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Abstract

Somatic embryogenesis and transformation systemsndispensable modern plant breeding components ghey
provide an alternative platform to develop contstlategies against the plethora of pests and dsgadfecting many
agronomic crops. This review discusses some offdb®ors affecting somatic embryogenesis and transdtion,
highlights the advantages and limitations of thesestems and explores these systems as breeding fwolthe
development of crops with improved agronomic trditse regeneration of non-chimeric transgenic cripeugh somatic
embryogenesis with introduced disease and pesitegdi genes for instance, would be of significaemdiit to growers
worldwide.
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1. Introduction developed radicals with very fine root hairs (Zintman,

In plants, embryo-like structures can be generfited ~ 1993).
cells other than gametes (i.e. somatic cells) by In monocotyledonous embryogenesis, especially in
circumventing the normal fertilization process, teerthe  graminaceous species, the transition from globstage
term somatic embryos (Parrott, 2000). As somatidollows a series of events all occurring simultauyp.

embryos are formed without any fertilization evéney  This includes the development of scutellum, initiatof
are genetica”y identical to the parent tissue amd the COIeOptllar nOtCh, and tissue differentiatiorthwthe

therefore clones. development of embryogenic vascular system and
Somatic embryogenesis may be direct or indirect_aCCUmulation of intracellular storage substancess.th&

Indirect somatic embryogenesis involves dedifféegion  final stages of maturation, the coleoptile undesgoe

of organized tissue into callus prior to embryodarction ~ €nlargement and the embryo axis becomes more

whereas direct somatic embryogenesis involves mtaru ~ developed. The embryo axis develops laterally savalfel

of embryo from organized tissue without an inteingn t0 the scutellum, while the root apical meristem is

callus phase (Slatet al, 2003). embedded and the shoot apical meristem develops
Irrespective of the mode of production, it has beereXxternally and is protected by the coleoptile (GrE§96).

argued that the anatomical and physiological femtiof The first leaf primordium appears at the base efghoot

somatic embryos are highly comparable to zygoticaPex while development of leaf primordia is precety

embryos (Cheng and Raghavan, 1985; Boxus, 1983/,,Grathe formation of root(s) from the root meristem. the

1992; zimmerman, 1993; Bandyopadhyay and Hamill,plantlet develops, numerous root hairs develoghemtain

2000). This claim is supported by the work of root(Meinke, 1991).

Bandyopadhyay and Hamill (2000) &ucalyptus nitens,

which revealed that both somatic and zygotic embryosl.1 How is Somatic Embryogenesis Used?

have strong similarities in terms of their overalke, Somatic embryogenesis is a valuable tool in plant

morphology and internal cellular  organization. biotechnology and can be utilized in a number of/sva

Zimmerman (1993) further argued that the morphalalgi  (Zimmerman, 1993; Bandyopadhyay and Hamill, 2000;

and temporal development of somatic embryos arg verSaiprasad, 2001):

similar to that of zygotic embryos and that theythbo « For large-scale clonal propagation of elite
proceed through a series of distinct stages, namely cultivars it provides an alternative approach to
globular, heart, torpedo and cotyledon or plargtages for conventional micropropagation.

dicotyledons (Zimmerman, 1993; Mandal and Gupta, < Synthetic (artificial) seed can be developed from
2002) and globular, elongated, scutellar and cdileop somatic embryos potentially facilitating broad-
stages for monocotyledons (Gupta and Conger, 1999; acre direct seeding of elite cultivars or providang
Godboleet al, 2002). These stages typically span a period means of moving germplasm in a less fragile
of several days. form thanin vitro plantlets.

In dicotyledonous embryogenesis, small globular ¢ Embryogenesis via callus or secondary
embryos initially form which then undergo isodianet embryogenesis may assist in the application of
growth and establish bilateral symmetry. These then gene transfer techniques for further genetic
develop into the heart stage embryo in which both improvements.
cotyledons and root and shoot meristems are clearly « Somatic embryogenesis systems offer potential
established. The development proceeds with thedtom models for studying molecular, regulatory and
of torpedo and subsequently plantlet stages. Thstlpts morphogenetic events in plant embryogenesis.

contain green cotyledons, elongated hypocotyls and
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1.2 The Advantages of Somatic Embryogenesis for may in fact be linked with increasing mutationsozssted
Mass Propagation with an inability to regenerate. Working with suspi®n
Large-scale production of plants through thecultures of carrot, Evanst al. (1983) showed that

multiplication of embryogenic cell lines is the rhos frequently initiating new cultures and maintainitige

commercially  attractive  application of somatic cultures for less than one year resulted in themegation
embryogenesis (Jiménez, 2001), and is the mostigmhc of phenotypically normal somatic embryos and plants
application of this technique to benefit agricudtuit has  Apparently, somaclonal variation also occurs with
many advantages over conventional micropropagdtion conventional micropropagation hence new cultures ar
this respect: also initiated on a regular basis. It should beedpt
e It permits the culture of large numbers of somatichowever, that somaclonal variation could have tredtoes
embryos, with up to1.35 million somatic embryos potential for producing novel and useful varieties.
capable of being regenerated per litre of medium.
« During regeneration, root and shoot formation is1.4 Role of Plant Growth Regulators (Pgrs) in the
simultaneous thus eliminating the need for a root Development of Somatic Embryos
induction phase as with conventional ~The most commonly used protocol for induction of

micropropagation. embryogenesis involves the induction of callus im a
« The mode of culture permits easy scale-up anduxin-supplemented medium and somatic embryogenesis
subculture with low labour inputs. upon transfer of callus to a medium low in growth

« Cultures can be manipulated such that embrydegulators (Cheng and Raghavan, 1985; Smith and
formation and germination can be synchronizedKrikorian, 1989; Smith and Krikorian, 1990; Grayg9p;
maximizing plant output while minimizing labour Zimmerman, 1993). The establishment and maintenafce
inputs. embrypgenic cuIture_s of_nearly all species hasedeli

« As with zygotic embryos, somatic embryos primarily on the manipulation of growth regulat@&mith

dormancy can be induced, hence Iong-tern@nd Krikorian, 1990). In particular, the presenéeaaxin
storage is possible. ’ promotes callus proliferation and inhibits diffetiation

while the removal or decrease in auxin allows sdmat
1.3 Limitations of Somatic Embryogenesis embryo development to progress. Morphogenetic atgng

