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    PREFACE


  




  

    The growing dependency on energy derived from depleting supplies of fossil fuels no longer has a future. The combustion of oil as an energy source is one of the biggest causes of air pollution, due to the releasing of CO2 in the environment. Solar energy, on the other hand, when captured by plants through photosynthesis, promotes the assimilation of CO2 and results in the opposite of the “greenhouse effect”. Increased demand for fuels of vegetable origin, in addition to their environmental appeal, has made these fuels an appealing alternative and increased their production possibilities. This is where the need has arisen for the application of different biotechnological techniques, such as viable biomass production, development of cell wall degrading tools, and efficient fermentation technology.




    The choice of biomass species is a key step in the production of biofuels with high oil and carbohydrate content. There is a great potential for the use of different kinds of crop residues for the production of bioenergy. After sugarcane juice is extracted, the remaining biomass (bagasse), rich in cellulose, can be used for second generation biofuel. A similar process can also be performed using corn stover, municipal solid wastes, and forestry residues. Evidence suggests that the current production of biofuels is at less than capacity. This is considered to be due to a confluence of factors, including high feedstock and processing costs, regulatory frameworks, risk avoidance, and limits to the amount of biofuel that can be blended with conventional fuels in major markets.




    The use of cell suspension, somatic embryogenesis, gametic embryogenesis, and protoplast fusion, presented in chapters 1 and 2, give some insight into the ways that these techniques can be used to produce renewable fuels. Biomass feedstock production may benefit from the identification and characterization of key proteins involved, for example, in the biosynthesis of cell wall components and oil bodies. In this context, as seen in chapter 6, the exploration of subcellular proteomes also shows great promise in the characterization of new protein families and regulation mechanisms for improved biofuel crops. As discussed in chapter 4, new plant breeding techniques comprise a group of methods that offer the possibility of performing precise editing, replacement, or insertion of genes, targeting specific genomic regions without the use of any selectable marker. These features minimize the probability of undesirable random gene disruption, thereby providing interesting alternative tools for genetic transformation. The new tools are more predictable and less prone to position effects than are conventional methods.




    All living organisms are constantly exposed to a variety of DNA-damaging agents. Chapter 3 shows that mutations in DNA are frequently observed in several diseases, a factor which is reflected in metabolic changes of great importance in biotechnology and biofuels production. It is seen in Chapter 5 that viruses constitute very powerful targets or tools for plant biotechnology applications. Plant viruses can be efficient vehicles for heterologous gene expression in plants used as biofactories or biofuels sources. Biotechnology is playing a major role in new advances in the fermentation of different substrates and in the production, not only of ethanol, but of biodiesel, butanol, and many other biofuels, as described in chapter 9. Genomic resources and bioinformatic tools are available for plant species with bioenergy and biofuels potential, and these are presented in chapter 7.




    Plant biomass is the main feedstock for biofuels production. Efforts to maximize yield per unit of production area are of crucial importance in meeting the rising demand for renewable energy sources. In chapter 8, a broad overview is given of the factors influencing biomass yield, of advances in cultivation technologies, and of the relation of these conditions to the physiology of energy crops. The chapter also presents innovative technologies that can support management decisions, focusing on sugarcane as a model for bioenergy crops. Microalgae biomass has also been described by several authors as an alternative with great potential for accomplishing the goal of the replacement of diesel by biodiesel, while at the same time not competing with fertile land useable for food production. However, the technology must still overcome a number of obstacles in order to be widely deployed. The advances and challenges of the technologies used, including procedures for obtaining biomass, are presented in chapter 10.




    As is clear from the above discussion, this eBook is aimed at addressing sustainable biotechnological techniques that have been applied in the search for significant increases in biofuel productivity, without affecting food production. It is expected that the lessons from the sustainability criteria applied to first generation biofuels will be incorporated into advanced biofuels production, not necessarily focusing on the type of supply, but instead on existing local demands and domestic development strategies.
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      Abstract




      The application of biotechnology has had great impact on the agricultural sciences. Micropropagation, in particular, is one of the biotechnological methods whose major achievements have contributed to the development of agriculture in Northeast Argentina, and it is used in the mass production of aromatic, medicinal, fruit, ornamental, and forest plant species. It is normally applied to certified cultivars with good productive performance, providing significant development to the sector. Micropropagation also provides significant production and economic benefits, and an unprecedented environmental contribution.
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      BIOTECHNOLOGY




      After its first application in the cattle sector, the term biotechnology evolved in association with industrial fermentation. In 1961, a Swedish microbiologist defined it as the industrial production of goods and services through the use of organism systems or biological processes. The use of microorganisms thus became reflected in the concept. Yeasts were used to allow fermentation processes in the production of wine and beer, and antibiotics were obtained from fungi. Insulin and vaccines against hepatitis B are also produced by microorganisms, encompassing what is called industrial biotechnology [1, 2].




