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1. 1N'i'RODUCTION 

'rhls lS 1..he thlrd ln a serles of 1..hr8'" new volumes deallng wlth 

cell and tissu8 culture of forest trees, a research clred t:.hat hcts 

developed very rapldly Slnce our 1982 £ditlon. 

The flrst volume deals with general aspects of nutrient medla 

and physical elemen1..s of the cuI t.ure envlronment, and contalns 

chapters on the genetlcs and physlology of clorwl propagation. 

In addition, because of the lncreasing importance of t:.he subjects, 

it contains several chapters discussing genetIC varldtion, genetic 

englneering, and ultrastructure. 

The second volume deals with specific tOPlCS, 

the fleld of growth dnd d8velopment. Protoplast 

In particular In 

culture, haplOid 

and trlploid culture, embryo rescue, 

important elements 

sexual and clonal 

In attempts to 

stock. Progress 

and somatic embryogcnesls dre 

obtain genetically improved 

in these areas lS covered by 

several chapters. Various aspects of morphogenesis and organogene

sis, lncludlng positional effects, are also discussed. Now that 

more species are being micropropagat.ed every year, It lS increas

ingly important to pay attentlon to problems with the finished 

products, e. g., plantlets, art.ificial seeds. '1'h8refore, chapters 

on pathology, mycorrhizae, senescence, cold storage, germplasm 

preservation, and nursery practice are lncluded. 

In the third volume, case histories ",re pr-esented for a wide 

variety of gymnosperm and angiosperm (including palm) species. 

These species represent a wide range of geographic ctredS. In some 

cases, micropropagation efforts have recently been started and 

large-scale field-testing has not yet been carried out. For others, 

the initial large-scale fleld-testing is completed and micropropa

gation is practiced on a commercial scale. 

In summary, the three vol urnes cover a wide range of r-esearch 

activities in the field of cell and tissue culture of forest trees, 

attempt to identify future trends, and where possible, ldentify the 

appropriate biotechnologies. 
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2. PICEA ABIES 

CH BORNMAN 

1. INTRODUCTION 

Picea ~~~ (L.) Karst. [formerly £.. excelsa (Lam.) Link], known as 

Common, European or Norway spruce, is one of the most important timber and 

ornamental conifers in mid- and southeastern Europe, northern Europe, and 

Siberia (60), playing a vital role in the international trade balance of at 

least two Nordic countries, Sweden and Finland. Forty-five percent of the 

growing stock of Sweden's forests, which occupy the northern temperate 

coniferous belt and the southern temperate mixed forest belt, consist of P. 

abies, the balance being made up mainly of Pinus sylvestris, but also of Pinus 

contorta (introduced from northwestern America) and Betula spp. 

Productive forestry in Sweden comprises about 60 percent of the total 

land area and the volume of wood, that is total trunk volume including bark, 

logged annually is 70 million m3• Since the volume of annual felling is just 

about equivalent to that of annual growth, the future expansion of this 

country's forest industry is expected to be closely linked to attempts aimed 

at shortening the present 70 (southern Sweden)- to 140 (northern Sweden)-year 

rotation cycles, as well as to improvement in vigour, fibre quality and 

enhanced tolerante to low temperature stress, pathogens and insect attack. 

Precisely these features demand serious consideration of the clonal option, an 

option that is potentially attainable through vegetative macro- and micro

propagation. 

Most economically important agronomic, vegetable and forest tree crops 

are seed propagated and hitherto there has been little incentive for 

vegetative propagation. However, it is expected that at least a part of the 

genetic variation not normally transmitted intact through sexual reproduction 

can be fixed by interbreeding of homozygous trees or by vegetative clonal 

propagation. 



The objective with this chapter is not to review the existing extensive 

literature on Picea abies, but rather to assemble what we know about the 

response of this species to lQ. vitro culture technology and to evaluate 

realistically the goal of mass clonal micropropagation. After all, ultimately 

it is upon the performance of the tissue-cultured spruce tree in terms of 

competitive price, superior quality, increased growth and enhanced stress 

tolerance that the technology of lQ. vitro culture will stand or fall. Like 

nearly all members of the Pinaceae, f. ~bies has displayed recalcitrance to 

manipulation ~~itro, but despite its relative intractability it remains one 

of the most interesting conifers for lQ. vitro culture studies for the 

following reasons: 

(1) detailed anatomical, morphological and 

physiological information is available on 

its leaf, embryonic shoot and apical meristem 

(14, 19, 27, 37, 38, 40, 46-48); 

(2) the number of reports on the culture of its 

tissues ~ vitro has accumulated rapidly over 

the past decade (6-12, 15-18, 28, 31-34, 39, 

48, 49, 53, 57, 61-67); 

(3) cotyledons, leaves of flushing buds and leaf 

primordia of resting buds, axillary buds, 

megagametophytes and immature embryos are 

among the variety of organs and tissues that 

are being exploited; 

(4) it was the first coniferous species in which 

somatic embryogenesis was unequivocally 

demonstrated (29-30); and 

(5) it is the member of the Pinaceae from which 

the largest number of plants is propagated 

commercially through the rooting of cloned 

cuttings (ca 3-5 million annually) (2). 

