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Abstract

:

The endangered medicinal plant Eryngium maritimum L. faces significant natural and anthropogenic threats. Therefore, in vitro propagation is recommended for both conservation and commercial purposes. The aim of the study was to develop a series of protocols for seed disinfection, in vitro multiplication and rooting, and ex vitro and field adaptation. For explant disinfection, the length and temperature of three consecutive disinfectants were investigated. Macrosalt modifications of MS medium and plant growth regulator addition to media effect on axillary bud propagation rate and rooting was studied. Survival and leaf growth during ex vitro and field adaptation in response to potting media, pot cell diameter, and light spectrum were tested. Seeds treated with diluted detergent at 40 °C for 180 min, followed by 0.01% KMnO4 for 3 h and commercial bleach for 11 min, achieved a lower rate of contamination and high germination rate. Axillary bud proliferation and rooting were enhanced by reducing nitrogen content in media and adding plant growth regulators. Potting media and pot size affect survival and growth ex vitro. Timely transplantation to field conditions before overwintering increases plantlet survival. In the present work, a suitable foundation is laid to scaleup the production of E. maritimum by micropropagation.
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1. Introduction


Sea holly (Eryngium maritimum L.) belongs to the genus Eryngium, which unites approximately 230 different species widely distributed throughout the world, especially in Asia and Africa. Sea holly inhabits coastal areas along the Black Sea, the Mediterranean Sea, the North Sea, and the Baltic Sea, as well as the coasts of the Atlantic Ocean in North Africa and Europe [1]. E. maritimum is used in European medicine as a cough suppressant, aphrodisiac, and diuretic, as well as in cases of liver and kidney disease [2]. It is a source of various secondary metabolites, such as essential oils [2,3,4,5,6], triterpenoid saponins [7], phenolic acids, and flavonoids [8].



Conservation and reproduction in vitro are especially important for protected and endangered species that might not be sufficiently conserved in their natural habitats or in collections [9]. Plant species are preferably conserved in situ by protecting habitats and applying species-specific management practices in the wild. If in situ conservation strategies are not sufficient, alternative ex situ strategies may be applied, e.g., propagation in vitro, cryopreservation, or seed banking [10,11,12]. Even though seed banking is suggested as the most suitable method for long-term seed conservation, it is not recommended for species with highly dormant seeds [11]. As in many species of the Apiaceae family, E. maritimum has poor and non-uniform germination [13]; thus, in vitro propagation is a good alternative for conservation. With this technology, a large number of genetically homogeneous plants can be rapidly produced [14], and plants with commercially important traits, e.g., a desired chemical profile, can be selected and propagated [15]. In vitro technologies have been proven efficient for multiplying plant species of medicinal value, including those of the Eryngium genus [7,10,16,17,18].



The first step is plant tissue culture for viable explant establishment in aseptic conditions. At this stage, explants must be disinfected to ensure aseptic growth conditions, and, at the same time, the growth of the explant must be achieved [10]. Seeds, excised embryos; apical, axillary, and lateral buds; young shoots, and young leaves have been used as explants in the Eryngium genus [7,18,19,20,21]. Initiation of plant tissue cultures from seeds is recommended to maintain high genetic diversity within populations. Genetic diversity is essential to establishing viable populations for conservation purposes and reintroduction [22,23], and the most suitable individuals for desired commercial purposes are to be selected [24]. Previous attempts [7] have failed to introduce E. maritimum to in vitro conditions through seed explants, as only 5% of seeds germinated, and the emerged seedlings did not develop into healthy plants. Furthermore, severe contamination of seeds has been reported in the Eryngium genus (60–100%) [10], and only the implementation of protocols with multiple steps of the disinfectant application has succeeded in eliminating infection [10,18]. The disinfection must eliminate microorganisms on the seed surface while maintaining seed vitality. The compounds, their concentrations, and their application length must be adapted for each species based on seed morphology [25], the microorganisms present [26], as well as the mode of action of the disinfectant [27]. Various disinfectant agents are commonly used for seed decontamination, such as sodium and calcium hypochlorite (NaOCl, Ca(OCl)2) [28,29], ethanol [27], mercuric chloride (HgCl2) [30], hydrogen peroxide (H2O2) [31], silver nitrate (AgNO3) [29,32], and different detergents [18,25,30]. Less-known disinfection methods with both a stimulating effect on germination and a deleterious effect on microflora include seed treatment with warm water (up to 65 °C) [20] and seed immersion in potassium permanganate [33,34].



Plant tissue culture provides plants with all necessary conditions for growth, including optimal light and temperature, as well as a basal medium containing all necessary macronutrients, micronutrients, and water [35,36]. Murashige–Skoog [37] (MS) medium is the most commonly used basal medium. It has high ammonium and nitrate levels and provides an optimal nutrient composition for most plant tissue culture applications. When lower nitrogen levels need to be provided, macrosalt and microsalt levels in MS media are often reduced [36]. For example, in the rooting stage, a reduced salt concentration may contribute to better root formation [38]. This approach has been applied in the propagation stage of Eryngium shoot cultures [7,17,21].



