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Abstract:

 Advances in plant biotechnology provide new options for collection, multiplication and short- to long-term conservation of plant biodiversity, using in vitro culture techniques. Significant progress has been made for conserving endangered, rare, crop ornamental, medicinal and forest species, especially for non-orthodox seed and vegetatively propagated plants of temperate and tropical origin. Cell and tissue culture techniques ensure the rapid multiplication and production of plant material under aseptic conditions. Medium-term conservation by means of in vitro slow growth storage allows extending subcultures from several months to several years, depending on the species. Cryopreservation (liquid nitrogen, −196 °C) is the only technique ensuring the safe and cost-effective long-term conservation of a wide range of plant species. Cryopreservation of shoot tips is also being applied to eradicate systemic plant pathogens, a process termed cryotherapy. Slow growth storage is routinely used in many laboratories for medium-conservation of numerous plant species. Today, the large-scale, routine application of cryopreservation is still restricted to a limited number of cases. However, the number of plant species for which cryopreservation techniques are established and validated on a large range of genetically diverse accessions is increasing steadily.
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1. Introduction

The conservation of plant biodiversity is an important issue concerning the human population worldwide. The anthropogenic pressure, the introduction of alien species, as well as domesticated species and chronic weed infestation have dramatic effects on plant diversity, which is reflected in an increase in the number of threatened species. Plant biodiversity is a natural source of products to the medical and food industries. It provides different basic raw materials and contributes to supply new genetic information useful for breeding programs and for developing more productive crops and more resistant plants to biological and environmental stresses [1].

Conservation of plant biodiversity can be performed in situ or ex situ. The maintenance of plant species in their natural habitat, as well as the conservation of domesticated and cultivated species on the farm or in the surroundings where they have developed their distinctive characteristics represent the in situ strategies [2]. However, there is a heavy loss or decline of species, populations and ecosystem composition, which can lead to a loss of biodiversity, due to habitat destruction and the transformations of these natural environments; therefore, in situ methods alone are insufficient for saving endangered species. Additional approaches, like storage in seed banks, field gene collections, in vitro collections and botanical gardens, complement the preservation programs for plant biodiversity. They are classified as ex situ strategies, which means to maintain the biological material outside their natural habitats [2]. Ex situ conservation is a viable way for saving plants from extinction, and in some cases, it is the only possible strategy to conserve certain species [3]. In situ and ex situ methods are complementary and are not exclusive. They offer different alternatives for conservation, but selection of the appropriate strategy should be based on a number of criteria, including the biological nature of the species and the feasibility of applying the chosen methods [4].

Advances in plant biotechnology, especially those associated to in vitro culture and molecular biology, have also provided powerful tools to support and improve conservation and management of plant diversity [5]. At present, biotechnological methods have been used to conserve endangered, rare, crop ornamental, medicinal and forest species, allowing the conservation of pathogen-free material, elite plants and genetic diversity for short-, medium- and long-term. In vitro conservation is especially important for vegetatively propagated and for non-orthodox seed plant species [6]. Furthermore, in vitro techniques offer a safe mean to internationally exchange plant material, enable the establishment of extensive collections using minimum space, allow supply of valuable material for wild population recovery and facilitate molecular investigations and ecological studies [7].

This review briefly presents the in vitro techniques, which can be efficiently used to improve the conservation of plant biodiversity.



2. In vitro Technologies for Collecting Plant Biodiversity

Plant material collection is the first step to acquire plant germplasm. In vitro techniques can significantly increase collecting efficiency through the use of in vitro collecting, which is the process to initiate tissue cultures in the field [8]. For ex situ conservation, collecting cuttings of plants and seeds is generally the most cost-effective procedure. However, for some species, seeds are sterile or not available, or they have short longevity or viability [8], or they have unusual dormancy requirements and propagules may not be easily transported. In some cases, only few individuals of a given species still remain in specific areas; therefore, in vitro collecting of tissues would be less invasive than removing whole plants and will result in a more efficient method for sampling a large number of plants when seeds are not available [9].

Some species cannot be collected by traditional means, due to a seasonal pattern of development. Furthermore, some organs that are not strictly used for propagation, like shoots of trees, are more easily available for collecting at any time [10]. The deterioration of plant material, due to natural processes and microorganism attack, is another limiting factor affecting material integrity [10], and the excessive volume and weight of certain fruits can be a significant problem during the movement of the material collected [10]. Due to the limiting factors mentioned above, in vitro collecting broadens the possibilities for collecting living tissues. In vitro material can be dispatched internationally with fewer restrictions, even though it is still subject to import permits and phytosanitary certificates [8].