      The development of recombinant DNA technology in the 1970s allowed plants and animals to behave as new gene product bioreactors. This opened a new horizon of great impact on agricultural and animal sciences that would complement the advance and release of genome projects for several species, where countless coding sequences of interest were discriminated and categorized




      by functionality. This generated possibilities for the construction of different transformation vectors [2].




      Recently, biotechnology has been defined as the application of science and technology to living organisms, as well as to the parts, products, and models thereof, so as to alter living or non-living materials for the production of knowledge, goods, and services. This general framework allows us to include or add various techniques such as cell/tissue culture, biological pest control, biological supply production (pesticides, fertilizers, and fungicides of biological origin), genomics, and gene expression profiling, as well as techniques that allow direct and targeted modification of DNA, genetic engineering, and the introduction of new features in natural genomic sequences. A new field is thus opened with an unprecedented production potential, one that is especially relevant for the agricultural and forestry sector due to the characteristics and qualities of plants used in this type of study [2-4].


    




    

      PLANT BIOTECHNOLOGY




      Within what is called sustainable agriculture, the social, ecological, and economic aspects are crucial and prerogative. According to various researchers and economists, it is estimated that the world population will increase by about a third between 2009 and 2050 [5, 6]. This translates into an increase of 2300 million people, with growth occurring mainly in developing countries. Therefore, particularly in these countries, there will be a greater demand for food. To meet this demand there is a priority for road construction, increase of arable land, and improvement in performance and/or crop adaptation to marginal conditions. The first factor is insufficient for, and even detrimental to, the protection of natural environments [7]. However, the last factor is more desirable and points to South America as a great producer, as well as to its developmental potential for biotechnology and agricultural sciences.




      The contributions of recombinant DNA technology, coupled with the progress of advanced genomics, formed what was previously called modern biotechnology [4], often supplemented by contributions from mass clonal propagation [2, 8]. In this context, companies such as Genentech [9], Monsanto [10], Syngenta [11], and Amgen [12], have been developing varieties of corn, tomatoes, and soybeans, among other species, and have improved various features such as herbicide tolerance, insect and virus resistance, and tolerance to abiotic stresses [2, 9, 12].




      With the introduction of biotechnological techniques, new products, and new markets, a new economy has been generated, leading to greater production per unit area. This innovative concept of bioeconomy enables sustainable productionwith reduced costs, while improving product quality and the development of less aggressive environmental practices [13].


    




    

      PLANT BIOTECHNOLOGY IN ARGENTINA




      Argentina can be divided into five major distinct regions, whose soil and climatic characteristics determine their production profile: NEA (Northeast Argentina), NOA (Northwest Argentina), Cuyo, the Pampean region, and Patagonia [2]. As the country is an efficient and diverse producer of high-quality food due to its deep and rich soils, mild climate, adequate rainfall, and good access to maritime transport, it has great potential for the application of modern technologies in the value chain and in processes [6, 14].




      Since 1996, many producers in Argentina have been steadily growing genetically modified plants (GMOs) [15]. In 2003, the Argentinian position in the world market was second among the eighteen countries that extensively cultivate GMOs, due to its fourteen million cultivated hectares. In 2007, some GMO varieties tolerant to insects and herbicides, such as soybean and maize, were released on the Argentinian market, and in 2009 cotton varieties were introduced. In 2012, twenty-four million hectares were used for GMO cultivation, ranking Argentina as third in the world in GMO use [14, 16].




      The incorporation of biotechnology tools into agricultural production in the 1990s led producers from the perception of potential profits to the reality of actual earned profits. Currently, there is empirical support for the economic benefits, such as higher yields, of various species treated with biotech tools. The following results have been obtained: increased income; reduced production costs (reduced tillage, cheaper herbicides, fewer pesticide applications); agronomic benefits, such as synergistic complementarities with direct seeding; health benefits (reduced application of herbicides and insecticides); and environmental benefits that allow the incorporation of technologies having less environmental impact and promoting carbon sequestration [16-18].