2. TERMI NOLOGY 

A number of terms will be used and to avoid ambiguity they are defined as 

follows: 

adventitious - arising in an abnormal position and implying cellular 

dedifferentiation. 
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brachyblast - used synonymously with needle bundle, fascicle, short shoot, 

dwarf shoot, dwarf spur; specifically refers to the suppressed bUd-like 
structure of meristematic, quiescent tissue extended by secondary, 

linear leaves (pseudophYlls) borne in fas'cicles and surrounded at the 

base by sheaths of bud scales; in the genus f.inus. 

bud - compact, undeveloped, short-stemmed shoot with immature leaves; 
terminal, axillary, lateral, adventitious, preventitious, epicormic. 

clone - a population of cens derived from a single cell by mitoses; a group 

of plants that have arisen by vegetative reproduction from a single 
parent, having identical genetic material. 

cotyledon - seed leaf, cotyledonary needle, embryonic leaf. 
embryo - zygoticany-produced sporophytic pI ant, before germi nat ion in seed 

plants; the sequence of embryo development is referred to as embryogeny. 

embryoid - somatically-produced sporophytic pI ant, embryo-l ike in structure; 

the sequence of embryoid development is referred to as embryoidy, 
adventive embryogeny, somatic embryogeny. 

endosperm - nutritive tissue formed within the angiosperm embryosac, from the 

central cell containing the primary endosperm nucleus. 
epicormic bud - preformed, suppressed bud, formed in continuity with the 

apicalmeristem; distinguished from an adventitious bud by the presence 
of a vascular trace to the primary xylem (13). 

maturation - a concept broadly interrelated with juvenility, rejuvenation, 
adolescence, ageing, maturity and senescence; specifically connected 
with decline; can be considered in chronological, ontogenetical and 

physiological terms. 
megagametophyte - female gametophyte in heterosporous plants such as the 

gymnosperms; embryosac within the angiosperm ovule. 

meristemoid - an active locus of growth; a nodule of undifferentiated tissue 
from which new cells and/or adventitious structures arise; used 
originally to denote differentiated tissues such as root hairs, stomata, 

procambial strands. 

preventitious bud - rudimentary and/or suppressed endogenous axillary bud 

primordium present in an apparently "empty" leaf axil (25). 

primary leaf - scale-like and deciduous, bearing in its axil the secondary 
linear leaves (see brachyblast). 
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primordium - a cell or organ in its earliest stage of differentiation; post

meristemoidal stage. 

secondary leaf - see brachyblast. 

somaclonal var'iation - genetic variability generated by plant cell and 

protoplast culture (clones derived somatically, somaclones); also 

protoclonal variation, protoclones; calliclones. 

sphaeroblast - nodule ot wood, separated from the central woody cylinder, 

gives rise to shoots with juvenile characters (particularly in apples, pears) 

(3); trace bud. (Has also been used to describe an embryo or embryoid whose 

cotyledons are not separated, giving rise to a shoot with a globular mass.) 

Parallel terms: the following terms (suggested by Dr. W. J. Libby) are used 

to distinguish, and establish equivalence between, the processes of 

deri vi ng pi ants from seeds, from cutti ngs J..~ -",-i~~ and from exp I ants in 

vitro -

1. seed _ germi nant 

2. cutting _ rooted cutting 

3. explant - plantl et 

seedling 

steckling 

plantl ing 

3. APPLICATION OF IN VITRO CULTURE TECHNOLOGY TO PICEA A8IES ---- ._-

Figure 1 illustrates the spectrum of present day ~ vitro culture 

techniques that are used in economic crop plant improvement and against which 

the potentia'i applications to l',. ~bies will be considere'd. Protoplast, cen, 

tissue and organ culture techniques are broadly grouped into the 10 

applications shown to the left of Fig. 1. In the centre of this figure the 

ideal progression from protoplast to whole plant is shown, but although 

protoplasts and cells can be isolated, or even callus regenerated from some 

tissues of mature trees, in reality it is only trom the tissues of embryonic 

to early juvenile plants (e.g. 14-day- or 0.03-year-o'ld, Fig. 1) that 

sustained organogenesis is achievable at present. Extending this limit by two 

orders of magnitude to 3-year-old plants or by three to 30-year-old trees 

would constitute a significant advance in Norway spruce research. To the right 

of Fig. 1 is shown the role of the ovule and its component (e.g. immature 

embryonic) and adjacent (e.g. nucellar) tissues in the production of somatic 

embryos as well as in the potential production of parthenogenetic haploid 

embryos and apomictic seed. 
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4. BASIC RESEARCH 

It is upon long-term basic research in at least two key areas that the 

successful outcome of applications 2 to 10 (Fig. 1) will eventually depend. 

These areas are the regulation of development and the control of maturation. 

