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Description


Plant tissue culture Introduction Most methods of plant transformation applied to GM crops require that a whole plant is regenerated from isolated plant cells or tissue which have been genetically transformed. This regeneration is conducted in vitro so that the environment and growth medium can be manipulated to ensur ensure e a high high freq freque uenc ncy y of regen egener erat atio ion. n. In addi additi tion on to a high high frequency of regeneration, the regenerable cells must be accessible to gene transfer by whatever technique is chosen. The primary aim is there therefor fore e to produ produce, ce, as easily easily and as quickl quickly y as possib possible, le, a large large number of regenerable cells that are accessible to gene transfer. The subsequent regeneration step is often the most difficult step in plant transformation studies. However, it is important to remember that a high frequency of regeneration regeneration does not necessarily correlate with high transformation efficiency. Plant tissue culture Practically any plant transformation experiment relies at some point on tissue culture. There are some exceptions to this generalization, but the ability to regenerate plants from isolated cells or tissues in vitro underpins most plant transformation systems. Plasticity and totipotency  Two concepts, plasticity and totipotency, are central to understanding plant cell culture and regeneration. Plants, due to their long life span, have have develo developed ped a great greater er abilit ability y to endur endure e extr extrem eme e condit condition ions s and predation than have animals. Many of the processes involved in plant growt growth h and develo developme pment nt adapt adapt to envir environm onment ental al conditi conditions ons.. This This plas plasti tici city ty allo allows ws plan plants ts to alte alterr thei theirr meta metabo boli lism sm,, grow growth th and and develo developme pment nt to best best sui suitt their their envir environm onment ent.. Particu articular larly ly impor importan tantt aspe aspect cts s of thi this adap adapttatio ation, n, as far far as plan plantt tissu issue e cul cultur ture and and regeneration are concerned, are the abilities to initiate cell division from almost any tissue of the plant and to regenerate lost organs or undergo undergo different different developmen developmental tal pathways pathways in response response to particular particular stim stimul uli. i. When When plan plantt cell cells s and and tiss tissue ues s are are cult cultur ured ed in vitr vitro o they generally exhibit a very high degree of plasticity, which allows one type of tissue or organ to be initiated from another type. In this way, whole plants can be subsequently regenerated. This regeneration of  whole organisms depends upon the concept that all plant cells can, given given the corr correct sti stimul muli, i, expr express ess the total total geneti genetic c potent potential ial of the par parent plan plantt. This This maint ainte enanc nance e of gene genettic pote poten ntial tial is cal called led ‘totipotency’. Plant cell culture and regeneration do, in fact, provide p rovide the most compelling evidence for totipotency.



The culture environment When cultured in vitro, all the needs, both chemical (see Table 1) and physi physica cal, l, of the the plan plantt cell cells s have have to met met by the the cult cultur ure e vess vessel el,, the the growt growth h mediu medium m and the exter external nal envir environm onment ent (light (light,, temper temperatu ature re,, etc.). The growth medium has to supply all the essential mineral ions requi equirred for for grow growtth and and dev develop elopm ment ent. In many any case ases (as the the biosynthetic capability of cells cultured in vitro may not replicate that of the parent plant), it must also supply additional organic supplements such as amino acids and vitamins. Many plant cell cultures, as they are not photosynthetic, also require require the addition of a fixed f ixed carbon source in the form of a sugar (most often sucrose). One other vital component that must also be supplied is water, the principal biological solvent. Physical factors, such as temperature, pH, the gaseous environment, light lig ht (quali (quality ty and durati duration) on) and osmoti osmotic c press pressur ure, e, also also have have to be maintained within acceptable limits. Plant cell culture media Culture media used for the in vitro cultivation of plant cells are composed of three basic components: (1) essential elements, or mineral ions, supplied as a complex mixture of salts; (2) an organic supplement supplying vitamins and/or amino acids; and (3) a source of fixed carbon; usually supplied as the sugar sucrose. For practical purposes, the essential elements are further divided into the following categories: (1) macroelements (or macronutrients); macronutrients); (2) microelements (or micronutrients); and (3) an iron source.