      In the past ten years, Argentina has had the highest agricultural growth in its history. The new technologies have allowed for a threefold increase in productivity and acreage, and have led to a sevenfold increase in productivity. The highest impact factor for this leap in Argentinian productive agribusiness was change. It has been estimated that two thirds of the increase was due to the incorporation of new technologies [19, 20].




      In productive agricultural regions outside the Pampas, there is a wide range of ecological conditions and a variety of crops. These conditions demand management policies that favor competitiveness, such as public policies for the generation and transfer of technology, the implementation of sanitary and phytosanitary systems, and access to credit for agricultural improvements [14].




      These policies can be promoted in various regions, taking advantage of advances in biotechnology such as genetic engineering of plants for resistance to various biotic and abiotic adverse factors, gene silencing of a gene of interest, and synthesis of specific proteins [14]. Among all biotechnological methods, tissue/cell culture has resulted in a great positive impact on plant biotechnology. Meristem culture, associated with thermotherapy, is an example of the production of virus-free plants and of the conservation of genetic material through the establishment of a germplasm bank by in vitro cultures. Various other techniques of tissue culture involving organogenesis and somatic embryogenesis can also be mentioned [21, 22]. These techniques interact synergistically with transgenesis technologies, permitting the incorporation of genes that provide resistance to fungal or bacterial diseases, and even to certain pests or adverse environmental factors. In addition, tissue/cell culture offers the possibility of quickly regenerating and propagating genetically modified plant tissue in sufficient quantity [23-25].


    




    

      IMPACT ON VEGETATIVE PROPAGATION




      As a productive area, NEA has a production profile that is distinct from the rest of the country’s zones. It is comprised of five states: Chaco, Formosa, Corrientes, Entre Rios, and Misiones, and is characterized by abundant rainfall, high temperatures, and by being prone to heat waves. In this region there are two biotechnology centers which contribute to the productive sector: Biofábrica Misiones S.A [26]. and the Forestry and Agricultural Biotechnology Center of Chaco [27] (located in the states of Misiones and Chaco, respectively). There are also several universities and agricultural technology institutes dedicated to research and development of technologies. An example of their work is the draft genome of Ilex paraguariensis, which has been successfully completed [28].




      The state of Misiones in particular is in a strategic position within the NEA and Mercosur. This state has the potential for large production of biomass and biodiversity, due to its heterogeneity of soils and its warm and humid tropical and temperate climate. Ample water availability in most of its territory naturally generates the development activities of the agro-industrial and livestock sectors. However, the state has a predominance of medium, small, and micro landholders, and has an economy that is mainly based on poorly technofied primary activities such as forestry, agriculture, and horticulture [29].




      In Misiones, production areas have very specific dimensions, as this state has the lowest average area per producer in Argentina. In other words, the farms and profitable fields are much smaller in Misiones than in the rest of the country. According to the National Agricultural Census of 2008, approximately 80% of agricultural plots have less than fifty hectares [29], and these constitute 40% of the rural population [30]. Agricultural policy must therefore be oriented toward activities which require small land areas. An alternative would be to promote the grouping of small landholders into larger entities (e.g., different producer cooperatives) [31-34].




      For these reasons, the use of GMO plant species is not extensive in the state of Misiones, and it cannot be made larger due to the features of the producers and productive plots in this state [29]. Mixed systems, such as livestock-silvicola, agro-livestock-silvicola, and agro-silvicola have been established [31, 34-37]. In this case, diversified production has fundamental importance for the certification of cultivars in relation to their genetic purity, freedom from diseases, and high productivity. For these conditions and kinds of productive trait, there are particular biotechnological tools that help the producer. Micropropagation (clonal propagation carried out through in vitro tissue/cell culture) is one of the biotechnological methods which lead to major achievements, contributing to the development of agriculture in the NEA region. It is used in the mass production of horticulture, herbs, medicinal plants, fruit, and ornamental and forest crops, and it is normally applied to the certification of cultivars with good production performance [22, 25, 38].




      Tissue culture is the in vitro aseptic culture of cells, tissues, organs, or whole plants, under controlled nutritional and environmental conditions. It is being used for large-scale plant multiplication and is an essential step for obtaining regenerated healthy plants (free from diseases), whether genetically homogeneous or genetically modified. Moreover, this technique can be also used in plant breeding programs for the production of secondary metabolites of interest [22, 23, 25, 39].




