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Abstract

:

In vitro mutagenesis is an alternative to induce genetic variation in vanilla (Vanilla planifolia Jacks. ex Andrews), which is characterized by low genetic diversity. The objective of this study was to induce somaclonal variation in V. planifolia by gamma radiation and detect it using inter-simple sequence repeat (ISSR) molecular markers. Shoots previously established in vitro were multiplied in Murashige and Skoog culture medium supplemented with 2 mg·L−1 BAP (6-benzylaminopurine). Explants were irradiated with different doses (0, 20, 40, 60, 80 and 100 Gy) of 60Co gamma rays. Survival percentage, number of shoots per explant, shoot length, number of leaves per shoot, and lethal dose (LD50) were recorded after 60 d of culture. For molecular analysis, ten shoots were used for each dose and the donor plant as a control. Eight ISSR primers were selected, and 43 fragments were obtained. The percentage of polymorphism (% P) was estimated. A dendrogram based on Jaccard’s coefficient and the neighbor joining clustering method was obtained. Results showed a hormetic effect on the explants, promoting development at low dose (20 Gy) and inhibition and death at high doses (60–100 Gy). The LD50 was observed at the 60 Gy. Primers UBC-808, UBC-836 and UBC-840 showed the highest % P, with 42.6%, 34.7% and 28.7%, respectively. Genetic distance analysis showed that treatments without irradiation and with irradiation presented somaclonal variation. The use of gamma rays during in vitro culture is an alternative to broaden genetic diversity for vanilla breeding.
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1. Introduction


Vanilla (Vanilla planifolia Jacks. ex Andrews), of the family Orquidaceae, is cultivated for its fruits for the extraction of vanillin, one of the most valuable spices in the food, cosmetic and pharmaceutical industries [1,2]. Despite its economic importance, V. planifolia is classified in the category B2ab (iii, v) “Endangered” in The International Union for Conservation of Nature (IUCN) Red List (http://www.iucnredlist.org accessed on 22 June 2021) version 3.1. In Mexico, V. planifolia is a classified species with special protection due to severe fragmentation of its habitat [3].



Vanilla is propagated asexually by cuttings and is manually pollinated, obtaining pods that contain seeds with low or no germination [1,4]. Commercial propagation by cuttings limits the genetic diversity of this species, causing susceptibility to pests and diseases and loss of tolerance to abiotic factors [5], leading to premature fruit drop. Therefore, expanding the genetic diversity of V. planifolia is important in breeding programs [6].



An alternative to induce genetic variability is by in vitro mutagenesis techniques [7,8,9]. Genetic variations obtained from in vitro culture are also called somaclonal variations [10]. Somaclonal variations obtained by in vitro mutagenesis with gamma radiation are free of regulatory constraints and allow the regeneration of genetic variations in a short period of time at low cost, added to which this system provides easy manipulation of explants in confined and controlled spaces under aseptic conditions [11,12,13]. Mutagenesis with cobalt 60 (60Co) has high penetration potential, poses no risk to the environment and can be used to irradiate cells, tissues, organs and whole plants [14,15]. In vitro mutagenesis with 60Co has been used in the breeding of San Francisco lily (Laelia autumnalis) [16], rice (Oryza sativa L.) [17], ginger (Zingiber officinale Rosc.) [8], potato (Solanum tuberosum L.) [18], and tomato (Lycopersicon esculentum L.) [19].



Molecular marker analysis is an important tool to estimate somaclonal variation [20,21,22]. Among molecular markers, inter simple sequence repeats (ISSRs) are characterized by being dominant, reproducible, inexpensive and they do not require prior knowledge of the genome [23]. Recently, ISSRs have been studied to analyze somaclonal variation in broadleaf plantain (Plantago major) [24], sugarcane (Saccharum spp.) [25], tulip (Tulipa suaveolens) [26], arracacha (Arracacia xanthorrhiza) [27] and Disanthus cercidifolius Maxim., an ornamental shrub [28]. In V. planifolia, ISSRs have been previously used by Bello-Bello et al. [29], Ramírez-Mosqueda et al. [30] and Pastelín-Solano et al. [31]. The aim of this study was to induce somaclonal variation in V. planifolia by means of gamma irradiation with 60Co and detect it using ISSR molecular markers.