Even though somatic embryogenesis offers greaf@" be observed upon transferring callus to annafnge
potential, it also has some limitations. Firstijhet Medium (Cheng and Raghavan, 1985; Zimmerman, 1993).

development of somatic embryos tends to be nonlt appears that the removal of auxin from the mediu
synchronous (Zimmerman, 1993: Zegzoetial, 2001) provides the signal for the callus cells to embarkan
thus embryos of all stages can be present in ofiareu ©rganized pattern of growth. The fact that embeywgis
system. However, Fujimura and Komamine (1979)C&n Occur upon withdrawal qf growth regulatorslagl;g
demonstrated that the development of carrot somatifiat in the presence of auxin, the proembryonic sems
embryos could be synchronized by grouping Ce"(PI_EMS) within the culture system may alread)_/ be
aggregates of similar size and density from suspans Primed” to complete the globular stage of embryuegs
cultures using sieving and density gradient cargation. ~and that the PEMs may also contain products irgmpito
Although synchronization of somatic embryos can beN€ progress of the embryogenesis program (Zimmerma
achieved using these strategies, it appears that th-993). Consequently, the removal of auxin may tesul

percentage of somatic embryos regenerated is afidyy (e inactivation of genes responsible for the preseof
the size of cell aggregates. Chee and Cantliff €198 these inhibitory products, enabling the embryogsnes

pointed out that a decrease in the size of celleagges led  Program to proceed. The observation that some tceetb

to a reduction in the percentage of somatic embrydin€s were only able to develop to the globulagsta the
formation in sweet potato. In spite of this phenaore  continued presence of auxin also suggests thatgene
selection of only the highly regenerable portionaogell ~ Preducts are needed for the transition to the rstage and
culture would still be a more efficient propagatieystem N€S€ new products are synthesized only when exagen
than conventional micropropagation. For example,rite  @uXin is removed from the culture medium (Zimmerman
of somatic embryo formation in banana suspensior4-993)-

cultures can be over 100,000 per mL of cells (Gtal, Auxins are also known to be the principal agents
1996). Thus, selection of a subgroup of cells andesponsible for the establishment of cell pola(apical-
discarding the remainder would still provide matgrgs. ~ Pasal axis). It has been suggested that the palesyiort of

The second limitation is the stability of cell ImeDver ~@uxin in early globular embryos is essential foe th
a period of time, the proportion of cells that enge ~ €Stablishment —of = bilateral symmetry during plant
complete embryogenesis decreases so that, evgntualfMPryogenesis (Liet al, 1993). For the induction of the
regeneration may become impossible. This in faotccbe ~ Process leading to polarity, relatively high leveds
an advantage as prolonged time in culture can teate  €ndogenous, free indole-3-acetic acid (IAA) may be
accumulation of mutations (somaclonal variationgich ~ N€cessary. However, once induction has occurfesset
can cause morphological abnormalies such adligh levels of IAA must be reduced to allow the
pluricotyledony, multiplex apex formation and fused establlsh_ment of the aux_ln_g_radlent. If the_ Ievmig too
cotyledons (Evanst al, 1983). Thus, being forced to '©W Or high or do not diminish after the inducticie
initiate new cultures as old ones lose regenetghitiay gradient cannot be formed and thus somatic embnesie

reduce the frequency of somaclonal variations. Whe  Cannot progress (Jiménez, 2001). Failure in the
establishment of proper gradient using inhibitofscell
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IAA efflux carrier proteins such as naphthylphtimia  promotes growth due to its own biological activity
acid (NPA) caused the formation of abnormal embiiyos through inducing the synthesis and/or accumulatidn
Indian mustard Brassica juncep (Liu et al, 1993) and endogenous cytokinins or auxins. The latter cexjolain
Fucus distichus(Basuet al, 2002). Further, embryogenic the effectiveness of TDZ as it may be mediatingleof
carrot cells grown in the presence of 2,4-D comdihigh  endogenous auxin/cytokinin levels within the cuddir
levels of IAA (Ribnicky et al, 1996). High levels of tissue (Visseet al, 1992; Panaiat al, 2004).

endogenous IAA were also found in embryogenic sallu  The above details support the argument of Vasil and
cultures of maize and carrot and a loss in embnyicge Vasil (1981) that “the initiation of shoots and ewtds
competence of the calli due to prolonged time dfute  cannot be ascribed to any one plant growth regtilato
occurred concomitantly with a reduction in the IA8vels.  although the most successful procedure appears theb
This suggests that auxin plays a role in the foionabf  transfer of tissues from a medium containing auxin
apical-basal pattern in embryo development by exfting  (commonly 2,4-D) to a medium devoid of this synithet
endogenous IAA (Jiménez and Bangerth, 2001a; Jiméneauxin or containing a very low concentration. lsoca
and Bangerth, 2001b), and that a proper distributd appears that different species have different teve
auxin (a gradient) is required for the establishimeh sensitivity towards various plant growth regulatdrence,
polarity, which is a critical event in plant embggmesis their response to embryogenesis is variable. Fatamte,
(Sunet al, 2004). Recently it has been proposed that auxiin experiments with lucerneMedicago sativa L), 2,4-D
(2,4-D) may initiate somatic embryogenesis by indga  either separately or in combination with kinetin or
stress response in plant cells (Pastereakal, 2002; naphthalene acetic acid (NAA) and benzylaminopurine
Shinoyameet al, 2004). Expression of stress related gene¢BAP) could not stimulate the formation of embrynige
has been found in the early stages of embryogentsis  callus. However, this callus could be induced indimam

it has been proposed that this is an extreme stespense containing IAA and zeatin (Kinet al, 2004). In addition,

in cultured plant cells (Pasternak al, 2002). Prolonged as shown by Pana& al (2004) different responses can be
incubation of the explants without subculture mdsoa obtained from species belonging to the same farhilyhe
place the explants under stress since, nutritiqgrletien,  family Restionaceae, for exampBesmocladus flexuosus
accumulation of toxics compounds and water stresgddv  responded to BAP and TDZ whikaloskion tetraphyllum
occur after such a long incubation time. Therefdrean  responded only to 2,4-D. This clearly indicatest ttie

be argued that stress vitro cannot be entirely by the different requirements for plant growth regulatoserate
growth regulators but also the biotic and abiotictérs at species, and even at cultivar level. Hence, ng a
present in the culture medium. research on somatic embryogenesis, a range of plant