      Micropropagation techniques can be classified based on their response in the culture media and their respective phytoregulators. They may undergo dedifferentiation accompanied by “tumor” growth, the product of which is an undifferentiated mass of cells called callus. Under appropriate conditions this process can generate somatic embryos or organ. It can also provide a morphogenetic response, generating organs (organogenesis) or embryos (somatic embryogenesis). The first response is called indirect embryogenesis or organogenesis (being mediated by a callus state), and the second response is called direct embryogenesis or organogenesis [22, 25, 38].




      The commercial production of plants obtained with the help of micropropagation techniques has several advantages when compared to traditional propagation methods such as seeding, cutting, and grafting. Micropropagation techniques allow massive plant propagation, especially in cases where a particular species presents a difficulty for propagation with traditional methods, or is facing extinction. They are also useful when the goal is propagation in a short time, or obtaining better plants that are free of endogenous pathogens and are younger and more vigorous [21-23]. Moreover, micropropagation is an important technique for germplasm conservation. It is also used in plant breeding programs to introduce interesting agronomic characteristics into commercial cultivars. It is useful in the production of healthier plants, of synthetic seeds, and of new hybrids with good uniformity and constant production throughout the year [25].




      The biofactory Biofábrica Misiones S.A. (BIOMISA) is a corporation whose major shareholder is the state of Misiones. Its vision is to be a leader in the efficient implementation of massive vegetative propagation technology, while adjusting biotechnology to the scope of the region’s producers, who are mainly micro, small, and medium sized landholders. It can be defined as a productive company specialized in the vegetative propagation of plants from in vitro cultures, with a nursery that has the mission of acclimating the plantlets in ex vitro conditions. It offers a variety of quality biotechnological products that best suit the needs of producers and their respective production realities, and it also facilitates the logistics for the transportation of these materials.




      In synergy with agricultural policies, since 2006 this biofactory has generated its own products using micropropagation techniques. Production is maintained for species of regional interest (Figs. 6, 7), such as Eucalyptus grandis (eucalyptus) (Fig. 1), Manihot esculenta (cassava) (Fig. 5), Ananas comosus (pineapple), Musa sp. (banana), Saccharum officinarum (sugarcane), various orchids, Stevia rebaudiana (stevia), and aromatic, ornamental (Fig. 2), and medicinal plants, among other species (Fig. 6). With the appropriate growing conditions for each explant type, plants can be induced to rapidly produce new shoots and, with the addition of phytoregulators, new roots. The new plants can then be placed in soil and grown in the normal manner, in order to maximize the characteristics of biotech products with guaranteed superior genetics, health, and quality. Regional agribusiness clusters can thus start their crops with appropriate biological material, allowing an increase in yield with better income. Recently, BIOMISA established field traits for new products, including Pawlonia tomentosa (kiri) and Melia azederach (paraiso) (Fig. 3), and Pennicetum sp. (Fig. 4). As a result, one million fruit plantlets (mainly banana and pineapple) have been shipped, and over three million plantlets are used in the industry (sugarcane and cassava). In addition, around four million plantlets have been produced in the aromatic category (stevia, mint, lemon verbena, sage, carqueja), as well as more than 100,000 orchid plantlets.
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Fig. (1))


      Eucalyptus micropropagation. a) phase 1: explants placed on solid culture medium; b) phase 2: bud multiplication; c) the emerging shoots may be sliced off; d) phase 3: plantlet regeneration; e) plantlet rooted; f and g) phase 4: plantlets acclimated in greenhouse.
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Fig. (2))


      Heliconia micropropagation. a) phase 1: explants placed on solid culture medium; b) phase 2: bud multiplication in liquid media; c) phase 2: bud multiplication in solid media; d) the emerging shoots may be sliced off; e) phase 3: plantlet regeneration; f) phase 4: plantlets acclimated in greenhouse.
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Fig. (3))


      Melia azederach micropropagation. a) phase 1: explants placed on solid culture medium; b) phase 2: bud multiplication in solid media; c) phase 3: regenerated plantlets; d) phase 3: regenerated plantlet; e) phase 4: plantlets acclimated in greenhouse; f) phase 4: plantlet acclimated in greenhouse; g) plantlets ready for shipping; h) plantlet rustification in greenhouse.
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Fig. (4))