The material to be collected depends on each species. Due to cell totipotency, in theory, almost any part of the plant is sufficient to regenerate a whole organism under the appropriate growth conditions. For species producing orthodox seeds, the most common way to acquire plant material is through seed collection; nonetheless, different circumstances, such as seed absence or inadequate seed development, may hinder seed collection and for these cases, zygotic embryos or vegetative tissues, like budwoods, shoots, apices or leaves, can be collected [6]. For vegetatively propagated species, it is necessary to collect stakes, pieces of budwood, tubers or corms [6].

The different factors that must be considered during the in vitro collecting of plant tissue are: the appropriate tissue for in vitro collecting, the size of the tissue, soil residues and presence of diseased tissue, sterilization of plant tissue, removal of the disinfectant, nutrient medium and the conditions of storage, including light, temperature and humidity [10]. Since in vitro collecting is based on tissue culture techniques, its limitations are based on the recalcitrance of some species to regenerate or even to grow in vitro [11]. Furthermore, in vitro collecting may pose more challenges beyond those of normal tissue culture, as work is done in the field and culture exposure to air-borne contaminants may be unavoidable [12].

Microorganism removal is a critical factor that must be strictly controlled during in vitro collecting of plant material. Bacteria and fungi develop rapidly as saprophytes in culture media, and since their nutritional requirements are basically the same as plants, they compete with the plant for nutrients [12]; furthermore, microorganisms can produce phytotoxic metabolites that affect plant growth [13]. Different factors influence the level of explant contamination, like the age of tissues (older tissues are generally more infected than the younger ones), the localization of the tissues (in the air or underground) and the environment [12]. Surface sterilization is the first step in establishing aseptic cultures, which can be done at the collection site or in the laboratory after the tissue sample is placed on a transport medium [12,14]. Systemic antimicrobial agents must be added to the media to kill bacteria or fungi localized beneath the epidermis or in the intercellular spaces, so it is necessary to select the appropriate antibiotic depending on the target microorganism, antibiotic solubility, stability in light, its interactions with other media components and toxicity to humans. Several antibiotics and fungicides used for in vitro plant culture have been detailed and listed by Pence and Sandoval [12].

The first in vitro collecting systems were developed for cocoa (Theobroma cacao L.) and coconut (Cocos nucifera L.), generating two in vitro collecting methods that were used as a model to develop other protocols [10].

Cocoa seeds are highly recalcitrant, which represents a challenge for ex situ conservation; furthermore, the material generally used for propagation, mature seeds and cuttings, rapidly lose viability, and it is difficult to maintain alive the material over long distances [15]. In 1987, an in vitro collecting technique was developed for cocoa [16,17].

Collecting coconut seeds by conventional means is a costly and highly inefficient procedure, since seeds are bulky, heavy and highly recalcitrant [18,19]. In vitro collecting is based on the premise that the embryo is enough to grow and develop a coconut palm. The adaptation of in vitro culture techniques to collecting coconut embryos had two initial purposes: collecting plant material and the international exchange of coconut germplasm, avoiding the transmission of coconut diseases that are transferred by the nut, but not by the embryo [19]. The available coconut in vitro collecting techniques share some basic steps: the dehusking and cracking open of the nut, the extraction of a plug of endosperm containing the embryo, the dissection of the embryo from the endosperm and the inoculation of the embryo into culture [19]. Different protocols for in vitro collecting of coconut germplasm have been reported [14,20,21,22]. One of the most recent protocols involves storing the disinfected embryos in a KCl solution until they arrive to the laboratory; then, they are re-disinfected and inoculated under sterile conditions on semi-solid medium supplemented with sucrose and activated charcoal, placing them in the dark and then transferring cultures to light conditions once the shoots and roots start to develop [23]. Other representative examples of in vitro collecting techniques are presented in Table 1.


Table 1. Representative examples of in vitro collecting technique for selected species.



	
Species

	
Explants/Tissue

	
Reference






	
Coffea arabica L. (coffee)

	
Single nodes with axillary buds from orthotropic stems

	
[24]




	
Musa L. sp.

	
Corms from sword shoots

	
[25]




	
Citrus L. sp.

	
Vegetative explants from straight twigs and seeds

	
[26]




	
Persea americana Miller (avocado)

	
Vegetative explants from straight twigs

	
[27]




	
Erythrina L. sp. (flame tree)




	
Vanilla planifolia Jackson




	
Pouteria Aublet sp. (sapodilla)




	
Colocasia esculenta var. esculenta (Taro)

	
Corms from suckers

	
[28]




	
Gossypium hirsutum L. (Cotton)

	
Stem nodal

	
[29]











In vitro collecting represents an alternative for rare and endangered species, since usually this material is limited in supply and seed collection may be restricted. The removal of small amounts of appropriate tissue from the plant should not harm in situ populations [11]. It will be necessary to develop the appropriate protocol for in vitro collecting depending on the species. A good start will be to take guidance from literature on related species, and sometimes, educated judgments must be taken to develop a procedure for a species with limited amounts of material [11].



