, and aromatic powers related to ecotype (E), year (Y), and their in-

teraction.
Experimental Mois:ture and AT%1em 4 150+ Refef'ence Al%1m 6 ISO 7 Reference  Al%icem 8 1507
Factors ! Volatile Matter (440 nm) (Crocetin (257 nm)  (Picrocrocin) (330 nm) Reference
(%) 3 Esters) (Safranal)
Ecotype (E)
Abruzzo 4.58 24253 ¢ I 88.61 b I 26.06 b I
Sardinia 4.67 266.03 a I 96.95 a I 30.19 a I
Kozani 4.04 223.83 d I 80.38 ¢ I 2494 b I
Spain 4.04 251.07 b I 89.48 b I 28.14 ab I
Significance 2 ns * ** *
Year (Y)
2016 4.29 244.01 I 87.74 I 25.88 I
2017 4.35 247.73 I 89.99 I 28.66 I
Significance ns ns ns
ExY
Significance ns ns ns ns

! Mean values followed by a different letter are significantly different at p < 0.05, according to SNK test. 2*, Significance at
p < 0.05; **, significance at p < 0.01; ns, no significant difference. 3 ISO reference: maximum 12% for all category. * Ab-
sorbance of 1% aqueous saffron extract at 440 nm. > ISO reference for crocetin esters: I category A!*icm > 200, II category
A%1em 2 170, III category A'%1em > 120. © Absorbance of 1% aqueous saffron extract at 257 nm. 7 ISO reference for picro-
crocin: I category A'%1em 270, II category A'*icm 2 55, III category A'*1em > 40. 8 Absorbance of 1% aqueous saffron extract at
330 nm. ° ISO reference for safranal: I, IT and III category A!*iem minimum 20 and maximum 50.

3.5. Molecular Analysis

gDNAs obtained from individual ecotypes were used as a template to perform the
molecular analyses using SSRs, RAPD, and SRAP markers. As shown in Table S1, a total
of 5 SSRs primer combinations were initially screened and all were used in the analysis;
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11 RAPD primers were screened and 10 were able to yield intense bands; 3 SRAP primer
combinations were screened and 2 yielded reproducible bands in all samples. The num-
ber of monomorphic and polymorphic bands, and the percentage of monomorphism and
polymorphism produced by different primers, and primer combinations are shown in
Table S1. The number of bands varied from 3 to 4 within SRAP, from 7 to 11 bands within
RAPD, and there were 4 bands for all SSRs. All the used primers and primer combina-
tions yielded a total of 108 bands, 100.0% of which were considered monomorphic (Table
S1). A representative result of SSRs, RAPD, and SRAP profiles from each saffron ecotype
is shown in Figure 1A-C, respectively. Although the bands obtained were those expected
for the three types of molecular markers, all molecular markers used did not detect
polymorphisms in saffron ecotypes (Figure 1).

MW A K SP SA C-

Figure 1. Bands patterns of individual gDNA representing different geographic areas. (A) SSR
profile, (B) RAPD profile and (C) SRAP profiles. MW: Molecular weight (1 kb, Promega); A: C. sa-
tivus from Abruzzo (Italy); K: C. sativus from Kozani (Greece); SP: C. sativus from Spain; SA: C. sa-
tivus from Sardinia (Italy).

3.6. Principal Component Analysis

PCA analysis was employed to show the relationship between the phenological,
flower, leaves and daughter corm morphological traits, yield, and qualitative parameters.
Nineteen quantitative and qualitative variables were reduced to two principal compo-
nents, which represent 68.8% of the total variability. The first component (PC1) ac-
counted for the 39.3% of the total variability, and the second one (PC2) accounted for the
29.5%. The most important contributors to the PC1 are flower number per corm, flower
number per m? stigma yield, coloring, bittering, and aromatic powers. The most im-
portant contributors to PC2 are stigma dry weight, leaf dry weight, leaf area, flower dry
weight, tepal dry weight, and stigma length (Figure 2). Productive (flower number and
stigma yield) and qualitative parameters (color, bitterness, and aroma) were positioned
close indicating high positive correlation between them, as shown in the loading plot
(Figure 2). The same relationship was found between the leaf area with leaf dry weight,
stigma length, stigma dry weight, daughter corm weight, and diameter.
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Figure 2. Correlation biplot of the two first principal component variables in the two-dimensional
space. FLO = Day to Flower; SGL = Stigma Length; SGDW = Stigma Dry Weight; SDW = Stamen
Dry Weight; TDW = Tepal Dry Weight; FDW = Flower Dry Weight; FNC = Flower Number per
Corm; FN = Flower Number; SY = Stigma Yield; DCN = Daughter Corm Number; DCW = Daughter
Corm Weight; DCD = Daughter Corm Diameter; DCY = Daughter Corm Yield; LDW = Leaf Dry
Weight; LA = Leaf Area; SN = Shoot Number.