Although auxins are known to be the principal agent growth regulators should initially be used, so thia¢
responsible for cell polarity, other stimuli have affect  optimal “stimulant” combination can be identified.
and hence influence the efficiency of somatic
embryogenesis. For example, in white cloverifplium 1.5 Explant, Plant Genotype and Culture Conditions
repens L.), cytokinin promoted the formation of are Crucial for Somatic Embryogenesis
embryogenic cells from the epidermis of immaturgatic Variations inin vitro response have been known to
embryos (Dodemaet al, 1997), thus it was proposed that oceyr due to a number of different factors, suctbasal
exogenous growth regulators modify cell polarity by nmegium (zegzoutiet al, 2001), explant source (Sharma
interfering with pH gradients or electro potental a 54 Rajam, 1995; Haliloglu, 2002) and genotype
cellulz?\r level. Consequgntly, it could be arguedt tthe (Radhakrishnaet al, 2001; Kimet al, 2003).
combined effect of multiple growth regulators artties Various explants have been utilized to initiate ation
components of the medium might influence both thegmpryogenesis including anthers, pollen, ovari€hepg
establishment of cell polarity and the subsequetitlar ;g Raghavan, 1985; Songstad and Conger, 1986;
processes leading to the formation and developroént Jayasreet al, 1999), leaves (Cheng and Raghavan, 1985;
normal somatic embryos. That somatic embryogenesigirhman et al, 1994), petioles and stems (Cheng and
commonly occurs using exogenous applications ofraux Raghavan, 1985; Reynolds, 1986), immature and matur
and its withdrawal, does not mean that this hormainae embryos (Smith and Krikorian, 1989; Gray, 19923tune
is responsible as the plant tissue itself may ®sife  cqtyledons (Venkatachalaet al, 1999; Barry-Etiennet
endogenous auxins and other hormones. al., 2002) and corms (Deat al, 2009).

Cytokinins are known to stimulate cells and, ashsuc Even though a variety of explants can be utilizbe,
they are also suitable candidates for inductiosahatic g rect developmental stage of the explants is alsoial
embryogenesis and caulogenesis. For example, ire SONfy; the initiation of embryogenic callus. Lu and sila
cases thidiazuron (TDZ) has stimulatéd vitro shoot 1982) demonstrated that when the explant stage in
regeneration and somatic embryogenesis (Thinh, ;1996anicum maximumwas incorrect, only a soft, friable and
Mithila et al, 2003; Srangsam and Kanchanapoom, 2003 ansjucent callus with no embryogenic potentialswa
Lin et al, 2004). Like many synthetic plant growth ,.oqyced. In addition, young or juvenile explamtsduced
regulators, TDZ was originally developed as a fwdei,  ore somatic embryos than older explants (Woodweadt
in this case a cotton defoliant, with cytokinindikjualities Puonti, 2001; Panaiet al, 2004). As a further complexity,
(Panaiaet al, 2004). It has been suggested that TDZ isyjfferent explants tissues from the same mothentpla
more effective than other cytokinins used for somat ,roquced embryogenic callus at different frequesicie
embryogenesis (Thinh, 1997; Lat al, 2004). The effects (zphanget al, 2001) and required different concentration of

of TDZ occur at lower concentrations than otherg.owih regulators for the induction of somatic eyusr
cytokinins and it has been suggested that it eidirectly
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(Sharma and Rajam, 1995). The different endogenoushemicals and manipulations to light, temperature gH.
phytohormone levels of various explants tissueshiig a  Therefore, in order to determine the effective dtiois
factor influencing the requirements of exogenousadih  for somatic embryogenesis in different species, the
regulators. As a general rule, the type and agexpfants  required conditions must be determined empiricddly
has an impact on somatic embryogenesis, and highlig manipulating the many factors that contribute te th
the observation that young, dividing and possildgsl culture conditions (Jiménez, 2001).
differentiated cells are more likely to be stimetat
towards the embryogenic pathway than older cells. 1.6 The Effect of Light and Activated Charcoal

The effect of genotype on somatic embryogenic \jany plants are rich in phenolic compounds.
competence has been clgarly shown. For exam_pleofout Therefore, after tissue injury, such compounds il
the five cultivars of Hybrid Tea rose®d¢sa hybridal)  qxidized by polyphenol oxidases and the tissue will
investigated, somatic embryogenesis could only b&ecome brown. The oxidation products are knowndo n
induced in two (Kimet_ al, 2003). A similar phenomenon only darken the tissue, but also to inhibit acgiviof
has been observed in red clover (McLean and Nowakarious proteins which may have an inhibitory effea
1998), peanut/f(racms hypogen (Radhakrishnaret al, somatic embryogenesis (Evagisal, 1983).
2001) and Chinese cotton (Zharg al, 2001). The Smith and Krikorian (1990) reported that somatic
presence of varying levels of endogenous phytoho&®0  empryogenesis in carrot failed to occur under comtiis
particularly - cytokinins, in different genotypes mitg jight unless activated charcoal filter papers wesed.
influence their response to somatic embryogen®8&1ck  srowth under white light had been associated with
et al (1988) observed that genotypes of orchard gmss igjevated phenolic production and an increased level
which embryogenesis was difficult to induce corgdin gpecisic acid (Evanst al, 1983; Smith and Krikorian,
considerably higher levels of endogenous cytokirha 1990). Activated charcoal removes inhibitors of
embryogenic genotypes. _ embryogenesis, in particular phenylacetic acid, zban