3. In vitro Technologies for Propagation and Exchange of Plant Biodiversity

The development of biotechnology has led to the production of a new category of germplasm, including clones obtained from elite genotypes, cell lines with special attributes and genetically transformed material [30]. This new germplasm is often of high added value and very difficult to produce. The development of efficient techniques to ensure its safe conservation is therefore of paramount importance.

Tissue culture techniques are of great interest for collecting, multiplication and storage of plant germplasm and are very useful for conserving plant biodiversity, including (a) genetic resources of recalcitrant seed and vegetatively propagated species; (b) rare and endangered plant species; and (c) biotechnology products, such as elite genotypes and genetically engineered material [6,31,32]. Tissue culture systems allow propagating plant material with high multiplication rates in an aseptic environment. Following two alternative morphogenic pathways, shoot organogenesis or somatic embryogenesis, tissue culture has been extensively developed and applied for propagation and regeneration of over 1000 different plant species [33], including numerous rare and endangered species [34,35].

Plant material generated by using in vitro culture techniques is “synchronized”, miniaturized and relatively homogenous in terms of size, cellular composition and physiological state [6]. The first requirement for defining any conservation protocol in vitro is the establishment of fully operational tissues culture conditions for regeneration and multiplication of plant material. The factors that determine the response in plant regeneration are environmental, physical and genotypic. Tissue culture techniques should guarantee the generation of abundant material, the recovery of stored samples in high percentages and finally, the development of complete, true-to-type plants.

In vitro techniques have a clear role within ex situ conservation strategies, including for trees and endangered species, particularly where it is important to conserve specific genotypes or where normal propagules, such as recalcitrant seeds may not be suitable for long-term storage. These involve the use of conventional micropropagation systems, slow growth techniques and cryopreservation [36].

In vitro seed germination has been extensively employed for multiplication of a large number of orchid species [37] and could be a rapid mean for multiplying rare and endangered orchids. In vitro seed germination, micropropagation, somatic embryogenesis, zygotic embryo culture and callus culture systems have been developed successfully for a substantial number of native endangered Brazilian species [38]. These systems can be potentially used to further in vitro germplasm conservation studies. Somatic embryogenesis is an important method for mass production of tree species for forestry [39] and for the development of artificial seeds, making handling and direct planting easier [40]. Artificial seeds are encapsulated tissues, such as somatic embryos, shoot tips and axillary buds, which can be used for germplasm conservation. Artificial seeds are used for large scale clonal propagation, breeding of plants producing non-orthodox seeds or non-seed producing plants and facilitate the storage and transportation of samples [41].

Biodiversity hotspots around the globe are at risk and in vitro propagation methods have been used for rescuing and conserving endangered plants [42], in many countries [9], including Australia [43], Malaysia [44] and South Africa [45]. Although standard in vitro propagation methods are, in general, accessible, endangered species may have unusual growth requirements and, thus, may need modified procedures for in vitro culture. In addition, the limited amount of plant material available from rare and endangered species poses major challenges in the application of in vitro techniques [35].

It is already well known that micropropagation allows both rapid and massive clonal multiplication of plants; however, it does not ensure that material will be free of systemic agents, such as viruses, which can be present in tissues without manifesting symptoms and spread during the in vitro multiplication. However, among the in vitro techniques, shoot tip or meristem culture has been used for many decades to eliminate viruses in many species from vegetatively propagated plants [46,47]. This is based on the uneven distribution of viruses in the youngest tissues of the shoot apex, as their concentration tends to decrease progressively toward the apical meristem of the stem, where the cells are in constant and rapid division [48,49]. Since not all cells in a shoot apical meristem are infected with pathogens (e.g., virus, phytoplasmas and endophytic bacteria), it is possible to dissect out a non-infected region and manipulate this explant in vitro to produce virus-free plants [50,51]. As only the meristematic dome and the immediate covering (1st leaf primordia) are usually virus-free [50,51], the size of the meristem excised is critical. Therefore, excision and regeneration of tiny meristems might result in plants free of these pathogens. Regeneration ability is positively proportional to the size of the shoot tip, but pathogen eradication is more efficient using small shoot tips (0.2–0.4 mm). Hence, pathogen eradication using meristem culture is challenged by the difficulty of excising very small meristems mechanically to remove the infected tissues and of ensuring the survival and regeneration of the tiny meristems [47,49,52,53]. Meristem culture, in combination with thermotherapy, facilitates obtaining virus-free plants and ensures an easier production of disease-free stocks [48]. Then, in vitro culture techniques simplify the quarantine procedures for the international exchange of germplasm [6], because the sanitary status of the plants is safe and because it is easier to transport abundant amounts of a miniaturized material. These techniques have been successfully used for many years in virus eradication. Among woody plants, grapevine, apple and peach are the most frequent targets of sanitation protocols, because their health status is strictly regulated. Even when thermotherapy represents the preferred method for the host, viruses can also be eliminated with chemotherapy and tissue culture [54]. Tissue culture techniques have been used for virus elimination on woody, as well as herbaceous plants (Table 2).


