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Preface 
 

In vitro culture is an essential component of plant-biotechnology, offers innovative 
approaches in several research areas. The book provides general principles, the new 
applications and the perspective of tissue culture. 

It includes the advances in plant in vitro culture regarding to micropropagation, the 
induction of somatic embryogenesis, the improving of methodologies through the 
analysis of medium components, and the use of additives to increase the frequency of 
regeneration and the production of the in vitro cultures. Biotechnologies applied on 
medicinal plants have been reported, such as the use of bioreactors to produce bio-
molecules. 

Further, the innovations as the flow-cytometry for detection of somaclonal variation in 
micropropagated plants, the consequence of somaclonal variation, and the possible 
application of the nanotechnology to in vitro cultures have been illustrated. 

Taking the above mentioned points, the book will be of use to researchers, teachers in 
biotechnology and for individuals interested to the commercial application of plant in 
vitro culture. 

 
Dr Annarita Leva and Dr. Laura M. R. Rinaldi 

Tree and Timber Institute  
(IVALSA- National Research Council) 
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1. Introduction 

Tissue culture is the in vitro aseptic culture of cells, tissues, organs or whole plant under 
controlled nutritional and environmental conditions [1] often to produce the clones of
plants. The resultant clones are true-to type of the selected genotype. The controlled 
conditions provide the culture an environment conducive for their growth and 
multiplication. These conditions include proper supply of nutrients, pH medium, adequate
temperature and proper gaseous and liquid environment.  

Plant tissue culture technology is being widely used for large scale plant multiplication. 
Apart from their use as a tool of research, plant tissue culture techniques have in recent 
years, become of major industrial importance in the area of plant propagation, disease 
elimination, plant improvement and production of secondary metabolites. Small pieces of 
tissue (named explants) can be used to produce hundreds and thousands of plants in a
continuous process. A single explant can be multiplied into several thousand plants in 
relatively short time period and space under controlled conditions, irrespective of the
season and weather on a year round basis [2]. Endangered, threatened and rare species have 
successfully been grown and conserved by micropropagation because of high coefficient of 
multiplication and small demands on number of initial plants and space.

In addition, plant tissue culture is considered to be the most efficient technology for crop 
improvement by the production of somaclonal and gametoclonal variants. The
micropropagation technology has a vast potential to produce plants of superior quality,
isolation of useful variants in well-adapted high yielding genotypes with better disease
resistance and stress tolerance capacities [3]. Certain type of callus cultures give rise to
clones that have inheritable characteristics different from those of parent plants due to
the possibility of occurrence of somaclonal variability [4], which leads to the 
development of commercially important improved varieties. Commercial production of

© 2012 Hussain et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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plants through micropropagation techniques has several advantages over the traditional 
methods of propagation through seed, cutting, grafting and air-layering etc. It is rapid 
propagation processes that can lead to the production of plants virus free [5]. Coryodalis 
yanhusuo, an important medicinal plant was propagated by somatic embryogenesis from 
tuber-derived callus to produce disease free tubers [6]. Meristem tip culture of banana 
plants devoid from banana bunchy top virus (BBTV) and brome mosaic virus (BMV) 
were produced [7]. Higher yields have been obtained by culturing pathogen free 
germplasm in vitro. Increase in yield up to 150% of virus-free potatoes was obtained in 
controlled conditions [8]. The main objective of writing this chapter is to describe the 
tissue culture techniques, various developments, present and future trends and its 
application in various fields. 

2. History of plant tissue culture 

The science of plant tissue culture takes its roots from the discovery of cell followed by 
propounding of cell theory. In 1838, Schleiden and Schwann proposed that cell is the basic 
structural unit of all living organisms. They visualized that cell is capable of autonomy and 
therefore it should be possible for each cell if given an environment to regenerate into whole 
plant. Based on this premise, in 1902, a German physiologist, Gottlieb Haberlandt for the 
first time attempted to culture isolated single palisade cells from leaves in knop’s salt 
solution enriched with sucrose. The cells remained alive for up to one month, increased in 
size, accumulated starch but failed to divide. Though he was unsuccessful but laid down the 
foundation of tissue culture technology for which he is regarded as the father of plant tissue 
culture. After that some of the landmark discoveries took place in tissue culture which are 
summarized as under: 

- 1902 - Haberlandt proposed concept of in vitro cell culture 
- 1904 - Hannig cultured embryos from several cruciferous species 
- 1922 - Kolte and Robbins successfully cultured root and stem tips  respectively 
- 1926 - Went discovered first plant growth hormone –Indole acetic acid 
- 1934 - White introduced vitamin B as growth supplement in tissue culture media for 

tomato root tip 
- 1939 - Gautheret, White and Nobecourt established endless proliferation of callus 

cultures 
- 1941 - Overbeek was first to add coconut milk for cell division in Datura 
- 1946 - Ball raised whole plants of Lupinus by shoot tip culture 
- 1954 - Muir was first to break callus tissues into single cells 
- 1955 - Skoog and Miller discovered kinetin as cell division hormone 
- 1957 - Skoog and Miller gave concept of hormonal control (auxin: cytokinin) of organ 

formation 
- 1959 - Reinert and Steward regenerated embryos from callus clumps and cell 

suspension of carrot (Daucus carota) 
- 1960 - Cocking was first to isolate protoplast by enzymatic degradation of cell wall 
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- 1960 - Bergmann filtered cell suspension and isolated single cells by plating 
- 1960 - Kanta and Maheshwari developed test tube fertilization technique 
- 1962 - Murashige and Skoog developed MS medium with higher salt concentration 
- 1964 - Guha and Maheshwari produced first haploid plants from pollen grains of 

Datura (Anther culture) 
- 1966 - Steward demonstrated totipotency by regenerating carrot plants from single cells 

of tomato 
- 1970 - Power et al. successfully achieved protoplast fusion 
- 1971 - Takebe et al.regenerated first plants from protoplasts 
- 1972 - Carlson produced first interspecific hybrid of Nicotiana tabacum by  protoplast 

fusion 
- 1974 - Reinhardintroduced biotransformation in plant tissue cultures 
- 1977 - Chilton et al. successfully integrated Ti plasmid DNA from Agrobacterium 

tumefaciens in plants 
- 1978- Melchers et al. carried out somatic hybridization of tomato and potato resulting in 

pomato 
- 1981- Larkin and Scowcroft introduced the term somaclonal variation 
- 1983 - Pelletier et al.conducted intergeneric cytoplasmic hybridization in Radish and 

Grape 
- 1984 - Horsh et al. developed transgenic tobacco by transformation with Agrobacterium 
- 1987 - Klien et al. developed biolistic gene transfer method for plant transformation 
- 2005 - Rice genome sequenced under International Rice Genome Sequencing Project 

3. Basics of plant cell and tissue culture  

In plant cell culture, plant tissues and organs are grown in vitro on artificial media, under 
aseptic and controlled environment. The technique depends mainly on the concept of 
totipotentiality of plant cells [9] which refers to the ability of a single cell to express the full 
genome by cell division. Along with the totipotent potential of plant cell, the capacity of 
cells to alter their metabolism, growth and development is also equally important and 
crucial to regenerate the entire plant [1]. Plant tissue culture medium contains all the 
nutrients required for the normal growth and development of plants. It is mainly composed 
of macronutrients, micronutrients, vitamins, other organic components, plant growth 
regulators, carbon source and some gelling agents in case of solid medium [10]. Murashige 
and Skoog medium (MS medium) is most extensively used for the vegetative propagation of 
many plant species in vitro. The pH of the media is also important that affects both the 
growth of plants and activity of plant growth regulators. It is adjusted to the value between 
5.4 - 5.8. Both the solid and liquid medium can be used for culturing. The composition of the 
medium, particularly the plant hormones and the nitrogen source has profound effects on 
the response of the initial explant. 

Plant growth regulators (PGR’s) play an essential role in determining the development 
pathway of plant cells and tissues in culture medium. The auxins, cytokinins and 
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gibberellins are most commonly used plant growth regulators. The type and the 
concentration of hormones used depend mainly on the species of the plant, the tissue or 
organ cultured and the objective of the experiment [11]. Auxins and cytokinins are most 
widely used plant growth regulators in plant tissue culture and their amount determined 
the type of culture established or regenerated. The high concentration of auxins generally 
favors root formation, whereas the high concentration of cytokinins promotes shoot 
regeneration. A balance of both auxin and cytokinin leads to the development of mass of 
undifferentiated cells known as callus.  

Maximum root induction and proliferation was found in Stevia rebaudiana, when the 
medium is supplemented with 0.5 mg/l NAA [12]. Cytokinins generally promote cell 
division and induce shoot formation and axillary shoot proliferation. High cytokinin to 
auxin ratio promotes shoot proliferation while high auxin to cytokinins ratio results in root 
formation [13]. Shoot initiation and proliferation was found maximum, when the callus of 
black pepper was shifted to medium supplemented with BA at the concentration of 0.5 mg/l 
[14]. Gibberellins are used for enhanced growth and to promote cell elongation. Maximum 
shoot length was observed in Phalaenopsis orchids when cultured in medium containing 0.5 
mg/l GA3 (unpublished).  

4. Tissue culture in agriculture 

As an emerging technology, the plant tissue culture has a great impact on both agriculture 
and industry, through providing plants needed to meet the ever increasing world demand. 
It has made significant contributions to the advancement of agricultural sciences in recent 
times and today they constitute an indispensable tool in modern agriculture [5].  

Biotechnology has been introduced into agricultural practice at a rate without precedent. 
Tissue culture allows the production and propagation of genetically homogeneous, 
disease-free plant material [37]. Cell and tissue in vitro culture is a useful tool for the 
induction of somaclonal variation [38]. Genetic variability induced by tissue culture could 
be used as a source of variability to obtain new stable genotypes. Interventions of 
biotechnological approaches for in vitro regeneration, mass micropropagation techniques 
and gene transfer studies in tree species have been encouraging. In vitro cultures of 
mature and/or immature zygotic embryos are applied to recover plants obtained from 
inter-generic crosses that do not produce fertile seeds [39]. Genetic engineering can make 
possible a number of improved crop varieties with high yield potential and resistance 
against pests. Genetic transformation technology relies on the technical aspects of plant 
tissue culture and molecular biology for: 

 Production of improved crop varieties 
 Production of disease-free plants (virus) 
 Genetic transformation 
 Production of secondary metabolites  
 Production of varieties tolerant to salinity, drought and heat stresses  
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5. Germplasm conservation 

In vitro cell and organ culture offers an alternative source for the conservation of 
endangered genotypes [40]. Germplasm conservation worldwide is increasingly becoming 
an essential activity due to the high rate of disappearance of plant species and the increased 
need for safeguarding the floristic patrimony of the countries [41]. Tissue culture protocols 
can be used for preservation of vegetative tissues when the targets for conservation are 
clones instead of seeds, to keep the genetic background of a crop and to avoid the loss of the 
conserved patrimony due to natural disasters, whether biotic or abiotic stress [42]. The plant 
species which do not produce seeds (sterile plants) or which have ‘recalcitrant’ seeds that 
cannot be stored for long period of time can successfully be preserved via in vitro techniques 
for the maintenance of gene banks.  

Cryopreservation plays a vital role in the long-term in vitro conservation of essential biological 
material and genetic resources. It involves the storage of in vitro cells or tissues in liquid 
nitrogen that results in cryo-injury on the exposure of tissues to physical and chemical stresses. 
Successful cryopreservation is often ascertained by cell and tissue survival and the ability to 
re-grow or regenerate into complete plants or form new colonies [43]. It is desirable to assess 
the genetic integrity of recovered germplasm to determine whether it is ‘true-to-type’ 
following cryopreservation [44]. The fidelity of recovered plants can be assessed at phenotypic, 
histological, cytological, biochemical and molecular levels, although, there are advantages and 
limitations of the various approaches used to assess genetic stability [45]. Cryobionomics is a 
new approach to study genetic stability in the cryopreserved plant materials [46]. The 
embryonic tissues can be cryopreserved for future use or for germplasm conservation [47]. 

6. Embryo culture 

Embryo culture is a type of plant tissue culture that is used to grow embryos from seeds and 
ovules in a nutrient medium. In embryo culture, the plant develops directly from the 
embryo or indirectly through the formation of callus and then subsequent formation of 
shoots and roots. The technique has been developed to break seed dormancy, test the 
vitality of seeds, production of rare species and haploid plants [59, 119]. It is an effective 
technique that is employed to shorten the breeding cycle of plants by growing excised 
embryos and results in the reduction of long dormancy period of seeds. Intra-varietal 
hybrids of an economically important energy plant “Jatropha” have been produced 
successfully with the specific objective of mass multiplication [62]. Somatic embryogenesis 
and plant regeneration has been carried out in embryo cultures of Jucara Palm for rapid 
cloning and improvement of selected individuals [60]. In addition, conservation of 
endangered species can also be attained by practicing embryo culture technique. Recently a 
successful protocol has been developed for the in vitro propagation of Khaya grandifoliola by 
excising embryos from mature seeds [61]. The plant has a high economic value for timber 
wood and for medicinal purposes as well. This technique has an important application in 
forestry by offering a mean of propagation of elite individuals where the selection and 
improvement of natural population is difficult.  
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 Production of secondary metabolites  
 Production of varieties tolerant to salinity, drought and heat stresses  
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7. Genetic transformation 

Genetic transformation is the most recent aspect of plant cell and tissue culture that 
provides the mean of transfer of genes with desirable trait into host plants and recovery of 
transgenic plants [63]. The technique has a great potential of genetic improvement of 
various crop plants by integrating in plant biotechnology and breeding programmes. It has 
a promising role for the introduction of agronomically important traits such as increased 
yield, better quality and enhanced resistance to pests and diseases [64]. 

Genetic transformation in plants can be achieved by either vector-mediated (indirect gene 
transfer) or vector less (direct gene transfer) method [65]. Among vector dependant gene 
transfer methods, Agrobacterium-mediated genetic transformation is most widely used for 
the expression of foreign genes in plant cells. Successful introduction of agronomic traits in 
plants was achieved by using root explants for the genetic transformation [66]. Virus-based 
vectors offers an alternative way of stable and rapid transient protein expression in plant 
cells thus providing an efficient mean of recombinant protein production on large scale [67]. 

Recently successful transgenic plants of Jatropha were obtained by direct DNA delivery to 
mature seed-derived shoot apices via particle bombardment method [68]. This technology 
has an important impact on the reduction of toxic substances in seeds [69] thus overcoming 
the obstacle of seed utilization in various industrial sector. Regeneration of disease or viral 
resistant plants is now achieved by employing genetic transformation technique. 
Researchers succeeded in developing transgenic plants of potato resistant to potato virus Y 
(PVY) which is a major threat to potato crop worldwide [70]. In addition, marker free 
transgenic plants of Petunia hybrida were produced using multi-auto-transformation (MAT) 
vector system. The plants exhibited high level of resistance to Botrytis cinerea, causal agent of 
gray mold [71]. 

8. Protoplast fusion 

Somatic hybridization is an important tool of plant breeding and crop improvement by the 
production of interspecific and intergeneric hybrids. The technique involves the fusion of 
protoplasts of two different genomes followed by the selection of desired somatic hybrid 
cells and regeneration of hybrid plants [48]. Protoplast fusion provides an efficient mean of 
gene transfer with desired trait from one species to another and has an increasing impact on 
crop improvement [3]. Somatic hybrids were produced by fusion of protoplasts from rice 
and ditch reed using electrofusion treatment for salt tolerance [49]. 

In vitro fusion of protoplast opens a way of developing unique hybrid plants by overcoming 
the barriers of sexual incompatibility. The technique has been applicable in horticultural 
industry to create new hybrids with increased fruit yield and better resistance to diseases. 
Successful viable hybrid plants were obtained when protoplasts from citrus were fused with 
other related citrinae species [50]. The potential of somatic hybridization in important crop 
plants is best illustrated by the production of intergeneric hybrid plants among the members 
of Brassicaceae [51]. To resolve the problem of loss of chromosomes and decreased 
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regeneration capacity, successful protocol has been established for the production of somatic 
hybrid plants by using two types of wheat protoplast as recipient and protoplast of 
Haynaldia villosa as a fusion donor. It is also employed as an important gene source for 
wheat improvement [52].  

 
Figure 1. Schematic representation of production of hybrid plant via protoplast fusion 
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10. Current and future status of plant tissue culture 

The past decades of plant cell biotechnology has evolved as a new era in the field of 
biotechnology, focusing on the production of a large number of secondary plant products. 
During the second half of the last century the development of genetic engineering and 
molecular biology techniques allowed the appearance of improved and new agricultural 
products which have occupied an increasing demand in the productive systems of several 
countries worldwide [31, 32, 33, 34]. Nevertheless, these would have been impossible 
without the development of tissue culture techniques, which provided the tools for the 
introduction of genetic information into plant cells [35]. Nowadays, one of the most 
promising methods of producing proteins and other medicinal substances, such as 
antibodies and vaccines, is the use of transgenic plants [36]. Transgenic plants represent an 
economical alternative to fermentation-based production systems. Plant-made vaccines or 
antibodies (plantibodies) are especially striking, as plants are free of human diseases, thus 
reducing screening costs for viruses and bacterial toxins. The number of farmers who have 
incorporated transgenic plants into their production systems in 2008 was 13.3 million, in 
comparison to 11 million in 2007 [34]. 

11. Techniques of plant tissue culture 

11.1. Micropropagation 

Micropropagation starts with the selection of plant tissues (explant) from a healthy, 
vigorous mother plant [15].Any part of the plant (leaf, apical meristem, bud and root) can be 
used as explant. The whole process can be summarized into the following stages as shown 
in Figure 2. 

11.2. Stage 0: Preparation of donor plant 

Any plant tissue can be introduced in vitro. To enhance the probability of success, the 
mother plant should be ex vitro cultivated under optimal conditions to minimize 
contamination in the in vitro culture [16]. 

11.3. Stage I: Initiation stage 

In this stage an explant is surface sterilized and transferred into nutrient medium. 
Generally, the combined application of bactericide and fungicide products is suggested. The 
selection of products depends on the type of explant to be introduced. The surface 
sterilization of explant in chemical solutions is an important step to remove contaminants 
with minimal damage to plant cells [17]. The most commonly used disinfectants are sodium 
hypochlorite [18, 19], calcium hypochlorite [20], ethanol [21] and mercuric chloride (HgCl2) 
[17]. The cultures are incubated in growth chamber either under light or dark conditions 
according to the method of propagation. 
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11.4. Stage II: Multiplication stage 

The aim of this phase is to increase the number of propagules [22]. The number of 
propagules is multiplied by repeated subcultures until the desired (or planned) number of 
plants is attained. 

11.5. Stage III: Rooting stage 

The rooting stage may occur simultaneously in the same culture media used for 
multiplication of the explants. However, in some cases it is necessary to change media, 
including nutritional modification and growth regulator composition to induce rooting and 
the development of strong root growth. 

11.6. Stage IV: Acclimatization Stage 

At this stage, the in vitro plants are weaned and hardened. Hardening is done gradually 
from high to low humidity and from low light intensity to high light intensity. The plants 
are then transferred to an appropriate substrate (sand, peat, compost etc.) and gradually 
hardened under greenhouse. 

12. Somatic embryogenesis and organogenesis 

Somatic embryogenesis: is an in vitro method of plant regeneration widely used as an 
important biotechnological tool for sustained clonal propagation [23]. It is a process by 
which somatic cells or tissues develop into differentiated embryos. These somatic embryos 
can develop into whole plants without undergoing the process of sexual fertilization as done 
by zygotic embryos. The somatic embryogenesis can be initiated directly from the explants 
or indirectly by the establishment of mass of unorganized cells named callus. 

Plant regeneration via somatic embryogenesis occurs by the induction of embryogenic 
cultures from zygotic seed, leaf or stem segment and further multiplication of embryos. 
Mature embryos are then cultured for germination and plantlet development, and finally 
transferred to soil  

Somatic embryogenesis has been reported in many plants including trees and ornamental 
plants of different families. The phenomenon has been observed in some cactus species 
[24]. There are various factors that affect the induction and development of somatic 
embryos in cultured cells. A highly efficient protocol has been reported for somatic 
embryogenesis on grapevine [25] that showed higher plant regeneration sufficiently when 
the tissues were cultured in liquid medium. Plant growth regulators play an important 
role in the regeneration and proliferation of somatic embryos. Highest efficiency of 
embryonic callus was induced by culturing nodal stem segments of rose hybrids on 
medium supplemented with various PGR’s alone or in combination [26]. This embryonic 
callus showed high germination rate of somatic embryos when grown on abscisic acid 
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plants is attained. 
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multiplication of the explants. However, in some cases it is necessary to change media, 
including nutritional modification and growth regulator composition to induce rooting and 
the development of strong root growth. 
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are then transferred to an appropriate substrate (sand, peat, compost etc.) and gradually 
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which somatic cells or tissues develop into differentiated embryos. These somatic embryos 
can develop into whole plants without undergoing the process of sexual fertilization as done 
by zygotic embryos. The somatic embryogenesis can be initiated directly from the explants 
or indirectly by the establishment of mass of unorganized cells named callus. 

Plant regeneration via somatic embryogenesis occurs by the induction of embryogenic 
cultures from zygotic seed, leaf or stem segment and further multiplication of embryos. 
Mature embryos are then cultured for germination and plantlet development, and finally 
transferred to soil  

Somatic embryogenesis has been reported in many plants including trees and ornamental 
plants of different families. The phenomenon has been observed in some cactus species 
[24]. There are various factors that affect the induction and development of somatic 
embryos in cultured cells. A highly efficient protocol has been reported for somatic 
embryogenesis on grapevine [25] that showed higher plant regeneration sufficiently when 
the tissues were cultured in liquid medium. Plant growth regulators play an important 
role in the regeneration and proliferation of somatic embryos. Highest efficiency of 
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(ABA) alone. Somatic embryogenesis is not only a process of regenerating the plants for 
mass propagation but also regarded as a valuable tool for genetic manipulation. The 
process can also be used to develop the plants that are resistant to various kinds of 
stresses [27] and to introduce the genes by genetic transformation [28]. A successful 
protocol has been developed for regeneration of cotton cultivars with resistance to 
Fusarium and Verticillium wilts [29].  

Organogenesis: refers to the production of plant organs i.e. roots, shoots and leaves that may 
arise directly from the meristem or indirectly from the undifferentiated cell masses (callus). 
Plant regeneration via organogenesis involves the callus production and differentiation of 
adventitious meristems into organs by altering the concentration of plant growth hormones 
in nutrient medium. Skoog and Muller [30] were the first who demonstrated that high ratio 
of cytokinin to auxin stimulated the formation of shoots in tobacco callus while high auxin 
to cytokinin ratio induced root regeneration. 

 
Figure 2. Flow chart summarizing tissue culture experiments. 
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13. Tissue culture in pharmaceuticals 

Plant cell and tissue cultures hold great promise for controlled production of myriad of 
useful secondary metabolites [72]. Plant cell cultures combine the merits of whole-plant 
systems with those of microbial and animal cell cultures for the production of valuable 
therapeutic secondary metabolites [73]. In the search for alternatives to production of 
medicinal compounds from plants, biotechnological approaches, specifically plant tissue 
cultures, are found to have potential as a supplement to traditional agriculture in the 
industrial production of bioactive plant metabolites [74]. Exploration of the biosynthetic 
capabilities of various cell cultures has been carried out by a group of plant scientists and 
microbiologists in several countries during the last decade [75].  

Cell suspension culture: Cell suspension culture systems are used now days for large 
scale culturing of plant cells from which secondary metabolites could be extracted. A 
suspension culture is developed by transferring the relatively friable portion of the callus 
into liquid medium and is maintained under suitable conditions of aeration, agitation, 
light, temperature and other physical parameters [76]. Cell cultures cannot only yield 
defined standard phytochemicals in large volumes but also eliminate the presence of 
interfering compounds that occur in the field-grown plants [77]. The advantage of this 
method is that it can ultimately provide a continuous, reliable source of natural products 
[78]. The major advantage of the cell cultures include synthesis of bioactive secondary 
metabolites, running in controlled environment, independently from climate and soil 
conditions [79].A number of different types of bioreactors have been used for mass 
cultivation of plant cells. The first commercial application of large scale cultivation of 
plant cells was carried out in stirred tank reactors of 200 liter and 750 liter capacities to 
produce shikonin by cell culture of Lithospermum erythrorhizon [80]. Cell of Catharanthus 
roseus, Dioscorea deltoidea, Digitalis lanata, Panax notoginseng, Taxus wallichiana and 
Podophyllum hexandrum have been cultured in various bioreactors for the production of 
secondary plant products. 

A number of medicinally important alkaloids, anticancer drugs, recombinant proteins and 
food additives are produced in various cultures of plant cell and tissues. Advances in the 
area of cell cultures for the production of medicinal compounds has made possible the 
production of a wide variety of pharmaceuticals like alkaloids, terpenoids, steroids, 
saponins, phenolics, flavanoids and amino acids [72, 81]. Some of these are now available 
commercially in the market for example shikonin and paclitaxel (Taxol). Until now 20 
different recombinant proteins have been produced in plant cell culture, including 
antibodies, enzymes, edible vaccines, growth factors and cytokines [73]. Advances in scale-
up approaches and immobilization techniques contribute to a considerable increase in the 
number of applications of plant cell cultures for the production of compounds with a high 
added value. Some of the secondary plant products obtained from cell suspension culture of 
various plants are given in Table 1. 
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Figure 2. Flow chart summarizing tissue culture experiments. 
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13. Tissue culture in pharmaceuticals 

Plant cell and tissue cultures hold great promise for controlled production of myriad of 
useful secondary metabolites [72]. Plant cell cultures combine the merits of whole-plant 
systems with those of microbial and animal cell cultures for the production of valuable 
therapeutic secondary metabolites [73]. In the search for alternatives to production of 
medicinal compounds from plants, biotechnological approaches, specifically plant tissue 
cultures, are found to have potential as a supplement to traditional agriculture in the 
industrial production of bioactive plant metabolites [74]. Exploration of the biosynthetic 
capabilities of various cell cultures has been carried out by a group of plant scientists and 
microbiologists in several countries during the last decade [75].  

Cell suspension culture: Cell suspension culture systems are used now days for large 
scale culturing of plant cells from which secondary metabolites could be extracted. A 
suspension culture is developed by transferring the relatively friable portion of the callus 
into liquid medium and is maintained under suitable conditions of aeration, agitation, 
light, temperature and other physical parameters [76]. Cell cultures cannot only yield 
defined standard phytochemicals in large volumes but also eliminate the presence of 
interfering compounds that occur in the field-grown plants [77]. The advantage of this 
method is that it can ultimately provide a continuous, reliable source of natural products 
[78]. The major advantage of the cell cultures include synthesis of bioactive secondary 
metabolites, running in controlled environment, independently from climate and soil 
conditions [79].A number of different types of bioreactors have been used for mass 
cultivation of plant cells. The first commercial application of large scale cultivation of 
plant cells was carried out in stirred tank reactors of 200 liter and 750 liter capacities to 
produce shikonin by cell culture of Lithospermum erythrorhizon [80]. Cell of Catharanthus 
roseus, Dioscorea deltoidea, Digitalis lanata, Panax notoginseng, Taxus wallichiana and 
Podophyllum hexandrum have been cultured in various bioreactors for the production of 
secondary plant products. 

A number of medicinally important alkaloids, anticancer drugs, recombinant proteins and 
food additives are produced in various cultures of plant cell and tissues. Advances in the 
area of cell cultures for the production of medicinal compounds has made possible the 
production of a wide variety of pharmaceuticals like alkaloids, terpenoids, steroids, 
saponins, phenolics, flavanoids and amino acids [72, 81]. Some of these are now available 
commercially in the market for example shikonin and paclitaxel (Taxol). Until now 20 
different recombinant proteins have been produced in plant cell culture, including 
antibodies, enzymes, edible vaccines, growth factors and cytokines [73]. Advances in scale-
up approaches and immobilization techniques contribute to a considerable increase in the 
number of applications of plant cell cultures for the production of compounds with a high 
added value. Some of the secondary plant products obtained from cell suspension culture of 
various plants are given in Table 1. 



 
Recent Advances in Plant in vitro Culture 12 

Secondary 
metabolite 

Plant name Reference  

Vasine Adhatoda vasica [82] 
Artemisinin Artemisia annua [83] 
Azadirachtin Azadirachta indica [84] 
Cathin Brucea javanica [85] 

Capsiacin Capsicum annum [86] 
Sennosides Cassia senna [87] 
Ajmalicine 
Secologanin 
Indole alkaloids 
Vincristine 

Catharanthus roseus [88] 
[89] 
[90] 
[91] 

Stilbenes Cayratia trifoliata [92] 
Berberin Coscinium fenustratum [93] 

Sterols Hyssopus officinalis [94] 
Shikonin Lithospermum erythrorhizon [95] 
Ginseng saponin Panax notoginseng [96] 
Podophyllotoxin Podophyllum hexandrum [97] 
Taxane Paclitaxel Taxus chinensis [98] 

Table 1. List of some secondary plant product produced in suspension culture 

14. Hairy root cultures 

The hairy root system based on inoculation with Agrobacterium rhizogenes has become 
popular in the last two decades as a method of producing secondary metabolites 
synthesized in plant roots [99]. Organized cultures, and especially root cultures, can make a 
significant contribution in the production of secondary metabolites. Most of the research 
efforts that use differentiated cultures instead of cell suspension cultures have focused on 
transformed (hairy) roots. Agrobacterium rhizogenes causes hairy root disease in plants. 
The neoplastic (cancerous) roots produced by A. rhizogenes infection are characterized by 
high growth rate, genetic stability and growth in hormone free media [100]. High stability 
[101] and productivity features allow the exploitation of hairy roots as valuable 
biotechnological tool for the production of plant secondary metabolites [102]. These 
genetically transformed root cultures can produce levels of secondary metabolites 
comparable to that of intact plants [103]. Hairy root technology has been strongly improved 
by increased knowledge of molecular mechanisms underlying their development. 
Optimizing the composition of nutrients for hairy root cultures is critical to gain a high 
production of secondary metabolites [100]. Some of the secondary plant products obtained 
from hairy root culture of various plants are shown in Table 2. 

 
Plant Tissue Culture: Current Status and Opportunities 13 

Secondary metabolite Plant name Reference  

Rosmarinic acid Agastache rugosa [104] 
Deoursin Angelica gigas [105] 
Resveratol Arachys hypogaea [106] 
Tropane Brugmansia candida [107] 
Asiaticoside Centella asiatica [108] 
Rutin Fagopyrum esculentum [104] 
Glucoside Gentiana macrophylla [109] 
Glycyrrhizin Glycyrrhiza glabra [110] 
Shikonin Lithospermum erythrorhizon [111] 
Glycoside Panax ginseng [112] 
Plumbagin Plumbago zeylanica [113] 
Anthraquinone Rubia akane [114] 
Silymarin Silybium marianum [115] 
Flavonolignan Silybium mariyanm [116] 
Vincamine Vinca major [117] 
Withanoloid A Withania somnifera [118] 

Table 2. List of some secondary plant product produced in Hairy root culture 

15. Tissue culture facilities at Qarshi industries 

Plant tissue culture Lab was established in 2004 with the objectives to raise endangered 
medicinal plant species and the plants difficult to raise through traditional methods for 
conservation and mass propagation. We have so far propagated 12 medicinal plant species 
(Plumbago zeylanica L., Nicotiana tabacum L., Artemisia absinthium L., Rosa damascena Mill., 
Althea rosea L.,Stevia rebaudiana Bertoni., Jatropha curcas L., Phalaenopsis,Piper nigrum L., 
Solanum tuberosum L., Araucaria heterophylla Salisb. Franco., Taxus wallichiana Zucc.) and 
currently working on propagation of commercially important endangered woody plant 
species like Taxus wallichiana. Commercialization of some fruit and vegetable crops are 
underway. The protocols developed for The Moth Orchid, Tobacco, Honey Plant, Potato 
and Physic nut are presented as case studies. 

16. Case study 1 

16.1. Micropropagation of Phalaenopsis “The Moth Orchids” 

Orchids are usually grown for the beauty, exoticism and fragrance of their flowers. They are 
cultivated since the times of Confucius (ca. 551 - 479 BC). Some orchids are commercialized 
not for their beauty, but for uses in food industry. They are also used medicinally as a 
treatment for diarrhea and as an aphrodisiac. The vegetative propagation of phalaenopsis is 
difficult and time consuming. In addition, the desired characteristics of seedlings and 
uniformity are not attained. 
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In vitro propagation studies of phalaenopsis “the moth orchids” had the objective to develop 
a protocol for plant regeneration from callus. Thus in vitro culture techniques are adopted 
for quick propagation of commercially important orchid species. Regeneration from callus 
gives a way to rectify the problem of explants shortage. The callus of phalaenopsis 
previously obtained from the mature orchid plant was used as explant source. The callus 
was maintained on MS medium added with 3.0 % sucrose, 0.8 % agar, and different 
concentrations of BAP and 2, 4-D. Callus was sub-cultured after every 30 days for 
proliferation. Maximum callus proliferation was obtained when the medium was 
supplemented with 0.5 mg/l BA. Fresh green and non friable callus was obtained. For shoot 
regeneration and elongation, the callus was transferred to MS medium supplemented with 
BAP and GA3 at different concentrations. Maximum shoot elongation was obtained in 
medium supplemented with 1.0 mg/l GA3 as shown in Figure 3 a, b, c. 

The regenerated shoots showed excess root development when transferred to medium 
added with 2.0 mg/l IBA. Further research work will focus on different potting medium 
compositions best suited for acclimatization of regenerated plants. As a high value crop, the 
mass production of orchids will provide a good opportunity of marketing locally as a good 
source of income.  

 
Figure 3. Micropropagation of Orchids (a) callus culture (b) shoot regeneration (c) rooted plantlets 

17. Case study 2 

17.1. Tissue culture of Tobacco (Nicotiana tabacum L.)  

Tobacco is an important crop of Pakistan which covers a large area under cultivation. Being 
a cash crop grown all over the world, it has a good economic value. Fresh leaves of the 
plants are processed to obtain an agricultural product that is commercially available in 
dried, cured and natural forms. Clonal propagation of four important low nicotine content 
hybrid varieties of tobacco i.e. PGH-01, PGH-02, PGH-04 and PGH-09 was carried out with 
the special objective of commercialization of tissue cultured plants to the farmers and 
industry. The mother plants were provided by Pakistan Tobacco Board (PTB). Leaves and 
meristems were used as explants for the initiation of callus culture. Callus induction and 
proliferation was carried out on MS medium supplemented with different concentrations of 
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2,4-D. Excellent growth of callus was obtained at medium containing 1.0 mg/l 2,4-D. Callus 
was transferred to next medium for shoot regeneration. Efficient numbers of shoots were 
obtained when culture was shifted to MS medium supplemented with 0.5 mg/l BAP. For 
root induction different concentrations of IBA and NAA were tested and the result was 
found best on the same medium supplemented with 2.0 mg/l IBA as shown in Figure 4 a, b, 
c. 

 
Figure 4. Tissue culture of Nicotiana tabacum (a) callus (b) shoot regeneration (c) root induction 

18. Case study 3 

In vitro propagation of Honey Plant (Stevia rebaudiana Bertoni) The in vitro clonal 
propagation of Stevia rebaudiana was conducted by inoculating seeds on MS medium [10] 
and placing under photoperiod of 16 hrs light and 8 hrs dark in growth room. The seedlings 
with four nodes have been divided into 0.5 cm pieces of nodal segments and used as 
explants. For shoot multiplication, the nodal explants were inoculated on MS medium 
supplemented with 3.0% sucrose and 0.5, 1.0, 2.0, 3.0 and 4.0 mg/l of BAP and Kn (Kinetin) 
alone or in combinations with 0.25 and 0.5 mg/l of IAA. MS medium containing 2.0 mg/l 
BAP showed the best response to multiple shoot formation, while the highest shoot length 
(3.73 ± 0.14 cm) per micro shoot was observed on MS medium containing 2.0 Kn and 0.25 
mg/l IAA after 15 days of inoculation as shown in Figure 5 a, b, c. Excised micro shoots were 
cultured on MS medium supplemented with 0.25, 0.5, 1.0 and 1.5 mg/l of NAA and IBA 
separately for the root induction. The optimal rooting (81%) was observed on MS medium 

a b c 

Tissue cultured Tobacco  
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2,4-D. Excellent growth of callus was obtained at medium containing 1.0 mg/l 2,4-D. Callus 
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found best on the same medium supplemented with 2.0 mg/l IBA as shown in Figure 4 a, b, 
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containing 0.5 mg/l NAA with 2 % sucrose within two weeks of culture transfer. The rooted 
plantlets were acclimatized successfully and transferred to greenhouse under low light 
intensity. This protocol for in vitro clonal propagation of Stevia rebaudiana has been 
optimized for the local environment, as a consequence it will be helpful to establish and 
cultivate Stevia rebaudiana for commercial scale production in various environmental 
conditions in Pakistan.  

 
Figure 5. In vitro propagation of S. rebaudiana (a) seed germination on MS medium (b) shoot 
multiplication (c) root development. 

19. Case study 4 

19.1. Multiplication and regeneration of Potato (Solanum tuberosum L.) from 
nodal explants 

Solanum tuberosum L. (potato) is the most important vegetable crop that occupies major area 
under cultivation in Pakistan. The crop is high yielding, has high nutritive value and gives 
maximum returns to farmers. Tissue culture is employed as a technique for rapid 
multiplication of potato plants free from diseases. The research was carried out with the 
objective of mass multiplication of true-to type three potato varieties i.e. Desiree, Diamant 
and Cardinal. The plant material for this research was provided by Four Brothers Agri 
Services Pakistan. The Company is working for introduction of high yielding vegetable & 
crop varieties in Pakistan. 

Tissue cultured Stevia 
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The disease free potato tubers were washed both with detergent and distilled water to 
remove impurities and allowed to sprouting. Five days old sprouts were used as explants 
for direct proliferation. The explants were surface sterilized in detergent for 10 minutes, 
later with 0.1 % mercuric chloride solution for 5 minutes followed by three times washing 
with sterilized-distilled water. The sprouts were aseptically cut into 10 mm sections 
containing one node and inoculated in medium. The Espinosa medium plus vitamin B5 
supplemented with different concentrations of BAP and GA3 alone and in combinations 
was utilized. Highest shoot length of shoots was observed in presence of 0.5 mg/l BAP and 
0.4 mg/l GA3 with the ability to produce maximum plantlets per explant. For root induction 
the same medium was used with different concentrations of NAA and IBA. NAA at 2.0 mg/l 
induced the highest root development. The rooted plantlets were successfully acclimatized 
and delivered to the company for cultivation. 

 
Figure 6. Tissue culture of Potato (a) nodal segment (b) regenerated shoots and roots (c) tissue cultured 
potato 

20. Case study 5  

20.1. Tissue culture of physic nut (Jatropha curcas L.) 

The research studies on Tissue Culture of Jatropha (physic nut) had the objectives to 
develop protocol for mass propagation of elite trees selected on the bases of higher seed 
production and oil content. The experimental plant of Jatropha curcas was grown in the 
laboratory under controlled conditions for in vitro studies. 

Leaf and apical meristem explants isolated from 7 days old seedling of Jatropha curcas, were 
use to induce callus. 

Murashige & Skoog (1962) medium supplemented with different growth regulator 
formulations including 2,4-D and IBA was used. Excellent growth of callus on leaf explants 
was obtained in medium supplemented with 1.0 mg/L 2, 4-D. Callus produced from leaf 
explants in all IBA concentrations grew faster during 7 to 30 days of culture and then 
stabilized at a slow growth rate. While 1.0 mg/L 2,4-D was proved to be most effective in 
inducing callus on a large scale in short period of time. Callus was soft, friable and white in 
color.  
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Apical meristem was used as explant for direct shoot regeneration. Rooting from meristem 
was effectively achieved on MS supplemented with 1.5, 2.0 and 2.5 mg/l IBA. Root induction 
with 2.0 mg/l IBA was most effective and the roots also developed secondary roots. 

In near future somatic embryogenesis and shoot regeneration from callus will be tested in 
MS medium supplemented with various concentrations of BA. The regenerated plant will be 
acclimatized and released for field planting under various climatic and soil conditions for 
further studies. 

 
Figure 7. Tissue culture of Jatropha curcas (a) callus of Jatropha (b) shoot regeneration (c) root induction. 

21. Conclusion 

Plant tissue culture represents the most promising areas of application at present time and 
giving an out look into the future. The areas ranges from micropropagation of ornamental 
and forest trees, production of pharmaceutically interesting compounds, and plant breeding 
for improved nutritional value of staple crop plants, including trees to cryopreservation of 
valuable germplasm. All biotechnological approaches like genetic engineering, haploid 
induction, or somaclonal variation to improve traits strongly depend on an efficient in-vitro 
plant regeneration system. 

The rapid production of high quality, disease free and uniform planting stock is only 
possible through micropropagation. New opportunities has been created for producers, 
farmers and nursery owners for high quality planting materials of fruits, ornamentals, forest 
tree species and vegetables. Plant production can be carried out throughout the year 
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irrespective of season and weather. However micropropagation technology is expensive as 
compared to conventional methods of propagation by means of seed, cuttings and grafting 
etc. Therefore it is essential to adopt measures to reduce cost of production. Low cost 
production of plants requires cost effective practices and optimal use of equipment to 
reduce the unit cost of plant production. It can be achieved by improving the process 
efficiency and better utilization of resources. Bioreactor based plant propagation can 
increase the speed of multiplication and growth of cultures and reduce space, energy and 
labor requirements when commencing commercial propagation. However, the use of 
bioreactors needs special care and handling to avoid contamination of culture which may 
lead to heavy economic losses. The cost of production may also be reduced by selecting 
several plants that provide the option for around the year production and allow cost flow 
and optimal use of equipment and resources. It is also essential to have sufficient mother 
culture and reduce the number of subculture to avoid variation and plan the production of 
plants according to the demand. 

Quality control is also very essential to assure high quality plant production and to obtain 
confidence of the consumers. The selection of explants source, diseases free material, 
authenticity of variety and elimination of somaclonal variants are some of the most critical 
parameters for ensuring the quality of the plants. 

The in vitro culture has a unique role in sustainable and competitive agriculture and forestry 
and has been successfully applied in plant breeding for rapid introduction of improved 
plants. Plant tissue culture has become an integral part of plant breeding. It can also be used 
for the production of plants as a source of edible vaccines. There are many useful plant-
derived substances which can be produced in tissue cultures. 

Since last two decades there have been considerable efforts made in the use of plant cell 
cultures in bioproduction, bioconversion or biotransformation and biosynthetic studies. The 
potential commercial production of pharmaceuticals by cell culture techniques depends 
upon detailed investigations into the biosynthetic sequence. There is great potential of cell 
culture to be use in the production of valuable secondary products. Plant tissue culture is a 
noble approach to obtain these substances in large scale. 

Plant cell culture has made great advances. Perhaps the most significant role that plant cell 
culture has to play in the future will be in its association with transgenic plants. The ability 
to accelerate the conventional multiplication rate can be of great benefit to many countries 
where a disease or some climatic disaster wipes out crops. The loss of genetic resources is a 
common story when germplasm is held in field genebanks. Slow growth in vitro storage and 
cryopreservation are being proposed as solutions to the problems inherent in field 
genebanks. If possible, they can be used with field genebanks, thus providing a secure 
duplicate collection. They are the means by which future generations will be able to have 
access to genetic resources for simple conventional breeding programmes, or for the more 
complex genetic transformation work. As such, it has a great role to play in agricultural 
development and productivity. 
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Apical meristem was used as explant for direct shoot regeneration. Rooting from meristem 
was effectively achieved on MS supplemented with 1.5, 2.0 and 2.5 mg/l IBA. Root induction 
with 2.0 mg/l IBA was most effective and the roots also developed secondary roots. 

In near future somatic embryogenesis and shoot regeneration from callus will be tested in 
MS medium supplemented with various concentrations of BA. The regenerated plant will be 
acclimatized and released for field planting under various climatic and soil conditions for 
further studies. 

 
Figure 7. Tissue culture of Jatropha curcas (a) callus of Jatropha (b) shoot regeneration (c) root induction. 

21. Conclusion 

Plant tissue culture represents the most promising areas of application at present time and 
giving an out look into the future. The areas ranges from micropropagation of ornamental 
and forest trees, production of pharmaceutically interesting compounds, and plant breeding 
for improved nutritional value of staple crop plants, including trees to cryopreservation of 
valuable germplasm. All biotechnological approaches like genetic engineering, haploid 
induction, or somaclonal variation to improve traits strongly depend on an efficient in-vitro 
plant regeneration system. 

The rapid production of high quality, disease free and uniform planting stock is only 
possible through micropropagation. New opportunities has been created for producers, 
farmers and nursery owners for high quality planting materials of fruits, ornamentals, forest 
tree species and vegetables. Plant production can be carried out throughout the year 
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irrespective of season and weather. However micropropagation technology is expensive as 
compared to conventional methods of propagation by means of seed, cuttings and grafting 
etc. Therefore it is essential to adopt measures to reduce cost of production. Low cost 
production of plants requires cost effective practices and optimal use of equipment to 
reduce the unit cost of plant production. It can be achieved by improving the process 
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increase the speed of multiplication and growth of cultures and reduce space, energy and 
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parameters for ensuring the quality of the plants. 

The in vitro culture has a unique role in sustainable and competitive agriculture and forestry 
and has been successfully applied in plant breeding for rapid introduction of improved 
plants. Plant tissue culture has become an integral part of plant breeding. It can also be used 
for the production of plants as a source of edible vaccines. There are many useful plant-
derived substances which can be produced in tissue cultures. 

Since last two decades there have been considerable efforts made in the use of plant cell 
cultures in bioproduction, bioconversion or biotransformation and biosynthetic studies. The 
potential commercial production of pharmaceuticals by cell culture techniques depends 
upon detailed investigations into the biosynthetic sequence. There is great potential of cell 
culture to be use in the production of valuable secondary products. Plant tissue culture is a 
noble approach to obtain these substances in large scale. 

Plant cell culture has made great advances. Perhaps the most significant role that plant cell 
culture has to play in the future will be in its association with transgenic plants. The ability 
to accelerate the conventional multiplication rate can be of great benefit to many countries 
where a disease or some climatic disaster wipes out crops. The loss of genetic resources is a 
common story when germplasm is held in field genebanks. Slow growth in vitro storage and 
cryopreservation are being proposed as solutions to the problems inherent in field 
genebanks. If possible, they can be used with field genebanks, thus providing a secure 
duplicate collection. They are the means by which future generations will be able to have 
access to genetic resources for simple conventional breeding programmes, or for the more 
complex genetic transformation work. As such, it has a great role to play in agricultural 
development and productivity. 
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13. Commonly used terms in tissue culture 

Adventitious: development of organs such as buds, leaves, roots, shoots and somatic 
embryos from shoot and root tissues and callus. 

Agar: Natural gelling agent made from algae 

Aseptic technique: procedures used to prevent the introduction of microorganisms such as 
fungi, bacteria, viruses and phytoplasmas into cell, tissue and organ cultures, and cross 
contamination of cultures. 

Autoclave: A machine capable of sterilizing by steam under pressure 

Axenic culture: a culture without foreign or undesired life forms but may include the 
deliberate co-culture with different types of cells, tissues or organisms. 

Callus: an unorganized mass of differentiated plant cells. 

Cell culture: culture of cells or their maintenance in vitro including the culture of single cells. 

Chemically defined medium: a nutritive solution or substrate for culturing cells in which 
each component is specified. 

Clonal propagation: asexual multiplication of plants from a single individual or explant. 

Clones: a group of plants propagated from vegetative parts, which have been derived by 
repeated propagation from a single individual. Clones are considered to be genetically uniform. 

Contamination: infected by unwanted microorganisms in controlled environment 

Cryopreservation: ultra-low temperature storage of cells, tissues, embryos and seeds. 

Culture: A plant growing in vitro in a sterile environment 

Differentiated: cultured cells that maintain all or much of the specialized structure and 
function typical of the cell type in vivo. 

Embryo culture: In vitro culture of isolated mature or immature embryos. 

Explant: an excised piece or part of a plant used to initiate a tissue culture. 

Ex vitro: Organisms removed from tissue culture and transplanted; generally plants to soil 
or potting mixture. 

Hormone: Generally naturally occurring chemicals that strongly affect plant growth 

In Vitro: To be grown in glass 

In Vivo: To be grown naturally 

Laminar Flow Hood: An enclosed work area where the air is cleaned using HEPA filters  

Medium: a solid or liquid nutritive solution used for culturing cells 
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Meristem: a group of undifferentiated cells situated at the tips of shoots, buds and roots, 
which divide actively and give rise to tissue and organs. 

Micropropagation: multiplication of plants from vegetative parts by using tissue culture 
nutrient medium. 

Propagule: a portion of an organism (shoot, leaf, callus, etc.) used for propagation. 

Somatic embryos: non-zygotic bipolar embryo-like structures obtained from somatic cells. 

Subculture: the aseptic division and transfer of a culture or portion of that culture to a fresh 
synthetic media. 

Tissue culture: in vitro culture of cells, tissues, organs and plants under aseptic conditions 
on synthetic media.  

Totipotency: capacity of plant cells to regenerate whole plants when cultured on 
appropriate media. 

Transgenic: plants that have a piece of foreign DNA 

Undifferentiated: cells that have not transformed into specialized tissues 

14. Abbreviations 

BAP  6-benylaminopurine 
2,4-D  2,4-dichlorophenoxyacetic acid 
EDTA  Ethylenediaminetetraacetic acid 
EtOH  Ethanol 
GA3 Gibberellic acid 
IAA  Indole-3-acetic acid 
IBA  lndole-3-butyric acid 
NAA  Naphthaleneacetic acid 
KN Kinetin 
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1. Introduction 

Optimal growth and morphogenesis of tissues may vary for different plants according to 
their nutritional requirements. Moreover, tissues from different parts of plants may also 
have different requirements for satisfactory growth [1]. Tissue culture media were first 
developed from nutrient solutions used for culturing whole plants e.g. root culture medium 
of White and callus culture medium of Gautheret. White’s medium was based on Uspenski 
and Uspenska’s medium for algae, Gautheret’s medium was based on Knop’s salt solution 
[2]. Basic media that are frequently used include Murashige and Skoog (MS) medium [1], 
Linsmaier and Skoog (LS) medium [3], Gamborg (B5) medium [4] and Nitsch and Nitsch 
(NN) medium [5]. 

2. Media composition 

Plant tissue culture media should generally contain some or all of the following components: 
macronutrients, micronutrients, vitamins, amino acids or nitrogen supplements, source(s) of 
carbon, undefined organic supplements, growth regulators and solidifying agents. According 
to the International Association for Plant Physiology, the elements in concentrations greater 
than 0.5 mM.l-1 are defined as macroelements and those required in concentrations less than 
0.5 mM.l-1 as microelements [6]. It should be considered that the optimum concentration of 
each nutrient for achieving maximum growth rates varies among species. 

2.1. Macronutrients 

The essential elements in plant cell or tissue culture media include, besides C, H and O, 
macroelements: nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) 
and sulphur (S) for satisfactory growth and morphogenesis. Culture media should contain at 
least 25-60 mM of inorganic nitrogen for satisfactory plant cell growth. Potassium is required 
for cell growth of most plant species. Most media contain K in the form of nitrate chloride salts 
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at concentrations ranging between 20 and 30 mM. The optimum concentrations of P, Mg, S 
and Ca range from 1-3 mM if other requirements for cell growth are provided [2]. 

2.2. Micronutrients 

The essential micronutrients (minor elements) for plant cell and tissue growth include iron 
(Fe), manganese (Mn), zinc (Zn), boron (B), copper (Cu) and molybdenum (Mo). Iron is 
usually the most critical of all the micronutrients. The element is used as either citrate or 
tartarate salts in culture media, however, there exist some problems with these compounds for 
their difficulty to dissolve and precipitate after media preparation. There has been trials to 
solve this problem by using ethylene diaminetetraacetic acid (EDTA)-iron chelate (FeEDTA) 
[1]. A procedure for preparing an iron chelate solution that does not precipitate have been also 
developed [7]. Cobalt (Co) and iodine (I) may be added to certain media, but their 
requirements for cell growth has not been precisely established. Sodium (Na) and chlorine (Cl) 
are also used in some media, in spite of reports that they are not essential for growth. Copper 
and cobalt are added to culture media at concentrations of 0.1µM, iron and molybdenum at 
1µM, iodine at 5µM, zinc at 5-30 µM, manganese at 20-90 µM and boron at 25-100 µM [2]. 

2.3. Carbon and energy sources 

In plant cell culture media, besides the sucrose, frequently used as carbon source at a 
concentration of 2-5%, other carbohydrates are also used. These include lactose, galactose, 
maltose and starch and they were reported to be less effective than either sucrose or glucose, 
the latter was similarly more effective than fructose considering that glucose is utilized by 
the cells in the beginning, followed by fructose. It was frequently demonstrated that 
autoclaved sucrose was better for growth than filter sterilized sucrose. Autoclaving seems to 
hydrolyze sucrose into more efficiently utilizable sugars such as fructose. Sucrose was 
reported to act as morphogenetic trigger in the formation of auxiliary buds and branching of 
adventitious roots [8]. 

It was found that supplements of sugar cane molasses, banana extract and coconut water to 
basal media can be a good alternative for reducing medium costs. These substrates in 
addition to sugars, they are sources of vitamins and inorganic ions required growth [9, 10].   

2.4. Vitamins and myo-inositol 

Some plants are able to synthesize the essential requirements of vitamins for their growth. 
Some vitamins are required for normal growth and development of plants, they are 
required by plants as catalysts in various metabolic processes. They may act as limiting 
factors for cell growth and differentiation when plant cells and tissues are grown In vitro [2]. 
The vitamins most used in the cell and tissue culture media include: thiamin (B1), nicotinic 
acid and pyridoxine (B6). Thiamin is necessarily required by all cells for growth [11]. 
Thiamin is used at concentrations ranging from 0.1 to 10 mg.l-1. Nicotinic acid and 
pyridoxine, however not essential for cell growth of many species, they are often added to 
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culture media [12]. Nicotinic acid is used at a concentration range 0.1-5 mg.l-1 and 
pyridoxine is used at 0.1-10 mg.l-1. Other vitamins such as biotin, folic acid, ascorbic acid, 
pantothenic acid, tocopherol (vitamin E), riboflavin, p-amino-benzoic acid are used in some 
cell culture media however, they are not growth limiting factors. It was recommended that 
vitamins should be added to culture media only when the concentration of thiamin is below 
the desired level or when the cells are required to be grown at low population densities [14]. 
Although it is not a vitamin but a carbohydrate, myo-inositol is added in small quantities to 
stimulate cell growth of most plant species [13]. Myo-inositol is believed to play a role in cell 
division because of its breakdown to ascorbic acid and pectin and incorporation into 
phosphoinositides and phosphatidyl-inositol. It is generally used in plant cell and tissue 
culture media at concentrations of 50-5000 mg.l-1. 

2.5. Amino acids 

The required amino acids for optimal growth are usually synthesized by most plants, 
however, the addition of certain amino acids or amino acid mixtures is particularly 
important for establishing cultures of cells and protoplasts. Amino acids provide plant cells 
with a source of nitrogen that is easily assimilated by tissues and cells faster than inorganic 
nitrogen sources. Amino acid mixtures such as casein hydrolysate, L-glutamine, L-
asparagine and adenine are frequently used as sources of organic nitrogen in culture media. 
Casein hydrolysate is generally used at concentrations between 0.25-1 g.l-1. Amino acids 
used for enhancement of cell growth in culture media included; glycine at 2 mg.l-1,  
glutamine up to 8 mM, asparagine at 100mg.l-1, L-arginine and cysteine at 10 mg.l-1 and L-
tyrosine at 100mg.l-1 [2]. 