Comple Complete, te, plant plant cell cell cultur culture e medium medium is usuall usually y made made by combin combining ing several different components, as outlined in Table 2.



Media components It is useful to briefly consider some of the individual components of the stock solutions. Macroelements As is implied by the name, the stock solution supplies those elements required in large amounts for plant growth and development. Nitrogen, phosphorus, potassium, magnesium, calcium and sulphur (and carbon, which is added separately) are usually regarded as macroelements.   These elements usually comprise at least 0.1% of the dry weight of  plants. Nitrogen is most commonly supplied as a mixture of nitrate ions (from the KNO3) and ammonium ions (from the NH 4NO3). Theoretically, there is an advantage in supplying nitrogen in the form of ammonium ions, as nitr nitroge ogen n must must be in the the reduc educed ed form form to be inco incorp rpor orat ated ed into into macro macromol molecu ecules les.. Nitrat Nitrate e ions ions there therefor fore e need need to be reduc reduced ed befor before e



incorporation. However, at high concentrations, ammonium ions can be toxic to plant cell cultures and uptake of ammonium ions from the medium causes acidification of the medium. In order to use ammonium ions as the sole nitrogen source, the medium needs to be buffered. High High conc concen entr trat atio ions ns of ammo ammoni nium um ions ions can can also also caus cause e cult cultur ure e probl problem ems s by incre increasi asing ng the frequ frequenc ency y of vitrif vitrifica icatio tion n (the (the cultur culture e appears pale and ‘glassy’ and is usually unsuitable for further culture). Using a mixture of nitrate and ammonium ions has the advantage of  weakly buffering the medium as the uptake of nitrate ions causes OH¯ ions to be excreted. excreted. Phosphorus is usually supplied as the phosphate ion of ammonium, sodium or potassium salts. High concentrations of phosphate can lead to the precipitation of medium elements as insoluble phosphates. phosp hates.



Microelements   These elements are required in trace amounts for plant growth and development, and have many and diverse roles. Manganese, iodine, copper, cobalt, boron, molybdenum, iron and zinc usually comprise the microelements, although other elements such as nickel and aluminium are frequently found in some formulations. Iron is usually added as iron sulpha sul phate, te, althou although gh iron iron citrat citrate e can also also be used. used. Ethyl Ethylene ene Diamin Diamine e   Tetra acetic Acid (EDTA) is usually used in conjunction with the iron sulphate. The EDTA complexes complexes with the iron so as to allow the slow and contin continuou uous s relea release se of iron iron into into the mediu medium. m. Uncomp Uncomple lex xed iron iron can precipitate out of the medium as ferric oxide. Organic supplements Only two vitamins, thiamine (vitamin B 1) and myo-inositol (considered a B vitamin) are considered essential for the culture of plant cells in However, r, other other vitami vitamins ns are are also also added added to plant plant cell cell cultur culture e vitro. Howeve media. Amino acids are also commonly included in the organic supplement.   The The most most frequ frequent ently ly used used is glycin glycine e (argin (arginine ine,, aspara asparagin gine, e, aspart aspartic ic acid, alanine, glutamic acid, glutamine and proline are also used), but in many cases its inclusion is not essential. Amino acids provide a source of reduced nitrogen and, like ammonium ions, uptake causes acidif acidifica icatio tion n of the medium. medium. Casein Casein hydro hydrolys lysate ate can be used used as a relatively cheap source source of a mix of amino acids.



Carbon source Sucrose is cheap, easily available, readily assimilated and relatively stable and is therefore the most commonly used carbon source. Other carbohydrates (such as glucose, maltose, galactose and sorbitol) can



also be used, and in specialized circumstances may prove superior to sucrose.