      Penicetum sp. micropropagation. a) phase 1: explants placed on solid culture medium; b) phase 1: explants placed on solid culture medium, after few days; c) phase 2: bud multiplication in liquid media; d) phase 3: regenerated plantlets; e) phase 3: different types of regenerated plantlets; f) phase 4: plantlets acclimated in greenhouse; g) plantlets in greenhouse ready for shipping.
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Fig. (5))


      Manihot sp.(cassava) micropropagation. a) phase 3: regenerated plantlets; b) phase 3: different types of regenerated plantlets; c) phase 4: acclimated plantlets, after few days; d) phase 4: plantlets acclimated; e) rooted plantlets in greenhouse ready for transplanting and shipping; f) phase 4: plantlet acclimation in greenhouse.
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Fig. (6))


      Crocus sp. (saffron) micropropagation (species in research and development). a) phase 2: multiplication in liquid media; b) phase 2: multiple microcorm developed in liquid media; c) phase 3: microcorm rooting; d) phase 3: microcorm shooting and microcorm development.
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Fig. (7))


      Other species in research and development: Pistacia vera and Ilex paraguariensis. a) phase 1: Pistacia vera explants placed on solid culture medium; b) phase 1: Ilex paraguariensis explants placed on several solid culture media.



      This process includes technology management, human resources training, consulting, and efforts to communicate and raise awareness among farmers and the general public about the benefits of the use of biotechnology and its products. Since 2008, it has created a social and productive chain allowing small holders to assume a productive role, in place of the subsistence production that was previously developed.


    




    

      BIOTECHNOLOGY MICROPROPAGATION: FUTURE PERSPECTIVES




      It is likely that one of the disadvantages of micropropagation, which reduces its impact on small producers, is the cost of producing plants through this method. The magnitude of its impact in the coming years will depend on the reduction of production costs, and on the interaction between education and research centers and the biotech companies that generate products at an efficient commercial scale. This interaction should be covered by policies that encourage the availability and use of biotechnological products by all, especially small and micro producers.




      Plant biotechnology has the potential to develop and increase food production, parallel to additional benefits through biofortification, as with the production of GMOs such as golden rice. There are also other examples, such the BioCassava, the BT eggplant, the virus resistant potato, herbicide tolerant sugarcane, and insect resistant cultivars, among others, including those with increased sugar content. Thanks to micropropagation techniques, GMOs can be propagated in a short time. Plant genetic transformation is closely related to the pharming trend, due to the latter’s ability to generate plants which produce various compounds such as vaccines and antibodies. Plant biotechnology provides important contributions toward mitigating the effects of climate change and toward the adaptation of crops to climate change, leading to more sustainable handling, with social benefits and the lowest possible environmental impact.
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      Abstract




      Biofuel production represents an important alternative for replacing fossil fuels and reducing the emission of greenhouse gases into the atmosphere. With increasing demands for renewable fuel to replace fossil fuels, research on new energy sources is becoming more popular and new approaches in research techniques are occurring. In this context, the uses of somatic and gametic embryogenesis, cell suspension, and protoplast fusion in biofuels production will be presented in this chapter. Gametic embryogenesis is a convenient alternative in plant breeding because it makes possible the development of homozygous lines, increasing efficiency and speed in conventional breeding programs. Somatic embryogenesis is an important tool for plant cloning, looking toward the obtaining of improved plants by cell suspension culture or protoplast fusion. Suspension of plant cell cultures has several uses and applications for improving agronomical traits, and it is widely used in biotechnology for micropropagation, for the production of secondary metabolites or other substances, for obtaining somatic hybrids through protoplast fusion, and for modifying plants through genetic transformation. Protoplast fusion has been used by plant breeders to overcome the genetic barriers of outcrossing in incompatible plants, producing hybrid plants with different degrees of ploidy for improved agronomic and horticultural traits. In this chapter, current research with species that have potential to improve biofuel production is presented, with the aim of giving insights on the ways that these techniques can be used to produce renewable fuels.
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      INTRODUCTION




      Global climatic change and demographic pressure will continuously increase the demand for agronomic resources, and proving food and energy will therefore be




      one of the biggest challenges in plant production [1]. Along with this, the increasing consumption of fossil fuels and the reduction of resources are expected to increase oil prices. At the same time, the intensive and increasing use of fossil fuels has accelerated environmental degradation [2]. The most common plant species for producing biofuels in Europe and the United States is soybean; in Indonesia, rapeseed; in Malaysia and Thailand, palm oil; in Brazil, sugarcane is the most commonly used. All of them can compete with food production and bring about environmental problems [3].