2.6. Undefined organic supplements 

Some media were supplemented with natural substances or extracts such as protein 
hydrolysates, coconut milk, yeast extract, malt extract, ground banana, orange juice and 
tomato juice, to test their effect on growth enhancement. A wide variety of organic extracts 
are now commonly added to culture media.  The addition of activated charcoal is sometimes 
added to culture media where it may have either a beneficial or deleterious effect. Growth 
and differentiations were stimulated in orchids [15], onions and carrots [16, 17], tomatoes 
[18]. On the other hand, an inhibition of cell growth was noticed on addition of activated 
charcoal to culture medium of soybean [17]. Explanation of the mode of action of activated 
charcoal was based on adsorption of inhibitory compounds from the medium, adsorption of 
growth regulators from the culture medium or darkening of the medium [19]. The presence 
of 1% activated charcoal in the medium was demonstrated to largely increase hydrolysis of 
sucrose during autoclaving which cause acidification of the culture medium [20]. 

2.7. Solidifying agents 

Hardness of the culture medium greatly influences the growth of cultured tissues (Figure 1). 
There are a number of gelling agents such as agar, agarose and gellan gum [21]. 



 
Recent Advances in Plant in vitro Culture 30 

at concentrations ranging between 20 and 30 mM. The optimum concentrations of P, Mg, S 
and Ca range from 1-3 mM if other requirements for cell growth are provided [2]. 

2.2. Micronutrients 

The essential micronutrients (minor elements) for plant cell and tissue growth include iron 
(Fe), manganese (Mn), zinc (Zn), boron (B), copper (Cu) and molybdenum (Mo). Iron is 
usually the most critical of all the micronutrients. The element is used as either citrate or 
tartarate salts in culture media, however, there exist some problems with these compounds for 
their difficulty to dissolve and precipitate after media preparation. There has been trials to 
solve this problem by using ethylene diaminetetraacetic acid (EDTA)-iron chelate (FeEDTA) 
[1]. A procedure for preparing an iron chelate solution that does not precipitate have been also 
developed [7]. Cobalt (Co) and iodine (I) may be added to certain media, but their 
requirements for cell growth has not been precisely established. Sodium (Na) and chlorine (Cl) 
are also used in some media, in spite of reports that they are not essential for growth. Copper 
and cobalt are added to culture media at concentrations of 0.1µM, iron and molybdenum at 
1µM, iodine at 5µM, zinc at 5-30 µM, manganese at 20-90 µM and boron at 25-100 µM [2]. 

2.3. Carbon and energy sources 

In plant cell culture media, besides the sucrose, frequently used as carbon source at a 
concentration of 2-5%, other carbohydrates are also used. These include lactose, galactose, 
maltose and starch and they were reported to be less effective than either sucrose or glucose, 
the latter was similarly more effective than fructose considering that glucose is utilized by 
the cells in the beginning, followed by fructose. It was frequently demonstrated that 
autoclaved sucrose was better for growth than filter sterilized sucrose. Autoclaving seems to 
hydrolyze sucrose into more efficiently utilizable sugars such as fructose. Sucrose was 
reported to act as morphogenetic trigger in the formation of auxiliary buds and branching of 
adventitious roots [8]. 

It was found that supplements of sugar cane molasses, banana extract and coconut water to 
basal media can be a good alternative for reducing medium costs. These substrates in 
addition to sugars, they are sources of vitamins and inorganic ions required growth [9, 10].   

2.4. Vitamins and myo-inositol 

Some plants are able to synthesize the essential requirements of vitamins for their growth. 
Some vitamins are required for normal growth and development of plants, they are 
required by plants as catalysts in various metabolic processes. They may act as limiting 
factors for cell growth and differentiation when plant cells and tissues are grown In vitro [2]. 
The vitamins most used in the cell and tissue culture media include: thiamin (B1), nicotinic 
acid and pyridoxine (B6). Thiamin is necessarily required by all cells for growth [11]. 
Thiamin is used at concentrations ranging from 0.1 to 10 mg.l-1. Nicotinic acid and 
pyridoxine, however not essential for cell growth of many species, they are often added to 

 
Plant Tissue Culture Media 31 

culture media [12]. Nicotinic acid is used at a concentration range 0.1-5 mg.l-1 and 
pyridoxine is used at 0.1-10 mg.l-1. Other vitamins such as biotin, folic acid, ascorbic acid, 
pantothenic acid, tocopherol (vitamin E), riboflavin, p-amino-benzoic acid are used in some 
cell culture media however, they are not growth limiting factors. It was recommended that 
vitamins should be added to culture media only when the concentration of thiamin is below 
the desired level or when the cells are required to be grown at low population densities [14]. 
Although it is not a vitamin but a carbohydrate, myo-inositol is added in small quantities to 
stimulate cell growth of most plant species [13]. Myo-inositol is believed to play a role in cell 
division because of its breakdown to ascorbic acid and pectin and incorporation into 
phosphoinositides and phosphatidyl-inositol. It is generally used in plant cell and tissue 
culture media at concentrations of 50-5000 mg.l-1. 

2.5. Amino acids 

The required amino acids for optimal growth are usually synthesized by most plants, 
however, the addition of certain amino acids or amino acid mixtures is particularly 
important for establishing cultures of cells and protoplasts. Amino acids provide plant cells 
with a source of nitrogen that is easily assimilated by tissues and cells faster than inorganic 
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of 1% activated charcoal in the medium was demonstrated to largely increase hydrolysis of 
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2.7. Solidifying agents 

Hardness of the culture medium greatly influences the growth of cultured tissues (Figure 1). 
There are a number of gelling agents such as agar, agarose and gellan gum [21]. 
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Figure 1. Agar-solidified medium supporting plant growth. 

Agar, a polysaccharide obtained from seaweeds, is of universal use as a gelling agent for 
preparing semi-solid and solid plant tissue culture media. Agar has several advantages over 
other gelling agents; mixed with water, it easily melts in a temperature range 60-100oC and 
solidifies at approximately 45oC and it forms a gel stable at all feasible incubation 
temperatures. Agar gels do not react with media constituents and are not digested by plant 
enzymes. It is commonly used in media at concentrations ranging between 0.8-1.0%. Pure 
agar preparations are of great importance especially in experiments dealing with tissue 
metabolism. Agar contains Ca, Mg and trace elements on comparing different agar brands 
[22]; Bacto, Noble and purified agar, in concern with contaminants. The author, for example 
reported Bacto agar to contain 0.13, 0.01, 0.19, 0.43, 2.54, 0.17% of Ca, Ba, Si, Cl, SO4-, N, 
respectively. Impurities also included 11.0, 285.0 and 5.0 mg.l1- for iron, magnesium and 
copper as contaminants, respectively. Amounts of some contaminants were higher in 
purified agar than in Bacto agar of which Mg that accounted for 695.0 mg.l1- and Cu for 20.0 
mg.l1-.  

Reduction of culture media costs is continually targeted in large-scale cultures and search 
for cheap alternatives provided that white flower, potato starch, rice powder were as good 
gelling agents as agar. It was also experienced that combination of laundry starch, potato 
starch and semolina in a ratio of 2:1:1 reduced costs of gelling agents by more than 70% [23].  

2.8. Growth regulators 

Plant growth regulators are important in plant tissue culture since they play vital roles in 
stem elongation, tropism, and apical dominance. They are generally classified into the 
following groups; auxins, cytokinins, gibberellins and abscisic acid. Moreover, proportion of 
auxins to cytokinins determines the type and extent of organogenesis in plant cell cultures 
[24].  
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2.8.1. Auxins 

The common auxins  used in plant tissue culture media include: indole-3- acetic acid (IAA), 
indole-3- butric acide (IBA), 2,4-dichlorophenoxy-acetic acid (2,4-D) and naphthalene- acetic 
acid (NAA). IAA is the only natural auxin occurring in plant tissues There are other 
synthetic auxins used in culture media such as 4-chlorophenoxy acetic acid or p-chloro-
phenoxy acetic acid (4-CPA, pCPA), 2,4,5-trichloro-phenoxy acetic acid (2,4,5 T), 3,6- 
dichloro-2-methoxy- benzoic acid (dicamba) and 4- amino-3,5,6-trichloro-picolinic acid 
(picloram) [2]. 

Auxins differ in their physiological activity and in the extent to which they translocate 
through tissue and are metabolized. Based on stem curvature assays, eight to twelve times 
higher activity was reported on using 2,4-D than  IAA, four times higher activity of 2,4,5 T in 
comparison with IAA and NAA has as doubled activity as IAA [25]. In tissue cultures, 
auxins are usually used to stimulate callus production and cell growth, to initiate shoots and 
rooting, to induce somatic embryogenesis, to stimulate growth from shoot apices and shoot 
stem culture.  The auxin NAA and 2,4-D are considered to be stable and can be stored at 4oC 
for several months [26].  The solutions of NAA and 2,4-D can also be stored for several 
months in a refrigerator or at -20oC if storage has to last for longer periods. It is best to 
prepare fresh IAA solutions each time during medium preparation, however IAA solutions 
can be stored in an amber bottle at 4oC for no longer than a week. Generally IAA and 2,4-D 
are dissolved in a small volume of 95% ethyl alcohol. NAA, 2,4-D and IAA can be dissolved 
in a small amount of 1N NaOH. Chemical structures of some of the frequently used auxins 
are given in Figure (2). 

 
Figure 2. Chemical structure of commonly used auxins. IAA indole acetic acid, IBA Indole butyric acid, 
2,4-D dichlorophenoxyacetic acid and NAA naphthalene acetic acid.  
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2.8.1. Auxins 

The common auxins  used in plant tissue culture media include: indole-3- acetic acid (IAA), 
indole-3- butric acide (IBA), 2,4-dichlorophenoxy-acetic acid (2,4-D) and naphthalene- acetic 
acid (NAA). IAA is the only natural auxin occurring in plant tissues There are other 
synthetic auxins used in culture media such as 4-chlorophenoxy acetic acid or p-chloro-
phenoxy acetic acid (4-CPA, pCPA), 2,4,5-trichloro-phenoxy acetic acid (2,4,5 T), 3,6- 
dichloro-2-methoxy- benzoic acid (dicamba) and 4- amino-3,5,6-trichloro-picolinic acid 
(picloram) [2]. 

Auxins differ in their physiological activity and in the extent to which they translocate 
through tissue and are metabolized. Based on stem curvature assays, eight to twelve times 
higher activity was reported on using 2,4-D than  IAA, four times higher activity of 2,4,5 T in 
comparison with IAA and NAA has as doubled activity as IAA [25]. In tissue cultures, 
auxins are usually used to stimulate callus production and cell growth, to initiate shoots and 
rooting, to induce somatic embryogenesis, to stimulate growth from shoot apices and shoot 
stem culture.  The auxin NAA and 2,4-D are considered to be stable and can be stored at 4oC 
for several months [26].  The solutions of NAA and 2,4-D can also be stored for several 
months in a refrigerator or at -20oC if storage has to last for longer periods. It is best to 
prepare fresh IAA solutions each time during medium preparation, however IAA solutions 
can be stored in an amber bottle at 4oC for no longer than a week. Generally IAA and 2,4-D 
are dissolved in a small volume of 95% ethyl alcohol. NAA, 2,4-D and IAA can be dissolved 
in a small amount of 1N NaOH. Chemical structures of some of the frequently used auxins 
are given in Figure (2). 

 
Figure 2. Chemical structure of commonly used auxins. IAA indole acetic acid, IBA Indole butyric acid, 
2,4-D dichlorophenoxyacetic acid and NAA naphthalene acetic acid.  
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There are also some auxinlike compounds (Figure 3) that vary in their activity and are rarely 
used in culture media. 

 

 
 
Figure 3. Some auxinlike compounds. pCPA, p-chloro-phenoxy acetic acid and 2,4,5T,  2,4,5-trichloro-
phenoxy acetic acid. 

2.8.2. Cytokinins 

Cytokinins commonly used in culture media include BAP (6-benzyloaminopurine), 2iP (6-
dimethylaminopurine), kinetin (N-2-furanylmethyl-1H-purine-6-amine), Zeatin (6-4-
hydroxy-3-methyl-trans-2-butenylaminopurine) and TDZ (thiazuron-N-phenyl-N-1,2,3 
thiadiazol-5ylurea). Zeatin and 2iP are naturally occurring cytokinins and zeatin is more 
effective. In culture media, cytokinins proved to stimulate cell division, induce shoot 
formation and axillary shoot proliferation and to retard root formation. The cytokinins are 
relatively stable compounds in culture media and can be stored desiccated at -20oC. 
Cytokinins are frequently reported to be difficult to dissolve and sometimes addition of few 
drops of 1N HCl or 1N NaOH facilitate their dissolution. Cytokinins can be dissolved in 
small amounts of dimethylsulfoxide (DMSO) without injury to the plant tissue [27]. DMSO 
has an additional advantage because it acts as a sterilizing agent; thus stock solutions 
containing DMSO can be added directly to the sterile culture medium. Chemical structure of 
the frequently used in plant tissue culture media is given in Figure (4). 
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Figure 4. Chemical structure of some cytokinins, BA, benzyladenine, IPA dimethylallylamino purine. 

2.8.3. Gibberellins 

Gibberellins comprise more than twenty compounds, of which GA3 is the most frequently 
used gibberellin. These compounds enhance growth of callus [13] and help elongation of 
dwarf plantlets [2]. 

Other growth regulators are sometimes added to plant tissue culture media as abscisic acid, 
a compound that is usually supplemented to inhibit or stimulate callus growth, depending 
upon the species. It enhances shoot proliferation and inhibits later stages of embryo 
development [18]. Although growth regulators are the most expensive medium ingredients, 
they have little effect on the medium cost because they are required in very small 
concentrations [21]. 

A comparison of the chemical composition of the frequently used plant tissue culture media 
appears in Table (1) which was given in the appendix of the proceedings of the Technical 
meeting of the International Atomic Energy Agency (IAEA) [28]. 
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Medium 
Components (mg.l1-) MS G5 W LM VW Km M NN 

Macronutrients
Ca3(PO4)2 200.0  
NH4NO3 1650.0 400.0 720.0 
KNO3 1900.0 2500.0 80.0 525.0 180.0 180.0 950.0 
CaCl2.2H2O 440.0 150.0 96.0 166.0 
MgSO4.7H2O 370.0 250.0 720.0 370.0 250.0 250.0 250.0 185.0 
KH2PO4 170.0 170.0 250.0 150.0 150.0 68.0 
(NH4)2SO4 134.0 500.0 100.0 100.0  
NaH2PO4.H2O 150.0 16.5  
CaNO3.4H2O 300.0 556.0 200.0 200.0  
Na2SO4 200.0  
KCl 65.0  
K2SO4 990.0  
Micronutrients
KI 0.83 0.75 0.75 80.0 0.03  
H3BO3 6.20 3.0 1.5 6.2 6.2 0.6 10.0 
MnSO4.4H2O 22.30 7.0 0.75 0.075 25.0 
MnSO4.H2O 10.0 29.43  
ZnSO4.7H2O 8.6 2.0 2.6 8.6 0.05 10.0 
Na2MoO4.2H2O 0.25 0.25 0.25 0.25 0.05 0.25 
CuSO4.5H2O 0.025 0.025 0.25 0.025 0.025 
CoCl2.6H2O 0.025 0.025 0.025  
Co(NO3)2.6H2O 0.05  
Na2EDTA 37.3 37.3 37.3 74.6 37.3 37.3 
FeSO4.7H2O 27.8 27.8 27.8 25.0 27.8 27.8 
MnCl2 3.9 0.4  
Fe(C4H4O6)3.2H2O 28.0  
Vitamins and other supplements
Inositol 100.0 100.0 100.0 100.0 
Glycine 2.0 2.0 3.0 2.0 2.0 
Thiamine HCl 0.1 10.0 0.1 1.0 0.3 0.3 0.5 
Pyridoxine HCl 0.5 0.1 0.5 0.3 0.3 0.5 
Nicotinic acid 0.5 0.5 0.5 1.25 5.0 
Ca-panthothenate 1.0  
Cysteine HCl 1.0  
Riboflavin 0.3 0.05  
Biotin 0.05 0.05 
Folic acid 0.3 0.5 

MS Murashige and Skoog, G5= Gamborg et al., W= White, LM= Lloyd and McCown, VW= Vacin and Went, Km= 
Kudson modified, M= Mitra et al. and NN= Nitsch and Nitsch media.  

Table 1. Composition of media most frequently used. 
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3. Media preparation 

Preparation of culture media is preferred to be performed in an equipped for this purpose 
compartment (Figure 5). This compartment should be constructed so as to maintain ease in 
cleaning and reducing possibility of contamination. Supplies of both tap and distilled water 
and gas should be provided. Appropriate systems for water sterilization or deionization are 
also important [29]. Certain devices are required for better performance such as a 
refrigerator, freezer, hot plate, stirrer, pH meter, electric balances with different weighing 
ranges, heater, Bunsen burner in addition to glassware and chemicals [30]. It is well known 
now that mistakes which occur in tissue culture process most frequently originate from 
inaccurate media preparation that is why clean glassware, high quality water, pure 
chemicals and careful measurement of media components should be facilitated. 
 

 

 
 

Figure 5. Some of components of the preparation room. A, some equipments used; ms magnetic stirrer 
hot plate, b electric balance, g glassware. B shelves for keeping chemicals. 

A convenient method for preparation of culture media is to make concentrated stock 
solutions which can be immediately diluted to preferred concentration before use. Solutions 
of macronutrients are better to be prepared as stock solutions of 10 times the strength of the 
final operative medium. Stock solutions can be stored in a refrigerator at 2- 4oC. 
Micronutrients stock solutions are made up at 100 times of the final concentration of the 
working medium. The micronutrients stock solution can also be stored in a refrigerator or a 
freezer until needed. Iron stock solution should be 100 times concentrated than the final 
working medium and stored in a refrigerator. Vitamins are prepared as either 100 or 1000 
times concentrated stock solutions and stored in a freezer (-20oC) until used if it is desired to 
keep them for long otherwise they can be stored in a refrigerator for 2-3 months and should 
be discarded thereafter [31]. Stock solutions of growth regulators are usually prepared at 
100-1000 times the final desired concentration. 

Concentrations of inorganic and organic components of media are generally expressed in 
mass values (mg.l-1, mg/l and p.p.m.) in tissue culture literature. The International 
Association for plant Physiology has recommended the use of mole values. Mole is an 
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abbreviation for gram molecular weight which is the formula weight of a substance in 
grams. The formula weight of a substance is equal to the sum of weights of the atoms in the 
chemical formula of the substance. One liter of solution containing 1mole of a substance is 1 
molar (1M) or 1 mol.l-1 solution of the substance (1 mol.l-1= 103 mmol.l-1= 106 µmol/l). It is 
routinely now to accepted to express concentrations of macronutrients and organic nutrients 
in the culture medium as mmol/l values, and µmol/l values for micronutrients, hormones, 
vitamins and other organic constituents. This was explained on the basis that mole values 
for all compounds have constant number of molecules per mole [32]. 

4. Media selection 

For the establishment of a new protocol for a specific purpose in tissue culture, a suitable 
medium is better formulated by testing the individual addition of a series of concentrations 
of a given compound to a universal basal medium such as MS, LS or B5.  The most effective 
variables in plant tissue culture media are growth regulators, especially auxins and 
cytokinins. Full strength of salts in media proved good for several species, but in some 
species the reduction of salts level to ½ or ¼ the full concentration gave better results in in 
vitro growth. 

Sucrose is often assumed to be the best source of carbon for in vitro culture, the levels used 
are from 2 to 6% and the level has to be defined for each species.  

5. Media sterilization 

Prevention of contamination of tissue culture media is important for the whole process of 
plant propagation and helps to decrease the spread of plant parasites. Contamination of 
media could be controlled by adding antimicrobial agents, acidification or by filtration 
through microporous filters [33]. To reduce possibilities of contamination, it is 
recommended that sterilization rooms should have the least number of openings. Media 
preparation and sterilization are preferred to be performed in separate compartments. 
Sterilization area should also have walls and floor that withstand moisture, heat and steam 
[29].  

Sterilization of media is routinely achieved by autoclaving at the temperature ranging from 
115o – 135o C. Advantages of autoclaving are: the method is quick and simple, whereas 
disadvantages are the media pH changes and some components may decompose and so to 
loose their effectiveness. As example autoclaving mixtures of fructose, glucose and sucrose 
resulted in a drop in the agar gelling capacity and affecting pH of the culture medium 
through the formation of furfural derivatives due to sucrose hydrolysis[2].   

Filtration through microporus filters (0.22- 0.45) is also used for thermolabile organic 
constituents such as vitamins, growth regulators and amino acids [2]. Additives of 
antimicrobial agents are less commonly applied in plant tissue culture media. Limitation for 
their use was reported and attributed to harm imposed on plants as well [34]. 
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1. Introduction 

In the last few decades, the flow of biological discovery has swelled from a trickle into a 
torrent, driven by a number of new methodologies developed in plant tissue culture, 
recombinant DNA technology, monoclonal antibodies and micro chemical instrumentation 
[1] Biological research has been transformed from a collection of single discipline endeavors 
into an interactive science with bridges between numbers of traditional disciplines. This 
synergy has made biology the “sunrise field” of the new millennium. The whole gamut of 
new discoveries in biology and allied sciences can be grouped together under a single 
umbrella term of “Biotechnology”. 

Biotechnology has been defined as “any technique that uses living organisms, or substances 
from these organisms, to make or modify a product, to improve plants or animals, or to 
develop microorganisms for specific uses” [2]. No society has advanced without deploying 
appropriate technology in place to set the pace for addressing its major problems. Public 
investment in relevant technology, the application to industries and capturing of the benefit 
accrue to it is what sets developed nations apart. Previous reports have shown that there is 
no National economic growth without proper investment in a right technology which is 
applied in a Nation. Real solutions to priority on national problems like job creation and 
poverty alleviation is investment in appropriate technology. This is evident in countries that 
embraced and adopted biotechnology in past technological revolutions and are practicing 
on an unprecedented scale. Such countries like India, Cuba and South Africa. The 
application of biotechnology has greater opportunities for developing countries than 
previous technologies i.e. greater comparative advantages[3]. Agricultural biotechnology 
addresses issues such as the production of disease resistant, high yielding and very 
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1. Introduction 

In the last few decades, the flow of biological discovery has swelled from a trickle into a 
torrent, driven by a number of new methodologies developed in plant tissue culture, 
recombinant DNA technology, monoclonal antibodies and micro chemical instrumentation 
[1] Biological research has been transformed from a collection of single discipline endeavors 
into an interactive science with bridges between numbers of traditional disciplines. This 
synergy has made biology the “sunrise field” of the new millennium. The whole gamut of 
new discoveries in biology and allied sciences can be grouped together under a single 
umbrella term of “Biotechnology”. 

Biotechnology has been defined as “any technique that uses living organisms, or substances 
from these organisms, to make or modify a product, to improve plants or animals, or to 
develop microorganisms for specific uses” [2]. No society has advanced without deploying 
appropriate technology in place to set the pace for addressing its major problems. Public 
investment in relevant technology, the application to industries and capturing of the benefit 
accrue to it is what sets developed nations apart. Previous reports have shown that there is 
no National economic growth without proper investment in a right technology which is 
applied in a Nation. Real solutions to priority on national problems like job creation and 
poverty alleviation is investment in appropriate technology. This is evident in countries that 
embraced and adopted biotechnology in past technological revolutions and are practicing 
on an unprecedented scale. Such countries like India, Cuba and South Africa. The 
application of biotechnology has greater opportunities for developing countries than 
previous technologies i.e. greater comparative advantages[3]. Agricultural biotechnology 
addresses issues such as the production of disease resistant, high yielding and very 
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profitable agricultural ventures in both plants and animals. The world population has 
grown tremendously over the past two thousand years. In 1999, the world population 
passed the six billion mark. Latest official current world population estimate, for mid-year 
2011, is estimated at 7 billion [4]. The population increase in developing countries constitutes 
97% of the global increase [5], and it is estimated that by 2050, 90% of the planet’s population 
will reside in the developing countries of the southern hemisphere. The challenge for the 
future, therefore, lies in global food security that necessitates a doubling of food production 
in the next 50 years to meet the needs of the population [6]. Most developing countries yet to 
fulfill their food production potentials; are especially vulnerable in terms of food security. 
Plant biotechnology plays a key role in complementing other factors necessary for the 
improvement of crop production such as the use of agrochemicals, irrigation, plant breeding 
and farm management to address food security. Plant biotechnology, has three broad fields 
of study. They include plant tissue culture, genetic engineering and plant molecular 
markers. These applications range from the simple to the sophisticated and in many cases 
have been appropriate for use in developing countries [2]. For example, biotechnology 
techniques such as plant tissue culture have been utilized appropriately for many 
agronomic and food crops to provide more food and planting materials for farmers. 

Micropropagation, popularly known for large-scale clonal propagation, is the first major 
and widely accepted practical application of plant biotechnology. It is described as the in 
vitro initiation of plant culture, propagation, and rooting under controlled environmental 
conditions for ex vitro establishment in the soil. New contributions to in vitro techniques for 
plant propagation in the last decade have simplified micropropagation technology [7]. This 
covers a wide range of plants including Agronomic species, economic and forest trees. 

In Cassava (Manihot esceulenta) for example, Tissue culture has made possible the mass 
production of disease-free and uniform plants. The techniques thus bring farmers the great 
benefit of high- quality planting materials [8].Production of planting materials is 
indispensable in the overall structure of research for conservation of variety purity and 
supply of high yielding cassava cultivars to stem multipliers and producers[9]. The possibility 
of using screen house to maintain in vitro cultures and rapidly propagate important 
vegetative crops with less contamination at a reduced cost was investigated A[10]. In vitro 
propagation has been used to regenerate, establish and conserve both economic trees and 
forest species through organogenesis and somatic embryogenesis. For instance, 
Khayagrandifoliola is an important species native to West Africa [11]. Khaya wood, African 
mahoganyas it is commercially called is a high priced wood often used for furniture and 
construction purposes. With its threatened conservation status [12], micropropagation has 
been auseful tool for mass propagation of superior stock plants as well as genetic 
improvement and conservation. For the purpose of conservation and multiplication, a 
reliable plant regeneration protocol from matured seed embryo of Khayagrandifoliola was 
developed [13]. Another species of economic importance isPlukenetiaconophoraMull.Arg. 
(Family: Euphorbiaceae), formerly known as Tetracarpidium conophorum and popularly 
called African walnut. This tree speciesis a perennial climber of economic importance, an 
edible species and is used medicinally [14]. A prolific shoot multiplication system (protocol) 
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for Plukenetia conophora has been reported [15]. Furthermore, the need to conserve and 
regenerate recalcitrant species has led to the development of in vitro protocols for many 
recalcitrant species including vegetables. Telfaria Occidentalis(fluted pumpkin) is a tropical 
vegetable grown in West African and widely consumed in tropical regions mainly for its 
richness in protein [16]. Due to problems associated with the sex of the plant regarding 
reproduction, the female plant in preferred with respect to leaf and fruit production [17]. In 
vitro culture of T. occidentalis under different cytokinins and auxins combination was studied 
[18]. The commercial use of micropropagation is mainly limited to crops with high value and 
the commercial utility of this technique for the most important crop species is limited as a 
result of the large numbers needed annually to start up new farms in addition to high 
production costs. In order to overcome the problems of conventional micropropagation, 
protocols have been proposed using bioreactors and liquid medium [19]. Bioreactor system 
which incorporates a number of features in its design has been used to simplify operation 
and reduce production costs. Automation, using a bioreactor, is one of the most effective 
ways to reduce the costs of micropropagation [20]. 

The Temporary Immersion Bioreactors (TIBs) has been shown to reduce some problems 
usually encountered in permanent liquid cultures such as hyper-hydricity, poor quality of 
propagules, andnecessity of transplanting on a solid medium in the elongation and/or 
rooting stage. In comparison with conventional micropropagation on semisolid medium, 
TIBs provides a superior mass balance. Indeed in the latter comparison the proliferation rate 
is higher, labor efficiency is improved and, as a consequence, the cost is reduced [21].  

This chapter attempts to give an insight on how methods and applications of in vitro 
technology can serve as a catalyst for both agricultural and industrial development in an 
emerging economy. 

2. Methodology 

2.1. In vitro propagation of Cassava plantlet (Manihot esceulenta) 

This study aims at the possibility of using screen house to maintain in vitro cultures and 
rapidly propagate important vegetative crops with less contamination at a reduced cost.  

Two genotypes of cassava TMS 188/00106 and TMS 083/00125 were obtained from the 
Inte~na1ionaf Institute of Tropical Agriculture (IITA) while live different medium were 
prepared using medium [22] with minor adjustments. as follows:  

Treatment 1 (T1) Liquid only 
Treatment 2 (T2) - liquid with 50% normal agar (2 g/l).  
Treatment 3 (T3) - liquid media with filter paper embedded.  
Treatment 4 (T4) - Media with normal agar (4 g/l).  
Treatment 5 (T5) - liquid media with filter paper projecting out.  

The pH was taken and dispensing was done at the rate of 3 ml before autoclaving. The sub 
culturing was done the following day. One hundred and twenty test tubes were used for 
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profitable agricultural ventures in both plants and animals. The world population has 
grown tremendously over the past two thousand years. In 1999, the world population 
passed the six billion mark. Latest official current world population estimate, for mid-year 
2011, is estimated at 7 billion [4]. The population increase in developing countries constitutes 
97% of the global increase [5], and it is estimated that by 2050, 90% of the planet’s population 
will reside in the developing countries of the southern hemisphere. The challenge for the 
future, therefore, lies in global food security that necessitates a doubling of food production 
in the next 50 years to meet the needs of the population [6]. Most developing countries yet to 
fulfill their food production potentials; are especially vulnerable in terms of food security. 
Plant biotechnology plays a key role in complementing other factors necessary for the 
improvement of crop production such as the use of agrochemicals, irrigation, plant breeding 
and farm management to address food security. Plant biotechnology, has three broad fields 
of study. They include plant tissue culture, genetic engineering and plant molecular 
markers. These applications range from the simple to the sophisticated and in many cases 
have been appropriate for use in developing countries [2]. For example, biotechnology 
techniques such as plant tissue culture have been utilized appropriately for many 
agronomic and food crops to provide more food and planting materials for farmers. 

Micropropagation, popularly known for large-scale clonal propagation, is the first major 
and widely accepted practical application of plant biotechnology. It is described as the in 
vitro initiation of plant culture, propagation, and rooting under controlled environmental 
conditions for ex vitro establishment in the soil. New contributions to in vitro techniques for 
plant propagation in the last decade have simplified micropropagation technology [7]. This 
covers a wide range of plants including Agronomic species, economic and forest trees. 

In Cassava (Manihot esceulenta) for example, Tissue culture has made possible the mass 
production of disease-free and uniform plants. The techniques thus bring farmers the great 
benefit of high- quality planting materials [8].Production of planting materials is 
indispensable in the overall structure of research for conservation of variety purity and 
supply of high yielding cassava cultivars to stem multipliers and producers[9]. The possibility 
of using screen house to maintain in vitro cultures and rapidly propagate important 
vegetative crops with less contamination at a reduced cost was investigated A[10]. In vitro 
propagation has been used to regenerate, establish and conserve both economic trees and 
forest species through organogenesis and somatic embryogenesis. For instance, 
Khayagrandifoliola is an important species native to West Africa [11]. Khaya wood, African 
mahoganyas it is commercially called is a high priced wood often used for furniture and 
construction purposes. With its threatened conservation status [12], micropropagation has 
been auseful tool for mass propagation of superior stock plants as well as genetic 
improvement and conservation. For the purpose of conservation and multiplication, a 
reliable plant regeneration protocol from matured seed embryo of Khayagrandifoliola was 
developed [13]. Another species of economic importance isPlukenetiaconophoraMull.Arg. 
(Family: Euphorbiaceae), formerly known as Tetracarpidium conophorum and popularly 
called African walnut. This tree speciesis a perennial climber of economic importance, an 
edible species and is used medicinally [14]. A prolific shoot multiplication system (protocol) 
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for Plukenetia conophora has been reported [15]. Furthermore, the need to conserve and 
regenerate recalcitrant species has led to the development of in vitro protocols for many 
recalcitrant species including vegetables. Telfaria Occidentalis(fluted pumpkin) is a tropical 
vegetable grown in West African and widely consumed in tropical regions mainly for its 
richness in protein [16]. Due to problems associated with the sex of the plant regarding 
reproduction, the female plant in preferred with respect to leaf and fruit production [17]. In 
vitro culture of T. occidentalis under different cytokinins and auxins combination was studied 
[18]. The commercial use of micropropagation is mainly limited to crops with high value and 
the commercial utility of this technique for the most important crop species is limited as a 
result of the large numbers needed annually to start up new farms in addition to high 
production costs. In order to overcome the problems of conventional micropropagation, 
protocols have been proposed using bioreactors and liquid medium [19]. Bioreactor system 
which incorporates a number of features in its design has been used to simplify operation 
and reduce production costs. Automation, using a bioreactor, is one of the most effective 
ways to reduce the costs of micropropagation [20]. 

The Temporary Immersion Bioreactors (TIBs) has been shown to reduce some problems 
usually encountered in permanent liquid cultures such as hyper-hydricity, poor quality of 
propagules, andnecessity of transplanting on a solid medium in the elongation and/or 
rooting stage. In comparison with conventional micropropagation on semisolid medium, 
TIBs provides a superior mass balance. Indeed in the latter comparison the proliferation rate 
is higher, labor efficiency is improved and, as a consequence, the cost is reduced [21].  

This chapter attempts to give an insight on how methods and applications of in vitro 
technology can serve as a catalyst for both agricultural and industrial development in an 
emerging economy. 

2. Methodology 

2.1. In vitro propagation of Cassava plantlet (Manihot esceulenta) 

This study aims at the possibility of using screen house to maintain in vitro cultures and 
rapidly propagate important vegetative crops with less contamination at a reduced cost.  

Two genotypes of cassava TMS 188/00106 and TMS 083/00125 were obtained from the 
Inte~na1ionaf Institute of Tropical Agriculture (IITA) while live different medium were 
prepared using medium [22] with minor adjustments. as follows:  

Treatment 1 (T1) Liquid only 
Treatment 2 (T2) - liquid with 50% normal agar (2 g/l).  
Treatment 3 (T3) - liquid media with filter paper embedded.  
Treatment 4 (T4) - Media with normal agar (4 g/l).  
Treatment 5 (T5) - liquid media with filter paper projecting out.  

The pH was taken and dispensing was done at the rate of 3 ml before autoclaving. The sub 
culturing was done the following day. One hundred and twenty test tubes were used for 
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each variety with 12 test tubes per treatment. A complete set of 60 test tubes With 5 
treatments of 12 replicates was placed in the laboratory while the second set was placed in 
the screen house at the same day for TMS 188/00106; the same procedure was adopted the 
following day for TMS 083/00125. Data was recorded weekly for 5 weeks before sub 
culturing. The second generation was observed for only two weeks to ensure the 
sustainability of the observation made during the first generation. The observation on 
explants survival was scored on a scale of 0 - 3 as follows:  

0 - Dead  
1 - Alive but not growing  
2 - Growing slowly  
3 - Growing very well  

There were six parameters recorded during the investigation. These include survival (ate, 
shoot development, root growth. nodal increase, leave development and increases in height. 
Survival rate was observed for two weeks only white the other five parameters were scored 
continuously for the rest three weeks consecutively. Only the screen house explants were 
subculture after 5 weeks to ensure the sustainability of the findings. The subculture materials 
from the screen house explants' were also placed in both screen house and culture room 
(laboratory). The same set of observation was carried out on the responses of the explants to 
the culture medium and environment as in the first generation explants. The summary in 
Table 1 indicates that out of the six parameters studied, F-probability on survival is 
significantly different for all the media used. Observation shows no significant difference on 
the five treatment for shoot root node, , leaves and height development Although there were 
some effects on the survival of the explants, the laboratory plantlets grows better in liquid and 
liquid with filter paper embedded media than when placed in the screen house. This might be 
due to high temperature recorded at the time of placement (32° - 36°C compared to 22 - 25oC in 
the laboratory), which indicates an interaction between treatment and environment (Table 1).  
 

SIN  Survival  Shoot  Root  Node  Leaves  Helaht  
 SH  LAB  SH LAB  SH LAB  SH LAB  SH LAB  SH  LAB  
I  1.77  2.41 1.92 1.93  0.73 1.55  2.00 1.93  1.92 1.93  1.92  1.96  
11  1.67  1.44  1.56 1.42  1.67 1.33  1.86 1.63  1.67 1.46  1.61  1.33  
III  1.02  1.81  1.21 2.04  0.46 1.42  1.46 2.17  1.29 2.00  121  2.04  
IV  1.73  1.27  1.83 1.00  1.00 0.75  2.04 1.29  2.00 0.96  1.79  1.00  
V  1.73  1.27  1.88 1.13  1.63 1.04  2.13 1.29  1.79 1.13  1.92  1.17  
CV  42%   49%  89%  48%  51%  48%  
Lsd 0.38.4  0.4470  0.2987  0.4889  0.470  0.439  
Std 0.193  0.2266  0.5892  0.2479  0.2383  0.2228  

SH - Screen House. LAB - Culture room in the Laboratory.  

Table 1. Summary of environmental effect on the in vitro growth rate of cassava tissue culture.  

Obviously, the laboratory' supports the survival of explants in the liquid medium and liquid 
medium with embedded filter paper. On the other hand, survival is lowest in the screen 
house with liquid medium containing embedded filter paper. This suggests that before the 
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explants can be transferred to the screen house, there is need to ensure their survival in the 
laboratory. For T 2 (liquid with 50% normal agar), T4 (media with normal agar, 4 g/l) and T5 
(liquid media with filter paper projecting out), the survival was significantly higher in the 
screen house than in the laboratory. On the other hand TMS 083/00/25 survived better in the 
liquid media with embedded filter than TMS 188/00106. The survival rate of TMS 188100106 
was also better in liquid medium with 50% normal agar (2g/l), media with normal agar and 
liquid media with filter paper projecting out than TMS 083/00/25. This suggests that for long 
storage before sub culturing, laboratory may be ideal while for short time storage and 
immediate rapid mass propagation screen house may be adopted.  

Table 2 shows that TMS 188/00106 survived better in liquid media than TMS 083/00125. No 
significant different between the two genotypes in most of the media except on survival in 
liquid media only. Figure 1 Shows that screen house plantlet grow relatively uniform for all 
the five treatments while Figure 2 indicates that plantlets in T1 grew faster than others in the 
culture room.  

It can therefore be concluded that when the need arises, in vitro plantlets of cassava can be 
raised adequately in the screen house and even be raised faster than the laboratory as long 
as the temperature does not exceed 
 

SIN Survival Shoot Root Node Leaves Height 
 01 02 01 02 01 02 01 G2 01 02 01 G2 
I 2.37 1.51 2.25 1.34 1.29 0.77 2.29 1.39 2.29 1.30 2.21 1.46 
11 1.67 1.37 1.46 1.53 1.79 1.05 1.67 1.84 1.54 1.60 1.46 1.47 
III 1.13 1.71 1.21 2.04 0.71 1.17 1.25 2.38 1.13 1.17 1.29 1.96 
IV 1.54 1.46 1.33 1.50 1.00 0.75 1.79 1.54 1.54 1.42 1.42 1.38 
V 1.54 1.46 1.58 1.42 1.00 1.67 1.63 1.79 1.42 1.5 1.54 1.54 
CV 43% 50% 92% 48% 52% 51% 
Lsd 0.3898 0.4494 0.5889 0.4791 0.4684 0.4600 
Sed 0.1976 0.2278 0.2985 0.2429 0.2375 0.2332 

G1=Genotype1=TMS88100106. G2 = Genotype 2 = TMS 083/00125 

Table 2. Summary of genotypic effect on the in vitro growth rate of cassava tissue culture.  

 
Figure 1. Screen house performance of the 5 treatments of cassava tissue culture. T1 - Liquid only; T2• 
liquid with 50% normal agar (2 g/l); T3 - liquid media with filter paper embedded; T4 - media with 
normal agar (4 g/l); and T5 - liquid media with filter paper projecting out.  
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each variety with 12 test tubes per treatment. A complete set of 60 test tubes With 5 
treatments of 12 replicates was placed in the laboratory while the second set was placed in 
the screen house at the same day for TMS 188/00106; the same procedure was adopted the 
following day for TMS 083/00125. Data was recorded weekly for 5 weeks before sub 
culturing. The second generation was observed for only two weeks to ensure the 
sustainability of the observation made during the first generation. The observation on 
explants survival was scored on a scale of 0 - 3 as follows:  

0 - Dead  
1 - Alive but not growing  
2 - Growing slowly  
3 - Growing very well  

There were six parameters recorded during the investigation. These include survival (ate, 
shoot development, root growth. nodal increase, leave development and increases in height. 
Survival rate was observed for two weeks only white the other five parameters were scored 
continuously for the rest three weeks consecutively. Only the screen house explants were 
subculture after 5 weeks to ensure the sustainability of the findings. The subculture materials 
from the screen house explants' were also placed in both screen house and culture room 
(laboratory). The same set of observation was carried out on the responses of the explants to 
the culture medium and environment as in the first generation explants. The summary in 
Table 1 indicates that out of the six parameters studied, F-probability on survival is 
significantly different for all the media used. Observation shows no significant difference on 
the five treatment for shoot root node, , leaves and height development Although there were 
some effects on the survival of the explants, the laboratory plantlets grows better in liquid and 
liquid with filter paper embedded media than when placed in the screen house. This might be 
due to high temperature recorded at the time of placement (32° - 36°C compared to 22 - 25oC in 
the laboratory), which indicates an interaction between treatment and environment (Table 1).  
 

SIN  Survival  Shoot  Root  Node  Leaves  Helaht  
 SH  LAB  SH LAB  SH LAB  SH LAB  SH LAB  SH  LAB  
I  1.77  2.41 1.92 1.93  0.73 1.55  2.00 1.93  1.92 1.93  1.92  1.96  
11  1.67  1.44  1.56 1.42  1.67 1.33  1.86 1.63  1.67 1.46  1.61  1.33  
III  1.02  1.81  1.21 2.04  0.46 1.42  1.46 2.17  1.29 2.00  121  2.04  
IV  1.73  1.27  1.83 1.00  1.00 0.75  2.04 1.29  2.00 0.96  1.79  1.00  
V  1.73  1.27  1.88 1.13  1.63 1.04  2.13 1.29  1.79 1.13  1.92  1.17  
CV  42%   49%  89%  48%  51%  48%  
Lsd 0.38.4  0.4470  0.2987  0.4889  0.470  0.439  
Std 0.193  0.2266  0.5892  0.2479  0.2383  0.2228  

SH - Screen House. LAB - Culture room in the Laboratory.  

Table 1. Summary of environmental effect on the in vitro growth rate of cassava tissue culture.  

Obviously, the laboratory' supports the survival of explants in the liquid medium and liquid 
medium with embedded filter paper. On the other hand, survival is lowest in the screen 
house with liquid medium containing embedded filter paper. This suggests that before the 
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explants can be transferred to the screen house, there is need to ensure their survival in the 
laboratory. For T 2 (liquid with 50% normal agar), T4 (media with normal agar, 4 g/l) and T5 
(liquid media with filter paper projecting out), the survival was significantly higher in the 
screen house than in the laboratory. On the other hand TMS 083/00/25 survived better in the 
liquid media with embedded filter than TMS 188/00106. The survival rate of TMS 188100106 
was also better in liquid medium with 50% normal agar (2g/l), media with normal agar and 
liquid media with filter paper projecting out than TMS 083/00/25. This suggests that for long 
storage before sub culturing, laboratory may be ideal while for short time storage and 
immediate rapid mass propagation screen house may be adopted.  

Table 2 shows that TMS 188/00106 survived better in liquid media than TMS 083/00125. No 
significant different between the two genotypes in most of the media except on survival in 
liquid media only. Figure 1 Shows that screen house plantlet grow relatively uniform for all 
the five treatments while Figure 2 indicates that plantlets in T1 grew faster than others in the 
culture room.  

It can therefore be concluded that when the need arises, in vitro plantlets of cassava can be 
raised adequately in the screen house and even be raised faster than the laboratory as long 
as the temperature does not exceed 
 

SIN Survival Shoot Root Node Leaves Height 
 01 02 01 02 01 02 01 G2 01 02 01 G2 
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Lsd 0.3898 0.4494 0.5889 0.4791 0.4684 0.4600 
Sed 0.1976 0.2278 0.2985 0.2429 0.2375 0.2332 

G1=Genotype1=TMS88100106. G2 = Genotype 2 = TMS 083/00125 

Table 2. Summary of genotypic effect on the in vitro growth rate of cassava tissue culture.  

 
Figure 1. Screen house performance of the 5 treatments of cassava tissue culture. T1 - Liquid only; T2• 
liquid with 50% normal agar (2 g/l); T3 - liquid media with filter paper embedded; T4 - media with 
normal agar (4 g/l); and T5 - liquid media with filter paper projecting out.  
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Figure 2. Laboratory performance of the 5 treatments of cassava tissue culture. T1 - Liquid only; T2 - 
liquid with 50"10 normal agar (2 gll); T3 . liquid media with filter paper embedded; T4 - media with 
normal agar (4 g/I); and T5 - liquid media with filter paper projecting out.  

2.2. In vitro propagation of an endangered medicinal timber species Khaya 
grandifoliola C. Dc. 

Considering the fact that this forest tree species seeds are recalcitrant in nature and 
producing adequate number of seedlings for any meaningful plantation establishment 
programme from seeds stored for long time is very difficult, this present work aims to 
describe a reliable plant regeneration protocol from matured seed embryo. 

Seeds of K. grandifoliola used were collected from the Genebank of National Center for 
Genetic Resources and Biotechnology (NACGRAB), Ibadan, Nigeria (07°23.048’N 
003°50.431’E). Ninety (90) seeds used for this experiment were washed with mild liquid 
detergent (Tween-20) under running tap water for 10 min. This is followed by surface 
sterilization in 70% ethanol for 5 min and 0.1% mercuric chloride for 10 min followed by 3 
rinses in sterile distilled water. The embryos were carefully excised with ease together with 
some endosperm attached and then cultured on basal medium supplemented with 3% w/v 
sucrose, 0.1 g inositol and gelled with 0.7% w/v agar at various concentration of cytokinins 
and auxin in a 17 ml test tube. The cytokinins used were benzylaminopurine (BAP) and 
kinetin (KIN), while naphthalene acetic acid (NAA) was the auxin used. All growth 
regulators were added before autoclaving. The pH was adjusted to 5.7 ± 0.2 and autoclaving 
was done at 121°C for 15 min. The cultures were incubated in a growth room at 26 ± 2°C 
under a 16 h photoperiod with cool-white fluorescent light. There were nine treatments, and 
ten explants were cultured per treatment and later arranged randomly on the shelves in the 
growth room. After four weeks, the cultures were evaluated for shoot length, root length, 
number of nodes and number of roots. The data taken were subjected to statistical analysis 
using SAS/PC version 9.1. The observed means of the characters were subjected to Least 
Significant Difference (LSD) to show the mean separation.  

Data in Table 3 revealed that different concentrations of the cytokinin BAP and the auxin 
NAA tested in this study had a significant effect on the regeneration of plantlets. The 
longest shoot length (7.4 mm) was exhibited for explants cultured on MS-medium 
supplemented with 0.075 mg/L (Kin) + 0.01 mg/L (NAA) and this value is 3 fold higher than 
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that found for embryo cultured on 0.10 mg/L (Kin) + 0.01 mg/L (NAA) whose average shoot 
length was 2.7 mm. These results showed that the most adequate culture medium for 
obtaining the longest aver-age root length (7.53cm) per culture after four weeks was MS-
medium supplemented with of BAP at 1.0 mg/L plus NAA at 0.1 mg/L, while the shortest 
root length (1.47 cm) was exhibited by MS-medium supplemented with 0.15 mg/L (BAP) + 
0.01 mg/L (NAA), this indicates that increasing the level of auxin (NAA) increases the length 
of roots and vice-versa. However, the highest number of nodes (4.0) was observed on 
plantlets cultured on MS-medium supplemented with 1.0 mg/L (KIN) + 0.01 mg/L (NAA). 
 

S/N Media 
Shoot 
length 

Root 
length 

Number 
of nodes 

Number 
of roots 

1 0.125 mg/l (BAP) + 0.01 mg/l (NAA) 4.20 1.53 3.00 1.00 
2 0.15 mg/l (BAP) + 0.01 mg/l (NAA) 4.67 1.47 2.00 1.00 
3 0.05 mg/l (KIN) + 0.01 mg/l (NAA) 3.7 4.53 2.00 1.00 
4 0.075 mg/l (KIN) + 0.01 mg/l (NAA) 7.4 4.20 3.00 1.00 
5 0.10 mg/l (KIN) + 0.01 mg/l (NAA) 2.7 4.03 2.00 3.00 
6 0.125 mg/l (KIN) + 0.01 mg/l (NAA) 4.92 5.53 3.00 1.00 
7 1 mg/l (BAP) + 0.1 mg/l (NAA) + 10 mg/l (adenine sulphate) 5.78 3.50 3.00 3.00 
8 1 mg/l (KIN) + 0.01mg/L (NAA) + 10 mg/l (adenine sulphate) 4.82 4.50 4.00 1.00 
9 1 mg/l (BAP) + 0.1 mg/l (NAA) 5.87 7.53 3.00 2.00 

LSD 0.14 0.13 0.00 0.00 

Table 3. Effect of plant growth regulators on shoot length, root length, number of nodes, and number 
of roots regeneration from embryo culture of K. grandifoliola. 

  
Figure 3. The growth stages of K. grandifoliola through embryo culture in vitro (two weeks after culture). 

These findings are in agreement with those reported earlier [23] on Cacti (Pelecyphora 
aselliformis) and Nealolydia lophophoroides; the work on Aloe barbebsi [24] and Turbinicapus laui 
[25] indicate that using a high concentration of BAP and NAA in different concentrations was 
a limiting factor for shoot formation and increases root formation. The result of this study 
showed that the optimum medium for regeneration of K. grandifoliola MS-medium 
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detergent (Tween-20) under running tap water for 10 min. This is followed by surface 
sterilization in 70% ethanol for 5 min and 0.1% mercuric chloride for 10 min followed by 3 
rinses in sterile distilled water. The embryos were carefully excised with ease together with 
some endosperm attached and then cultured on basal medium supplemented with 3% w/v 
sucrose, 0.1 g inositol and gelled with 0.7% w/v agar at various concentration of cytokinins 
and auxin in a 17 ml test tube. The cytokinins used were benzylaminopurine (BAP) and 
kinetin (KIN), while naphthalene acetic acid (NAA) was the auxin used. All growth 
regulators were added before autoclaving. The pH was adjusted to 5.7 ± 0.2 and autoclaving 
was done at 121°C for 15 min. The cultures were incubated in a growth room at 26 ± 2°C 
under a 16 h photoperiod with cool-white fluorescent light. There were nine treatments, and 
ten explants were cultured per treatment and later arranged randomly on the shelves in the 
growth room. After four weeks, the cultures were evaluated for shoot length, root length, 
number of nodes and number of roots. The data taken were subjected to statistical analysis 
using SAS/PC version 9.1. The observed means of the characters were subjected to Least 
Significant Difference (LSD) to show the mean separation.  

Data in Table 3 revealed that different concentrations of the cytokinin BAP and the auxin 
NAA tested in this study had a significant effect on the regeneration of plantlets. The 
longest shoot length (7.4 mm) was exhibited for explants cultured on MS-medium 
supplemented with 0.075 mg/L (Kin) + 0.01 mg/L (NAA) and this value is 3 fold higher than 
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that found for embryo cultured on 0.10 mg/L (Kin) + 0.01 mg/L (NAA) whose average shoot 
length was 2.7 mm. These results showed that the most adequate culture medium for 
obtaining the longest aver-age root length (7.53cm) per culture after four weeks was MS-
medium supplemented with of BAP at 1.0 mg/L plus NAA at 0.1 mg/L, while the shortest 
root length (1.47 cm) was exhibited by MS-medium supplemented with 0.15 mg/L (BAP) + 
0.01 mg/L (NAA), this indicates that increasing the level of auxin (NAA) increases the length 
of roots and vice-versa. However, the highest number of nodes (4.0) was observed on 
plantlets cultured on MS-medium supplemented with 1.0 mg/L (KIN) + 0.01 mg/L (NAA). 
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1 0.125 mg/l (BAP) + 0.01 mg/l (NAA) 4.20 1.53 3.00 1.00 
2 0.15 mg/l (BAP) + 0.01 mg/l (NAA) 4.67 1.47 2.00 1.00 
3 0.05 mg/l (KIN) + 0.01 mg/l (NAA) 3.7 4.53 2.00 1.00 
4 0.075 mg/l (KIN) + 0.01 mg/l (NAA) 7.4 4.20 3.00 1.00 
5 0.10 mg/l (KIN) + 0.01 mg/l (NAA) 2.7 4.03 2.00 3.00 
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7 1 mg/l (BAP) + 0.1 mg/l (NAA) + 10 mg/l (adenine sulphate) 5.78 3.50 3.00 3.00 
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Table 3. Effect of plant growth regulators on shoot length, root length, number of nodes, and number 
of roots regeneration from embryo culture of K. grandifoliola. 

  
Figure 3. The growth stages of K. grandifoliola through embryo culture in vitro (two weeks after culture). 

These findings are in agreement with those reported earlier [23] on Cacti (Pelecyphora 
aselliformis) and Nealolydia lophophoroides; the work on Aloe barbebsi [24] and Turbinicapus laui 
[25] indicate that using a high concentration of BAP and NAA in different concentrations was 
a limiting factor for shoot formation and increases root formation. The result of this study 
showed that the optimum medium for regeneration of K. grandifoliola MS-medium 
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supplemented with 1.0 mg/L (BAP) + 0.1 mg/L (NAA) + 10 mg/L adenine sulphate because 
the values obtained for all the parameter measure was moderately high and optimum. The 
fact that the number of roots increased to 3 in medium 5 and 7 could be due to the increase 
in the concentration of NAA to 0.1 mg/L. It has been established that auxins like NAA 
increases the root formation in the presence of low cytokinins [26]. 

 
Figure 4. The effect of different levels of kinetin and BAP on the performance of K. grandifoliola. 

2.3. In vitro culture of Telfairia occidentalis under different cytokinins and auxin 
combinations 

The aim of this work was to investigate the in vitro regeneration potential of Telfairia 
occidentalis under different hormonal combination. The nodal cuttings collected from four 
weeks old seedlings raised in the screen house at NACGRAB were used as explant. The 
explants were surface-sterilized in 15% NaOCl + 2 drops of Tween 20 per 100 ml for 25 min. 
They were then cut with a sharp sterile knife into single node cuttings. Three or four 
explants from a seedling were cultured on the prepared medium to which either 
naphthalene acetic acid (NAA) or benzylaminopurine (BAP), indolebutyric acid (IBA), 
indole-3-acetic acid (IAA) and kinetin had been added. Different concentrations were 
investigated for each of the auxins and cytokinins. The basal medium used comprised of 
Murashige and Skoog macro and micro-elements, vitamins 3% sucrose, 10 mg/L ascorbic 
acid, 0.1 g/L myo-inositol, and 0.02 g/L cysteine. Cultures were incubated in the dark at 25 ± 
2oC for duration of six weeks for shooting and rooting induction. The number of roots and 
nodes were counted and recorded on the sixth week. 