4.1. Regulation of development 

In order to gain a better understanding of the regulation of development, 

that is of growth, differentiation and morphogenesis, increasing use is being 

made of ~ vitro culture techniques. However, in tissue culture the normal 

synchronized sequences of events that constitute an organism's vegetative and 

reproductive I He cycle are usually dramatically disturbed. Then, in efforts 

to restore the interrupted developmental processes and in turn to achieve the 

desired response, many tissue culturalists rely almost solely on manipulation 

of plant growth regulators, ignoring other important contributing factors such 

as genotype, phYSical and chemical envi ronments, and stage of development 

and/or pretreatment of the donor plants (8, 10, 12, 20). 

If it is assumed that morphogenesis in tissues cultured ~ vitro is best 

achieved by the appropriate manipulation of growth regulator levels in the 

culture medium, the investigator should at least be aware that in some explant 

systems, development seemingly cannot be controlled simply via the 

quantitative interaction of exogenously applied auxin and cytokinin. Two of 

many examples will be used to illustrate this aspect. In £.. abies, it has bee.n 

observed (8) that the concentration of exogenous auxin which, in conjunction 

with cytokinin, promotes shoot bud initiation midway along a leaf excised from 

a flushing bud simultaneously inhibits initiation at the leaf's base. Omission 

of auxin is necessary for optimal induction of competent shoot buds and 

subsequent development of shoots. Apparently, the level of endogenous auxin 

decreases progressively from the leaf's base to its apex, so that the 

concentration of exogenously applied auxin which promotes morphogenesis from 

differentiated cells part-way along the leaf's axis, suppresses it in 

mestimatic cells situated in the cushion of the leaf's base. Wernicke et al. 

(68) observed a simi! ar phenomenon in young I eaves of lr:.~!..~ um ~!..iyJ!.!!:l.. Low 

concentrations of 2,4-dichlorophenoxyacetic acid resulted in adventitious 

root formation from basal highly immature parts of the young leaves, whereas 

twofold higher level s had to be applied to stimulate growth from more mature 

parts toward the apex of the leaf although simultaneously suppressing it in 

the younger parts. 
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PROPAGATION I 
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FIGURE 1. Actual and potential applications of in vitro technology to Picea 
abies. Activities of in vitro culture technology-ln-the clonal improvement and 
propagation of ~icea ~bies can be grouped into 10 applications. The existing 
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as well as the potentia"1 uses of protoplasts, cells, calli and regenerated 
plants are indicated by interconnecting arrows. 

In the centre of Fig. 1 the ideal progression from protoplast to plantling is 
shown. Although protoplasts can be isolated from appropriate tissues (e.g. 
from needles of resting or flushing buds) of plants of any age (0.03, 3 and 30 
years are shown), only cells in the second division stage (and therefore 
neither callus nor plantlings) can be regenerated at present. Sustained 
organogenesis is possible only from embryonic tissues (0.03 year- or two-week
old cotyledons). To the right is shown the role of the immature zygotic embryo 
in the induction of somatic embryos, and the potential role of the ovule and 
its component tissues in the production of apomictic seed. The ovule, also, is 
a potential source for the production of parthenogenetic haploid embryos. 

Exogenously applied auxins alone are often effective for the initiation 

and maintenance of tissues in culture, especially members of the Poaceae. 

Similarly, as will be shown later, it would appear that cytokinins alone are 

effective in the induction of adventitious structures in conifer tissues 

cultured in vitro. This does not, of course, preclude interaction between 

exogenously applied plant growth regulators and the endogenous hormones. For a 

critical understanding of developmental regulation, information is required 

not only on endogenous plant growth regulator levels, but also on how these 

levels change in specific explant sites during specific differentiation 

responses. With very few exceptions in tissue culture generally and coniter 

tissue culture specifically, this information is not available. However, 

Fosket (26) believes Ulat having such information will not necessarily insure 

adequate explanations of developmental phenomena. Nevertheless, even in the 

absence of analytical data on changing endogenous plant growth regulator 

levelS, observations on the rate of macromolecular synthesis, carbon 

metabolism, uptake kinetics (9, 34, 41, 57-59, 61) as well as on cell and 

tissue sites and cytological response (32,71) do allow certain deductions to 

be made with regard to growth regul ator-i nduced control of development in 

coniferous tissues. 

4.1.1. RO~~~l~~kinin. As far as it is affected by the exogenous 

application of plant growth regulators, development in Picea abies tissues 

cultured ~ vitro appears primarily to be influenced by cytokinin. Work over a 

number of years on 7-day-old Pinusrar!.iata coty"ledons in the laboratory of T. 

A. Thorpe, Calgary, Canada (1, 5, 41, 56, 58, 59, 71), which probably is 

appl icable to other coniters, has led to the conclusion Ulat (1) cytokinin 

should be present in an agarified nutrient medium duri n9 the fi rst 72 h of 
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culture, but that changes in rate and distribution of synthesis of 
macromolecules, developmental pathways and mitotic indices are induced as 

early as the first 24 h; (2) cytokinin is directly involved in adventitiuus 

bud induction; (3) cytokinin and photomorphogenic light are required for 
development of meristematic tissue and shoots, although initially light can be 

withheld for up to 10 days; and (3) cytokinin acts primarily on cells of the 

cotyledon's stomatal complexes that are in surface contact with the medium. 

