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Abstract: Carignan is a black grape cultivar widely planted throughout the western Mediterranean
Basin. The grape faces significant viticultural hazards such as soil salinization, which affects about
6% of the world’s total land area. The search for salt tolerance genotypes to be introduced in
crossbreeding programs and obtaining new cultivars is a key factor. The seed germination and
salt tolerance of Carignan were studied from different coastal vineyards across the Mediterranean
Basin, and as well as whether the distance from the sea affected germination and salt tolerance.
Carignan seeds, independently of the temperature and distance from the sea, germinated more than
50% under 125 mM NaCl concentrations. Seed recovery was elevated, including the capacity of
gemination after high salt exposure (500 mM NaCl). The results on germination behavior related
to the distance from the sea showed that all tested vineyards, except for the one farthest from the
sea, had similar germination responses. The optimum germination condition to select salt-tolerant
accessions is alternating temperatures 25/10 ◦C and 125 mM NaCl. Thanks to the ability of the
Carignan to germinate in a saline substrate and their capacity for recovery, it could be useful to
crossbreeding programs, for integrating as rootstock selection or for the improvement of cultivars
through sexual reproduction.

Keywords: coastal vineyards; NaCl; seed recovery; soil salinization; physiological dormancy;
Vitaceae; Vitis vinifera

1. Introduction

The grape faces significant viticultural hazards such as soil salinization, which is a
major factor contributing to the loss of the productivity of soils [1]. Recently, FAO [2]
reported that worldwide, over 20% of the total irrigated areas are negatively affected by
soil salinization problems. Moreover, if left unattended, this problem could expand to over
50% of these areas by 2050 [3]. Globally, more than 800 million hectares of agricultural
land have been subjected to soil salinity [4]. This phenomenon widely occurs in the arid
and semi-arid areas, which are important grape-producing regions [5,6]. The amount of
European Union agricultural land destroyed by salt accumulation each year is estimated
to be one million hectares, mainly in the Mediterranean countries, and is a major cause of
desertification [7].

In the Mediterranean Basin, land degradation associated with soil alkalization may
worsen at increasing rates in the coming decades because of several factors, such as the
use of contaminated water for irrigation, intensive farming, poor drainage, and climate
change [1,4]. To face this situation, the search for salt tolerance cultivar genotypes to be
introduced in crossbreeding programs and obtaining new cultivars is a key factor for crop
improvement and increased resilience to face climate change and its consequences [8,9].
Both the salt tolerance and sensitivity of a specific crop depend on its ability to extract
water and nutrients from saline soils and to avoid the excessive tissue accumulation of
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salt ions [10]. The salt sensitivity changes during the various plant growth stages. Often,
plants at early growth stages (seedling and establishment) are more sensitive to salt stress
than plants at later stages [9,11]. For example, many studies [12–15] have reported the
effect of salinity in inhibiting seed germination, reducing growth and photosynthesis,
and altering physiological metabolism, eventually resulting in decreased berry yield and
grape plant quality. On the other hand, to mitigate these negative effects, it is necessary to
design and identify viable options that are environmentally and economically applicable
for sustainable agriculture.

Many studies have focused on selecting salt-tolerant genotypes and varieties [16–19]
as a promising method to benefit from poor water quality and salinized lands. However,
choosing suitable selection criteria depending on complex tolerance mechanisms and
the diverse plant responses exhibited at various stages of development can promote the
identification of useful genotypes [20]. Germination, which determines seedling vigour
and plant development, is the most important growth stage but is sensitive to salinity
stress [21].

This study was based on the Carignan cultivar, given its important geographical
distribution in the Mediterranean Basin; it is traditionally planted across the coastal areas
and, in some cases, by small winegrowers as ungrafted plants. Carignan, a black berry
grape (Vitis vinifera L. subsp. vinifera), is a late budding and ripening grape that requires a
warm climate to achieve full physiological ripeness [22]. Despite its Spanish origin, it is
widely planted throughout the Western Mediterranean Basin and around the world [22].
Carignan is mostly planted in France, followed by Spain and Italy, where it is an allowed
grape variety in several Appellation d’Origine Contrôlée (AOC), Denominación de Origen
Controlada (DOC) and Denominazione di Origine Controllata (DOC) regions, respectively.
Elsewhere in Europe and the Middle East, plantings of this cultivar can be found in Croatia,
Cyprus, Malta, Turkey, and Israel [20]. In Africa, plantings of Carignan are also found in the
North African wine-producing areas of Morocco and Tunisia as well as in South Africa [23].