Basal media can be supplemented with plant growth regulators (PGR) to manipulate plant development [7,17,21]. In plant tissue cultures, auxins and cytokinins are the most commonly used PGRs to promote shoot proliferation [39]. Cytokinins promote mitotic cell division in the shoots and regulate the morphogenesis of new shoot apical meristems [39]; therefore, they are widely used to enhance shoot proliferation [39,40]. The rate at which new shoots form depends on the type and amount of cytokinin used. It is species-specific, and concentrations below or above the optimal result in a lower shoot formation rate [41]. Auxins, on the other hand, stimulate root induction and increase the quality of roots [38,42]. Naphthaleneacetic acid (NAA), indole-3-acetic acid (IAA), and indole-3-butyric acid (IBA) are the most widely used auxins. The plant response to each of the auxins and their concentrations is species-dependent [42]. In E. maritimum, E. planum, E. campestre, and E. alpinum, the addition of the cytokinine 6-benzylaminopurine (BAP) alone or in addition to the auxins IAA or IBA have been demonstrated to induce high axillary shoot proliferation [7,10,16,17,18]. Reduction of the salt concentration in MS media and the addition of auxins has been proven efficient in the Eryngium genus, e.g., NAA addition while rooting for E. alpinum and E. planum [18,43], and IAA for E. maritimum and E. campestre [7,17].



In vitro culture provides plants with a stable temperature, optimal light conditions, and all necessary nutrients and sugars via the medium, thereby reducing the need for photosynthesis. The transition to the ex vitro environment requires suitable microenvironmental factors in order to develop photoautotrophic plantlets [14]. Monitoring the quantity, quality, and direction of light is of uttermost importance for the survival of photoautotrophic organisms. Several photoreceptors belonging to three principal families—phytochromes, cryptochromes, and phototropins—collect light stimuli from the broad light spectrum (280–750 nm) [44]. The ability to sense light signals allows plants to regulate responses in the complex phenomenon of photomorphogenesis (including in vitro and ex vitro growth) [45]. The effect of the artificial light spectrum on plant biomass accumulation and morphogenesis has been widely researched [46,47,48].



The spectral quality of light influences plant development in vitro and ex vitro [49]. Initial ex vitro stages under controlled conditions under artificial light can positively impact plant growth when compared to natural lighting conditions in a greenhouse [47]. Various artificial light sources, such as fluorescent lamps [49], high-pressure sodium lamps [50], and light-emitting diodes (LEDs), can be used for plant cultivation indoors [51]. Each type of lamp has deviations in light intensity and quality from natural light. The differences are more pronounced in the far-red range [46]. Blue and red LEDs are primarily used for plant cultivation as their spectral power distribution is optimal for photosynthesis [52]. The addition of far-red and green lights to blue and red ones can increase biomass accumulation and modify morphogenesis during the ex vitro adaptation stage [53].



The composition of a horticultural substrate replacing soil can affect plant growth and morphological development [47,54]. Substrates from multiple ingredients are prepared for ex vitro acclimatization to ensure the best conditions for gradual root maturation [55]. In most cases, substrates are prepared from peat, vermiculite, perlite, and sand [55,56]. The addition of a nutrient source, e.g., mineral fertilizers or compost, improves plant development during ex vitro adaptation [47,57]. The addition of cow manure to substrate mixtures is an option to provide a nutrient source, stabilize the substrate pH, and suppress pathogen development [56]. However, no data is available on the effect of cow manure addition to substrate mixtures on Eryngium ex vitro acclimatization success.



In large-scale propagation, both optimal growing conditions and economic profitability are critical. By lowering maintenance costs per unit of area, reduced container size provides a significant economic benefit. However, by decreasing container size, root development and photosynthetic activity can be reduced, thus affecting plantlet growth [58]. Containers with cell volumes of less than 100 mL are typically used for medicinal plant seedling production [59]. The experiments on Eryngium [7,10] acclimatization have been carried out in pots over 200 mL. Therefore, studies on acclimatization based on industry requirements are needed.



Even though in vitro propagated plantlets can be directly planted in agricultural fields, gradual adaptation to field conditions is preferable to increase survival [47]. Initial plantlet vigor, planting date, shading, soil, and air temperature can influence plantlet survival and development in field conditions [60]. Determining the optimal planting date is critical [61], especially in the condition of Northern Europe, because plants need to develop a robust root system and accumulate a sufficient amount of nutrients for successful overwintering.



The present study was undertaken to identify an efficient protocol for in vitro propagation and ex vitro adaptation of E. maritimum starting from in vitro germinated seed. The effects of prolonged cold storage on seed germination were tested. Additionally, the impact of multistep seed pretreatments on the infection rate was determined. In this study, we expanded the number of previously tested cytokinins added to E. maritimum micropropagation media and tested three different media compositions with varying macrosalt concentrations on in vitro shoot multiplication. We further expanded previous experiments with various IAA concentrations and MS media modifications to determine their effect on in vitro rooting. Moreover, we tested commercially available LED lights with varying light quality to determine if they affect the survival of plantlets within 21 days after transfer ex vitro. We also tested how two potting media and two container sizes affect plantlet survival and leaf development during the ex vitro adaptation stage. Furthermore, we investigated the effects of planting time (June vs. July) and mericlone on plantlet survival after transfer from ex vitro to field conditions.