2. Materials and Methods


2.1. Plant Material


The mother plant was collected from a commercial plantation in Veracruz, Mexico (19.39°81′00″ N, −96.76°22′62″ W). The accession was identified by the National Agro-Alimentary Health, Safety and Quality Service (SENASICA, certificate No. LAB 30044001/2018) and handling authorization was approved by the Mexico program of the Ministry of the Environment and Natural Resources (permission No. SGPA/DGVS/2868/19). The accession has been deposited in a public in vitro germplasm bank at the Plant Tissue Culture Laboratory of Colegio de Postgraduados, Veracruz, Mexico. In this study, all procedures performed were in compliance with the IUCN Policy Statement on Research Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of Wild Fauna and Flora.




2.2. In Vitro Establishment and Multiplication


Young, 20–30 cm long vanilla mother seedling stems containing three buds were used for in vitro establishment under greenhouse conditions. Leaves were removed from the stems and 2 cm long nodal segments containing one bud were cut. The nodes were used as explants and washed with running water and two drops of Tween 20 (Sigma-Aldrich, Chemical Company, St. Louis, MO, USA) for 30 min. Subsequently, the explants were immersed in a 0.1 mg·L−1 fungicide solution of 50 WP Captan-ultra (Arysta Life Science México S.A. de C.V. Coah., MX) for 30 min. The explants were submerged in a 5% (w/v) solution of NaClO (Cloralex, Industrias Alen, S.A. de C.V, NL, MX) (6% a.i.). Finally, they were immersed in a 1.3% (w/v) mercuric chloride (HgCl2) solution for 15 min and rinsed five times with sterile distilled water. The explants were cultured individually in 22 × 150 mm test tubes containing 10 mL MS [32] medium, supplemented with 2 mg·L−1 6-benzylaminopurine (BAP) (Sigma-Aldrich, St. Louis, MO, USA) and 30 g·L−1 sucrose. The Murashige and Skoog (MS) medium was adjusted to a pH of ±5.8 with 1 N sodium hydroxide (NaOH), and 0.25% (w/v) phytagel (Sigma-Aldrich) was used. The material was sterilized in an autoclave at 120 °C for 20 min. Cultures were incubated at 24 °C and the photoperiod was 16 h with a white LED light (460 and 560 nm) at an irradiance of 45 ± 5 μmol m−2 s−1. After two weeks of culture, the explants were transferred to 500 mL jars with 30 mL MS multiplication medium supplemented with 2 mg·L−1 BAP under the aforementioned light and temperature conditions. Three subcultures were performed in 60-day periods prior to the 60Co irradiation treatments.




2.3. Gamma Irradiation of In Vitro Explants


In vitro regenerated shoots were obtained, at the differentiation during multiplication stage, of approximately 2 cm in length and were irradiated at the National Institute for Nuclear Research, located in the city of Toluca, Mexico, with a Transelektro irradiator (LG1-01, Budapest, HU) using gamma rays with 60Co. The explants were treated with doses of 0, 20, 40, 40, 60, 80 and 100 Gy, with an exposure time of 2.1, 4.2, 6.3, 8.3, and 10.4 min, respectively. Shoot irradiation was carried out in glass Petri dishes containing MS medium without growth regulators. Twelve explants were used, with four explants per petri dish. Subsequently, the irradiated explants were immediately transferred to MS multiplication medium to avoid the possible effects of denaturation of the medium components. The explants were cultured for 60 d in the multiplication medium described above, under the aforementioned light and temperature conditions. The variables to be measured were survival percentage, number of shoots per explant, shoot length and number of leaves per shoot. The lethal dose (LD50) was calculated by observing survival percentage of explants at 60 days.