Table 2. Representative examples of tissue culture technique used for virus elimination in selected woody and herbaceous plants.



	
Species

	
Virus

	
Reference






	
Woody plants




	
Grapevine

	
Grapevine fanleaf virus (GFLV) and Grapevine leaf roll-associated virus-1 (GLRaV-1)

	
[55]




	
Banana

	
Banana bract mosaic virus

	
[56]




	
Citrus

	
Citrus psorosis virus

	
[57]




	
Cocoa

	
Cocoa swollen shoot virus

	
[58]




	
Rose

	
Rose mosaic virus

	
[59]




	
Herbaceous plants




	
Sugarcane

	
Sugarcane mosaic virus (SCMV) and sugarcane yellow leaf virus (ScYLV)

	
[60]




	
Garlic

	
Leek yellow stripe (LYS) and onion yellow dwarf virus (OYDV)

	
[61]




	
Potato

	
Potato leafroll virus (PLRV) and potato virus Y (PVY)

	
[62]




	
Herbaceous plants




	
Carnation

	
Carnation latent virus (CLV)

	
[63]




	
Chrysanthemum

	
Cucumber mosaic and tomato aspermy virus

	
[64]




	
Dahlia

	
Dahlia mosaic virus

	
[65]




	
Peanut

	
Peanut mottle potyvirus (PMV) and peanut stripe potyvirus (PStV)

	
[66]




	
Pumpkin

	
Zucchini yellow mosaic virus, cucumber mosaic virus, alfalfa mosaic virus, bean yellow mosaic virus

	
[67]











Collecting, conservation and utilization of plant genetic resources and their international distribution are essential components of international crop improvement programs. This is of special significance in plant movement, quarantine and to breeders who can import a large number of clones of choice, multiply them and distribute them among user groups. In vitro exchange is, therefore, catching on fast. It is important to use suitable, impact resistant and well-sealed culture containers. The packaging should provide adequate thermal insulation and protection against rough handling. The culture medium should be of a formation that includes a higher than usual concentration of gelling agent. The most rapid available shipping method should be preferred [68].



4. In vitro Technologies for Conservation of Plant Biodiversity

In vitro techniques used to achieve medium-term conservation allow the storage of biological material from several months to 2–3 years without subculture, depending on the technique used and on the plant material.

Growth reduction is generally attained by modifying the culture medium and/or the environmental conditions. Modifications of the culture medium can include dilution of mineral elements, reduction of sugar concentration, changes in the nature and/or concentration of growth regulators and addition of osmotically active compounds [6]. As regards the culture environment, it can be changed by reducing the temperature, combined or not, with a decrease in light intensity or by keeping cultures in complete darkness. The most frequently used combination of physical and chemical factors involves decrease of temperature, reduction of mineral elements and carbon source concentration in the medium and the use of low light intensity [69]. The temperatures reported for medium-term conservation are usually from 4 °C to room temperature [70]. However, tropical plant species are often cold-sensitive and have to be stored in the range of 15–20 °C or even higher, depending on their sensitivity [71]. Therefore, the procedure to enable extending subculture periods will mainly focus on modifying the chemical composition of culture medium.

Other additional parameters may also influence the efficiency of slow growth storage, such as the type of explants, their physiological state, as well as the type, volume and the kind of closure of culture vessels [31].

Standard in vitro culture conditions can also be used for medium-term storage when dealing with species that have a natural slow growing habit. Alternatively, the explants may be covered with paraffin, mineral oil or with liquid medium to reduce the growth rate. Modifications in gaseous environment, desiccation and/or encapsulation are other possible options [4]. Artificial seeds, which are produced by encapsulating plant propagules (shoot buds or somatic embryos) in a synthetic matrix, enable medium-term conservation of various plant species, like orchids, through encapsulation of protocorms [72].

Short- and medium-term conservation is routinely used in many laboratories in order to increase the intervals between subcultures required under the multiplication procedure. At the end of a storage period, cultures are transferred onto fresh medium and usually placed for a short period in optimal conditions to stimulate regrowth before entering the next storage cycle [4].