In our laboratories in Landskrona and Lund, Sweden, research (6-12, 31-
34, 61) on 14-day-old cotyledons, leaves of flushing buds and leaf primordia 

of embryonic shoots of ficea abies, over the past 7 years has shown that (1) 
hormone gradients exist within a single leaf and that the levels of cytokinin 
applied exogenously (together with those of endogenous auxins) control 

qualitatively the type of adventitious structures induced and quantitatively 

the numbers of adventitious shoot buds and, that additionally, these cytokinin 

levels also determine the shoot buds' positional development; (2) in terms of 

morphogenesis, cytokinin and auxin each display both a positive, that is, 

organogenic and a negative, that is, histogenic effect since individually each 
may induce either adventitious shoot buds (cytokinin) or adventitious roots 

(auxin), whereas increasing the level of cytokinin in a root-induction 
programme or that of auxin in an adventitious bud-induction programme results 

in the predominant development of callus; (3) account must be taken of the 

physiological condition of the cotyledon and leaf exp]ants and the degree of 
anatomical specialization of their epidermal, hypodermal and mesophyll tissues 

since these display different levels of development within the foliar organ 
from its apex to its base; and (4) the differentiating subsidiary cells of the 
stomatal complexes of cotyledons and leaves and differentiating cells of non

determined presumptive leaf primordia appear to be the target cells for 
cytokinin uptake, becoming primary promeristemoids that are particularly 
receptive to applied cytokinin. 

Uptake of cytokinin by explanted ~~nara tissues was shown by Oebergh ~ 
~. (21) to be affected by the matrix potential of the agar nutrient medium. 

Bornman and Vogelmann (9) studied the effect of gel strength on BA-induced 
adventitious bud formation and vitrification in f. abies and by regression 

analysis showed a highly significant inverse correlation between 14C_BA 

accumulation and degree of both agar and non-agar gel stiffness. Although 
significantly greater numbers of buds per explant were induced at low to 
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medium levels of rigidity (2.5-10 g agar 1-1 , 1-5 g Gelrite 1-1 ), this 

advantage was nullified at low levels as a result of the high incidence of 

vitrification. Vitrification could be avoided by treatment of explants with a 

125 pM BA pulse for 2 h, followed by subculturing on a hormone-free nutrient 

medium gelled with 10 g agar 1-1• 

Vogel mann et al. (61) also used P. abies primary explants to carry out a 

time course anal;s~ of different con~entrations of 14C_BA and found uptake to 

be linear for the initial 60 min, with the amount of cytokinin taken up 

reaching a concentration about one-third of that of the medium. Concentration 

dependence experiments showed that BA uptake was directly proportional to the 

external concentration and consistent with a passive mode of uptake. After 

pulsing .!'..abies embryos with BA, van Staden et il. (57) found that they 

accumulated little BA but that instead BA-nucleotides appeared as major 

metabolites. They concluded that the effect of BA was mediated via 

biologically active nucleotides. 

4.1.2. Culture~dium. Although culture media have become chemically 

better defined, they stil"l contain variables, including for example, type and 

brand of agar, species of plant growth regulator, methods of preparation, etc. 

Many media differ only in degree, some combining the macronutrients of one 

with micronutrients of another. Many different media have been used for P. 

abies (compare 8, 15,29,31,39,49,53,55,62,67) and this species seems 

to have been broadly tolerant to them all. However, still no maintenance media 

for growth and yield, or production media for differentiation and development, 

have been developed. Culture vessels of inadequate design are still being 

used: vessels that do not allow the basic physiological requirements of 

evapotranspiration and gas exchange to be fulfilled, resulting in inadequate 

diffusion of ions and transport of materials. 

4.2. Control of maturation 

The fundamental question posed by Romberger (50) remains: "Does ageing 

have its basis in events that occur at cellular levels in the meristems 

themselves, or is it imposed upon the meristems hy the remainder of the 

organism?" The ability to control maturation experimentally is important for 

two reasons. (1) Attainment of true physiological rejuvenation is basic to the 

whole process of multicopy production of superior genotypes. At present in .!'.. 

abies micropropagation is reproducibly achieved only from embryonic, immature 

and early juvenile tissues and, as is to be expected from an open-pol I inated 
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species, this is causing considerable experimental variation (8). (2) Once 
attained, it is important, for the continued production of stecklings, that 

juvenility be maintained in the cuttings archive or cutting orchard. In a 

breeding population, on the other hand, acceleration of maturation may be 
desirable. This is often induced by artificial promotion of growth and of 
fl oweri ng. 

5. CLONAL MICROPROPAGATION 

The rationale for developing a system for the mass clonal 

micropropagation of f. "~bies at least as far as Sweden is concerned, should be 
viewed within the general framework of vegetative macropropagation since the 

factors affecting the latter are almost certainly bound to influence the 

former. Vegetative macropropagation of Norway spruce stecklings (i .e., rooted 
cuttings), which is becoming a highly developed technology (2, 23, 24, 35, 36, 

52), embraces two aims, namely large-scale multiplication of selected 
genotypes and production of large numbers of plants from scarce and costly 

seed that originates from controlled seed orchard pollination (2). However, 
there are three factors that contribute a measure of uncertainty to both 
clonal macro- and micropropagation. These are non-genetic effects, forestry 

legislation and purchaser resistance. 