The recalcitrance of some species can be overcgme byeig derivatives and other colourless toxic compisuby
manipulating other media components (Birhmeinal,  5qsorption (Drew, 1972; Srangsam and Kanchanapoom,
1994). This has been substantiated by experimehts ®03). Moreover, activated charcoal also has beewrs
Panaiaet al (2004) whereby somatic embryogenesis Ny, apsorb 5-hydroxymethylfurfural, an inhibitor ifoed by
Baloskion tetraphyllumvas achieved using half-strength e degradation of sucrose during autoclaving, el as
MS salts with 0.22 mg/L 2,4-D, with approximately gpstantial amount of auxins and cytokinins.
14,000 somatic embryos obtained from 1 g of planiconsequently, apart from removing inhibitors thatuvd
material. In another study, Samsoet al (2006) prevent growth, it may also adsorb and reduceetels of
demonstrated that a two or four-fold dilution oBtMS growth regulators that would otherwise stimulatdiusa
salts increased the development rate @foffea injtiation, growth and proliferation. Therefore,hias been

embryogenic callus by 2.6 and 5.7, respectively, ing,ggested that cultures should be maintained incesti
comparison to full-strength MS salts. ConverselylGet light intensity or in darkness, as this will minizei the

al. (2002) showed that media with altered macro amdan  yroquction of inhibitory compounds from tissues tire
nutrient salt concentrations affected the develapia@d  ¢jture medium (Evanet al, 1983). In addition, this will
germination capability of cassava somatic embrya) 5150 minimize or negate the inclusion of activatedrcoal
half-strength and full-strength MS medium proving i, the medium, thus ensuring that the potentialtie

superior for development.and germination compa®d t,rowth regulators present in the medium will not be
quarter-strength  MS. This clearly demonstrates thafompromised.

medium modifications, in particular manipulatingeth
concentrations of inorganic salts and vitamins, lsave a 1 7 The Effect of Other Biochemical Factors on
significant effect on somatic embryogenesis pogsibl  gomatic Embryogenesis

through altering the osmotic potential of the medliu . Certain bioactive compounds such as the amino acids
In addition to modifying medium components, Gairi g,tamine, proline and tryptophan and polyaminezhsas
and Rashid (2004) showed that by subjecting explant ,rescine have been identified as enhancers ofisom
callus culture to auxin (2,4-D) treatment for s@d&lays  empryogenesis in some species. Their efficacy in
followed by their transfer to medium containing TDZ  empryogenesis has been attributed to their corivibuo
previously non-responsive or recalcitrant cultivdrrice various cellular processes such as improving dgtiaging

could be induced to become responsive 10 somalifyocesses in various signal transduction pathway
embryogenesis. This phenomenon has also been edport(Lakshmanan and Taji, 2000), as precursor moledales

in taro (Deoet al, 2009). This introduces another variable ¢artain growth regulators (Siriwardana and Nabbs$3;
in the development of methods to induce somatiQipnicky et al, 1996; Jiménez and Bangerth, 2001a;
embryogenesis, that is, brief “pulses” on one mediu jiménez and Bangerth, 2001b) or regulators of DNA

followed by transfer to another. _ , synthesis (Keverst al, 2000; Astaritaet al, 2003). Some
The success in initiating embryogenic callus, sdmnat species does not require these additives.

embryos and the subsequent recovery of viable glant Some researchers have emphasized that the inclusio
not readily achievable for many species. Inductimay, in ¢ complex organic extracts, such as coconut W),
fact, demand long and complex treatments or praesdu (a1 extract (TE), potato extract (PE), corn extré@E)
where non-embryogenic cells can be induced 10 amng papaya extract (PAE) are essential for somatic

embryogenic state by a variety of procedures inoud empryogenesis in some species (Ichihashi and 14869;
treatment with plant growth regulators and variatiser
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Islamet al, 2003; Rahmart al, 2004). Moreover, it has (1995) emphasized that the ability to dry somatibey/os
also been proposed that these organic extracteidrer reduces large-scale production costs by providingeans
non-mutagenic or less mutagenic in comparison tmf storing somatic embryos that are produced caotisly
conventional growth regulators and, as such, theithroughout the year. They can then be germinated
incorporation in the culture media may minimize synchronously to provide plants of uniform age @ik
somaclonal variations (Lamt al, 1991). However, it can for planting later during a suitable growing season

also be argued that organic extracts are undefined Gutmannet al (1996) observed that exogenously
components and as such it is not possible to:efig¢rinine  supplied abscisic acid (ABA) was an important congu
which particular constituent of the extract pronsote of maturation medium foHybrid larch somatic embryos.
somatic embryogenesis, and (ii) ensure consistentge  In the absence of ABA, maturation resulted in pporl

actual extract each time it is prepared. developed somatic embryos often exhibiting abnormal
morphology, non-synchronous  development  and
1.8 Somatic Embryo Maturation precocious germination. Subsequently, these somatic

An embryogenesis system requires the followingsstep embryos had the lowest capacity for germination and
which occur in succession: initiation of embryogecéllus  plantlet development. In contrast, the presencABA in
from vegetative tissues or cells, maintenance anthe maturation medium promoted the development of
multiplication of embryogenic cell lines, somatimleryo  higher quality somatic embryos in large quantitidader
formation and maturation and finally conversion appropriate conditions these somatic embryos gexteih
(germination) of somatic embryos into viable platdél and developed into plantlets at a high frequentyah
(Zegzoutiet al, 2001). therefore be concluded that for a somatic embryegjen

Maturation is regarded as an essential stage dfystem to be practically applied, high frequencybsm
embryogenesis since the frequency of plant recowery formation is of little value unless a large projpmmt of
high from mature embryos. Embryo maturation is athese embryos are capable of developing into normal
culmination of the accumulation of carbohydratégids  plants (Venkatachalaet al, 1999).
and protein reserves, embryo dehydration and actieaiu
in cellular respiration (Trigiano and Gray, 1998hus, 1.9 Genetic Transformation in Plants
maturation is a preparatory stage for embryos figctve Transformation is the introduction of exogenous DNA
germination as Etiennet al (1993) stated, “maturation is into plant cells, tissues or organs employing direc
a transitory, frequently indispensable stage beatweeindirect means (Alvegt al, 1999). Indirect gene transfer
embryo development and embryo germination phasesinvolves the introduction of exogenous DNA by a
consequently, bypassing the maturation phase @glilt in  biological vector such a#grobacterium whereas direct
precocious germination of embryos causing a siggifi  gene transfer involves introduction of exogenousADY
reduction in viable plantlets. physical or chemical processes such as electraporat