2. Materials and Methods


2.1. Plant Material


Seeds were either sourced from the wild in Latvia and Estonia, acquired from the University of Pisa botanical garden, or sourced from commercial seed companies. Collection of seeds in the wild took place during the seed ripening stage at the end of August and in September according to permits issued by the Nature Conservation Agency, Republic of Latvia (decision no. 3.6/470/2020-N5 issued on 13.08.2020), and the Environmental Board, Republic of Estonia (decision no. 1-3/20/756 issued at 11.08.2020). In total, seeds from eight different accessions were obtained and subjected to the initiation of plant tissue culture (Table 1).




2.2. In Vitro Germination


Dry seeds were mechanically cleaned, and mature seeds were selected. In total, 252 seeds were tested. Each experimental variant had four replications. Five experimental variants for seed disinfection were tested with varying lengths of detergent, 0.01% KMnO4 solution, bleach treatments, and differing temperatures of detergent application (Table 2) [33,62]. Seeds were submerged in either a 20 °C or 40 °C dilution of the commercial surfactant “Fairy” for 15–180 min and then rinsed for 5 min in water. Then, the seeds were immersed in 0.01% KMnO4 solution [34] for 1–3 h and washed. Subsequently, in sterile conditions, seeds were immersed in commercial sodium hypochlorite solution (“ACE” < 5% sodium hypochlorite) and rinsed in autoclaved distilled water.



Following pericarp removal [18], seeds were placed in a 12 × 110 mm-sized test tube on MS medium (Table S1) with half the nitrate composition (ABMS). Seeds were incubated in a growing chamber for one month at 22 °C with a room moisture level of 70%, a photoperiod of 16/8 h, and a light intensity of 150–200 mol/(m2s). Seeds were stratified at 5 °C for 6 months. After stratification, germination was initiated at 22 °C. Infected seeds were counted and removed on a daily basis, and germinated seeds were counted on days 5, 7, 9, 14, and 20 after the initiation of germination in warm temperatures. Seeds with emerged radicles were considered to have germinated.




2.3. Micropropagation


An axillary branching method was used for shoot multiplication [63]. Each experimental variant consisted of 15 shoots in three replicates. Once the plantlets reached 3–4 cm in length, they were transferred to the micropropagation media. Several experimental variants of micropropagation media were prepared with various amounts and concentrations of plant growth regulators (PGR) and basal media macrosalt. Five different cytokinins (6-benzylaminopurine—BAP, meta-tooling—mT, N6-(2-isopentyl)adenine—2iP, zeatin—Z, kinetin—Kin) were tested at concentrations of 0.0, 0.5, and 1.0 mg L−1. Murashige—Skoog (MS) basal medium [37] and two of its modifications—AMS (MS medium with NH4NO3 concentration reduced in half) and ABMS (MS medium with both NH4NO3 and KNO3 reduced in half)—were utilized. All propagation media contained auxin IAA 0.1 mg L−1 and sucrose 20 g L−1. At the final passage before rooting, an experiment was carried out to determine the quality of the shoots formed in terms of shoot size. Shoots of 10–15 mm in length were considered too small to be subjected to rooting; thus, shoots > 16 mm long were considered to have sufficient quality. The number of experimental variants was reduced by dropping those with the lowest shoot proliferation rate in the previous experiment. Thus, small and optimal axillary shoot formation in response to the addition of BAP and mT at 0.5 and 1.0 mg L−1 to MS, AMS, and AMBS was tested.




2.4. In Vitro Rooting


Healthy shoots at least 3 cm long were selected for rooting. Each experimental variant consisted of 40 shoots in three replicates. Two microsalt compositions were tested: MS media with ammonium nitrate (NH4NO3) concentration reduced by half (AMS) and MS media with both NH4NO3 and potassium nitrate (KNO3)reduced by half (ABMS). The plant growth regulator IAA was added to the media at concentrations of either 0.1 or 0.5 mg L−1. Media with no added PGR was used as a control. Three mericlones of the population collected in Užava, Latvia, were used for testing: M1, M2, and M3.




2.5. Ex Vitro Adaptation


Ex vitro adaptation trials were carried out to test if mericlone, planting substrate, and artificial light quality affect plantlet survival and growth. Two trials were carried out. Each trial consisted of 15 plantlets in three replications. The first trial examined three factors: mericlone, substrate, and light quality. Three mericlones from a single accession from Užava, Latvia, were tested (M1, M2, and M3). Two types of substrates were tested: soil, sand, vermiculite, and perlite at a ratio of 3:1:1:1 (B1); and soil, cow manure, vermiculite, and perlite at a ratio of 3:1:1:1 (B2). Three lamp types were tested: two universal lamps with a full spectrum from 380 to 800 nm (Surya VEG, 30 W [*2], spectra Sun Sky and Heliospectra, 300 W, white spectrum 5700 K), and a lamp with both red (630 nm) and blue (460 nm) light in a ratio of 3:1. Plastic pots sized 6 × 6 × 6 cm were used for plantlet cultivation.



The second trial was based on the results of the first one, with the aim of testing how the diameter of individual cells in the multiple-compartment cell propagation trays affects plantlet survival. Two factors were tested: mericlone (M1 and M2 derived from the accession collected at Užava, Latvia) and pot cell size. Two propagation trays were used: one had a 2.8 cm diameter, 5.0 cm height, and 30 mL volume, and the other had a 3.7 cm diameter, 5.0 cm height, and 54 mL volume. The substrate consisted of a peat-based substrate (Laflora KKS), sand, vermiculite and perlite (3:1:1:1 v/v/v/v). Plantlets were grown under the Heliospectra 300 W white spectrum 5700 K lamp with a 16/8 h photoperiod.