5.1. Non-genetic effects 
As regards large-scale multiplication, performance of cuttings, 

stecklings and transplanted cloned plants is influenced by three factors: (1) 
cyclophysis, or transmitted qualities that are related to the process of 

maturation and which involve expression of differences in characteristics such 
as growth rate, stem form, branching, root quality, time of flushing and age 

at flowering (42,43, 51); (2) topophysis, or the positional influence of the 
ortet, which is often expressed in the exhibition of plagiotropic growth by 
the steckling some time after rooting, with duration of the reversion phase to 

orthotropic growth depending on the ramet's physiological age and usually 

associated with depression of growth (42,51); and (3) periphysis, or 

environment-related effects, which sometimes persists long enough to confuse 
interpretation of cyclo- and topophysical effects. 

Production of seed from Norway spruce seed orchards is intermittent and 

very low, whereas the annual seed consumption of this species in the Nordic 
countries is very high (about 10 4 kg). Mass micropropagation of plants from 



scarce and highly expensive seed produced from controlled crossings of desired 

genotypes is therefore seen as a potentially valuable aid in a vegetative 

multiplication program. Two advantages relate to the juvenile phase of 

seedl ings derived from such material: the cyclo- and topophysical effects 

mentioned above are avoided and the lag phase in terms of numbers experienced 

during the early period of steckling production may be reduced by making use 

of tissue culture. However, the disadvantages of seedl ing explant tissues 

remain, namely thei r inherent variability and heterogeneity, and the lack of 

selection methods that allow early selection of potentially useful 

variability. 

5.2. Constraints on clonal forestry imposed by legislation 

In order to avoid the potential dangers inherent in monoclonal 

afforestation, constraining limitations have been placed by legislation on 

clonal forestry in Sweden. Nine seed orchard or breeding areas have been 

designated for f. abies, with clonal forestry being allowed in only five of 

these between 1982 and 1989. Five million vegetatively propagated trees can be 

planted per area, that is, a nation-wide total of 45 million, or 22.5% of the 

total annual market for spruce planting stock. Legislation further determines 

the minimum number of (1) clones to be used, (2) trialling sites, (3) years of 

trialling, (4) unrelated clones to be used, and (5) clonal parents to be 

employed in a clonal mixture. Also, specified are the maximum number of (1) 

ramets allowable per clone and (2) ramets per seed in the intended bulking. 

5.3. Purchaser resistance 

In Sweden there are three purchasing groups: private forest estate owners 

who purchase 50% of the total of 200 million spruce seedl ings planted 

annually, companies (30%), and the State (20%). The purchaser's sourcing 

decisions are based on economic grounds and he must (1) be convinced that 

vegetatively propagated plantlings and stecklings will be qualitatively and 

quantitatively superior to seedlings, (2) because of the value of the tree in 

the future, be driven to purchase now at the discounted net present value 

rather than the minimum present cost (which means high starting-up costs), and 

(3) accept the uncertainty associated with a rotation cycle of not less than 

about 70 years. 

Large forestry companies also tend to make strategic as well as economic 

decisions. They prefer to control seedling production themselves, having 

stocks of the appropriate seedlings close at hand at the right planting time. 
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Stecklings, with a cost ratio of stecklings to seedlings of 2.5:1, are 

considered by them to be very expensive. 

The current cost ratio of plantling to steckling is ca 10:1, making the 

.l!!. vitro grown plantlet 25 times more expensive than a seedling. In addition, 
two major interrelated problems face the laboratory aiming to commercialize 

the production .l!!. vitro of f. abies plantlings: one is biological, the other 

is numerical. Lack of basic knowledge of the biology of the spruce tree is at 
present hampering mass clonal micropropagation, where numbers corresponding to 

at least 20 to 25% of the annual demand in Sweden for Norway spruce seedl ings 
(i .e., 40 to 50 million), are regarded as an economically desirable commercial 
goal. At present the contributions of stecklings and plantlings to this demand 
are 1 and 0.0001%, respectively! 

Presently, three pathways are available for the clonal micropropagation 

of f. abies. These are non-callus-mediated organogenesis via existing 
meristematic tissues, non callus-mediated organogenesis via induced 

meristematic tissues, and via somatic embryogenesis. (In the genus Pinus, 

brachyblasts constitute an additional potential pathway.) 

6. ORGANOGENESIS 
For the induction of adventitious buds and the release from suppression 

of axillary and preventitious buds, a cytokinin (usually benzyladenine, BA) 

may be applied either by incorporation in an agarified medium, or as a high 

concentration, short duration (about 2 h) pulse to the explants, or as a very 

high concentration, intermittent spray to greenhouse-grown seedlings (69). In 
the case of solid nutrient media account should be taken of the long-term 
effects of the gelling agent, especially its matrix potential, on the uptake 

by explanted tissues of cytokinin (9, 21, 22). Auxins (napthaleneacetic acid 

(NAA) and indolebutyric acid (IBA)) may also be applied as very high 

concentration, medium duration pulses (12 h) for root initiation"~ vivo of 

the shoots developed ~ vitro from either de ~ovo cytokinin-induced buds or 

cytokinin-stimulated bud development. 
Positioning of the explants has been found to affect induction of 

adventitious buds both in terms of distribution and number. For example, a 

primary explant of a 14-day-old spruce seedling consists of the coty"ledonary 

node with ca 7 cotyledonary needles, an emerging plumule and a hypocotyl stub. 