Dehydration was hypothesized to be critical forpolyethylene glycol mediated DNA uptake, microirijen,
maturation (Etienneet al, 1993). As such, restricting silicon carbide fibres and microprojectile bombaedn
water uptake using osmoticum was studied (Etiestra, (Taylor and Fauquet, 2002). Virtually any desirabizit
1993; Attreeet al, 1995; Gutmanret al, 1996) for its found in nature can, in principle, be transferredany
ability to support development of plant embryos letdt  plant species by transformation (i.e genetic modifon)
the same time suppressing precocious germinatiorhence the term transgenesis (Betsch, 1994). Funiidr
Permeating osmoticum, such as sucrose, is frequestidd DNA synthesis technology becoming more sophistitate
to reduce the water potential of the culture mediunthe transgene can be an entirely synthetic sequence
resulting in water stress thereby promoting embryo
development duringn vitro culture. However, Attreet al 1.10 Applications of Transformation
(1995) argued that during prolonged culture, such One of the major objectives of plant transformatiais
osmoticum would be taken up by the plant cellsilegto  been to solve agricultural problems without envinemtal
osmotic recovery. In contrast, non-permeating ogmanot, damage (Alveset al, 1999). Following the advent of
such as polyethylene glycol-4000 (PEG-4000), carpioneer transgenic plants containing marker getoeiays
continue to restrict water uptake and so providenger-  transgenic crops are incorporated with commercidlies
term drought stress during embryo development. Irgenes and the most commonly used traits are hedebici
addition, the rate of desiccation also has an immpache tolerance (35 %), product quality (20 %), insedistance
germination and conversion of somatic embryos inta(18 %), virus resistance (11 %), fungal resista(®éso),
plantlets. For example, rapid desiccation of immatu nematode and bacterial resistance and marker ortezp
somatic embryos oHevea improved their germination genes (13 %) (Alvest al, 1999; Vines, 2001; Koichét
capacity, but their continued development into féas  al., 2002). Other valuable genes are used to generate
was low. In contrast, slow desiccation led to eeament nutritionally enhanced crops with altered carbohyelr
of germination and was more effective in stimulgtin starch, protein or lipid characteristics, highetamin or
conversion into plantlets (Etiennet al, 1993). Slow anti-oxidants content, improved taste, increaseslif4ife
desiccation resulted in substantial accumulatiorstafch  and better ripening characteristics.  Plants argo al
and protein reserves required for continued devetop of envisaged as “manufacturing facilities”,  hence
immature embryos in comparison with rapid dehydrati considerable transformation work is being carried
Therefore, desiccation could be used to enhancgenerate transgenic plants to produce large giemniitf
germination when the embryo approaches physiolbgicanaterials including therapeutic proteins and vaesin
maturity (Etienneet al, 1993). Moreover, Attreet al. textile fibres, oils for industrial use, detergenémd
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lubricants (Vines, 2001; Becker and Cowan, 2086hice  consist of different materials and be of differsizies. The
this category of transgenic plants are called “ptzar two most commonly used microcarriers are gold and
crops” (Bauer, 2006). Another area of interests intungsten. In general, gold particles are prefeasthey are
transgenesis is biofuels. Plants are being modtiiettake = more uniform in size and shape than tungsten iaguih

it highly susceptible to cellulase digestion. THacgse less cell damage. Further, tungsten particles nmajergo
monomers generated from cellulose could be uséatge-  surface oxidation, which can alter DNA binding and

scale ethanol production. catalytically degrade DNA bound to them (Sanfetdal,
1993) and cause toxicity problems in certain specie
2. Methods of Transformation (Russellet al, 1992). However, tungsten should not be

Predominantly Agrobacterium and microprojectile immediately excluded as an option for biolisticsiass
particle bombardment (biolistics) are employed ianp  considerably less expensive and perfectly satisfadior
transformation. The formehas the advantages of low some applications.
frequency of transgene rearrangement and low copy Small changes in the diameter of the particle careh
number of transgene integration (Shamhal, 2005), thus an impact on particle momentum, the quantity of Dtka
minimizing the incidence of gene silencing. In gahe particle carries and the size of the lesion produneplant
dicotyledonous species are generally more amentble cells, hence affecting cell survival (Kleiat al, 1988;
Agrobacteriummediated transformation than monocots Haggman and Aronen, 1998; Jaretaal, 2006). There is
(Hagio, 1998). Consequently, biolistics is a logstarting  a range of sizes available from 0.6 um up to 1.6 fitrhas
point in the development of a transformation sysfem been demonstrated that transient GUS expressiomudh
monocots. One of the disadvantages of particlgreater using 1.0 um rather than 1.6 um partidlen(and
bombardment is that it can result in high transgemgy  Seguin, 2004). Particles smaller than 1.0 um arally
number and a high frequency of transgene rearraegem reserved for small cells such as microalgae, yeast
which may lead to transgene silencing or co-sugiwas bacteria.

(O'Kennedyet al, 2001). With the advent of chemotatic Multiple bombardments of the same target tissueshav
chemicals such as acetosyringonédgrobacterium been trialed in an attempt to transform a greatenber of
transformation of monocots such as rice, wheattamdina  cells. This strategy has been shown to both ineréékein
has materialized. Regardless of the method employeet al, 1988) and decrease (Janegal, 2006) transient
every stable transformation process demands thexpression. The decrease was most likely due tessige
simultaneous occurrence of two independent bioldgic damage.

events: the stable insertion of the transgene timoplant Other biolistic parameters shown to affect
genome and regeneration from those cells in whihitas  transformation efficiency include helium pressure,
occurred, producing a non-chimeric transgenic planmacrocarrier flight distance to baffle screen,atise from

(Alves et al, 1999). baffle screen to target tissues and vacuum pres3ine
factors which affect the delivery and transientresgion
2.1 Microprojectile Bombardment of the gene have been studied and optimized fderdifit