Rooted in vitro plantlets were planted in a soil substrate and sprayed with demineralized water in both trials. The trays were covered with transparent lids and placed in a growth chamber with a temperature of 22 ± 1 °C and a photoperiod of 16/8 h. The relative humidity inside the propagation trays was maintained at 100% for the first five days; then, it was reduced by 10% every five days until it reached 70%. The plastic lid was removed after three weeks of acclimatization, and thereafter, the humidity in the climatic chamber was kept at 70%. Each ex vitro adaptation experiment consisted of 15 plantlets replicated three times.



Two factors were evaluated in the field trials: mericlone (three mericlones—M1, M2, and M3—from the accession collected in Užava, Latvia) and two different planting dates: 11 June 2021 and 20 July 2021. The mericlones M1 and M3 were planted on 11 June 2021. Mericlone M2 was planted on 11 June 2021 and 20 July 2021.



Field trials to assess E. maritimum adaptability to field conditions were carried out in the growing seasons of 2021 and 2022. Trials were set up in an organically certified experimental field at Priekuļi parish, Cēsis county, Latvia (latitude 57°19′11.7″ N, longitude 25°19′18.8″ E, altitude 115 m). A completely randomized block design with three replications and 40 plants per replication was used. Plants were spaced 15 cm apart in 3 × 1.5 m plots, with 75 cm wide inter-rows. The physicochemical properties of the soil and the cultivation practices were the same as in our previous study [64]. After planting, the plants were watered to 100% of the soil’s capacity; no additional watering was applied.



The growing season of 2021 was distinguished by optimum temperature and moisture regimes in June, August, and September, as well as a very hot and dry period in July (Figure 1). During the winter season of 2021–2022, frosts alternated with periods of thawing, making such conditions generally unfavorable for plant overwintering. The regrowth of plants was delayed by the long, dry, and cool April of 2022.




2.6. Morphological Characterisation


The number of shoots formed was counted, and callus size was assessed in scores 1–3, depending on their diameter (0.5–1 cm; 1.1–2.0 cm, >2 cm, respectively), after 30 days of micropropagation. In the final passage before rooting, an experiment was carried out to determine the quality of the shoots in terms of shoot size. Shoots sized 10–15 mm were considered too small to be subjected to rooting. Larger shoots were considered optimal for transfer to rooting media.



Before transfer to ex vitro conditions, the number of roots per plantlet was counted, and root development was visually scored from 1 to 3 (1 for 1–2 cm long roots; 2 for 2–4 cm long roots; and 3 for >4 cm long roots) (Figure 2).



The survival rate (%) was calculated by dividing the number of alive plants by the total number of plants and multiplying by 100. The number of mature leaves on each plantlet was counted 21 days after transfer ex vitro.



The plantlet survival rate (%) in field conditions was calculated by dividing the number of alive plantlets after full vegetation recovery (June 2022) by the number of alive plantlets in the autumn of the planting year (October 2021) and multiplied by 100.




2.7. Statistical Analysis


The data were subjected to one-way, two-way, and three-way analysis of variance (ANOVA), followed by Tukey’s test (p < 0.05).



One-way ANOVA was used to analyze:




	-

	
the impact of the disinfection on the seed infection rate;




	-

	
the impact of the seed origin on the seed germination rate;




	-

	
the impact of mericlone on the root development of in vitro plantlets;




	-

	
impact of mericlone, substrate, or artificial light quality on the survival and number of leaves of E. maritimum ex vitro plantlets 21 days after ex vitro transplantation.









Two-way ANOVA was used to assess:




	-

	
The impact of in vitro media macrosalt content and concentration of indole-3-acetic on the number of roots formed;




	-

	
the impact of pot size on the survival and number of leaves of E. maritimum ex vitro plantlets 21 days after transplantation;




	-

	
the impact of mericlone and cultivation length on the field survival rate;




	-

	
the impact of planting date and cultivation length on the field survival rate.









Three-way ANOVA was used to determine:




	-

	
The impact of basal media composition and supplementation of media with various cytokinins and the concentration of the cytokinins on the number of regenerated axillary shoots, the number of optimal sizes (>16 mm) and small (10–15 mm) axillary shoots, and shoot basal callus size;









All analyses were conducted using R version 4.0.4.1.





3. Results


All of the multistep disinfection methods that were tested, which included putting the seeds in diluted detergent, a KMnO4 solution, and commercial bleach, eliminated the infection (Figure 3). The treatment protocol had a significant effect on the final percentage of infected seeds (Table S2). An iterative approach to the experimental design was taken. In each iteration, the length of immersion at one or two compounds was increased, and additionally, in iterations C–D (Table 2), the temperature of household detergent was increased from 20 °C to 40 °C. The first two iterations used the same amount of detergent and bleach but differed in the amount of KMnO4 solution applied (1 and 2 h, respectively). Both treatments resulted in insufficient elimination of contamination (>40% infected seeds). In the next iteration, the temperature of the detergent solution was raised by 20 °C, and bleach was applied for one extra minute. The combined effect of those two changes significantly reduced the infection rate (<30%), according to Tukey’s test (Figure 4). The last iteration, which combined prolonged application of KMnO4 and bleach, and a warm detergent solution, resulted in the largest proportion of contamination-free explants (81.5%). Contamination of explants appeared up to 14 days after the initiation of plant tissue culture (Figure 4).