Slow growth has been successfully used for plant species of both temperate and tropical origin, including crops, forest trees, endangered species and medicinal plants [73,74]. Rare wild species, like Gladiolus imbricatus, which is an important resistance-gene pool in this genus by having resistance to abiotic and biotic stress, was stored up to one year on Murashige and Skoog medium [75], at low temperature and kept in the dark. After one year of storage, 25% of the plants could be successfully recovered [76].

Musa in vitro plantlets could be conserved at 15 °C without transfer for up to 15 months [77], while cassava shoot cultures demonstrated to be much more cold-sensitive, since they have to be conserved at temperatures higher than 20 °C [78]. The same authors reported that cassava shoot cultures could be stored for longer periods in a better condition by increasing the size of the storage containers. Another example related to the effect of culture vessels is the use of heat-sealable polypropylene bags instead of glass test tubes or plastic boxes, which was beneficial for the storage of several strawberry varieties [79].

The presence of a root system improved the storage capacities of coffee plantlets as observed by Kartha et al. [80]. The physiological properties of certain species could suggest that seedlings from recalcitrant seeds of some forest species could possibly be stored under in vitro conditions, which stimulate the under-canopy conditions that arrest development in the wild [36].

By using both mineral oil and silicone oil overlays, it was possible to restrict the growth of sweet potato shoot cultures maintained at 25 °C [81], and shoot cultures of several ginger species could be conserved for up to two years under mineral oil with high viability [82]. On the other hand, encapsulated grape shoot tips were stored for nine months at 23 °C [83], and encapsulated date palm somatic embryos were conserved for six months at 4 °C [84].

The advantage of slow growth techniques is that they use the same basic facilities used for plant micropropagation and that the storage regimes are based on modifying the conditions previously established for rapid multiplication. However, they do not alleviate the main problem associated with the high costs of labor and space requirements of any micropropagation system, in addition to the potential risks of somaclonal variation for some species [36].



5. Long-Term Conservation through Cryopreservation

Cryopreservation is the maintenance of living cells, tissues organs and microorganisms at ultralow temperature (usually that of liquid nitrogen, −196 °C). Under cryogenic storage, the biological material can be conserved for extended durations, because at liquid nitrogen temperature, all metabolic activity and cell divisions are stopped and cells will not undergo genetic changes during storage, which may occur when they are maintained by serial subculturing. Furthermore, cryopreserved cells are stored in a small volume, requiring very limited maintenance (topping up storage containers with liquid nitrogen); samples are not continuously exposed to the risks of contamination and operator errors, due to frequent manipulations of the plant material [85].

Cryopreservation is the only technique that ensures the safe and cost-efficient long-term conservation of various categories of plants, including non-orthodox seed species, vegetatively propagated plants, rare and endangered species and biotechnology products [6].

In all cryopreservation processes, water removal plays a central role in preventing freezing injury and in maintaining post-thaw viability of cryopreserved material. There are two types of cryopreservation protocols that basically differ in their physical mechanisms: classical cryopreservation procedures, in which cooling is performed in the presence of ice; and the procedures based on vitrification, in which cooling normally takes place without ice formation [86].

Classical freezing procedures involve cryoprotection by using different cryoprotective solutions combined or not with pregrowth of material and followed by slow cooling (0.5–2.0 °C/min) to a determined prefreezing temperature (usually around −40 °C), rapid immersion of samples in liquid nitrogen, storage, rapid thawing and recovery. They are generally operationally complex, since they require the use of sophisticated and expensive programmable freezers.

Cryopreservation following classical protocols induces a freeze-dehydration process using a slow freezing regime. During the slow temperature decrease, ice is initially formed in the extracellular solution and this external crystallization promotes the efflux of water from the cytoplasm and vacuoles to the outside of the cells where it finally freezes. Therefore, cell dehydration will depend on the cooling rate and the prefreezing temperature set up before immersion of samples to liquid nitrogen [86].

Classical cryopreservation techniques have been successfully applied to undifferentiated culture systems of different plant species, such as cell suspensions and calluses [87,88]. They have also been employed with apices of cold-tolerant plants [89]. Successful cryopreservation of apices from tropical species, such as cassava (Manihot esculenta), is an exceptional example [90,91].

By contrast, the vitrification-based procedures involve cell dehydration prior to cooling by exposure of samples to highly concentrated cryoprotective media (usually called plant vitrification solutions, PVS) and/or by air desiccation. Cooling rate may be rapid or ultra-rapid, depending on how samples are immersed into liquid nitrogen. Vitrification per se is a physical process, defined as the transition of the liquid phase to an amorphous glassy solid at the glass transition (Tg) temperature [92]. This glass may contribute to preventing tissue collapse, solute concentration and pH alterations during dehydration. Therefore, the freeze-induced dehydration step characteristic of classical procedures is eliminated and the slow freezing regime is replaced by a rapid or ultra-rapid cooling process, characteristic of the vitrification-based protocols.