The gene gun currently in use is the PDS-1008/He species (Quoirinet al, 1997; Marchantet al, 1998;
device, which is powered by a helium gas pressur®eroleset al, 2002; Jann&t al, 2006). It is apparent that
breaking a rupture disc, which then accelerates aptimal parameters for transformation efficiencysinbe
macrocarrier, upon which DNA-coated microcarrieasén  arrived at empirically for each species.
been dried. This system, allows better control over Use of osmoticums such as mannitol, sorbitol, sero
bombardment parameters, distributes microcarrieecsem and myo-inositol, have also been reported to erdhanc
uniformly over target cells, is gentler to targedll, is  biolistic gene transfer and subsequent reporteregen
more consistent between bombardments and yieldsaev expression in some species. For example, Clapstaat
folds more transformations (Hagio, 1998). Anothernde  (1995) reported a five to twelve fold increase éparter
and inexpensive particle bombardment device foivelgl  gene expression in embryogenic cell culturesPafea
of DNA into plant cells is the Particle Inflow GYRPIG) abies which were treated with myo-inositol, before and
(Finer et al, 1992), in which the DNA coated- after bombardment. Moreover, Yet al. (1990) also
microprojectiles are accelerated directly in a pueised reported a 20-fold increase in transformation édficy in
stream of helium rather than being supported by a&hloroplasts using sorbitol and mannitol in the

macrocarrier. bombardment and incubation medium. It has been
proposed that osmotic treatment causes cells tonec
2.2 Factors Affecting Biolistic Transformation plasmolysed and by reducing turgor pressure, extens

Stable transformation of plants using biolisticguiees  damage to cell membrane is minimized and the leakdg
the penetration of cells by microprojectiles, imwgpn of the protoplasm is prevented when the microcarriers
the transgene of interest into the host plant genompenetrate the cells (Hagio, 1998; Marchanttal, 1998;
followed by subsequent expression, and finallytiomed  Santoset al, 2002). In addition, since plasmolysed cells
growth of the transformed cells and regeneration ofre less rigid, particle penetration may also bprawed
plantlets (Russekt al, 1992). Different plant species may (Hagio, 1998). Osmoticums are not required fospécies
behave differently throughout any of these stevefal  and for those where it is used, the type and cdration is
factors have been reported to affect the efficiendy variable (Hagio, 1998).
particle and DNA delivery into the plant cells and
subsequent transient expression and stable iniegraf 2.3 Agrobacterium-Mediated Transformation
the transgene. Microcarriers (or microprojectilespy Agrobacterium tumefaciengs a gram-negative soil
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bacterium, which causes crown gall disease in solar@s  placed near the left border (LB) while the genentérest
species. They harbour large tumor inducing (Tisplals is placed near the right border (RB). Since dufinBDNA
of more than 200 kb in size, which contain the gaeoc, transfer the RB precedes the LB, therefore pladhmy
opine synthesis and virulencér) genes necessary for the gene of interest closer to the RB ensures thatilit be
establishment of infection and also opine catabolignes transferred before the selectable marker gene.
allowing the bacterium to catabolise that particidat of  Consequently, creation of transgenic plants cointgin
opines (de la Rivat al, 1998). In addition, Ti-plasmids only the selectable marker gene could be avoidetieaf
also contain genes for conjugative transfer of mplds  bacterium to plant T-DNA transfer is interruptede{lens
betweenAgrobacterium(Opabode, 2006). Ti-plasmids are et al, 2000). The binary vector can be clonedEncoli
classified as octopine, nopaline or agropine basedhe and transformed into afsgrobacteriumstrain containing a
type of opine produced and excreted by the tumioey t helper plasmid (Gelvin, 2003).
induce. Thus, arAgrobacteriumstrain with an octopine
Ti-plasmid will induce tumors that synthesize odt@pand  2.5Factors Affecting Agrobacterium-Mediated
also encode genes required to utilize octopine ssusce Transformation
of carbon and nitrogen (Knaet al, 1983). The transfer of T-DNA and its stable integratiomoin
Within the Ti plasmid is a region that is copieddan the plant genome is influenced by several factBtant
transferred to the plant cell, called the transfel-DNA.  tissues require an optimum densityAgfrobacteriumcells
It contains two types of genes: the oncogenic genesde for a high frequency of transformation. In wheat
enzymes involved in the synthesis of auxins andlégins  inflorescence tissue, a cell density of less thah @D
which are responsible for tumor formation and tlemes  (optical density) resulted in very low transient &U
encoding enzymes for the synthesis of opines. Gpame  expression whereas at densities of 1.0-1.5 OD thégi
exclusively utilized byAgrobacteriumas a carbon and GUS expression was achieved (Amastal, 2001). A cell
nitrogen source (Tzfira and Citovsky, 2006). Th®NA density above 1.5 OD significantly reduced the diestcy
region is flanked at each end by 25 bp T-DNA basdére  of transformation. In banana cell suspensions,oath
left and the right border, which are essential TEDNA high inoculum densities (1.0 and 2.0) resulted ighh
transfer. They are the target of Vir D1/Vir D2 berd transient gene expression, cell death was also high
specific endonucleases, which process T-DNA from Ti (Khannaet al, 2004) indicating that densities giving high
plasmid (Gelvin, 2003) and function irces-acting fashion transient expression may not translate into a higmber
(de la Rivaet al, 1998). of stable transformants. In contrast to the twoviones
The virulence genesvif genes) located on the Ti- examples, use of a 0.5 OD Afyrobacteriumresulted in
plasmid encodes a set of proteins responsiblexitisien,  severe necrosis in caulifloweBr@assica olereceavar.
transfer and integration of T-DNA into the planihgene.  botrytis) explants, but a 1:20 dilution of the same culture
The virulence region (30 kb) is organized in sbemms:  significantly increased transient GUS expression
vir A, vir B, vir D andvir G are essential for the T-DNA (Chakrabartyet al, 2002). It has also been demonstrated
transfer whilevir C andvir E increase the efficiency of T- that the effect of Agrobacterium cell density on
DNA transfer. The number of genes per operon wdiffér transformation efficiency can be manipulated byyiray
A, vir G andvir F have only one geneir E, vir C andvir the duration of co-culture time, with high cell déy and
H have two genesyir D andvir B has four and eleven reduced co-culture time increasing the frequency of

genes, respectively (de la Rieaal, 1998). transformation (Amoahet al, 2001; Opabode, 2006)
Therefore, it is essential to optimize the inoculiewels of
2.4 Using Agrobacterium as a Tool for Plant Agrobacteriumso that cell necrosis is minimized while a
Transformation high level of T-DNA transfer is maintained.