Among all the growth hormones used, IBA (0.05 mg/L) + BAP (0.01 mg/L) combination gave 
the best result for both rooting and shooting while the highest number of nodes was 
observed in BAP (0.05 mg/L) + NAA (0.01 mg/L). The application of kinetin both in 
combination with NAA and alone resulted in premature senescence with lower number of 
nodes. This is in agreement to the findings of [27] who showed that kinetin is not a suitable 
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hormone for regeneration of Telfairia especially if it will be kept in vitro for a long time. 
However BAP (0.05 mg/L) + IAA (0.01 mg/L) combination resulted in lowest number of 
nodes and MS alone produced callus without regenerating into a plantlet. The result shows 
that in vitro growth of T. occidentalis is hormone specific. 

2.4. In vitro micro-propagation of Plukenetia conophora Mull.Arg 

This study describes a reliable and prolific shoot multiplication system (protocol) for 
Plukenetia conophora. Excised embryos and nodal cuttings from growing seedlings served as 
the major explants used for the study. Matured fruits were collected from the field gene 
bank of NACGRAB, Ibadan.  

2.4.1. Dis-infection of explants 

Nodal cuttings: The nodal segments were obtained from the stems of actively growing 
seedlings, washed with liquid detergent under running tap water and disinfected using 
standard disinfection procedures before culturing. For embryos, cotyledons obtained from 
the nuts were reduced into small size, washed with liquid detergent under running tap 
water and then disinfected appropriately. 

2.4.2. Culture conditions 

The culture media consisted of MS basal medium supplemented with vitamins, myo-
inositol, sucrose, casein hydroxylate and growth regulators. The pH of the medium was 
adjusted before autoclaving. All the cultures were kept at 24±2 0C under cool light 
fluorescent lamp for a photoperiod of 16 hours. 

2.4.3. Shoot induction from matured embryos 

Matured excised embryos were cultured on shoot induction medium supplemented with 
different concentrations of KIN (0.0 – 0.50) mg/l with NAA /0.05 mg and BAP (0.0 – 0.50) 
mg/l with NAA 0.05mg,whileexcised nodal segment from actively growing stem were 
cultured for direct organogenesis on MS medium supplemented with 0.0-0.45mg/l 
BAP/0.05mg NAA and 0.0-0.45mg/l KIN/0.05mg NAA for shoot proliferation. 

The studies showed that the excised embryos regenerated in vitro after12 weeks of culture 
had a healthy appearance. In vitro regeneration was achieved on MS basal medium without 
growth regulators. On MS basal media fortified with growth regulators, the best mean result 
of shoot length was recorded on medium supplemented with 0.3mg KIN and 0.01mg NAA. 
The medium augemented with 0.3mg KIN and 0.05mg NAA gives the longest root length. 
These concentrations induced a higher percentage of explants with shoots and shoot 
number per explant than the hormone-free treatment. Therefore, the introduction of growth 
regulators led to the increase in shoot length and number of nodes. However, an increase in 
the concentrations of NAA from 0.01mg to 0.05 mg resulted in a decline in the number of 
shoots formed and an increase in the root length (Table 6). 
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hormone for regeneration of Telfairia especially if it will be kept in vitro for a long time. 
However BAP (0.05 mg/L) + IAA (0.01 mg/L) combination resulted in lowest number of 
nodes and MS alone produced callus without regenerating into a plantlet. The result shows 
that in vitro growth of T. occidentalis is hormone specific. 

2.4. In vitro micro-propagation of Plukenetia conophora Mull.Arg 

This study describes a reliable and prolific shoot multiplication system (protocol) for 
Plukenetia conophora. Excised embryos and nodal cuttings from growing seedlings served as 
the major explants used for the study. Matured fruits were collected from the field gene 
bank of NACGRAB, Ibadan.  

2.4.1. Dis-infection of explants 

Nodal cuttings: The nodal segments were obtained from the stems of actively growing 
seedlings, washed with liquid detergent under running tap water and disinfected using 
standard disinfection procedures before culturing. For embryos, cotyledons obtained from 
the nuts were reduced into small size, washed with liquid detergent under running tap 
water and then disinfected appropriately. 

2.4.2. Culture conditions 

The culture media consisted of MS basal medium supplemented with vitamins, myo-
inositol, sucrose, casein hydroxylate and growth regulators. The pH of the medium was 
adjusted before autoclaving. All the cultures were kept at 24±2 0C under cool light 
fluorescent lamp for a photoperiod of 16 hours. 

2.4.3. Shoot induction from matured embryos 

Matured excised embryos were cultured on shoot induction medium supplemented with 
different concentrations of KIN (0.0 – 0.50) mg/l with NAA /0.05 mg and BAP (0.0 – 0.50) 
mg/l with NAA 0.05mg,whileexcised nodal segment from actively growing stem were 
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BAP/0.05mg NAA and 0.0-0.45mg/l KIN/0.05mg NAA for shoot proliferation. 
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had a healthy appearance. In vitro regeneration was achieved on MS basal medium without 
growth regulators. On MS basal media fortified with growth regulators, the best mean result 
of shoot length was recorded on medium supplemented with 0.3mg KIN and 0.01mg NAA. 
The medium augemented with 0.3mg KIN and 0.05mg NAA gives the longest root length. 
These concentrations induced a higher percentage of explants with shoots and shoot 
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regulators led to the increase in shoot length and number of nodes. However, an increase in 
the concentrations of NAA from 0.01mg to 0.05 mg resulted in a decline in the number of 
shoots formed and an increase in the root length (Table 6). 
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In the in vitro regeneration of nodal cuttings, nodal culture on MS basal (the hormone-free 
treatment) showed no significant growth until supplemented with cytokinin, hence the need 
for supplementing the MS basal medium with cytokinin. MS medium containing 0.30mg 
BAP and 0.05mg NAA gave the best mean shoot length, number of shoots, and node 
number. An increase in the concentration of BAP above 0.30mg/l led to a decline in shoot 
length. The addition of Casein hydroxylate improved the shoot response as observed in the 
difference in growth response of nodal cuttings on MS containing 0.2mg/l BAP and casein 
hydroxylate and 0.2mg/l BAP without casein hydroxylate as there were differences in their 
shoot response. 
 

Media                                                     Shoot  length (cm)     Root length (cm)     No. of nodes 
MS only                                                               4.97±0.03                 3.90±0.05            2.00±0.00 
MS + 0.30mg KIN + 0.01mg NAA                   3.10±0.00                 2.00±0.24            3.00±0.00 
MS + 0.30mg KIN + 0.05mg NAA                   2.00±0.00                 5.50±0.24            2.00±0.00 
MS + 0.40mg BAP + 0.01mg NAA                   2.00±0.00                  5.50±0.24           2.00±0.00 

Mean result ±standard error. 

Table 4. Effect of KIN, BAP and NAA on in vitro regeneration of Plukenetia conophora embryos after 12 
weeks. 

    Media                                                  Shoot length (cm)     No. of shoots       No. of nodes 
MS only                                                                             No significant growth 
MS + 0.20mg BAP  (no casein hydroxylate)      0.57±0.03                1.00±0.00          1.00±0.00 
MS + 0.20mg BAP + 0.05mg NAA                      0.70±0.08                1.00±0.00          1.00±0.00 
MS + 0.30mg BAP + 0.05mg NAA                      2.13±0.05                2.00±0.00          2.00±0.00 
MS + 0.35mg BAP + 0.05mg NAA                      1.10±0.05                2.00±0.00          2.00±0.00 
MS + 0.40mg BAP + 0.05mg NAA                      0.83±0.07                1.50±0.29          1.67±0.27 
MS + 0.45mg BAP + 0.05mg NAA                      0.63±0.13                1.30±0.27          1.25±0.25 
MS + 0.30mg KIN + 0.05mg NAA                      0.53±0.02                1.00 ±0.00         1.00 ±0.00 

Table 5. Effect of BAP, KIN and NAA on in vitro regeneration of Plukenetia conophora nodal explants. 

3. The Potential of Temporary Immersion Bioreactors (TIBs) in scaling up 
crop production, to meet agricultural demand in developing countries 

Temporary Immersion Bioreactor system (TIBs) is a relatively recent micropropagation 
procedure that employs the use of automated gadgets to control rapid multiplication of 
plant cultures under adequate conditions. TIBs provide a more precise control of the 
adequate conditions (gaseous exchange, illumination etc.) required by plants for growth, 
development and survival than the conventional culture vessels. This bioreactor system 
incorporates a number of features specifically designed to simplify its operation and reduce 
production costs. 

TIBs consist of three main phases: Multiplication, Elongation and rooting phase. Plantlets 
propagated in TIBs have better performance than those propagated by conventional 
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methods of micropropagation. This is as a result of a better handling of the in vitro 
atmosphere and the nutrition. The system also provides a rapid and efficient plant 
propagation system for many agricultural and forestry species, utilizing liquid media to 
avoid intensive manual handling. In addition to diminishing production costs regarding 
labour force, Temporary Immersion Bioreactors save energy, augment micropropagation 
productivity and efficiency. 

3.1. Use of bioreactor technology? 

Bioreactors provide a rapid and efficient plant propagation system for many agricultural 
and forestry species, utilizing liquid media to avoid intensive manual handling. Several 
authors have reported the use of bioreactors for plants propagation [28],[29]. To reduce the 
intensive labour requirement along with the production cost during plant propagation by 
tissue culture technique, there is an immense need of developing scale-up systems and 
automation [30]. This method for large scale production of plants is promising at industrial 
level. Employing bioreactors with liquid medium for micropropagation is advantageous 
due to the ease of scaling-up [31]. Large-scale plant propagation using bioreactor can also be 
beneficial in terms of year round production of the propagules of useful plants resulting in 
comparatively less labour cost and time [32]. The major advantages of using bioreactor 
culture system for micropropagation of economically important plants includes the 
potential for scaling-up in lesser time limit; Reduction in the production cost as well as an 
automated control of physical and chemical environments during growth phase of the plant 
cultures.  

3.2. Importance of TIBs technology to agricultural development in emerging 
countries 

Modern biotechnology has put the micropropagation industry on the verge of exciting new 
breakthroughs. It offers improvements in virtually every area of crop production and 
utilization, with potential benefits to agriculture, the food industry, consumers and the 
environment. As the world's population continues to grow, it is anticipated that there could 
be many mouths to feed in the next few decades. The advances made possible through 
micropropagation (TIBs) will be essential to meet global food needs by increasing the yield, 
quality and quantity of crops available to farmers. TIBs offer further benefits in form of non-
food crops. Through mass propagation of specific economic species, it will be possible to 
arrest desertification, soil erosion in affected areas and also increase industrial crop 
production as renewable sources of medicines, industrial chemicals, fuels etc. They offer 
potential benefits to the commercial farmers, industries, public, research scientists and 
students. The potential benefits of TIBs are summarized below. 

• Mass propagation of agronomic food crops to enhance food security. (i.e All year round 
production and supply of planting materials to farmers). 

• Scaling up of the production of specific crops for industrial use (A step towards 
commercialization) e.g pineapple juice. 
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In the in vitro regeneration of nodal cuttings, nodal culture on MS basal (the hormone-free 
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shoot response. 
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MS + 0.40mg BAP + 0.01mg NAA                   2.00±0.00                  5.50±0.24           2.00±0.00 
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plant cultures under adequate conditions. TIBs provide a more precise control of the 
adequate conditions (gaseous exchange, illumination etc.) required by plants for growth, 
development and survival than the conventional culture vessels. This bioreactor system 
incorporates a number of features specifically designed to simplify its operation and reduce 
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methods of micropropagation. This is as a result of a better handling of the in vitro 
atmosphere and the nutrition. The system also provides a rapid and efficient plant 
propagation system for many agricultural and forestry species, utilizing liquid media to 
avoid intensive manual handling. In addition to diminishing production costs regarding 
labour force, Temporary Immersion Bioreactors save energy, augment micropropagation 
productivity and efficiency. 

3.1. Use of bioreactor technology? 

Bioreactors provide a rapid and efficient plant propagation system for many agricultural 
and forestry species, utilizing liquid media to avoid intensive manual handling. Several 
authors have reported the use of bioreactors for plants propagation [28],[29]. To reduce the 
intensive labour requirement along with the production cost during plant propagation by 
tissue culture technique, there is an immense need of developing scale-up systems and 
automation [30]. This method for large scale production of plants is promising at industrial 
level. Employing bioreactors with liquid medium for micropropagation is advantageous 
due to the ease of scaling-up [31]. Large-scale plant propagation using bioreactor can also be 
beneficial in terms of year round production of the propagules of useful plants resulting in 
comparatively less labour cost and time [32]. The major advantages of using bioreactor 
culture system for micropropagation of economically important plants includes the 
potential for scaling-up in lesser time limit; Reduction in the production cost as well as an 
automated control of physical and chemical environments during growth phase of the plant 
cultures.  

3.2. Importance of TIBs technology to agricultural development in emerging 
countries 

Modern biotechnology has put the micropropagation industry on the verge of exciting new 
breakthroughs. It offers improvements in virtually every area of crop production and 
utilization, with potential benefits to agriculture, the food industry, consumers and the 
environment. As the world's population continues to grow, it is anticipated that there could 
be many mouths to feed in the next few decades. The advances made possible through 
micropropagation (TIBs) will be essential to meet global food needs by increasing the yield, 
quality and quantity of crops available to farmers. TIBs offer further benefits in form of non-
food crops. Through mass propagation of specific economic species, it will be possible to 
arrest desertification, soil erosion in affected areas and also increase industrial crop 
production as renewable sources of medicines, industrial chemicals, fuels etc. They offer 
potential benefits to the commercial farmers, industries, public, research scientists and 
students. The potential benefits of TIBs are summarized below. 

• Mass propagation of agronomic food crops to enhance food security. (i.e All year round 
production and supply of planting materials to farmers). 

• Scaling up of the production of specific crops for industrial use (A step towards 
commercialization) e.g pineapple juice. 
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• Mass propagation of economic tree species (e.g Eucalyptus spp., Adzadiracta indica, 
Accacia sp) for addressing environmental problems like desertification and erosion. 

• Job creation. 
• Inspire collaborations among institutions on specific economic and ecological projects. 

3.3. The use of TIBs in the mass propagation of Plant Genetic Resources (Using 
Pineapple, plantain, sugarcane and Eucalyptus sp as a case study) 

The objectives of this work were: 

• To produce high planting density of crops through an efficient and rapid production 
system to meet conservation and large scale farming production demands. 

• To produce homogenous plantlets for research and development purposes. 

Four major stages are recommended for effective mass propagation of plant cultures using 
temporary immersion systems, these include: 

3.3.1. Stage 1: Collection and Establishment of the mother explants on agar gel medium. 

The establishment of truly aseptic cultures usually involves the following sequential steps: 

Step 1. Pre-propagation step or selection and pre-treatment of suitable plants. 

The mother plants are selected and screened before transporting to the green house 
environment. The health status of the donor mother plant and of the plants multiplied from it 
are among the most critical factors, which determine the success of a tissue culture operation. 
Hence, indexing of the mother plants for freedom from viral, bacterial, and fungal diseases is 
a normal procedure before undertaking propagation in large-scale plant propagation through 
tissue culture [33]. This step is crucial as it tends to reduce the microbial load present at the 
time of collection and which may hinder or interfere with the in vitro processes.  

Step 2. Initiation of explants - surface sterilization, establishment of mother explants. 

This involves the sequential disinfection of the mother plant under aseptic conditions, 
culture initiation and establishment on a suitable growth media. The process requires 
excision of tiny plant pieces and their surface sterilization with chemicals such as ethyl 
alcohol, sodium hypochlorite and repeated washing with sterile distilled water before and 
after treatment with chemicals. The appropriate growth media for each crop was prepared. 
The pH was adjusted to 5.7 ± 0.2 before autoclaving at 121°C for 15 min and culture 
initiation was carried out under the laminar flow hood.  

The initiated cultures were then transferred to the growth room and incubated at 26 ± 2°C 
under a 16 h photoperiod with cool-white fluorescent light. 

Step 3. Subculture of explants on agar gelled media for multiplication and proliferation. 

This involves the subculture of established explants on agar gelled media with a specific 
auxin/cytokinins combination to induce proliferation. In this step, explants were cultured on 
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the appropriate media for multiplication of shoots. The primary goal was to achieve 
propagation without losing the genetic stability. Repeated culture of axillary and 
adventitious shoots, cutting with nodes, somatic embryos and other organs from Stage I led 
to multiplication of propagules in large numbers. The propagules produced at this stage 
were further used for multiplication by their repeated culture. 

3.3.2. Stage 2: Zero shelving of plants to liquid medium. 

Sometimes it is necessary to subculture the in vitro derived shoots onto different media for 
elongation and rooting for ex vitro transfer. However, if cultures must be mass propagated 
in Temporary Immersion System, they must be allowed to pass through the zero phase 
upon establishment and when they have gained a proliferation capacity/potential on the 
agar gelled multiplication media. This is usually done in order to prepare the explants for 
proper adaptation, survival and desired in vitro response in the next phase which utilizes 
only liquid medium.  

3.3.3. Stage 3: Introduction and cultivation of ex-palnts into Temporary Immersion 
Bioreactors. 

This Phase refers to Plant cell/tissue growth and development in liquid medium under the 
control of Temporary immersion systems. It utilizes the advantages of liquid medium 
coupled with automated control of culture conditions to rapidly multiply explants thereby 
increasing exponentially the multiplication coefficient of the explants. Only healthy in vitro 
derived shoots that successfully passed through the zero shelving were introduced in TIBs 
set up. For the set up at NACGRAB, a total of 6 temporal immersions by pneumatic driven 
medium transfer were made daily. The immersion frequency was 3 minutes at 3 hours 
interval with a pre-immersion and post immersion period of 10 minutes respectively. This 
stage involves 3 major phases (Figure 5a, b & c).  

In vitro response of plantlets in each of the 3 phases of TIBs is highly dependent on certain 
factors including hormonal combination, duration of each feeding cycle and the overall 
timing/duration to which it is subjected to. eg. higher cytokinins (BAP) concentration to 
auxins in the multiplication media, Gibberillic acid (GA3) for elongation and auxins (IAA, 
NAA and IBA) for rooting.  

i. Multiplication phase- Plantlets were cultured on MS liquid medium void of agar with the 
appropriate di-hormonal combination depending on the plant species. Pineapple and 
plantain were transferred to MS liquid medium + 4.0mg/l –BAP and 1.8mg/l –NAA, 
while Eucalyptus and sugarcane were transferred to MS liquid medium + 0.5mg/l-BAP 
and 0.1mg/l –NAA, for a period of 8 -12 weeks respectively. 

ii. Elongation phase- This phase aims at developing proliferating buds into plantlets that are 
lengthy, strong and robust enough to stand acclimatization and withstand adverse 
conditions during ex vitro transfer. To achieve this, Plantlets were cultured in MS liquid 
medium void of agar with 1.0g/l of Gibberellic acid. After 21 days, plantlets were 
removed and placed in a rooting medium. 
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after treatment with chemicals. The appropriate growth media for each crop was prepared. 
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the appropriate media for multiplication of shoots. The primary goal was to achieve 
propagation without losing the genetic stability. Repeated culture of axillary and 
adventitious shoots, cutting with nodes, somatic embryos and other organs from Stage I led 
to multiplication of propagules in large numbers. The propagules produced at this stage 
were further used for multiplication by their repeated culture. 

3.3.2. Stage 2: Zero shelving of plants to liquid medium. 

Sometimes it is necessary to subculture the in vitro derived shoots onto different media for 
elongation and rooting for ex vitro transfer. However, if cultures must be mass propagated 
in Temporary Immersion System, they must be allowed to pass through the zero phase 
upon establishment and when they have gained a proliferation capacity/potential on the 
agar gelled multiplication media. This is usually done in order to prepare the explants for 
proper adaptation, survival and desired in vitro response in the next phase which utilizes 
only liquid medium.  

3.3.3. Stage 3: Introduction and cultivation of ex-palnts into Temporary Immersion 
Bioreactors. 

This Phase refers to Plant cell/tissue growth and development in liquid medium under the 
control of Temporary immersion systems. It utilizes the advantages of liquid medium 
coupled with automated control of culture conditions to rapidly multiply explants thereby 
increasing exponentially the multiplication coefficient of the explants. Only healthy in vitro 
derived shoots that successfully passed through the zero shelving were introduced in TIBs 
set up. For the set up at NACGRAB, a total of 6 temporal immersions by pneumatic driven 
medium transfer were made daily. The immersion frequency was 3 minutes at 3 hours 
interval with a pre-immersion and post immersion period of 10 minutes respectively. This 
stage involves 3 major phases (Figure 5a, b & c).  

In vitro response of plantlets in each of the 3 phases of TIBs is highly dependent on certain 
factors including hormonal combination, duration of each feeding cycle and the overall 
timing/duration to which it is subjected to. eg. higher cytokinins (BAP) concentration to 
auxins in the multiplication media, Gibberillic acid (GA3) for elongation and auxins (IAA, 
NAA and IBA) for rooting.  

i. Multiplication phase- Plantlets were cultured on MS liquid medium void of agar with the 
appropriate di-hormonal combination depending on the plant species. Pineapple and 
plantain were transferred to MS liquid medium + 4.0mg/l –BAP and 1.8mg/l –NAA, 
while Eucalyptus and sugarcane were transferred to MS liquid medium + 0.5mg/l-BAP 
and 0.1mg/l –NAA, for a period of 8 -12 weeks respectively. 

ii. Elongation phase- This phase aims at developing proliferating buds into plantlets that are 
lengthy, strong and robust enough to stand acclimatization and withstand adverse 
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removed and placed in a rooting medium. 
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iii. Rooting and harvest- In order to induce rooting, elongated plantlets were cultured in a 
liquid MS media containing Auxin treatments of (A) 0.5mg/l- IBA, (B) 1.0mg/l-IBA (C) 
0.5mg/l- NAA (D)1.0mg/l –NAA (E) A combination of 0.5 mg/l NAA and 0.5 mg/l IBA 
and (F) A combination of 1.0mg/l- IBA+ and 1.0mg/l-NAA for 4 weeks respectively. All 
media had equal volume in the same culture vessel. At the end of 4 weeks, plantlets 
were harvested by an initial disinfection of the mouth of culture bottle with 1% sodium 
hypochlorite. Bottle was opened, plantlets carefully collected.  

 
Source: Lyam et al., 2012. 

Figure 5. (a) Multiplication (proliferation in clusters), (b) Elongation ( Stem growth elongation), (c) 
Rooting (well developed root system) of pineapple 

The timing to achieve the desired goal at each phase varies depending on the individual 
species ability to respond to each phase accordingly. The common feature to all the phases is 
the use of liquid media (void of agar) to aid nutrient uptake and automation. Transfer of 
plantlets from one step to the next is carried out aseptically under the laminar flow hood. 

(a) (b)

(c)
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Clumps of shoots derived were separated after rooting and not before as this usually cause 
tissue wounding and stimulate the exudation of phenolic compound which interferes with 
the physicochemical factors that trigger root formation. In this way, multiplied plantlets 
were elongated and rooted to produce complete plants and harvested. Harvest is carried out 
by an initial disinfection of the mouth of culture bottle with 1% Sodium hypochlorite. Bottle 
was opened and plantlets carefully collected. 

3.3.4. Stage 4: Acclimatization and Ex vitro transfer 

This is the final stage of the tissue culture operation including the use of bioreactor after 
which the micro propagated plantlets are ready for transfer to the greenhouse. Steps are 
taken to grow individual plantlets capable of carrying out photosynthesis. Collected 
plantlets were sorted and prepared for acclimatization based on their sizes and rooting 
capacity. In vitro micro propagated plants are weaned and hardened. The hardening of the 
bioreactor propagated plantlets is done gradually from high to low humidity and from low 
light intensity to high intensity conditions. Rooted plants were washed with tap water and 
acclimatized ex vitro on a medium composed of Coconut fibre, Top Soil and Stone dust 
mixed in the ratio 7:2:1 which can be left in shade for 3 to 6 days where diffused natural 
light conditions them to the new environment. The plants were transferred to an 
appropriate substrate for gradual hardening Figure 15 -20.  

 

 
Figure 6. Potted and acclimatized plants in the screen house at NACGRAB.  

These stages are universally applicable in large-scale multiplication of plants. The individual 
plant species, varieties and clones require specific modification of the growth media, 
weaning and hardening conditions. A rule of the thumb is to propagate plants under 
conditions as natural or similar to those in which the plants will be ultimately grown ex-
vitro. Micropropagated plants must be subjected to an adequate duration of time required 
for their proper hardening.  
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Figure 7. TIBs set up at the NACGRAB, Ibadan, Nigeria  

3.4. Challenges of temporary immersion bioreactor systems 

The use of liquid cultures in bioreactor for plant propagation imposes several problems such 
as leakage of endogenous growth factors, the need for an initial high concentration of the 
inoculum, lack of protocols and production procedures, increased hyperhydricity and 
malformation, foam development, shearing and oxidative stress, release of growth 
inhibiting compounds by the cultures and contamination. Unfortunately culture 
contamination which is a major problem in conventional commercial micropropagation is 
even more acute in bioreactors [34]. In conventional micropropagation, discarding a small 
number of the contaminated vessels is an acceptable loss; in bioreactors, even a single 
contaminated unit is a huge loss. However, despite these difficulties, a number of 
commercial laboratories have developed effective procedures to control contamination in 
bioreactors. Highlighted below are some of the challenges [35], [36], [37]. 

3.4.1. Inadequate protocols and production procedures 

Protocols for proliferation on semi solid media are not always efficient when used in 
bioreactors. However, as no one protocol is utilized for all species, it becomes quite difficult 
to achieve success at a goal. Development of protocol for scaling up cultures in bioreactors 
entails extensive research and development in all phases of TIBs (multiplication, elongation 
and rooting). It is possible to record success at one phase and not overcome the challenges at 
the next phase. For the efficient scaling up of cultures in temporary immersion bioreactors 
for commercialization, protocol for multiplication, elongation and rooting must be 
developed. 
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3.4.2. Increased hyperhydricity and malformation 

The major disadvantage encountered when plants are cultured in liquid media is the 
problem of shoot malformation. Plants tend to accumulate excess of water in their tissue 
resulting to anomalous morphogenesis, a phenomenon known as Hyperhydricity. The 
plants that develop in liquid media are fragile, have a glassy appearance, with succulent 
leaves or shoots and a poor root system [38]. Hyperhydricity in micropropagation has been 
reported in previous studies [39], [40]. 

3.4.3. Problems of foaming, shear and oxidative stress 

Growth and proliferation of the biomass in bioreactors depends on airflow supply for the 
aeration and mixing, and for the prevention of the plant biomass sedimentation. In many 
plants cultivated in bioreactors, continuous aeration, mixing, and circulation cause shearing 
damage, cell wall breakdown, and accumulation of cell debris, which is made up mainly of 
polysaccharides.  

The problem of foaming and shear damage of tissues including their potential solutions in 
bioreactors has been reported [41], [40]. 

3.4.4. Release of growth inhibiting compounds by the cultures 

This is also known as the in vitro Phenolic browning or oxidation. The presence of phenolic 
compounds which cause death of explants has been another important problem of 
micropropagation especially in woody perennials, in addition to various bacterial and 
fungal infection. Some of these exudates appear as a reaction to injury and/or infection. In 
tissue culture they appear after tissue excision and are many times aggravated by growth 
media constituents [42]. The release of growth inhibiting compounds by in vitro cultures has 
been reported [43], [44] 

Some of the solutions to this problem as suggested are as follows: 

• Addition of activated charcoal (0.2-3.0% w/v) to the medium ,  
• Addition of polymeric polyvinylpyrrolidone (PVP) or polyvinylpolypyrrolidone 

(PVPP) to the medium. These absorb phenols through hydrogen bonding. 
• Additions of anti-oxidants or reducing agents like citric and ascorbic acids, thiourea 

glutathione and L-cysteine in the medium or before surface sterilization. These reduce 
the redox potential of explants and stop the oxidation reactions (Marks and Simpson, 
1990) [45]. 

• Addition of diethyl-dithiocarbonate (DIECA) (2g.l-1) in the rinses after surface 
sterilization and as droplets at the time of micro grafting. 

• Addition of amino acids like glutamine, arginine and asparagine to the media. 
• Reduction of salt concentration in the growth media. Others may include: 
• Frequent subcultures onto fresh media. 
• Use of liquid medium for easier and quicker dilution of toxic products. 
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Figure 7. TIBs set up at the NACGRAB, Ibadan, Nigeria  

3.4. Challenges of temporary immersion bioreactor systems 

The use of liquid cultures in bioreactor for plant propagation imposes several problems such 
as leakage of endogenous growth factors, the need for an initial high concentration of the 
inoculum, lack of protocols and production procedures, increased hyperhydricity and 
malformation, foam development, shearing and oxidative stress, release of growth 
inhibiting compounds by the cultures and contamination. Unfortunately culture 
contamination which is a major problem in conventional commercial micropropagation is 
even more acute in bioreactors [34]. In conventional micropropagation, discarding a small 
number of the contaminated vessels is an acceptable loss; in bioreactors, even a single 
contaminated unit is a huge loss. However, despite these difficulties, a number of 
commercial laboratories have developed effective procedures to control contamination in 
bioreactors. Highlighted below are some of the challenges [35], [36], [37]. 

3.4.1. Inadequate protocols and production procedures 

Protocols for proliferation on semi solid media are not always efficient when used in 
bioreactors. However, as no one protocol is utilized for all species, it becomes quite difficult 
to achieve success at a goal. Development of protocol for scaling up cultures in bioreactors 
entails extensive research and development in all phases of TIBs (multiplication, elongation 
and rooting). It is possible to record success at one phase and not overcome the challenges at 
the next phase. For the efficient scaling up of cultures in temporary immersion bioreactors 
for commercialization, protocol for multiplication, elongation and rooting must be 
developed. 
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3.4.2. Increased hyperhydricity and malformation 

The major disadvantage encountered when plants are cultured in liquid media is the 
problem of shoot malformation. Plants tend to accumulate excess of water in their tissue 
resulting to anomalous morphogenesis, a phenomenon known as Hyperhydricity. The 
plants that develop in liquid media are fragile, have a glassy appearance, with succulent 
leaves or shoots and a poor root system [38]. Hyperhydricity in micropropagation has been 
reported in previous studies [39], [40]. 

3.4.3. Problems of foaming, shear and oxidative stress 

Growth and proliferation of the biomass in bioreactors depends on airflow supply for the 
aeration and mixing, and for the prevention of the plant biomass sedimentation. In many 
plants cultivated in bioreactors, continuous aeration, mixing, and circulation cause shearing 
damage, cell wall breakdown, and accumulation of cell debris, which is made up mainly of 
polysaccharides.  

The problem of foaming and shear damage of tissues including their potential solutions in 
bioreactors has been reported [41], [40]. 

3.4.4. Release of growth inhibiting compounds by the cultures 

This is also known as the in vitro Phenolic browning or oxidation. The presence of phenolic 
compounds which cause death of explants has been another important problem of 
micropropagation especially in woody perennials, in addition to various bacterial and 
fungal infection. Some of these exudates appear as a reaction to injury and/or infection. In 
tissue culture they appear after tissue excision and are many times aggravated by growth 
media constituents [42]. The release of growth inhibiting compounds by in vitro cultures has 
been reported [43], [44] 

Some of the solutions to this problem as suggested are as follows: 

• Addition of activated charcoal (0.2-3.0% w/v) to the medium ,  
• Addition of polymeric polyvinylpyrrolidone (PVP) or polyvinylpolypyrrolidone 

(PVPP) to the medium. These absorb phenols through hydrogen bonding. 
• Additions of anti-oxidants or reducing agents like citric and ascorbic acids, thiourea 

glutathione and L-cysteine in the medium or before surface sterilization. These reduce 
the redox potential of explants and stop the oxidation reactions (Marks and Simpson, 
1990) [45]. 

• Addition of diethyl-dithiocarbonate (DIECA) (2g.l-1) in the rinses after surface 
sterilization and as droplets at the time of micro grafting. 

• Addition of amino acids like glutamine, arginine and asparagine to the media. 
• Reduction of salt concentration in the growth media. Others may include: 
• Frequent subcultures onto fresh media. 
• Use of liquid medium for easier and quicker dilution of toxic products. 
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• Reduction of wounded tissues to decrease exudation. 
• Soaking of explants in water before culturing to reduce browning. 
• Incubation of fresh cultures in darkness for the first few days of culture.  

The suggestions above have provided solution to phenolic oxidation in micropropagation 
and are widely employed in most laboratories across the globe. 

3.4.5. Microbial contamination 

After three decades of research and development in plant tissue culture, microbial 
contamination by yeasts, fungi, bacteria, viruses, mites and thrips are still the major problem 
that has hampered the establishment of truly aseptic plants and their successful Micro -
propagation in bioreactors. The influence of bacteria on shoot growth can range from total 
inhibition to no apparent effect. The contaminating bacteria and fungi may be endophytic or 
epiphytic, pathogenic or saprophytic [46]. Another type of hazard for plant tissue and cell 
cultures is caused by ‘latent’ bacteria and viruses that do not produce any symptoms on the 
plant or any visible growth on the medium for long periods of time in vitro even after 
several subculture cycles; microbial contamination in culture has been reported [47]. 

3.4.6. Control of contamination 

Prevention of contamination in bioreactors requires a proper handling of the plant material, 
equipment and cultures during transfers and production. Only the surface sterilized 
explants, multiplied in small vessels and indexed for freedom from diseases are used to 
initiate cultures in bioreactors. If the bioreactor is small, it is sterilized in an autoclavable 
plastic bag, sealed with a cotton wool plug, and opened only under the laminar flow 
cabinet. Despite the precautions taken in initiating cultures, bioreactors can become 
contaminated from the environment or from latent microbes in the culture. The 
contamination can be controlled with one or a combination of anti-microbial compounds, 
acidification of the media, and micro-filtration of the medium [48]. While most of the fungal 
and bacterial diseases are eliminated during surface sterilization and culture, viruses and 
viroids survive through successive multiplication if the mother plant is infected [49].  
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• Reduction of wounded tissues to decrease exudation. 
• Soaking of explants in water before culturing to reduce browning. 
• Incubation of fresh cultures in darkness for the first few days of culture.  

The suggestions above have provided solution to phenolic oxidation in micropropagation 
and are widely employed in most laboratories across the globe. 

3.4.5. Microbial contamination 

After three decades of research and development in plant tissue culture, microbial 
contamination by yeasts, fungi, bacteria, viruses, mites and thrips are still the major problem 
that has hampered the establishment of truly aseptic plants and their successful Micro -
propagation in bioreactors. The influence of bacteria on shoot growth can range from total 
inhibition to no apparent effect. The contaminating bacteria and fungi may be endophytic or 
epiphytic, pathogenic or saprophytic [46]. Another type of hazard for plant tissue and cell 
cultures is caused by ‘latent’ bacteria and viruses that do not produce any symptoms on the 
plant or any visible growth on the medium for long periods of time in vitro even after 
several subculture cycles; microbial contamination in culture has been reported [47]. 

3.4.6. Control of contamination 

Prevention of contamination in bioreactors requires a proper handling of the plant material, 
equipment and cultures during transfers and production. Only the surface sterilized 
explants, multiplied in small vessels and indexed for freedom from diseases are used to 
initiate cultures in bioreactors. If the bioreactor is small, it is sterilized in an autoclavable 
plastic bag, sealed with a cotton wool plug, and opened only under the laminar flow 
cabinet. Despite the precautions taken in initiating cultures, bioreactors can become 
contaminated from the environment or from latent microbes in the culture. The 
contamination can be controlled with one or a combination of anti-microbial compounds, 
acidification of the media, and micro-filtration of the medium [48]. While most of the fungal 
and bacterial diseases are eliminated during surface sterilization and culture, viruses and 
viroids survive through successive multiplication if the mother plant is infected [49].  
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1. Introduction 

Plant tissue culture is a term containing techniques used to propagate plants vegetatively 
by using small parts of living tissues (explants) on artificial growth mediums under sterile 
conditions. Explants regenerate shoots and roots, and consequently whole fertile plants 
under certain cultural conditions. Micropropagation is the production of whole plants 
through tissue culture from small parts such as shoot and root tips, leaf tissues, anthers, 
nodes, meristems and embryos. Micropropagation is the vegetative (asexual) propagation 
of plants under in vitro conditions and is widely used for commercial purposes worldwide 
[1-3]. 

Plant tissue culture techniques have certain advantages over traditional ones of propagation. 
These are: 

• Thousands of mature plants can be produced in a short time that allows fast 
propagation of new cultivars, 

• Endangered species can be cloned safely, 
• Large quantities of genetically identical plants can be produced, 
• Plant production is possible in the absence of seeds, 
• The production of plants having desirable traits such as good flowers, fruits and odor is 

possible, 
• Whole plants can be regenerated from genetically modified plant cells, 
• Disease-, pest- and pathogen-free plants in sterile vessels are produced, 
• Plants that their seeds have germination and growing problems such as orchids and 

nepenthes, can be easily produced, 
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• Providing infection-free plants for mass production is possible. 

Plant tissue culture is based on totipotency which means that a whole plant can be 
regenerated from a single cell on a growth medium. One of the main objectives of tissue 
culture studies is to obtain high-frequency shoot regeneration, which is also a prerequisite 
for an efficient transformation system and a clonal propagation of plants with attractive 
flowers and fruits in large scale for ornamental purposes. Specially the introduction of 
foreign genes coding agronomically important traits into plant cells has no meaning unless 
transgenic plants are regenerated from the genetically modified cell(s). 

It is known that some families and genera such as Solanacea (Nicotiana, Petunia and Datura), 
Cruciferae (Brassica and Arabidopsis), Gesneriaceae (Achimenes and Streptocarpus), Asteraceae 
(Chichorium and Chrysanthemum) and Liliaceae (Lilium and Allium) have a high regeneration 
capacity while regeneration in some other families such as Malvaceae (Gossypium) and 
Chenopodiaceae (Beta) is difficult. In order to increase the regeneration capacity of explant 
from the genotype of interest, we have to find answers to such questions as “Why do some 
genotypes regenerate easily?”, “What can be done to increase the regeneration capacity of 
explant?”. 

2. Factors affecting explant’s regeneration capacity 

2.1. Plant material 

Plant material is extremely important for the success of tissue culture studies [4]. Factors 
affecting explant’s tissue culture response are (1) genotype, (2) physiological stage of donor 
plant, (3) explant source, (4) explant age, (5) explant size, (6) explant position in donor plant 
and (7) explant density. Plant segments used in tissue culture as explant are stem [5], root 
[6], leaf [7], flower [8], ovule [9], cotyledon and hypocotyl [10, 11]. Such these explants form 
direct and indirect organs and embriyos. Thin cell layer can also be used as explant in some 
species [12] while embryos can be successfully used in cereals [13]. Moreover, shoot tips and 
meristems may give successful results for callus formation and shoot regeneration [14]. 

2.1.1. Genotype 

Regeneration capacity of plants shows a wide range among families, species and even 
within genotypes from the same species (Figure 1). Generally dicotyledons regenerate more 
easily than monocots. Plants from some dicotyledon families such as Solanacea, Cruciferae, 
Gesneriaceae, Begoniaceae and Crassulaceae have a high regeneration capacity. In general, 
herbaceous plants regenerate more easily than woody plants such as trees and shrubs [3]. 

Sugarbeet from Chenopodiaceae family is known as a recalcitrant genotype with respect to in 
vitro culture and genetic transformation [15, 16] (Figure 2) while regeneration and 
transformation are quite easy in tobacco from Solanaceae family [17]. It was reported that 
somatic embryogenesis changed from 0.00% to 77.50% in 14 maize genotypes cultured in 
vitro [18]. 
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Figure 1. Adventitious shoot regeneration from hypocotyl explants of flax (Linum usitatissimum L.) 
cultivars a. '1886 Sel.' and b. 'Clarck' 4 weeks after culture initiation  

 

 
Figure 2. Shoot regeneration from petiole explants of sugar beet (Beta vulgaris L.) 4 weeks after culture 
initiation. Only three explants out of 10 regenerated. 

2.1.2. Physiological stage of donor plant 

Explants show an ability to express totipotency are the most suitable for tissue culture 
[19]. Generally, vegetative segments of plants regenerate more easily in vitro than 
generative ones [20]. Explants should be isolated from healthy plants with high cell 
division for successfull response to tissue culture. On the other hand, regeneration 
capacity of mature tissues is quite low. In general, young tissues and organs have a high 
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regeneration capacity than the older ones. Regeneration capacity of genotypes increases 
during flowering period as in Lunaria annua [21], Ranunculus sceleratus [22]. Although 
plants in a resting stage (dormant) are generally difficult to culture in vitro [3], there are 
some exceptions as flower stem explants of Tulipa form shoots only in dry storage 
(dormant) stage [23]. 

2.1.3. Explant source 

Plants grown under greenhouse conditions give rise to better results than the ones grown in 
field conditions [24]. There are huge variations regarding tissue culture response in explants 
excised from plants grown in field condition depending on wheather conditions during the 
year [3]. However, the best results are obtained from explants excised from in vitro grown 
seedlings [25]. 

In a study conducted by Yildiz et al. [25], regeneration capacity of flax (Linum usitatissimum 
L.) hypocotyl explants isolated from in vitro- and greenhouse-grown seedlings was 
compared. Five mm sections of hypocotyl explants from in vitro-grown seedlings were 
directly cultured on MS medium supplemented with 1 mg l-1 BAP and 0.02 mg l-1 NAA for 
shoot regeneration while hypocotyls from greenhouse-grown seedlings were surface-
sterilized before culture initiation. The highest values with respect to shoot regeneration 
percentage, shoot number per explant and total shoot number per petri dish were recorded 
in explants isolated from in vitro-grown seedlings of all cultivars. 

87.50 shoots were formed over 100.00 in explants isolated from in vitro-grown seedlings 
while only 22.50 shoots were recoved in explants of greenhouse-grown seedlings in cv. '1886 
Sel.'. The highest shoot number per explant and total shoot number per petri dish were 
obtained in explants isolated from in vitro-grown seedlings as 14.43 and 126.26, respectively. 
Specially, total shoot number per petri dish was 42.95 times more in explants of in vitro-
grown seedlings as 126.26 than in explants excised from greenhouse-grown seedlings as 
2.94. It was reported that neither shoot regeneration percentage nor shoot number per 
explant is lonely an indicator of the success of tissue culture studies but 'total shoot number 
per petri dish' is a good indicator of the success in both parameters for the genotype of 
interest [26]. These figures in all the parameters indicated the significance of explant source 
very well. 

2.1.4. Explant age 

Regeneration capacity of older plants is often low. As the organ using for explant source 
gets older, regeneration capacity decreases. An example of differences in regeneration 
capacity between young and old seedlings that are used as source of explant was flax (Linum 
usitatissimum L.) [27]. In this study, shoot regeneration capacity of hypocotyl explants 
excised from in vitro-grown seedlings at different ages (7, 12 and 17 days) was examined in 
three flax cultivars. Explants of 7-day-old seedlings gave rise to the highest results with 
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respect to shoot regeneration percentage, shoot number per explant and total shoot number 
per petri dish. The explants of 7-day-old seedlings were reported to be more vital and well 
grown (Figure 3). 

 
 

 
 

Figure 3. Shoot regeneration from flax (Linum usitatissimum L.) cv. '1886 Sel.' hypocotyl explants excised 
from a. 7-day-old seedling and b. 12-day-old seedling 4 weeks after culture initiation  
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In the study, it was observed that shoot regeneration percentage, shoot number per explant 
and total shoot number per petri dish varied excessively among explants from different 
seedling ages. All these three parameters, which were the highest in explants of 7-day-old 
seedling were reduced significantly in explants of 12- and 17-day-old seedlings. Results 
clearly showed that there were statistically significant differences in all parameters 
examined in all cultivars among explants at different ages. 

2.1.5. Explant size 

It is so difficult to obtain a successful tissue culture response from small parts such as cells 
and meristems than from larger parts such as leaves and hypocotyls due to their limited 
nutrients and hormone reserves. Larger explants having a big amount of nutrition reserves 
such as tubers and bulbs can easily regenerate in vitro and are less dependent on nutrients 
and hormones in growth medium [3]. 

2.1.6. Explant position in donor plant 

In vitro growth of explants can be affected depending on the place from where they are 
excised. For instance, the higher parts of donor plant are older than the lower parts. Evers 
[28] has reported that shoot initials from lower parts of Pseudotsuga menziesii developed 
better under in vitro conditions. Explants excised from the base produce adventitious bulbs 
more easily than the top parts of the bulbs [3]. 

In a study conducted with flax, tissue culture response of hypocotyl explants at different 
positions was evaluated. Hypocotyls were classified from where they were excised as top, 
medium and low. Top part was just below the cotyledon leaves while lower one was close to 
bottom (Figure 4). Fifteen hypocotyls from 7-day-old in vitro-grown seedlings were cultured 
on MS medium 1 mg l-1 BAP and 0.02 mg l-1 NAA for 4 weeks. 

Explants excised from top (just below cotyledon leaves) part of the seedling gave rise to the 
highest results with respect to shoot regeneration percentage, shoot number per explant and 
total shoot number per petri dish. Results were getting lower in the explants excised from 
medium part of the seedling. And the lowest values were recorded in the explants from 
lower part (Unpublished study results) (Figure 5). 

The highest values in shoot regeneration percentage, shoot number per explant and total 
shoot number per petri dish were recorded in the explants excised from the top of the 
seedling as 97.78%, 5.17 and 76.00, respectively. These figures were the lowest in hypocotyl 
segments in the lower part of the seedling as 66.67%, 2.62 and 26.33, respectively. There 
were huge difference between the results of explants excised from the top and the low parts 
of the seedling. Shoot regeneration percentage was 97.78% in explants of the top part of the 
seedling while it was 66.67%. That is 97.78 explants regenerated over 100.00 in the top part 
of the seedling.  
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Mean shoot number per explant was recorded as 5.17 in explants excised from the top parts 
of the seedling while it was 2.62 in explants isolated from the low part of the seedling. 
Similar results were obtained in total shoot number per petri dish. Shoot number per 
explant and total shoot number per petri dish are the main indicators of success in plant 
tissue culture. Especially, after transformation studies via Agrobacterium tumefaciens, 
regeneration capacity of tissue decreases siginificantly due to plant defense mechanism 
against pathogen attact. That is why, the number of shoots regenerated should be as much 
as possible. 

 
 

 
 
Figure 4. Seven-day-old flax (Linum usitatissimum L.) cv. 'Madaras' seedling and the position from 
which explants were excised 1. top, 2. medium  and 3. low. Bar = 1.0 cm 
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Mean shoot number per explant was recorded as 5.17 in explants excised from the top parts 
of the seedling while it was 2.62 in explants isolated from the low part of the seedling. 
Similar results were obtained in total shoot number per petri dish. Shoot number per 
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Figure 4. Seven-day-old flax (Linum usitatissimum L.) cv. 'Madaras' seedling and the position from 
which explants were excised 1. top, 2. medium  and 3. low. Bar = 1.0 cm 
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Figure 5. Tissue culture response of hypocotyl explants excised from different positions of flax (Linum 
usitatissimum L.) cv. 'Madaras' seedling a. top, b. medium  and c. low 
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2.1.7. Explant Density  

There are many studies about competition among the plants in field conditions. Plant leaves 
compete for irradiance, and roots for water and nutrients [29, 30]. High plant density was 
accepted as a biotic stress factor [31, 32]. Stoffella and Bryan [33] have reported that plant 
density has an effect on plant development and yield of many vegetable crops. A linear 
increase has indicated in fruit yield when plant density is increased [34-36]. Abubaker [37] 
has noted that the highest planting density gave rise to the lowest yield in bean due to the 
high competition among plants for water and minerals. Asghari et al. [38] have reported that 
the chicory plant increased root diameter for increased absoption of water under high 
density by high competition between plants. 

Since a plant is a unity of cells and tissues, behavior of cells and tissues as the smallest unit 
of the organism, represents the plant’s response against any factors arising from nearby 
environment. Competition and stress are the brother concepts that should be taken into 
account to increase the success of tissue culture studies. Explants under in vitro conditions 
compete with each other for a constant amount of water and nutrients in growth medium. It 
was revealed that competition was one of the most important factors increasing explant’s 
regeneration capacity [32]. 

Yildiz [32] has reported that encouraging hypocotyl explants of flax (Linum usitatissimum L.) 
for competition by decreasing the culture distances among them increased shoot 
regeneration capacity remarkably till a certain point from where stress initiated and 
significant decreases in all parameters were observed (Figure 6 and Figure 7). For shoot 
regeneration, hypocotyls were cultured in a petri dish (90 × 90 mm) at 0.5 x 0.5, 1.0 x 1.0, 1.5 
x 1.5 and 2.0 x 2.0 cm distances. 

Results clearly showed that there were statistically significant differences in fresh and dry 
weights in all cultivars among explants cultured at different culture distances. The highest 
fresh and dry weights per explant of all cultivars were obtained from 2.0 x 2.0 cm distance of 
hypocotyls and they decreased by decreasing distances. These findings were supported by 
Gersani et al. [39] and Maina et al. [40] who reported that plants grown alone produce more 
biomass or yield than those grown with the others. It could be concluded that the decreased 
distance in which explants were cultured induced stress caused likely by the deficiency of 
water, sucrose and nutrients. Increases in the fresh and dry weights were chiefly due to an 
increase in the absorption of water and other components from the basal medium [41]. It 
was stated that the fresh weight increase was mainly due to cell enlargement by water 
absorption [42] and increase in dry weight was closely related to cell division and new 
material synthesis [43]. 

The highest shoot number per hypocotyl (20.70 in 'Madaras', 14.57 in '1886 Sel.' and 17.40 in 
'Clarck') and the highest shoot length (3.10, 2.14 and 2.09 cm, respectively) were obtained at 
1.0 x 1.0 cm distance in all cultivars studied. It is thought that competition among explants 
cultured at 1.0 x 1.0 cm distance encouraged them to give higher results than at the other 
distances. 
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Plant growth regulators are perhaps the most important components affecting shoot 
regeneration capacity of explants [44]. In tissue culture studies, correct combinations of 
auxins and cytokinins have been tried to be determined for high frequency shoot 
regeneration for the explant [26]. This study has shown that determination of optimum 
levels of auxins and cytokinins in growth medium is not the only way of increasing shoot 
regeneration capacity, but also shoot regeneration frequency of explants could be increased 
simply by encouraging explants into competition. 

 
Figure 6. Development of explants cultured at different distances 0.5 x 0.5 cm (A, a), 1.0 x 1.0 cm (B, b), 
1.5 x 1.5 cm (C, c) and 2.0 x 2.0 cm (D, d); six weeks after culture initiation. Bar is 1.0 cm for petri dishes 
and 0.5 cm for shoot regeneration 
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Figure 7. Competition-stress curve of flax cultivars 'Madaras', '1886 Sel.' and 'Clarck' with respect to 
shoot number per hypocotyl and shoot length 

2.2. Surface-sterilization process 

All tissue culture studies which aim to obtain high-frequency shoot regeneration, which is 
also a prerequisite for an efficient transformation system, should be performed under sterile 
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conditions. Explant health is the main factor determining regeneration capacity. Viability of 
explant and the seedling from which the explant is excised, are very important for high-
frequency shoot regeneration [45]. The most important treatment prior to culture initiation 
is perhaps surface-sterilization of the explant. Since in vitro conditions provide bacteria and 
fungi with an optimal growth environment, unsuccessful sterilization hinders the progress 
of tissue culture studies. Surface-sterilization process aims to eliminate all microorganisms 
that can easily grow under in vitro conditions; on the other hand, it should guarantee the 
explant’s viability and regeneration capacity, which are known to be affected by the 
concentration, application period [46] and temperature [45] of disinfectant. Since direct 
contact of explant with disinfectant during the sterilization process may have a severe effect 
on regeneration capacity of the tissue [45], using aseptic tissues as source of explant is highly 
recommended [47, 48]. 

A wide range of surface disinfectants, such as ethanol, hydrogen peroxide, bromine water, 
mercuric chloride, silver nitrate, and antibiotics are used for surface-sterilization; however 
sodium hypochlorite (NaOCl) has been most widely used. NaOCl is highly effective against 
all kinds of bacteria, fungi, and viruses [49-52]. Moreover, NaOCl has a strong oxidizing 
property which makes it highly reactive with amino acids [53, 54], nucleic acids [55], amines, 
and amides [56, 57]. The general reaction between amino acids and NaOCl produces the 
respective aldehyde, NH4Cl and CO2 [54]. 

2.2.1. Effect of sodium hypochlorite solutions at different concentrations and application 
periods 

In vitro seed germination, seedling growth and the viability of the tissue were negatively 
affected by sodium hypochlorite (NaOCl) at high concentrations [45, 58, 59] while it is 
uneffective for sterilization of tissues at low concentrations. The negative effects of NaOCl 
concentration become more severe with increasing application period. Since regeneration 
capacity of the tissue is negatively affected by higher concentrations and longer application 
periods of disinfectants [3, 46], sterilization process under in vitro conditions should aim to 
use the lowest concentration of disinfectant for the shortest time. 

In the study aiming to evaluate the effects of NaOCl solutions used for sterilization on in 
vitro seed germination and seedling growth in Lathyrus chrysanthus Boiss., the best results 
were obtained from 3.75% NaOCl concentration and 15 min. application period for all 
parameters examined [60]. Seedborne contamination increased gradually by decreasing 
concentrations and application periods of NaOCl below 3.75% and 15 min. Dramatic 
decreases were observed at 5.00% NaOCl concentration in all cases. At this concentration, 
NaOCl showed deleterious effect on the embryo of the seed. Seed germination decreased to 
65.18% when NaOCl concentration increased to 5.00% from 3.75% at 15 min. application 
period. Seedling growth from seeds sterilized with 3.75% NaOCl concentration for 15 min. 
were observed growing faster than that of sterilized with other concentrations and 
application periods of NaOCl (Figure 8). By increasing NaOCl concentration to 5.00%, 
seedling length decrased to 3.45 cm from 3.90 cm. Higher results in seedlings grown from 
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seeds sterilized with 3.75% NaOCl concentration for 15 min. could be caused by higher 
tissue water content as reported that in vitro explant growth and plantlet establishment have 
been affected significantly by tissue water content [41]. 

 
Figure 8. In vitro seedling growth from Lathyrus chrysanthus seeds sterilized with (a) 2.50%,             (b) 
3.75% and (c) 5.00% NaOCl for 15 min. 

2.2.2. Effect of sodium hypochlorite solutions at different temperatures 

It was firstly reported that besides concentration and application period, temperature of 
NaOCl was also one of the most important factors affecting in vitro seed germination, 
seedling growth and explant’s regeneration capacity [45]. 