This exp"lant can be placed upright in an agar-based medium with its cotyledons 
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erect or flattened against the medium (see 6.2.1.). Alternatively, either 

before or after pulse treatment of the primary explant, the cotyledons can be 

removed and, as secondary explants, placed on agarified media either 

containing or lacking plant growth regulators. 

6.1. Callus-mediated organogenesis 
Generally, in tissue culture, the hormonal control of organogenesis is 

preceded by a histogenic phase involving the proliferation of callus from 

explant tissues, cells or protoplasts. However, whereas callus can be 

proliferated and even maintained (8, 15, 55), the inability to initiate 
adventitious shoot buds from this callus and accordingly the inability to 
regenerate plants has been one of the major limitations of tissue culture in 

the Pinaceae, not least in f. ~bies. In fact, f.abies is by no means unique, 
as sustained morphogenic capacity still is the exception rather than the rule 
among all major economic crop plants. At present, callus-mediated plant 

regeneration (Fig. 1) plays no role in the clonal micropropagation of f. 
abies, a factor which in spite of other alternatives as will be shown below, 

has a most serious consequence: it prevents the full utilization of protoplast 
and cell culture, whi~h in a whole-plant regeneration pathway have to pass a 

callus phase, thus in large part making applications 8 and 9 (Fig. 1) 

inaccessible to the Norway spruce tree breeder. 
6.2. Non callus-mediated organogenesis from induced meristematic ~issues 

6.2.1. Adventitious buds fr~coty~edons. Non callus-mediated 
adventitious bud induction may be obtained from cotyledons of 14-day-old 
germinants (the range varies from 5-21 days in certain Pinaceae: see also 

Thorpe and Biondi, 56) in the absence of auxin but in the presence of 

cytokinin (8). Cotyledons may be subcultured on agar-solidified media 
incorporating about 5 ~M BA or, as secondary explants on hormone-free media, 
following administration of BA as a high concentration (125 ~M), short

duration (2-3 h) pulse to seedling primary explants. After initiation of 
adventitious buds, shoots are excised and elongated with the aid of far-red 

irradiation for one or two weeks and then rooted ~ vivo following a long 

duration (12 h) pulse with 625 ~M IBA. Pulse treatments, as compared to BA
containing agar media, result in the induction of greater numbers of 

adventitious buds over three- to four-week shorter culture periods. The 

inclusion of exogenous auxin, even at nanomolar levels, promotes histo- rather 
than morphogenesis. Propagation ratios of regenerated plants to seeds of 10:1, 
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or a mean of 1.4 plants per cotyledon, have been obtained by using pulse 

treatments (Table 1). 
Primary explants may also be positioned in such a way that the individual 

cotyledons are in surface contact with the agar over their whole 12-15 mm 
length, a method that works well for Pseudotsuga menziesii (see cover of 

Science, 11 February 1983). However, although a greater number of adventitious 
structures are initiated, only about 30 to 40% of these can be excised and 
subcultured, since the larger proportion of such structures are incompletely 
developed pseudobuds, fasciated buds or leaflike protuberances (phylloids). 

Figure 2 is a composite representation of the variety of adventitious 
structures that have been observed on 14-day-old cotyledons cultured 
separately on media containing either a cytokinin or an auxin, or a 
combination of both of these hormones. In the absence of applied cytokinin, 

auxin (e.g. IBA 5-15 pM) invariably induces roots, the initiation of which is 
traceable to meristemoids that arise in newly-formed parenchyma around the 

vascular cylinder at the cotyledon's base (in Pinus ?ylvestris roots are also 
initiated acropetally along the cotyledon). Callusing nearly always 
accompanies root initiation. In the absence of applied auxin, cytokinin (BA) 
incorporated in the medium or administered as a pulse results in the 
initiation of adventitious buds, as well as of budlike structures identified 

as pseudobulbils, pseudobuds, phymas, phylloids and nodu"les (12). However, the 
proportion of the budlike structures, especially of pseudobuds and phylloids, 

was observed to increase with an increase in concentration of applied 

cytokinin or with a decrease in the matrix potential of the gel (resulting not 
only in increased uptake of cytokinin but also in hyperhydration or 
vitrification of tissues. The term pseudobulbil has been used to denote 
adventitious structures that are not visually identifiable as adventitious 
buds, but which eventually may either give rise to shoot buds or become 

necrotic and cease further development. Pseudobuds are extended, usually 

vitrified, bud-like structures, but often have damaged or retarded apical 
meristems and short, distended leaflike appendages. Phymas consist of pustular 

nodules of undifferentiated cells, and are up to 3 mm and more in diameter. 
Phylloids are leaf-like structures with unusually large parenchyma cells, 

either lacking or with only weakly-developed vascular tissue. 