The aims of this work were to study the seed germination and salt tolerance of the
Carignan grape cultivar from different coastal vineyards across the Mediterranean Basin
and to evaluate the effect of the distance from the sea on its germination and salt tolerance.

2. Materials and Methods
2.1. Samples Seeds and Vineyards Characteristics

This study was carried out on ripe Carignan seeds of three different areas across the
Mediterranean Basin (Italy, France, and Tunisia; see Table 1 for further details). From each
country, three vineyards were chosen, one close to the sea (0–5 Km) with high salt input,
one intermediate (6–15 Km) with medium salt input, and one far (16–30 Km) with no salt
input, except for Tunisia, where this distance was not found because Carignan is only
planted close to the sea. In addition, vineyards of different ages and rootstocks were chosen
(Table 1).

The berries of Carignan were collected at the time of natural ripening from more than
30 individuals of each vineyard, as representatives for the entire vineyard. The seeds were
manually cleaned and were stored under controlled conditions (20 ◦C and 40% of relative
humidity) for two weeks at the Sardinian Germplasm Bank (hereafter BG-SAR) of the
University of Cagliari until the germination tests began. In Italy, the Carignan cultivar is
grown mostly ungrafted on 2000 hectares of land in the South-Western part of Sardinia,
which is mainly characterized by sandy soil [24]. In Tunisia, the main area for viticulture
is situated in the North-East region Cap-Bon, which is the main grape-producing area in
the country, accounting for 60% of grape production [25]. In France, Carignan is widely
found in the south, particularly in the Languedoc wine regions of Aude, Gard, and Hérault.
Plantings of Carignan are mostly limited to the warm Mediterranean climates of Southern
France given the grape’s inability to sufficiently ripen much further north in the continental
climate of Central France or in the damp maritime climate of Southwest France [23].
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Table 1. Sites, collection data, and seed lot details for the growing sites of Carignan vineyards under
study. N/A indicates unavailable data.

Code Country Site Mean Coordinates
(WGS 84)

Vineyard’s Sea
Distance Date of Collection Soil pH Vineyard’s

Age Rootstock

Tu_1 Tunisia Takelsa 36.853950 N –
10.616660 E 2 Km 26 August 2020 Sandy 7 15 years N/A

Tu_2 Tunisia Grombalia 36.609405 N –
10.418864 E 12 Km 09 September 2020 Clay lime 8 40 years N/A

Fr_1 France Gruissan 43.144575 N –
3.132141 E 2 Km 11 September 2020 Sandy clay 8.4 37 years 110 Richter

Fr_2 France Portel-des-
Corbières

43.029498 N –
2.899876 E 13 Km 17 September 2020 Sandy clay 8.4 N/A 110 Richter

Fr_3 France Cruscades 43.191739 N –
2.793660 E 28 Km 25 September 2020 Sandy clay 8.4 N/A 110 Richter

It_1 Italy Is Solinas-
Masainas

39.011317 N –
8.581816 E 0.15 Km 05 September 2020 Sandy 6.8 35 years Ungrafted

It_2 Italy Giba 39.070874 N –
8.610685 E 5 Km 05 September 2020 Clay lime 7.8 12 years 1103 Paulsen

It_3 Italy Santadi 39.111347 N –
8.703358 E 10 Km 05 September 2020 Clay lime 7.5 10 years 1103 Paulsen

In five of the selected vineyards, the Carignan plants were grafted onto 110 Richter
(V. berlandieri × V. rupestris) rootstocks in France and onto 1103 Paulsen (V. berlandieri × V.
rupestris) rootstocks in Italy. In the other vineyards, Carignan was from ungrafted plants.