Several innovations have been implemented in order to increase the cooling rate from the temperature at, which cryoprotective treatments are performed (0 or 25 °C) and the final storage temperature (−196 °C). In that way, diverse new plant vitrification-based protocols have been developed and are systematically improved. Indeed, most of them are derived from two cryogenic strategies developed since 1990: vitrification [93,94,95] and encapsulation-dehydration [96,97].

Several vitrification-based procedures are well known at present: pregrowth; dehydration; pregrowth-dehydration; encapsulation-dehydration; vitrification; encapsulation-vitrification; droplet-vitrification [86], and more recently, a new procedure called Cryo-plate is emerging [98].

The pregrowth technique consists of cultivating samples in the presence of cryoprotectants, followed by rapid immersion in liquid nitrogen [85]. Dehydration consists of dehydrating explants usually by desiccation in the air current of a laminar airflow cabinet or with silica gel and, then, direct immersion in liquid nitrogen. Pregrowth-dehydration is the combination of the both previously mentioned methods. These techniques are mainly used for cryopreserving meristematic cultures, small size seeds, polyembryonic cultures, zygotic embryos or embryonic axes extracted from seeds, respectively [86].

The encapsulation-dehydration is based on the technology developed for the production of artificial seeds. Explants are encapsulated in alginate beads, pregrown in liquid medium enriched with sucrose for one to seven days, partially desiccated in the air current of a laminar air flow cabinet or with silica gel to a water content around 20% (fresh weight basis) and then immersed rapidly in liquid nitrogen. Encapsulation of explants allows the application of subsequent drastic dehydration processes prior to cryopreservation, which would otherwise be highly damaging or lethal to non-encapsulated samples. Cryopreservation using the encapsulation-dehydration procedure has been very effective for freezing apices of different plant species from temperate and tropical origin [99].

Vitrification involves treatment of samples with cryoprotective substances (loading), dehydration with highly concentrated plant vitrification solutions (PVS), rapid cooling and rewarming, removal of cryoprotectants and recovery. This procedure has been developed for apices, cell suspensions and somatic embryos of numerous different species [100,101].

Encapsulation-vitrification is a combination of encapsulation-dehydration and vitrification procedures, in which samples are encapsulated in alginate beads and then treated and cooled as under vitrification conditions [100].

Droplet-vitrification is a protocol derived from the combination of the vitrification procedure with the droplet-freezing technique developed by Kartha et al. [102] for cassava shoot tips [86]. Samples are treated with loading and vitrification solutions and then placed on an aluminum foil in minute droplets of vitrification solution or just in one small drop and the aluminum foil strip is directly immersed with the samples in liquid nitrogen [100].

The most recent cryogenic procedure developed, termed cryo-plate [98], combines the encapsulation-dehydration and droplet-vitrification techniques. In this method, shoot tips are attached with a thin calcium alginate layer to an aluminum cryo-plate, loaded, treated with PVS and then cooled by direct immersion of cryo-plates in liquid nitrogen [98,103].

The latest two cryopreservation techniques (droplet-vitrification and cryo-plate) have the common characteristic of providing higher cooling and warming rates compared to other vitrification-based procedures, since samples placed on aluminum foils (with a very high thermal conductivity), are plunged directly into liquid nitrogen for cooling and immersed in a sucrose supplemented medium at room temperature for warming. This significantly increases the probability of obtaining a vitrified state during cooling and of avoiding devitrification during warming [104].

In general, vitrification-based protocols have been very useful for cryopreserving complex organs like shoot-tips and somatic embryos that could not be effectively frozen following classical protocols [105,106,107,108]. In addition, the number of species to which they have been successfully applied is increasing steadily, and they are considerably contributing to improve the cryopreservation of tropical plant germplasm [86,100].

Cryopreservation of seeds is a very valuable strategy for the long-term conservation of tropical and subtropical forest species biodiversity, as it avoids problems related to embryo isolation and in vitro handling. Even for orthodox and intermediate seeds, cryostorage offers the advantages of seed longevity, so long as liquid nitrogen levels are maintained. Storage of dry seeds at −20 °C in seed banks for long periods might also lead to physiological and genetic damages in the very long-term [109].