At the 2.00% NaOCl concentration using for surface-sterilization of flax (Linum usitatissimum 
L.) seeds, when the temperature of NaOCl was set below 10°C, bacterial and fungal 
contamination was observed. However, increases in NaOCl temperature above 10°C 
resulted in dramatic decreases in seed germination, seedling growth, hypocotyl and root 
lengths. When flax seeds were surface-sterilized with 3.00% and 4.00% NaOCl 
concentrations at 30°C, seed germination, seedling growth, hypocotyl and root lengths 
decreased dramatically. Decreases in all parameters in NaOCl temperature above 10°C 
could be the fact that disinfection activity of NaOCl increases [61] and disinfectant 
penetrates more easily through the seed coat [62]. Higher NaOCl temperatures resulted in 
morphologically abnormal seedlings with stunted hypocotyls and roots (Figure 9). 
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Yildiz and Er [45] reported that increasing disinfectant temperature using for surface-
sterilization of flax seeds to obtain sterile in vitro seedlings from which hypocotyls were 
isolated, reduced shoot regeneration significantly.  

 
Figure 9. In vitro seedling growth in flax from seeds sterilized with 2.00% NaOCl at temperatures of (a) 
10ºC, (b) 20ºC and (c) 30ºC 

Regeneration capacity of the explant is negatively affected by higher concentrations, 
application periods and temperatures of disinfectant used for surface-sterilization. In the 
sterilization process of the tissues, the concentration, application period and temperature of 
NaOCl solutions are closely related to each other and they should be considered together. 
Direct contact of the tissue with disinfectant during the sterilization process may have a 
severe effect on the viability and regeneration capacity depending on concentration, 
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temperature and application periods of disinfectant [45, 46]. In addition to this common 
knowledge, not only seed germination and seedling growth are directly affected by 
sterilization process, but also regeneration capacity of explants and health of regenerated 
shoots are indirectly influenced significantly in plant tissue culture studies. That means 
NaOCl affects the success of in vitro studies, from in vitro seed germination and seedling 
establishment to regeneration capacity of the tissue and recovery of plantlets. 

2.3. Culture medium 

The composition of growth medium is an important factor affecting growth and 
morphogenesis of plant tissues. Plant tissue culture medium consists of macronutients, 
micronutrients, vitamins, amino acids or other nitrogen supplements, carbon sources, 
organic supplements, solidifying agents and growth regulators. Murashige and Skoog [63] 
are the most commonly used medium in plant tissue culture. The B5 [64], N6 [65] and Nitsch 
and Nitsch [66] (NN) have been widely used for many plant species. Moreover, for culture 
of woody species, the Driver/Kuniyuki walnut medium (DKW) [67] and the WPM medium 
[68] are used. The growth medium is selected for the purpose of tissue culture and for the 
plant species [69]. 

Yildiz et al. [27] have conducted a study to evaluate the effects of two different growth 
medium (MS and B5) and two gelling agents (Agar and Phytagel) on the regeneration 
capacity of flax (Linum usitatissimum L.) hypocotyl explants of three cultivars namely 
'Madaras', '1886 Sel.' and 'Clarck'. Results showed that MS (Murashige and Skoog) growth 
medium and Agar as gelling agent gave rise to the highest results with respect to shoot 
regeneration percentage, shoot number per explant and total shoot number per petri dish in 
all cultivars studied (Table 1). 

Cultivars 
Shoot regeneration (%) Shoot number per explant Total shoot number per petri dish 
1 2 3 4 1 2 3 4 1 2 3 4 

'Madaras' 97.22 91.67 80.56 91.67 7.41a 4.70b 2.56cd 2.50cd 86.67a 56.34bc 30.67cde 30.00cde 
'1886 Sel.' 100 100 100 100 6.72a 5.56ab 4.14cd 3.95cd 80.34a 66.67ab 49.67cd 47.34cd 
'Clarck' 97.22 88.89 88.89 94.44 4.81a 3.02b 2.59bc 2.34bc 57.67a 35.00b 31.00bc 28.00bcd 

1. MS medium and Agar; 2. MS medium and Phytagel; 3. B5 medium and Agar; 4. B5 medium and Phytagel 
Values in a row for each cultivar followed by the different letters are significantly different at the 0.01 level 

Table 1. The effect of different growth medium and gelling agents on shoot regeneration capacity of 
flax hypocotyl explants 

2.4. Culture conditions 

After explants placed on growth medium for different purposes, they should be cultured in 
culture rooms where the environmental factors such as temperature and light are controlled. 
Different species may need different environmental conditions for successful culture. 

Lighting in culture rooms is realized by fluorescent tubes. Control equipments of tubes 
should be set up outside the culture room. Otherwise they may cause over heating inside 
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the room and in that case extra cooling is necessary. Due to light sources inside the culture 
room, there should be an efficient cooling system to maintain constant temperature 
conditions. Fluorescent tubes can be installed under the shelves, above the cultures which 
provide a more uniform irradiation for the cultures. Although 16h light and 8h dark 
photoperiod is usually used, there may be some differences according to species grown 
under long-day or short-day conditions. 

The temperature in culture room is so important for successful tissue culture. Temperature 
variation in culture room should be as small as possible and generally ±1ºC is allowed. 
Otherwise, changing temperature regime causes stress in cultures which is one of the main 
reasons of unsuccess. That is why, working with many culture rooms are recommended 
instead of working only with one. 

3. Treatments increasing explant’s regeneration capacity 

3.1. Increasing tissue water content 

Water is the source of life on earth. Life in a large proportion of terrestrial ecosystems is 
limited by water availability. The water content of an actively growing plant can be as much 
as 95% of its live weight. A plant requires water as an essential ingredient of photolysis, the 
photochemical stage of photosynthesis where water is split using light energy. Neither 
carbon dioxide nor oxygen required for photosynthesis is usable by plant unless it is in 
solution in water. Therefore, water is the key to plant’s survival and growth. Water is also 
an excellent solvent. The substances (solutes) that become dissolved in water in plants 
include mineral ions such as potassium (K+), sugars (glucose and sucrose), and amino acids, 
main components of proteins. 

The reduction in growth, yield and quality by water stress has been well recognized in field 
conditions [70-71]. Germination and seedling establishment guarantee plant survival and 
are very important phases of plant life. Germination rate decreases with decreasing external 
water potential and for each species there is a critical value of water potential below which 
germination will not occur [72]. 

Yildiz and Ozgen [41] have reported that tissue water content affected explant’s shoot 
regeneration capacity significantly. In the study, water-treated and non-water treated 
hypocotyl explants of three flax cultivars were compared with regard to fresh and dry 
weights, shoot regeneration percentage, shoot number per explant, shoot length and total 
shoot number per petri dish. Some hypocotyls were submerged in sterile distilled water 
with a gentle shaking for 20 min before placing on regeneration medium, while others 
were directly cultured on MS medium supplemented with 1 mg l-1 6-benzylaminopurine 
(BAP) and 0.02 mg l-1 naphthaleneacetic acid (NAA) for regeneration. Results clearly 
showed that there were sharp and statistically significant differences in all cultivars 
between water-treated and non-water-treated explants concerning all characters examined 
(Table 2, Figure 10). 
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Possibly, pretreatment of explants with water softened the epidermis layer and increased 
the permeability which caused to high tissue metabolic activity by increasing water and 
hormone uptake from the medium. Thus, increase in the fresh and dry weights of water-
treated hypocotyl explants at the end of culture were chiefly due to an increase in the 
absorption of water and other components from the basal medium via high permeable 
epidermis membrane. In the study, non-water-treated explants were found smaller than 
water-treated ones in all cultivars. Dale [42] stated that the fresh weight increase is mainly 
due to cell enlargement by water absorption, cell vacuolation, and turgor-deriven wall 
expansion. The increase in dry weight was closely related to cell division and new material 
synthesis [43]. Dry weight increase of water-treated explants is due to an increase in 
carbohydrate metabolism resulting from increased water uptake. On the other hand, lower 
levels of all parameters of non-water-treated explants were directly due to a decreased water 
uptake from the environment and consequently, a reduced mobilization of plant growth 
regulators. Hsiao [73] has reported that the inhibition of growth under water stress 
conditions is the result of inhibition of cell division, cell elongation or both. Osmotic water 
absorption affects cell elongation. It has been suggested that osmotic stress modifies the 
biochemical changes taking place in the cell wall during growth thereby preventing 
extension [74]. The primary action of osmotic inhibition is retardation of water uptake which 
is vital for germination and growth [75]. It has been stated that water stress alters the level of 
plant hormones [76]. 
 

Cultivar 
Hypocotyl

Shoot regeneration (%) 
Fresh weight (g) Dry weight (g)
WT NWT WT NWT WT NWT 

'Madaras' 0.430±0.047 0.216±0.019 0.034±0.002 0.025±0.002 100±0.000 75.00±2.937 
'1886 Sel.' 0.343±0.011 0.231±0.013 0.029±0.013 0.021±0.001 100±0.000 73.34±4.051 
'Clarck' 0.396±0.013 0.192±0.025 0.031±0.001 0.019±0.002 100±0.000 78.33±2.305 

Cultivar 
Shoot number per 

hypocotyl 
Shoot length (cm) 

Total shoot number per 
petri dish 

WT NWT WT NWT WT NWT 
'Madaras' 12.17±0.210 8.00±0.328 0.56±0.043 0.25±0.018 182.50±3.142 119.88±4.90 
'1886 Sel.' 11.20±0.114 8.15±0.367 0.58±0.029 0.22±0.009 167.88±1.712 122.25±5.487 
'Clarck' 10.83±0.265 5.26±0.491 0.60±0.043 0.27±0.020 162.50±3.974 78.88±7.392 

In all cases, the values for WT and NWT were significantly different at 0.01 level with the exception of dry weight of 
hypocotyls of Madaras which is different at 0.05 

Table 2. Adventitious shoot regeneration from water-treated (WT) and non-water-treated (NWT) 
hypocotyls of three flax cultivars 6 weeks after culture initiation on MS medium containing 1 mg l-1 BAP 
and 0.02 mg l-1 NAA.  

Treatment of explants with water before culture initiation increased permeability of the 
epidermis layer and the tissue’s water content and so enabled water, all solutes and plant 
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the room and in that case extra cooling is necessary. Due to light sources inside the culture 
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an excellent solvent. The substances (solutes) that become dissolved in water in plants 
include mineral ions such as potassium (K+), sugars (glucose and sucrose), and amino acids, 
main components of proteins. 

The reduction in growth, yield and quality by water stress has been well recognized in field 
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with a gentle shaking for 20 min before placing on regeneration medium, while others 
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(BAP) and 0.02 mg l-1 naphthaleneacetic acid (NAA) for regeneration. Results clearly 
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growth regulators to transfer into the tissue more easily, providing all cells with a high 
regeneration capacity and consequently increasing explant’s tissue culture response. 

Shoots regenerated from water-treated and non-water-treated explants were rooted on MS 
medium containing 3 mg l-1 IBA for 3 weeks. The best results were obtained in the shoots 
regenerated from water-treated explants (Figure 10c). Sharp and dramatic differences, 
which were all statistically significant at the 0.01 level, were observed in all parameters 
between the shoots regenerated from water-treated and non water-treated explants (Table 
3). Similar effects of water treatment were also noted in rooting stage. This means that 
shoots regenerated from water-treated explants were more capable of establishing new 
plantlets than the ones grown from non-water-treated explants. 

 
 

 
 

Figure 10. In vitro shoot regeneration from water-treated (a) and non-water-treated (b) hypocotyls of 
Linum usitatissimum cv. '1886 Sel.' from 6-week-old culture. In vitro rooting and development of shoots 
regenerated from water-treated (c) and non-water-treated (d) hypocotyls of Linum usitatissimum cv. 
'1886 Sel.' 3 weeks later. 
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Cultivar 
Shoot length (cm) Number of roots 

Mean length of each root 
(cm) 

WT NWT WT NWT WT NWT 
'Madaras' 3.02±0.225 1.65±0.209 10.20±1.519 6.50±1.053 1.58±0.156 1.16±0.192 
'1886 Sel.' 3.98±0.220 1.28±0.185 21.31±2.121 7.19±1.342 1.92±0.144 0.82±0.076 
'Clarck' 4.81±0.396 2.10±0.156 29.00±2.887 14.63±1.812 2.33±0.223 1.56±0.143 

In all cases, the values for WT and NWT were significantly different at 0.01 level with the exception of mean length of 
each root of shoots of Madaras which is different at 0.05 

Table 3. In vitro root development of shoots regenerated from water-treated (WT) and non-water-
treated (NWT) hypocotyl explants on rooting medium enriched with 3 mg l-1 IBA 3 weeks after culture 
initiation 

3.2. Regulating osmotic pressure of explant 

In another study conducted by Yildiz et al. [77], pretreated and non-pretreated hypocotyl 
explants of three flax cultivars ('Omega', 'Fakel' and 'Ariane') were cultured for adventitious 
shoot regeneration. Two different pretreatment applications were compared to the 
conventional regeneration protocol with respect to hypocotyl fresh and dry weights, shoot 
regeneration percentage, shoot number per hypocotyl, shoot length and total chlorophyll 
content. In the 1st and 2nd pretreatment applications, hypocotyl explants were kept in sterile 
cabin under air flow for 30 min. in order to make them dry as reported by Christmann et al. 
[78] to decrease the tissue water content and to gain explants the ability of uptaking 
increased amount of water, all solutes and plant growth regulators by using osmotic 
pressure in consequent applications. Then explants were treated with MS solution 
containing 1 mg l-1 BAP and 0.02 mg l-1 NAA for 15 min. Finally all explants were cultured 
on MS medium without growth regulators in the 1st pretreatment application and on MS 
medium enriched with 1 mg l-1 BAP and 0.02 mg l-1 NAA in the 2nd pretreatment application. 
It was expected that by immersing explants into liquid regeneration medium after drying 
enabled all cells to absorb more growth regulators along with water in both pretreatment 
applications. However, only in 2nd pretreatment application,  explants were cultured on MS 
medium containing 1 mg l-1 BAP and 0.02 mg l-1 NAA which means that tissues maintained 
uptaking increased water and growth regulators from the regeneration medium which led 
to higher results in all parameters studied as reported by Yildiz and Ozgen [41]. Likewise, 
Okubo et al. [79] have reported that endogenous hormone levels of tissue affected 
regeneration capacity in vitro significantly. Fatima et al. [80] have also noted that internal 
factors such as chemicals and mineral nutrients affect in vitro plant growth. The required 
amount of exogenous plant growth regulators for cultured tissues depends on the 
endogenous levels plant tissues have [80]. It was first reported that keeping explants in 
sterile distilled water for 20 min. before culture on MS medium enriched with 1 mg l-1 BAP 
and 0.02 mg l-1 NAA increased the regeneration capacity of hypocotyls of flax tremendously 
by increasing permeability of the epidermis layer and tissue’s water content and enabling 
water, all solutes and growth regulators to transfer into the tissue more easily [41]. 
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Table 3. In vitro root development of shoots regenerated from water-treated (WT) and non-water-
treated (NWT) hypocotyl explants on rooting medium enriched with 3 mg l-1 IBA 3 weeks after culture 
initiation 

3.2. Regulating osmotic pressure of explant 

In another study conducted by Yildiz et al. [77], pretreated and non-pretreated hypocotyl 
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medium enriched with 1 mg l-1 BAP and 0.02 mg l-1 NAA in the 2nd pretreatment application. 
It was expected that by immersing explants into liquid regeneration medium after drying 
enabled all cells to absorb more growth regulators along with water in both pretreatment 
applications. However, only in 2nd pretreatment application,  explants were cultured on MS 
medium containing 1 mg l-1 BAP and 0.02 mg l-1 NAA which means that tissues maintained 
uptaking increased water and growth regulators from the regeneration medium which led 
to higher results in all parameters studied as reported by Yildiz and Ozgen [41]. Likewise, 
Okubo et al. [79] have reported that endogenous hormone levels of tissue affected 
regeneration capacity in vitro significantly. Fatima et al. [80] have also noted that internal 
factors such as chemicals and mineral nutrients affect in vitro plant growth. The required 
amount of exogenous plant growth regulators for cultured tissues depends on the 
endogenous levels plant tissues have [80]. It was first reported that keeping explants in 
sterile distilled water for 20 min. before culture on MS medium enriched with 1 mg l-1 BAP 
and 0.02 mg l-1 NAA increased the regeneration capacity of hypocotyls of flax tremendously 
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water, all solutes and growth regulators to transfer into the tissue more easily [41]. 
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According to the results, there were statistically significant differences among pretreated 
and non-pretreated hypocotyls in all cultivars (Table 4). 
 

 
Pre. 
App. 

Hypocotyl
Shoot 

regeneration 
(%)* 

Shoot 
number per 
hypocotyl 

Shoot 
length 
(cm) 

Total 
chlorophyll 

content (µg/g 
fresh tissue) 

Cultivar 
Fresh weight 

(g) 
Dry weight (g)

'Omega' 
1 0.25**±0.020c 0.014 ±0.0019b 82.40±1.07b 6.76±0.46b 1.93±0.13b 217.1±10.40c 
2 0.48±0.023a 0.034 ±0.0023a 100.00±0.00a 11.38 ±0.69a 2.82±0.14a 380.6±26.91a 
3 0.37±0.017b 0.018 ±0.0017b 90.00±5.77ab 7.99±0.74b 1.51±0.17b 286.2±10.45b 

'Fakel' 
1 0.21±0.027b 0.016 ±0.0030b 72.00 ±7.53b 6.42±0.19c 1.05±0.11b 197.0±15.40c 
2 0.42±0.006a 0.032 ±0.0046a 100.00±0.00a 8.89±0.37a 1.61±0.18a 316.5±14.37a 
3 0.31±0.045b 0.024 ±0.0031ab 80.60±7.45a 7.49±0.10b 0.96±0.10b 252.1±9.89b 

'Ariane' 
1 0.19±0.024b 0.014 ±0.0023b 46.23 ±6.20c 4.26±0.18b 1.27±0.06b 192.0±11.25c 
2 0.36±0.055a 0.030 ±0.0012a 100.00 ±0.00a 6.64±0.25a 2.00±0.13a 346.0±18.62a 
3 0.26±0.026ab 0.019 ±0.0018b 65.35 ±3.76b 4.59±0.07b 1.06±0.09b 268.2±24.10b 

Pretreatment applications; 
1. Hypocotyls were waited for 30 min. in sterile cabin under air flow and for 15 min. in solution containing 1 mg l-1 
BAP+0.02 mg l-1 NAA and finally cultured on MS0 medium 
2. Hypocotyls were waited for 30 min. in sterile cabin under air flow and for 15 min. in solution containing 1 mg l-1 
BAP+0.02 mg l-1 NAA and finally cultured on MS medium containing 1 mg l-1 BAP+0.02 mg l-1 NAA 
3. Hypocotyls were cultured directly on MS medium containing 1 mg l-1 BAP+0.02 mg l-1 NAA (non-pretreated) 
*The values represent mean ± standard error of the mean 
**Values within a column for each cultivar followed by different letters are significantly different at the 0.01 level. 

Table 4. Tissue culture response from pretreated and non-pretreated hypocotyls of three flax cultivars 6 
weeks after culture initiation 

The highest results in both fresh and dry weights of hypocotyls of all cultivars were obtained 
from 2nd pretreatment application. Scores of fresh and dry weights were followed by non-
pretreated hypocotyls. The lowest results were recorded from 1st pretreatment application in 
all cultivars studied (Table 4). From the results, it could be concluded that increases in the fresh 
and dry weights were chiefly due to an increase in the absorption of water and growth 
regulators from the medium where explants were first pretreated and then cultured. When the 
results of 2nd pretreatment application were examined, it could be easily seen that culturing 
explants on MS medium containing 1 mg l-1 BAP and 0.02 mg l-1 NAA after treating them with 
liquid MS medium supplemented with 1 mg l-1 BAP and 0.02 mg l-1 NAA clearly enriched the 
tissue’s growth regulators level which caused to higher fresh and dry weights. 

The results related to shoot regeneration percentage indicated that the lowest results were 
obtained from the 1st pretreatment application in all cultivars. Hypocotyl explants formed 
roots and fewer callus in the 1st pretreatment application than the others. All explants 
regenerated successfully in the 2nd pretreatment application and consequently shoot 
regeneration percentage was recorded as 100% in all cultivars studied (Table 4, Figure 11). 

The highest results in shoot number per hypocotyl and shoot length were obtained from 2nd 
pretreatment application in all cultivars studied. The highest shoot number per hypocotyl was 
recorded as 11.38 in 'Omega', 8.89 in 'Fakel' and 6.64 in 'Ariane'. The highest scores related to  
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Figure 11. In vitro shoot regeneration from pretreated and non-pretreated hypocotyls of flax (Linum 
usitatissimum) cv. 'Omega'. (a) 1st pretreatment application: Hypocotyls were waited for 30 min. in sterile 
cabin under air flow and treated with solution containing 1 mg/l BAP and 0.02 mg/l NAA for 15 min. 
and finally cultured on MS0 medium, (b) 2nd pretreatment application: Hypocotyls were waited for 30 
min. in sterile cabin under air flow and treated with solution containing 1 mg/l BAP and 0.02 mg/l NAA 
for 15 min. and finally cultured on MS medium containing 1 mg/l BAP+0.02 mg/l NAA, (c) Non-
pretreatment application: Hypocotyls were directly cultured on MS medium containing 1 mg/l 
BAP+0.02 mg/l NAA 
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The highest results in shoot number per hypocotyl and shoot length were obtained from 2nd 
pretreatment application in all cultivars studied. The highest shoot number per hypocotyl was 
recorded as 11.38 in 'Omega', 8.89 in 'Fakel' and 6.64 in 'Ariane'. The highest scores related to  
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Figure 11. In vitro shoot regeneration from pretreated and non-pretreated hypocotyls of flax (Linum 
usitatissimum) cv. 'Omega'. (a) 1st pretreatment application: Hypocotyls were waited for 30 min. in sterile 
cabin under air flow and treated with solution containing 1 mg/l BAP and 0.02 mg/l NAA for 15 min. 
and finally cultured on MS0 medium, (b) 2nd pretreatment application: Hypocotyls were waited for 30 
min. in sterile cabin under air flow and treated with solution containing 1 mg/l BAP and 0.02 mg/l NAA 
for 15 min. and finally cultured on MS medium containing 1 mg/l BAP+0.02 mg/l NAA, (c) Non-
pretreatment application: Hypocotyls were directly cultured on MS medium containing 1 mg/l 
BAP+0.02 mg/l NAA 
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shoot length were 2.82, 1.61 and 2.00 cm in 'Omega', 'Fakel' and 'Ariane', respectively. Shoot 
regeneration capacity of hypocotyls increased significantly in 2nd pretreatment application. The 
best results in total chlorophyll content were obtained from 2nd pretreatment application in all 
cultivars. The highest scores of total chlorophyll content were recorded as 380.6 µg/g fresh 
tissue in 'Omega', 316.5 µg/g fresh tissue in 'Fakel' and 346.0 in 'Ariane' (Table 4). The explants 
to which 2nd pretreatment application was carried out were more vital and well-grown and 
more capable of regeneration (Figure 11). Emerson [81] reported that there is a close 
relationship between photosynthesis and chlorophyll content. Chlorophyll content of leaf is 
considered as a sign of photosynthetic capacity of tissues [81-84] which plays a critical role in 
plant growth and development [85] and its amount changes under stress conditions [86-88]. 
Gireesh [89] has reported that chlorophyll can be used to measure growth. 

From the results, it could be concluded that the lower levels of all parameters recorded in the 
1st and 3rd pretreatment applications were directly due to a decreased uptake of water and 
growth regulators from the medium. Tissue culture response has been affected significantly by 
tissue water content [41]. Treatment of explants with liquid MS medium containing 1 mg l-1 
BAP and 0.02 mg l-1 NAA for a while before culture initiation enabled water, all solutes and 
plant growth regulators to transfer into the tissue much more, providing all cells with a high 
regeneration capacity and consequently increasing explant’s tissue culture response.  

4. Conclusion 
Plant tissue culture techniques help us to propagate plants vegetatively in a large amount 
starting from small parts of a tissue and by using the potential of known as totipotency, to 
form a whole, fertile plant. Plant tissue culture studies are performed on an artificial growth 
medium under sterile conditions. Explants regenerate shoots and roots, and consequently 
whole fertile plants under certain cultural conditions. Tissue culture studies aim to obtain 
high-frequency shoot regeneration, which is also a prerequisite for an efficient 
transformation system and a clonal propagation of plants. The introduction of foreign genes 
coding agronomically important traits into plant cells has no meaning unless transgenic 
plants are regenerated from the genetically modified cell(s). Therefore, using tissues having 
high regeneration capacity is extremely important. Regeneration capacity of cells or tissues 
to be used in transformation studies, affects the success of genetic transformation 
significantly. The types and concentrations of plant growth regulators in plant cell culture 
significantly affect growth and morphogenesis. In order to obtain high frequency 
adventitious shoot regeneration for related genotype, correct concentrations and 
combinations of auxins and cytokinins should be determined. However, determining the 
explant type, and correct concentrations and combinations of growth regulators is not 
enough for high frequency shoot regeneration. Since every cell has an ability of forming a 
whole fertile plant under in vitro conditions, shoot regeneration frequency can always be 
higher than we obtain in theory. Many factors affecting regeneration capacity of explant are 
not found out yet. For instance, a recently reported technique utilizing competition among 
explants is very effective to increase shoot regeneration capacity. Thus, unknown factors 
affecting regeneration capacity of explants should be determined in order to increase the 
success of tissue culture studies. 
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1. Introduction 
Abiotic stress factors are the main limitation to plant growth and yield in agriculture. 
Among them, drought stress caused by water deficit, is probably the most impacting 
adverse condition and the most widely encountered by plants, not only in crop fields but 
also in wild environments. According to published statistics, the percentage of drought-
affected land area in the world in 2000 was double that of 1970 [1]. 

Another major environmental factor that limits crop productivity, mainly in arid and semi-
arid regions is high salinity. Approximately 19.5% of the irrigated soils in the world have 
elevated concentrations of salts either in the soil or in the irrigation water [2], damaging 
both the economy and the environment [3, 4]. The deleterious effects of salinity on plant 
growth are associated with low osmotic potential of soil solution (water stress), nutritional 
imbalance, specific ion effect (salt stress), or a combination of these factors [5].  

Abiotic stress leads to a series of morphological, physiological, biochemical, and molecular 
changes that adversely affect plant growth and productivity [6]. Drought, salinity, extreme 
temperatures, and oxidative stress are often interconnected, and may induce similar cellular 
damage (for more details see [7]).  

During the course of its evolution, plants have developed mechanisms to cope with and 
adapt to different types of abiotic and biotic stress. Plants face adverse environmental 
conditions by regulating specific sets of genes in response to stress signals, which vary 
depending on factors such as the severity of stress conditions, other environmental factors, 
and the plant species [8].  

The sensing of these stresses induces signaling events that activate ion channels, kinase 
cascades, production of reactive oxygen species, and accumulation of hormones [9]. 
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These signals ultimately induce expression of specific genes that lead to the assembly of the 
overall defense reaction. In contrast to plant resistance to biotic stresses, which is mostly 
dependent on monogenic traits, the genetically complex responses to abiotic stresses are 
multigenic, and thus more difficult to control and engineer [10].  

The conventional breeding programs are being used to integrate genes of interest from inter 
crossing genera and species into the crops to induce stress tolerance. However, in many 
cases, these conventional breeding methods have failed to provide desirable results [11]. 

In recent decades, the use of techniques based on in vitro plant tissue culture, has made 
possible the development of biotechnological tools for addressing the critical problems of 
crop improvement for sustainable agriculture. Among the available biotechnological tools 
for crop breeding, genetic engineering based on introgression of genes that are known to be 
involved in plant stress response and in vitro selection through the application of selective 
pressure in culture conditions, for developing stress tolerant plants, have proved to be the 
most effective approaches [12]. 

On the other hand, it is often difficult to analyze the response of plants to different abiotic 
stresses in the field or in greenhouse conditions, due to complex and variable nature of these 
stresses. In vitro tissue culture-based tools have also allowed a deeper understanding of the 
physiology and biochemistry in plants cultured under adverse environmental conditions 
[13]. 

In this work, the progress made towards the development of abiotic stress-tolerant plants 
through tissue culture-based approaches is described. The achievements in the better 
understanding of physiological and biochemical changes in plants under in vitro stress 
conditions are also reviewed. 

2. Somaclonal variation 

Somaclonal variation is defined as the genetic and phenotypic variation among clonally 
propagated plants of a single donor clone. It is well known that genetic variations occur in 
undifferentiated cells, isolated protoplasts, calli, tissues and morphological traits of 
regenerated plants. The cause of variation is mostly attributed to changes in the 
chromosome number and structure. Generally, the term somaclonal variation is used for 
genetic variability present among all kinds of cells/plants obtained from cells cultured in 
vitro [14]. 

Plants regenerated from tissue and cell cultures show heritable variation for both qualitative 
and quantitative traits. Somaclonal variation caused by the process of tissue culture is also 
called tissue culture-induced variation to more specifically dene the inducing environment 
[15]. The occurrence of uncontrolled and spontaneous variation during the culture process is 
an unexpected and mostly undesired phenomenon when plants are micropropagated at the 
commercial scale [16]. However, apart from these negative effects, its usefulness in crop 
breeding through creation of novel variants has been extensively reported [17]. Induced 
somaclonal variation can be used for genetic manipulation of crops with polygenic traits 
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[18]. The new varieties derived from in vitro tissue culture could exhibit disease resistance 
and improvement in quality as well as better yield [19].  

Somaclonal variants can be detected using various techniques which are broadly 
categorized as morphological, physiological/biochemical and molecular detection 
techniques. There are two main approaches for the isolation of somaclonal variants: 
screening and cell selection. 

Screening involves the observation of a large number of cells or regenerated plants for the 
detection of variant individuals. Mutants for several traits can be far more easily isolated 
from cell cultures than from whole plant populations. This is because a large number of cells 
can be easily and effectively screened for mutant traits. Screening of as many plants would 
be very difficult, ordinarily impossible [17]. Mutants can be effectively selected for disease 
resistance, improvement of nutritional quality, adaptation to stress conditions, e.g., saline, 
soils, low temperature, toxic metals, resistance to herbicides and to increase the biosynthesis 
of plant products used for medicinal or industrial purposes. Screening has been profitably 
and widely employed for the isolation of cell clones that produce higher quantities of certain 
biochemicals [20]. 

In the cell selection approach, a suitable pressure is applied to permit the preferential 
survival/growth of variant cells. Selection strategies have been successfully developed for 
the recovery of genotypes resistant to various toxins, herbicides, high salt concentration etc. 
[21]. When the selection pressure allows only the mutant cells to survive or divide, it is 
called positive selection. On the other hand, in the case of negative selection, the wild type 
cells divide normally and therefore are killed by a counter selection agent, e.g., 5-
Bromodeoxyuridine, or arsenate. The mutant cells are unable to divide as a result of which 
they escape the counter selection agent. These cells are subsequently rescued by removal of 
the counter selection agent [11]. 

3. In vitro selection of plants tolerant to abiotic stress 

Many studies have reported that the in vitro culture alone or combined with mutagenesis,  
induced with physicochemical or biological agents, can be exploited to increase genetic 
variability and mutants, as a potential source of new commercial cultivars [22]. In vitro 
culture environments can be mutagenic and plants regenerated from organ cultures, calli, 
protoplasts and via somatic embryogenesis sometimes exhibit phenotypic and/or genotypic 
variations [22]. 

It is important to point that tissue culture increases the efficiency of mutagenic treatments 
and allows handling of large populations and rapid cloning of selected variants [17]. The 
similarities of the effects induced by the stress in the plant cultured in vitro and in vivo 
conditions suggest that the in vitro system can be used as an alternative to field evaluations 
for studying the general effect of water-stress on plant growth and development. 

The most widely used method for the selection of genotypes tolerant to abiotic stress is the 
in vitro selection pressure technique. This is based on the in vitro culture of plant cells, 
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tissues or organs on a medium supplemented with selective agents, allowing selecting and 
regenerating plants with desirable characteristics. In table 1 a list of species in which this 
technique has been successfully applied to obtain genotypes with increased resistance to 
different abiotic stresses is shown. 
  

Plant species stress References 
Chrysanthemum morifolium 
(chrysanthemum) 

salt [66] 

Brassica napus (rapeseed) salt [67] 
Citrus aurantium (sour orange) salt [68] 
Lycopersicon esculentum (tomato) salt [69] 
Dendrocalamus strictus (bamboo) salt [11] 
Ipomoea batatas (sweet potato) salt [70] 
Saccharum sp. (sugarcane) salt [71] 
Solanum tuberosum (potato) salt [32], [72] 
Triticum aestivum (wheat) salt [21], [73] 
Arachis hypogaea (groundnut) drought [74] 
Brassica juncea (indian mustard) drought [75] 
Prunus avium (colt cherry) drought [72] 
Saccharum sp. (sugarcane) drought [76] 
Oryza sativa (rice) drought/chilling/Al [77] 
Triticum aestivum (wheat) drought/frost [73] 
Glycine max (soybean) Al [78] 
Setaria italica (millet) Zn [79] 

Table 1. In vitro selection for increased resistance to abiotic stresses. 

The most important successes on this respect are described below: 

3.1. In vitro selection of salt-tolerant plants 

The problem of soil salinity has been aggravated during the last decades as a consequence of 
some agricultural practices such as irrigation and poor drainage systems. As described in 
the introduction, it has been estimated that around 20 % of the irrigated land in the world is 
affected by salinity, and it is expected that the increase of salinization in agricultural fields 
will reduce the land available for cultivation by 30% in the next 25 years and up to 50% by 
the year 2050 [23]. 

The in vitro selection pressure technique has been effectively utilized to induce tolerance to 
salt stress in plants through the use of salts as a selective agent, allowing the preferential 
survival and growth of desired genotypes. This approach has being done using a number of 
plant materials (callus, suspension cultures, somatic embryos, shoot cultures, etc.) which has 
been screened for variation in their ability to tolerate relatively high levels of salt in the 
culture media. In most of the studies, the salt used has been NaCl [24].  
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Several researchers have compared the response of other Cl- and SO42- salts including KCl, 
Na2SO4, and MgSO4 during in vitro screening. This use of multiple salts as a selection 
pressure parallels the salinity under field conditions and may be a better choice [11]. 

3.2. In vitro selection of drought-tolerant plants 

Drought is a major abiotic stress which causes important agricultural losses, mainly in arid 
and semiarid areas. Drought stress causes moisture depletion in soil and water deficit with a 
decrease of water potential in plant tissues. In vitro culture has been used to obtain drought-
tolerant plants assuming that there is a correlation between cellular and in vivo plant 
responses [25]. During the last years, in vitro selection for cells exhibiting increased tolerance 
to water or drought stress has been reported (Table 1). 

Polyethylene glycol (PEG), sucrose, mannitol or sorbitol have been used by several workers 
as osmotic stress agents for in vitro selection [25; 26] However, PEG has been the most 
extensively used to stimulate water stress in plants. This compound of high molecular 
weight is a non-penetrating inert osmoticum that reduces water potential of nutrient 
solutions without being taken up by the plant or being phytotoxic [26]. Because PEG does 
not enter the apoplast, water is withdrawn not only from the cell but also from the cell wall. 
Therefore, PEG solutions mimic dry soil more closely than solutions of compounds with low 
molecular weights, which infiltrate the cell wall with solute [27]. 

Besides salt and drought, a few reports are also available for the development of plants 
tolerant to other abiotic stress (metal, chilling, UV and frost) through in vitro selection 
(Reviewed in [11]).  

4. Characterization of salt- or drought-tolerant plants during in vitro 
selection 

A second step in the process of obtaining genotypes more tolerant to a particular stress 
condition is the characterization of the regenerants that survive to the imposed pressure 
selection under in vitro conditions. Salinity and drought affect many physiological processes 
such as reductions of cell growth, leaf area, biomass and yield. The activation of the plant 
antioxidant defense system has been positively associated with salt and drought tolerance 
[11], and the same pattern has been confirmed on in vitro cultures [28]. Therefore, by 
measuring antioxidant activities in vitro, a rapid preliminary selection of tolerant genotypes 
could be performed. In fact, different authors have determined the main antioxidant 
enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) 
and glutathione reductase (GR) [29]. 

Lipids play an important role as the structural constituent of most of the cellular membranes 
[30]. Moreover, often there is no need of intact plants to perform the initial selection, as in 
the case of callus culture that can be used as a plant material for the selection of tolerant 
genotypes. As an example it is well known that free radical-induced peroxidation of lipid 
membrane is a sign of stress-induced damage at cellular level. Therefore, the level of 
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tissues or organs on a medium supplemented with selective agents, allowing selecting and 
regenerating plants with desirable characteristics. In table 1 a list of species in which this 
technique has been successfully applied to obtain genotypes with increased resistance to 
different abiotic stresses is shown. 
  

Plant species stress References 
Chrysanthemum morifolium 
(chrysanthemum) 

salt [66] 

Brassica napus (rapeseed) salt [67] 
Citrus aurantium (sour orange) salt [68] 
Lycopersicon esculentum (tomato) salt [69] 
Dendrocalamus strictus (bamboo) salt [11] 
Ipomoea batatas (sweet potato) salt [70] 
Saccharum sp. (sugarcane) salt [71] 
Solanum tuberosum (potato) salt [32], [72] 
Triticum aestivum (wheat) salt [21], [73] 
Arachis hypogaea (groundnut) drought [74] 
Brassica juncea (indian mustard) drought [75] 
Prunus avium (colt cherry) drought [72] 
Saccharum sp. (sugarcane) drought [76] 
Oryza sativa (rice) drought/chilling/Al [77] 
Triticum aestivum (wheat) drought/frost [73] 
Glycine max (soybean) Al [78] 
Setaria italica (millet) Zn [79] 

Table 1. In vitro selection for increased resistance to abiotic stresses. 

The most important successes on this respect are described below: 

3.1. In vitro selection of salt-tolerant plants 

The problem of soil salinity has been aggravated during the last decades as a consequence of 
some agricultural practices such as irrigation and poor drainage systems. As described in 
the introduction, it has been estimated that around 20 % of the irrigated land in the world is 
affected by salinity, and it is expected that the increase of salinization in agricultural fields 
will reduce the land available for cultivation by 30% in the next 25 years and up to 50% by 
the year 2050 [23]. 

The in vitro selection pressure technique has been effectively utilized to induce tolerance to 
salt stress in plants through the use of salts as a selective agent, allowing the preferential 
survival and growth of desired genotypes. This approach has being done using a number of 
plant materials (callus, suspension cultures, somatic embryos, shoot cultures, etc.) which has 
been screened for variation in their ability to tolerate relatively high levels of salt in the 
culture media. In most of the studies, the salt used has been NaCl [24].  
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Several researchers have compared the response of other Cl- and SO42- salts including KCl, 
Na2SO4, and MgSO4 during in vitro screening. This use of multiple salts as a selection 
pressure parallels the salinity under field conditions and may be a better choice [11]. 

3.2. In vitro selection of drought-tolerant plants 

Drought is a major abiotic stress which causes important agricultural losses, mainly in arid 
and semiarid areas. Drought stress causes moisture depletion in soil and water deficit with a 
decrease of water potential in plant tissues. In vitro culture has been used to obtain drought-
tolerant plants assuming that there is a correlation between cellular and in vivo plant 
responses [25]. During the last years, in vitro selection for cells exhibiting increased tolerance 
to water or drought stress has been reported (Table 1). 

Polyethylene glycol (PEG), sucrose, mannitol or sorbitol have been used by several workers 
as osmotic stress agents for in vitro selection [25; 26] However, PEG has been the most 
extensively used to stimulate water stress in plants. This compound of high molecular 
weight is a non-penetrating inert osmoticum that reduces water potential of nutrient 
solutions without being taken up by the plant or being phytotoxic [26]. Because PEG does 
not enter the apoplast, water is withdrawn not only from the cell but also from the cell wall. 
Therefore, PEG solutions mimic dry soil more closely than solutions of compounds with low 
molecular weights, which infiltrate the cell wall with solute [27]. 

Besides salt and drought, a few reports are also available for the development of plants 
tolerant to other abiotic stress (metal, chilling, UV and frost) through in vitro selection 
(Reviewed in [11]).  

4. Characterization of salt- or drought-tolerant plants during in vitro 
selection 

A second step in the process of obtaining genotypes more tolerant to a particular stress 
condition is the characterization of the regenerants that survive to the imposed pressure 
selection under in vitro conditions. Salinity and drought affect many physiological processes 
such as reductions of cell growth, leaf area, biomass and yield. The activation of the plant 
antioxidant defense system has been positively associated with salt and drought tolerance 
[11], and the same pattern has been confirmed on in vitro cultures [28]. Therefore, by 
measuring antioxidant activities in vitro, a rapid preliminary selection of tolerant genotypes 
could be performed. In fact, different authors have determined the main antioxidant 
enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) 
and glutathione reductase (GR) [29]. 

Lipids play an important role as the structural constituent of most of the cellular membranes 
[30]. Moreover, often there is no need of intact plants to perform the initial selection, as in 
the case of callus culture that can be used as a plant material for the selection of tolerant 
genotypes. As an example it is well known that free radical-induced peroxidation of lipid 
membrane is a sign of stress-induced damage at cellular level. Therefore, the level of 
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malonyldialdehyde, produced during peroxidation of membrane lipids, is often used as an 
indicator of oxidative damage [31]. It has been reported that selected callus lines of Solanum 
tuberosum subjected to NaCl showed an increase in lipid peroxidation in comparison with 
salt tolerant lines [32]. 

For overcoming salt or drought stress, plants have developed protective mechanisms 
including osmotic adjustment that is usually accomplished by accumulation of compatible 
solutes such as proline, glycine betaine and polyols [33]. It has been also reported that 
proline levels increased in response to water stress in tomato calli [34].Taking into account 
the generated knowledge about plants responses to abiotic stress conditions, the 
determination of antioxidant enzyme activities, and levels of malonyldialdehyde and 
proline in plants recovered under selective conditions may help to isolated the most tolerant 
genotypes. 

In recent years, both basic and applied research has led to understand the mechanisms 
underlying the stress response and the identification of the specific genes/metabolites that 
are responsible for tolerance phenotypes the “omics” approaches have had a significant 
development. Through the application of transcriptomics hundreds of genes have been 
linked with environmental stress responses and regulatory networks of gene expression 
have been delineated [35]. Moreover, plant tolerance to abiotic stress conditions has been 
associated with changes in proteome composition. Since proteins are directly involved in 
plant stress response, proteomics studies can significantly contribute to unravel the possible 
relationships between protein abundance and plant stress acclimation [36]. 

Relatively less is known about changes at the metabolomic level. Metabolome analysis has 
become a valuable tool to study plant metabolic changes that occur in response to abiotic 
stresses. This approach has already enabled to identify different compounds whose 
accumulation is affected by exposure to stress conditions. However, much work is still 
required to identify novel metabolites and pathways not yet linked to stress response and 
tolerance [37]. 

In this context, an integrated approach incorporating in vitro plant tissue culture to 
proteomics and metabolomics technique, can contribute to elucidate the metabolites 
involved in stress response and select desired genotypes at early stages of plant 
development or at callus stage [38]. 

5. Transgenesis for abiotic stress tolerance 

Transgenic approaches are among the available tools for plant improvement programs 
based on biotechnological methodologies. Nowadays, many mechanisms and gene families, 
which confer improved productivity and adaptation to abiotic stresses, are known. These 
gene families can be manipulated into novel combinations, expressed ectopically, or 
transferred to species in which they do not naturally occur. Therefore, the possibility to 
transform the major crop species with genes from any biological source (plant, animal, 
microbial) is an extremely powerful tool for molecular plant breeding [39]. 
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To date, successes in genetic improvement of environmental stress resistance have involved 
manipulation of a single or a few genes involved in signaling/regulatory pathways or that 
encode enzymes involved in these pathways (such as osmolytes/compatible solutes, 
antioxidants, molecular chaperones/osmoprotectants, and water and ion transporters [8]. 
The disadvantage of this approach is that there are numerous interacting genes involved, 
and efforts to improve crop drought tolerance through manipulation of one or a few of them 
is often associated with other, often undesirable, pleiotropic and phenotypic alterations [8].  

The plant hormone abscisic acid (ABA) regulates the adaptive response of plants to 
environmental stresses such as drought, salinity, and chilling via diverse physiological and 
developmental processes [40, 41]. 

The ABA biosynthetic pathway has been deeply studied and many of the key enzymes 
involved in ABA synthesis have been used in transgenic plants in relation to improving 
abiotic stress tolerance [42]. Transgenic plants overexpressing the genes involved in ABA 
synthesis showed increased tolerance to drought and salinity stress [42, 43]. Similarly, many 
studies have illustrated the potential of manipulating CBF/DREB genes to confer improved 
drought tolerance [44, 45]. 

Another mechanism involved in plant protection to osmotic stress associated to drought and 
salinity involves the upregulation of compatible solutes that function primarily to maintain 
cell turgor, but are also involved in avoiding oxidative damage and chaperoning through 
direct stabilization of membranes and/or proteins [46; 47]. Many genes involved in the 
synthesis of these osmoprotectants have been explored for their potential in engineering 
plant abiotic stress tolerance [10, 47].  

The cellular and metabolic processes involved in salt stress are similar to those occurring in 
drought-affected plants and are responses to the osmotic effect of salt [48, 49]. As described 
above, the use of genes related to osmoprotectant synthesis has been successfully used in 
developing drought-tolerant crops and the transfer of glycine betaine intermediates have 
improved the drought and salt tolerance of transgenic plants in many cases [50]. 

The amino acid proline is known to occur widely in higher plants and normally accumulates 
in large quantities in response to environmental stresses [51, 52]. The osmoprotectant role of 
proline has been verified in some crops by overexpressing genes involved in proline 
synthesis [53]. 

Other approaches successfully developed in a variety of crops to obtain abiotic-stress-
tolerant plants by transgenesis, have been manipulation of transcription factors (TFs), late 
embryogenesis abundant (LEA) proteins, and antioxidant proteins [54].On the other hand, 
the use of genetic and genomic analysis to identify DNA molecular markers associated to 
stress resistance can facilitate breeding strategies for crop improvement. This approach is 
particularly useful when targeting characters controlled by several genes, as in the case of 
most abiotic stress. 

The potential to map different Quantitative Trait Loci (QTL) contributing to an agronomical 
trait and to identify linked molecular markers opens up the possibility to transfer 
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malonyldialdehyde, produced during peroxidation of membrane lipids, is often used as an 
indicator of oxidative damage [31]. It has been reported that selected callus lines of Solanum 
tuberosum subjected to NaCl showed an increase in lipid peroxidation in comparison with 
salt tolerant lines [32]. 

For overcoming salt or drought stress, plants have developed protective mechanisms 
including osmotic adjustment that is usually accomplished by accumulation of compatible 
solutes such as proline, glycine betaine and polyols [33]. It has been also reported that 
proline levels increased in response to water stress in tomato calli [34].Taking into account 
the generated knowledge about plants responses to abiotic stress conditions, the 
determination of antioxidant enzyme activities, and levels of malonyldialdehyde and 
proline in plants recovered under selective conditions may help to isolated the most tolerant 
genotypes. 

In recent years, both basic and applied research has led to understand the mechanisms 
underlying the stress response and the identification of the specific genes/metabolites that 
are responsible for tolerance phenotypes the “omics” approaches have had a significant 
development. Through the application of transcriptomics hundreds of genes have been 
linked with environmental stress responses and regulatory networks of gene expression 
have been delineated [35]. Moreover, plant tolerance to abiotic stress conditions has been 
associated with changes in proteome composition. Since proteins are directly involved in 
plant stress response, proteomics studies can significantly contribute to unravel the possible 
relationships between protein abundance and plant stress acclimation [36]. 

Relatively less is known about changes at the metabolomic level. Metabolome analysis has 
become a valuable tool to study plant metabolic changes that occur in response to abiotic 
stresses. This approach has already enabled to identify different compounds whose 
accumulation is affected by exposure to stress conditions. However, much work is still 
required to identify novel metabolites and pathways not yet linked to stress response and 
tolerance [37]. 

In this context, an integrated approach incorporating in vitro plant tissue culture to 
proteomics and metabolomics technique, can contribute to elucidate the metabolites 
involved in stress response and select desired genotypes at early stages of plant 
development or at callus stage [38]. 

5. Transgenesis for abiotic stress tolerance 

Transgenic approaches are among the available tools for plant improvement programs 
based on biotechnological methodologies. Nowadays, many mechanisms and gene families, 
which confer improved productivity and adaptation to abiotic stresses, are known. These 
gene families can be manipulated into novel combinations, expressed ectopically, or 
transferred to species in which they do not naturally occur. Therefore, the possibility to 
transform the major crop species with genes from any biological source (plant, animal, 
microbial) is an extremely powerful tool for molecular plant breeding [39]. 
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To date, successes in genetic improvement of environmental stress resistance have involved 
manipulation of a single or a few genes involved in signaling/regulatory pathways or that 
encode enzymes involved in these pathways (such as osmolytes/compatible solutes, 
antioxidants, molecular chaperones/osmoprotectants, and water and ion transporters [8]. 
The disadvantage of this approach is that there are numerous interacting genes involved, 
and efforts to improve crop drought tolerance through manipulation of one or a few of them 
is often associated with other, often undesirable, pleiotropic and phenotypic alterations [8].  

The plant hormone abscisic acid (ABA) regulates the adaptive response of plants to 
environmental stresses such as drought, salinity, and chilling via diverse physiological and 
developmental processes [40, 41]. 

The ABA biosynthetic pathway has been deeply studied and many of the key enzymes 
involved in ABA synthesis have been used in transgenic plants in relation to improving 
abiotic stress tolerance [42]. Transgenic plants overexpressing the genes involved in ABA 
synthesis showed increased tolerance to drought and salinity stress [42, 43]. Similarly, many 
studies have illustrated the potential of manipulating CBF/DREB genes to confer improved 
drought tolerance [44, 45]. 

Another mechanism involved in plant protection to osmotic stress associated to drought and 
salinity involves the upregulation of compatible solutes that function primarily to maintain 
cell turgor, but are also involved in avoiding oxidative damage and chaperoning through 
direct stabilization of membranes and/or proteins [46; 47]. Many genes involved in the 
synthesis of these osmoprotectants have been explored for their potential in engineering 
plant abiotic stress tolerance [10, 47].  

The cellular and metabolic processes involved in salt stress are similar to those occurring in 
drought-affected plants and are responses to the osmotic effect of salt [48, 49]. As described 
above, the use of genes related to osmoprotectant synthesis has been successfully used in 
developing drought-tolerant crops and the transfer of glycine betaine intermediates have 
improved the drought and salt tolerance of transgenic plants in many cases [50]. 

The amino acid proline is known to occur widely in higher plants and normally accumulates 
in large quantities in response to environmental stresses [51, 52]. The osmoprotectant role of 
proline has been verified in some crops by overexpressing genes involved in proline 
synthesis [53]. 

Other approaches successfully developed in a variety of crops to obtain abiotic-stress-
tolerant plants by transgenesis, have been manipulation of transcription factors (TFs), late 
embryogenesis abundant (LEA) proteins, and antioxidant proteins [54].On the other hand, 
the use of genetic and genomic analysis to identify DNA molecular markers associated to 
stress resistance can facilitate breeding strategies for crop improvement. This approach is 
particularly useful when targeting characters controlled by several genes, as in the case of 
most abiotic stress. 

The potential to map different Quantitative Trait Loci (QTL) contributing to an agronomical 
trait and to identify linked molecular markers opens up the possibility to transfer 



 
Recent Advances in Plant in vitro Culture 98 

simultaneously several QTLs and to pyramid QTLs for several agronomical traits in one 
improved cultivar [55]. However, the application of molecular markers in breeding 
programs requires preliminary studies to identify and validate potential markers [55]. 

Although the use of Marker-Assisted Selection may be helpful for crop improvement, its 
practical application in genetic improvement of resistance or tolerance to stress has been 
limited since no many stress tolerance QTL have been identified [56]. For future 
biotechnology improvements such as tolerance to drought or nutrient limitation, forward 
breeding will be necessary to co-optimize transgenic expression and genetic background 
because endogenous genes and environmental factors may have the potential to influence 
the phenotypes resulting from transgenic modifications [57]. 

It is important to point that genetic modification of higher plants by introducing DNA into 
their cells is a highly complex process. Practically any plant transformation experiment 
relies at some point on cell and tissue culture. Although the development transformation 
methods that avoid plant tissue culture have been described for Arabidopsis, and have been 
extended to a few crops, the ability to regenerate plants from isolated cells or tissues in vitro 
is needed for most plant transformation systems. Not all plant tissue is suited to every plant  
 

Plant species stress References 
Ipomoea batatas (sweet potato) salt [16] 
Triticum aestivum (wheat) salt [80] 
Oryza sativa (rice) salt/drought [81] 
Lactuca sativa (lettuce)  drought/cold [82] 
Brassica juncea  (mustard) Cd [83] 
Medicago sativa (alfalfa) freezing [84] 
Gossypium hirsutum (cotton) chilling [85] 
Solanum tuberosum (potato) salt-drought [86] 
Avena sativa (oat) osmotic [87] 
Daucus carota (carrot)  salt [88] 
Zea mays (maize) drought [89] 
Pinus taeda (loblolly pine) salt [90] 
Populus tomentosa (chinese white poplar) salt [91] 
Citrus sinensis x Poncirus trifoliate (Carrizo citrange) drought [92] 
 Petunia sp. (petunia) drought [93] 
Nicotiana tabacum (tobacco) freezing/Al [94] 
Brassica juncea  (indian mustard) As and Cd [95] 
Brassica napus (rape) freezing [96] 
Pinus virginiana (Virginia pine) metal [90] 
Hordeum vulgare (barley) Al [97] 
Alyssum sp. (alyssum) Ni [98] 

Table 2. Genetic transformation for increased resistance to abiotic stresses. 
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transformation method, and not all plant species can be regenerated by every method [58]. 
There is, therefore, a need to find both a suitable plant tissue culture/regeneration regime 
and a compatible plant transformation methodology. Today, many agronomical and 
horticultural important species are routinely transformed, and the list of species that is 
susceptible to Agrobacterium-mediated transformation seems to grow daily (Table 2). 

6. In vitro tissue culture as a tool for physiological and biochemical 
studies in plants 

Because of the great interest for both basic and applied research, many scientific endeavours 
have long addressed the understanding of the mechanisms underlying the stress response 
and the identification of the specific genes/metabolites that are responsible for tolerance 
phenotypes.  

In the last decades, in vitro culture of plants has become an integral part of advances in plant 
science research. Plant tissue culture techniques allow for close monitoring and precise 
manipulation of plant growth and development, indeed, the in vitro system offers the 
advantage that relatively little space is needed to culture plants and this system allows a 
rigorous control of physical environment and nutrient status parameters, which are difficult 
to regulate with traditional experimental system [59]. Furthermore, any complex organ-
organ and plant-environment interaction can be controlled or removed, and the level of 
stress can be accurately and conveniently controlled [60]. All this together makes that some 
aspects of plant growth, that were barely understood before the advancement of the science 
of tissue culture, such as the metabolism and interaction of plant hormones, as well as their 
physiological effects can be deeply studied [61]. 

Shoot apex culture has been widely used to evaluate plant physiological responses to 
salinity and osmotic stress in various species, including apple [59], olive [62] and tomato 
[63]. With regard to the whole plant, a similar response to salt stress could be expected in 
plantlets grown through in vitro shoot apex culture [63], because such explants can be 
considered mini-replicas of a plant with anatomical organization and ability to root and 
grow into whole plant.  

We have previously described the use of an in vitro tissue culture technique to study the 
performance of different citrus genotypes cultured under salt stress conditions, avoiding the 
effect of the root by culturing shoots without the root system. The method proved to be a 
good tool for studying biochemical processes involved in the response of citrus to salt stress 
[64]. Some citrus genotypes have been classified as relatively salt  tolerant under field 
conditions due to their ability to restrict chloride ions to roots while others have proved to 
be more sensitive to salinity [65].  