The score plot (Figure 3) shows a good separation between the C. sativus ecotypes:
Abruzzo is characterized by high values for morphological traits as stigma length, dry
weigh of stigmas, stamens, tepals and whole flower, fresh and dry leaf weight, leaf area,
daughter corm weight, and diameter. Meanwhile, Sardinia and Spain are defined by high
values for flower number per m?, flower number per corm, stigma yield, coloring, bit-
tering and aromatic powers, shoot, and daughter corm number. Kozani is characterized
by late flowering time. This latter trait, expressed as days to flower, is negatively corre-
lated with flower and stigma production, shoot number, daughter corm number per
mother corm, and all qualitative parameters. Stigma length is negatively correlated with
flower number, stigma yield, shoot number, daughter corm number, and aromatic pow-
er.
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Figure 3. Biplot showing the projection from the analysis of phenological, morpho-productive, and qualitative traits.

4. Discussion

There is a risk of extinction of C. sativus cultivation in Europe mainly due to a high

labor requirement in a short period, to the lack of modernization of the cultivation
methods, and to the conflicts in marketing system [7]. This risk also implies the loss of
ecotypes adapted to European areas representing a threat also to other organisms and
ecosystems, including the welfare of human beings [47].
In this context, the characterization of Italian ecotypes and their comparison with other
ones from European countries with saffron production, such as Spain or Greece, is of par-
ticular interest. This study evaluated four corm geographical origins of C. sativus: Abruzzo
(Navelli, L"Aquila, Italy), Sardinia (San Gavino Monreale, Medio Campidano, Italy), Spain
(Castilla-La Mancha, Albacete, Spain), and Kozani (Krokos Kozani, Greece), cultivated in
the Matera site, using a multidisciplinary approach by evaluating phenological, morpho-
logical, agronomic, qualitative, and genetic aspects. These ecotypes are the most known in
the Mediterranean area for food, medicinal, and cosmetic purposes [4]. Significant differ-
ences were observed among the C. sativus ecotypes for almost all investigated traits, par-
ticularly for the stigma length, fresh and dry stigma weight, flower number per m?, stigma
yield, fresh and dry leaf weight, leaf area, coloring, and bittering powers (Tables 3-6). The
stamen length, leaf length, and number of leaves per plant were the traits identical in all the
ecotypes, in agreement with results reported by De-Los-Mozos-Pascual et al. [5] and
Baghalian et al. [12]. In addition to these traits, also the color intensity of tepals determined
by CIELAB system was not different among ecotypes but it was significantly influenced by
the year. Indeed, in the second year the flowers were clearer (higher L* and lower a* val-
ues) than in the first one. This variation in tepal color could be linked to the interaction
between the presence of biologically active compounds, such as flavonoids (kampferol, ru-
tin, quercetin, luteolin), tannins, and anthocyanins in tepal of C. sativus flower with the en-
vironmental conditions [48].

The best performance of the Abruzzo ecotype in terms of flower, leaf, and daughter
corm dimension is in accord with the results reported by other authors, who associated
the traditional annual crop cycle carried out in Abruzzo (Italy) as possible cause for a
greater selection of corms with high morphological traits [17,18].