Gelling agents Media for plant cell culture in vitro can be used in either liquid or ‘solid’ forms, depending on the type of culture being grown. For any culture types that require the plant cells or tissues to be grown on the surface



of the medium, it must be solidified (more correctly termed ‘gelled’). Agar, produced from seaweed, is the most common type of gelling agent, and is ideal for routine applications. However, because it is a natural product, the agar quality can vary from supplier to supplier and from from batch batch to batch. batch. For For more more demand demanding ing applic applicati ations ons,, a range range of  purer (and in some cases, considerably more expensive) gelling agents are available.



Summary   These components, then, are the basic ‘chemical’ necessities for plant cell cell cultur culture e media. media. Howeve However, r, other other additio additions ns are are made made in order order to manipulate the pattern of growth and development of the plant cell culture. Plant growth regulators We have have alread already y briefl briefly y consid consider ered ed the concep concepts ts of plasti plasticit city y and totipotency. totipotency. The essential point as far as plant cell culture is concerned is that that,, due due to this his plas plasti tici city ty and and tot totipot ipote ency ncy, sp spe ecifi cific c medi edia manipulations can be used to direct the development of plant cells in culture. Plant growth regulators are the critical media components in determining the developmental pathway of the plant cells. The plant growth regulators used most commonly are plant hormones or their synthetic analogues. Classes of plant growth regulators  There are five main classes of plant growth regulator used in plant cell culture, namely: (1) auxins; (2) cytokinins; (3) gibberellins; (4) abscisic acid; (5) ethylene. Each class of plant growth regulator will be briefly looked at.  Auxins Auxins promote both cell division and cell growth The most important naturally occurring auxin is IAA (indole-3-acetic acid), but its use in plant cell culture media is limited because it is unstable to both heat and light. Occasionally, amino acid conjugates of IAA (such as indoleacetyl-Lacetyl-L-alani alanine ne and indole-acet indole-acetyl-L yl-L-gly -glycine) cine),, which which are more more stable, stable, are used to partially alleviate the problems associated with the use of  IAA. It is more common, though, to use stable chemical analogues of  IAA as a source of auxin in plant cell culture media. 2,4Dichlorophenoxyacetic acid (2,4-D) is the most commonly used auxin and is extre extremely mely effective effective in most circumstance circumstances. s. Other auxins are



available (see Table 3), and some may be more effective or ‘potent’ than 2,4-D in some instances.



Cytokinins Cytokinins promote cell division. Naturally occurring cytokinins are a larg large e grou group p of stru struct ctur ural ally ly relat elated ed (the (they y are are puri purine ne deri deriva vati tive ves) s) compounds. Of the naturally occurring cytokinins, two have some use in plant tissue culture media (see Table Table 4). These are zeatin and 2iP (2isopentyl adenine). Their use is not widespread as they are expensive (particularly zeatin) and relatively unstable. The synthetic analogues, kine kineti tin n and and BAP BAP (ben (benzy zyla lami minop nopur urin ine) e),, are are ther theref efor ore e us used ed mor more fre frequen quentl tly y. NonNon-pu puri rine ne-b -bas ase ed che chemical icals, s, su suc ch as su subs bsttitut ituted ed phenylureas, are also used as cytokinins in plant cell culture media.   These substituted substituted phenylureas phenylureas can also substitute substitute for auxin in some culture systems.