2.2. Germination Tests

The seeds of Vitis ssp. are usually physiologically dormant and may require consider-
able periods of cold stratification before they will germinate e.g., [26–28]. Investigations on
the wild grape (V. vinifera subsp. sylvestris (C.C.Gmel.) Hegi) have shown that germination
necessarily takes place after a cold stratification period of 60/90 days [28]. To conduct
all the tests, three replicates of 25 seeds for each temperature condition and for different
pre-treatments were sown on 1% water agar substrate in plastic Petri dishes of 90 mm
diameter under a laminar flow hood (Faster KB).

To break grape seed dormancy and obtain an optimal germination process as well as
carry out salt tolerance experiments of the Carignan seeds, the following treatments and
pre-treatments were applied: (1) control, without any pre-treatment, incubated directly in
germination conditions (see below for further details). (2) Pre-chilling or cold stratification
period at 5 ◦C for three months in a growth chamber (MLR-351, SANYO, Moriguchi, Japan).
(3) Acid scarification followed by cold stratification; here, the seeds were exposed to a 37%
HCl and water solution (1:1) and, after 10 min, washed with sterile water and placed in
the agar substrate. With this pre-treatment, we tested whether the interaction with the
digestive tract of animals (mainly birds) increased the final germination, via the simulation
of the passage through the digestive tract with the acid exposition, this following a cold
period of stratification at 5 ◦C for three months.

After the cold stratification period, additional three replicates of 25 seeds were sown at
different NaCl concentrations (0, 125, 250, 500 mM, these NaCl concentrations were selected
in order to simulate seawater at 25%, 50%, and 100%), following the experimental design
of [14] for the wild grape and incubated at different temperatures (25 ◦C, 25/10 ◦C, 30 ◦C)
in 12 h of light. At the 25/10 ◦C temperature regime, the higher temperature coincided with
the light period. The criterion for germination was the visible radicle protrusion (≥1 mm).
The seeds were scored twice by week. After two consecutive weeks without additional
germination under control conditions (0 mM NaCl), the non-germinated seeds were washed
with distilled water and then sown in new Petri dishes containing 1% water agar substrate
for an additional 30 days (recovery phase) at the same incubation temperatures, to evaluate
the recovery percentages (hereafter RP). At the end of the tests (for a minimum of 90 days),
the viability of each remaining seed was checked by a cut test with a scalpel and subsequent
observation of the seed embryo under a binocular microscope [29].
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2.3. Data Analysis

The final germination percentages (FGPs) were calculated as the mean of three replicates
(±SD), and the RP was calculated with the number of seeds germinated after they were washed
with distilled water, according to the following equation: RP = {[(a − b)/(c − b)] × 100}, where
a is the total number of seeds germinated in salt solutions plus those that recovered to
germination in fresh water, b is the total number of seeds germinated in saline solutions,
and c is the total number of seeds.

Generalized linear models (GLMs) were used to evaluate the effect of pre-treatments,
distance from the sea, incubation temperatures, rootstock type, and vineyard year on
the FGP and RP. A log link function and quasibinomial error structure were used for
analyzing the FGP and RP results. Significant differences highlighted by the GLMs were
then analyzed by a post hoc pairwise comparison t-test (with Bonferroni adjustment). All
the statistical analyses were carried out using R v. 3.1.3 [30].

3. Results
3.1. Seed Germination and Salt Tolerance

The different pre-treatments and the salinity of the growing substrate showed a
significant effect (p < 0.001, Table S1). For all the eight vineyards tested, independently
of the tested temperature, the highest germination percentage was recorded under the
non-saline substrate and after a cold stratification period of three months at 5 ◦C (see
Figure 1). Subsequent pairwise comparisons using t-tests showed no statistically significant
differences among the combinations of pre-treatments, e.g., acid scarification followed by
three months of a cold period and only cold stratification (Figure 1). This implies that
Carignan cultivar seeds are physiologically dormant, as already described for other species
of this genus [27,28], and the pre-treatment with the chloridic acid did not increase the FGP
(p > 0.05, Figure 1).
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Figure 1. Effect of treatment and pre-treatments on the final germination percentage (FGP), consider-
ing all temperatures tested. Post hoc pairwise t-test comparisons were carried out for each condition
and bars with different letters indicate significant differences (p < 0.05).