The different reaction of ecotypes in the two-year research is explained by the sig-
nificant “ecotype x year” interactive effect for some traits. In particular, the obtained re-
sults showed minimum differences for the phenological traits, flower number, stigma
yield, and quality in saffron compared to the flower, leaf, and daughter corm morpho-
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logical traits among the two experimental years (Tables 3-5). This finding is probably due
to the same summer annual temperature used for the corm storage that is responsible for
the flower formation [49], and to the different climatic conditions recorded during the
two growing seasons responsible for the development of flowers, leaves and corms. In-
deed, the lower rainfall registered during pre-flowering period of 2017, allowed to obtain
smaller flowers than those obtained in 2016. In this regard, Kozani was the most sensitive
ecotype showing a significant reduction of morphological traits, as the stigma length,
stigma fresh weight, fresh and dry tepal weight, fresh and dry flower weight during the
second year.

Flowering is an important phase in C. sativus and is controlled by the environmental
conditions, such as temperature and humidity [14]. The optimal temperature range for
flower emergence is 15-17 °C [49]. “Earliness” or “early flowering” presented by Sardinia
ecotype could be a strategy to overcome abiotic stresses, i.e., the decreased temperature
during November. Although it is known that it is advisable to plant species with a
gradual flowering to ease the harvesting phase and to optimize the human resources in
large farms, few studies on the earliness of C. sativus ecotypes are available in the litera-
ture [19].

High flower production and stigma yield are the results of early flowering. This signifi-
cant and negative correlation between phenological and productive traits is observed
also in other crops, such as Salvia hispanica L. [50], Cucumis sativus [51], Carthamus tincto-
rius L. [52], and Digitaria exilis [53].

In accordance with the results of Amirnia et al. [13] and Bayat et al. [54], the corm origin
has a significant impact on the flower number per m? and stigma yield. Similarly,
Soheilivand et al. [55] investigated the diversity in flowering rate of two populations of
Iran and found that the Ghaen population has higher flower production compared to the
Gonabad one.

The daughter corms are the primary sinks of C. sativus and their growth is influ-
enced by environmental conditions and supported by the photosynthesis activity in the
leaves that contribute 90% of the biomass accumulation in the organs of the plant [56].
This characteristic explains the significant and positive correlation between leaf area with
daughter corm weight and diameter. The greater rainfall recorded during leaf develop-
ment and daughter corm multiplication of 2017 ensured a rise in leaf and corm traits
(Table 4). In particular, Abruzzo contributed to this result showing an increase in leaf
number, leaf length, leaf fresh weight, leaf area, daughter corm yield, daughter corm
weight during the second year.

The importance of saffron consists also in its nutraceutical properties, due to the
presence of an antioxidant substances, such as carotenoids, phenolic compounds, flavo-
noids, and vitamins [1,4]. Indeed, saffron is considered as a functional spice thanks to the
presence of bioactive compounds, such as crocin, picrocrocin, and safranal, responsible
for the qualitative traits [1].

Recently, the most suggested method to determine the saffron quality at commercial
level is that specified by ISO 3632-2 which classifies the spice into three commercial cat-
egories [45,46]. In this study, all ecotypes produced a spice with specific characteristics
belonging to the best quality category, according to the ISO 3632 reference [46]. This re-
sult can be explained by the good suitability of C. sativus in Basilicata region, as already
reported in other studies [14,39].

In accordance with that indicated in our previous study [14], the coloring and bittering
power of saffron stigmas, determined by UV-Vis spectrophotometry, showed a greater
influence on the discrimination of C. sativus ecotype. Meanwhile, less variability in aro-
matic power compared to the coloring and bittering powers was observed. This latter
result could be due to the chemical technique used for spice quality determination, which
could be further investigated in combination with the high-performance liquid chroma-
tography with diode array detector (HPLC-DAD) to obtain a more accurate value of
safranal [57]. Other authors found that picrocrocin and safranal were the most significant
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compounds to discriminate Italian samples from Iranian ones using high-performance
liquid chromatography (HPLC) and proton transfer reaction time-of-flight mass spec-
trometer (PTR-TOF-MS) techniques [58]. Anastasaki et al. [29] found that safranal
showed significant differences between samples from Greece, Iran, Italy, and Spain using
ultrasound-assisted extraction, gas chromatography followed by mass spectrometry and
flame ionization.