In vitro tissue culture approach allowed us to observe that when shoots are cultured without 
a root system, all genotypes accumulated the same chloride levels and exhibited similar leaf 
damage as a consequence of salt stress treatment. There was no increase of malonyldialdehyde 
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simultaneously several QTLs and to pyramid QTLs for several agronomical traits in one 
improved cultivar [55]. However, the application of molecular markers in breeding 
programs requires preliminary studies to identify and validate potential markers [55]. 

Although the use of Marker-Assisted Selection may be helpful for crop improvement, its 
practical application in genetic improvement of resistance or tolerance to stress has been 
limited since no many stress tolerance QTL have been identified [56]. For future 
biotechnology improvements such as tolerance to drought or nutrient limitation, forward 
breeding will be necessary to co-optimize transgenic expression and genetic background 
because endogenous genes and environmental factors may have the potential to influence 
the phenotypes resulting from transgenic modifications [57]. 

It is important to point that genetic modification of higher plants by introducing DNA into 
their cells is a highly complex process. Practically any plant transformation experiment 
relies at some point on cell and tissue culture. Although the development transformation 
methods that avoid plant tissue culture have been described for Arabidopsis, and have been 
extended to a few crops, the ability to regenerate plants from isolated cells or tissues in vitro 
is needed for most plant transformation systems. Not all plant tissue is suited to every plant  
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Triticum aestivum (wheat) salt [80] 
Oryza sativa (rice) salt/drought [81] 
Lactuca sativa (lettuce)  drought/cold [82] 
Brassica juncea  (mustard) Cd [83] 
Medicago sativa (alfalfa) freezing [84] 
Gossypium hirsutum (cotton) chilling [85] 
Solanum tuberosum (potato) salt-drought [86] 
Avena sativa (oat) osmotic [87] 
Daucus carota (carrot)  salt [88] 
Zea mays (maize) drought [89] 
Pinus taeda (loblolly pine) salt [90] 
Populus tomentosa (chinese white poplar) salt [91] 
Citrus sinensis x Poncirus trifoliate (Carrizo citrange) drought [92] 
 Petunia sp. (petunia) drought [93] 
Nicotiana tabacum (tobacco) freezing/Al [94] 
Brassica juncea  (indian mustard) As and Cd [95] 
Brassica napus (rape) freezing [96] 
Pinus virginiana (Virginia pine) metal [90] 
Hordeum vulgare (barley) Al [97] 
Alyssum sp. (alyssum) Ni [98] 

Table 2. Genetic transformation for increased resistance to abiotic stresses. 
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transformation method, and not all plant species can be regenerated by every method [58]. 
There is, therefore, a need to find both a suitable plant tissue culture/regeneration regime 
and a compatible plant transformation methodology. Today, many agronomical and 
horticultural important species are routinely transformed, and the list of species that is 
susceptible to Agrobacterium-mediated transformation seems to grow daily (Table 2). 

6. In vitro tissue culture as a tool for physiological and biochemical 
studies in plants 

Because of the great interest for both basic and applied research, many scientific endeavours 
have long addressed the understanding of the mechanisms underlying the stress response 
and the identification of the specific genes/metabolites that are responsible for tolerance 
phenotypes.  

In the last decades, in vitro culture of plants has become an integral part of advances in plant 
science research. Plant tissue culture techniques allow for close monitoring and precise 
manipulation of plant growth and development, indeed, the in vitro system offers the 
advantage that relatively little space is needed to culture plants and this system allows a 
rigorous control of physical environment and nutrient status parameters, which are difficult 
to regulate with traditional experimental system [59]. Furthermore, any complex organ-
organ and plant-environment interaction can be controlled or removed, and the level of 
stress can be accurately and conveniently controlled [60]. All this together makes that some 
aspects of plant growth, that were barely understood before the advancement of the science 
of tissue culture, such as the metabolism and interaction of plant hormones, as well as their 
physiological effects can be deeply studied [61]. 

Shoot apex culture has been widely used to evaluate plant physiological responses to 
salinity and osmotic stress in various species, including apple [59], olive [62] and tomato 
[63]. With regard to the whole plant, a similar response to salt stress could be expected in 
plantlets grown through in vitro shoot apex culture [63], because such explants can be 
considered mini-replicas of a plant with anatomical organization and ability to root and 
grow into whole plant.  

We have previously described the use of an in vitro tissue culture technique to study the 
performance of different citrus genotypes cultured under salt stress conditions, avoiding the 
effect of the root by culturing shoots without the root system. The method proved to be a 
good tool for studying biochemical processes involved in the response of citrus to salt stress 
[64]. Some citrus genotypes have been classified as relatively salt  tolerant under field 
conditions due to their ability to restrict chloride ions to roots while others have proved to 
be more sensitive to salinity [65].  

In vitro tissue culture approach allowed us to observe that when shoots are cultured without 
a root system, all genotypes accumulated the same chloride levels and exhibited similar leaf 
damage as a consequence of salt stress treatment. There was no increase of malonyldialdehyde 
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levels in any genotype, and common patterns of hormonal signaling were observed among 
genotypes. On the view of these results we concluded that under the same salt conditions 
and with the same level of leaf chloride intoxication, no biochemical differences exist among 
tolerant and sensitive genotypes. This points to the roots as a key organ not only as a filter of 
chloride ions but also as a signalling system in citrus [64]. In vitro tissue culture provided the 
tools to perform this studies that it would be impossible to carry out with whole plants 
grown under field or greenhouse conditions. 

7. Conclusion 

Use of in vitro cell and tissue-based systems offers a remarkable tool for dissecting the 
physiological, biochemical and molecular regulation of plant development and stress 
response phenomena. In recent years, considerable progress has been made regarding the 
development and isolation of stress tolerant genotypes by using in vitro techniques. 

The most successful applied tools have been the induction of somaclonal variation and in 
vitro selection of plants tolerant to different abiotic stresses and the development of 
transgenic genotypes throughout different approaches. 

In vitro selection makes possible to save the time required for developing disease resistant 
and abiotic stress tolerant lines of commercial crops and other plant species. However, in 
vitro selected variants should be finally field-tested to confirm the genetic stability of the 
selected traits under field conditions. The development of in vitro selection technology, 
together with molecular approaches and functional genomics will provide a new 
opportunity to improve stress tolerance in plants relevant to food production and 
environmental sustainability. 

Development of transgenic plants using biotechnological tools has become important in 
plant-stress biology. Previous works on genetics and molecular approaches have shown that 
most of the abiotic stress tolerant traits are multigenic. Therefore, to improve stress tolerance 
several stress related genes need to be transfered. More recently manipulation of single 
transcription factors has provide the same effect as manipulation of multiple genes. This has 
become a promising approach to get abiotic stress tolerant crops. 

A limiting factor for the widespread application of this technology is that, with few 
exceptions, genetic transformation protocols require plant regeneration of transformants 
using in vitro plant tissue culture tools. Although the list of species that are susceptible to 
Agrobacterium-mediated transformation has been increased recently, still are many 
genotypes for which regeneration protocols are not available.  

On the other hand, plant tissue culture is also an invaluable laboratory tool to study basic 
aspects of plant growth and development, and to manipulate these processes since it makes 
possible to have a large number of plants in a small space, without the interference of other 
biotic or abiotic stress factors. It also allows growing plants in the same nutritional and 
environmental conditions all year around. 
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1. Introduction 

Flow cytometry is a powerful technology that allows for the simultaneous analysis of 
multiple attributes of cells or particles in a liquid medium. The first cytometer used was 
built during World War II, when [1] developed an equipment where particles flowed 
through the system to diffuse light through a lens, producing electrical signals sensed by a 
photodetector. The instrument could detect objects in the order of ~ 0.5 μm in diameter, and 
is recognized as the first flow cytometer used for observation of biological cells [2]. This 
would be possible to identify aerosols, bacteria that would possibly biological warfare 
agents as well as check the efficiency of gas mask filters against particles. In 1950, the same 
principle was applied to the detection and enumeration of blood cells. As hematology and 
cellular immunology, two biological areas, that drove the development of flow cytometry 
[3]. Later, with improved equipment and methods, this technique was adapted to other 
areas of biology, including the plant kingdom [4]. Already in 1973 the German botanist 
Friedrich Otto Heller used the Impulszytophotometrie (pulse cytophotometry in German). 
This scientist did not imagine that it has launched a new field of scientific research, which 
would later be called flow cytometry in plants. 

In reference to [5] that developed a rapid and convenient method for the isolation of plant 
nuclei by cutting the same tissue in a lysis buffer consisting of a buffer to destroy the cellular 
and nuclear membranes of the cell allowing the release of DNA. Since then, this has been the 
main and most reliable method of isolating nuclear plant in flow cytometry. Any type of 
sample can be analyzed because its particles (cells, nuclei, chromosomes, cell organelles, or 
other cell subparticles) are suspended and vary between 0.2 μm and 50 μm in size. Solid 
tissues must be disaggregated and suspended before flow cytometry analysis. The 
suspended particles are then placed into a flow cytometry device. 

The studies on flow cytometry have used as base the plant tissue culture, including the 
regeneration of plants subjected to chromosome doubling, for detection of somaclonal 
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multiple attributes of cells or particles in a liquid medium. The first cytometer used was 
built during World War II, when [1] developed an equipment where particles flowed 
through the system to diffuse light through a lens, producing electrical signals sensed by a 
photodetector. The instrument could detect objects in the order of ~ 0.5 μm in diameter, and 
is recognized as the first flow cytometer used for observation of biological cells [2]. This 
would be possible to identify aerosols, bacteria that would possibly biological warfare 
agents as well as check the efficiency of gas mask filters against particles. In 1950, the same 
principle was applied to the detection and enumeration of blood cells. As hematology and 
cellular immunology, two biological areas, that drove the development of flow cytometry 
[3]. Later, with improved equipment and methods, this technique was adapted to other 
areas of biology, including the plant kingdom [4]. Already in 1973 the German botanist 
Friedrich Otto Heller used the Impulszytophotometrie (pulse cytophotometry in German). 
This scientist did not imagine that it has launched a new field of scientific research, which 
would later be called flow cytometry in plants. 

In reference to [5] that developed a rapid and convenient method for the isolation of plant 
nuclei by cutting the same tissue in a lysis buffer consisting of a buffer to destroy the cellular 
and nuclear membranes of the cell allowing the release of DNA. Since then, this has been the 
main and most reliable method of isolating nuclear plant in flow cytometry. Any type of 
sample can be analyzed because its particles (cells, nuclei, chromosomes, cell organelles, or 
other cell subparticles) are suspended and vary between 0.2 μm and 50 μm in size. Solid 
tissues must be disaggregated and suspended before flow cytometry analysis. The 
suspended particles are then placed into a flow cytometry device. 

The studies on flow cytometry have used as base the plant tissue culture, including the 
regeneration of plants subjected to chromosome doubling, for detection of somaclonal 
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variation in material micropropagated in various subcultures, viability of pollen grains, cell 
cycles and the determination of ploidy. This chapter presents results obtained through flow 
cytometry on plant tissue culture.  

2. Preparation of material for analysis in flow cytometry 

There are several methods that can be used to prepare plant material and to estimate the 
DNA content by flow cytometry. The methodologies differ according to plant species, a 
laboratory, with the brand and model flow cytometer used. In Tissue Culture Lab in the 
DAG / UFLA the methodology used is described in Figure 1. 

 
Figure 1. Diagram of the methodology used to analyze the nuclear DNA content from plant tissue. 
Source: Adapted from [6]. 

The sample must be in the form of a suspension of single particles [7]f or being analyzed by 
flow cytometry. Analysis of DNA content by flow cytometry is based on the fluorescence 
intensity of nuclei stained with a fluorochrome specific to the DNA. There is problem 
related with low capacity of penetration of fluorochromes but this can be overcomed if the 
nuclei are released prior to staining. [7]. Secondary metabolites can interfere in cellular 
content and color of the fluorescent dye [8].  

There are several methodologies developed for the release of the nuclei of plant tissues. 
However, the methodology proposed in reference [9] can promote the release of the nucleus 
(Figure 1) and is frequently used for simplicity and speed. The differences observed between 
the methods are the composition of the lysis buffer for isolation of nuclei, the fluorochrome 
for nuclear staining of the suspension and reading the sample in the flow cytometer. 

Plant tissue samples are perforated, with the aid of a cutting blade, in a buffer solution for 
the extraction and isolation of nuclei. Subsequently, the suspension is filtered by a fine mesh 
nylon (20-100 μM pore diameter) [10]. This filtering is performed in order to remove all the 
material in the sample greater than the core, leaving in solution only those estimates and 
thereby obtaining the DNA content of more reliable. Furthermore, the presence of other 
components and soluble substances such as chloroplasts, mitochondria, phenolic 
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compounds, DNAse, RNAse etc., which are released in the cytosol may through this filter 
and compromise the quality of results. An alternative may be employed to remove such 
debris is the washing of the nuclei using centrifugation and resuspension, and to modify the 
components and / or pH of the buffer [11]. After filtering the samples are stained with a 
fluorochrome specific, then the analysis of samples in the flow cytometer. 

3. Factors that affect the quality of the sample 

Several factors can affect the quality of the samples and consequently the reliability of 
estimates of DNA content obtained by flow cytometry. Extraction buffer, reference standard, 
fluorochrome, type of plant tissue used (chemical composition and the presence of 
anthocyanin, phenolic compounds that inhibit DNA staining), quality of the sample (plant 
age, presence of injuries, diseases ...), storage time of the plant tissue, care in preparation 
and sample analysis are among the factors involved [12]. Thus, an appropriate methodology 
is necessary for each species. 

3.1. Nuclear extraction buffer 

The extraction buffer is an appropriate solution that has the function to release the nuclei of 
intact cells, preserving and ensuring the stability and integrity of nuclei during the 
experiment, inhibiting the activity of nucleases, and providing optimal conditions for 
staining of DNA by stoichiometry [13]. Approximately 25 caps are, but only eight are 
commonly used in flow cytometry [14]. The six most commonly used buffers are shown in 
Table 1. 
 

Buffer Composition Standard 

Galbraith 45 mM MgCl2; 30 mM citrato de sódio; 20 mM MOPS; 0.1% (v/v) 
Triton X-100; pH 7.0 

[15] 

LB011 15 mM Tris; 2 mM Na2.EDTA; 0.5 mM espermina.4HCl; 80 mM KCl; 
20 mM NaCl; 0.1% (v/v) Triton X-100; pH 7.5 

[16] 

Otto’s Otto I: 100 mM ácido citric mono hidratado; 0.5% (v/v) Tween 20 
(pH approx. 2–3)  
Otto II: 400 mM Na2PO4.12H2O (pH approx. 8–9) 

[17], [18] 

Tris.MgCl2 200 mM Tris; 4 mM MgCl2.6H2O; 0.5% (v/v) Triton X- 100; pH 7.5 [19] 
Marie  50 mM glucose; 15 mM NaCl; 15 mM KCl; 5 mM Na2.EDTA; 50 mM 

citrate de sódio; 0.5% Tween 20, 50 mM HEPES (pH 7.2), 1% (m/v) 
polyvinylpyrrolidone-10 (PVP-10) 

[20] 

EDTA = ethylenediamine tetraacetic acid; HEPES = 4-2 ethanesulfonic Acid Hydroxyethyl-piperazine-1; MOPS = 3 - 
(N-morpholino) propanesulfonic; = Tris (hidroximetril) aminomethane and PVP = polyvinyl pyrrolidone. 

Table 1. Composition of extraction buffers commonly used in flow cytometry plant.  

The caps have in their composition organic buffering substances, non-ionic detergents and 
stabilizers of chromatin. The substances commonly used are buffers, MOPS, HEPES, and 
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compounds, DNAse, RNAse etc., which are released in the cytosol may through this filter 
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components and / or pH of the buffer [11]. After filtering the samples are stained with a 
fluorochrome specific, then the analysis of samples in the flow cytometer. 
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age, presence of injuries, diseases ...), storage time of the plant tissue, care in preparation 
and sample analysis are among the factors involved [12]. Thus, an appropriate methodology 
is necessary for each species. 

3.1. Nuclear extraction buffer 

The extraction buffer is an appropriate solution that has the function to release the nuclei of 
intact cells, preserving and ensuring the stability and integrity of nuclei during the 
experiment, inhibiting the activity of nucleases, and providing optimal conditions for 
staining of DNA by stoichiometry [13]. Approximately 25 caps are, but only eight are 
commonly used in flow cytometry [14]. The six most commonly used buffers are shown in 
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EDTA = ethylenediamine tetraacetic acid; HEPES = 4-2 ethanesulfonic Acid Hydroxyethyl-piperazine-1; MOPS = 3 - 
(N-morpholino) propanesulfonic; = Tris (hidroximetril) aminomethane and PVP = polyvinyl pyrrolidone. 

Table 1. Composition of extraction buffers commonly used in flow cytometry plant.  

The caps have in their composition organic buffering substances, non-ionic detergents and 
stabilizers of chromatin. The substances commonly used are buffers, MOPS, HEPES, and 
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TRIS, allowing the stabilization of pH 7-8 solutions, which is the pH range compatible to 
most of the fluorochromes used. 

The nonionic detergents are present in the buffer solutions with TRITON X-100 and Tween-
20, for cleaning of the cores and separation for avoiding that they add to each other or with 
possible debris present in the sample. 

Stabilizers used in the composition of the buffer are MgCl2, MgSO4 and spermine and 
chelating agents such as EDTA and sodium citrate. These components bind divalent cations 
which are cofactors endonuclease. The inorganic salts NaCl and KCl allow to achieve 
adequate ionic strength [21]. 

Cytosolic compounds that are released during the isolation of nuclei, interact with nuclear 
DNA and / or the fluorochrome, and affect the quality of the sample and cause 
stoichiometric errors [22, 23, 24, 25]. 

In the literature there are few reports that compare the efficiency of different buffers for 
nuclear extraction. There is a single buffer works optimally for all types or tissues and plant 
species, previous studies are needed to identify the most appropriate buffer for each species 
studied and contribute to a greater experimental precision [24]. 

3.2. Reference standards fluorochromes 

The reference standard is a DNA of species whose amount already previously known, and 
thus can be estimated by comparing the DNA content of any kind. There are a number of 
reference patterns with a wide range of DNA content allowing coverage of a wide range of 
genome. a species whose amount The use of these standards allows comparison of results 
obtained in different laboratories. 

Estimates of DNA content obtained by flow cytometry are always relative to a standard 
whose DNA content is already established. This pattern receives two reference designations 
internal standard, when extraction of the cores and the analysis of sample and standard are 
performed simultaneously, or when an external standard is performed separately. The 
internal standards are most recommended, especially in high-precision measurements, 
because the peaks of the standard used and the sample appear in the same histogram and 
are treated under identical conditions [26] thereby reducing possible errors due to 
oscillation of the device during the evaluation of the samples. However [27] reported that 
the simultaneous processing of the sample and the reference standard was not necessary to 
obtain reliable estimates of DNA. It is common to use only one reference standard in all 
analyzes of the same experiment, but this procedure carries the risk of error due to 
nonlinearity [28, 29]. 

However, the choice and correct use of reference standards is a criterion that has been 
largely neglected [30]. 

The researcher Jaroslav Doležel from Laboratory of Molecular Cytogenetics and Cytometry, of 
the Czech Republic has set benchmarks with content from genomic DNA with different sizes.  
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Description DNA content (pg) References 
Raphanus sativus cv Saxas 1,11 [31] 

Solanum lycopersicum cv Stupické 1,96 [21] 
Glycine max 2,5  

Zea mays 5,72  
Pisum sativum cv Ctirad 9,09 [32] 

Secale cereale 16,19  
Vicia faba 26,90  

Allium cepa 34,89  

Table 2. Content of DNA of known standards are used. 

3.3. Fluorochromes 

The choice of fluorochrome is another important factor that affects the reliability of 
estimates of DNA content. The fluorochromes specifically bind to DNA and 
stoichiometrically in accordance with the intensity of fluorescence of the nucleus or the cell 
suspensions analyzed on flow is estimated for DNA content [6]. Fluorochromes used in 
coloring cores are shown in Table 3.  

 

Fluorochrome DNA binding mode 
Wave-length

Excitation Emission 

Propidium iodide Interleaving 525 (Blue-green) 605 (Red) 
Ethidium bromide Interleaving 535 (Blue-green) 602 (Red) 

SYBR Green Interleaving 488 (Blue) 522 (Green) 
DAPI Rich regions in AT 345 (UV) 460 (Blue) 

Hoechst 33258 Rich regions in AT 360 (UV) 460 (Blue) 
Chromomycin A3 Rich regions in GC 445 (Violet-blue) 520 (Green) 

Mithramycin Rich regions in GC 445 (Violet-blue) 575 (Green) 

Table 3. Fluorochromes used in flow cytometry to estimate the DNA content. 

There are two classes of fluorochromes the intercalating and specific. The propidium iodide, 
ethidium bromide and Sybr Green are intercalating fluorochrome, i.e., without preference of 
base pairs and are the most adequate to estimate the DNA content [33 cited by 34]. 

DAPI, Hoechst 33258, Chromomycin A3 and Mithramycin fluorochromes are specific. The 
Mithramycin, Chromomycin and the Olivomycins are fluorochromes which preferentially 
bind regions of DNA in GC-rich [35]. While the fluorochrome DAPI and Hoechst (33342 and 
33258) were also specific DNA binds to AT-rich regions [36]. Therefore, the use of these dyes 
can lead to many incorrect estimates of the values of DNA content, since it is not known in 
advance the ratio of AT GC in species to be estimated the DNA content. 
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suspensions analyzed on flow is estimated for DNA content [6]. Fluorochromes used in 
coloring cores are shown in Table 3.  

 

Fluorochrome DNA binding mode 
Wave-length

Excitation Emission 

Propidium iodide Interleaving 525 (Blue-green) 605 (Red) 
Ethidium bromide Interleaving 535 (Blue-green) 602 (Red) 

SYBR Green Interleaving 488 (Blue) 522 (Green) 
DAPI Rich regions in AT 345 (UV) 460 (Blue) 

Hoechst 33258 Rich regions in AT 360 (UV) 460 (Blue) 
Chromomycin A3 Rich regions in GC 445 (Violet-blue) 520 (Green) 

Mithramycin Rich regions in GC 445 (Violet-blue) 575 (Green) 

Table 3. Fluorochromes used in flow cytometry to estimate the DNA content. 

There are two classes of fluorochromes the intercalating and specific. The propidium iodide, 
ethidium bromide and Sybr Green are intercalating fluorochrome, i.e., without preference of 
base pairs and are the most adequate to estimate the DNA content [33 cited by 34]. 

DAPI, Hoechst 33258, Chromomycin A3 and Mithramycin fluorochromes are specific. The 
Mithramycin, Chromomycin and the Olivomycins are fluorochromes which preferentially 
bind regions of DNA in GC-rich [35]. While the fluorochrome DAPI and Hoechst (33342 and 
33258) were also specific DNA binds to AT-rich regions [36]. Therefore, the use of these dyes 
can lead to many incorrect estimates of the values of DNA content, since it is not known in 
advance the ratio of AT GC in species to be estimated the DNA content. 



 
Recent Advances in Plant in vitro Culture 114 

The propidium iodide has the lowest coefficient of variation obtained in using the 
fluorochrome is most suitable for determining the amount of genomic DNA in plants [37, 
38, 39]. However, other authors reported propidium iodide and ethidium bromide are not 
dye specifically the DNA, they dye RNA too, but to not compromise the efficiency of the 
determination of content DNA can be used RNase [40].  

4. Care use of cytometry 
Below are listed some precautions that should be taken during the use of flow cytometry: 

1. Avoid filling the tank of saline to their maximum capacity. When a tank is filled with 
pressurized fluid is forced toward the air hose preventing adequate pressurisation of 
the enclosure. 

2. When working with propidium iodide, should be placed approximately 400 ml of 
hypochlorite in the sewage tank, which has a capacity of 4 liters, since the chlorine 
inactive molecules iodide. 

3. It should be cleaned daily after use of the cytometer, the following steps: with the 
"RUN" button, install the probe tubes containing 3 ml of 0.5% hypochlorite, left to run 
on HI for 1 minute with the arm 5 minutes to open and close the arm. Select the fluid 
control "STNDBY." Remove the tube and insert another tube containing 1 ml rince facs 
(which is a detergent that helps remove waste from dyes into the machine) and let it 
run for 2 minutes in HI, with the arm closed. Select the button again fluid control 
"STNDBY" Remove everything and place another tube containing 3 ml of distilled 
water and let it run one minute with the open arm in HI and 5 minutes with the arm 
closed. Select button "STANDBY" and then install a tube containing no more than 1 ml 
of distilled water in the probe, because it always returns to the saline and the tube 
makes the volume of the tube exceeds its maximum capacity if it has more than 1 ml of 
distilled water, and this can affect equipment performance. 

4. The tube should remain in distilled water to prevent probe salt deposits are formed in 
the sample injection tube 

5. It should be cleaned monthly. This procedure is performed on the entire fluid system and 
once a month, or more often as needed. It should be removed from the reservoir 
containing saline solution and then install a different container with 1-2 liters of 0.5% 
sodium hypochlorite, flush for 30 minutes, while in the probe set 3 ml of hypochlorite 
solution at the same concentration . After this period must be installed to another 
container containing 1 to 2 liters of distilled water and left to run for 30 minutes, while the 
probe install a tube containing 3 ml of distilled water at the same concentration. During 
this procedure, iodide should never pass through the filter of saline, as you may damage 
it, so the hose to the filter should be disconnected during this process. Following the 
procedure returns the brine tank to the right place and connect the hose from the filter. 

6. If the equipment becomes more than a week without being used, the salt tank must be 
replaced by distilled water and left to run for about 10 minutes to remove any salt of the 
capillary tubes of the equipment, because the salt form crystals which can clog the 
entire system. 

 
Flow Cytometry Applied in Tissue Culture 115 

7. Never replace the air tube into the sample if the button "HI" is on, the tubes should 
always be replaced with the "STNDBY" button and you must not allow the sample to be 
sucked through the probe, thus preventing air from fluid system. 

8. All bubbles are displayed in the hoses from the tank and filter salt must be removed 
before the reading of the samples, because it makes the reading very slow. If you 
suspect bubbles within the system must press the "PRIME", because it injects a blast of 
air across the system and then complete with saline, removing bubbles. This procedure 
should be repeated 5 times to really solve the problem. 

9. Should perform preventive maintenance on a flow cytometer, once a year by 
specialized professionals. 

5. How to troubleshoot an analysis of flow cytometry 

Paul Kron of Integrative Biology University of Guelph 10 list of solutions to problems have a 
histogram of quality estimates DNA content trusted. These solutions are listed below and 
have some adjustments based on the experiences gained at work in the Laboratory of Tissue 
Culture UFLA. 

5.1. Verify that the flow cytometer is running well and is configured correctly 

A quality control test should be performed daily and periodic maintenance by a 
technician from the manufacturer. These precautions ensure the proper functioning of the 
device. 

Verify that the parameters were set by someone who is qualified to do so. Depending on 
the application we can use fluorescence intensity (height) or integrated fluorescence 
(area), linear or logarithmic scale and is vital to know the parameter most suitable for 
your dye. 

5.2. Use good quality plant tissues 

For most samples sheets are used, which should be healthy, young and cool. Sheet that 
shows any sign of senescence should be avoided; leaf collected at the end of the growing 
season often does not work. Avoid using wilted leaves. 

For some species the leaves can be stored in refrigerator for 1 to 5 days after collection, 
since it kept in sealed plastic bag with some moist cotton. Do not leave the sample in 
direct contact with ice, or excessive moisture. It is also possible to store dried tissue, 
making use of desiccants substances. More tests are needed in this area to define protocols 
desiccation. 

5.3. Use the appropriate tissue 

If the swatch does not work, it is possible to test embryos, shoots, roots, flower petals, fruit 
or other healthy tissue. However, for certain species may occur the endopolyploidy, i.e. the 
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7. Never replace the air tube into the sample if the button "HI" is on, the tubes should 
always be replaced with the "STNDBY" button and you must not allow the sample to be 
sucked through the probe, thus preventing air from fluid system. 

8. All bubbles are displayed in the hoses from the tank and filter salt must be removed 
before the reading of the samples, because it makes the reading very slow. If you 
suspect bubbles within the system must press the "PRIME", because it injects a blast of 
air across the system and then complete with saline, removing bubbles. This procedure 
should be repeated 5 times to really solve the problem. 

9. Should perform preventive maintenance on a flow cytometer, once a year by 
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degree of ploidy may vary between tissues, several peaks appearing in the histogram. In this 
case must be used whenever the first peak to DNA content. 

In case of use of seeds is necessary to attend the endosperm and embryo differ in ploidy, 
and the seeds may be hybrids [41]. 

5.4. Use the correct buffer 

The choice of buffer can have a huge impact on the quality of data. This choice can influence 
the relative fluorescence, and the quality peak [11]. 

It is necessary to test not only buffers, but also the consistency of results. It is possible that a 
buffer can lead to production of very clean samples with low CV, but in highly variable 
repetition of the measures of fluorescence [42]. 

The pH of the buffer must be between pH 7-8. 

5.5. Ajuste the quantity of tissue and / or excessive cutting the sample 

Excess sample is cut on a common problem and can overload the buffer, reducing their 
ability to maintain the correct pH range, dark coloration and large amounts of precipitation 
are not good signs. Keep samples on ice during cutting may help. It is possible to improve 
the quality of the sample cut by at least increase the amount of buffer, or by reducing the 
amount of tissue in the sample. 

It is important to worry about getting good quality at the peaks (low CV), not number of 
cores. One should not impair the quality of the sample in search of "10.000 colors." This 
approach is often misapplied, and is more usual in analyzes of cell cycle. The core guide 
1300 is the best for many applications [42]. A clean sample of 500 events per peak will 
probably tell you more than 10.000 events with peaks of large particles and high CV 
histogram very jagged. 

5.6. Adjust the conditions of time and coloration. 

After 2 hours of sample preparation buffer, the cores may begin to degrade. Ideally, the 
sample should be read in a short time after staining with 10 minutes to 2 hours, as the 
extreme limits. 

During the stages of sample preparation, staining and reading is essential to keep them on 
ice and then the color should keep them in the dark, not to lose fluorescence until the 
moment you put them on the cytometer. 

5.7. Try centrifugation 

An alternative to improve the quality of the histograms is cut into a sample buffer, 
centrifuged (slow speed for 05-10 min), remove the supernatant and suspended again the 
pellet in 0.5 ml buffer, then filter and staining. This can clean up some samples. 
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5.8. Try a different pattern 

Histogram bad when you are on a second species such as an internal standard, there may be 
interference between the two species of plants used (for example, by the effect of secondary 
metabolites) [24]. 

5.9. Make a gate in their samples 

Even when the peaks are small and there is debris (dirt), the peaks can be measured with 
appropriate software making Gates. However, the removal of debris through the gate can 
affect how the curve fitting software analyzes of the histograms. Moreover, by making a 
very large suppression of scattering nuclei generates peak with a CV that both subjective 
and possibly artificially low, so methods of gate should be clearly described in any 
publication. 

The samples with large amounts of debris over the cores must be considered suspect 
because the debris may be interfering in the coloring. Gate histograms in such poor quality 
must be made only when all other options fail. 

Some other things to consider: 

 Some tissue types may require special approaches. For example, pollen cores can be 
difficult to extract, as well as cutting methods and may be required for a review, see 
[43]. 

 Not all flow cytometers are equal. Some may produce better results than others, 
depending on factors such as size of the nuclei. If you have the opportunity to try more 
than one machine, the results can be enlightening. 

6. Applications of plant flow cytometry 

6.1. Tissue culture  

Flow cytometry and microsatellite analyses were used to evaluate the trueness-to-type of 
somatic embryogenesis-regenerated plants from six important Spanish grapevine (Vitis 
vinifera L.) cultivars. Tetraploid plants were regenerated through somatic embryogenesis 
from all of the cultivars tested with the exception of ‘Merenzao’. In addition, an octoploid 
plant was obtained in the cv. ‘Albarin˜o’, and two mixoploids in ‘Torronte´s’. The most 
probable origin of these ploidy variations is somaclonal variation. The cv. ‘Brancellao’ 
presented significantly more polyploids (28.57%) than any other cultivar, but it must be 
noted that 50% of the adult field-grown ‘Brancellao’ mother plants analysed were 
mixoploid. Hence, it is probable that these polyploids originated either from somaclonal 
variation or by separation of genotypically different cell layers through somatic 
embryogenesis. Microsatellite analysis of somatic embryogenesis-regenerated plants 
showed true-totype varietal genotypes for all plants except six ‘Torronte´s’ plants, which 
showed a mutant allele (231) instead of the normal one (237) at the locusVVMD5. There was 
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showed true-totype varietal genotypes for all plants except six ‘Torronte´s’ plants, which 
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not a clear relationship between the occurrence of the observed mutant regenerated plants 
and the callus induction media composition, the developmental stage of the inflorescences, 
the type of explant used for starting the cultures or the type of germination (precocious in 
differentiation medium or normal in germination medium) in any of the cultivars tested, 
except ‘Torronte´s’ [44]. 

In addition, flow cytometry was used in breeding programmes to determine ploidy status 
after colchicine treatment of banana plants.  

In reference [45] objective was to assess the colchicine and amiprophos-methyl (APM) 
concentration and exposure period in the chromosome duplication of banana plants 
diploids. Banana stem tips were used from the following genotypes: breed diploids (1304-04 
[Malaccensis x Madang (Musa acuminata spp. Banksii)] and 8694-15 [0337-02 (Calcutta x 
Galeo) x SH32-63]). Colchicine was used at concentrations of 0 (control treatment), 1.25, 2.5 
and 5.0 mM, while APM was used at 0 (control treatment), 40 and 80 μM, in solution under 
agitation (20 rpm), for 24 and 48 h periods. With the use of APM, 66.67% tetraploid plants 
were obtained in the 1304-04 genotype using 40 μM for 24 h and 18.18% in 80 μM for 48 h, 
while in the 8694-15 genotype using 40 and 80 μM colchicine for 48 h, 27.27 and 21.43% 
tetraploid plants were observed, respectively. For colchicine, in the 1304-04 genotype, only 
the 1.25 mM treatment for 48 h presented 25% tetraploid plants and in the 8694-15 genotype, 
the 5.0 mM concentration for 48 h produced 50% tetraploid plants. APM for 24 h enabled the 
tetraploid plant of the 1304-04 genotype to be obtained, while colchicine for 48 h resulted in 
tetraploid plants in the 8694-15 genotype. 

Further, the efficiency of production of doubled haploid plants in canola (Brassica napus L.) 
breeding programmes is reduced when large numbers of haploid and infertile plants 
survive until flowering. Cytometry was used to assess ploidy status and predict subsequent 
fertility of microspore-derived plantlets from three canola genotypes, with or without 
colchicine treatment of microspore suspensions. Young leaf tissue was sampled from 
microspore-derived plantlets within 1 week of transfer to soil, and processed immediately 
by flow cytometry. The process was repeated on the same plants 3–5 weeks later. Of the 519 
plants transferred to soil, 57.2% were consistently haploid at both sample times, 33.5% were 
consistently diploid at both sample times, and the remainder (9.2%) were uncertain or 
inconsistent in ploidy status across sampling times. Of the 518 plants that survived to 
flowering, 32.4% were diploid at both times of sampling and fertile (set seed) and 46.3% 
were haploid at both sampling times and infertile. Another 10.8% were haploid at both 
sampling times and fertile, but had low pollen viability and seed set, and some were triploid 
or of uncertain ploidy level. Colchicine treatment of microspore suspensions significantly 
increased the proportion of diploid plants from 9.7 to 69.7%, with significant variation 
among genotypes. Evidence from simple sequence repeat marker loci indicated that diploid 
and fertile plants from the control treatment (no colchicine) were derived from 
spontaneously doubled haploid gametes, rather than unreduced gametes or somatic tissue. 
Flow cytometry at the first sample time was very efficient in detecting diploid plants of 
which 94.2% were subsequently fertile [46].  
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We conducted a study of the cell cycle of coconut palm tissues cultured in vitro in order to 
regulate regeneration. Cell nuclei were isolated from various types of coconut palm tissues 
with and without in vitro culture. After the nuclei were stained with propidium iodide, 
relative fluorescence intensity was estimated by flow cytometry. Characterization of the cell 
cycle reinforced the hypothesis of a block in the G0/G1 and G1/S phases of the coconut cells. 
A time-course study carried out on immature leaves revealed that this block takes place 
gradually, following the introduction of the material in vitro. Synchronization of in vitro-
cultured leaves cells using 60 μM aphidicholin revealed an increase in the number of nuclei 
in the S phase after 108 h of treatment. The significance of these results is discussed in 
relation to the ability of coconut tissue cultured in vitro to divide [52]. 

6.2. Other applications 

Cytometry can be used to assess the degree of polysomaty and endoreduplication [48], 
reproduction pathways [49], and cell cycle [47]. In reference [50] detected mixoploidy 
(variable amounts of DNA in tissue) and aneuploidy (variations in a small number of 
chromosomes) by flow cytometry [51]. 

Several protocols for measuring DNA have been developed, including bivariate analysis 
related to cytokeratin/DNA analysis/DNA analysis of BrdU and a synthetic nucleoside 
similar to thymine. These protocols are used to study the cell cycle and to obtain 
multiparametric measurements of cellular DNA content; they were developed in tandem 
with commercial software for analyzing the cell cycle [47].  

7. Final considerations 

Although flow cytometry significantly impacts several fields of plant research, various 
methodological challenges must be overcome before its potential can be fully realized. 

The research group in UFLA’s Department of Agriculture consistently attempts to use 
methodologies for analyzing nuclear DNA content in plants, which removes some technical 
constraints. We emphasize the importance of research, particularly in disseminating 
knowledge on best practices, such as standardization type, fluorochrome selection, data 
presentation, and quality outcome measures. 
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1. Introduction 

Micropropagation of woody plants and fruit crops constitutes a major success in the 
commercial application of in vitro cultures. An important aspect to be considered when 
deriving perennial plants from micropropagation is the maintenance of genetic integrity 
with regard to the mother plant. In this regard, somaclonal variation has been reported at 
different levels (morphological, cytological, cytochemical, biochemical, and molecular) in 
micropropagated plants [1]. The economic consequence of somaclonal variation among 
regenerated plants is enormous in fruit crops and woody plants, because they have long life 
cycles. In consequence, the behaviour of micropropagated plants should be assessed after 
their long juvenile stage in field conditions. The occurrence of somaclonal variation is a 
matter of great concern for any micropropagation system. In order to evaluate its presence 
several strategies were used to detect somaclonal variants, based on one or more 
determinants from among morphological traits, cytogenetic analysis (numerical and 
structural variation in the chromosomes), and molecular and biochemical markers [2]. In 
addition, studies on somaclonal variation are important for its control and possible 
suppression with the aim of producing genetically identical plants, and for its use as a tool 
to produce genetic variability, which will enable breeders the genetic improvement. 
Somaclonal variation has been studied extensively in herbaceous plants, whereas few 
studies have focused on temperate perennial fruit crops.  

This chapter provides a survey of the technical approaches for identifying somaclonal 
variation in perennial fruit crops and is intended to provide a synthesis of the literature on 
the topic. In addition, recent advances in the characterization and detection of somaclonal 
variation in olive plants produced in vitro by nodal explants and somatic embryogenesis are 
reported in detail. 

© 2012 Leva et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Recent Advances in Plant in vitro Culture 122 

[39] Johnston JS. et al. Reference standards for determination of DNA content of plant 
nuclei. American Journal of Botany 1999; 86 609–613. 

[40] Price HJ, Johnston JS. Influence of light on DNA content of Helinathus annuus Linnaeus. 
Proceedings of the National Academy of Sciences of the USA 1996; 93 11264-11267. 

[41] Sliwinska E, Zielinska E, Jedrzejczyk I. Are seeds suitable for flow cytometric estimation 
of plant genome size? Cytometry Part A 2005; 64 72–79. 

[42] Greilhuber J, Temsch E, Loureiro J. Nuclear DNA content measurement. Edited by 
Doležel J, J Greilhuber J, Suda J, Flow Cytometry with Plant Cells: Analysis of Genes, 
Chromosomes and Genomes. Weinheim: Wiley-VCH, 2007; 67-101. 

[43] Suda J, Kron P, Husband BC, Trávnícek P. Flow cytometry and ploidy: applications in 
plant systematics, ecology and evolutionary biology. Edited by Doležel J, J Greilhuber J, 
Suda J, Flow Cytometry with Plant Cells: Analysis of Genes, Chromosomes and 
Genomes. Weinheim: Wiley-VCH, 2007; 67-101. 

[44] Prado MJ, Rodriguez E, Rey L, Gonzalez MV, Santos C, Rey M. Detection of somaclonal 
variants in somatic embryogenesis regenerated plants of Vitis vinifera by flow cytometry 
and microsatellite markers. Plant Cell Tissue and Organ Culture 2010; 103 49–59. 

[45] Rodrigues FA, Soares JDR, Santos RRS, Pasqual M, Silva SOS. Colchicine and 
amiprophos-methyl (APM) in polyploidy induction in banana plant. African Journal of 
Biotechnology 2011; 10(62) 13476-13481. 

[46] Takahita J, Cousin JA, Nelson MN, Cowling WA. Improvement in efficiency of 
microspore culture to produce doubled haploid canola (Brassica napus L.) by flow 
cytometry. Plant Cell Tissue and Organ Culture 2011; 104 51–59. 

[47] Sandoval A, Hocker V, Verdeil JL. Flow cytometric analysis of the cell cycle in different 
coconut palm (Cocos nucifera L.) tissues cultured in vitro. Plant Cell Reports 2003; 22 
25–31. 

[48] Barow M, Meister A. Lack of correlation between AT frequency and genome size in 
higher plants and the effect of nonrandomness of base sequences on dye binding. 
Cytometry 2003; 47 1–7. 

[49] Matzk F, Meister A, Schubert I. An efficient screen for reproductive pathways using 
mature seeds of monocot and dicots. The Plant Journal 2000; 21 97–108. 

[50] Doležel J. Applications of flow cytometry for the study of plant genomes. Journal of 
Applied Genetics 1997, 38 285–302. 

[51] Roux N. et al. Rapid detection of aneuploidy in Musa using flow cytometry. Plant Cell 
Reports 2003; 21 483–490. 

[52] Nunez R. DNA Measurement and Cell Cycle Analysis by Flow Cytometry. Current 
Issues in Molecular Biology 2001; 3(3) 67-70. 

Chapter 7 

 

 

 
 

© 2012 Leva et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Somaclonal Variation in Tissue Culture:  
A Case Study with Olive 

A.R. Leva, R. Petruccelli and L.M.R. Rinaldi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50367 

1. Introduction 

Micropropagation of woody plants and fruit crops constitutes a major success in the 
commercial application of in vitro cultures. An important aspect to be considered when 
deriving perennial plants from micropropagation is the maintenance of genetic integrity 
with regard to the mother plant. In this regard, somaclonal variation has been reported at 
different levels (morphological, cytological, cytochemical, biochemical, and molecular) in 
micropropagated plants [1]. The economic consequence of somaclonal variation among 
regenerated plants is enormous in fruit crops and woody plants, because they have long life 
cycles. In consequence, the behaviour of micropropagated plants should be assessed after 
their long juvenile stage in field conditions. The occurrence of somaclonal variation is a 
matter of great concern for any micropropagation system. In order to evaluate its presence 
several strategies were used to detect somaclonal variants, based on one or more 
determinants from among morphological traits, cytogenetic analysis (numerical and 
structural variation in the chromosomes), and molecular and biochemical markers [2]. In 
addition, studies on somaclonal variation are important for its control and possible 
suppression with the aim of producing genetically identical plants, and for its use as a tool 
to produce genetic variability, which will enable breeders the genetic improvement. 
Somaclonal variation has been studied extensively in herbaceous plants, whereas few 
studies have focused on temperate perennial fruit crops.  

This chapter provides a survey of the technical approaches for identifying somaclonal 
variation in perennial fruit crops and is intended to provide a synthesis of the literature on 
the topic. In addition, recent advances in the characterization and detection of somaclonal 
variation in olive plants produced in vitro by nodal explants and somatic embryogenesis are 
reported in detail. 

© 2012 Leva et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Recent Advances in Plant in vitro Culture 124 

2. Somaclonal variation 

In nature, the genetic diversity and variability within a population are generated via 
recombination events. Factors such as natural selection, mutation, migration and 
population size influence genetic variability in different ways. In 1958 a novel, artificially 
produced, source of genetic variability was reported [3], the higher plant cells cultured in 
vitro showed a genetic instability that was also characteristic of regenerated cells. The first 
observation of somaclonal variation was reported [4]. Subsequently, the variability 
existing in plant tissue and cell cultures received much attention and neologisms were 
proposed by Larkin and Scowcroft [5] to refer to the results of in vitro cultures of plants. 
The term ‘somaclone’ was coined to refer to plants derived from any form of cell culture, 
and the term ‘somaclonal variation’ was coined to refer to the genetic variation among 
such plants. The growth of plant cells in vitro and their regeneration into whole plants is 
an asexual process that involves only mitotic division of the cells. In this context, the 
occurrence of uncontrolled and random spontaneous variation when culturing plant 
tissue is a major problem [6]. In vitro, the conditions of culture can be mutagenic and 
regenerated plants derived from organ cultures, calli, protoplasts and somatic embryos 
sometimes can show phenotypic and genotypic variation [7]. Some, or all, of the 
somaclones may be physically different from the stock donor plants [8]. Usually, 
variability occurs spontaneously and can be a result of temporary changes or permanent 
genetic changes in cells or tissue during in vitro culture. Temporary changes result from 
epigenetic or physiological effects and are nonheritable and reversible [9]. In contrast, 
permanent changes are heritable and often represent expression of pre-existing variation 
in the source plant or are a result of de novo variation [5]. The literature to date indicates 
that somaclonal variation can range in scope from specific trait to the whole plant 
genome. Somaclonal variation provides a valuable source of genetic variation for the 
improvement of crops through the selection of novel variants, which may show resistance 
to disease, improved quality, or higher yield [10, 11, 12, 13]. 

3. Origin and causes 

Although somaclonal variation has been studied extensively, the mechanisms by which it 
occurs remain largely either unknown or at the level of theoretical speculation in perennial 
fruit crops [14,15]. A variety of factors may contribute to the phenomenon. The system by 
which the regeneration is induced, type of tissue, explant source, media components and the 
duration of the culture cycle are some of the factors that are involved in inducing variation 
during in vitro culture [16]. 

3.1. Regeneration systems 

Regeneration systems can be ranked in order from high to low in terms of genetic stability, 
as follows: micropropagation by preformed structures, such as shoot tips or nodal explants; 
adventitiously derived shoots; somatic embryogenesis; and organogenesis from callus, cell 
and protoplast cultures [17, 18]. Cellular organization is a critical factor for plant growth, 
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whereas in vitro the loss of cellular control, which gives rise to disorganised growth, is a 
characteristic of somaclonal variation [6,19].  

Although the direct formation of plant structures from meristem cultures, without any 
intermediate callus phase, minimises the possibility of instability, the stabilising influence of 
the meristem is sometimes lost in vitro cultures [6]. 

Somatic embryogenesis and enhanced axillary branching are the methods used most 
extensively in commercial micropropagation systems [20]. Somatic embryogenesis has the 
potential to produce the greatest number of plantlets in a short time, and makes possible the 
use of bioreactors for the large-scale production of somatic embryos [21] and their delivery 
through encapsulation into artificial seeds [22, 23, 24, 25]. Enhanced axillary branching 
involves the abolition of apical dominance to achieve the de-repression and multiplication 
of shoots, and has become a very important method on account of the simplicity of the 
approach and rapid propagation rate [26, 27]. These methods are considered to produce 
genetically uniform and true-to-type plants, because the organised meristems generally are 
believed to be immune to genetic changes [28, 29]. Several reports of experimental studies 
support this view [30, 31, 32, 33, 34, 35]. However, there is an increasing body of evidence 
that indicates that in embryogenic cultures, selection in favour of ‘normal cells’ does not 
always take place during development and that growth of mutant cells can occur as well, 
which can induce variability in the cultures [36]. 

3.2. Explant source 

Genetic fidelity largely depends on explant source [37]. The explant tissue can affect the 
frequency and nature of somaclonal variation [38,39]. The use of meristematic tissues, such as 
the pericycle, procambium and cambium, as starting materials for tissue culture reduces the 
possibility of variation [40]. In contrast, highly differentiated tissues, such as roots, leaves, and 
stems, generally produce more variants, probably due to the callus-phase, than explants that 
have pre-existing meristems [41]. Furthermore, preparation of many explants from only one 
donor plant increases the possibility of variation in cultures [42]. This illustrates the 
importance of the donor plant with respect to its inherent genetic composition and genome 
uniformity in any of its components. Somaclonal variation can arise from somatic mutations 
already present in the tissues of the donor plant [6]. To test for pre-existing somaclonal 
variation, the somatic embryos obtained in the first round of regeneration may be subjected to 
another round of in vitro regeneration. Tissues that show pre-existing variation should yield 
more variability in the first somaclonal generation than in the second generation, and 
thereafter the variation in the second round can be eliminated or stabilised [15]. 

3.3. Medium components 

The hormonal components of the culture medium are powerful agents of variation. The 
effect of the type and concentration of plant growth regulators on the incidence of 
somaclonal variation in different plant species remains a topic of debate. Unbalanced 
concentrations of auxins and cytokinins may induce polyploidy, whereas under a low 
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somaclonal variation in different plant species remains a topic of debate. Unbalanced 
concentrations of auxins and cytokinins may induce polyploidy, whereas under a low 



 
Recent Advances in Plant in vitro Culture 126 

concentration or total absence of growth regulators the cells show normal ploidy [43]. In 
addition, rapid disorganised growth can induce somaclonal variation [6]. Sub- and supra-
optimal levels of growth regulators, especially synthetic compounds have been linked with 
somaclonal variation [44, 45]. Auxins added to cultures of unorganised calli or cell 
suspensions increase genetic variation by increasing the DNA methylation rate [46]. 
Similarly, in callus cultures of strawberries, the presence of the synthetic auxin 2,4-
Dichlorophenoxyacetic acid (2,4-D) is often associated with genetic abnormalities, such as 
polyploidy and stimulation of DNA synthesis, which may result in endoreduplication [47, 
48, 49, 50]. It would seem that growth regulators preferentially increase the rate of division 
of genetically abnormal cells [51]. High levels of cytokinins do not directly affect the rate of 
somaclonal variation in the banana cultivars ‘Nanjanagudu Rasabale’ and ‘Cavendish’; in 
this contest it would seem that the genotype has the greatest effect on somaclonal variation 
[52, 53]. Conversely, high levels of benzyladenine (BA) cause the number of chromosomes in 
the banana cultivar ‘Williams’ to increase [54]. In addition, diphenylurea derivatives are 
implicated in the incidence of somaclonal variation in bananas [55]. 

3.4. Duration and number of culture cycles 

The frequency of somaclonal variation increases as the number of subcultures and their 
duration increases, especially in cell suspensions and callus cultures [56, 57, 58]. Moreover, 
the rapid multiplication of a tissue or long-term cultures may affect genetic stability and 
thus lead to somaclonal variation [59, 56, 60]. A statistical model has been proposed for 
predicting the theoretical mutation rate, primarily on the basis of the number of 
multiplication cycles [61]. However, the model has limited application, due to the 
complexity of biological systems. 

3.5. Effect of genotype 

Conditions of culture in vitro can be extremely stressful for plant cells and may initiate 
highly mutagenic processes [62, 63]. However, different genomes respond differently to the 
stress-induced variation, which indicates that somaclonal variation also has genotypic 
components. In callus cultures of strawberry, the genotype and type of explant strongly 
influenced the occurrence of somaclonal variation [64]. The differences in genetic stability 
are related to differences in genetic make-up, because some components of the plant 
genome may become unstable during the culture process, for example the repetitive DNA 
sequences, which can differ in quality and quantity between plant species [65]. In banana 
tissue culture the most important factor that influenced dwarf off-type production was 
found to be the inherent instability of the cultivars; for example, the cultivar ‘New Guinea 
Cavendish’ showed a higher level of instability in vitro than ‘Williams’. The dwarf off-types 
remained stable during in vitro culture, and the conditions under which tissue was cultured 
that induced dwarfism did not induce reversion of the dwarf off-type trait [66]. In Musa 
species, the type and rate of variation was specific and depended on genotype [67, 68] and 
genome composition [40]. An interaction between genotype and the tissue culture 
environment is also reported [69].  
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4. Genetic changes that contribute to somaclonal variation  

During plant growth and development in vivo, gross changes in the genome can occur 
during somatic differentiation, including endopolyploidy, polyteny and amplification or 
diminution of DNA sequences [70]. The processes of dedifferentiation and 
redifferentiation of cells may involve both qualitative and quantitative changes in the 
genome, and different DNA sequences may be amplified or deleted during the cell 
reprogramming. In addition, this process is related closely to the tissue source and the 
regeneration system [65]. Gross and cryptic chromosomal changes, or extensive changes 
in chromosome number, occur early during induction in an in vitro culture [5]. Variation 
in chromosome numbers and structures, and chromosome irregularities (such as breaks, 
acentric and centric fragments, ring chromosomes, deletions and inversions) are observed 
during in vitro differentiation and among regenerated somaclones [71, 72, 5]. Such 
rearrangements in chromosomes may result in the loss of genes or their function, the 
activation of genes previously silent, and the expression of recessive genes, when they 
become haploid. The irregularities in the chromosomes may be lost during plant 
regeneration and result in the production of ‘normal’ plants, or appear in the regenerated 
somaclones. 

Cryptic changes, such as point mutations, are also expected to occur and may affect the 
chloroplast or mitochondrial genomes. In addition, transpositional events, such as the 
activation of transposable elements, putative silencing of genes and a high frequency of 
methylation pattern variation among single-copy sequences, play a role in somaclonal 
variation [73, 74].  

The tissue culture environment may result in the modification of DNA methylation patterns 
[62, 75]. Global methylation levels and methylation of specific sites are documented in 
several crops, e.g. oil palm [76], grapevine [77, 78] and apple [79]. In addition, epigenetic 
changes, such as DNA methylation and histone modifications, may be associated with the 
physiological responses of the plant cells to the conditions in vitro [75]. Several epigenetic 
systems have been studied: variation for morphological traits, such as flower colour and 
shape, leaf colour and shape, and plant height; resistance to disease; and maturity date [80]. 
The rate of these changes varies not only in response to tissue culture conditions, but also 
among species and even among cultivars of the same species [81].  

There are several extensive reports of morphological and genetic variation of several plant 
species, primarily herbaceous species, but few studies have been conducted on perennial 
fruit crops, which indicates that knowledge of somaclonal variation in these plants is lacking 
[1]. Currently, many markers are available to verify the fidelity of perennial fruit crops at 
the morphological, physiological and molecular levels. 

In light of the many factors that can lead to somaclonal variation, the characterisation of 
micropropagated plants is essential to help to modify the protocol/s with which 
genetically true-to-type plants are obtained, so that the procedures can be used with 
predictable results. 
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of genetically abnormal cells [51]. High levels of cytokinins do not directly affect the rate of 
somaclonal variation in the banana cultivars ‘Nanjanagudu Rasabale’ and ‘Cavendish’; in 
this contest it would seem that the genotype has the greatest effect on somaclonal variation 
[52, 53]. Conversely, high levels of benzyladenine (BA) cause the number of chromosomes in 
the banana cultivar ‘Williams’ to increase [54]. In addition, diphenylurea derivatives are 
implicated in the incidence of somaclonal variation in bananas [55]. 