Seeds completed germination within 26 days after transfer from the cold stratification (6 months) to 22 °C in the growing chamber. After such a prolonged stratification, germination was very vigorous, and most of the sprouting seeds (79%) completed germination within the first five days (Figure 4).



The final germination rate was significantly affected by seed origin (Table S3). The highest germination rate was observed in the population from the Mediterranean region, Italy (97.1%). The germination rate of Atlantic populations did not correspond to the longitudinal gradient of origin. Three Atlantic populations had germination rates statistically indifferent from the Mediterranean one (>81.8%) (Figure 5), but three populations had significantly lower germination rates (<60%) according to Tukey’s test. All the seeds continued to grow as vital, healthy plantlets.



3.1. Micropropagation


The number of shoots formed at the first passage of multiplication was significantly influenced by the type of plant growth regulator (PGR) added to the media (p ≤ 0.001) and the types of media used (p ≤ 0.05) (Table S4). The addition of 2 iP and Kin up to 1 mg L−1 did not significantly increase the number of shoots per explant (Figure 6). Supplementation of media with Z, BAP and mT stimulated axillary bud proliferation equally well at both 0.5 and 1.0 mg L−1. The largest number of shoots formed per explant (≥6.1) was observed on MS media with mT at 0.5 and 1.0 mg L−1 and AMS with mT at 0.5 mg L−1 (Figure 6). Even though the average number of shoots was smaller on BAP-supplemented media compared to mT, the differences were not statistically significant. Therefore, the effect of supplementing media with BAP or mT on shoot quality was determined in terms of the number of small (10–15 mm) and optimal (>16 mm) shoots that formed (Figure 7). The formation of sufficiently large shoots is crucial at the rooting stage. Medium composition (MS, AMS, ABMS) and supplemented cytokinin (mT, BAP) affected the number of optimal shoots formed (Table S5). A post hoc Tukey test revealed that the average number of optimal-size axillary shoots is statistically indifferent among most of the treatments. The only significant differences were between the two variants (AMS with BAP at 1 mg L−1 and AMBS with mT at 0.5 mg L−1). The type of cytokinin used and its concentration had a significant effect (p ≤ 0.05) on the number of small shoots that formed (Table S6). At lower cytokinin concentration (0.5 mg L−1), fewer small shoots were formed compared to 1.0 mg L−1.



All regenerants developed a callus at the base of their shoots. The size of the callus was significantly (p ≤ 0.001) (Table S7) affected by the applied PGR (BAP mT, 2iP, Z, Kin), their concentration, the medium, and the interaction between the PGR and the medium (Figure 8). the increase of 2iP, BAT and mT concentration from 0.5 to 1.0 mg L−1 resulted in a larger average callus ball size. The application of Z yielded the largest callus balls (average score, 3) at both applied concentrations, but the application of Kin produced small calli (Figure 8). Among the tested variants, MS medium supplemented with 0.5 mg L−1 mT was the most successful for micropropagation of E. maritimum through axillary bud cultures, as the propagation rate was high and the size of the calli was smaller than that in other high-propagation-rate variants.




3.2. Rooting


Spontaneous rooting was observed on all propagation media. The experimental media for rooting initiation were AMS and ABMS with three different IAA concentrations: 0, 0.1, and 0.5 mg L−1. All tested media resulted in 100% rooting. The addition of plant growth regulator significantly (p ≤ 0.05) increased the number of roots formed (Table S8), but there were no significant differences (p > 0.05) between the two media compositions or the concentration of IAA (0.1 versus 0.5 mg L−1) (Figure 9).




3.3. Ex Vitro Adaptation and Transfer to Field Conditions


There were significant differences in root development (p < 0.05) among the mericlones of the accession collected at Užava, Latvia, at the ex vitro transplantation stage (Table S9). The root development of the M3 mericlone scored 1.8 on average on a scale of 1–3, but the M1 and M2 mericlones scored 1.3 (Table 3). Ex vitro adaptation resulted in a survival rate of over 99% for all tested mericlones (Table 3 and Table S10).



The average number of leaves per plantlet (5.7 to 6.5) 21 days after transplantation did not significantly differ among the mericlones (Table 3 and Table S11).



Artificial light quality (full spectrum LED lights versus blue and red emitting LEDs) did not affect plantlet survival or the number of leaves per plantlet during 21 days of cultivation after transfer ex vitro (Tables S12 and S13). Plant survival exceeded 99% under all tested LED lights (Figure 10a). Under two different full-spectrum LEDs, the average number of leaves was 6.0 and 5.6, respectively, and 6.6 under blue and red LEDs (Figure 10b).



The potting mixture composition affected plantlet growth. The addition of cow manure instead of sand in the potting mixture significantly (p < 0.01) reduced the number of leaves (5.0 and 5.9 leaves per plantlet, respectively) but did not affect plantlet survival (p > 0.05) (Figure 11, Tables S14 and S15).