2.4. Data and Molecular Analysis


A completely random design was used for the gamma irradiation and in vitro multiplication. All treatments were performed in triplicate. Data were subjected to an analysis of variance and Tukey test (p < 0.05) using IBM SPSS statistical software v21. Percentage data were transformed with the formula Y = arcsine (√(×/100)), where × is the percentage value.



A binary matrix was made with the ISSR fragment bands and recorded as present (1) or absent (0). For each primer, the percentage of polymorphism was calculated. In addition, a cluster analysis was performed using Jaccard’s similarity coefficient based on similarity between sets of samples relative to matches, where 1 is similarity and 0 is divergence, and the neighbor joining (NJ) agglomeration model based on minimum evolution [33]. The donor plant was set as an outgroup. Neighbor joining clustering was performed after 1000 Bootstrap replicates. The resulting cluster was expressed as a dendrogram using the PAST software v3.04.




2.5. DNA Extraction and ISSR Analysis


The donor plant and non-irradiated explants were used as controls. Leaf samples from the donor plant and ten randomly selected shoots per irradiation dose were used in all experiments. For DNA isolation, the Stewart and Via [34] method was performed. The amount and purity of the DNA was determined by a spectrophotometer (Nanodrop 2000, Thermo Scientific, Waltham, MA, USA). The DNA samples used were those obtained with an A260/230 ratio of 1.8–2.2. The DNA was verified on a 1.5% (w/v) agarose gel stained with 3 mg·mL−1 ethidium bromide (Sigma-Aldrich) at a concentration of 0.1 mg·mL−1 using TAE 1X as buffer. To detect the polymorphism of the V. planifolia genomic DNA, 14 ISSR primers were evaluated. Eight primers were selected based on its reproducibility of the banding patterns (Table 1).



The PCR reactions were brought to a volume of 25 µL, with 30 ng template DNA, 1.5 U GoTaq DNA Polymerase (Promega, Madison, WI, USA), 1X Buffer (10 mM Tris-HCL and 50 mM KCL), 2.5 mM MgCl2, 0.2 mM dNTPs and 0.5 µM primer. The products were amplified in an Engine System thermal cycler (PTC-200, BIO-RAD, Watertown, MA). A program starting with one cycle for 4 min at 94 °C was used, followed by 35 cycles for 50 s at 94 °C, 45–53 °C according to the primer for 50 s and 72 °C for 90 s. Finally, an extension at 72 °C for 10 min.



The amplification fragments were separated by electrophoresis on 2.5% (w/v) agarose gels in a 1X TAE buffer solution at 90 V for 1.5 h. The gels were stained with 3 mg·mL−1 ethidium bromide. A 1 kb Plus DNA ladder (Promega, Madison, WI, USA) was used. Finally, the gels were photographed using a gel documentation system (ChemiDocXRS, Bio-Rad, Hercules, CA, USA).





3. Results


3.1. Effect of Gamma Radiation on In Vitro Survival and Development


The different doses of gamma irradiation showed a significant effect on survival percentage, number of shoots per explant, and length and number of leaves per shoot (Figure 1). The LD50 was observed at the 60 Gy, this dose reduced survival of explants by 52%. The highest survival percentage was observed at the 0 and 20 Gy doses, with 100% survival, whereas the lowest survival percentages were obtained at the 80 and 100 Gy doses, with 31 and 24% survival, respectively (Figure 1a). Regarding the number of shoots per explant, the highest number of new shoots was obtained at the 20 and 40 Gy doses, with 6 and 5.3 shoots per explant, respectively, whereas the lowest number of shoots was observed at the 60, 80 and 100 Gy doses, obtaining only 3 shoots per explant (Figure 1b). The longest shoot length was obtained at the 0 and 20 Gy doses, with 3.1 and 3 cm in length, respectively. The shortest length was observed at the 60, 80 and 100 Gy doses, with 1.6 to 1.8 cm in height (Figure 1c). The highest number of leaves was observed at the 0 and 20 Gy doses, with 3.3 and 3 leaves per shoot, whereas the lowest number of leaves per shoot was observed at 60, 80 and 100 Gy, with 1.6 to 1.7 leaves per shoot on average (Figure 1d). In addition, the administration of different doses of gamma irradiation had an effect on the multiplication rate in vanilla shoot development (Figure 2).