The qualitative parameters are significantly influenced by many factors, such as the
environmental conditions, soil chemical properties, and dehydration procedures
[38,59,60]. Particularly, safranal is produced during thermal treatment from picrocrocin
or intermediate compounds, 4-Hydroxy-2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde
(HTCC) [61]. In this study, the aromatic power varied less probably because of the same
pedologic conditions, spice drying, and storing processes used in this two-year research.

The Sardinia ecotype, in addition of being distinguished for the earliness of flower-
ing and stigma yield, is also differentiated for the quality. In particular, the significant
and negative correlation between days to flower with yield and spice quality (color, taste,
and aroma) explains how the early flowering was coupled with an increase in number of
flowers and stigma production, and in qualitative traits of spice. This finding could be
due to better suitability of Sardinia to the pedoclimatic conditions which contributed to
stimulate the metabolic pathways in plants. The best qualitative performance of Sardinia
was also found in studies conducted under climatic conditions of Sicily region (Southern
Italy) [62] and of other cultivation sites in Basilicata region [14]. From these studies it is
possible to note that the ecotype from Sardinia region shows a wide adaptation both in
environments characterized by an equal climate to the its origin site, such as in Matera
(40°42' N, 16°42' E; 385 m asl, Basilicata region, Southern Italy) and in Geracello (37°27' N,
14°14" E, 450 m asl, Sicily region, Southern Italy), that fall in the Csa Képpen—Geiger cli-
mate classification (hot-summer Mediterranean climate) [59] as well as in environments
with a different climate, such as Genzano di Lucania (40°50’ N, 16°08’ E, 344 m asl, Basil-
icata region, Southern Italy) that falls in Cfb Koppen—Geiger climate classification (tem-
perate oceanic climate) [14].

Although significant phenotypic differences were found in most of the traits, the

molecular analysis does not detect genetic variability associated to these phenotypes.
This result is supported by the literature which observed that phenotypic features, such
as the size and the shape of the pollen grain, were characteristic of some accessions of C.
sativus (Israel and Sardinia), without being corroborated by genetic data obtained using
RAPD molecular markers [19,63]. The monomorphism of C. sativus was also detected by
other authors who used different genetic analysis [21,23].
The scarce of genetic variation in C. sativus could be associated to its sterility due to its
triploid condition or it could be obtained by saffron farmers after continuous selection
procedures (generation after generation) for the most productive corms [17,19]. Cur-
rently, the epigenetics, a study of heritable phenotype changes that are not associated
with DNA sequence alterations [64], is considered as the probable cause of the large
variability found among 17 C. sativus accessions from different geographic origins, grown
under open field conditions [65].

5. Conclusions

PCA analysis based on phenological, morpho-productive, and qualitative traits
showed a clear separation among ecotypes, in which Sardinia and Spain showed more
similarities than Abruzzo and Kozani.

From phenological, quantitative and qualitative points of view, the Sardinia ecotype
was early flowering, produced more flowers, and obtained a spice with high coloring,
bittering, and aromatic powers. Morphologically, the Abruzzo exhibited the highest
flower traits, fresh and dry leaf weight, leaf area, and daughter corm weight. Flower
morphological traits are useful for a discrimination of the C. sativus ecotype even if they
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resulted more susceptible to phenotypic plasticity and variable during the two experi-
mental years compared to the agronomic and qualitative ones.

Although wide phenotypic differences among C. sativus ecotypes were observed, no
genetic variability was found. The molecular markers used in this study could not dis-
criminate between the selected corm geographical origins. Further studies are needed to
find possible genetic differences using other types of molecular markers and evaluating
genes involved in controlling C. sativus flowering.

C. sativus ecotypes constitute a precious source of biodiversity and secondary me-
tabolites with healthy benefits, and their enhancement is a fundamental prerequisite for a
sustainable development strategy and agricultural diversification opportunity for grow-
ers. The saffron production is arousing particular interest for the added value due to the
low use of chemical fertilizers, optimum use of water resources, and valorization of local
economy in poorer rural communities.

Supplementary Materials: The following are available online at
www.mdpi.com/2073-4395/11/3/551/s1, Table S1: List of primers and their nucleotide sequences,
number of monomorphic and polymorphic bands, and the percentage of polymorphism produced
by different SSRs, RAPD, and SRAP primers.
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