Germination on the saline substrate with 125 mM after a period of cold stratification
showed a higher FGP than the control (p < 0.05, Figure 1), indicating salt tolerance behavior
at low salinity levels. On the contrary, the Carignan seeds did not tolerate the salt substrate
with concentrations higher than 250 mM (p < 0.001). The incubation temperature also
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had a significant effect (p = 0.0067, Table S1) on the seed germination of Carignan cultivar
accessions. The best temperature condition was the alternate 25/10 ◦C (p = 0.0357, post hoc
pairwise t-test comparison).

In addition, the vineyard years or the rootstock type did not affect the germination of
Carignan (p = 0.961 and p = 0.394, respectively).

3.2. Seed Recovery Ability after Salt Exposure

Concentrations of NaCl of 125 mM on the incubation substrate are the maximum salin-
ity level (within tested conditions) to which the seeds were able to germinate (Figure 2a).
No significant differences between the NaCl concentrations of 250 and 500 mM were found
(p > 0.05 Figure 2a). At these concentrations, seed recovery capacity is influenced by the
distance from the sea (p = 0.0344, Table S1) but not for the origin of the vineyards (p > 0.05).
Taking into consideration the capacity of recovery after the salt exposition of 250 mM did
not show significant differences with the recovery after the salt exposition of 500 mM
(p > 0.05, Figure 2b). The highest FGP in the RP after 500 mM salt exposition was 25/10 ◦C
in all the vineyards tested (Figure 3). In general, the highest salinity concentration (500 mM)
allowed the recovery of more than ca. 60% (at 25/10 ◦C) (Figures 2b and 3). Examining the
recovery ability with the vineyard years, this did not present a significant effect (p = 0.154,
Table S1). However, the rootstock type in this case had a weak effect (p = 0.0731, Table S1)
and the best model was performed by the ungrafted type.
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Figure 2. Effect of different concentrations of NaCl on the final germination percentage (FGP) during
the germination test (a) and the recovery phase (b) considering all temperature tested. Post hoc
pairwise t-test comparisons were carried out for each condition and bars with different letters indicate
significant differences (p < 0.05). Significance of p values codes: *** p < 0.001 and ** p < 0.01.

3.3. Effect of the Distance from the Sea in the Germination and Salt Tolerance

The effect of the distance from the sea on the FGP showed a significant difference
(p = 0.0083, see Table S1) and presented lower influence considering the RP (p = 0.0916,
Table S1). The GLM results indicated that the interaction between pre-treatments and
distance factors had a statistically significant effect on germination (FGP, Table S1), and
also in this case, the interaction factors were less significant considering the RP (Table S1).

By country, in France, the germination trend decreased with the distance from the sea,
whereas vineyards close to the sea in Italy and Tunisia showed increased germination.
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1 
 

 Figure 3. Detailed information of the final germination percentages (FGPs) during the germination
test and during the recovery phase by countries, distance from the sea, and temperatures tested (◦C).
FR_1 (France, vineyard close from the sea), FR_2 (France, vineyard intermediate from the sea), FR_3
(France, vineyard far from the sea), IT_1 (Italy, vineyard close from the sea), IT_2 (Italy, vineyard
intermediate from the sea), IT_3 (Italy, vineyard far from the sea), TU_1 (Tunisia, vineyard close from
the sea) and TU_2 (Tunisia, vineyard intermediate from the sea).
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4. Discussion

Carignan seed accessions, independently of the temperature and distance from the
sea, germinated better in the absence of NaCl in the substrate; this is consistent with the
behavior of the wild grape that showed the highest germination when salts were absent,
both in the germination substrate and in the soil [15]. The same authors reported that the
germination percentages of wild grapes decreased with increasing salinity, confirming
the pattern observed in this work with the Carignan. In accordance with these results,
we can argue that Carignan cultivars have not lost their ancestral characteristics in some
aspects of their reproductive biology, concretely in the ecophysiology of germination,
although so many cross-practices and modifications have been developed during the
domestication processes.

The results obtained in this study showed that the optimum germination process
to select salt-tolerant accessions might be the alternating temperature regimen 25/10 ◦C
and 125 mM NaCl. Several studies consider the grape as vulnerable or sensitive to salt
stress [31–34]. In accordance with them, the seeds of the Carignan cultivar presented a
considerable reduction of their final germination starting from NaCl concentrations higher
than 125 mM, independently of the origin of the tested vineyard and distance from the
sea. However, the capacity of recovery in Carignan seeds is high, including the capacity of
those germinated after high salt exposures.