      In light of these problems [4], it is expected that microalgae will be the most promising alternative to replace agricultural crops producing sustainable biodiesel. However, according to Chen et al. [5], production costs are high and basic studies are necessary for elucidating microorganism characteristics and for developing microalgal biotechnology. In this context, C4 grasses from the Panicoideae clade must be included in the second generation production of bioethanol, for example: Zea mays, Sorghum bicolor, Saccharum officinarum, Panicum virgatum, and Setaria viridis [6, 7]. In addition, Pennisetum purpureum, Arundo donax, Phalaris arundinacea, Mischantus x giganteus, M. sinensis,M. sacchariflorus, Eucaliptus globules, Jatropha curcas, and Pueraria Montana species are listed as candidates for biofuel production, with research now in progress [8, 9]. Another sustainable pathway that has been exploited is the ability of Mucor circillenoides to convert single-cell oil into ethyl esters [10]. Another alternative is Jatropha curcas oil, which is less expensive for producing biodiesel [11, 12] and can be grown in poor environments [3]. Populus deltoidsand P. nigra oils are also environmentally viable alternatives for reducing global warming, ozone depletion, and photochemical oxidation impact [13].




      Biotechnology techniques present efficient alternatives for the large-scale production of clones for plant breeding and mutant selection. Using in vitro techniques, there are two alternatives for regenerating an entire plant from explants: organogenesis or somatic embryogenesis. Organogenesis can be obtained by inducing somatic explants to regenerate shoots and roots in appropriate culture conditions. On the other hand, somatic embryogenesis normally has a callus transition phase before embryo formation, and afterwards plant regeneration can be achieved on solid medium or by cell suspension in liquid medium. Cell suspension culture is an in vitro technique applied to isolated and multiple callus cells, where it is possible to produce large-scale plantlets or metabolic products of medicinal/industrial interest. For plant breeding, regarding the production of improved plants with different ploidy levels, it is possible to use the protoplast fusion technique. This procedure permits the production of hybrids for different purposes such as increased resistance, increased metabolism, seedless fruits, bigger fruits and flowers, etc. On other hand, if the breeding purpose is to obtain pure lines, selected mutants, and/or to produce diploid hybrids, the haploid technology can be used through gametic embryogenesis (Fig. 1).
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Fig. (1))


      Schematic representation showing a summary of the different ways of application of the techniques described in this chapter.



      The purpose of this chapter is to expound the details of each technique and application as they relate to biofuel production. A hitherto unpublished procedure obtained with the oil producing plant Olea europea is presented in this article. Also presented is a protocol (see Appendix) for producing embryos from isolated gametes, with special attention given to the gametic embryogenesis (GE) technique.


    




    

      GAMETIC EMBRYOGENESIS




      Haploid technology, through gametic embryogenesis, is a promising and convenient alternative [14] that is being recognized as an important tool for plant breeding, making it possible to develop, in only one generation, completely homozygous plants from heterozygous parents [15]. The instantaneous production of homozygous plants through androgenesis (male gamete) or ginogenesis (female gamete) is highly appreciated as a practical perspective in research and plant breeding [16]. It makes it possible to shorten breeding cycles and fix agronomic traits [17] in pure lines, increasing the efficiency and speed of conventional breeding programs. It is also becoming an attractive system for transferring and obtaining stable integration of recombinant DNA in plant genomes, avoiding hemizygosis and saving time and resources in the production of transgenic plants [18]. Additionally, it is a useful tool for genetic selection and screening of recessive mutants [14], fast introgression of new agronomic traits, development of physical [19] and genetic maps [20-22], transformation and mutagenesis [23], reverse breeding [24, 25], genomic studies [26, 27], simplifying genome sequencing [28, 24, 25], and understanding totipotency and early fate decisions [29] in gamete cells.