Most of the protocols established to date for plant The use of certain compounds such as acetosyringone
transformation viaAgrobacterium have relied on the and pluronic acid F68 has been reported to incréase
innovation of binary vectors and virulence helper T efficiency of transformation. Acetosyringone (a low
plasmids (Figure 1) (Tzfira and Citovsky, 2006heT molecular weight phenolic compound) is used as an
binary vector strategy is based on the fact thavithgenes exogenous stimulant for the induction «fr genes
and T-region could be separated into two different(Chakrabarty et al, 2002; Opabode, 2006). Some
replicons. When these replicons are within the esammonocotyledonous plants produce only very low el
Agrobacterium cell, the products ofvir genes could none of these types of phenolic compounds and thus
operate intrans on the T-region to effect T-DNA cannot activate the vir genes Afirobacterium(Suzukiet
processing and transfer to a plant cell providedDNA is  al., 2001). Therefore, exogenous application of
placed between two correctly oriented T-DNA borders acetosyringone in co-cultivation medium has been
Therefore, the native T-DNA of the Ti-plasmid caa b recommended to overcome this problem. Incorporation
removed to prevent tumor formation (disarmed) twdpce  acetosyringone in the bacterial culture medium -(pre
a virulence helper Ti-plasmid. The T-DNA is located induction) and in the medium in whickgrobacteriumis
another smaller plasmid, the binary vector thatt@ios  co-cultured (co-cultivation) with plant cells inased T-
multiple cloning site, markers for selection and DNA transfer into banana suspension cells (Khasinal,
maintenance in botlE. coli and Agrobacterium plant  2004) and inAgapanthus praecogsp.orientalis (Suzuki
selectable marker gene between the right and tefidss et al, 2001). There is a range of concentrations within
of T-DNA and origin of replication (ori) that pertaithe  which acetosyringone is effective; a minimum at ehhit
maintenance of plasmid i&. coli and Agrobacterium In is effective and a maximum at which it becomes
the binary Ti vectors, the plant selectable magares are  bacteriostatic (Amoalet al, 2001). Pluronic acid F68 is a
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Figure 1. Diagram depicting the binary vector strategy usedlant transformation byAgrobacterium tumefaciens.
Typical binary vector system consists of a smaibby vector and a large virulence helper Ti-plasrfitte binary vector

has a plant selectable marker gene and the tramdgdween the left and right bordeEs.coli origin of replication allows

initial cloning steps to be done B coli. Agrobacteriumcontaining the virulence helper Ti-plasmid can taasformed

with the binary vector and transformants selectsieigithe bacterial marker gene on the binary vedibe virulence

helper plasmid contains virulence genes neceseafl-DNA transfer to plant cells.

surfactant. It facilitates Agrobacteriumplant cell increase the frequency of stable transgenics (Kdahal,
attachment and also reduces the effect of substathe¢  2007). PCD is triggered by plants response to baikic
inhibit Agrobacteriumattachment, thus enhances T-DNA and abiotic stress. Upon pathogen attack, PCDdsced
delivery byAgrobacterium(Opabode, 2006). by transcribing apoptotic genes to kill infectedl,deence
Even though successful transformations have beealiminating the spread of infection (Dickmatal, 2001).
achieved by  Agrobacterium in recalcitrant Khannaet al (2007) demonstrated that by expressing the
monocotyledonous crops such as maize, rice, wheasnimal antiapoptosis gendicl-xL, Bcl-2 3' untranslated
sorghum and banana, the frequency of transformatiap  region, andCED-9 in banana suspension cells, improved
still be quite low. It has been reported that ceézome the frequency of viability and transformation by80
necrotic after being infected by the bacterium (@Hro et A more difficult problem to overcome would be a
al., 2004). Rinsing co-cultured cells with timentindan deficiency in host genes required for T-DNA transdied
incorporating it in the selection medium has bdews to  integration (Namet al, 1999; Zhuet al, 2003). These
be effective in eliminatind\grobacteriumfrom plant cells groups reported that Arabidopsis mutants resistant
(Carvalhoet al, 2004). In addition, allowing explants to Agrobacterium transformation rat mutants) failed to
grow without selection except agaifgjrobacteriumafter  express genes such as chromatin structural anddedimg
co-cultivation could help them recover from infectiand  genes, and genes encoding proteins implicated d¢feau
thus reduce cell necrosis (Carvaktoal, 2004; Bhalla and targeting, cell wall structure and metabolism, siileton
Singh, 2008). Further, providing heat shock to plalls  structure and function, and signal transduction.
before co-culturing witlAgrobacteriumhas been shown to Agrobacteriumstrains differ in their ability to infect
increase the viability of cells, resulting in thecovery of  plants and transfer T-DNA (Suzuét al, 2001; Khannaet
large number of transgenic plants (Kharetaal, 2004).  al., 2004). For example, in sunflowdd€lianthus annuus
Heat shock causes plant cells to release heat gitotkins L.) genotypes, cv. Capella and SWSR2 inbred line,
(Hsp) as a means to resist stress (Wanha@l, 2004). It  Agrobacteriumstrain, LBA4404 was more effective with
would appear that activation of heat shock protpiier to  the former cultivar while the strain GV3101 waseetfve
Agro infection enhances their immunity againstwith the latter cultivar (Mohamedet al, 2004). In
Agrobacterium cauliflower Brassica oleraceavar. botrytis), a high level
Modulation of the plant response such as inhibitiigy  of GUS expression was observed in explants infeaiéu
programmed cell death (PCD) response has also stmwn Agrobacteriumstrain GV2260, while co-cultivation with
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LBA4404 strain resulted in very low levels of exggmn  to the herbicide phosphinothricin (Rao and RoH0o03).
(Chakrabartyet al, 2002). Generally, the use of a highly = For each transformation and regeneration system, a
virulent strain of Agrobacteriumor using super-binary minimum level of a selective agent, which can fulikibit
vectors enhances the frequency of transformation ithe growth of non-transformed cells, should be mheitged
recalcitrant crops (de la Rivet al, 1998). by use of a “kill curve” (Yanget al, 1999). A