3.4. Duration and number of culture cycles 

The frequency of somaclonal variation increases as the number of subcultures and their 
duration increases, especially in cell suspensions and callus cultures [56, 57, 58]. Moreover, 
the rapid multiplication of a tissue or long-term cultures may affect genetic stability and 
thus lead to somaclonal variation [59, 56, 60]. A statistical model has been proposed for 
predicting the theoretical mutation rate, primarily on the basis of the number of 
multiplication cycles [61]. However, the model has limited application, due to the 
complexity of biological systems. 

3.5. Effect of genotype 

Conditions of culture in vitro can be extremely stressful for plant cells and may initiate 
highly mutagenic processes [62, 63]. However, different genomes respond differently to the 
stress-induced variation, which indicates that somaclonal variation also has genotypic 
components. In callus cultures of strawberry, the genotype and type of explant strongly 
influenced the occurrence of somaclonal variation [64]. The differences in genetic stability 
are related to differences in genetic make-up, because some components of the plant 
genome may become unstable during the culture process, for example the repetitive DNA 
sequences, which can differ in quality and quantity between plant species [65]. In banana 
tissue culture the most important factor that influenced dwarf off-type production was 
found to be the inherent instability of the cultivars; for example, the cultivar ‘New Guinea 
Cavendish’ showed a higher level of instability in vitro than ‘Williams’. The dwarf off-types 
remained stable during in vitro culture, and the conditions under which tissue was cultured 
that induced dwarfism did not induce reversion of the dwarf off-type trait [66]. In Musa 
species, the type and rate of variation was specific and depended on genotype [67, 68] and 
genome composition [40]. An interaction between genotype and the tissue culture 
environment is also reported [69].  
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diminution of DNA sequences [70]. The processes of dedifferentiation and 
redifferentiation of cells may involve both qualitative and quantitative changes in the 
genome, and different DNA sequences may be amplified or deleted during the cell 
reprogramming. In addition, this process is related closely to the tissue source and the 
regeneration system [65]. Gross and cryptic chromosomal changes, or extensive changes 
in chromosome number, occur early during induction in an in vitro culture [5]. Variation 
in chromosome numbers and structures, and chromosome irregularities (such as breaks, 
acentric and centric fragments, ring chromosomes, deletions and inversions) are observed 
during in vitro differentiation and among regenerated somaclones [71, 72, 5]. Such 
rearrangements in chromosomes may result in the loss of genes or their function, the 
activation of genes previously silent, and the expression of recessive genes, when they 
become haploid. The irregularities in the chromosomes may be lost during plant 
regeneration and result in the production of ‘normal’ plants, or appear in the regenerated 
somaclones. 

Cryptic changes, such as point mutations, are also expected to occur and may affect the 
chloroplast or mitochondrial genomes. In addition, transpositional events, such as the 
activation of transposable elements, putative silencing of genes and a high frequency of 
methylation pattern variation among single-copy sequences, play a role in somaclonal 
variation [73, 74].  

The tissue culture environment may result in the modification of DNA methylation patterns 
[62, 75]. Global methylation levels and methylation of specific sites are documented in 
several crops, e.g. oil palm [76], grapevine [77, 78] and apple [79]. In addition, epigenetic 
changes, such as DNA methylation and histone modifications, may be associated with the 
physiological responses of the plant cells to the conditions in vitro [75]. Several epigenetic 
systems have been studied: variation for morphological traits, such as flower colour and 
shape, leaf colour and shape, and plant height; resistance to disease; and maturity date [80]. 
The rate of these changes varies not only in response to tissue culture conditions, but also 
among species and even among cultivars of the same species [81].  

There are several extensive reports of morphological and genetic variation of several plant 
species, primarily herbaceous species, but few studies have been conducted on perennial 
fruit crops, which indicates that knowledge of somaclonal variation in these plants is lacking 
[1]. Currently, many markers are available to verify the fidelity of perennial fruit crops at 
the morphological, physiological and molecular levels. 

In light of the many factors that can lead to somaclonal variation, the characterisation of 
micropropagated plants is essential to help to modify the protocol/s with which 
genetically true-to-type plants are obtained, so that the procedures can be used with 
predictable results. 
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5. Morphological, cytological and biochemical markers  

Morphological markers usually are used to identify species, genera and families in 
germplasm collections. Somaclonal variants can be detected easily by morphological 
characteristics, such as plant height, leaf morphology and abnormal pigmentation [68]. For 
example, a sweet cherry (Prunus avium) somaclonal variant was characterised by 
morphological parameters, namely evaluation of plant vigour, leaf morphology, stomatal 
density, photosynthesis activity, the formation of floral buds, and the size, shape and colour 
of the fruit [82]. 

Chromosomal alteration and ploidy changes are highlighted by cytogenetic analysis, 
including chromosome counting and/or flow cytometry. Cytometry has been used to 
identify the particular characteristics of somaclonal variation in Vitis vinifera [83, 84, 85] and 
Citrus lemon [7]. Proteins and isozymes have been used widely as markers for identifying 
cultivars and characterising somaclonal variation in many fruit species [33]. Isozyme 
analysis has been used to assess genetic fidelity in Citrus plants regenerated through 
organogenesis, and somatic embryogenesis [86]. 

6. Molecular markers 

In some instances, discrepancies between molecular markers and phenotypic data are 
observed [87]. These discrepancies relate to the complexity of the plant genome, and the 
markers that are normally used often cannot give a complete view [88]. To resolve this 
difficulty, assay at the molecular level should be examined in relation to morphological 
changes. Currently, different molecular analytic techniques have used to point out 
somaclonal variation in tissue culture and in regenerants of several plants. Randomly 
amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), 
simple sequence repeat (SSR) and inter-simple sequence repeat (ISSR) markers have been 
used to study the genetic fidelity or genetic variability in micropropagated fruit crops.  

RAPD markers are suitable for detecting somaclonal variation in Prunus persica and the 
variation observed is genotype-dependent [89]. In contrast, RAPD fingerprinting confirmed 
genetic fidelity in microcuttings of Cedrus libani [90], micropropagated plants of Cedrus 
atlantica and C. libani [91], plants regenerated from leaf explants of Citrus sinensis cv. 
Bingtangcheng and cv. Valencia [92], and in Citrus limon plants [7]. Moreover, RAPD 
analysis showed clonal stability in micropropagated plants of Pyrus [93], and in plants of 
hazelnut (Corylus) regenerated from long-term in vitro cultures [94]. Polymorphic RAPD 
marker have been observed in apple and pear cultivars regenerated from adventitious 
shoots [95, 96], whereas no polymorphism was observed in apple and pear cultivars 
regenerated from vegetative shoot apices [96]. No polymorphism in RAPD markers was 
observed between plants propagated in vitro and donor plants of clones of the hybrid 
Castanea sativa × C. crenata [97].  

AFLP markers have been used to assess both genetic variation among axillary shoots and 
shoots regenerated from leaf- and petiole-derived calli of kiwifruit (Actinidia deliciosa). [98]. 
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A close relationship between the type of explants, regeneration system, and the presence of 
somaclonal variation was detected in shoots regenerated from leaf callus [99]. 

Plants of Vitis vinifera cvs. Mission and Valerien regenerated from callus cultures showed 
polymorphism using methylation-sensitive restriction enzymes [100].Variation in DNA 
methylation has been highlighted in apple plants micropropagated from in vitro axillary 
shoot cultures [101].  

SSR markers were applied to different V. vinifera cultivars regenerated from shoot cultures 
and from anther and ovary embryogenic callus lines. Homogeneous amplification profiles 
were revealed in the in vitro samples and donor plants [102]. In addition, SSR markers 
revealed genetic stability in V. vinifera cv. Crimson Seedless shoot cultures [103] and in 
micropropagated plants of the apple rootstock Merton 793 [104].  

In general, the use of one type molecular marker to assess the stability of in vitro propagated 
plants may be insufficient. Recently, several authors used multiple molecular marker types 
to study somaclonal variation in regenerants of several plant species. In Actinidia deliciosa 
cultures, a relatively low level of polymorphism was detected with RAPD markers, whereas 
with SSR markers the level of polymorphism detected was higher [105]. Genetic stability 
was analyzed in plantlets of almond (Prunus dulcis) regenerated by axillary branching with 
RAPD markers and confirmed by ISSR analysis [106]. The genetic fidelity of plantlets 
obtained by indirect somatic embryogenesis from anthers and ovaries of V. vinifera cv. 
Grignolino and cv. Dolcetto was detected by SSR and AFLP analysis [107].  

7. Olives 

Olives belong to the genus Olea (family Oleaceae). The genus comprises 35 species, of 
which the most important is O. europaea, which comprises two subspecies subsp. sylvestris 
(wild olive) and subsp. europaea (cultivated olive). Olive cultivars are subdivided into two 
types: i) olive-oil cultivars, which are used for the production of olive oil, in which the 
ripe fruit contains at least 20% oil; and ii) table cultivars, which produce fruits with a 
lower oil content and are destined for canning. Olive cultivation is concentrated in 
southern Europe (Spain, Italy, France, Portugal and Greece) and the Mediterranean region 
(Turkey, Syria, Libya, Morocco and Tunisia). The olive is the longest-cultivated crop in the 
Mediterranean basin and the most economically important fruit tree in this part of the 
world. Over the last few decades, cultivation has expanded to other countries, such as 
South Africa, Argentina, Chile, the USA (in California), Australia and China. Currently, 
9.4 million ha of olive orchards worldwide produce about 16 million tons of olive fruits 
that are processed into 2.5 million tons of oil and 1.5 million tons of table olives. For 
centuries, olive plants have been propagated vegetatively by suckers, grafting and 
cuttings. In vitro culture offers a novel alternative method of propagation to these 
traditional approaches. 

We report the studies conducted on olive plants produced in vitro by nodal explants and 
somatic embryogenesis to verify their fidelity to donor plant.  
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5. Morphological, cytological and biochemical markers  

Morphological markers usually are used to identify species, genera and families in 
germplasm collections. Somaclonal variants can be detected easily by morphological 
characteristics, such as plant height, leaf morphology and abnormal pigmentation [68]. For 
example, a sweet cherry (Prunus avium) somaclonal variant was characterised by 
morphological parameters, namely evaluation of plant vigour, leaf morphology, stomatal 
density, photosynthesis activity, the formation of floral buds, and the size, shape and colour 
of the fruit [82]. 

Chromosomal alteration and ploidy changes are highlighted by cytogenetic analysis, 
including chromosome counting and/or flow cytometry. Cytometry has been used to 
identify the particular characteristics of somaclonal variation in Vitis vinifera [83, 84, 85] and 
Citrus lemon [7]. Proteins and isozymes have been used widely as markers for identifying 
cultivars and characterising somaclonal variation in many fruit species [33]. Isozyme 
analysis has been used to assess genetic fidelity in Citrus plants regenerated through 
organogenesis, and somatic embryogenesis [86]. 

6. Molecular markers 

In some instances, discrepancies between molecular markers and phenotypic data are 
observed [87]. These discrepancies relate to the complexity of the plant genome, and the 
markers that are normally used often cannot give a complete view [88]. To resolve this 
difficulty, assay at the molecular level should be examined in relation to morphological 
changes. Currently, different molecular analytic techniques have used to point out 
somaclonal variation in tissue culture and in regenerants of several plants. Randomly 
amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), 
simple sequence repeat (SSR) and inter-simple sequence repeat (ISSR) markers have been 
used to study the genetic fidelity or genetic variability in micropropagated fruit crops.  

RAPD markers are suitable for detecting somaclonal variation in Prunus persica and the 
variation observed is genotype-dependent [89]. In contrast, RAPD fingerprinting confirmed 
genetic fidelity in microcuttings of Cedrus libani [90], micropropagated plants of Cedrus 
atlantica and C. libani [91], plants regenerated from leaf explants of Citrus sinensis cv. 
Bingtangcheng and cv. Valencia [92], and in Citrus limon plants [7]. Moreover, RAPD 
analysis showed clonal stability in micropropagated plants of Pyrus [93], and in plants of 
hazelnut (Corylus) regenerated from long-term in vitro cultures [94]. Polymorphic RAPD 
marker have been observed in apple and pear cultivars regenerated from adventitious 
shoots [95, 96], whereas no polymorphism was observed in apple and pear cultivars 
regenerated from vegetative shoot apices [96]. No polymorphism in RAPD markers was 
observed between plants propagated in vitro and donor plants of clones of the hybrid 
Castanea sativa × C. crenata [97].  

AFLP markers have been used to assess both genetic variation among axillary shoots and 
shoots regenerated from leaf- and petiole-derived calli of kiwifruit (Actinidia deliciosa). [98]. 
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A close relationship between the type of explants, regeneration system, and the presence of 
somaclonal variation was detected in shoots regenerated from leaf callus [99]. 

Plants of Vitis vinifera cvs. Mission and Valerien regenerated from callus cultures showed 
polymorphism using methylation-sensitive restriction enzymes [100].Variation in DNA 
methylation has been highlighted in apple plants micropropagated from in vitro axillary 
shoot cultures [101].  

SSR markers were applied to different V. vinifera cultivars regenerated from shoot cultures 
and from anther and ovary embryogenic callus lines. Homogeneous amplification profiles 
were revealed in the in vitro samples and donor plants [102]. In addition, SSR markers 
revealed genetic stability in V. vinifera cv. Crimson Seedless shoot cultures [103] and in 
micropropagated plants of the apple rootstock Merton 793 [104].  

In general, the use of one type molecular marker to assess the stability of in vitro propagated 
plants may be insufficient. Recently, several authors used multiple molecular marker types 
to study somaclonal variation in regenerants of several plant species. In Actinidia deliciosa 
cultures, a relatively low level of polymorphism was detected with RAPD markers, whereas 
with SSR markers the level of polymorphism detected was higher [105]. Genetic stability 
was analyzed in plantlets of almond (Prunus dulcis) regenerated by axillary branching with 
RAPD markers and confirmed by ISSR analysis [106]. The genetic fidelity of plantlets 
obtained by indirect somatic embryogenesis from anthers and ovaries of V. vinifera cv. 
Grignolino and cv. Dolcetto was detected by SSR and AFLP analysis [107].  

7. Olives 

Olives belong to the genus Olea (family Oleaceae). The genus comprises 35 species, of 
which the most important is O. europaea, which comprises two subspecies subsp. sylvestris 
(wild olive) and subsp. europaea (cultivated olive). Olive cultivars are subdivided into two 
types: i) olive-oil cultivars, which are used for the production of olive oil, in which the 
ripe fruit contains at least 20% oil; and ii) table cultivars, which produce fruits with a 
lower oil content and are destined for canning. Olive cultivation is concentrated in 
southern Europe (Spain, Italy, France, Portugal and Greece) and the Mediterranean region 
(Turkey, Syria, Libya, Morocco and Tunisia). The olive is the longest-cultivated crop in the 
Mediterranean basin and the most economically important fruit tree in this part of the 
world. Over the last few decades, cultivation has expanded to other countries, such as 
South Africa, Argentina, Chile, the USA (in California), Australia and China. Currently, 
9.4 million ha of olive orchards worldwide produce about 16 million tons of olive fruits 
that are processed into 2.5 million tons of oil and 1.5 million tons of table olives. For 
centuries, olive plants have been propagated vegetatively by suckers, grafting and 
cuttings. In vitro culture offers a novel alternative method of propagation to these 
traditional approaches. 

We report the studies conducted on olive plants produced in vitro by nodal explants and 
somatic embryogenesis to verify their fidelity to donor plant.  
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7.1. Regeneration systems for olive 

The ability of a single cell to divide and give rise to a whole plant (cellular totipotency), is 
the theoretical and experimental basis of modern plant biotechnology. Perennial and woody 
plants generally are considered to be recalcitrant in culture and are difficult to regenerate 
[108]. In commercial regeneration systems, the two methods that are used most commonly 
for olive plants are micropropagation and somatic embryogenesis.  

7.1.1. Micropropagation 

Schaeffer [109] defined micropropagation as the in vitro clonal propagation of plants from 
shoot tips or nodal explants; in the case of olive, nodal explants are used. Indirect systems, 
such as the differentiation of adventitious shoots after a phase of disorganised callus 
formation, are used less frequently for perennial plants because of the possible selection of 
several cell-lines in callus. The multicellular origin of adventitious buds is considered to 
generate a high risk that the regenerated plants will lose fidelity to the parent plant. In a 
commercial setting, this threat is often serious enough to eliminate any further consideration 
of micropropagation as a cloning method. 

In vitro vegetative propagation by nodal explants allows rapid production of a large number 
of plants. The procedure consists of the following stages: culture establishment, shoot 
proliferation, rooting and acclimatization extra vitro (Figure 1). Therefore, the degree of 
success depends on the genotype, selection of explants, media and culture conditions, and 
levels of growth regulator. The micropropagation of olives was first achieved a quarter of a 
century ago [110, 111, 112]. However, progress in improving the technique has been 
relatively slow, due to the inherently slow growth of olive explants. The rate of proliferation 
of olive explants is limited by the low frequency of bud sprouting and poor growth rates of 
secondary shoots [113, 114, 115]. In recent years, several studies have investigated and 
improved the technique to define an in vitro propagation sufficiently effective for large-scale 
commercial application [116]. 

 

 
 
Figure 1. Stages of micropropagation by nodal explants of olive plants following from left to right: 
Stage 1= shoots proliferation; Stage 2= rooting of shoots; Stage 3 = acclimatization of shoots ex vitro 

 
Somaclonal Variation in Tissue Culture: A Case Study with Olive 131 

7.1.2. Somatic embryogenesis 

This regeneration system has been well documented in several species, using a wide range 
of plant tissues as explant sources. Immature embryos are suitable for induction of 
embryogenesis. This capability is, in most instances, not merely an intrinsic property of a 
species and instead is under genetic control, such that individual genotypes within a species 
can differ in their ability to undergo somatic embryogenesis. The first report of somatic 
embryogenesis in olive used a portion of cotyledons from immature embryos [117, 118] 
(Figure 2). Subsequent studies have focused on the induction of somatic embryogenesis in 
different olive cultivars [119, 120, 121]. Improved protocols have enabled the induction of 
somatic embryogenesis from mature tissues (petioles) obtained from shoots grown in vitro 
[119] portions of the radicle and cotyledons [122], ovaries, stamens, leaves and petioles 
[123,124], and cell suspension cultures derived from mature olive tissue [125].  

  
Figure 2. Somatic embryos of cv Frangivento at different development stages  

7.1.3. Propagation by nodal explants and somatic embryogenesis compared  

Micropropagation has a significant advantage over somatic embryogenesis in that it is 
thought to reduce the potential for undesirable somaclonal variants among the regenerated 
plants, whereas in somatic embryogenesis the risk of genetic instability is high. Somatic 
embryogenesis has an advantage over micropropagation in that it generates a new plant 
with both root and shoot meristems from actively dividing somatic cells in the same step 
and within a short time period, whereas micropropagation requires additional steps and a 
longer time frame. 

7.2. Field performance of olive plants raised in vitro 

Despite the commercial importance of clonal fidelity of plants produced by tissue culture, 
the field performance and genetic integrity of olive plants regenerated from in vitro cultures 
is reported sporadically [126, 127, 128]. These factors are of paramount importance for olive 
cultivars. Olive trees have a long life span (hundreds of years), a long juvenile period, broad 
genetic diversity and consequent variability of the fruit, which may influence traits that 
pertain to the composition and quality of the oil, such as aroma and taste [129]; hence, any 
variation of the genotype may modify the olive oil characteristics. From this point of view it 



 
Recent Advances in Plant in vitro Culture 130 
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The ability of a single cell to divide and give rise to a whole plant (cellular totipotency), is 
the theoretical and experimental basis of modern plant biotechnology. Perennial and woody 
plants generally are considered to be recalcitrant in culture and are difficult to regenerate 
[108]. In commercial regeneration systems, the two methods that are used most commonly 
for olive plants are micropropagation and somatic embryogenesis.  

7.1.1. Micropropagation 

Schaeffer [109] defined micropropagation as the in vitro clonal propagation of plants from 
shoot tips or nodal explants; in the case of olive, nodal explants are used. Indirect systems, 
such as the differentiation of adventitious shoots after a phase of disorganised callus 
formation, are used less frequently for perennial plants because of the possible selection of 
several cell-lines in callus. The multicellular origin of adventitious buds is considered to 
generate a high risk that the regenerated plants will lose fidelity to the parent plant. In a 
commercial setting, this threat is often serious enough to eliminate any further consideration 
of micropropagation as a cloning method. 

In vitro vegetative propagation by nodal explants allows rapid production of a large number 
of plants. The procedure consists of the following stages: culture establishment, shoot 
proliferation, rooting and acclimatization extra vitro (Figure 1). Therefore, the degree of 
success depends on the genotype, selection of explants, media and culture conditions, and 
levels of growth regulator. The micropropagation of olives was first achieved a quarter of a 
century ago [110, 111, 112]. However, progress in improving the technique has been 
relatively slow, due to the inherently slow growth of olive explants. The rate of proliferation 
of olive explants is limited by the low frequency of bud sprouting and poor growth rates of 
secondary shoots [113, 114, 115]. In recent years, several studies have investigated and 
improved the technique to define an in vitro propagation sufficiently effective for large-scale 
commercial application [116]. 
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7.1.2. Somatic embryogenesis 

This regeneration system has been well documented in several species, using a wide range 
of plant tissues as explant sources. Immature embryos are suitable for induction of 
embryogenesis. This capability is, in most instances, not merely an intrinsic property of a 
species and instead is under genetic control, such that individual genotypes within a species 
can differ in their ability to undergo somatic embryogenesis. The first report of somatic 
embryogenesis in olive used a portion of cotyledons from immature embryos [117, 118] 
(Figure 2). Subsequent studies have focused on the induction of somatic embryogenesis in 
different olive cultivars [119, 120, 121]. Improved protocols have enabled the induction of 
somatic embryogenesis from mature tissues (petioles) obtained from shoots grown in vitro 
[119] portions of the radicle and cotyledons [122], ovaries, stamens, leaves and petioles 
[123,124], and cell suspension cultures derived from mature olive tissue [125].  

  
Figure 2. Somatic embryos of cv Frangivento at different development stages  

7.1.3. Propagation by nodal explants and somatic embryogenesis compared  

Micropropagation has a significant advantage over somatic embryogenesis in that it is 
thought to reduce the potential for undesirable somaclonal variants among the regenerated 
plants, whereas in somatic embryogenesis the risk of genetic instability is high. Somatic 
embryogenesis has an advantage over micropropagation in that it generates a new plant 
with both root and shoot meristems from actively dividing somatic cells in the same step 
and within a short time period, whereas micropropagation requires additional steps and a 
longer time frame. 

7.2. Field performance of olive plants raised in vitro 

Despite the commercial importance of clonal fidelity of plants produced by tissue culture, 
the field performance and genetic integrity of olive plants regenerated from in vitro cultures 
is reported sporadically [126, 127, 128]. These factors are of paramount importance for olive 
cultivars. Olive trees have a long life span (hundreds of years), a long juvenile period, broad 
genetic diversity and consequent variability of the fruit, which may influence traits that 
pertain to the composition and quality of the oil, such as aroma and taste [129]; hence, any 
variation of the genotype may modify the olive oil characteristics. From this point of view it 
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is critical that the morphological and molecular performance of mature plants, derived from 
axillary buds and somatic embryogenesis, should be evaluated. 

7.2.1. Morphological characterisation of plants derived from nodal explants 

Morphological and biological characteristics have been used widely for descriptive 
purposes and are commonly used to distinguish olive cultivars [130]. A morphological 
approach is the main initial step when describing and classifying olive germplasm (131]. So, 
a morphological analysis was used initially to evaluate the plants produced by 
micropropagation (termed 'micropropagated plants'; MPs) using the protocol reported in 
[113,132] and in [116].  

The donor plant (DP) for the initial explants for micropropagation was a 20-year-old tree of 
Olea europaea cv. Maurino. The same donor plant, multiplied by cuttings, was used as the 
control plant in the field evaluation. In 1998, 70 16-month-old MPs cultured in pots and 20 
control plants (Cp) were transferred to an experimental field situated in San Pancrazio, 
Firenze, Italy (43°39'36.00'' N, 11°11'25.80'' E). Twenty-four morphological parameters for 
vegetative and reproductive traits were considered (Table 1). 

During field growth, no significant differences in most of the vegetative parameters were 
noted between the MP and Cp plants. The data revealed no differences in growth habit, 
vegetative growth, and canopy and trunk area. Only the leaves and drupes of MPs were 
slightly wider than the Cp plants but still retained the characteristic leaf and drupe shapes 
of the cultivar. The productivity of fruiting shoots was similar, despite the slightly different 
number of flowers per inflorescence; in olive fruit set only occurs in 2–5% of the flowers, so 
the slight difference did not have any effect on fruiting [133]. Pit traits were identical 
between the MP and Cp plants (Figure 3). Olive oil was extracted from both plant groups 
and subjected to sensory tests and chemical composition analysis. The oils had a strong 
fragrance and there was no variability in composition between the oil produced by the MP 
and Cp plants (Figure 4). Thus, the MP plants showed morphological and productive 
uniformity with the Cp plants in terms of vegetative, reproductive and oil traits. Any 
genetic variation present among the MPs was unrelated to development, vegetative growth 
and production quality. These results are related to the protocol used for in vitro culture. It is 
important to stress the absence of relevant somaclonal variation because, as reported by 
Rani and Raina [1], a procedure for micropropagation should be released for commercial 
application only when analyses on mature plants have established that the procedure does 
not induce undesirable somaclonal variation. 

 
Vegetative characters Inflorescence and fruit characters 

HP Plant height: measured in meter from 
the soil level to the highest point 

*IL Inflorescence length in mm 

CP Canopy projection to the soil: measured 
at the two widest diameters in m2 

NF Number of flowers per inflorescence 
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Vegetative characters Inflorescence and fruit characters 

VP Canopy volume in m3 NO Number of olive fruits per fruiting shoot 

TA Trunk area in cm2 FL Fruit length in mm 

VSG Vegetative shoot growth in cm FW Fruit width in mm 

VSN Node number of vegetative shoots FL/W Fruit length/width 

VSI Internode length of vegetative shoots in 
cm 

FFW Fruit fresh weight in g 

*FS Number of feather shoots (lateral shoots 
developing from axillary buds formed in 
same year) on the vegetative shoots 

FDW Fruit dry weight in g 

*FG Feather shoot growth in cm PL Pit length in mm 

*FN Feather shoot node number PW Pit width in mm 

*FI Internode length of feather shoots in cm PL/W Pit length/width 

LBL Leaf blade length in mm PFW Pit weight in g 

LBW Leaf blade width in mm FFW/PW Fruit weight/Pit weight 

BL/W Blade length/width FY Production weight in Kg 

LA Leaf area in mm2  

*LFW Leaf Fresh weight in mg  

*LDW Leaf Dry weight in mg  

*DW Dry weight mg per 100 mm2  

*no used for microplants 

Table 1. Quantitative descriptors of olive plants propagated through nodal explants, and somatic 
embryogenesis observed in field cultivation 

 

 
Figure 3. Micropropagated olive orchard 
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application only when analyses on mature plants have established that the procedure does 
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Figure 4. Olive oil extracted by micropropagated plants  

7.2.2. Molecular characterisation and assessment of genetic fidelity of plants derived from 
micropropagation 

At the end of the second year of field cultivation, an initial molecular analysis was 
conducted on five MP, Cp plants and the donor plant. Twenty-one 10-base primers were 
used for PCR-RAPD analysis. The primers generated a total of 182 amplification fragments. 
All of the primers produced monomorphic amplification patterns in the MPs, and no 
differences were found in the amplification pattern among MPs, Cps and donor plant. 

In 2006, 12 randomly chosen 9-year-old mature MPs were evaluated by means of RAPD and 
ISSR analysis. Total genomic DNA was extracted from fresh leaves of the MPs and donor plant 
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). To detect any genetic changes, 
the RAPD and ISSR results were compared among all MPs, and between MP and Cp plants. 
The 40 RAPD primers generated 301 scorable band classes, whereas the 10 ISSR primers 
produced 46 reproducible fragments. The RAPD primer amplification products were 
monomorphic in MPs and donor plant, as well as the ISSR primers produced monomorphic 
bands within MPs, and between MP samples and donor plant [134] (Figure 5). 

The molecular analyses, undertaken in two separate studies, at different plant ages, and 
using two types of molecular markers, supported the genetic stability and uniformity of Olea 
europaea cv. Maurino MPs. In addition, these results confirmed the reliability of the 
morphological analysis results [127, 128]. 

7.2.3. Morphological characterisation of plants regenerated by somatic embryogenesis 

Plantlets were obtained from embryogenic tissue induced from immature cotyledons of the 
cultivar Frangivento using the methods reported in reference [118], (Figure 2). Fifty somatic 
seedlings were recovered from embryogenic long-term cultures (3 years), planted in small 
commercial pots (1.5 l) and placed in a greenhouse in 1992. The survival frequency was 83% 
after 3 months. The somatic seedlings and MPs from Frangivento donor plant, which was used 
as a putative control (Pc), were grown in large pots in a greenhouse up to 1997. During 
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cultivation in pots, the somatic plants showed developmental behaviour related to growth rate 
and habit that differed from that of the MPs. In 1998, 43 somatic plants and 10 Pc plants were 
transferred to field condition in San Donato, Firenze, Italy (43°33'46.08'' N, 11°10'21.00'' E). In 
the field, the somatic plants retained the different developmental behaviour observed in pots. 
The plants were monitored for several years, during which time it was possible to detect 
morphological variation related to potential yield, inflorescences, fruits and their characteristics. 
In total, 32 morphological traits were analysed (Table 1). On the basis of the preliminary 
observations of plant growth in pots, in the field we recorded, in particular, data for two variant 
phenotype groups classified as bush olive somaclones (BOS; four representative trees) and 
columnar olive somaclones (COS; four representative trees) (Figure 6). 

 
Figure 5. RAPD-PCR amplification patterns for micropropagated plants cv Maurino (Mau) and donor 
plant (DP) using primers left:M10 right SAT3 and 40148. MVI markers 

   
Figure 6. Somaclonal olive plants: BOS and COS phenotypes, left: somaclones during the growth in 
pots in greenhouse, right: mature somaclones grown in experimental field 
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seedlings were recovered from embryogenic long-term cultures (3 years), planted in small 
commercial pots (1.5 l) and placed in a greenhouse in 1992. The survival frequency was 83% 
after 3 months. The somatic seedlings and MPs from Frangivento donor plant, which was used 
as a putative control (Pc), were grown in large pots in a greenhouse up to 1997. During 
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cultivation in pots, the somatic plants showed developmental behaviour related to growth rate 
and habit that differed from that of the MPs. In 1998, 43 somatic plants and 10 Pc plants were 
transferred to field condition in San Donato, Firenze, Italy (43°33'46.08'' N, 11°10'21.00'' E). In 
the field, the somatic plants retained the different developmental behaviour observed in pots. 
The plants were monitored for several years, during which time it was possible to detect 
morphological variation related to potential yield, inflorescences, fruits and their characteristics. 
In total, 32 morphological traits were analysed (Table 1). On the basis of the preliminary 
observations of plant growth in pots, in the field we recorded, in particular, data for two variant 
phenotype groups classified as bush olive somaclones (BOS; four representative trees) and 
columnar olive somaclones (COS; four representative trees) (Figure 6). 
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Figure 6. Somaclonal olive plants: BOS and COS phenotypes, left: somaclones during the growth in 
pots in greenhouse, right: mature somaclones grown in experimental field 
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Four replicates for each phenotype were chosen in agreement with the number of replicate 
plants in an olive germplasm collection, according to the International Union for the 
Protection of New Varieties of Plants descriptor list. The relationships among the BOS and 
COS groups and Pc plants were investigated by analysis of variance for morphological traits 
and by a multivariate method (cluster analysis). 

 
Figure 7. Dendrogram based on morphological traits of the BOS, COS groups and Putative control (Pc) 
according to a hierarchical clustering. 

Wide phenotypic variation in shoot growth responses was observed between the BOS and 
COS groups. The differences were related to the growth rate, leaf, fruit and pit traits. The 
architecture of the COS plants, which is determined by plant height, canopy projection and 
canopy volume, differed from that of Pc plants. In the BOS plants, the reduction in plant 
height, increase in feather shoot number, and reduction in the dimensions of the leaves, 
inflorescences and fruits, jointly contributed to the more compact growth habit than that of 
the Pc plants. Cluster analysis was able to separate and characterise the BOS and COS 
groups from the Pc plants, as expected, on the basis of the different growth habits and 
dimensions of the leaf, fruit, pit and inflorescence (Figure 7) [128].  

 
Figure 8. Somaclonal olive plants, left: flowering, right: fruiting  

 
Somaclonal Variation in Tissue Culture: A Case Study with Olive 137 

The morphological variations detected among the somaclonal plants were positive and 
important variations for a possible future utilization of somaclones as rootstocks or new 
genotypes, and were not accompanied by deleterious changes in other agronomically or 
horticulturally important traits (Figure 8). 

Our results on somaclonal variation among olive plants produced by somatic 
embryogenesis are in agreement with preliminary data recorded for field-grown juvenile 
olive plants derived from embryogenic callus of the cultivar Moraiolo [135]. 

7.2.4. Molecular characterisation of somaclonal olive plants  

Bush olive somaclone (BOS), columnar olive somaclone (COS) and Frangivento donor plants 
grown in the field were analysed with RAPD molecular markers. Total genomic DNA was 
extracted from fresh leaves using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). As 
a first step, 40 primers (decamers) were used [136], of which 20 primers showed 
reproducible and well-resolved bands. All subsequent analyses were conducted using these 
20 primers. 

The 20 RAPD primers generated 198 scorable band classes that ranged in size from 2200 to 
210 bp; the number of primer bands varied from seven (CD11 and OPA01) to 13 (OPP10, 
AH30 and OPP12). Both somaclone types and Frangivento shared a large proportion (86%) 
of RAPD markers, which suggested the occurrence of homology among the somaclones and 
Frangivento. These results were expected because all regenerants were derived from the 
same seed (two cotyledon portions). In addition, the results suggest that genetic changes 
occurred during the long-term maintenance of embryogenic cultures in vitro. 

Some primers showed polymorphism between the somaclones and the donor plant, 
whereas others were polymorphic between the BOS and COS groups. Eight primers (OPP15, 
OPP10, AH29, AG1, OPP12, OPA07, OPP14 and OPP02), showed a close relationship with 
growth habit (Table 2). The type of polymorphism detected was either presence or absence 
of a fragment. The primer OPP15 amplified a single, intense band of approximately 537 pb 
in COS plants, but this band was absent in BOS plants and Frangivento. In addition, the 
primer OPP10 amplified two specific bands: a single band of approximately 603 pb present 
only in BOS plants, and a specific band of approximately 425 pb present in COS plants. 
OPP14 amplified a specific band present in all somaclones but absent in Frangivento donor 
plant. Eight polymorphic primers amplified seven specific bands (OPP10603, AH291190, 
AG1550, OPP121350, OPA07407, OPA07340 and OPP02750) for BOS plants and three specific bands 
(OPP15537, OPP10425 and OPP02800) for COS plants. 

 
Primer Fragments (pb) COS BOS DP 
OPP15 1000 ‒ + + 

 537 + ‒ ‒ 
 375 ‒ + + 
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The morphological variations detected among the somaclonal plants were positive and 
important variations for a possible future utilization of somaclones as rootstocks or new 
genotypes, and were not accompanied by deleterious changes in other agronomically or 
horticulturally important traits (Figure 8). 
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embryogenesis are in agreement with preliminary data recorded for field-grown juvenile 
olive plants derived from embryogenic callus of the cultivar Moraiolo [135]. 
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a first step, 40 primers (decamers) were used [136], of which 20 primers showed 
reproducible and well-resolved bands. All subsequent analyses were conducted using these 
20 primers. 

The 20 RAPD primers generated 198 scorable band classes that ranged in size from 2200 to 
210 bp; the number of primer bands varied from seven (CD11 and OPA01) to 13 (OPP10, 
AH30 and OPP12). Both somaclone types and Frangivento shared a large proportion (86%) 
of RAPD markers, which suggested the occurrence of homology among the somaclones and 
Frangivento. These results were expected because all regenerants were derived from the 
same seed (two cotyledon portions). In addition, the results suggest that genetic changes 
occurred during the long-term maintenance of embryogenic cultures in vitro. 

Some primers showed polymorphism between the somaclones and the donor plant, 
whereas others were polymorphic between the BOS and COS groups. Eight primers (OPP15, 
OPP10, AH29, AG1, OPP12, OPA07, OPP14 and OPP02), showed a close relationship with 
growth habit (Table 2). The type of polymorphism detected was either presence or absence 
of a fragment. The primer OPP15 amplified a single, intense band of approximately 537 pb 
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only in BOS plants, and a specific band of approximately 425 pb present in COS plants. 
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Primer Fragments (pb) COS BOS DP 
OPP15 1000 ‒ + + 

 537 + ‒ ‒ 
 375 ‒ + + 
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Primer Fragments (pb) COS BOS DP 
OPP10 1698 ‒ ‒ + 

 603 ‒ + ‒ 
 425 + ‒ ‒ 

AH29 1190 ‒ + ‒ 
 1135 + ‒ + 
 800 + ‒ + 

AG1 550 ‒ + ‒ 
 260 + ‒ + 

OPP12 1170 ‒ + + 
 1350 ‒ + ‒ 
 832 ‒ ‒ + 
 692 ‒ ‒ + 

OPA07 1114 + ‒ + 
 1072 + ‒ + 
 517 + ‒ + 
 407 ‒ + ‒ 
 340 ‒ + ‒ 

OPP14 1230 ‒ + + 
 725 + + ‒ 
 625 + ‒ + 
 210 + ‒ + 

OPP02 1260 + ‒ + 
 800 + ‒ ‒ 
 750 ‒ + ‒ 
 530 + ‒ + 

Table 2. Polymorphic fragments scored among the Columnar genotype (COS), Bush genotype (BOS), 
and Donor Plant (DP) 

In 2004, a second RAPD analysis, conducted using the same 20 primers considered in the 
initial molecular analysis, was performed on 12-year-old somaclonal plants (the plant age 
refers to the time from transfer to ex vitro conditions). The RAPD analysis of the mature 
olive plants ( Figures 9,10) confirmed all patterns of differences between the somaclones and 
donor plant obtained in the initial study. Moreover, the bands specific to BOS and COS were 
confirmed. Therefore, when reproducibility is strictly controlled, the RAPD system still 
seems to be the most rapid and inexpensive for testing variability among plants obtained by 
somatic embryogenesis. This study indicated clearly that the somaclonal variation in olive 
was stable and confirmed the morphological results obtained in previous years . 
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Figure 9. RAPD-PCR amplification patterns for somaclonal olive plants BOS using AG1 primer. 
Polymorphic DNA fragment is identified by an arrow 

 

 
Figure 10. RAPD-PCR amplification patterns for somaclonal olive plants COS using OPP02 primer. 
Polymorphic DNA fragment is identified by an arrow 

550 pb

1260pb
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7.2.5. Description of morphological variation among the vegetative progeny of somaclonal 
plants 

In view of the stringent requirements for the adoption of novel olive genetic material by 
working breeders, the variation detected must be hereditable, either sexually or asexually, 
through conventional vegetative propagation. The aim of our studies on somaclones has 
been to determine whether the variation in habit is also expressed in the progeny of 
somaclonal olive plants (daughter plants) obtained by vegetative propagation (rooted 
cuttings). Data for both the rooting capacity of somaclonal plants and its behaviour under 
field conditions are reported for 2005 and 2009 respectively. 

 

Type of habitus 
Rooting 

(%) 
Root number 

Root length 
(cm) 

Columnar (COS) 64.41 n.s 5.5 n.s 2.45 n.s 

Dwarf (BOS) 61.15 n.s 4.8 n.s 2.57 n.s 

Means were discriminated using Tukey’s multiple range test at the 5% level of significant 

Table 3. Rooting percentages of the BOS and COS somaclonal olive plants  

The BOS and COS variant phenotypes showed a medium-high rooting capacity, with no 
statistical differences for the parameters studied between the two types of growth habit (Table 3).  

Furthermore, in 2006, under an agreement with the Centro di Ricerca e Sperimentazione in 
Agricoltura (CRSA) “Basile Caramia” Locorotondo, Taranto, Italy, the propagated daughter 
somaclonal plants were planted in an experimental field at Vivai Conca d’Oro at 
Palagianello, (40°34'43'' N, 16°58'31'' E, m. 32 a.s.l.) to verify both the heritability of the habit 
variation and the behaviour of habit variation in very different environmental conditions. 
This approach was based on the premiss that the performance of BOS and COS plants might 
depend not only on their inherent growth habit, but also on the environmental conditions in 
which they were grown. The environment could limit or enhance the expression of 
morphological growth phenotypes.  

 

Type of habitus 
Plant 

Height 
m 

Trunk 
diameter 

cm 

Length of 
lateral 

shoots cm

Node 
number of 

lateral 
shoots 

axillary 
shoot 

number 

Node 
number of 

axillary 
shoots 

Columnar (COS) 3.2a 11.1ns 76.1a 39.5a 1.9c 5.9b 

Dwarf (BOS) 2.4b 10.0ns 65.9b 31.8b 11.8a 11.6a 

Putative control 3.0a 9.4ns 55.8c 27.6b 6.0b 5.7b 

Means were discriminated using Tukey’s multiple range test at the 5% level of significant 

Table 4. Comparison of daughter somaclonal olive plants of columnar and dwarf: plant height, trunk 
diameter, length and node number of lateral and axillary shoots  
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Preliminary assessment of the performance of somaclonal daughter plants, conducted for 3 
years, indicated that morphological characteristics were comparable to those of the 
somaclonal mother plants. As in the mother plants, the main morphological patterns were 
the plant height for the BOS phenotype, and length, node number and number of axillary 
shoots for both phenotypes, in comparison to the putative control (Table 4). In addition, in 
relation to the environmental conditions at the planting site, the growth performance of the 
somaclonal daughter plants depended only on the inherent growth habit (Figure 11).  
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8. Conclusion 

Although most perennial plant species are classified as recalcitrant to regeneration by in 
vitro tissue culture, over the last two decades, enormous progress has been made in the 
application of biotechnological tools to the Olea europaea. The development of several 
protocols for micropropagation from axillary buds and somatic embryogenesis using 
explants isolated from selected adult trees has allowed the regeneration of several olive 
cultivars. However, the main challenge for mass production of olive plants by tissue culture 
is the production of plants that show genetic fidelity to the donor plant in a commercial 
production context. Fidelity is assured by the application of micropropagation by axillary 
buds, whereas somatic embryogenesis from long-term cultures does not guarantee genetic 
fidelity and leads to somaclonal variation among the regenerated plants.  

Somaclonal variation in tissue culture is a complex problem that needs several approaches 
to be appreciated correctly. The use of only one type of molecular marker, such as RAPDs, 
to assess the genetic stability of an in vitro production system may be inadequate, and an 
approach that focuses on morphological traits appears to be a valuable complementary tool. 
For example, the analysis of morphological traits strongly confirms the specific and stable 
growth habit of regenerated plants by the analysis of vegetative progeny of somaclonal olive 
plants.  
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Future studies will be focused on target DNA fragments (AG1550, OPA07407, 1281640 and 
OPP02759) putatively associated with growth habit. These fragments were extracted from 
agarose gels and purified using the QIAquick Gel Extraction Kit (Qiagen), and the eluted 
putative growth habit-specific genes were cloned. Database searches for homologous 
sequences using the BLAST tool will be performed and, in addition, we are designing 
related oligonucleotide primers that will be synthesized and used to amplify sequence 
characterised amplified region (SCAR) markers. 

The somaclonal variation generated by somatic embryogenesis presents a novel opportunity 
for olive breeders to experiment with new traits, in contrast to conventional long-term 
strategies for developing olive trees that have desirable new traits. A practical example of 
this potential is a dwarf olive tree identified among the BOS plants; the aesthetic, ecological 
and growth-habit characteristics of this individual support its use as an ornamental plant. 
Clones of this dwarf olive genotype could be planted in private gardens, public parks and 
on roadsides [137]. 

A.R. Leva produced the olive somaclones and has the exclusive rights on them.  

R. Petruccelli and L.M.R. Rinaldi contributed to the morphological and molecular 
characterization of the olive somaclones. 
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1. Introduction 

The fruits of the Amazon have attracted great interest in recent years, both nationally and 
internationally, according to its exotic flavors and pleasant and varied ways to use its pulp 
by agribusiness [1], pharmaceutical industry [2], high vitamin and antioxidant content [3]. 

In recent decades, the production of native fruits of the Amazon showed significant growth, 
mainly due to expansion of area for fruit production. It is noteworthy that this activity has 
had little impact on native vegetation, since most of the orchards were planted in areas 
previously occupied by other crops for market problems or environmental issues and 
pressure for sustainable agriculture, ceased to be interesting for farmers [4]. 

The Amazon forest has large number of non-domesticated fruit species and a minority being 
exploited through crop in place of natural occurrence [5]. According to the Brazilian 
Yearbook of Fruit [6], explored the country are 500 varieties of edible fruit-producing 
species native and exotic, and of these, 220 are still as untamed. The high rate of destruction 
of biomes, together with the predatory extraction, result in loss of genetic material of 
desirable characteristics, [7], with potential for use in food, as an ornamental or in 
pharmaceutical production can never be known. It is therefore essential to know these 
species and their growing needs for exploitation on a commercial scale, a rational and 
sustainable. 

However, little efficient production technology and knowledge of native Amazonian fruit 
tree species exist. Low orchard productivity indicates that Amazonian fruit is underused; 
underuse, in turn, has hindered its cultivation. In [8] notes that many of the current fruit 
production systems were developed empirically, which required technology that ensured 
greater productivity, sustainability, and profitability than the older production systems. 
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Such technology involves crop management, production of reproducible seedlings, and 
distribution of the seedlings to farmers. Therefore, the first step in domesticating native fruit 
species and in introducing them to commercial cultivation is developing seedling 
propagation techniques.  

The sexual propagation of native plants for use in horticulture, is not advantageous because 
it results in populations with wide variation in the period of maturation. In addition, some 
species have seeds with dormancy, which compromises the germination and seedling 
production on a commercial scale, or the recalcitrance of the seeds, preventing their storage 
for extended periods. 

The method of propagation of fruit species most commonly used grafting. This technique, 
like other methods of vegetative propagation allow the cloning of selected plants directly 
from nature or from artificial hybridizations, maintaining their desirable traits. Vegetative 
propagation results in high quality seedlings in orchards and more uniform and earlier, 
with higher productivity and better quality of fruits [9]. Besides these advantages, the graft 
is also advantageous because it allows greater control of plant height facilitating the 
management and harvesting, and the formation of plants with resistance to pathogens in 
soils and drought tolerant. 

2. Tissue culture techniques for native Amazonian fruit trees 

For decades numerous studies have been developed with the objective of establishing 
protocols for micropropagation of fruit species for clonal multiplication of superior 
individuals, in view of the numerous advantages it offers in vitro propagation. 

Besides the application of tissue culture techniques for plant propagation of high agronomic 
value carriers or rare genes and those at risk of extinction, the technique is also used for 
cleaning clonal plants through tissue culture. In plant breeding programs, the tissue culture 
can be used to reduce the time for development of new cultivars and expansion of genetic 
variability. Among the tissue culture techniques most widely used in plant breeding, there 
may be mentioned: in vitro selection of resistant /tolerant to various stress factors of the 
genetic variability from pre-existing or induced somaclonal variation or by use of 
mutagenic, haploidization, somatic hybridization, and rescue of zygotic embryos obtained 
from crosses between different species or genera of plants [10]. Tissue culture also stands as 
an adjuvant in introgression of genes of agronomic interest through genetic engineering. 

An application of tissue culture which is very important, especially for native plants is the 
maintenance and storage of germplasm. However, in many other species, tissue culture 
techniques have been also widely used for studying the metabolism, physiology, 
development and reproduction of plants with desirable commercial property of interest [11], 
like the nutraceutical and pharmaceutical products. 

Studies on the application of tissue culture techniques in fruit tree species native to the 
Amazon, are still incipient. Except for a few species in which native tissue culture studies 
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are in an advanced stage, such as Theobroma cacao and T. grandiflorum, for most species have 
been developed with the aim of improving methods for initial establishment of cultures in 
vitro (Table 1). 
 

Species Purpose of the study Author 
Açai 

(Euterpe oleracea.) 
Culture of embryos [12] 

Araça 
(Psidium spp.) 

Establishment of culture [13] 

Bacuri 
(Platonia insignis) 

Establishment of culture [14], [15] 

Cacau 
(Theobroma cacao) 

somatic embryogenesis [16], [17] 
Multiplication of shoots [18] 
In vitro establishment [19], [14] 

Caja 
(Spondias mombin ) 

Culture of embryos and callus [20] 

Camu-camu
(Myrciaria dubia) 

Effect of culture media on 
morphogenetic responses 

[21], [22], [23] 

Cupuaçu
(Theobroma 

grandiflorum) 

In vitro establishment [24], [25] 
Callus [26], [27] 

somatic embryogenesis [28], [29] 
Inga 

(Inga vera) 
Establishment of culture [30] 

Murici 
(Byrsonima basiloba) 

direct organogenesis [7] 

Murmuru In vitro propagation and somatic 
embryogenesis 

[9] 

Pupunha
(Bactris gasipaes) 

Cultivation of embryos [31] 

Table 1.  

3. In vitro establishment and micropropagation 

Micropropagation is a high-impact plant tissue culture technique that is more consistent 
than other tissue culture methods. Micropropagation involves a high reproduction rate over 
a short time period, which produces plants with excellent phytosanitary quality. The 
technique involves various steps, from aseptic in vitro culture establishment to rooting, 
culminating in seedling acclimatization [32]. 

Most studies on the tissue culture of native Amazonian plant species have sought to 
improve methodologies for initial culture establishment. Disinfection plays a critical role 
in culture establishment because explant contamination during tissue culturing is 
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extremely problematic. Explant contamination is most severe in woody species, which 
include all Amazonian fruit species. The potential for contamination is greatest when the 
explants are taken directly from the field. Although plants maintained under greenhouse 
conditions are easily controlled, explants derived from them also have a high potential for 
contamination. However, even plants maintained in nurseries or greenhouses and 
subjected to rigorous phytosanitary control can harbor microorganisms, which may limit 
in vitro culture procedures [20]. In [10] cautions that, even before harvesting material from 
the field, it is essential to take some measures for each step in the culture process, from the 
laboratory to acclimatization and plant development in greenhouses. The phytosanitary 
conditions of the mother plant help determine the ease of explant sterilization during 
isolation. 

Several substances have been tested to minimize contamination and facilitate in vitro 
establishment, and chlorine and ethanol-based compounds are now standard disinfection 
tools (Silva et al., 2005). In some cases, antibiotics are added to the culture medium [29]. 
Research has demonstrated the success of these active ingredients in disinfecting explants of 
native fruit tree species when establishing plant tissues in vitro for use in studies on 
reproduction. The active ingredients in disinfectant solutions and their exposure durations 
vary greatly.  

In studying decontamination of floral explants from cupuaçu, [29] recommended immersing 
the explants in a 0.25% sodium hypochlorite solution for 20 minutes. The authors also 
observed that adding cefatoxime antibiotic to the culture medium was vital in controlling 
contamination in these explants. 

In studying decontamination of explants from bacuri trees, [29] and his team found that pre-
treating the explants in an antifungal solution of carboxin (0.067% p/v), thiram (0.067% w/v), 
carbendazim (0.17% w/v), chlorothalonil (0.17% w/v), and thiophanate-methyl (0.067% w/v) 
[15], and immersing them in a 1.75% sodium hypochlorite solution for 30 minutes produced 
the best results. 

In [31] found that the most efficient method for disinfecting the apices of peach palms was 
to immerse the peach palm explants in a 1.25% sodium hypochlorite solution for 20 minutes. 
The authors reported that 90% of these explants avoided contamination during in vitro 
culture. In [33] obtained the most promising results for the disinfection of explants from 
peach palm shoots; he first immersed the shoots in a 50% ethanol solution for 1 minute, and 
then in a 0.5% sodium hypochlorite solution for 5 minutes. 

In Figure 1 you can see the success obtained in vitro establishment of camu-camu (Myrciaria 
dubious) conducted by staff of the Tissue Culture and Fruits Embrapa Roraima and UFRR. 

In [34] and [35] note that explant oxidation during the in vitro establishment of native plants 
is common; in camu-camu, explant oxidation is a major obstacle to in vitro establishment. In 
[23] evaluated the efficiency of different concentrations of sodium hypochlorite solutions at 
different immersion durations in the disinfection of nodal segments of camu-camu. The 
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authors observed that the lowest rate of contamination occurred when the explants were 
immersed in a 0.5% sodium hypochlorite solution for 10 minutes, but the rate of oxidation in 
the tissues was high for all treatments. Similarly, [21] found that immersing the explants in a 
2% sodium hypochlorite solution for 10 to 20 minutes provided the best rate of disinfection 
in camu-camu seeds. However, these treatments killed the seeds.  

 
Figure 1. In vitro establishment of camu-camu held in Biofactory (UFRR) by the team of Fruits and 
Tissue Culture of Embrapa Roraima and UFRR. Boa Vista, RR, 2010. 

In evaluating the effect of a light regime on the mother plant and the branch type used for 
the in vitro establishment of araça (Psidium spp.), [13] observed lower rates of contamination 
when using nodal segment explants of herbaceous branches, and obtained the highest 
survival rates when the mother plants were kept in darkness. These results are likely due to 
the reduced exposure of younger branches to contamination in the environment from which 
the explants were harvested. 

Another way to control explant oxidation during in vitro establishment is to reduce the 
concentrations of some components of the culture medium. In [33] found that reducing the 
concentrations of NH4NO3 and KNO3 macronutrients, sucrose, and agar by 50% in MS 
culture medium [36] controlled phenolic oxidation and the proliferation of peach palm 
explant shoots. 
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extremely problematic. Explant contamination is most severe in woody species, which 
include all Amazonian fruit species. The potential for contamination is greatest when the 
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laboratory to acclimatization and plant development in greenhouses. The phytosanitary 
conditions of the mother plant help determine the ease of explant sterilization during 
isolation. 
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authors observed that the lowest rate of contamination occurred when the explants were 
immersed in a 0.5% sodium hypochlorite solution for 10 minutes, but the rate of oxidation in 
the tissues was high for all treatments. Similarly, [21] found that immersing the explants in a 
2% sodium hypochlorite solution for 10 to 20 minutes provided the best rate of disinfection 
in camu-camu seeds. However, these treatments killed the seeds.  

 
Figure 1. In vitro establishment of camu-camu held in Biofactory (UFRR) by the team of Fruits and 
Tissue Culture of Embrapa Roraima and UFRR. Boa Vista, RR, 2010. 
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survival rates when the mother plants were kept in darkness. These results are likely due to 
the reduced exposure of younger branches to contamination in the environment from which 
the explants were harvested. 