      The embryogenic process of male gametes has been widely studied. Mechanisms that coordinate the process of cell division and embryo formation are not well understood yet [29]. The most common procedure is anther culture, but haploid and doubled haploid plants still can be obtained through pistil culture and in vitro pollination, using irradiated pollen or pollen from triploid plants. To obtain haploid and doubled haploid plants, immature male and female gametes must be deviated from normal gametophytic to sporophytic development. For this, it is necessary to induce gametes through in vitro stress treatments, because this is the main factor in reprogramming development in cells and tissues toward the embryogenic pathway [30]. In vitro embryogenesis can be induced through different stresses, hot or cold temperature generally being the most utilized to induce embryo formation [31], and also considered the most effective [15].




      The gametes subjected to stress will independently start the synthesis of heat shock proteins of small molecular weight (smHSPs), whether or not they have embryogenic competence, because this step is developmentally regulated. Other recent studies suggest the participation of histone lysine methyltransferase in dimethylation (H3K9me2) and in embryo cell differentiation and heterocromatinization events, while the histones H3Ac, H4Ac, and the histone acetyl transferase (HAT) should be involved in the activation of transcription, totipotency, and events related to the proliferation and reprogramming of the cell during embryo development [32]. In this regard, in order to have good embryogenic response in gamete induction it is necessary to isolate the correct nucleated stage [33]. After that, the microspores exposed to the inductive treatment will arrest or die [18]. According to Islam and Tuteja [34], efficient gametic embryogenesis is therefore normally induced by successful application of stress treatment.




      The literature shows that plant regeneration has been achieved from gametic embryogenesis by submitting anthers/microspores of barley [35], rice, Triticum [36], Lilium longiflorum [37], Citrus [38-41], Cucumis sativus [42], asparagus, Papaya [43], Malus sp [44-47], and Quercus spp [48, 49] to low temperature. On the other hand, high temperature prompted good results for plant regeneration of Brassica [50, 51] and Solanum [52]. In olive, only pro-embryos were obtained at high temperature [53]. Recently, gametic embryos of hazelnut have been obtained from isolated microspore culture [54]. Regarding oil and bioenergy production crops, the most studied are Brassica species, with doubled haploid plants of Brassica napus [55] and Linum usitatissimum L. being efficiently regenerated [56]. For soybean, several researchers were able to obtain embryo-like structures and plantlet regeneration from anthers and isolated microspores [57]. Embryo-like structures have also been regenerated in other species currently being considered for bioenergy production, such as Phleum pratense [58], Pennisetum typhoideum, and Olea europea.




      

        Induction Procedure for Gametic Embryogenesis




        To induce gametic embryogenesis, it is necessary to collect material, identify the correct nucleated stage, and start pre-treatment of floral buds, depending on the species in use. After pre-treatment, the next steps comprise assepsy of flower buds, removal of petals and sepals, and isolation of anthers and/or pistils. If the interest is anther culture (Fig. 2), anthers must be put in induction culture medium and subjected to stress treatment.
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Fig. (2))


        Flower bud sterilization (left); anther culture (middle); flowers, freshly isolated anthers, and anthers with callus and embryo (right) in Citrus sp.



        Alternatively, it is possible to pollinate the pistils by irradiated pollen or pollen from a triploid plant, for example, in order to induce ovule development without fertilization (Fig. 3).
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Fig. (3))


        In vitro pollination (left) and freshly isolated pistils and pistil culture (right) in Citrus sp.



        If the purpose is to work with isolated gametes (microspores and/or ovules), it is necessary to remove the somatic tissues of anthers and pistils and perform a long and laborious method of work, until the gametes are isolated and purified (Fig. 4). After that, the gametes need to be resuspended and the number of microspores counted, using a Burker chamber with an inverse microscope in order to adjust the density per milliliter (mL). Once this value is defined, we know how many petri dishes will be produced. The last step comprises subjecting them to stress treatment.
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Fig. (4))


        Steps of isolated microspore culture in Olea europea sp.



        From time to time, whatever gametic embryogenesis procedure has been chosen, (microspore/ovule), it is necessary to evaluate the response of gametes to the induction medium (Fig. 5). This can be easily done through fluorescence microscopy, evaluating the nucleated stage and microspore behavior in the culture medium and evaluating the presence of calli and embryos by light microscopy (Fig. 6).
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Fig. (5))


        Fluorescence microscopy study of isolated microspore showing the nucleated stage (left), microspore behavior in multinucleated stage by fluorescence and contrast of phases (middle), and presence of embryo (right).