Gibberellins   The Therre are are nume numerrous, ous, natu natura rall lly y occu occurrring ring,, stru struct ctur ural ally ly relat elated ed compounds compounds termed termed ‘gibberel ‘gibberellins’ lins’.. They are involved in regulati regulating ng cell elongat elongation ion,, and are are agronom agronomica ically lly impor importan tantt in deter determin mining ing plant plant height and fruit-set. Only a few of the gibberellins are used in plant tissue culture media, Gibberelic Acid 3 (GA3) being the most common.  Abscisic acid  Abscisic acid (ABA) inhibits cell division. It is most commonly used in plant tissue culture to promote distinct developmental pathways such as somatic embryogenesis. Ethylene Ethylene is a gaseous, naturally occurring, plant growth regulator most commonly associated with controlling fruit ripening, and its use in plant tissue culture is not widespread. It does, though, present a particular probl problem em for plant plant tis tissue sue cultur culture. e. Some Some plant plant cell cell cultur cultures es produ produce ce ethylene, which, if it builds up sufficiently, can inhibit the growth and development of the culture. The type of culture vessel used and its means of closure affect the gaseous exchange between the culture vessel and the outside atmosphere and thus the levels of ethylene present in the culture. Plant growth regulators and tissue culture Generalisations about plant growth regulators and their use in plant cell culture media have been developed from initial observations made in the the 19 1950 50s. s. Ther There e is, is, howe howeve ver, r, some some cons consid ider erab able le diff diffic icul ulty ty in predicting the effects of plant growth regulators: this is because of the great differences in culture response between species, cultivars and even even plants plants of the same same cultiv cultivar ar grown grown under under differ different ent condit condition ions. s. However, some principles do hold true and have become the paradigm on which which most most plant plant tis tissue sue cultur culture e regim regimes es are are based. based. Auxins Auxins and cytokinins are the most widely used plant growth regulators in plant tissue culture and are usually used together, the ratio of the auxin to the the cytok ytokin iniin det determi ermini ning ng the the type type of cul cultur ture estab stabli lish she ed or regenerated (see Figure 1). A high auxin to cytokinin ratio generally favours root formation, whereas a high cytokinin to auxin ratio favours shoot formation. An intermediate ratio favours callus production.



Culture types Cultures are generally initiated from sterile pieces of a whole plant.   The These se piec pieces es are are term termed ed ‘exp ‘expla lant nts’ s’,, and and may may cons consis istt of piec pieces es of  organs, such as leaves or roots, or may be specific cell types, such as pollen or endosperm. Many features of the explant are known to affect the efficiency efficiency of culture culture initiation. initiation. Generally, Generally, younger, younger, more more rapidly rapidly growing tissue (or tissue at an early stage of development) is most effective. Several different culture types most commonly used in plant transformation studies will now be examined in bit detail. Callus Explants, when cultured on the appropriate medium, usually with both an auxin and a cytokinin, can give rise to an unorganised, growing and dividing mass of cells. It is thought that any plant p lant tissue can be used as an expla xplant nt,, if the the cor correct ect cond condit itio ions ns are are foun found. d. In cult cultur ure, e, this this proliferation can be maintained more or less indefinitely, provided that the callus is subcultured on to fresh medium periodically. During callus formation there is some degree of dedifferentiation (i.e. the changes that occur during development and specialization are, to some extent, rever everse sed) d),, both both in morp morpho holo logy gy (call callus us is us usua uall lly y comp compos osed ed of  unsp unspec ecia iali lise sed d par parench enchym yma a cell cells) s) and and meta metabo boli lism sm.. One One major ajor consequence of this dedifferentiation is that most plant cultures lose the ability to photosynthesise. This has important consequences for the culture of callus tissue, as the metabolic profile will probably not match that of the donor plant. This necessitates the addition of other components—such as vitamins and, most importantly, a carbon source —to the culture medium, in addition to the usual mineral nutrients. Callus culture is often performed performed in the dark (the lack of photosynthetic capability being no drawback) as light can encourage differentiation of  the the call callus us.. Duri During ng long long-t -ter erm m cult cultur ure, e, the the cult cultur ure e may lose lose the the requir equirem emen entt for auxi auxin n and/o and/orr cyto cytoki kinin nin.. This This proc proces ess, s, know known n as ‘habituation’, is common in callus cultures from some plant species (such as sugar beet). Callus cultures are extremely important in plant biotech biotechnol nology ogy.. Manipu Manipulat lation ion of the auxin auxin to cytoki cytokinin nin ratio ratio in the medi medium um can can lead lead to the the deve develo lopm pmen entt of sh shoo oots ts,, roots oots or soma somati tic c



embryo embryos s from from which which whole whole plants plants can subseq subsequen uently tly be produ produced ced.. Callus cultures can also be used to initiate cell suspensions, which are used in a variety of ways in plant transformation studies.