It is important to realize that the use of cryopreservation should not be restricted to vegetatively propagated plants and non-orthodox seed species. Indeed, recent research findings have shown the necessity to also employ cryopreservation for long-term storage of orthodox seed species. Over the last 30 years, relatively widespread evidence has emerged of less than expected longevity at conventional seed bank temperatures [110]. These authors highlighted the observation that across nearly 200 species, those originating from drier (total rainfall) and warmer temperature (mean annual) locations tended to have greater seed P50 (time taken in storage for viability to fall to 50%) under accelerated ageing conditions, than species from cool and wet conditions [111]. Moreover, species P50 values were correlated with the proportion of accessions (not necessarily the same species) in that family, which significantly lost viability after 20 years under conditions for long term seed storage, that is, seeds pre-equilibrated with 15% relative humidity air and then stored at −20 °C [112]. Such relative underperformance at −20 °C was observed in 26% of the accessions [111]. In another study, it has been estimated that half-lives for the seeds of 276 species stored for an average of 38 years under cool (−5 °C) and cold (25 years at −18 °C) temperatures was >100 years only for 61 (22%) of the species [113]. Nonetheless, cryogenic storage did prolong the shelf life of lettuce (Lactuca) seeds with projected half-lives in the vapor and liquid phases of liquid nitrogen of 500 and 3400 years, respectively [114], up to 20-times greater than that predicted for that species in a conventional seed bank at −20 °C [115,116].

Therefore, cryopreservation could be integrated as an extra insurance policy for storing plant biodiversity and could also be considered appropriate for all orthodox seeds. One sub-sample of any accession might be systematically stored in liquid nitrogen, in addition to the samples stored under classical gene bank conditions [117].

There are several examples to illustrate the application of cryopreservation techniques above described to preserve rare and endangered species for various higher plants [32], including orchids [118], bryophytes and ferns [119].

Cryopreservation of seeds of 68 native Western Australian species out of the 90 species tested was successful using a classical protocol involving treatment with dimethyl sulfoxide (DMSO) [120]. Desiccation has been employed for freezing seeds of rare temperate orchids by direct immersion in liquid nitrogen [121]. Several authors have used the desiccation technique for freezing seeds of endangered, rare, ancient and wild Citrus species [73,122,123]. Encapsulation-dehydration has been used for cryopreserving protocorms of Celisostoma areitinum, a rare Thai orchid [124], and shoot-tips of the endemic endangered plant Centaurium rigualii [125]. Turner et al. [126] and Tanaka et al. [127] reported successful cryopreservation of shoot-tips of endangered Australian and Japanese species, respectively, using the vitrification technique. The droplet-vitrification procedure has been used for cryopreserving shoot-tips of wild potatoes [128] and of wild relatives of Diospyros [129].

For vegetatively propagated species, cryopreservation has a major applicability both in terms of species coverage, since protocols have been successfully established for root and tubers, fruit trees, ornamentals and plantation crops, both from temperate and tropical origin; and in terms of numbers of genotypes/varieties within a given species [91,130]. In comparison to the results obtained with vegetatively propagated species, the situation for recalcitrant seeds is still at a very preliminary stage. The desiccation technique is mainly employed for freezing embryos and embryonic axes [44]; however, survival is extremely variable and regeneration is frequently restricted to callusing or to incomplete development of plants.

At present, there is a growing number of gene banks and botanic gardens where cryogenic techniques are already employed for different types of materials. Some representative examples of large-scale application of cryopreservation are presented in Table 3.

Table 3. Large-scale application of cryopreservation techniques to different plant germplasm.


	Plant material
	Gene bank/country
	Reference





	Seeds of 1200 accessions from 50 different species mainly of endangered medicinal plants
	The National Bureau for Plant Genetic Resources (NBPGR), New Delhi, India
	[131]



	Seeds of more than 110 accessions of rare or threatened species
	Kings Park and Botanic Garden, Perth, Australia
	[132]



	Seeds of coffee involving 450 accessions
	IRD Montpellier, France
	[133]



	Dormant buds of apple involving 2200 accessions
	National Center for Genetic Resources (CNGR), Fort Collins, USA
	[134]



	Dormant buds of mulberry involving 420 accessions
	National Institute of Agrobiological Resources (NIAR), Yamagata, Japan
	[135]



	Shoot-tips of banana involving 630 accessions
	INIBAP International Transit Center, Catholic University of Leuven, Belgium
	[136]



	Shoot-tips of cassava involving 540 accessions
	International Center for Tropical Agriculture (CIAT), Cali, Colombia
	[86]



	Pollen of 13 pear cultivars and 24 Pyrus species
	National Center for Genetic Resources (CNGR), Fort Collins, USA
	[137]



	Pollen of more than 700 accessions of traditional Chinese flower species
	College of Landscape Architecture, Beijing Forestry University, Beijing , China
	[138]



	More than 1000 callus strains of species of pharmaceutical interest
	Phytera, Sheffields, UK
	[139]



	Several thousand conifer embryogenic cell lines for large-scale clonal planting programs
	Sylvagen, Vancouver, Canada
	[140]



	Embryogenic cell lines of coffee and cacao
	Biotechnology Laboratory of the Nestlé Company, Notre Dame d’Oé, France
	[141]












6. Other Uses of Cryopreservation

Besides germplasm conservation, cryopreservation may be employed to rejuvenate cell and callus cultures, cryoselect plant material with special properties and eliminate viruses from infected plants through apex conservation through a process known as cryotherapy [85].