3.2. DNA Polymorphism of Gamma Radiation on Somaclonal Variation


The ISSR analysis revealed the presence of monomorphic and polymorphic bands between the control and the different irradiation doses with respect to the donor plant (Figure 3 and Supplementary Figure S1). The eight selected ISSR primers amplified a total of 43 bands ranging from 250 to 2000 bp. The primers that showed the highest percentage of polymorphism were UBC-808 with 42.6% (9 bands), followed by UBC-836 with 34.7% (6 bands) and UBC-840 with 28.7% (6 bands). On the other hand, the primers that showed less than 15% polymorphism were UBC-825 (6 bands), T06 (4 bands) and UBC-809 (7 bands). Primers T05 (1 band) and UBC-812 (4 bands) revealed the presence of monomorphic fragments (Table 1).



The dendrogram based on the neighbor joining model showed no similarity in the irradiation doses evaluated with respect to the donor plant. According to Bootstrap probabilities, similarity distances and branch lengths, the first group was considered to be the donor plant, whereas the second group comprised the doses of 0, 20, 40, 60, 80 and 100 Gy. The second group was divided into six subgroups, where subgroup six had the greatest similarity distance (0.76), formed by nine individuals of 100 Gy doses. The shortest distance was observed in the first and second subgroups with a distance of 0.88 and 0.86, respectively, with one individual of 0 and 20 Gy, respectively. For the rest of the subgroups, no clustering trend was observed with respect to the gamma radiation doses evaluated (Figure 4).





4. Discussion


This study showed that gamma irradiation has an effect on survival and development during in vitro multiplication of V. planifolia. The mortality of the explants at doses higher than 60 Gy (DL50) could be explained by the radiosensitivity of explants exposed to gamma rays. The sensitivity of explants to gamma radiation depends on tissue type, size, degree of development and water content [35]. Ionizing radiation interacts with atoms and molecules to produce free radicals in cells. These radicals can damage the structure of biomolecules such as carbohydrates, lipids, proteins, enzymes and nucleic acids, affecting the primary metabolism of plants [36,37]. In addition, irradiation can affect biochemical processes such as photosynthesis, respiration, krebs cycle and the metabolism of biomolecules. According to Hasbullah et al. [38] and Hernández-Muñoz et al. [35], irradiation can also affect cell division and cause damage to chromosomes and DNA.



The increase in the number of shoots at a dose of 20 Gy could be associated with a hormetic effect. According to Calabrese [39], the hormetic effect is characterized by beneficial or stimulation of development at low doses; and toxicity, inhibition or death at high doses. According to Jalal et al. [40], reactive oxygen species (ROS) are associated with hormesis because they are signaling molecules that trigger different physiological, biochemical and molecular processes in plant development. In this study, doses higher than 60 Gy caused the death of the explants and a reduction in the number of shoots per explant, shoot length and number of leaves per shoot. The reduced development and increased mortality rate at high doses could be associated with a longer time exposure to 60Co. The high dosage of gamma ray causes production and accumulation of ROS, which are toxic to plant tissues [41,42]”.



In this regard, Oliveira et al. [41] stated that the excess accumulation of free radicals resulting from water radiolysis produces negative effects on structural and functional biomolecules causing alterations in cellular metabolism, while Liu et al. [42] noted that high doses of gamma radiation can induce oxidative stress; this stress generates the formation of ROS that affects cell division and leads to apoptosis.