Cell-suspension cultures Call Callus us cult cultur ures es,, broa broadl dly y sp spea eaki king ng,, fall fall into into one one of two two cate catego gori ries es:: compact or friable. In compact callus the cells are densely aggregated, whereas in friable callus the cells are only loosely associated with each other other and the callus callus become becomes s soft soft and break breaks s apart apart easily easily. Friable riable callus provides the inoculum to form cell-suspension cultures. Explants from some plant species or particular cell types tend not to form friable callus, making cell-suspension initiation a difficult task. The friability of  call callus us can can some someti time mes s be impr improv oved ed by mani manipul pulat atin ing g the the medi medium um components or by repeated subculturing. The friability of the callus can also sometimes be improved by culturing it on ‘semi-solid’ medium (medium with a low concentration of gelling agent). When friable callus is placed into a liquid medium (usually the same composition as the solid medium used for the callus culture) and then agitated, single cells and/or small clumps of cells are released into the medium. Under the correct conditions, these released cells continue to grow and divide, eventu eventuall ally y produ producin cing g a cellcell-sus suspen pensio sion n cultur culture. e. A relativ elatively ely large large inoculum should be used when initiating cell suspensions so that the released cell numbers build up quickly. The inoculum should not be too large though, as toxic products released from damaged or stressed cells can build up to lethal levels. Large cell clumps can be removed during during subcul subcultur ture e of the cell cell sus suspen pension sion.. Cell Cell sus suspen pensio sions ns can be maintained relatively simply as batch cultures in conical flasks. They are continually cultured by repeated subculturing into fresh medium.  This results in dilution of the suspension and the initiation of another batch growth cycle. The degree of dilution during subculture should be determined empirically for each culture. Too great a degree of dilution will result in a greatly extended lag period or, in extreme cases, death of the transferred transferred cells. After fter su subc bcul ultu turre, the the cell cells s divi divide de and and the the biom biomas ass s of the the cult cultur ure e increases in a characteristic fashion, until nutrients in the medium are exhausted and/or toxic by-products build up to inhibitory levels—this is called the ‘stationary phase’. If cells are left in the stationary phase for too long, they will die and the culture will be lost. Therefore, cells should be transferred as they enter the stationary phase. It is therefore important that the batch growth-cycle parameters are determined for each cell-suspension culture. Protoplasts Protoplasts are plant cells with the cell wall removed. Protoplasts are most most comm common only ly isola isolate ted d from from eith either er leaf leaf meso mesophy phyll ll cell cells s or cell cell suspensions, although other sources can be used to advantage. Two



general approaches to removing the cell wall (a difficult task without damagi damaging ng the proto protopla plast) st) can be taken— taken—me mecha chanic nical al or enzym enzymati atic c isolation. Mechanical isolation, although possible, often results in low yields, poor quality and poor performance in culture due to substances released from damaged cells. Enzymatic isolation is usually carried out in a simp simple le salt salt solu soluti tion on with with a high high osmo osmoti ticu cum, m, plus plus the the cell cell wall wall degr degradi ading ng enzy enzyme mes. s. It is us usua uall to us use e a mix mix of both both cell cellul ulas ase e and pectinase enzymes, which must be of high quality and purity. purity. Proto Protopla plasts sts are are fragil fragile e and easily easily damage damaged, d, and there therefor fore e must must be cultured carefully. Liquid medium is not agitated and a high osmotic potential is maintained, at least in the initial stages. The liquid medium must be shallow enough to allow aeration in the absence of agitation. Protoplasts can be plated out on to solid medium and callus produced. Whol Whole e plan plants ts can can be regen egener erat ated ed by orga organo noge gene nesi sis s or soma somati tic c embr embryo yoge gene nesi sis s from from this this call callus us.. Proto rotopl plas asts ts are are idea ideall targ target ets s for transformation by a variety of means.