Another way to control explant oxidation during in vitro establishment is to reduce the 
concentrations of some components of the culture medium. In [33] found that reducing the 
concentrations of NH4NO3 and KNO3 macronutrients, sucrose, and agar by 50% in MS 
culture medium [36] controlled phenolic oxidation and the proliferation of peach palm 
explant shoots. 
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During the reproductive stage of shoots in vitro, the culture medium’s composition varies 
with the species and the type of tissue or organ used as an explant. MS is most commonly 
used in the micropropagation of plant species. However, the Woody Plant Medium (WPM) 
[37] has been used successfully in woody species, including native Amazonian fruit tree 
species. 

When using growth regulators to induce new shoot growth, native plants generally respond 
better to a culture medium supplemented with low doses of auxins and/or cytokinins. In 
[38] obtained excellent results in nance trees using different benzyladenine (BAP) doses for 
micropropagation. However, high BAP concentrations (above 4.0 mg L-1) were inefficient in 
inducing the growth of axillary shoots in nodal segments. In [30] found that BAP reduced 
the number of shoots and leaves in Inga tree explants. 

4. Somatic embryogenesis 

In somatic embryogenesis, somatic cells or tissues to develop the formation of a complete 
plant, through a series of stages similar to zygotic embryogenesis. 

Most systems via somatic embryogenesis is indirect, in which somatic embryogenesis is 
induced and maintained through the multiplication. The advantage of this method is that 
large quantities of somatic embryos can be formed with minimal manipulation and 
laboratory space. 

This process of plant regeneration was successfully achieved in cocoa [16, 17], cupuaçu 
[26,27] and murici [30]. 

In indirect somatic embryogenesis, the formation of pro-embryogenic callus is the first step 
in obtaining somatic embryos and is usually obtained with the culture of embryonic or 
juvenile explants in medium supplemented with auxin, especially 2,4-D and TDZ [39]. 

In [31] can be observed callus induction in shoot apices of peach palm. The highest 
percentage of induction was 60%, obtained by combining 10.0 mg L-1 2,4-D and 3.0 mg L-1 
BAP. 

Some studies have shown the ability of different cupuaçu explants to form callus. In [27] 
studied the induction of somatic embryogenesis in explants of cupuaçu, concluded that the 
hypocotyl region proved to be the most responsive of the embryonic axis, forming callus-
looking white and bright. The MS medium supplemented with 2,4-D promoted the 
formation of large callus. Similar results were found by [24], studying the effect of auxin 
concentration and liquid medium on the development of calluses cupuaçu. The authors 
observed that the combination of NAA and 2,4-D induced callus formation and root 
formation in hypocotyl segments, and coconut water in medium without growth regulators 
favored the rooting and callus formation. 

In [40] also studied the induction of somatic embryogenesis in explants cupuaçu and 
observed that the callus appeared as a process influenced by genotype. The staminode is 
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shown as a great source of explants for obtaining callus, and the PVP the best alternative to 
control the oxidation of explants cupuaçu. On the other hand, [41] did not succeed in callus 
formation using nodal segments cupuaçu in medium supplemented with different 
concentrations of 2,4 D. Similar results were obtained by [28]. The authors assessed the 
responses of different morphogenetic cupuaçu explants subjected to various culture 
conditions in vitro and argue that the absence of induction of somatic embryogenesis 
observed in culture may be related to several factors such as type and stage of development 
of the explants, using culture type and concentration of plant growth regulators. 

In [25] undertook a study of the induction of callus formation of the hybrid Theobroma 
grandiflorum x T.obovatum, which has resistance to disease witches' broom (Crinipellis 
perniciosa), a disease that greatly affects native Amazonian species of the genus Theobroma. 
Among the explants, the cotyledons were produced more callus tissues in culture medium. 

For açaizeiro, [12] reported the conversion can be in vitro isolated zygotic embryos from 
mature seeds and seedlings complete normal requiring the presence of NAA and BA in the 
culture medium. The concentration of 2.68 mM NAA combined with 1.11, 1.55 or 2.22 mM 
BAP promoted the best growth of the seedling shoot. The authors also found that required 
the presence of NAA and BA in the culture medium for the conversion of zygotic embryos 
and the early growth of seedlings grown in vitro. The same authors in studies on direct 
somatic embryogenesis using zygotic embryos of açai, satisfactory results, with a halving of 
the amount of nutrients in MS medium in the absence of fitoregulators. 

5. In vitro zygotic embryo culture  

In vitro plants require a source of exogenous energy for carrying out the photosynthesis. 
Sucrose has been used more carbon source being present in fruit culture media at 
concentrations ranging native 20-40 g L-1 [26]. In [9] found that immature embryos murmuru 
showed higher germination in medium supplemented with 30 g L-1 sucrose. For embryos 
obtained from ripe fruits, 15 g L-1 sucrose in the medium was sufficient for it to reach the 
best germination rates. These results confirm the hypothesis that depending on the species 
and stage of development of embryos, the presence of carbohydrate in the medium may be 
in minute concentrations, or even not necessary because of embryos of many species use the 
energy required for germination in vitro from their own reserves of the embryo [42]. 

Embryos younger typically require higher concentrations of carbohydrates in the culture 
medium to sustain germination [43, 44]. In [9] have obtained best results using 3% sucrose in 
the development of embryonic axes cupuaçu, in accordance with [16, 18, 19 and 45] in 
studies performed with Theobroma cacao.  

6. In vitro germination of pollen grains 

One of the techniques used to obtain new varieties is controlled hybridization in the field 
and subsequent evaluation of the progenies. Thus, to obtain success in breeding is important 
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formation of large callus. Similar results were found by [24], studying the effect of auxin 
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observed that the combination of NAA and 2,4-D induced callus formation and root 
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In [40] also studied the induction of somatic embryogenesis in explants cupuaçu and 
observed that the callus appeared as a process influenced by genotype. The staminode is 

 
Tissue Culture Techniques for Native Amazonian Fruit Trees 157 

shown as a great source of explants for obtaining callus, and the PVP the best alternative to 
control the oxidation of explants cupuaçu. On the other hand, [41] did not succeed in callus 
formation using nodal segments cupuaçu in medium supplemented with different 
concentrations of 2,4 D. Similar results were obtained by [28]. The authors assessed the 
responses of different morphogenetic cupuaçu explants subjected to various culture 
conditions in vitro and argue that the absence of induction of somatic embryogenesis 
observed in culture may be related to several factors such as type and stage of development 
of the explants, using culture type and concentration of plant growth regulators. 

In [25] undertook a study of the induction of callus formation of the hybrid Theobroma 
grandiflorum x T.obovatum, which has resistance to disease witches' broom (Crinipellis 
perniciosa), a disease that greatly affects native Amazonian species of the genus Theobroma. 
Among the explants, the cotyledons were produced more callus tissues in culture medium. 

For açaizeiro, [12] reported the conversion can be in vitro isolated zygotic embryos from 
mature seeds and seedlings complete normal requiring the presence of NAA and BA in the 
culture medium. The concentration of 2.68 mM NAA combined with 1.11, 1.55 or 2.22 mM 
BAP promoted the best growth of the seedling shoot. The authors also found that required 
the presence of NAA and BA in the culture medium for the conversion of zygotic embryos 
and the early growth of seedlings grown in vitro. The same authors in studies on direct 
somatic embryogenesis using zygotic embryos of açai, satisfactory results, with a halving of 
the amount of nutrients in MS medium in the absence of fitoregulators. 

5. In vitro zygotic embryo culture  

In vitro plants require a source of exogenous energy for carrying out the photosynthesis. 
Sucrose has been used more carbon source being present in fruit culture media at 
concentrations ranging native 20-40 g L-1 [26]. In [9] found that immature embryos murmuru 
showed higher germination in medium supplemented with 30 g L-1 sucrose. For embryos 
obtained from ripe fruits, 15 g L-1 sucrose in the medium was sufficient for it to reach the 
best germination rates. These results confirm the hypothesis that depending on the species 
and stage of development of embryos, the presence of carbohydrate in the medium may be 
in minute concentrations, or even not necessary because of embryos of many species use the 
energy required for germination in vitro from their own reserves of the embryo [42]. 

Embryos younger typically require higher concentrations of carbohydrates in the culture 
medium to sustain germination [43, 44]. In [9] have obtained best results using 3% sucrose in 
the development of embryonic axes cupuaçu, in accordance with [16, 18, 19 and 45] in 
studies performed with Theobroma cacao.  

6. In vitro germination of pollen grains 

One of the techniques used to obtain new varieties is controlled hybridization in the field 
and subsequent evaluation of the progenies. Thus, to obtain success in breeding is important 
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to catch up before going to the field the viability of pollen grains [46]. Thus, for the 
application of artificial pollination techniques, knowledge of the time of pollen viability and 
stigma receptivity is crucial for a successful fertilization of the flower [47]. However, the 
germination of the pollen grain depends on several factors, such as osmotic pressure, 
concentration and type of sugar, consistency, temperature, humidity, presence of enzymes 
and phytohormones in the middle [48, 46]. In native fruits, especially those species whose 
domestication process is more advanced, there are few studies in this line of research. 

In [49] Oliveira et al. (2001), studying the viability of pollen in vivo and in vitro staining 
method in genotypes of açai, the success observed in in vitro pollen germination of different 
cultivars. The authors found that pollen grains in vivo assai, drawn from floral buds and 
newly opened, exhibit high viability, being higher in the second stage of evaluation. With 
respect to time of storage at -100ºC, in vitro pollen showed a reduction in viability with 
increasing storage time. We also found that the viability of pollen grains varied with 
genotype and stage evaluated. With this study, the authors still recommend that the pollen 
of genotypes can be used for controlled pollination without fertilization damages, including, 
may remain stored for up to one year of storage under the conditions tested in that work. 

In [50] tested four concentrations of galactose, glucose, lactose and sucrose, with or without 
boric acid, for the germination of pollen from cubiuzeiro (Solanum topiro Humb. & Bonpl.) 
and cupuaçu (Theobroma grandiflorum Willd. Ex. Spreng. Schummann). The authors found 
that higher germination rates occurred in 10, 15 and 20% sucrose after 25 hours, no effect of 
boric acid for the two species. 

In [48] in their studies to obtain high levels of pollen from Theobroma grandiflorum found that 
pollen from one flower is not uniform. Therefore, it is recommended to use all anthers of a 
flower to prepare a sample. It is not necessary to have more than 300 pollen grains per 
sample. The stage at which the button is to be collected for the purpose of artificial 
pollination or germination and when all are detached sepals, petals with the extended 
length, style, stigma and exposed about two hours after the onset of anthesis (Step E) The 
pollen collected should be used, preferably up to two hours after it is collected, where there 
was more viable. The author also recommends the optimal medium for pollen germination 
cupuaçu should consist of 5% lactose, 0.01 H3BO3 and 1% agar, pH 6.1. The pollen collected 
cupuaçuazeiro button at the stadium and can remain viable up to 72 hours after the plant 
collected and stored at ambient conditions on the button, but at the end of this period, 
viability is very low, about 5%.  

7. Possible tissue culture techniques for native Amazonian fruit trees 

There is a myriad of tissue culture techniques for native Amazonian fruit trees. However, 
this important technology has been seldom used. 

Tissue culture techniques can be used for in vitro conservation, reproduction, exchange, and 
genetic resource conservation. These techniques are particularly useful in species that have 
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recalcitrant seeds, low germination potential, and exclusively vegetative propagation, as 
well as in endangered species [51, 52].  

Ovary cultures are important in selective plant breeding. Obtaining plants from haploid 
tissues and subsequently doubling the chromosome number through colchicine treatment 
produces homozygous strains quickly, eliminating the multiple generations of selfing 
required in conventional selective breeding. 

Producing synthetic seeds from somatic embryos offers various advantages for propagating 
native fruit tree species, including year-round production, while avoiding the risk of losses 
from adverse weather, biomass degradation, pests, disease, and low production years. 
Moreover, synthetic seed technology enables more secure maintenance of the clonal identity 
of the material under laboratory conditions. Synthetic seeds can be sown directly into the 
field, thus eliminating the need for acclimatization structures, sowing, and nurseries. 

Protoplast fusion in somatic plant cells has great potential for combining genomes from 
sexually incompatible species. Somatic hybrids (artificial polyploids) of different species or 
genera are obtained through protoplast fusion and the subsequent regeneration of plants. 
These polyploids can be used as rootstocks in fruit production. 

8. Final thoughts 

Although there are eminent importance of the native fruits of the Amazon, it appears that 
only a few studies with applications of tissue culture techniques in the domestication and 
breeding of these species. The works are practically concentrated in developing protocols for 
the establishment of in vitro plants, plus a few studies with somatic embryogenesis, 
immature embryo rescue protocols and studies of the germination of pollen grains to 
support breeding programs.  

Despite the reality and effectiveness of the techniques of tissue culture, it is important that 
some basic difficulties must be overcome to implement satisfactory in woody fruit trees, 
as is the case of native Amazon. The phenolic oxidation disinfestation and represent the 
most serious problems during the establishment of in vitro culture of explants woody 
species.  

Suitable types of explants removed at appropriate times can help by having a lower content 
of endogenous phenols in tissues and, thus, less oxidation. Likewise, minor physical and 
chemical damage at the time of excision and pest may help reduce the problem of 
oxidation. Furthermore, the addition of antioxidant compounds as cysteine, ascorbic acid 
and adsorbents such as activated carbon and PVP can be critical in preventing oxidation, 
which is more pronounced in the initial stages of cultivation [53]. Additonally, with 
cultivation at low light intensities, and frequent replacement of the culture medium, the 
chances of success in the establishment and cultivation of explants of woody species are 
quite high. 
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recalcitrant seeds, low germination potential, and exclusively vegetative propagation, as 
well as in endangered species [51, 52].  

Ovary cultures are important in selective plant breeding. Obtaining plants from haploid 
tissues and subsequently doubling the chromosome number through colchicine treatment 
produces homozygous strains quickly, eliminating the multiple generations of selfing 
required in conventional selective breeding. 

Producing synthetic seeds from somatic embryos offers various advantages for propagating 
native fruit tree species, including year-round production, while avoiding the risk of losses 
from adverse weather, biomass degradation, pests, disease, and low production years. 
Moreover, synthetic seed technology enables more secure maintenance of the clonal identity 
of the material under laboratory conditions. Synthetic seeds can be sown directly into the 
field, thus eliminating the need for acclimatization structures, sowing, and nurseries. 

Protoplast fusion in somatic plant cells has great potential for combining genomes from 
sexually incompatible species. Somatic hybrids (artificial polyploids) of different species or 
genera are obtained through protoplast fusion and the subsequent regeneration of plants. 
These polyploids can be used as rootstocks in fruit production. 

8. Final thoughts 

Although there are eminent importance of the native fruits of the Amazon, it appears that 
only a few studies with applications of tissue culture techniques in the domestication and 
breeding of these species. The works are practically concentrated in developing protocols for 
the establishment of in vitro plants, plus a few studies with somatic embryogenesis, 
immature embryo rescue protocols and studies of the germination of pollen grains to 
support breeding programs.  

Despite the reality and effectiveness of the techniques of tissue culture, it is important that 
some basic difficulties must be overcome to implement satisfactory in woody fruit trees, 
as is the case of native Amazon. The phenolic oxidation disinfestation and represent the 
most serious problems during the establishment of in vitro culture of explants woody 
species.  

Suitable types of explants removed at appropriate times can help by having a lower content 
of endogenous phenols in tissues and, thus, less oxidation. Likewise, minor physical and 
chemical damage at the time of excision and pest may help reduce the problem of 
oxidation. Furthermore, the addition of antioxidant compounds as cysteine, ascorbic acid 
and adsorbents such as activated carbon and PVP can be critical in preventing oxidation, 
which is more pronounced in the initial stages of cultivation [53]. Additonally, with 
cultivation at low light intensities, and frequent replacement of the culture medium, the 
chances of success in the establishment and cultivation of explants of woody species are 
quite high. 
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Another important aspect to be highlighted concerns the small number of fruit species 
native to the Amazon that has been the subject of study and application of techniques of 
tissue culture. These species can be summed up pretty much to those whose breeding 
programs are in advanced stage. Thus, it appears that there is still vast field of study to be 
explored and a significant deficiency of techniques and information that will enable 
progress in the domestication and breeding of these species. 

9. Conclusion 

Although native Amazonian fruit tree species are important, few studies on the use of tissue 
culture techniques for domesticating and improving these species exist. Research has 
instead focused on developing protocols for the in vitro establishment of plants, and some 
studies have examined somatic embryogenesis, immature embryo rescue, and germination 
protocols for pollen grains as a basis for selective breeding programs.  
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Another important aspect to be highlighted concerns the small number of fruit species 
native to the Amazon that has been the subject of study and application of techniques of 
tissue culture. These species can be summed up pretty much to those whose breeding 
programs are in advanced stage. Thus, it appears that there is still vast field of study to be 
explored and a significant deficiency of techniques and information that will enable 
progress in the domestication and breeding of these species. 

9. Conclusion 

Although native Amazonian fruit tree species are important, few studies on the use of tissue 
culture techniques for domesticating and improving these species exist. Research has 
instead focused on developing protocols for the in vitro establishment of plants, and some 
studies have examined somatic embryogenesis, immature embryo rescue, and germination 
protocols for pollen grains as a basis for selective breeding programs.  
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1. Introduction 

Currently, tissue cultures of species of agricultural importance have wide applicability in 
industrial production processes. Tissue culture is a name given to a set of techniques that 
allow the regeneration of cells, tissues and organs of plants, from segments of plant organs 
or tissues, using nutrient solutions in aseptic and controlled environment. This regeneration 
is based on the totipotency of plant cells. Totipotency is a capability indicating that plant 
cells, in different times, may express the potential to form a new multicellular individual. 
Tissue culture appears to be a good alternative to conventional propagation, requiring less 
physical space, with high multiplication rate, without incidence of pests and diseases during 
cultivation, and enabling higher control of the variables involved. Thus, in the in vitro 
environment, with the required stimuli and appropriate conditions, different cell types 
express different behaviors, possibly leading to cell multiplication and differentiation into a 
specific tissue, characterized by a form and a function, which may lead to the regeneration 
of a new individual. 

The discovery of this feature in plant cells is indistinguishable from the first studies on 
tissue culture in the early twentieth century by Heberlandt in 1902, which were followed by 
the first practical results reported by White in 1934 [1]. 

Over the years, various tissue culture techniques were developed, being micropropagation, 
meristem culture and somatic embryogenesis, the most used. The degree of success of any 
technology employing cultured cells, plant tissues or organs, is mainly dependent on the 
choice of the nutritional components and growth regulators which control, in a large extent, 
the developmental in vitro pattern. Therefore, it is crucial to evaluate the nutritional and 
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Currently, tissue cultures of species of agricultural importance have wide applicability in 
industrial production processes. Tissue culture is a name given to a set of techniques that 
allow the regeneration of cells, tissues and organs of plants, from segments of plant organs 
or tissues, using nutrient solutions in aseptic and controlled environment. This regeneration 
is based on the totipotency of plant cells. Totipotency is a capability indicating that plant 
cells, in different times, may express the potential to form a new multicellular individual. 
Tissue culture appears to be a good alternative to conventional propagation, requiring less 
physical space, with high multiplication rate, without incidence of pests and diseases during 
cultivation, and enabling higher control of the variables involved. Thus, in the in vitro 
environment, with the required stimuli and appropriate conditions, different cell types 
express different behaviors, possibly leading to cell multiplication and differentiation into a 
specific tissue, characterized by a form and a function, which may lead to the regeneration 
of a new individual. 

The discovery of this feature in plant cells is indistinguishable from the first studies on 
tissue culture in the early twentieth century by Heberlandt in 1902, which were followed by 
the first practical results reported by White in 1934 [1]. 

Over the years, various tissue culture techniques were developed, being micropropagation, 
meristem culture and somatic embryogenesis, the most used. The degree of success of any 
technology employing cultured cells, plant tissues or organs, is mainly dependent on the 
choice of the nutritional components and growth regulators which control, in a large extent, 
the developmental in vitro pattern. Therefore, it is crucial to evaluate the nutritional and 
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metabolic needs of cells and tissues of each species to be cultivated. In general, the choice of 
the medium is carried out taking into account, in addition to these needs, the purpose of the 
in vitro cultivation, maximizing plant development. 

In general, the culture medium is composed of inorganic salts, reduced nitrogen 
compounds, a carbon source, vitamins and amino acids. Other compounds may be added 
for specific purposes, such as plant growth regulators, gelling agents, organic nitrogen 
compounds, organic acids and plant extracts. 

Throughout the history of tissue culture, various kinds of culture media have been 
developed. However, the MS (Murashige & Skoog) medium [2] is the most widely used for 
the regeneration of dicots, and therefore it has a great importance in the applications of 
tissue culture in agriculture. 

2. The use of polyamines as growth regulators 

Many plant growth regulators have been used in vitro. Generally, literature reports on the 
use of auxins, cytokinins and gibberellins and different balances of auxins and cytokinins to 
encourage the development of specific organs. An auxin/cytokinin ratio of 10 induces the 
rapid growth of undifferentiated callus, a ratio of 100 leads to root development and a ratio 
of 4 favors development of shoots [3]. 

However, some studies report on the use of polyamines, as growth regulators. Polyamines 
(PAs) are low molecular weight aliphatic amines, implicated in various physiological and 
developmental processes in plants [4], such as growth regulation, cell division and 
differentiation, and also in the plant response to various sources of stresses. The exogenous 
application of PAs has been used by many researchers to provide or enhance growth and 
cell division [4]. The most common types of PAs are spermidine (SPD), spermine (SPM), and 
their diamine precursor, putrescine (PUT). 

In plants, the mechanisms regulating both the biosynthesis and degradation of polyamines 
are less studied than in other organisms. Some papers proposed the use of exogenous 
polyamines during the processes leading to in vitro plant and callus formation [5,6] and 
endogenous PAs concentration has been related to several organo-genetic processes[7]. 

Beneficial effects of polyamines on in vitro regeneration and somatic embryogenesis were 
documented in several crops. Promoter effect of PAs in the conversion of somatic embryos 
or shoot regeneration has been evidenced in several plant species. The exogenous addition 
of PAs, mainly SPD or PUT at 2.0 mM concentration, not only elevated the endogenous 
levels of PAs but also enhanced the frequency of conversion of protocorm-like-bodied 
(PLBs) to shoots in Dendrobium huoshanense [8]. On the other hand, spermidine showed no 
effect on Dendrobium “Sonia”. Among various tested polyamines, the maximum number of 
PLBs was produced with 0.4 mM putrescine treatment. The increase (1.0 mM) or decrease 
(0.2 mM) of SPD concentration caused a decrease in the production of PLBs. All treatments 
with spermidine and spermine resulted in the production of less number of PLBs than 
control. Thus, different responses to the application of different polyamines may occur [9]. 
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High levels of free putrescine were correlated with the ease of cultures to reach stabilization, 
as observed with juvenile tissues. Adult tissues, containing low levels of putrescine, were 
difficult to stabilize in culture [10]. Furthermore, it has been reported [11] that the 
application of putrescine may reduce the production of unwanted ethylene and can enhance 
morphogenesis. 

The exogenous application of polyamines has shown positive effect in the micropropagation 
of several species, for example, in buds from newly developed shoots, obtained from forced 
outgrowth of mature field-grown hybrids of hazelnut trees (Corylus avellana L.), cultured in 
vitro on MS medium [3] and on a modified Driver and Kuniyuki medium [12] [DKW] 
DKW/Juglans containing 6.7 μM, 11.1 μM or 15.5 μM N-6-benzyladenine (BA), 
supplemented with or without a combination of polyamines (0.2 mM putrescine + 0.2 mM 
spermidine + 0.05 mM spermine). The effects of culture medium and BA were found to be 
insignificant on explant response. Polyamines were found to have a strong effect on both 
shoot elongation and on the number of buds per shoot. Polyamines increased both the mean 
shoot elongation by 83% and the number of buds per shoot by 41%, compared to controls. In 
the presence of polyamines, shoot elongation continued up to 4.0 cm, while in the absence, 
the shoot elongation reached only 2.0 cm. Moreover, the results indicate that polyamines 
added to culture medium can improve the stabilization of cultures and enhance the 
morphogenic capacity of mature explants [13]. 

The effects of exogenous polyamines on somatic embryo formation in carrot (Daucus carota L.) 
cells were investigated [14]. The results showed an enhancement of somatic embryo formation 
following the addition of spermine. However, this effect was not always reproducible. Spm 
addition increased the DNA content in cells, regardless the development and the lag time of 
somatic embryo formation, and suppressed the protein secretion from cells. 

Many studies have shown the beneficial effects of applying various polyamines on the 
rooting process. Polyamines have been shown to be key factors, in conjunction with auxins, 
in the process of adventitious rooting production [15,16]. The in vitro rooting of wild-type 
tobacco (Nicotiana tabacum cv. Xanthi) shoots was promoted by polyamines in the absence of 
any other growth regulator and was inhibited by two inhibitors of polyamine metabolism 
[17]. According to authors, some arguments causally implicated Put in the inductive rooting 
phase of poplar: i) the transient increase of Put did not occur in the non-rooting cuttings, ii) 
it was observed only in the basal rooting zone, iii) inhibitors of Put biosynthesis, such as 
DFMO and DFMA (α-α-difluoromethylornithine and difluoromethylarginine, respectively) 
applied prior to, or at the beginning of, the inductive phase, inhibited rooting [18], iv) an 
inhibitor of Put conversion into Spd and Spm, CHA (cyclohexylamine, an inhibitor of Spd 
synthase), promoted the accumulation of endogenous Put and favored rooting in the 
absence of auxin, v) the administration of Put, prior to, or at the beginning of, the inductive 
phase, stimulated rooting [19]. Some studies correlated this effect with PAs antioxidant 
properties, such as during the morphogenesis of Hemerocallis sp. It was verified that 
exogenous Put, alone (10 μM Put), with Spd (10 μM Spd + 10 μM Put) or with Spm (10 μM 
Spm + 10 μM Put), induced the best results, regarding both the number and the height of 
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metabolic needs of cells and tissues of each species to be cultivated. In general, the choice of 
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rapid growth of undifferentiated callus, a ratio of 100 leads to root development and a ratio 
of 4 favors development of shoots [3]. 

However, some studies report on the use of polyamines, as growth regulators. Polyamines 
(PAs) are low molecular weight aliphatic amines, implicated in various physiological and 
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application of PAs has been used by many researchers to provide or enhance growth and 
cell division [4]. The most common types of PAs are spermidine (SPD), spermine (SPM), and 
their diamine precursor, putrescine (PUT). 

In plants, the mechanisms regulating both the biosynthesis and degradation of polyamines 
are less studied than in other organisms. Some papers proposed the use of exogenous 
polyamines during the processes leading to in vitro plant and callus formation [5,6] and 
endogenous PAs concentration has been related to several organo-genetic processes[7]. 

Beneficial effects of polyamines on in vitro regeneration and somatic embryogenesis were 
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or shoot regeneration has been evidenced in several plant species. The exogenous addition 
of PAs, mainly SPD or PUT at 2.0 mM concentration, not only elevated the endogenous 
levels of PAs but also enhanced the frequency of conversion of protocorm-like-bodied 
(PLBs) to shoots in Dendrobium huoshanense [8]. On the other hand, spermidine showed no 
effect on Dendrobium “Sonia”. Among various tested polyamines, the maximum number of 
PLBs was produced with 0.4 mM putrescine treatment. The increase (1.0 mM) or decrease 
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differentiated shoots. The combination of the three polyamines in culture medium (10 μM 
SPD + 10 μM SPM + 10 μM PUT) induced the highest percentage of microplant formation, 
whereas the treatment with SPD and SPM (10 μM SPD + 10 μM SPM) led to the highest 
amount of necrotic tissue (65%). Spermine alone (10 μM Spm) was effective in controlling 
oxidative processes. In fact, oxidative stress during in vitro cultivation of plants occurs with 
high frequency [8]. 

However, in some species, exogenous polyamines do not play a significant role on in vitro 
growth, such as in Hancornia speciosa. In this specie, the application of exogenous 
polyamines did not improve the growth of callus [20]. Conversely, in most studies it has 
been reported that the use of specific polyamines or polyamine combinations can enhance 
the performances of tissue culture in some plant species, especially in those with low rooting 
potential, browning and hyperhydricity. 

3. Alternative gelling agents  

The in vitro cultivation of plant tissues is generally carried out in a solid or semi-solid 
nutrient medium, using gelling agents. Traditionally, agar is used, which is a polysaccharide 
extracted from seaweeds. This hydrocolloid is composed of agarobiose (3-β-D-
galactopyranosyl-(1,4)-3,6-anhydro-α-L-galactose) [21]. The main differences among 
different agar-products are due to the impurities, their level and composition, which can 
vary according to manufacturers. Agar has been widely used since it has convenient gelling 
properties and stability during tissue culture. In all media used for in vitro culture of plants, 
agar is the major source of unknown variations [22], besides it's a high costs. 

Gums, such as gelan, produced by bacteria and commercialized under the name of Gel-
Gro®, Gerlite® (Kelko, Merck) and Phyta-gel® (Sigma), are polysaccharides that do not 
contain contaminating materials. Moreover, these products are used in lesser amount per 
liter than agar, to obtain the same consistency. They are added to the medium at 
approximately one fourth the concentration of agar. Furthermore, they appear more 
transparent. Despite emerging as alternatives to agar, the high cost of these products still 
limits their use in commercial cultures. These polysaccharides are imported from North 
America and Europe and therefore this leads to increasing costs for further 
micropropagation applications. 

An alternative for cost reduction is the partial replacement of some of these gelling agents 
with other polysaccharides. Starch is an inexpensive alternative among studied gelling 
agents, and its use may reduce the costs of tissue culture. Nevertheless, starch is hydrolyzed 
by plant amylolytic enzymes during the in vitro culture. To circumvent this occurrence, the 
increase of air exchange in the bottle and consequently the increase of evaporation of excess 
water, may reduce this drawback [23]. 

Tropical countries possess a lot of starchy, little studied, native species, whose 
characteristics could serve still unfilled market niches. It should be considered that, among 
five of the raw products used in world for starch production, four are of tropical origin: 
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potato, cassava, maize and rice. Thus, the possibility to find native starch with specific 
properties is quite high in tropical regions. 

In early experiments, using maize starch as gelling agent, the growth and differentiation of 
cultured plant cells from tobacco and carrot have been increased. In a medium solidified 
with starch, cell dry weight increased more than three times with respect to cells grown in a 
medium gelled with agar [24]. 

In India, several tissue culture studies were developed using gums and starches derived 
from tropical species, such as true sago palm (Metroxylon sagu) and "isubgol" (Plantago ovata 
Forsk.). Results revealed that these gelling agents were satisfactory in the micropropagation 
of chrysanthemum (Dendrathema grandiflora Tzvelev). Moreover, the cost of cultures was less 
than 5% of that of commercial agar, resulting in an alternative low-cost gelling agent for 
industrial scale micropropagation [25]. 

Isubgol was also successfully used as gelling agent for culture media for in vitro 
germination, formation of aerial parts and roots of Syzygium cuminii and cultures of anthers 
in Datura innoxia. Cultures showed similar responses to those observed in medium solidified 
with agar [26]. 

Katira gum, derived from the bark of Cochlospermum religiosum, was used as gelling agent in 
the culture medium for micropropagation of Syzygium cuminii and for somatic 
embryogenesis of Albizzia lebbeck. Various combinations of agar (0.2-0.6%) and starch (1-3%) 
were added to increase the firmness of the medium [27]. 

Guar gum, derived from the endosperm of Cyamopsis tetragonoloda and locust bean gum 
from carob (Ceratonia siliqua) (composed of mannose:galactose ratios of 1.6:1 and 3.3:1, 
respectively) is commercially produced in great amounts. Others, such as tare and 
fenugreek gums, have also been used [28]. These gums were used as gelling agents for in 
vitro multiplication and regeneration as well for germination of Linum usitatissimum and 
Brassica juncea, for the multiplication of aerial parts of Crateavea nurvala, and their 
subsequent rooting, for the in vitro androgenesis of anthers on Nicotiana tabacum, and for 
somatic embryogenesis of callus cultures on Calliandra twedii. The media were gelled with 2, 
3 or 4% gum, as compared to agar (0.9%), and for all species the morphogenetic responses 
were improved in the medium gelled with guar gum [29]. 

Xanthan gum has minimal change in viscosity over a wide temperature range, and presents 
good gelling ability in a broad pH range (3.2-9.8). Xanthan gum, a microbial desiccation-
resistant polysaccharide, is commercially produced by aerobic submerged fermentation of 
Xanthomonas campestris. It has a β-(1,4)-D-glucopyranose glucan backbone with side chains 
of (3,1)-α-linked D-mannopyranose-(2,1)-β-D-glucuronic acid-(4,1)-β-D-mannopyranose, on 
alternating residues. This gum, cream-colored, odorless, free flowing powder, hydrates 
rapidly in cold and hot water to give a reliable viscosity, even at low concentrations. It is 
highly resistant to enzymatic degradation, extremely stable over a wide pH range, and 
forms highly pseudoplastic aqueous solutions [30]. 
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with starch, cell dry weight increased more than three times with respect to cells grown in a 
medium gelled with agar [24]. 

In India, several tissue culture studies were developed using gums and starches derived 
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of chrysanthemum (Dendrathema grandiflora Tzvelev). Moreover, the cost of cultures was less 
than 5% of that of commercial agar, resulting in an alternative low-cost gelling agent for 
industrial scale micropropagation [25]. 
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A gelling agent developed in Brazil (patent PI9003880-0 FAPESP/UNESP) was tested as an 
alternative to agar in the micropropagation of sweet potato (Ipomoea batata). The product 
consists of a mixture of starch from seeds of pigeonpea (Cajanus cajan) and cassava starch 
(Manihot esculenta) at a ratio of 2:3, being used as a gelling agent in the MS culture medium 
at a concentration of 7%. It was observed that this starch mixture increased the fresh weight 
of cultures when compared to microplants grown on agar. Thus, this starch mixture 
represents a good alternative for agar replacement in the micropropagation of sweet potato. 
Moreover, this substitution reduced by over 94% the final cost of the culture medium, 
demonstrating a high economic validity [25]. 

Another successful Brazilian experience deals with xyloglucans, extracted from the seeds of 
jatoba (Hymenaea courbaril) and mixed with agar to prepare a solid medium for the 
micropropagation of apples. The performance of this new mixture, composed of 0.4% agar 
and 0.2% xyloglucan (w/v), was verified on Malus prunifolia Borkh and cv. Jonagored (Malus 
domestica), and compared to the medium solidified with agar (0.6 %, w/v). The growth and 
the multiplication of shoots were higher in the modified medium. Furthermore, a lower 
incidence of hyperhydricity and a higher percentage of shoot rooting in the absence of 
auxin, were observed. When 0.25 mM indole-3-butyric acid (IBA) was added to both the 
media, the modified medium gave better results in terms of rooting percentage and root 
quality than the traditional agar medium [31]. 

The efficacy of the partial substitution of agar by galactomannans (GMs), obtained from 
seeds of Cassia fastuosa (cassia) and Cyamopsis tetragonolobus (guargum - a commercial GM), 
was tested in the micropropagation of strawberry (Fragaria x ananassa Duchesne cv. Pelican). 
GMs were mixed with agar in the proportion of 0.3/0.3 % (w/v) in MS medium, and the 
performances were compared with the behavior of the medium containing only agar (0.6% 
w/v). Strawberry shoots, grown in the modified medium, showed both an enhanced cell 
proliferation and a higher length of roots with respect to controls. These results showed that 
agar could be partially replaced by GMs, since experimental data confirmed a favorable 
interaction between the two polysaccharides.  

Another study, involving guar gum extracted from the seeds of Cassia fastuosa or 
Cyamopsis tetragonolobus, mixed in equal proportions with agar to a final concentration of 
0.3% (w/v) for each type of gelling agent, was carried out on the micropropagation of 
“Durondeau” pear (Pyrus communis L. cv. Durondeau). The production of multiple shoots 
and the formation of roots from shoots were compared with a control media, solidified 
with agar alone at a concentration of 0.6 % (w/v). In the medium solidified with the 
mixtures of agar/guar and agar/cassia GM, an increase in the number of regenerated 
shoots of 32 and 17%, respectively, was obtained. The modified media promoted both a 
higher number of roots and increased the rooting percentage. A maximum of 91% rooting 
was obtained in the medium solidified with the agar/cassia GM, containing 9.8 mM 
indole-3-butyric acid. With this medium, less callus formation at the base of the shoot was 
also observed [23]. 
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In a study on the micropropagation of african violet, the cultivation of shoots in liquid 
medium, with cotton wad and different combinations of starch, semolina, potato powder as 
an alternative to agar, was tested. The highest frequency of regeneration was found in media 
containing agar (0.8%) or with a combination of starch, semolina, potato powder (2:1:1) and 
starch (6%) plus agar (0.4%). The maximum numbers shoots was produced in media 
containing agar (0.8%), the combination of starch (6%), plus agar (0.4%) and in liquid 
medium with cotton wad substrate. The best shoot proliferation took place in liquid 
medium with cotton substrate. The results showed that the combination of starch, semolina, 
potato powder (2:1:1) and 6% starch, plus 0.4% agar, can be suitable alternatives for agar 
alone in shoot regeneration step, but shoot number will result lower than in agar alone. 
These options are cheaper than agar [32]. 

The type of medium (liquid or semi-solid) can directly affect the rooting process. Although 
the liquid medium positively influences the availability of water, nutrients, hormones and 
oxygen levels, the vast majority of protocols for micropropagation were established in semi-
solid media [33].  

Some other agar substitutes have been tested, such as corn starch mixtures (Gelrite®), used 
for shoot proliferation of apples, pears and red raspberries [34]. However, their use may 
induce some problems during micropropagation. Gelrite®, for example, causes 
hyperhydricity and, in some cases, vitrification on regenerated shoots [35]. Hyperhydric 
shoots are characterized by a translucent aspect due to a chlorophyll deficiency, a not very 
developed cell wall and high water content. The losses of up to 60% of cultured shoots or 
plantlets, due to hyperhydricity, have been reported in commercial plant micropropagation 
[36], reflecting the importance of this problem. The hyperhydricity of shoots was induced in 
Prunus avium, after four weeks multiplication cycles in Gelrite® [37]. This performance has 
been confirmed by other authors [38]. The vitrification symptoms (thick and translucent 
stems and leaves, wrinkled and curled leaves) were found on 100 % shoots, after 21 days 
culture. 

Besides the properties of these described substances, it is not always possible to use these 
agents. In studies with Eucalyptus grandis x E. urophylla in liquid medium containing 
aluminum, an acrylic blanket was used to support the shoots, because the addition of 
AlCl3.6H2O decreased medium pH (to around pH 3.5), affecting medium ionic balance, not 
allowing the gelation of agar [39]. 

4. Micropropagation of medicinal species 

Medicinal and aromatic plants are of great importance for the pharmaceutical industry and 
traditional medicine in several countries. Just to emphasize the importance of medicinal 
plants in their various aspects for human health, data from the World Health Organization 
(WHO) indicated that 80% of the population uses them as basic drugs, in traditional 
medicine, in the form of plant extracts or their bioactive compounds. 
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A gelling agent developed in Brazil (patent PI9003880-0 FAPESP/UNESP) was tested as an 
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0.3% (w/v) for each type of gelling agent, was carried out on the micropropagation of 
“Durondeau” pear (Pyrus communis L. cv. Durondeau). The production of multiple shoots 
and the formation of roots from shoots were compared with a control media, solidified 
with agar alone at a concentration of 0.6 % (w/v). In the medium solidified with the 
mixtures of agar/guar and agar/cassia GM, an increase in the number of regenerated 
shoots of 32 and 17%, respectively, was obtained. The modified media promoted both a 
higher number of roots and increased the rooting percentage. A maximum of 91% rooting 
was obtained in the medium solidified with the agar/cassia GM, containing 9.8 mM 
indole-3-butyric acid. With this medium, less callus formation at the base of the shoot was 
also observed [23]. 
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Micropropagation of some medicinal plants has been achieved through the rapid 
proliferation of shoot-tips and ancillary buds in culture. The success of micropropagation 
of medicinal species opens perspectives for the production of seedlings, followed by 
selection of superior genotypes, their clonal multiplication for obtaining genotypic 
uniformity within the plants to use in plantations at high productivity. Numerous limiting 
factors have been reported to influence the success of in vitro propagation of medicinal 
plants and, therefore, it is unwise to define a particular protocol for the micropropagation 
of these species [40]. 

In fact, a large-scale application depends mainly on the development of an efficient protocol 
for proliferation, rooting and acclimatization of explants in ex vitro conditions.  

Jaborandi plant (Pilocarpus microphyllus) is a tree, extensively used in the pharmaceutical 
industry for the manufacture of drugs, used for the treatment of glaucoma. The 
micropropagation of this specie was conducted on apical explants grown in MS medium, 
supplemented with 6.66 mM benzyl-aminopurine (BAP) [41]. Echinodorus scaber is an 
herbaceous water plant with cleansing, anti-ophidic, diuretic, anti-rheumatic and anti-
inflammatory effects, used in traditional medicine to normalize uric acid, treating gout and 
osteoarthritis, and also used for the manufacturing of soft drinks. The protocol for this 
specie consists in the inoculation of nodal explants in MS medium, supplemented with 1 
mgL-1 BAP [42]. 

For the micropropagation of Tournefortia paniculata, a shrub whose leaves are used as 
decoction for diuretic and urinary infections, the shoots were grown on WPM (Lloyd & 
McCown) medium, supplemented with 1 mg L-1 BAP, and shoot rooting was induced in the 
same medium, without growth regulators. For acclimatization, microplants were placed in a 
commercial substrate, and cultured in a greenhouse, and then transplanted in the field [43]. 

Lipia gracilis plant is rich in essential oils, containing thymol and canvacrol, as main chemical 
compounds, responsible for the proven antimicrobial activity. A protocol for its 
micropropagation has been defined, using MS medium supplemented with 1 mg L-1 BAP 
[44]. 

The proliferation success, expressed as number of new produced shoots, is the most 
important parameter that should be optimized in vitro, since often the proliferation process 
is slow and, as consequence, the number of produced plants is limited. This feature can also 
be combined to obtain secondary metabolites. Micropropagation ensures a uniform 
production, which cannot be guaranteed by cultivation of seeds of allogamous plants, due to 
the high genetic variability of offsprings, which cannot guarantees the uniformity on types 
and levels of metabolites. Several protocols for medicinal plants have been described [42], 
but many species still require further studies, in particular, to increase or maintain the 
production of desirable metabolites. 

The micropropagation of medicinal plants is particularly important if the plant produces 
few seeds, seeds with low germination potential and needs special care to reach the mature 
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stages. As an example, Jatropha elliptica, an herbaceous native species in Brazilian cerrado 
with purgative properties, used in the treatment of severe itching, syphilis and treatment of 
snake bites, presents low seed germination potential, about only 6%. The developed 
micropropagation protocol consists of MS medium, supplemented with 0.5 µmol L-1 
indolacetic acid (IAA) and 1 µmol L-1 BAP for the multiplication step, and 5 µmol L-1 
naphthalene acetic acid (NAA) for shoot rooting [45]. 

An efficient micropropagation protocol has been proposed for Stevia rebaudiana, an 
important antidiabetic medicinal plant. The highest frequency (94.5%) of multiple shoot 
regeneration and maximum number of shoots (15.7 shoots per explant) were obtained on 
MS medium, supplemented with 1.0 mg L-1 BAP. Furthermore, the in vitro derived nodal 
explants, grown in the same nutritional conditions, produced a total of 123 shoots per 
explant after only three subcultures. The highest frequency of rooting (96%) was obtained 
on half-strength MS medium, in the presence of 0.4 mg L-1 NAA. The rooted plantlets were 
successfully transferred into plastic cups, containing sand and soil, in the ratio of 1:2, and 
subsequently transferred in the greenhouse [46]. 

Some medicinal plants are “recalcitrant” to vegetative propagation, and in these cases, the 
technique of in vitro cultivation, and the use of different plant growth regulators, can 
synergistically help plant production. Byrsonima intermedia A. Juss is a shrub found in 
Brazilian cerrado, whose husk presents medicinal activities in diarrheas and dysenteries. 
The Byrsonima genus presents low germination rate and slow plantlet emergency, which 
makes sexual propagation difficult. The effect of different concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D), thidiazuron (TDZ) and BAP in callus formation, was 
evaluated. The results demonstrated that there was no formation of callus in leaf explants 
maintained in the absence of 2,4-D, and that the addition of TDZ and BAP had no influence 
in the callogenetic process. For callus induction and proliferation, the results suggested the 
use of MS medium, supplemented with 1.0 mgL-1 2,4-D, maintaining the explants in the 
dark [47]. 

Another species, presenting difficulties in spreading, is the Brazilian ginseng (Pfaffia 
tuberosa), whose roots are used to produce drugs and dietary supplements. A protocol for its 
micropropagation was developed using nodal explants cultivation in MS medium 
supplemented with 1 mmolL-1 thidiazuron (TDZ), followed by shoot subculture on the same 
medium, lacking of growth regulators. The methodology was proven to be valid, due to the 
high rate of multiplication, good development of shoots, roots and great adaptation to ex 
vitro conditions [48]. 

The use of tissue culture techniques is also of great importance in the development of new 
plant products, by preserving germplasms. Micropropagation is a useful technique to 
preserve the gene pool, especially in cases where small amounts of viable seeds are 
produced. As an example, canopy (Canopy macrospyphonia), a medicinal species, considered 
highly vulnerable and widely used by traditional communities inhabiting Brazilian cerrado. 
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stages. As an example, Jatropha elliptica, an herbaceous native species in Brazilian cerrado 
with purgative properties, used in the treatment of severe itching, syphilis and treatment of 
snake bites, presents low seed germination potential, about only 6%. The developed 
micropropagation protocol consists of MS medium, supplemented with 0.5 µmol L-1 
indolacetic acid (IAA) and 1 µmol L-1 BAP for the multiplication step, and 5 µmol L-1 
naphthalene acetic acid (NAA) for shoot rooting [45]. 

An efficient micropropagation protocol has been proposed for Stevia rebaudiana, an 
important antidiabetic medicinal plant. The highest frequency (94.5%) of multiple shoot 
regeneration and maximum number of shoots (15.7 shoots per explant) were obtained on 
MS medium, supplemented with 1.0 mg L-1 BAP. Furthermore, the in vitro derived nodal 
explants, grown in the same nutritional conditions, produced a total of 123 shoots per 
explant after only three subcultures. The highest frequency of rooting (96%) was obtained 
on half-strength MS medium, in the presence of 0.4 mg L-1 NAA. The rooted plantlets were 
successfully transferred into plastic cups, containing sand and soil, in the ratio of 1:2, and 
subsequently transferred in the greenhouse [46]. 

Some medicinal plants are “recalcitrant” to vegetative propagation, and in these cases, the 
technique of in vitro cultivation, and the use of different plant growth regulators, can 
synergistically help plant production. Byrsonima intermedia A. Juss is a shrub found in 
Brazilian cerrado, whose husk presents medicinal activities in diarrheas and dysenteries. 
The Byrsonima genus presents low germination rate and slow plantlet emergency, which 
makes sexual propagation difficult. The effect of different concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D), thidiazuron (TDZ) and BAP in callus formation, was 
evaluated. The results demonstrated that there was no formation of callus in leaf explants 
maintained in the absence of 2,4-D, and that the addition of TDZ and BAP had no influence 
in the callogenetic process. For callus induction and proliferation, the results suggested the 
use of MS medium, supplemented with 1.0 mgL-1 2,4-D, maintaining the explants in the 
dark [47]. 

Another species, presenting difficulties in spreading, is the Brazilian ginseng (Pfaffia 
tuberosa), whose roots are used to produce drugs and dietary supplements. A protocol for its 
micropropagation was developed using nodal explants cultivation in MS medium 
supplemented with 1 mmolL-1 thidiazuron (TDZ), followed by shoot subculture on the same 
medium, lacking of growth regulators. The methodology was proven to be valid, due to the 
high rate of multiplication, good development of shoots, roots and great adaptation to ex 
vitro conditions [48]. 

The use of tissue culture techniques is also of great importance in the development of new 
plant products, by preserving germplasms. Micropropagation is a useful technique to 
preserve the gene pool, especially in cases where small amounts of viable seeds are 
produced. As an example, canopy (Canopy macrospyphonia), a medicinal species, considered 
highly vulnerable and widely used by traditional communities inhabiting Brazilian cerrado. 
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For this species, micropropagation would be an alternative to avoid genetic erosion. Thus, a 
protocol for its in vitro micropropagation and conservation in germplasm bank was 
developed. It was found that half diluted MS medium (MS/2), without growth regulators, 
promoted the proliferation of shoots (4 per bud), shoots elongation (5.2 cm), number of buds 
(6-8) and reduced vitrification (4%). Seedlings were grown for three months in MS/2 culture 
medium, supplemented with 2% sucrose, 4% mannitol, 2 mgL-1 calcium pantothenate, under 
germplasm Bank conditions, showing 40% survival. Regarding substrates, seedlings grew 
better in Plantmax®, where 40% of the seedlings survived and the majority showed root 
formation [49].  

Other plants threatened with extinction can be grown in vitro, to maintain a germplasm 
bank, and to guarantee the possibility of increasing their population, as is the case of 
Rhinacanthus nasutus (L.) Kurz., used as a potent ethno-medicinal plant for various diseases, 
including cancer. Since the plant is collected throughout the year for roots and leaves, it 
increasingly disappeared from its natural habitat, and, as a consequence, its distribution in 
nature is reduced to an alarming rate. Natural resurgence of this plant is through seeds and 
stem cuttings. Low seed germination and viability is another factor that hampers the natural 
propagation of this plant. The possibility to regenerate whole plants from leaf derived callus 
was reported. High numbers of shoots (36.5) were obtained through an intervening callus 
phase. The composition of the media had a significant effect on both percentage of callus 
formation and subsequent plantlet regeneration. Optimum callus induction (98.8%) was 
obtained in MS medium, supplemented with kinetin (Kn) (4 mgL-1) and indolbutiric acid 
(IBA) (0.5 mgL-1). However, the highest callus regeneration (96%) was observed in MS 
medium, supplemented with 3 mgL-1 Kn and 0.5 mgL-1 NAA. An important finding in this 
study was that the ISSR (Inter Simple Sequence Repeat) analysis of R. nasutus results in 
shoots with low degree of variation and statistically not significant differences [50]. 

Cytotoxic activities of plant extracts against human tumor cell lines can be studied utilizing 
micropropagation. The stabilization of shoots and roots of Cistus creticus subsp. creticus L. in 
in vitro culture in solid or liquid MS medium, without addition of plant growth regulators, 
was studied [51]. Authors verified the presence of labdane diterpenes in shoot extracts, but 
they were absent in root extracts. The cytotoxic activity of shoot extracts, by sulforhodamine 
B (SRB) assay on five human cancer cell lines, was verified. In particular, active extracts 
showed cytotoxic activity on HeLa (cervix), MDA-MB-453 (breast) and FemX (melanoma) 
cancer cells, with IC50 reaching 80.83 mg mL-1 on HeLa, 76.18 mg mL-1 on MDA-MB-453, 
and 87.52 mg mL-1 on FemX cells, respectively. 

A wide application of micropropagation techniques on medicinal plants for clonal 
propagation and production of virus free plants, if characterized by low immunity to 
infections, was reported. This is the case of Aloe vera, a species traditionally propagated by 
seedling production, where there is a high probability of disease occurrence in planting 
material, depending on the injury done to mother plants, seedlings and lateral shoots, at the 
time of harvest. Thus, micropropagation presents the advantage of a system with high 
genetic quality and health, and high income [52]. 
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5. Biochemical responses of plants cultivated in vitro 

The in vitro culture can be used to study the biochemical mechanisms of plant survival, as a 
function of medium changes, which may produce different biochemical and physiological 
responses. The in vitro cultivation of plants can induce different responses according to the 
medium used, such as the presence of regulators, gelling agents, minerals, and other 
components. The concentration of many plant metabolites responds to these changes more 
or less quickly, but all endogenous molecules may show variations, mainly due to some 
kind of stress. Stress intensity (pressure to change exerted by a stressor) is not easily 
quantified. Stress could occur at a low level, creating conditions that are marginally non-
optimal, with little expected effect. However, if this mild stress continues for long time, 
becoming a chronic stress, the physiology of plants is likely to be altered [53]. 

Tissue culture has been used as a model to study biochemical responses to different stress 
types on medicinal plants, as reported for oregano (Origanum vulgare L.) by using shoot 
buds as potential model system for studying carbon skeleton diversion from growth to 
secondary metabolism, as adaptive response to nutrient deficiency. Nutritional stress caused 
a moderate increase of constitutive free proline, and exogenous proline affected growth and 
phenolic antioxidant content of oregano shoots, compared to control. The role of proline, 
and its association to redox cycles, can be considered as a form of metabolic signaling, based 
on the transfer of redox potential amongst interacting cell pathways, which in turn elicits 
phenolic metabolism, stimulating carbon flux through pentose phosphate oxidative 
pathway [54]. Other studies also showed changes in response to mineral stresses, as the 
study carried out using micropropagation on Eucalyptus grandis x E. urophylla, grown with 
the addition of aluminum (6.75, 13.5 and 27 mgL-1 of AlCl3.6H2O). It was observed that the 
metal affected the ionic equilibrium of the culture medium, the morphology of the shoots, 
and that the reduced medium pH induced an increase in polyamines content and a higher 
acid phosphatase activity [41]. 

As mentioned above, hyperhydricity is another problem that can occur using Gelrite®. This 
was observed in P. avium shoots, causing a production of higher amounts of ethylene, 
polyamines, and proline, which are substances considered as stress markers. The higher 
activity of glutathione peroxidase (GPX, EC 1.11.1.9), involved in organic hydroperoxide 
elimination, suggested an increased production of these last compounds in hyperhydric 
state [39]. 

Plant cell culture is a methodology, which can be used to study or to produce some active 
metabolites, such as polyphenols. In vitro culture can be used to explore new industrial, 
pharmaceutical and medical potentialities, such as the production of secondary metabolites, 
like flavonoids. This technique was applied to the investigation of Coriandrum, and a 
detailed analysis of individual polyphenols on in vivo and in vitro grown samples, was 
performed. In vitro samples also gave a high diversity of polyphenols, being C-glycosylated 
apigenin (2983 mg kg-1 d.w.) the main compound. Anthocyanins were found only in clone 
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For this species, micropropagation would be an alternative to avoid genetic erosion. Thus, a 
protocol for its in vitro micropropagation and conservation in germplasm bank was 
developed. It was found that half diluted MS medium (MS/2), without growth regulators, 
promoted the proliferation of shoots (4 per bud), shoots elongation (5.2 cm), number of buds 
(6-8) and reduced vitrification (4%). Seedlings were grown for three months in MS/2 culture 
medium, supplemented with 2% sucrose, 4% mannitol, 2 mgL-1 calcium pantothenate, under 
germplasm Bank conditions, showing 40% survival. Regarding substrates, seedlings grew 
better in Plantmax®, where 40% of the seedlings survived and the majority showed root 
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Other plants threatened with extinction can be grown in vitro, to maintain a germplasm 
bank, and to guarantee the possibility of increasing their population, as is the case of 
Rhinacanthus nasutus (L.) Kurz., used as a potent ethno-medicinal plant for various diseases, 
including cancer. Since the plant is collected throughout the year for roots and leaves, it 
increasingly disappeared from its natural habitat, and, as a consequence, its distribution in 
nature is reduced to an alarming rate. Natural resurgence of this plant is through seeds and 
stem cuttings. Low seed germination and viability is another factor that hampers the natural 
propagation of this plant. The possibility to regenerate whole plants from leaf derived callus 
was reported. High numbers of shoots (36.5) were obtained through an intervening callus 
phase. The composition of the media had a significant effect on both percentage of callus 
formation and subsequent plantlet regeneration. Optimum callus induction (98.8%) was 
obtained in MS medium, supplemented with kinetin (Kn) (4 mgL-1) and indolbutiric acid 
(IBA) (0.5 mgL-1). However, the highest callus regeneration (96%) was observed in MS 
medium, supplemented with 3 mgL-1 Kn and 0.5 mgL-1 NAA. An important finding in this 
study was that the ISSR (Inter Simple Sequence Repeat) analysis of R. nasutus results in 
shoots with low degree of variation and statistically not significant differences [50]. 