Galerne et al. [142] mentioned that regrowth of cryopreserved Norway spruce callus was higher compared to that of non-cryopreserved controls. Aguilar et al. [143] showed that production of somatic embryos from cryopreserved Citrus embryogenic callus was higher compared to that of non-cryopreserved cultures. This is due to selection performed by liquid nitrogen exposure between different cell types. In cryopreserved samples, liquid nitrogen exposure kills more differentiated cells, which do not participate in culture growth, whereas more meristematic cells, which are responsible for growth, remain alive and reinitiate growth very rapidly and intensely after rewarming. By contrast, non-cryopreserved cell and callus cultures grow more slowly, because of the large proportion of differentiated cells, which do not proliferate actively [85].

Kendall et al. [144] could select freezing tolerant callus of Triticum aestivum by repeating their exposure to liquid nitrogen, and the cryoselected callus regenerated plants with enhanced cold hardiness. The seed progeny of some of the lines tested exhibited significantly enhanced tolerance to −12 °C, indicating that cryoselection appears to involve, at least in part, selection for genetic rather than epigenetic variants [31]. This could be an interesting strategy to induce cold tolerance in sensitive species.

A novel application of plant cryopreservation techniques is the high frequency pathogen eradication by means of cryotherapy of shoot tips, as first demonstrated by Brison et al. [145]. It eliminates systemic plant pathogens, such as viruses, phytoplasmas and bacteria, by treating shoot tips with liquid nitrogen using cryopreservation protocols. The uneven distribution of viruses and obligate vasculature-limited microbes in shoot tips allows elimination of the infected cells by injuring them with the cryo-treatment and regeneration of healthy shoots from the surviving pathogen-free meristematic cells. Healthy plants are regenerated from the surviving pathogen-free meristematic tissue. It allows treatment of large numbers of samples and results in a high frequency of pathogen-free regenerants. Therefore, it has the potential to replace more traditional methods like meristem culture, chemo- and thermo-therapy [49,146].

To date, severe pathogens have been eradicated in banana (Musa spp.) [147], Citrus spp. [148], grapevine (Vitis vinifera) [149], Prunus spp. [145], raspberry (Rubus idaeus) [150], potato (Solanum tuberosum) [151] and sweet potato (Ipomoea batatas) [52,53,152] using cryotherapy. These pathogens include nine viruses (banana streak virus, cucumber mosaic virus, grapevine virus A, plum pox virus, potato leaf roll virus, potato virus Y, raspberry bushy dwarf virus, sweet potato feathery mottle virus and sweet potato chlorotic stunt virus), sweet potato little leaf phytoplasma and Huanglongbing bacterium causing “citrus greening” [49,146].



7. Conclusions

In this paper, we have presented the new possibilities offered by biotechnology for improving ex situ conservation of plant biodiversity, through the development of efficient collection, exchange, multiplication, pathogen eradication and conservation methods. These methods are of particular interest for conserving non-orthodox seed and vegetatively propagated species, rare and endangered species, as well as biotechnology products. In recent years, progress has been especially important in the area of cryopreservation, with the development of vitrification-based protocols and with its new application for pathogen eradication by means of cryotherapy.

Optimized conservation strategies should rely on the complementary use of in situ and ex situ techniques. Until recently, ex situ conservation of plant genetic resources has been mostly based on the conservation of seeds in cold chambers and, to a lesser extent, on the maintenance of whole plants in field collections. The new biotechnological conservation methods, including in vitro slow growth storage and cryopreservation, need to be systematically integrated in conservation strategies, and the current ex situ conservation concepts should be modified accordingly to accommodate these technological advances. Various criteria should be considered to select the most appropriate methods for conserving a given gene pool, including, notably, the storage characteristics of the species involved, the applicability of the methods chosen in the storage environment, which will vary depending on the available infrastructures, as well as their cost-effectiveness. In many cases, research may still be needed to optimize the methods and to validate them on a range of genetically diverse accessions.

In conclusion, it should be emphasized that the new biotechnology-based conservation techniques developed are not meant to replace conventional ex situ conservation methods. They should be seen as additional tools provided to gene bank and botanic garden curators for optimizing the germplasm collections placed under their responsibility.
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