6.2.2. Adven~iti~~_~~fro~_l~aves. The response of leaves from 
flushing buds has been found to depend on mainly four factors (31, 32): 
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Table 1. Summary of results of experiments on the induction of adventitious 
buds in two-week-old seedling primary explants and stimulation and development 
of axillary and preventitious buds in 5- to 7-week old seedlings of Picea 
abies following application of benzyladenine in nutrient agar, or as a pulse; 
Gras a sp ray to run-off. Resul ts represent the means of 7 experiments 
conducted in 1983/84. For comparable data on Pinus sylvestris and Pinus nigra 
see references 10 and 4, respectively. -- --- ---

Age at 

In nutrient 
agar 

(Primary 
explant) 

start, weeks 2 

Adventitious 
buds: 

induced 37 
excised 14 

Axillary buds: 
excised 

# weeks 25 

i<atio of 
plantlings:seed 7:1 

Benzyladenine 

125 pM 

As a 2-h 
pulse 

( Primary 
expl ant) 

3 

56 
23 

4 

22 

10:1 

1250 pM 
As 5 foliar 
sprays (1 
spray every 

48 h) 
(Seedling) 

5-7 

11 
3 

24 

30 

18:1 
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FIGURE 2. Composite representation of the variety of adventitious structures 
that may be induced on a 14-day-old cotyledon of P. abies cultured on a medium 
containing either a cytokinin and/or an auxfn02). See 6.2.1. for 
explanation. 
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(1) the method of explanting, (2) the age of the leaf, (3) the position on the 

leaf's axis, and (4) the ratio of cytokinin to auxin. Careful excision of the 

leaf explant ensures that the basal cushion of presumptive meristematic tissue 

(preventitious bud tissue) proximal to the abscission zone is included with 

the explant. The number of adventitious bud primordia (Fig. 3) that can be 

induced decreases with leaf age (i.e., "length) as does their distribution from 

leaf base to leaf apex (i.e., in an acropetal direction distal to the 

abscission zone). Based on observations of the morphogenic effects of 

different ratios of SA to NAA, from 10.000:1 to 1:1, it was concluded that the 

level of endogenous auxin decreases progressively from the leaf's base to its 
tip, so that a particular concentration of exogenously applied auxin which 

promotes shoot-bud initiation midway along the leaf, simultaneously may 

inhibit it at the leaf's base (see 4.1.). 

6.3. Non callus-mediated organogenesis from existing meristematic tissue 

6.3.1. Axillary and preventitious buds. Non callus-mediated accelerated 

development of axillary buds is obtained when BA is administered as a pulse, 

in a hydroponic solution or as a foliar spray to 5- to 7-week-old glasshouse

grown Norway spruce seedlings, before their explantation to an auxin- and 

cytokinin-free medium ~ vitro (Table 1). Although adventitious buds may also 

be produced, they are less vigorous than those initiated on young cotyledons 

presumably because of growth suppression by the rapidly developing axillary 

buds. Propagation ratios of pulse-treated explants or of explants from 

cytokinin-sprayed donor material were 1.4 and 2.6 times higher than those of 

conventionally cultured tissues. When appl ied via the roots SA caused the 

necrosis of some axillary buds and excessive swelling and anthocyanin 

formation in the tissues of others with a resulting decrease in rate of 

plantling regeneration. 

6.3.2. Resting buds and embryonic shoots. Multiplication in vitro from 

terminal and axillary meristems is quantitatively less productive than from 

non-meristematic tissues because of the time-consuming nature of the isolation 

procedure. Chalupa and Durzan (16) and von Arnold and Eriksson (63) have 

reported induction of adventltious buds on the resting buds of Picea spp., but 

plantlets were not regenerated. By including the crown, a band of thick-walled 

collenchymatous cells at the base of the embryonic shoot which is interpreted 

as an anatomical stricture with a transducing function (17), we (33) have been 

able to increase to ca five the number of adventitious shoot buds initiated 
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FIGURE 3. Induction of adventitious buds on leaves from flushing buds of P. 
abies depends inter alia on leaf age (varying in length from 3 to more than 10 
~ Arrows i nd i cate that response in number of buds decreases with 1 eaf age 
and that bud distribution increases from the leaf's morphological ape x to its 
base (12 ) . 

leaf 
primordium 

\ 

FIGURE 4. Embryonic slloot (resting bud plus c rown) of P. abies with 
adventitious shoot buds initiated from the needle primoria (12). 
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from the needle primordia of embryonic shoots pulse-treated with BA (Fig. 4) 
and are now able to regenerate plantlets from such induced adventitious buds 

of 18- to 20-year-old clones of Picea abies. 
Transport studies (34) have confirmed that the crown in its 

collenchymatous state acts as a selective barrier for the transport of 

radiolabelled indo'leacetic acid and phosphate. Redetermination of the resting 
bud's or embryonic shoot's leaf primordia into shoot (bud) primordia is taken 
as an indication that the leaf primordia were not yet irreversibly determined 

as leaves. According to Romberger (46), apical growth in the conifer's leaf 
primordium begins to be replaced by intercalary growth when its length is less 
than ca 400 ~M. However, intercalary growth is probably not a reliable 
parameter of determination since we found that initiation of bud meristemoids 

also occurred in primordia less than 400 pm long; it is probable that 
differentiation of procambial tissues in the leaf primordium is a better 
parameter. With the scanty evidence at hand, it appears that adventitious bud 

initiation is determined de novo by the cytokinin-controlled induction of 
meristemoids rather than via a reversal of the determined state. 