The type of explants (target material) is also ingnat.  concentration of selective agent greater thannbaéssary
Agrobacteriumrequire cells that are actively dividing for is likely to result in reduced transformation effiecy.
gene transfer to occur (Okadd al, 1986). Therefore, While transgenic cells might be resistant to thieaive
embryogenic callus and suspension cells are frelyuen agent, it can sometimes be the case that the iselegent
used as a suitable target. Like any method for ther its metabolite negatively interferes with regetien.

production of transgenic plants the target matemaist Positive selection has been proposed as a means of
also be suitable for regeneration so that transgplaints  avoiding interference with regeneration by toxiceais
can be recovered (de la Rigaal, 1998). and also removing the stigma of having antibioticd a

herbicide resistance genes released into the emagnt
2.6 Regulatory Sequences For Transgene Expression (Yoo et al, 2005). Positive selection relies on providing an
Promoters are an essential element in transformatio essential nutrient in a form that can only be metiabd by
as they are required to drive expression of both ththe protein encoded by the marker gene; for exantpée
selectable marker gene and the gene of intereshekbus  phosphomannose isomerase (PMI) system which uses
promoters are currently available, the most commbn mannose as the selective agent. Transgenic plants
which are listed in Table 1. expressing the enzyme PMI encoded by riren A gene
Since high levels of expression are frequentlyfrom E. coli are able to convert mannose-6-phosphate to
desirable, constitutive promoters are commonly usedfructose-6-phosphate which is metabolized through
Constitutive promoters cause gene expression thauig glycolysis (Joersbo, 2001; Reetl al, 2001; Pennat al,
the life of the plant in most tissues. The mostelidused  2002).
constitutive promoter is CaMV 35S derived from  Reporter genes are included in transformation vecto
cauliflower mosaic virus (Alve®t al, 1999). Haggman for two reasons: (i) to enable easy identificatioh
and Aronen (1998) reported very high transient GUSpotential transformants during the development of a
expression in Scots pine embryogenic cultures u#ieg transformation protocol and (ii) as a means of ssing
constitutive CaMV 35S promoter. Similar results daso  tissue specificity and quantifying activity of proters or
been reported by Zipét al (2001). Even though a high other transgene systems. Reporter genes such as
level of transient expression is not the sole aeiteng  chloramphenicol acetyltransferase (CAFjglucuronidase
factor for stable transformation, it is a usefuigator for (GUS), nopaline synthase and octopine synthase are
the development of stable transformation for mgmgcges  bacterial in origin (Sharmat al, 2005), while others have
(Tian and Seguin, 2004). been derived from insects (luciferase, LUX) andlyfish
However, Haggman and Aronen (1998) argued that thégreen fluorescent protein, GFP). The most commonly
effects of promoters are dependent on both thedisgpe utilized reporter gene isiid A, which encodes for the
and the species. Consequently, for successful esipreof  enzyme p-glucuronidase (GUS). In the presence of the
the gene of interest in the target tissue/plantharough  substrate 5-bromo-4-chloro-3-indol#b-glucuronide (X-
and careful selection of a suitable promoter isetal gluc), GUS cleaves glucuronic acid producing a lslelu

(Zipf et al, 2001). colourless indoxyl group which is rapidly oxidizedhd

dimerizes to produce an insoluble indigo precipit&US

2.7 Marker and Reporter Genes are Essential in is easily visualized and the enzyme is relativelbke.
Transformation However, the assay is destructive and GUS-positive

When transformation protocols are developed, &xplants cannot be recovered (Alves al, 1999). The
selectable marker gene and a reporter gene aredaetlin ~ “green fluorescent protein” (GFP) is another useful
the transformation vector (Sharmet al, 2005). After reporter gene for plant and animal systems (Aleesl,
development of the protocol, the reporter geneejdaced 1999). The gene encoding GFP was originally derived
with the gene of interest. Selectable markers ebnsfi  from a bioluminescent jellyfishAequorea victoria The
genes encoding enzymes capable of inactivatingxe to coding region was modified such that the proteialie to
substance, commonly an antibiotic or herbicide.emit green fluorescence upon excitation under blugVv
Alternatively, the toxic substance targets thevactite of  light without any additional substrate. It is alaonon-

a protein vital for cellular process and the seleld  destructive assay (Miki and McHugh, 2004).

marker gene codes for a variant of this vital proterhich

is not affected by the toxin (Weelkg al, 2000). Thus, 3. Combining Somatic Embryogenesis and

selectable markers allow survival of the few cedlsvhich Transformation for Crop Improvement

the transgene has integrated facilitating efficiseiection Efficient plant transformation systems require édrg
of transformed cells (Rao and Rohini, 2003; Shaetal, tissue that is competent for proliferation and regation
2005). The most commonly used selectable markeegye into plantlets. Direct organogenesis from the meatur
are:npt Il gene (neomycin phosphotransferase II), whichorgans of monocotyledons and many dicotyledons rsccu
confers resistance to kanamycin or G 418 (gengfibiph  infrequently if at all. In most instances, a lafEpulation
gene (hygromycin phosphotransferase) that conferef totipotent cells in the form of callus or suspiem cells
resistance to hygromycin B, andbar gene is multiplied prior to transformation (Koictdt al, 2002).
(phosphinathricin acetyltransferase) that confesistance  Embryogenic cultures are the most commonly usegketar
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Table 1. List of common promoters used in transformatigsteams.

Promoter Derivatiort Specificity f Reference

nos Agrobacteriunmopaline  Developmentally regulated, (An et al, 1988)
synthase organ specific

CaMV 35S Cauliflower mosaic virus Constitutive (Benfewt al, 1990)

encoding 35S RNA

Ubi-1 Maize polyubiquitin Strongest in meristematic and  (Christenseret al, 1992)
vascular tissue, activity
increased by heat shock

rbcS Rubisco small subunit Light induced expression (Sugitaet al, 1987;
(from several monocot  in leaves Kyozukaet al, 1993)
and dicot species)

Act Rice actin Constitutive (zhanget al, 1991)

T Derivation: the organism and protein whose cowasgng gene the promoter was derived from.
¥ Specificity: tissue in which promoter is activedgrhysiological requirements for activation if appble.

tissue for high frequency recovery of non-chimericfor technical support during this project. Pradeegs a
transgenic plants (Taylor and Fauquet, 2002). SucPhD candidate at USP.

cultures possess a high proportion of cytoplasnyicah,

actively dividing cells, which provide high levelsf References
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