In addition, Baskin and Baskin [35] demonstrated in previous studies that at high
temperatures, salinity exposure could result in a loss of seed viability and, therefore, poor
recovery response. In our case and in the case of the wild grape [15], the seeds showed
the inverse pattern, being facilitated by the highest temperatures (alternating regimen
25/10 ◦C), at least at 125 mM (the salinity at which the wild grape and Carignan cultivar
still had satisfactory ability to germinate). This pattern is also in accordance with those
detected by Orrù et al. [28], who observed that wild grape seed germination was higher at
high temperatures (>20 ◦C), and that optimal germination for this species occurred under
the tested fluctuating regimen (25/10 ◦C).

The results on salt tolerance of Carignan accessions related to the distance from the sea
showed significant differences among them, indicating the wide range of adaptability of this
cultivar. These results are in accordance with those described by Gutiérrez-Gamboa et al. [36],
which indicated that Carignan usually tolerates warm climates, long, dry summers, and
soils with moderate-to-low fertility. Additionally, this cultivar adapts very well to windy
conditions (normally conditions near the sea), and its shoots lignify early in the season and
mature well. In this sense, Carignan seeds that have germinated under salt stress in such a
way that the adult plants tolerate salinity during their growth could be worth investigating.

Thanks to the ability of Carignan to germinate in the saline substrate and its capacity
for recovery, including in high concentrations of salt, this cultivar could be useful for
crossbreeding programs or better cisgenic programs, which help to create new versions of
cultivars that maintain their desirable traits [37]. The breeding efforts for salt-tolerant crop
species demonstrate that it is advantageous to introduce salt-tolerant cultivars or landraces
that are traditionally used by local farmers in coastal saline areas into breeding programs
as they enrich the genetic diversity of our modern high-yield crops with novel genes and
alleles for salt tolerance [9]. Currently, there is a notable tendency to revalorize and preserve
the minority or autochthonous grape cultivars, and we must consider the historical context
of traditional coastal vineyards. This selection could be used to produce salt-tolerant
rootstocks for the cultivation of grapevines in areas near the coastline (sandy soils permit
the cultivation of the ungrafted Carignan), where salinity is certainly more present than
in inland areas. Furthermore, the loss of coastal agricultural land can be due to both
natural and artificial factors, such as coast erosion and floating or urban expansion. Coastal
vineyards have shown a particular biological value, owing to the uniqueness of plant
material, and a particular ecological meaning. In this sense, among the landscape systems
threatened by the desertification and salinization processes, there are wide portions of the
Mediterranean coast, including some of the most important wine production areas [38].
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Knowledge about the ecophysiology, biology, and ecology of the potential of minority
or autochthonous cultivars gives us the option to generate useful information devoted to
production alternatives to the current wine market. The high quality of grapes and derived
enological products as well as the important economic recourses that they offer justify
the interest in maintaining such a cultivated environment and the opportunity to restore
residual or abandoned vineyards, particularly in those territories where potential lands
for agriculture and areas under high urban pressure meet [38]. Lastly, current progress
towards the development of sustainable viticulture, including the efficient use of water,
opens an important opportunity for this cultivar, which is mostly resistant to pests, salinity,
and diseases [39].

5. Conclusions

This work provided new data about the ability of the Carignan cultivar to germinate
in a saline substrate and its capacity for recovery, including in high concentrations of salt.
This information could be useful for crossbreeding programs or for the improvement of
cultivars through sexual reproduction. Furthermore, the case of Carignan is important
because in many wine-growing coastal zones of the world, this cultivar can be actively
integrated as rootstock selection.
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www.mdpi.com/article/10.3390/seeds1020012/s1, Table S1: Results from generalized linear models
(GLMs) used to evaluate the effect of pre-treatments, distance from the sea, years of the vineyards,
rootstock type, and temperatures on the final germination percentage (FGP). Results from GLMs
used to evaluate the effect of pre-treatments, distance from the sea, and temperatures on the Recovery
phase (RP).
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