The mechanisms of the hormetic effect have yet to be fully elucidated; however, Iavicoli et al. [43] stated that hormesis is an adaptive preconditioning response to a stress of greater magnitude based on an evolutionary event. The hormetic effect has been observed in other in vitro mutagenesis studies with 60Co in golden-flowered vetchling (Lathyrus chrysanthus Boiss) [44], San Francisco lily (Laelia autumnalis) [16], shoreline purslane (Sesuvium portulacastrum) [45] and more recently in rice (Oryza sativa L.) [17]. These results suggest that gamma irradiation with 60Co could promote in vitro morphogenesis in explants in a dormant state in recalcitrant species.



The ISSR markers were able to detect somaclonal variations between individuals and the different doses of gamma irradiation evaluated. In this regard, Khan et al. [46] stated that ISSR markers produce multiple bands at the same locus, are highly reproducible and do not need prior information from the plant genome. In this study, primers UBC-808, UBC-836 and UBC-840 revealed the highest percentage of polymorphism and can be used for future analysis of somaclonal variation or genetic diversity in V. planifolia.



In general, individuals irradiated with doses of 100 Gy showed the least genetic similarity; however, for the rest of the doses evaluated, no clustering trend was observed. In vanilla, other studies involving somaclonal variation analysis using ISSR markers have observed that this species tends to be genetically unstable upon in vitro regeneration [29,31,47]. Ramírez-Mosqueda and Iglesias-Andreu [47] reported somaclonal variation during indirect organogenesis, with 71.66% polymorphism. Bello-Bello et al. [29] found an increase in the percentage of polymorphism with increasing concentrations of plant nanoparticles (AgNPs) in the culture medium during the growth of V. planifolia, with 25% polymorphism at a concentration of 200 mg·L−1 AgNPs. Pastelín-Solano et al. [31] demonstrated that the number of subcultures during direct organogenesis is an important factor in the increase in somaclonal variation, obtaining % P greater than 15% from subculture number six. On the other hand, other studies found no somaclonal variation in V. planifolia [30,48,49,50]. Sreedhar et al. [49] did not observe somaclonal variation during long-term growth using ISSR and RAPD markers. Gantait et al. [48] did not observe somaclonal variation during direct organogenesis using ISSR markers. Ramírez-Mosqueda et al. [30] in variegated plants obtained during direct organogenesis in temporary immersion obtained 0% polymorphism using ISSR markers. Recently, Manokari et al. [50] through direct organogenesis demonstrated 0% polymorphism using markers based on start codon targeted (SCoT) polymorphism.



Somaclonal variation during in vitro culture can originate through various aspects such as: explant type, regeneration pathway, subculture number, culture duration, growth regulator type, genotype and ploidy level [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51]. However, somaclonal variation can be induced by chemical and physical mutagenic agents. Gamma irradiation using 60Co can generate different types of mutations, namely deletions and insertions, translocations and base substitutions [52,53]. According to Jain [54], mutations produced by somaclonal variability are very similar to those produced spontaneously or by mutagenesis methods.



The somaclonal variation obtained in non-irradiated explants could be explained by the genetic nature of V. planifolia. In this regard, Nair and Ravindra [55], and Bory et al. [56] observed in vanilla somatic associations and anomalies in the number of chromosomes, being lower than the reported 2n = 32. This could explain why, during in vitro regeneration of vanilla, higher somaclonal variation is expected compared to other species that do not show somatic association or anomalies in the ploidy level. The somaclonal variation found in irradiated treatments, in addition to the genetic nature of the species, could be due to the high penetrating potential of gamma rays and mainly to the breaking of the chemical bonds in the DNA double strand, eliminating nucleotides or replacing them with new ones [14]. In this study, DNA mutations can probably affect homeotic genes with effects on the ability to regenerate new shoots.



Predieri [57] and Bairu et al. [51] state that in vitro culture increases the efficiency of mutagenic treatments due to the manipulation of explants in constant cell division under controlled conditions without biotic or abiotic factors that interfere with the mutagenic treatment. The effect of in vitro mutagenesis using 60Co to broaden genetic variation for breeding purposes has been studied in San Francisco lily (Laelia autumnalis) [16], rice (Oryza sativa L.) [17], ginger (Zingiber officinale Rosc.) [8], potato (Solanum tuberosum L.) [18], and tomato (Lycopersicon esculentum L.) [19].