Cytotoxic activities of plant extracts against human tumor cell lines can be studied utilizing 
micropropagation. The stabilization of shoots and roots of Cistus creticus subsp. creticus L. in 
in vitro culture in solid or liquid MS medium, without addition of plant growth regulators, 
was studied [51]. Authors verified the presence of labdane diterpenes in shoot extracts, but 
they were absent in root extracts. The cytotoxic activity of shoot extracts, by sulforhodamine 
B (SRB) assay on five human cancer cell lines, was verified. In particular, active extracts 
showed cytotoxic activity on HeLa (cervix), MDA-MB-453 (breast) and FemX (melanoma) 
cancer cells, with IC50 reaching 80.83 mg mL-1 on HeLa, 76.18 mg mL-1 on MDA-MB-453, 
and 87.52 mg mL-1 on FemX cells, respectively. 

A wide application of micropropagation techniques on medicinal plants for clonal 
propagation and production of virus free plants, if characterized by low immunity to 
infections, was reported. This is the case of Aloe vera, a species traditionally propagated by 
seedling production, where there is a high probability of disease occurrence in planting 
material, depending on the injury done to mother plants, seedlings and lateral shoots, at the 
time of harvest. Thus, micropropagation presents the advantage of a system with high 
genetic quality and health, and high income [52]. 
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5. Biochemical responses of plants cultivated in vitro 

The in vitro culture can be used to study the biochemical mechanisms of plant survival, as a 
function of medium changes, which may produce different biochemical and physiological 
responses. The in vitro cultivation of plants can induce different responses according to the 
medium used, such as the presence of regulators, gelling agents, minerals, and other 
components. The concentration of many plant metabolites responds to these changes more 
or less quickly, but all endogenous molecules may show variations, mainly due to some 
kind of stress. Stress intensity (pressure to change exerted by a stressor) is not easily 
quantified. Stress could occur at a low level, creating conditions that are marginally non-
optimal, with little expected effect. However, if this mild stress continues for long time, 
becoming a chronic stress, the physiology of plants is likely to be altered [53]. 

Tissue culture has been used as a model to study biochemical responses to different stress 
types on medicinal plants, as reported for oregano (Origanum vulgare L.) by using shoot 
buds as potential model system for studying carbon skeleton diversion from growth to 
secondary metabolism, as adaptive response to nutrient deficiency. Nutritional stress caused 
a moderate increase of constitutive free proline, and exogenous proline affected growth and 
phenolic antioxidant content of oregano shoots, compared to control. The role of proline, 
and its association to redox cycles, can be considered as a form of metabolic signaling, based 
on the transfer of redox potential amongst interacting cell pathways, which in turn elicits 
phenolic metabolism, stimulating carbon flux through pentose phosphate oxidative 
pathway [54]. Other studies also showed changes in response to mineral stresses, as the 
study carried out using micropropagation on Eucalyptus grandis x E. urophylla, grown with 
the addition of aluminum (6.75, 13.5 and 27 mgL-1 of AlCl3.6H2O). It was observed that the 
metal affected the ionic equilibrium of the culture medium, the morphology of the shoots, 
and that the reduced medium pH induced an increase in polyamines content and a higher 
acid phosphatase activity [41]. 

As mentioned above, hyperhydricity is another problem that can occur using Gelrite®. This 
was observed in P. avium shoots, causing a production of higher amounts of ethylene, 
polyamines, and proline, which are substances considered as stress markers. The higher 
activity of glutathione peroxidase (GPX, EC 1.11.1.9), involved in organic hydroperoxide 
elimination, suggested an increased production of these last compounds in hyperhydric 
state [39]. 

Plant cell culture is a methodology, which can be used to study or to produce some active 
metabolites, such as polyphenols. In vitro culture can be used to explore new industrial, 
pharmaceutical and medical potentialities, such as the production of secondary metabolites, 
like flavonoids. This technique was applied to the investigation of Coriandrum, and a 
detailed analysis of individual polyphenols on in vivo and in vitro grown samples, was 
performed. In vitro samples also gave a high diversity of polyphenols, being C-glycosylated 
apigenin (2983 mg kg-1 d.w.) the main compound. Anthocyanins were found only in clone 
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A, certainly related to purple pigmentation, and peonidin-3-O-feruloylglucoside-5-O-
glucoside was the major anthocyanin found (1.70 mg kg-1 d.w.) [55]. 

These studies show the potential of tissue cultures in plant tissue technology aimed to the 
production of antioxidants compounds. Therefore, even with the increase of these 
compounds, plants may present reduced growth, or other problems, such as hyperhydricity. 
On the other hand, studies involving bioreactors can be an alternative for the production of 
secondary metabolites. 

6. Bioreactors 

The use of bioreactors in laboratories and biofactories is already a reality and the trend of its 
increasing application is indisputable. While conventional micropropagation uses small 
flasks, with a small number of plants per flask and requires intense manipulation of the 
cultures, then, involving a large amount of skilled work, the bioreactor uses large bottles 
containing liquid medium with large amounts of plants, which reduces significantly the 
demand of skilled operators. Bottles used in conventional micropropagation typically 
contain less than 0.5 L of culture medium, while bioreactors, on the other hand, may contain 
amounts ranging from 1.5 to 20 L [56]. 

Pioneering studies, published in the 90’s, showed the superiority of bioreactors on plant 
multiplication rates, when compared to conventional systems with semi-solid or liquid 
medium. In the propagation of pineapple (Ananas comosus), the multiplication rate in 
bioreactors was four times higher than that obtained in conventional systems [57]. In banana 
(Musa acuminata) this multiplication rate was five times higher [58] and in sugarcane 
(Saccharum edule Hassk.), it was six [59]. 

Bioreactors are used in the micropropagation of several crops, including ornamental and 
medicinal plants, vegetables and fruits. Studies showed that more than 40 plant species are 
commercially propagated in bioreactors [60]. By cultivation in bioreactors, different plant 
parts can be obtained, such as buds, somatic embryos, bulbs, shoots, calluses, protocorm 
and others. Bioreactors are currently being used for commercial micropropagation in U.S., 
Japan, Taiwan, Korea, Cuba, Costa Rica, Netherlands, Spain, Belgium, France [61], and 
Brazil (http: biofrabricasdemudas.blogspot.com). 

The design of the first bioreactors, used for propagation of plants, was derived from 
fermenters used for cultivation of bacteria and fungi cultivation for industrial purposes. 
Currently, there are several types of bioreactors developed specifically for in vitro plant 
cultivation [62]. Among the different types of plant micropropagation bioreactors, the 
Temporary Immersion Bioreactor (TIB), developed in the mid 90’s, stands out [61]. This type 
of bioreactor consists of two glass or plastic vessels, one of which contains the plant material 
in culture (plant culture vessel), while the other stores the culture medium. The transfer of 
the medium to the flask containing the plant material occurs through silicone hoses, driven 
by positive pressure of an air pump. Generally, explants are immersed in the culture 
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medium temporarily. The soaking process occurs at regular intervals of predetermined time. 
When the time of immersion is finished, the air pump starts and a solenoid valve drive the 
air flow to the opposite direction. The circulating air in the system is sterilized by passing 
through filters with pores of 0.22 to 0.44 μm, coupled to silicone hoses (Figure 1). 

 
Figure 1. Temporary immersion bioreactor (TIB): The transfer of the medium to the plant culture vessel 
occurs by a positive pressure of the air pump and the explants are temporarily immersed, after this, the 
air pump starts and the medium returns to the culture medium reservoir (A) scheme, (B) picture. 

The main advantages of temporary immersion bioreactors in plant propagation process 
include: (1) the liquid medium is in contact with the entire surface of the explants (leaves, 
roots; etc.), increasing the absorption surface of nutrients and growth regulators; (2) the 
forced aeration provides excellent oxygen supply and prevents the buildup of harmful 
gases, resulting in a better crop growth; (3) the movement of explants inside the bioreactor 
results in reduced apical dominance expression, favoring the proliferation of axillary buds; 
(4) significant reduction in manpower due to the lower handling of vessels, labeling, etc.; (5) 
the production of a large number of seedlings, favoring large scale production [59, 63, 64]. 
The high rates of multiplication, the rapid growth of crops, and the reduction of the need for 
labor and cost for the culture medium, by avoiding gelling agents, make the technology of 
micropropagation in temporary immersion bioreactors a conventional static medium in 
liquid or semi-solid systems.  
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1. Introduction 

Sonpatha (Oroxylum indicum (L.) Vent.) is a threatened medicinal tree species [1,2] belonging to 
family Bignoniaceae. It is valued for its antimicrobial, antiarthritic, anticancerous and 
antihepatitic properties possessed by its various parts. Root extract of this tree has been used 
for long in ayurvedic preparations like Dashmularisht and Chyawanprash [3,4].This tree 
possesses a flavonoid viz. Baicalein used to check proliferation of human breast cancer cell line 
MDA - MB - 435 [5]. Sonpatha grows in India, Sri Lanka, South China, Celebes, Philippines and 
Malaysia[6,7]. In India, it is distributed throughout the country up to an altitude of 1200 m and 
found mainly in ravine and moist places in the forests [8].Owing to indiscriminate collection, 
over exploitation and uprooting of whole plants with roots, this valuable tree has become 
vulnerable in different states of India like Karnataka, Andhra Pradesh, Kerala, Maharastra, 
M.P. and Chhatisgarh [9,10]. Hence research towards mass multiplication, conservation and 
higher production of the active compound under in vitro culture conditions is essential [11]. Few 
reports are available on the in vitro regeneration of the species [12,13]. Optimum factors 
influencing growth and morphogenesis vary with the genotype and types of explants used for 
micropropagation. [14]. Murashige and Skoog (MS) medium with a high content of nitrate, 
ammonium and potassium is of widespread use in the successful culture of a wide variety of 
plants. Sometimes it requires supplementation of additional substances in the medium.  

Application of additives is adapted to the cultural needs[15] i.e. objectives of the experimental 
studies like micropropagation, regeneration, cytodifferentiation, androgenesis, biosynthesis 
of secondary metabolites and biotransformation of cells as well as the particular plant 
species taken. In this chapter the importance of some additives like activated charcoal (AC), 
casein hydrolysate (CH), coconut milk (CM) & silver nitrate (AgNO3) & their impact on the 
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direct & indirect in vitro multiplication of a threatened medicinal tree Sonpatha (Oroxylum 
indicum) is emphasized.  

1.1. Activated charcoal (AC) 

Activated charcoal (Carbonized wood) is a fine powdered wood charcoal added to tissue 
culture media, to bring about changes in the composition of the medium[16]. Being porous, it 
serves to adsorb toxic & phenolic tissue exudates in culture, which prevents inhibition of 
growth, promotes embryogenesis/ organogenesis Beneficial effects of addition of activated 
charcoal to media are highlighted by various researchers [17,18]. 

Activated charcoal (AC) has a very fine network of pores with large inner surface area on 
which many substances can be adsorbed & it is often used in tissue culture to improve cell 
growth and development. It plays critical roles in micropropagation, seed germination, 
somatic embryogenesis, anther culture, synthetic seed production, protoplast culture, rooting, 
stem elongation and bulb formation in different plants. The beneficial effects of AC on 
morphogenesis may be mainly due to its irreversible adsorption of inhibitory compounds in 
the culture medium and substantially decreasing the toxic metabolites, phenolic exudation and 
brown exudate accumulation [19]. In addition to this activated charcoal is involved in a number 
of stimulatory and inhibitory activities including the release of substances naturally present in 
AC which promote growth and darkening of culture media, adsorption of vitamins, metal ions 
and plant growth regulators, including abscisic acid and gaseous ethylene [20]. The effect of AC 
on growth regulator uptake is still unclear but some workers believe that AC may gradually 
release certain adsorbed products, such as nutrients and growth regulators which become 
available to plants. This review focuses on various roles of activated charcoal in plant tissue 
culture and the recent developments in this area. 

1.2. Coconut milk (CM) 

A natural complex may be used when a defined medium fails to support a particular 
growth response. Its addition makes a defined medium undefined since variations are to be 
expected in growth promoting or inhibitory compounds in these complexes [21]. A liquid 
endosperm such as coconut milk would be a good medium for embryo culture. It was first 
used successfully for culture of very young embryos of Datura[22]. Explants proliferate more 
readily on CM containing media than that observed with auxin. It enhances the proliferation 
of tumoral tissues indicating that it contains a stimulating substance different from an auxin. 
Addition of coconut milk serves to rejuvenate mature and permanent cells into actively 
dividing cells, promoting cell division & callus formation [23]. The composition of CM has 
been investigated extensively [24] but the analysis has been complicated by the variability in 
age of coconuts from which the liquid endosperm was obtained. 

1.3. Casein hydrolysate (CH) 

Casein hydrolysate (CH) is an organic nitrogen supplement containing a mixture of amino 
acids. Being a good source of reduced nitrogen it has been widely used as an additive to 
embryo culture media [25,26]. It has proved superior to the combined effect of the amino 
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acid mixture. It has been thought that nitrogen deficiency can cheaply be fulfilled by its 
addition [27,28] presumably it contains some stimulatory factors yet unidentified.  

1.4. Silver nitrate (AgNO3) 

Effect of nitrate supplementation in media has been well established in tissue culture [29,30] so 
as to enhance shoot multiplication and somatic embryogenesis. Several researchers assume 
that NO3 /NH4 + ratio acts as buffering stabilization of medium pH resulting in vitro 
organization by adventitious shoot (apical meristem) and NO3 subsequently promotes 
extension growth by these meristems into full fledged shoots.  

Silver nitrate works as an inhibitor of ethylene activity [31] through the Ag2+ ions by reducing 
the receptor capacity to bind ethylene [32-35].With these observations, water solubility and 
lack of phytotoxicity at effective concentration led to its application in tissue culture [36].  

2. Materials and methods 

2.1. Plant materials and culture conditions 

Seeds of O. indicum were collected from forest areas in and around Jabalpur (M.P.), India. Seeds 
were germinated on moist sterilized filter paper under in vitro conditions. Fifteen to twenty 
days old seedlings were given a treatment of 1 minute each of 70% ethyl alcohol and 0.1% 
mercuric chloride followed by sterilized water washing (3-4 times) and excess water was 
blotted on sterile filter paper. The explants viz. apical buds (ApB) (0.5-1cm) , axillary buds (AxB) 
(0.7-1cm) and embryonic axis (Ea) (0.4-0.6 cm) were excised and explants were inoculated under 
aseptic conditions in test tubes on Murashige and Skoog’s (MS) medium [37] supplemented with 
3% sucrose, 0.8 % agar and different concentrations (0.1-10 mgL-1) of plant growth regulators 
viz. auxins (2,4-Dichloro phenoxy acetic acid (2,4-D), Indole butyric acid (IBA), Naphthalene 
acetic acid (NAA) and Indole acetic acid (IAA)) individually. The pH of the media was adjusted 
to 5.7 before adding agar. Medium (8-10 ml) was dispensed in glass test tubes (15x125 mm) and 
autoclaved at a pressure of 15 psi and a temperature of 121ºC for 15 minutes. Before inoculation 
autoclaved medium was left at 25ºC for 24 hrs to check that there was no visible microbial 
contamination. A piece of callus (2-3mm x 2-3 mm) raised on auxin was subsequently used for 
indirect organogenesis. The cultures were maintained in culture room at a temperature of 
25±2ºC, relative humidity (RH) of 60-70% and a light intensity of approx. 1500 lux provided by 
cool, white, fluorescent tubes under a photoperiod of 16/8 hr (light/dark).  

2.2. Callus induction, plant regeneration and rooting 

Apical bud, axillary bud and embryonic axis explants were inoculated on MS medium 
supplemented with different concentrations of plant growth regulators to induce multiple 
shoots & callus. Calli were subcultured onto fresh medium every 20-22 days for further 
proliferation on suitable medium. Regenerated shoots were elongated up to approx 2 cm, 
excised and transferred to MS medium fortified with different (0.1, 0.5, 1.0, 5.0 mgL-1) 
concentrations of NAA, IBA and IAA for root induction.  
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acid mixture. It has been thought that nitrogen deficiency can cheaply be fulfilled by its 
addition [27,28] presumably it contains some stimulatory factors yet unidentified.  
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3% sucrose, 0.8 % agar and different concentrations (0.1-10 mgL-1) of plant growth regulators 
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acetic acid (NAA) and Indole acetic acid (IAA)) individually. The pH of the media was adjusted 
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2.3. Fortification of additives into the media 

Out of different plant growth regulators (auxins and cytokinins) used , the frequency of 
shoot initiation, rate of multiplication and shoot length was significantly high on BAP 
(1mgL-1) supplemented media (Selected medium SM) in both in vitro regeneration routes 
(both directly i.e. from explants ApB, AxB & Ea as well as indirectly from callus. Addition of 
different concentrations of additives (CH, CM, AC & AgNO3) was studied on different 
explants & calli in SM. Most of the cultures have been established to study their 
morphogenic potential up to three subcultures. With this view the shoot buds regenerated 
indirectly were multiplied on the same concentration of PGR on which shoots got initiated 
up to 3 subcultures (one sub culture Passage of 20-22 days). Although the three auxins (IBA, 
NAA, IAA) induced roots in in vitro raised shoots of Oroxylum indicum IBA turned out to be 
the best for all parameters of rooting. Shoots with the highest frequency of root induction 
and maximum number of elongated roots were developed on MS medium containing IBA 
(1mg L-1). MS medium with IBA (1mg L-1) was selected to apply additives for further rooting 
experiments (data are not shown for effect of CM & CH on rooting). 

2.4. Hardening and acclimatization 

Approximately four-month-old plants bearing a well-developed root system were washed 
carefully to remove traces of agar. The plantlets (5 month old) remained fresh when 
transferred to conical flask with root system immersed in distilled water (4 days) followed 
by ordinary water (4 days). Such vigorously growing regenerated plantlets were then 
transferred to pots containing soil: sand (1:1) mixture for 15 days. Approx 82 % of the 
hardened plants survived in the pot. 

2.5. Data recording:  

To test the efficiency of direct shoot regeneration, frequency of shoot induction (FSI) directly 
from different explants was noted. While for indirect shoot regeneration, frequency of shoot 
regenerated from callus was calculated. Same parameters were calculated for rooting. The 
effect of continuous supplementation of plant growth regulators on indirect shoot 
regeneration was observed up to three subculture passages each of 20-22 days. Shoot buds 
obtained from I subculture passage were subsequently used as explants for II and III 
subculture passages. All experiments were completely randomized and repeated twice. 
Each treatment consisted of 25 replicates. 

3. Results and discussion 

3.1. Activated charcoal 

Activated charcoal has been reported to inhibit heavy leaching of phenolics [38]. In the present 
work AC successfully overcame this problem during regeneration resulting in shoots with 
good shoot length. However, the shoots formed in the presence of the AC were rather weak 
with small leaves (Plate 1, Figs. 1a-1c). Even at low concentration it (activated charcoal)  
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Plate 1. Effect of additives on multiple shoot regeneration from ApB and AxB explants of O. indicum 
(L.) Vent. (1a-1c: Effect of AC on multiple shoot regeneration from AxB explants, 1d-1e: Effect of AC on 
multiple shoot regeneration from ApB explants, 2a-2d: Effect of AgNO3 on multiple shoot regeneration 
from AxB explants in I subculture passage 2e-2f II subculture passage, 2g-2h: III subculture passage, 3a-
3b: Effect of AgNO3 on multiple shoot regeneration from ApB explants, 4: Elongated shoot, 5: 
Regeneration from embryonic axis explant  
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inhibited multiple shoot formation (direct) (Graphs 1, 2) as well as callusing at the base of 
regenerated shoots. Inhibition of multiple shoot formation after AC supplementation was 
also observed in Ficus carica [39]. Rooting of in vitro regenerated shoots initiated after 20-25 
days of inoculation on IBA (1mgL-1) supplemented medium containing AC. Only low and 
moderate (2, 4 %) concs. of AC were effective, while high conc. (6%) failed to induce rooting. 
Roots developed in in vitro regenerated shoots on this rooting media were long, thin, 
unbranched and too weak to be transferred for hardening process. 

3.2. Coconut milk 

The explants remained totally unresponsive when cultured on MS medium fortified with 
CM. Significant reduction in frequency of shoot initiation, shoot number (SN) and shoot 
length (SL) was found. Mostly shoots developed with only one leaf at a node. Leaves were 
small in size and light green in colour (Plate 2, Figs. 6a-7b). Increment in basal callusing was 
observed after 6-8 days of inoculation. Callus was fresh, light brown in colour and non-
regenerative in nature. Coconut milk supplementation as an additive in combination with 
BAP did not support multiplication of shoot either directly or indirectly in O. indicum. This 
observation supports the past reports [40, 41].  

3.3. Casein hydrolysate (CH) 

Casein hydrolysate (CH) supplementation to culture medium successfully overcame 
inhibition of regeneration from explants directly as well as indirectly. The number of shoots 
was found to be enhanced on CH (20 mgL-1) supplemented medium resulting in 9.34 fold 
increase over control. Higher concs. of CH (30 and 40 mgL-1) resulted in no further increase 
in the number of shoots (Graphs 1-3). CH has also been found useful in Anogeissus pendula & 
A. latifolia [42]. Induction of healthy shoot formation has been reported in Crataeva nurvala [43] 
using CH. 

Compared to shoot number (SN) shoot length (SL) was adversely affected at all concs. of CH 
enhancing only 0.5 to 2 cm shoot length in apical meristem derived shoots and 0.7 –1.0 cm in 
axillary bud derived shoots respectively (Plate 2, Figs. 1a-5). CH (500 mg L−1) supplemented 
medium did not support shoot growth as a consequence of which shoots remained compact 
and stunted. In some cases reduced concentrations of CH induced elongation of shoots [44]. 
CH was unable to induce indirect multiple shoot formation from calli as efficiently as 
directly from the explants (Graph 4). 

3.4. Silver nitrate (AgNO3) 

Maximum frequency of shoot intiation has been observed on AgNO3 supplemented medium 

in both types of shoot regeneration systems (direct and indirect) among all the additives 
attempted (Graph1). Explants when treated with different concs. of AgNO3 (0.1, 1, 2, 4 
mgL−1) with BAP (1mgL−1) resulted in the formation of healthy shoots bearing large dark 
green leaves (Plate 1, Figs. 2a-5). Silver nitrate has produced positive effect on all the shoot  
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Plate 2. Effect of additives on multiple shoot regeneration from ApB and AxB explants of O. indicum 
(L.) Vent. 1a-2a: Effect of CH on multiple shoot regeneration from ApB explants, 2b-5: Effect of CH on 
multiple shoot regeneration from AxB explants , 6a-6b: Effect of CM on multiple shoot regeneration 
from AxB explants, 7a-7b: Effect of CM on multiple shoot regeneration from ApB explants. 
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Plate 3. Effect of additives on multiple shoot regeneration (indirect) and rooting from in O. indicum 
(L.) Vent. 1a-2b: Effect of silver nitrate AgNO3 (2mgL-1) on indirect multiple shoot formation (1a-b:I 
subculture passage, 1c-d: II subculture passage, 2a-2b: III subculture passage), 1-8: Rooting in in vitro 
regenerated shoots on IBA (1mgL-1)+ AgNO3 (2mgL-1) +MS medium  
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regeneration parameters FSI (Frequency of Shoot Initiation), MNS (Mean Number of 
Shoots), MSL (Mean Shoot Length) for direct and indirect regeneration, Graph 1-4) and 
rooting parameters FR (Frequency of Rooting), MNR (Mean Number of Roots), MRL (Mean 
Root Length) (Graph 5) tested for regeneration of O. indicum by developing healthy plantlets 
(Photoplate1:2a-5; Photoplate 3). Silver nitrate has been used previously to prevent callus 
formation in tree and woody species viz. Garcinia mangostana [45], Albizia procera [46] and 
Manihot esculanta [47] as well as in other plants viz. Vanilla planifolia [48]. In the present study 
multiple shoot proliferation & elongation of shoots (Table-1) were enhanced efficiently on 
selected medium (SM) by AgNO3 (2 mgL-1). Such silver nitrate supported multiple shoot 
formation has been reported in different plants viz. Coffea sp. [49, 50] and Brassica sp. [51, 

52].Supplementation of AgNO3 in culture media caused significant positive effect on shoot 
number with its best response being observed at 2 mgL-1 in subculture passage-III. In some 
plants, the regeneration potential of cultured cells and tissues has been reported to decrease 
with increasing cycle of subcultures [53]. Incorporation of AgNO3 in the culture media in the 
present species enhances shoot multiplication up to sub culture passage III (Graph 4) by 
retaining the regeneration potential as reported in Albizzia julibrissin & Nicotiana 
plumbaginifolia [15]. 

Addition of AgNO3 in culture media resulted in maximum rooting frequency and root 
length (Graph 5) of in vitro regenerated shoots in the present study. Silver nitrate induced 
rooting has been reported in Vanilla [48], Decalepis hamiltonii [54, 55] and Rotula aquatica Lour. [56]. 

4. Conclusion 

The in vitro regeneration of some plants remains difficult due to high degree of callusing, 
high phenolic excretion into the medium and consequent blackening of explants. 
Fortification of culture media with different plant growth regulators i.e. auxins and 
cytokinins is not enough to regenerate the plant with high efficiency. This type of cultures 
in some cases may be improved by incorporation of additives in the media due to their 
growth and development promoting activities. In the present work additives used were 
Casein hydrolysate (CH), Activated Charcoal (AC), Coconut milk (CM) and Silver nitrate 
(AgNO3) to induce in vitro regeneration of an important endangered medicinal tree 
species Oroxylum indicum (L.) Vent. Among all the additives used CH and AgNO3 acted 
positively for multiple shoot regeneration from different explants (ApB, AxB and Ea) 
directly as well as indirectly by overcoming inhibition during regeneration. Whereas more 
conspicuous role of Casein hydrolysate (CH.) in O. indicum seems to be on the number of 
shoots induced while that of AgNO3 was mainly on shoot lengths besides the number of 
shoots produced. Also AgNO3 favors efficient rooting from in vitro regenerated shoots 
when supplemented in combination with auxin IBA. Overall Silver nitrate has turned out 
to be the best additive for regeneration of O. indicum. The production of secondary 
metabolites from in vitro regenerated vis-a-vis nature grown tissues is expected to provide 
useful information in future. 
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Figure 1. Effect of BAP +Additives on FSI from different explants of O. indicum (L.) Vent. 

 
Figure 2. Effects of BAP +Additives on MSN from different explants of O.indicum Vent. 

 
Figure 3. Effect of BAP +Additives on MSL from different explants of O. indicum (L.) Vent. 
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Figure 4. Effect of BAP +Additives on MSN (indirect) in O.indicum (L.) Vent 

 
Figure 5. Effect of AC and AgNO3 with IBA on rooting from in vitro regenerated shoots of O. indicum 
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1. Introduction 

Medicinal herbs played important roles in human history, from ancient times to now. They 
have been used for thousands of years to cure diseases, colorize clothes, adjust food taste 
and keep healthy. It was recorded that, 61% of currently used small molecular drugs are 
derived from or inspired by natural products from medicinal herbs [1]. However, to cure 
disease, we need to harvest medicinal herbs, and use part of their tissue for extraction, such 
as root, leaves, seeds, flowers and so on. That will directly cause problems for the 
reproduction of these herbs. It has also been noted that the natural habitats have been 
destroyed due to human activities. With the modern city under construction, the enlarging 
need for natural resources and the serious pollution, the environment has been never so 
tough for the growth of medicinal herbs. In another word, the naturally growing medicinal 
herbs can’t fulfill the need of increasing market. Furthermore, the naturally grown 
medicinal herbs are also different from before, they are carrying more and more herbicide, 
insecticide and heavy metals, which will cause contamination to the extract and finally 
cause side effects. Besides, due to the complex structures of secondary metabolites, the 
chemical synthesis is proved to be cost-inefficient in most cases. Thus, how to produce 
enough medicinal herbal material in an appropriate manner becomes more and more urgent 
for the development of pharmaceutical industry all over the world. 

In 1934, White proposed the theory of totipotency, and Steward proved the theory in 
1952~1953 using carrot cells cultured in liquid media to regenerate whole plant. From then, the 
cell and tissue culture techniques are developed. As an alternative choice to produce active 
secondary metabolites, cell and tissue culture of medicinal herbs has obvious advantages:  
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1. The culture system doesn’t need much field which can be used for crop growing;  
2. The system is not limited by whether and season changes. 
3. The secondary metabolism can be regulated to maximize the production of target com-

pounds. 
4. No herbicide and insecticide will be used during the maintaining of the system and 

therefore, the system is eco friendly. 
5. Once the system is established, the content of useful compounds will be more stable 

than harvested herbs from different areas, which will facilitate the quality control. 

Currently, hundreds of medicinal herbs have been used to establish different culture 
systems, such as callus culture, cell suspension culture, hairy root culture and adventitious 
root culture. Among these medicinal herbs, endangered species and herbs with positive 
anti-cancer, neuroprotection, anti-malaria, anti-oxidative activities attracted more attentions. 
With the development of molecular technology, more and more genetic information related 
to secondary metabolism becomes available, due to the hard work of generations of 
scientists from all over the world. After reviewing the research papers about secondary 
metabolism regulation, there are following strategies being developed to maximize the 
production of target compounds: 

1. Over-expressing the key gene(s) involved in the biosynthetic pathway; 
2. Blocking the competitive branches of biosynthesizing target compounds; 
3. Blocking the degradation pathways or enhancing the transportation of target com-

pounds; 
4. Inhibiting the reproductive growth of plants and increase the biomass of vagetation 

growth, and increase the production of target compounds. 
5. Introduce key genes into microbes and use combinatorial biosynthesis to produce target 

compounds or important intermediates. 

Furthermore, plant cell culture techniques are playing more and more important roles in 
confirmation of gene function, expression, and contribution in the biosynthetic pathways of 
secondary metabolites. Plant cell and hairy root culture have become powerful tools in the 
genetic research fields. The reason is mainly because of the controlled growing 
environments (inoculated cells, light, pH, nutrient, shaking speed, temperature, treatments 
and pathogen-free etc.), stability and reproducibility of culture cells or organs.  

Until now, many plant species have been used to establish different culture system, and useful 
compounds been targeted, among which, the accumulation of over 30 target compounds 
exceeded the content in wild plants. However, there are only shikonin (12% of dry weight) [2], 
ginsenoside (in 20000 L scale) [3], toxol (in 75000 L scale) [4] and berberine (13.2% of dry weight) 
[5] being produced using plant cell and tissue culture techniques in application scale, which is 
quite embarrassing. The bottle neck limiting the application of plant cell and tissue culture lies 
in the shortness of this technique: long culture period, low yield, high cost etc. However, there 
is another factor to be considered, that, in most medicinal plant, even the single compounds 
are being identified, few of them have potent activity against serious diseases, besides, in 
oriental medicines, most medicinal herbs are boiled in water together, following various 
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combinations, which made finding the effective compounds more difficult, and single 
compound(s) can’t represent the curing effects. When we analyze the cultured callus, cells or 
tissues, we always can find the differences, compared with wild plant, which made it difficult 
to use the cultured cells or organs directly as wild plant materials. In one word, only if the 
target compound has high medicinal value, trying to increase the accumulation in culture 
system or combinatory biosynthesis microbes and finally purify the compound is worthy of 
the efforts. Without high medicinal value, the research can only be considered as a basic 
research solving mechanism related puzzles. Recently, combination of treatments are being 
developed in order to achieve high yield final products, such as elicitor treatment, repeated 
elicitor treatment, precursor feeding, over expression of key genes. In the future, the plant cell 
and organ culture system might have more potential in pharmaceutical industries. 

In the following contents, the establishment of different culture system will be introduced 
and recent progress of secondary metabolism regulation will be reviewed and discussed. 

2. Establishment of culture systems 

To regulate the secondary metabolism of cells aiming at achieving maximized production of 
useful compounds, culture system should be established first. Here, establishment of three 
main culture systems will be introduced: cell suspension culture, hairy root culture and 
adventitious root culture. Three kinds of system are all liquid-form culture systems. The 
liquid form culture has advantages compared with solid form culture. Firstly, the contacting 
surface area of cells and media is much larger, and therefore, the nutrient will be much 
easier to be utilized by cells with higher efficiency. Secondly, compounds harmful for cell 
growth formed during the culture can be effectively diluted and avoid the inhibition of cell 
growth. Thirdly, in liquid culture system, the media is well mixed and dissolved oxygen can 
be monitored and controlled, finally, the scale-up of culture system is easier with the 
development of fermentation techniques.  

2.1. Establishment of cell suspension culture. 

To establish cell suspension culture of a medicinal herb, firstly, the callus should be induced. 
During the callus induction, explants of plant origin should be surface sterilized and sliced 
into pieces about 0.5 cm3 in clean bench, and inoculated on autoclaved solid basic media 
(MS, B5, N6, White etc.) supplemented with sucrose, hormones and agar. After the callus 
was induced, it should be sub-cultured. After sub-culture, usually, various types of callus 
can be found with different texture and color. Callus of various types should be introduced 
into liquid media (most of the time, after removal of agar, the formula of solid media can be 
used for liquid media preparation). Contents determination of active compounds should be 
carried out for cell line selection. In this step, cultured cells of different types should be 
sampled at each growth stage, and the cell samples will be subjected to biomass 
measurement and content determination as shown in Fig. 1, because cell of different types 
might be growing at different speed, and the maximal yield of target compounds can also be 
different when collected at same culture time. 
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1. The culture system doesn’t need much field which can be used for crop growing;  
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Figure 1. Flow chart of cell line selection 

Once the cell line is selected, investigation on cell growth, cell viability, pH changing, carbon 
source consumption, enzyme activity, gene expression, target compounds accumulation can 
be carried out following the flow chat shown in Fig. 2. The total dry weight (DW) is 
calculated following the equation: DW=W4×(W1+W2+W3)/W3. To be noticed is that, the DW 
is a very important index, which will be used in growth curve, target compound yield, 
enzyme activity curve, gene expression curve preparations. In some cases, target 
compounds can be secreted into media, and therefore, the content determination of target 
compounds in liquid media should also be taken into consideration. The compounds 
detected in media and in dried cells should be summed to represent the compound 
producing ability. 

2.2. Establishment of hairy root suspension culture. 

For many medicinal herbs, roots are the medicinal part used for extraction, such as Panax 
giseng, Panax notogiseng, Coptis chinensis, Savia miltiorrhiza and so on. Furthermore, it has also 
been found that, in differentiated tissues, secondary metabolites accumulation is usually 
higher than callus and cells without differentiation. Therefore, hairy root can be an effective 
candidate culture form. 
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Figure 2. Flow chart of different investigation using cell sample and media 

Agrobacterium rhizogenes, belonging to the family of Rhizobitaceae and genus of 
Agrobacterium, is a gram-negative soil bacterium. It has flagellum and can swim. The victim 
host can be most dicotylendous plants, few monocotylendous and specific gymnosperms 
plants, hairy root will be formed on the infected sites. 

It has been demonstrated that, outside of chromosome, huge covalent circular double 
stranded DNA exists, and the size is between 180 and 250 kb, which is named Ri (Root 
inducing) plasmid. Ri plasmid has two major parts, virulent region (Vir) and transfer region 
(T-DNA). With the assistance of Vir region, T-DNA can be transferred to host plant, and 
integrated to host plant chromosome. In T-DNA, there is a gene called opine synthase with a 
eukaryotic promoter. After the integration happens, opine synthase promoter started to 
work and plant cell will be forced to synthesize a specific non-coding amino acid, opine, 
which will be used as the only carbon source for infected cells. The infected cells grow 
vigorously, and the phenotype is hairy root. Following are hairy root induction protocol: 

1. Preparation of sterile explants 

Explants can be obtained from seedlings germinated from sterile seeds of medicinal herbs. 
Young tissues (leaf, stem, shoot) of plants collected from field can also be used as explants 
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after surface sterilization. After sterilization, the explants can be inoculated on basic solid 
media supplemented with (50-200mM) acetosyringone.  

2. Preparation of A. rhizogenes 

Bacterium stock stored at -80°C deep freezer can be striked on solid YEP media, and single 
colony is selected for culture in liquid YEP media for 16 h in dark. Culture condition is 28°C 
and shaking speed is 200rpm. After the OD600 reached 0.6-1.0, the bacterium culture can be 
used for infection. 

3. Infection 

Centrifuge the bacterium culture obtained above at 4000 rpm for 30 min at 4 °C, and 
resuspend the culture in same volume YEP media supplemented with 50-200uM 
acetosyringone. Immerge the wound sterile explants in resuspended Agrobacterium culture 
for 10 min and dry its surface on filter paper to remove excess agrobacterium. The wound is 
essential for successful hairy root infection, and usually there are a few wounding methods 
using sterile needles and sharp knife. The wound doesn’t need to be serious, slight wound 
exposing inside tissue would be enough for infection to happen. Inoculate the infected tissue 
in basic media supplemented with acetosyringone.  

4. Co-culture  

Incubate the petri-dish in dark at 20-22°C for 2-5 days until obvious bacterium growing is 
visible.  

5. Wash  

Wash the infected explants from step 4 with 75mg/L hygromycin and carbonicillin water 
solution for at least 5 times. Vortex the tissue to remove the excess bacterium. 

6. Hairy root growing 

After washing, the tissue can be inoculated on solid media with acetosyringone and 
carbonicillin. It will take about two weeks for the hairy root growing until visible. During 
this process, once agrobacterium colony is visible on solid media, the tissue should be 
washed again following step 4. 

7. Hairy root culture 

Once hairy root is germinated from infected sites, the root can be separated from explants 
and culture on solid media until enough biomass is obtained. Then the hairy root will be 
inoculated in liquid media incubated in shaking incubator at 25 °C and at about 130 rpm.  

2.3. Establishment of adventitious root suspension culture. 

Adventitious root is another model culture system, which can produce identical components 
compared with wild growing plants. Compared with hairy root culture, adventitious root will 
not produce opine, grow slower and require no genetic transformation techniques. Therefore, 
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for the directly further use of cultured roots, this system provides safer product, after all, opine 
is a harmful compound for human beings. Adventitious root can be induced from sterile 
explants, callus and seedlings of plant. The hormone used most widely is IBA. After induction, 
the callus or explants together with adventitious root can be inoculated into liquid media and 
cultured in shaking flask or bioreactors. Until now, the most famous application is the 
adventitious root culture of Panax giseng, that, the culture system has been scaled up to 10 tons 
and the total saponin yield reached 500mg/L/day [6]. 

2.4. Application of bioreactors. 

The application of bioreactor is one of the prerequisites for industrialization of plant cell 
culture. Therefore, bioreactor design specific for plant cell is important for the production of 
secondary metabolites using cell culture techniques. Based on the structure, plant cell 
bioreactor can mainly be divided as 5 types: mechanical stirring, air-lifting, bubbling, 
nutrient mist and temporary immersion bioreactors. These bioreactors have some 
characteristics in common that they can provide well mixed media and sterile air. Different 
from shaking flask, that the shaking will allow the media contact with air in the flask 
continuously, the media in bioreactor should be stirred or lifted by air bubbles, or mixed 
with air and then provide to cultured cells or tissues. Therefore, provision of air becomes 
very important for bioreactors. In bioreactors, there are several sensors monitoring the pH 
changes, temperature, dissolved oxygen (DO) and generated bubbles, the automated 
bioreactor can control these indexes following the order set by the operators. 

Usually, the mechanical stirring bioreactor can produce highest DO index, however, it is not 
used widely in plant cell and tissue culture, because they are sensitive to shear force. In case 
of air-lift and bubbling bioreactors, they have similar structures and used quite often in 
plant cell and tissue culture. In hairy root culture, the bioreactors are always equipped with 
layers of meshes made of stainless steel, to provide attaching area for hairy roots. The 
nutrient mist and temporary immersion bioreactors have similar characteristics and they are 
both used for tissue culture, such like hairy root, adventitious root, shoots, bud clusters. 
They are all composed of two parts, media storage part and tissue culture part. After mixing 
of media and sterile air, for nutrient mist bioreactor, the media is sprayed through atomizer 
into tiny droplets on the surface of cultured tissues, and for temporary immersion 
bioreactor, the media is pumped to the culture part and maintain for short time and then the 
media is recovered to storage tank.  

There are successful examples for cell and tissue culture of medicinal herbs to produce 
useful secondary metabolites. Digitalis purpurea cell line was cultured in airlift bioreactors, 
and the yield of methyl isopropyl hydroxyl digitoxin reached 430 mg/L; Phalaenopsis 
aphrodita protocorm like body culture in temporary immersion bioreactor for micro-
propagation [7]; Panax ginseng adventitious root culture in bollon type bubbling bioreactor at 
scale of 20 tons [3]. All these achievement demonstrated the industrial potential of the 
application of bioreactor in producing secondary metabolites with high medicinal value. 
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3. Biosynthetic pathways of secondary metabolites 

3.1. Biosynthetic pathway introduction of secondary metabolites in medicinal 
plants 

During long period evolution, plants struggling to survive gradually gain the ability to 
synthesize various kinds of secondary metabolites with bioactivities. These compounds 
played important role in defencing insects, herbivores, microbial pathogens, competing with 
other plants, and faciliting pollination and reproduction. Based on the structures, the second 
metabolites can be classified into alkaloids, flavonoids, phenylpropanoids, quinones, 
terpenoids, steroids, tannins and proteins. These compounds are biosynthesized through 
series enzyme catalyzed reactions using simple building blocks in different ways. There are 
several main biosynthetic pathways in plants, including shikimic acid pathway 
(phenylpropanoids), movalonic acid pathway (quinones), 2-C-methyl-D-erythritol-4-
phosphate pathway (quinones), amino acid pathway (alkaloids), acetate-malonate pathway 
(fatty acid, phenols and quinones) and combined pathways (flavonoids). These biosynthetic 
pathways are well reviewed and discussed in publication [8], and the current determined 
steps in biosynthesis pathways are also centralized and documented in KEGG [9] website, 
therefore, won’t be further introduced in this chapter.  

3.2. Molecular cloning and characterization of key enzymes involved in specific 
biosynthetic pathway. 

Gene cloning, transformation and regulation have achieved significant progress in 
biosynthetic pathway of secondary metabolites. The biosynthetic pathway elucidation (Fig. 
3) and gene regulation research of vinblastin and vincristine, anticancer compounds from 
Catharanthus roseus, is a representative example. Due to the low contents of these two 
compounds in naturally growing plant, it becomes important to clone and regulate 
expression of key genes (DXR, SLS, G10H, STR) involved in the pathway, in order to achieve 
high yield of these two compounds in invitro culture systems, which will be based on well 
understanding of terpenoid indole alkaloids biosynthesis in C. roseus [10]. 

As to the approaches applied in the cloning of genes involved in secondary metabolites 
biosynthetic pathway, there are methods based on Polymerase chain reaction (PCR) and 
library construction. The former methods include Rapid amplification of cDNA ends PCR 
(RACE PCR) and RT-PCR. However, these methods need at least partial gene sequence 
information, or gene sequence from other plant species to synthesize degenerate primers. If 
there are no reported reference sequences, these methods will not be able to work well. 
Under this situation, library based method can be selected for gene cloning, however, the 
library based methods are non specific enough, like cDNA library, BAC library. That’s 
because of the low ratio of genes involved in secondary metabolism in total expressed 
mRNAs. As the progress of genomics, functional genomics provided us useful methods in 
cloning the specific genes involved in the secondary metabolism, such as Subtractive 
hybridization ‘Differential screening’ Microarray assay and Serial Analysis of Gene  
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Figure 3. Biosynthetic pathway of terpenoid indole alkaloids in C. roseus (Key enzymes are shown in 
bold) 

Expression. Functional genomics focused on the selection of treatment responsive genes and 
to clone genes involved in the biosynthetic pathways, the treatments need to be specific 
enough to result in the improvement of target secondary metabolites. 

3.3. Elicitors and signaling pathways 

Elicitors are substances that can trigger the hypersensitive reaction in treated plant cells. 
Due to the effective up-regulation of genes expression, and further activation of secondary 
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Figure 3. Biosynthetic pathway of terpenoid indole alkaloids in C. roseus (Key enzymes are shown in 
bold) 
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metabolism, and the improvement effects of secondary metabolites accumulation, elicitors 
are used widely in medicinal plant cell and tissue culture to maximize the production of 
target compounds.  

Elicitors can be divided into biotic and abiotic elicitors. The former one includes fugal 
polysaccharides, proteins, cell debris and conidium. These kinds of elicitors are made from 
cultured fungi and some species are specific for specific kinds of secondary metabolites 
accumulation, for example, Armillaria mellen elicitor for alkaloids accumulation; Verticillium 
dahlia for phenolic compounds accumulation; Botrytis sp for terpenoids accumulation, 
oligosaccharides for saponins accumulation and yeast extract for flavonoids accumulation. 
As to abiotic elicitors, heavy metals ions, rare metal ions, UV lights, osmotic stress and even 
sonication have all been reported to have positive effects towards improvement of 
secondary metabolites. Comparing the application potential, biotic elicitor attracted more 
attention due to their advantages of low cost, little side effects, strong elicitation effects and 
easy manipulation.  

When using elicitors, the main optimizing characters are treatment time, concentration and 
selection of elicitor kinds. In plant cell/organ culture, it is believed that, treat cells/organs 
with elicitors at the stabilization stage can increase the accumulation of secondary 
metabolites significantly. However, there are also reports that treat cells at the beginning of 
culture, which also improved the final product yield remarkably. In this case, there is 
possibility identifying key intermediates involved in the biosynthetic pathway. As to the 
concentration, too high concentration treatment can result in decrease of biomass 
accumulation and even the content of secondary metabolites can be improved, however, the 
total yield will still not be maximized. Therefore, to use an elicitor, the conflict between 
biomass accumulation and secondary metabolite accumulation should be balanced and the 
optimization should be carried out. Recently, a strategy of repeated elicitation has been 
developed, and the treatment can result in the increase of target compounds accumulation 
as well as related enzyme activity and gene expression more than one time, and therefore, 
attracts attention in the field of secondary metabolism regulation aiming at maximizing the 
yield of compound of interest. 

3.4. Precursor feeding 

Precursors are compounds existed in upstream of target compounds in biosynthetic 
pathway. Most intermediates can be used as precursors. Upstream precursors are converted 
into down-stream compounds after specific enzyme catalysis, the concentration of 
precursors determines the reaction speed. At higher concentration, the reaction speed is 
usually higher than that when precursor concentration is lower. To improve the yield of 
secondary metabolites in plant cell and tissue culture, precursor feeding is an effective 
approach. However, precursor can inhibit cell growth and enzyme activity if concentration 
is too high. In some cases, high concentration of intermediates can even be toxic for cells. 
Originally, in cells, these intermediates are all maintained in very low concentration, and 
converted to down-stream compounds quickly. Therefore, for one specific plant species, 
precursor concentration should be carefully adjusted, compared and optimized.  
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The precursor feeding experiment can also be used as a powerful tool for the elucidation of 
biosynthetic pathways. Isotope labeled precursors can be fed in the media, and as the cell 
growing and biosynthesis going on, secondary metabolites synthesized can be isotope 
labeled at different positions. After harvesting the cells, purifying the compounds and 
elucidating their structures, the biosynthetic origin can be concluded. This method is classic 
but also most authentic method in elucidating the biosynthetic origin of a specific 
compound. However, the disadvantages are also obvious, first of all, the precursors are 
isotope labeled and is dangerous to handle; secondly, the purification of isotope labeled end 
product requires lots of cells; thirdly, some intermediates are maintained in very low 
concentration in living plant cells, which will makes the purification of these intermediates 
very difficult. Therefore, if the isotope labeled precursor feeding combine with elicitor 
treatment or specific enzyme inhibitors treatment, the problems might be solved. 

3.5. Application of specific enzyme inhibitors in regulating the biosynthetic 
pathway  

In plant cells, all secondary metabolites are derived from glucose that is biosynthesized 
during photosynthesis. In most medicinal plants, and even model plants, there are several 
kinds of secondary metabolites accumulated. For example, there are about 15 flavonoids, 50 
terpenoids, 15 fatty acid, 20 phenylpropanoids, and 35 glucosinolates in A. thaliana [11]. 

Different kinds of compounds are competitively related with each other. To improve the 
accumulation of one specific kind of compounds or blocking the other main biosynthetic 
branches, genetic transformation method is ideal for the purpose. However, the 
transformation method of most medicinal plants has not been established. On the other 
hand, elicitor treatment is not specific, even the treatment can result in the improvement of 
secondary metabolites accumulation. Therefore, both methods can’t provide specific 
evidence for contribution of single gene in plant secondary metabolites biosynthetic 
pathway. Under these circumstances, how to study the contribution of specific gene(s) 
involved in the biosynthesis pathway to the production of target compounds?  

If we treat the cells with enzyme specific inhibitors, the enzyme activity will be specifically 
inhibited, and result in the corresponding consequences. After content determination of 
target compounds and enzyme activity assay, correlation analysis between enzyme activity 
and target compounds accumulation can be carried out, and therefore get to know the 
contribution of specific enzyme in the biosynthetic pathway of target compounds. This 
method can also be used to identify key enzymes or rate-limiting steps in the pathway. The 
application of inhibitors can also be used for other purposes. When treated with specific 
inhibitors blocking the competitive branch, more carbon flux will be channeled to the 
biosynthesis of target compounds, and result in the improved accumulation. Furthermore, if 
the cells are treated with specific inhibitors, the enzyme activity will be inhibited, and the 
upstream compounds can be consequently accumulated at higher concentration which will 
facilitate the identification and characterization of key intermediates. 
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3.6. Application of genetic techniques in regulating the biosynthetic pathway 

With the development of molecular technology, more and more genetic information 
becomes available online. Until now, there are dozens of plant species whose genome has 
been sequenced, such like Arabidopsis thianalia, Oryza sativa, Artemisia annua and so on. 
Besides, genetic techniques (EST, RACE PCR, transformation, T-DNA tagging, siRNA, 
miRNA etc.) have also been carried out in other medicinal plants, like Panax giseng, 
Saussurea involucrate and so on. These techniques provided tons of information and 
possibilities for the manipulation of target compound biosynthesis. Japanese scientists 
introduced a flavonoid 3’5’ hydroxylase gene into rose plant with red flowers, and the 
transgenic plant showed blue-purple flowers [12]. In Saussurea involucrate hairy root 
culture, a chalcone isomaerase gene was introduced and over expressed, which resulted in 
12 times production of apigenin of that in control hairy root [13]. Tyrosine decarboxylase 
gene isolated from parsley, was introduced in potato, and in transgenic plant, salidroside 
was detected [14]. Salidroside is a phenylethanoid compound with significant adaptive 
effects and is the main active compound in Rhodiola sachalinensis. This report showed us 
the potential of producing new pharmaceutically important compounds besides original 
medicinal herb. 

3.7. Combinatorial Biosynthesis in production of useful secondary metabolites 

Combinatory synthesis is a method to combine metabolism pathways of different species 
genetically. As the development of molecular biology, and the proposal of creative 
experimental methods and idea, the concept of combinatory will be changed in the future, 
but there is no doubt about its importance in post genomics.  

Currently, most research related to combinationary synthesis are using two kind of 
microbes in their experiment, Escherichia coli and Saccharomyces cerevisiae. Two microbes are 
not accidentally selected as model species. Experimental skills related to their mutation, 
culture, transformation and expression are all well developed. Besides, the whole genome 
sequence information is also available which provided detailed information for the 
manipulation and genetic engineering of two microbes.  

To be noticed is that, full biosynthetic pathways of secondary metabolites are not involved 
in the microbes or at least partially not involved. Therefore, to produce the specific 
compound in microbes, whole biosynthetic pathway or part of the pathway must be 
introduced into the target microbes (through high copy number plasmid or integration to 
chromosome). This is the main idea of using E. coli and S. cerevisiae as the vehicles of 
combinatory biosynthesis, and also the bottle-neck limiting the application of this technique, 
due to the poor understanding of biosynthetic pathway of secondary metabolites in plants. 
Thus, currently, most researchers are focusing on high-yield intermediate production and 
use chemical semi-synthesis to produce the final product of interest or precursor feeding in 
the cultured transformed microbes.  
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1. Anthocyanin production in genetic engineered E. coli 

Due to the wide application of anthocyanin in naturally occurring dye, edible pigment, and 
antioxidant activity, its biosynthetic pathway has attracted attention of scientists and lots of 
important experimental experiences and results are reported. Its biosynthetic pathway is 
one of the best understood pathway of natural products. In this study, genes of flavanone 3’ 
hydroxylase (F3’H), anthocyanidin synthase (ANS) cloned from Malus domestica and genes 
cloned from Anthurium andraeanum, dihydroflavonol 4-reductase (DFR) and UDP-
glucose:flavonoid -3-O- glucosyltrasferase (3-GT) are constructed in one artificial gene 
cluster and expressed in E.coli. In E. coli culture media, when fed the precursor of 
anthocyanin biosynthesis, the naringenin, or eriodictyol, anthocyanin production was 
detected in culture media [15]. 

2. Artemisic acid production in engineered S. cerevisiae 

Artemisine is the most effective anti-malaria compound until now, traditionally, the 
compound is purified from dry harvested aerial part of Artemisia annua. The purification is 
time and labor consuming, and chemical synthesis has been proved cost unattractive. 
Therefore, genetic engineering of yeast cell is used to produce the precursor of this 
compound, artemisinic acid, and semi synthesis is used to further synthesize the artemisine. 
Genes isolated from A. annual, amorphadiene synthase (ADS) and cytochrome P450 
monooxygenase (CYP71AV1) were interegrated into yease chromosome. Furthermore, the 
biosynthesis pathway of farnesyl pyrophosphate (FPP) was also engineered to produce 
more FPP, and the useage of FPP to steroid was also blocked to increase the FPP flux into 
artemisinic acid. The engineered yeast cell was cultured in YEP media, and the yield of 
artemisinic acid reached 115 mg/L. besides, the purification process is also very simple that, 
the final product was all on the surface of yeast cells, and by centrifugation and acidic buffer 
washing, 95% of artemisinic acid produced can be recovered [16]. 

4. Conclusions  

Plant cell and organ culture is fast developing in the field of secondary metabolism 
regulation, with the development of molecular biology, deepen understanding of the 
biosynthetic pathways of natural products and newly developed treatment strategies. It is 
now not only an approach to produce target compounds, but also powerful tool for gene 
function research in post-genomic era. More and more medicinal herbs have been used to 
establish different culture systems, which will facilitate preserving the natural resources and 
improve the possibilities of producing compounds of interest at industrial level. In order to 
achieve target compounds yield high enough for industrial application, or to elucidate the 
full biosynthetic pathway, methods such as key gene(s) transformation, elicitor treatment, 
precursor feeding, inhibitor treatment should be combined in an appropriate manner. 
However, due to the culture characteristics and final product recovery process, 
combinatorial biosynthesis showed even more potential in the industrial application. 
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