The survival of plantlets and the average number of leaves per plant significantly increased (p < 0.01) when the cell diameter of the multicell propagation trays was increased from 2.8 to 3.7 cm (Figure 12, Tables S16 and S17).



Plantlet survival in the open field decreased significantly with the later planting date (p < 0.05), without notable differences between tested mericlones (p > 0.05) (Tables S18 and S19). More than 86% of plants planted in June survived to the autumn, while for the plants planted in July, the number decreased to 55% (Table 4). Survival decreased by an additional 20–30% after the winter for trials planted in June and July, respectively.





4. Discussion


While the wild populations of many medicinal plants face extinction due to habitat destruction and overexploitation, the demand for medicinal plants is ever-increasing [65]. In general, propagation from seed is the most convenient and cost-effective method for cultivation, but this is not true for E. maritimum due to the legal prohibition against seed collection in the wild [15], seed dormancy due to undeveloped embryos, and erratic germination [13]. In vitro propagation allows a large number of plantlets to be obtained from a small quantity of source material, thus providing the opportunity to create large ex situ collections or cultivate plants on a commercial scale. The present study focuses on the development of a protocol for micropropagation starting from in vitro-germinated seeds and for ex vitro and field adaptation of E. maritimum plantlets.



A previous study on E. maritimum established in vitro cultures from apical and axillary buds but did not succeed in initiating in vitro cultures from seeds, despite many attempts [7]. In this study, we developed a method for plant tissue culture establishment from seeds that proved successful for seeds of different origins. The high infection rate of in vitro germinated seeds is one of the main problems with establishing plant tissue culture in the genus Eryngium. Because of this, we tried a method that has been used successfully with E. viviparum [10] and E. planum [18]. It involves the application of several disinfectants in consecutive order. The best protocol resulted in 81.5% infection-free explants. It consisted of seed incubation for 180 min in diluted detergent at 40 °C, followed by 3 h incubation in 0.01% KMnO4 and 11 min of sterilization in commercial bleach. The different agents have complementary modes of action. Detergents promote even distribution of disinfectants on tissues [30], and the strong oxidants with broad-spectrum antibacterial and antifungal effects [28,29] proved to be successful at eliminating contamination. In addition, seed treatment with warm water and KMnO4 has been demonstrated to enhance germination [26,34]. For the abovementioned reasons, seed treatment with warm water has increasingly been used in organic agriculture [26]. The temperature also affects the effectiveness of the active substance [66], in this case, the detergent.



E. maritimum seeds are not completely developed at the end of the fruiting period and exhibit morphophysiological dormancy [13]. Cold stratification and the use of GA3 have both been shown to break dormancy [13]. Significant differences in stratification response, viability, and germination have been observed between populations at locations with different climatic conditions; seeds from northern populations of the Atlantic coast of Europe require a longer cold stratification period compared to seeds from the Mediterranean region [67]. In the current study, the cold stratification period (30 weeks) was longer than in other studies, which applied a maximum of 14 weeks for Mediterranean populations and 20 weeks for Atlantic populations [67]. Cortés-Fernández et al. [67] pointed out that seeds of populations from higher latitudes need longer cold stratification periods to release them from dormancy. In this study, prolonged cold stratification was applied to populations both from the Mediterranean and Atlantic regions. If the lower germination rates in Atlantic populations were due to more pronounced dormancy, the longer pretreatment should balance out the germination outcomes. The remaining difference in germination confirms the previously published hypothesis that a necessity for prolonged stratification is not the only factor influencing germination and that other factors, such as poor pollination or genetic inbreeding, play a role [67]. Additionally, the possibility to successfully ripen seeds differs in Mediterranean and Atlantic regions; e.g., in Spain, fruits ripen in August [68], while in the Baltic Sea region, fruit ripening takes place until October [69], when frost and snow cover are not unusual [69], and the possibility for seeds to complete maturation is inhibited.



The micropropagation protocol presented in this study can be implemented for commercial and conservational purposes of E. maritimum. A hormone-free medium can be used for seed germination but not for efficient propagation. Cytokinin application and ammonium nitrate reduction in the media helped to achieve a high propagation rate. The application of mT and IAA resulted in a larger propagation rate than previously reported in E. maritimum on media supplemented with BAP and IAA [7]. In contrast to this study, no calluses formed during the micropropagation in the previous report [7]. Calli challenge micropropagation and shoot regeneration from calli induce somaclonal variation [70]. In this study, the calli could have formed because of genetic differences between plant populations or because different PGRs or their rates were used compared to the previous study [7].



The ability to root in vitro propagated shoots is critical for acclimating plants to ex vitro and field conditions. It is well known that reduced salt concentrations and the addition of auxins to the basal medium result in better root formation [38]. Basal media with reduced nitrogen content supported good root formation in this study. Modified media are often used at the rooting stage in plant tissue cultures as decreased salt concentration decreases osmotic pressure, which in turn stimulates rooting [71]. Rooting was observed on PGR—free media, indicating the presence of endogenous auxins. Exogenous auxin application increased adventitious rooting. The results are in agreement with Thiem’s [18] finding in E. planum that auxin application increases root number. Further experiments determining the combined effect of different auxins are recommended, as they have been proven to induce a larger number of roots than single auxins in E. alpinum [43]. The quality of the root system of in vitro plantlets influences ex vitro acclimatization. This study confirmed that in vitro plantlets with a good root system have a higher survival rate and faster growth during the ex vitro adaptation stage.