      




      

        Isolated Microspore Culture of Olea Europea




        To induce microspore embryogenesis and understand developmental pathways in Olea europea, two different experiments were performed using P medium [59]. A protocol is provided in the Appendix to the present article. In the first experiment, the Meta-topolin (mT) experiment, six cultivars (cvs) (Galatina (Ga), Tonda Iblea (Ti), Bianchioline Pantenelleria (Bp), B. Napolitana (Bn), Oleastro (Ol), and Verdello (Vd)) were submitted to three stress temperatures (control (C), hot (H) 37°C/30’, and freezing (F) -20°C/30’) and five P medium supplemented with mT as a growth regulator (control (C), mT replacing benzilaminopurin (PmT/Ba), mT replacing zeatin (PmT/Zea), mT replacing benzilaminopurin ten times (PmT/Ba10), and mT replacing zeatin ten times (PmT/Zea10)). In the second experiment, the 2,4-D experiment, two cultivars (Galatina (Ga) and Tonda Iblea (Ti)) were submitted to the same stress temperatures described above, and to four P medium formulations with different 2,4-D concentrations (control (C), 1.0, 1.5, and 2.0 mg/L) for sixty days. After this period, they were replaced by P medium without 2,4-D. The mT experiment was delineated as a randomized block design, with six cultivars and fifteen treatments (three stress temperatures and five mT combinations). The 2,4-D experiment was also delineated as a randomized block design, with two cultivars and twelve treatments (three stress temperatures and four 2,4-D levels). All treatments were started with fifteen repetitions per treatment.
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Fig. (6))


        Calli and embryo in isolated microspore culture in Corylus avellana sp.



        Evaluations were done using a stereo-microscope (Leica MZ 125) and fluorescent microscopy, in order to observe the transition steps from gametophytic to sporophytic pathways.




        During the induction phase, uninucleated, binucleated, trinucleated, and multinucleated cells were observed in microspore culture (Fig. 7).
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Fig. (7))


        Fluorescence microscopy study of isolated microspore showing nucleated stage in Olea europea sp.



        After ten months of culture it was possible to observe the presence of pro-embryos, embryos, calli, and dead cells (Fig. 8).
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Fig. (8))


        Isolated microspore culture showing pro-embryo, embryo, and callus formation in Olea europea sp.



        In the mT experiment, Tonda Iblea cultivar (Ti) had the better response to cell induction, resulting in more calli and embryos (ranging from 1 to 4), with a low number of dead cells at all mT levels (Fig. 9). The highest efficiency induction/conversion calli/embryos were observed with hot stress treatment of Ti cultivar.
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Fig. (9))


        Induced cells, calli and embryo production, and dead cells in Tonda Iblea (Ti) and Galatina (Ga) isolated microspore culture. 1: P medium, 2: PmT/Ba, 3: PmT/Zea, 4: PmT/Ba10, 5: PmT/ Zea10.



        Galatina (Ga) was the least responsive cultivar in control temperature (C), but the best for cell induction at freezing stress (F) treatment. Ga cultivar presented the lowest number of calli in all treatments, with only a few embryos at control (C) temperature in P medium formulation supplemented with Meta-topolin replacing benzilminopurin (PmT/Ba and PmT/Ba10), and at P medium without regulators at freezing (F) temperature (Fig. 9).




        Bianchioline Pantenelleria (Bp) was the least responsive cultivar at hot (H) and freezing (F) stress temperatures, resulting in the highest number of dead cells and no embryos in any treatment (Fig. 10).




        
[image: ]


Fig. (10))


        Induced cells, calli and embryo production, and dead cells in Bianchioline Napoletana (Bn) and B. Pantenelleria (Bp) isolated microspore culture. 1: P medium, 2: PmT/Ba, 3: PmT/Zea, 4: PmT/Ba10, 5: PmT/ Zea10.



        High numbers of cell induction could be obtained with Bianchioline Napolitana (Bn) cultivar at freezing (F) treatment, but lower numbers of calli than Ti and Bp cultivars, with little embryo production at all freezing stress (F) treatments, except at PmT/Zea (Fig. 10). It was possible to observe the conversion of induced cell to calli production in Bianchioline Pantenelleria (Bp) cultivar. However, no embryo was found, resulting in high numbers of dead cells (Fig. 10). For the other two cultivars, Oleastro (Ol) and Verdello (Vd), no induced cells and no change were obtained during ten months in culture.
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