Root cultures Root cultures cultures can be established in vitro from explants of the root tip of  either primary or lateral roots and can be cultured on fairly simple media. The growth of roots in vitro is potentially unlimited, as roots are indeterminate organs. Although the establishment of root cultures was one of the first achievements of modern plant tissue culture, they are not widely used in plant transformation studies. Shoot tip and meristem culture   The tips of shoots (which contain the shoot apical meristem) can be cultured in vitro vitro, producing clumps of shoots from either axillary or adventitious buds. This method can be used for clonal propagation. Shoot Shoot meri merist stem em cult cultur ures es are are poten potenti tial al alte altern rnat ativ ives es to the the mor more commonly used methods for cereal regeneration (see the Case study belo below) w) as they they are are less less geno genoty type pe-de -depe pend nden entt and and mor more effi effici cien entt (seedlings can be used as donor material). Embryo culture Embr Embryo yos s can can be us used ed as expl explan ants ts to gene genera rate te call callus us cult cultur ures es or somatic embryos. Both immature and mature embryos can be used as explants. Immature, embryo-derived embryogenic callus is the most popular method of monocot plant regeneration. Microspore culture Haploid tissue can be cultured in vitro by using pollen or anthers as an explant. Pollen contains the male gametophyte, which is termed the ‘microspore’. Both callus and embryos can be produced from pollen.



 Two main approaches can be taken to produce in vitro cultures from haploid tissue.  The first method depends on using the anther as the explant. Anthers (somatic tissue that surrounds and contains the pollen) can be cultured on solid medium (agar should not be used to solidify the medium as it cont contai ains nsin inhi hibi bito torry subs su bsttance ances) s).. Polle ollenn-de deri riv ved embry bryos are are subseq subsequen uently tly produ produced ced via dehisc dehiscenc ence e of the matur mature e anther anthers. s. The dehiscence of the anther depends both on its isolation at the correct stag stage e and and on the the corr correc ectt cult cultur ure e cond condit itio ions ns.. In some some sp spec ecie ies, s, the the reliance on natural dehiscence can be circumvented by cutting the wall of the the anth anther er,, alth althoug ough h this this does does,, of cour course se,, tak take a cons consid ider erab able le amount of time. Anthers can also be cultured in liquid medium, and pollen pollen relea released sed from from the anthers anthers can be induce induced d to form form embry embryos, os, alth althou ough gh the the effieffi-ci cien ency cy of plan plantt regen egener erat atio ion n is ofte often n very very low low. Immature pollen can also be extracted from developing anthers and cultured directly, although this is a very time-consuming process. Both methods have advantages and disadvantages. Some beneficial effe effect cts s to the the cult cultur ure e are are obse observ rved ed when when anth anther ers s are are us used ed as the the expla explant nt materi material. al. There There is, howev however, er, the danger danger that that some some of the embryos produced from anther culture will originate from the somatic anther tissue rather than the haploid microspore microspore cells. If isolated pollen is us used ed ther there e is no dang danger er of mix mixed embr embryo yo for formati mation on,, but but the the efficiency is low and the process is time-consuming. In microspore culture, the condition of the donor plant is of critical importance, as is the timing of isolation. Pretreatments, such as a cold tre treatm atment ent, are are ofte often n foun found d to incr ncrease ease the the effi effic cienc iency y. The These pretreatments can be applied before culture, or, in some species, after placing the anthers in culture. Plant species can be divided into two groups, depending on whether they require the addition of plant growth regulators to the medium for poll pollen en/a /ant nthe herr cult cultur ure; e; thos those e that that do also also ofte often n requi equirre orga organi nic c supplements, e.g. amino acids. Many of the cereals (rice, wheat, barley and maize) require medium supplemented with plant growth regulators for pollen/anther culture. Regener egenerati ation on from from micro microspor spore e expla explants nts can be obtain obtained ed by direct direct embryogenesis, or via a callus stage and subsequent embryogenesis. Hapl Haploi oid d tiss tissue ue cult ulture ures can also also be ini initiat tiate ed from from the fem female ale gamet gametop ophy hyte te (the (the ovul ovule) e).. In some some case cases, s, this this is a mor more effi effici cien entt method than using pollen or anthers.  The ploidy of the plants obtained from haploid cultures may not be haploid. This can be a consequence of chromosome doubling during the the cult cultur ure e peri period od.. Chro Chromo moso some me doub doubli ling ng (whi (which ch ofte often n has has to be induced by treatment with chemicals such as colchicine) may be an advan advanta tage ge,, as in many many case cases s haplo haploid id plan plants ts are are not the the desi desirred outcome of regeneration from haploid tissues. Such plants are often



referred to as ‘di-haploids’, because they contain two copies of the same haploid genome.