Acclimatization and transplantation of plantlets from in vitro to ex vitro conditions have been identified as the most challenging stage of in vitro propagation [14]. Many factors affect survival, e.g., air and soil moisture and temperature, photoperiod, light intensity and spectrum, and physiochemical properties of the potting substrate. Pot type and size can influence the growth and survival of plantlets [72]. In commercial nurseries, pot size must be chosen based on a compromise between production costs and plant quality. Expenses can be reduced by using small pots, thus growing more plants per 1 m2. Larger volume pots encourage the growth of shoots and roots [73]. We observed that the reduction of pot cell diameter resulted in a decrease in the plantlet survival rate and the number of leaves per plant.



Different soil substrate mixtures can change the conditions provided for plantlets’ adaptation to ex vitro conditions. Locally available compost based on cow manure can be used as a nutrient-rich [56] peat substitute in substrate mixtures. The addition of nutrient sources to potting mix can increase ex vitro adaptation success [47,57]. In this study, adding cow manure to the potting mixture did not change survival but reduced leaf growth. Sea holly has adapted to grow in dunes with limited nutrient and water availability [74]. The lower availability of nutrients in substrate mixtures without cow manure probably promotes better root development because less nutrient-rich substrates have smaller osmotic pressure, which stimulates rhizogenesis [71]. Even though nitrogen-rich substrates promote plant aboveground growth, root growth is stimulated by less nutritional soils [75]. As roots formed during growth in plant tissue cultures are underdeveloped [76], conditions promoting rhizogenesis are preferable to sustain plant growth.



Optimal lighting is critical during the ex vitro adaptation stage [53]. Two commercially available full spectrum LEDs and one blue/red LED ensured equally high survival rates and equally good leaf growth within 21 days of ex vitro transfer. Cabral et al. [72] also found no influence of full spectrum versus blue/red LEDs on the survival of ex vitro plantlets. However, LED spectral quality during ex vitro adaptation in Rubus idaeus [53] and Epidendrum denticulatum [72] influenced morphophysiological parameters. The current study focused only on plant leaf growth as an easily measurable indicator of plant growth; therefore, the results must be considered with caution.



In field conditions, crops typically face various environmental stress factors. Plant adaptation to field conditions, and thus productivity, is strongly influenced by soil characteristics, air and soil temperature, and soil moisture. Planting time must be adjusted based on the local climatic conditions and the species of interest [77]. The growing conditions in Northern Europe are characterized by a short growing season and cold winters [78]; therefore, good plantlet development prior to overwintering is critical. For E. maritimum, the first planting date in June ensured a good survival rate (at the end of the vegetation season and after overwintering. The higher plantlet survival observed with an early planting date in June is most likely due to higher soil moisture, optimal temperature conditions, and a longer period for plant development until the end of vegetation. To the best of our knowledge, this is the first report on the planting time of sea holly in Northern European conditions, and the findings show that planting at least four months before the end of the vegetation season is required for effective plantlet adaptation.




5. Conclusions


In conclusion, sea holly seed disinfection results in a low contamination rate if a series of disinfectants with a long application time is used. Prolonged cold storage of seeds in sterile culture results in a high germination rate and speed, as well as vigorous seedlings. The micropropagation and rooting efficiency can be enhanced by adding plant growth regulators and reducing the nitrogen content in the media. A substrate with low nitrogen content and a larger pot size stimulates growth and increases plantlet survival during the ex vitro adaptation stage. Planting for at least four months before the end of vegetation season in the field conditions in Northern Europe is necessary to achieve a high survival rate during overwintering.
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Figure 1. Weather conditions during field trials in 2021 and 2022. Bars represent the monthly sum of precipitation; whiskers represent the minimum and maximum temperatures registered within a month (data source: Priekuli meteorological station, Latvia). 
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Figure 2. The scale for visual assessment of root development (scores from left: 1 for 1–2 cm long roots; 2 for 2–4 cm long roots; 3 for >4 cm long roots). 
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Figure 3. Development of microbial infection after in vitro initiation of E. maritimum seeds pre-treated with multistep sterilization methods (capital letters A, B, C, D, and E refer to the treatments listed in Table 2). The infection rate 14 days after treatment, marked with the same lowercase letters (a–c), did not significantly differ according to Tukey’s test (>0.05). (n = 4). 
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Figure 4. Cumulative germination percentage of pooled seeds from different origins during the 26-day period. Whiskers indicate the standard deviation. (n = 5). 
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Figure 5. Final germination of Eryngium maritimum seeds of various origins. Final germination rates marked with the same lowercase letter (a–c) do not significantly differ according to Tukey’s test (>0.05). (n = 4). 
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Figure 6. The effect of selected plant growth regulators (6-benzylaminopurine—BAP, meta-Topolin—mT, N6-(2-isopentyl)adenine—2iP, Zeatin—Z, Kinetin—Kin) and MS media modifications (MS media, MS media with NH4NO3 concentration reduced in half (AMS) and MS media with both NH4NO3 and KNO3 reduced in half (ABMS)) on shoot multiplication. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Treatments tested on the same macrosalt media composition indicated with the same letter do not differ according to Tuckey’s test (>0.05). (n = 3). 
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Figure 7. The effect of selected plant growth regulators (6-benzylaminopurine—BAP, meta-Topolin—mT) and MS media modifications (MS media, MS media with NH4NO3 concentration reduced in half (AMS) and MS media with both NH4NO3 and KNO3 reduced in half (ABMS)) on amount of regenerated small (10–15 mm) and optimal (>16 mm) length shoots. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Treatments tested on the same macrosalt media composition indicated with the same letter do not differ according to Tuckey’s test (>0.05). (n = 3). 
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Figure 8. The effect of selected plant growth regulators (6-benzylaminopurine—BAP, meta-topolin—topolin—mT, N6-(2-isopentyl)adenine——2iP, zeatin—zeatin—Z, kinetin—kinetin—Kin) and MS media modifications (MS media, MS media with NH4NO3 concentration reduced by half (AMS), and MS media with both NH4NO3 and KNO3 reduced by half (ABMS)) on callus ball size. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Treatments tested on the same macrosalt media composition indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3). 