The species V. planifolia has low genetic diversity due to the cuttings-based asexual reproduction [58]. This commercial propagation method limits the diversity of the species. In vanilla, somaclonal variation is an alternative to broaden the genetic base of this species and generate new alleles [31] that can address the inbreeding depression of this species. The increase in the genetic diversity of vanilla is an important factor contributing to tolerance to abiotic and resistance to biotic factors caused by different climate change scenarios to avoid its extinction. Gamma radiation is a very useful mutagenesis method to generate genetic variations for the improvement of this species. In addition, future studies are required to analyze flowering stage and ripe fruits with morphological and biochemical markers to find possible phenotype variation.




5. Conclusions


In this study, it was observed that gamma radiation has a hormetic effect on explants, promoting the formation of new shoots at low dose (20 Gy) and inhibition of sprouting and death at high doses (60–100 Gy). Furthermore, in vitro regeneration via direct organogenesis and the different doses of gamma irradiation evaluated with 60Co were shown to have an effect on somaclonal variation. The analysis of NJ clustering and Jaccard’s genetic distance showed that the treatment without irradiation and the treatments with irradiation present genetic divergence from the donor plant. ISSR markers were shown to be efficient in detecting somaclonal variation. These results support the possibility of using gamma rays during in vitro culture to increase genetic diversity and undertake a vanilla breeding program.
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Figure 1. Effect of gamma radiation on in vitro survival and development of vanilla (Vanilla planifolia Jacks. ex Andrews). (a) Survival percentage, (b) shoots per explant, (c) shoot length and (d) leaves per shoot at 60 d of culture. Values represent the mean ± standard error. Means with different letters are significantly different (Tukey, p < 0.05). 
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Figure 2. Effect of different doses of gamma irradiation on in vitro shoot development of vanilla (Vanilla planifolia Jacks. ex Andrews) at 60 days of culture; (a–f) 0, 20, 40, 60, 80 and 100 Gy, respectively. Black bar = 1 cm. 
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Figure 3. Electrophoresis pattern with ISSR markers of ten individuals (1–10) of vanilla (Vanilla planifolia Jacks. ex Andrews) exposed to gamma radiation with respect to donor plant (D). (a) Dose 60 Gy, primer UBC-812 (b) dose 20 Gy, primer UBC-840. M = molecular weight marker and bp = base pairs. 
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Figure 4. Neighbor joining dendrogram based on Jaccard’s coefficient, calculated for each gamma irradiation dose with respect to the donor plant of vanilla (Vanilla planifolia Jacks. ex Andrews). The values under line represent: 1 similarity, and 0 divergence. I-VI: subgroups with different similarity distances. 
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Table 1. Inter simple sequence repeat (ISSR) molecular markers selected to evaluate the somaclonal variation of vanilla (Vanilla planifolia Jacks. ex Andrews) at different doses of gamma irradiation with 60Co.
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	Primers
	Sequence (5′–3′)
	Annealing Temperature

(°C)
	Bands
	Range

(bp)
	Polymorphism (%)





	UBC-809
	AGAGAGAGAGAGAGAGG
	45
	7
	250–1500
	4



	T06
	AGAGAGAGAGAGAGAGT
	50
	4
	400–750
	3



	UBC-840
	GAGAGAGAGAGAGAGAYT
	52
	6
	500–1500
	28.7



	UBC-836
	AGAGAGAGAGAGAGAGYA
	50
	6
	400–1500
	34.7



	UBC-812
	GAGAGAGAGAGAGAGAA
	50
	4
	500–1500
	0



	UBC-825
	ACACACACACACACACT
	50
	6
	500–2000
	14.9



	UBC-808
	AGAGAGAGAGAGAGAGC
	53
	9
	400–1000
	42.6



	T05
	CGTTGTGTGTGTGTGTGT
	53
	1
	750
	0







bp = base pair; Y = C or T.
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