Plant regeneration Hav Having ing look looke ed at the the main ain type ypes of plan plantt cult ulture ure that that can be established in vitro vitro, we can now look at how whole plants can be regenerated from these cultures. In broad terms, two methods of plant regeneration are widely used in plan plantt tran transf sfor orma mati tion on stud studie ies, s, i.e. i.e. soma somati tic c embr embryo yoge gene nesi sis s and and organogenesis. Somatic embryogenesis In somatic (asexual) embryogenesis, embryo-like structures, which can develop develop into whole plants in a way analogous to zygotic zygotic embryos, embryos, are formed from somatic tissues (Figure 2). These somatic embryos can be produced either directly or indirectly. In direct somatic embryogenesis, the embryo is formed directly from a cell or small group of cells without the production of an intervening callus. Though common from some tissues tissues (usually (usually reproducti reproductive ve tissues such as the nucellus, nucellus, styles styles or pollen), direct somatic embryogenesis is generally rare in comparison with indirect somatic embryogenesis. In indirect somatic embryogenesis, callus is first produced from the explant. Embryos can then be produced from the callus tissue or from a cell suspension produced p roduced from that callus. Somatic embryogenesis usually proceeds in two distinct stages. In the initial stage (embryo initiation), a high concentration of 2,4-D is used. In the second stage (embryo production) embryos are produced in a medium with no or very low levels of 2,4-D.



In many systems it has been found that somatic embryogenesis is improved by supplying a source of reduced nitrogen, such as specific amino acids or casein hydrolysate.



Organogenesis Somatic embryogenesis relies on plant regeneration through a process analogous to zygotic embryo germination. Organogenesis relies on the production of organs, either directly from an explant or from a callus culture ure. There are thre hree methods ods of plant regenera eration via organogenesis.  The first two methods depend on adventitious organs arising either from from a call allus cult ulture ure or dir directl ctly from from an expl xplant ant (Fi (Figur gure 3). Alternatively, axillary bud formation and growth can also be used to rege egener nerate ate whol hole plan plantts from from som some type ypes of tiss tissue ue cult ulture. ure. Organogenesis relies on the inherent plasticity of plant tissues, and is regulated by altering the components of the medium. In particular, it is the auxin auxin to cytoki cytokinin nin ratio ratio of the mediu medium m that that deter determin mines es which which developmental pathway the regenerating tissue will take. It is usual to induce shoot formation by increasing the cytokinin to auxin ratio of the culture medium. These shoots can then be rooted relatively simply.



Summary  Tissue culture and plant regeneration are an integral part of most plant tran transf sfor orma mati tion on stra strate tegi gies es,, and and can can ofte often n prov prove e to be the the most most challenging aspect of a plant transformation protocol. Key Key to success in integrating plant tissue culture into plant transformation strategies is the realisation that a quick (to avoid too many deleterious effects from soma somacl clon onal al vari variat ation ion)) and effi effici cien entt regen egener erat ation ion sy syst stem em must must be developed. However, this system must also allow high transformation efficiencies from whichever transformation technique is adopted. Not all regeneration protocols are compatible with all transformation techniques. Some crops may be amenable to a variety of regeneration and transformation strategies, others may currently only be amenable



to one particular protocol. Advances are being made all the time, so it is impossible to say that a particular crop will never be regenerated by a particular protocol. However, some protocols, at least at the moment, are clearly clearly more more efficient efficient than others. others. Regeneratio egeneration n from from immatur immature e embryo-derived somatic embryos is, for example, the favoured method for regenerating monocot species.
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