Figure 8. The effect of selected plant growth regulators (6-benzylaminopurine—BAP, meta-topolin—topolin—mT, N6-(2-isopentyl)adenine——2iP, zeatin—zeatin—Z, kinetin—kinetin—Kin) and MS media modifications (MS media, MS media with NH4NO3 concentration reduced by half (AMS), and MS media with both NH4NO3 and KNO3 reduced by half (ABMS)) on callus ball size. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Treatments tested on the same macrosalt media composition indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3).



[image: Horticulturae 09 00271 g008]







[image: Horticulturae 09 00271 g009 550] 





Figure 9. The effect of concentration of indole-3-acetic acid (IAA) added to two MS media with NH4NO3 concentration reduced in half (AMS) and MS media with both NH4NO3 and KNO3 reduced in half (ABMS) on the number of roots per explant. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Treatments tested on the same macrosalt media composition indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3). 
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Figure 10. The effect of lamp type on plantlet survival (a) and the number of developed leaves per plant (b) 21 days after ex vitro transfer. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Mericlones and pot cell diameters indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3). 
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Figure 11. The effect of substrate (soil, sand, vermiculite, and perlite) at a ratio of 3:1:1:1 (B1) and soil, cow manure, vermiculite, and perlite at a ratio of 3:1:1:1 (B2) on mericlone M2 plantlet survival (a) and the number of developed leaves per plant (b) 21 days after transfer to ex vitro. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Mericlones and pot cell diameters indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3). 
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Figure 12. The effect of pot cell diameter (3.7 cm and 2.8 cm) on plantlet survival (a) and the number of developed leaves per plant (b) 21 days after transfer to ex vitro. Median values are represented by horizontal lines within boxplots. Whiskers indicate the 95% confidence interval of the median. Dots represent the outliers. Mericlones and pot cell diameters indicated with the same letter do not differ according to Tukey’s test (>0.05). (n = 3). 
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Table 1. Seed sources of the studied Eryngium maritimum accessions.
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	Origin
	Source
	Coordinates





	Jellito, Germany
	Commercial
	



	Magic seeds, Germany
	Commercial
	



	Suffolk herbs, United Kingdom
	Commercial
	



	Kihnu, Estonia
	Wild
	N58°7′49″ E23°57′32″



	Saaremaa, Estonia
	Wild
	N58°28′36″ E21°54′59″



	Ziemupe, Latvia
	Wild
	N56°48′4″ E21°4′4″



	Užava, Latvia
	Wild
	N57°14′49″ E21°25′52″



	Italy
	University of Pisa botanical garden collection
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Table 2. Experimental variants for Eryngium maritimum seed disinfection.
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	Experimental Variant
	Diluted Commercial Detergent “Fairy”
	KMnO4 (0.01%)
	Commercial Bleach “ACE”





	A
	15 min 20 °C
	1 h
	10 min



	B
	15 min 20 °C
	2 h
	10 min



	C
	15 min 40 °C
	1.5 h
	11 min



	D
	15 min 40 °C
	3 h
	11 min



	E
	180 min 40 °C
	3 h
	11 min
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Table 3. Differences in root development before ex vitro adaptation and survival, and the number of developed leaves 21 days after ex vitro adaptation, between tested mericlones.
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	Survival, %
	Root Development (Score, 1–3)
	Survival, %
	Number of Developed Leaves per Plant





	M1
	1.3a 1
	99.0a
	5.7a



	M2
	1.3a
	99.4a
	6.2a



	M3
	1.8a
	99.0a
	6.5a







1 Means tracked by the same letters are not significantly different according to Tukey’s test.
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Table 4. Survival (%) of plantlets of three mericlones in field conditions (autumn 2021 and spring 2022) based on planting date (n = 40, three replications).
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Planting Date

	
June 2021

	
July 2021




	
Survival, %

	
Autumn 2021

	
Spring 2022

	
Autumn 2021

	
Spring 2022






	
M1

	
90.8ab 1

	
72.5b

	
-

	
-




	
M2

	
99.2a

	
77.5b

	
55.8c

	
22.5d




	
M3

	
86.7ab

	
72.5b

	
-

	
-








1 Means tracked by the same letters are not significantly different according to Tukey’s test.
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