6.3.3. Epicormic buds and sphaeroblasts. Two other types of buds deserve 

mention: epicormic buds and sphaeroblasts or trace buds. Epicormic buds are 
preformed but suppressed buds, formed in continuity with the apical meristem 

and capable of remaining viable indefinitely (13). Sphaeroblasts (3) are 
adventitious structures with circumferential cambia present as woody 
spheroids, which can form new apical meristems and grow out as adventitious 

and juveni Ie shoots. Epicormic buds occur among some conifers (13), but trace 
buds presumably are uncommon; as far as I know they have not been reported in 
Norway spruce. Because of their early initiation and long periods of 
subsequent quiescence, both of these types of buds presumably have retained 
their juvenility and are therefore of interest in attempts to rejuvenate 

mature trees (see 9.4.). 

6.4. ~e:.~dlin~_toplant~ings 
As indicated earlier, seedling tissues can be used in different 

strategies in micromultiplication. Figure 5 is a schematic outline of the 

production pathways used for!:.. ~bies, !:.inu~ sylvestris and f~~ nigra. For 
the initiation of adventitious buds from non-meristematic tissues, 14-day-old 

seedling explants (Fig. 5A) are pulsed with 125 pM BA for 2 h and then 
subcultured on hormone-free nutrient agar. After ca 6 to 7 weeks adventitious 
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FIGURE 5. Outline of the production pathway of P. abies plantlings from 2- to 
7-week-old seedlings derived from controlled pollination. A, 2-week-old and B, 
5- to 7-week-old seedlings. 
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shoot buds are excised and maintained under conditions that promote 
development and elongation, while the original explant is transplanted to 

fresh medium for a second (and often third and fourth) cycle of bud 
production. Following shoot elongation (10, 12), an auxin (IBA or NAA) pulse 

is applied (625 pM, 12 h) and the shoots are rooted ~ vivo in a mistbed. 
Fi ve- to seven-week-ol d 91 asshouse-grown seedl i ngs (Fi g. 5B) can al so be 

given about 5 foliar sprays (one every other day) with 1250 pM BA (10, 69) to 
stimulate the development of axillary as well as preventitious buds. Following 
removal of the buds for shoot elongation and rooting, the seedlings's debudded 
shoot is pulse-treated with BA and cut into explant segments for multiple 
adventitious bud induction. 

Si·nce each seed is treated as a clone, plantlings produced ~ vitro are 
usuany recycled a number of times through the production pathway in order to 

establish a population of clones before introduction to the cuttings nursery 
for further clonal multiplication and observation. 

7. SOMATIC EMBRYOGENESIS 
As has been the case with many initially embryoid-recalcitrant mono- and 

dicotyledonous species, somatic embryos have now been induced in f. abies from 

immature zygotic embryos (29, 30, see also 10). The reproducibility of this 

system has yet to be demonstrated since at least one serious problem will have 
to be overcome, namely the tendency of the embryogenic culture to decline 
progressively (decrease in number of embryoids and increase in embryoidal 

aberration) with each passage or subculture. Therefore, when necessary, 
embroidy must be able to be induced repeatedly from source material. This 
demands precise knowledge of the stage of development at which the ovule

immature embryo complex is most sensitive to induction. Pollination of f. 
,!bies occurs in mid-May and ferti'lization in mid-June. It takes from 25 to 30 
years before mega- and microstrobili are produced and when sufficient 

maturation is reached the production of only ovulate strobili prevails for 
some years, with as many as 7 years between cycles of strobilus formation. 

8. BIOTECHNOLOGY 
Although biotechnology in the past has been regarded as practically 

synonymous with the application of microbiological organisms, processes or 
systems to the manufacturing and service industries, present day usage of the 
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term includes the component activities of higher plant cell and molecular 

biology. As regards the applications of ~ vitro culture technology to forest 

trees shown in Fig. 1, that of biotechnology, sens~ stricto, would involve the 

successful process development of any or part of applications 2 to 9 in Fig. 

1. 
Under biotechnology as it relates to Picea abies (Fig. 1) I have singled 

out two processes as being particularly challenging. One is the encapsulation 

of somatic embryos to produce cloned artificial seed, a process that among 

others will depend on whether Norway spruce plantlings can be raised 

successfully from the embryoids. The other is the complete saccharification of 
lignocellulosic materials for the production of sucrose, ethanol and other 

energy-rich products which, according to Smith (54), represents the most 

difficult of all biotechnological problems. 

9. OTHER APPLICATIONS 

Reference to some of the other applications of ~ ~itro culture 
technology in clonal forestry has been made before (10, 11, 70), but some 

comment on somaclonal variation, molecular plant genetic engineering, 

apomictic seed and natural vegetative propagation may be appropriate. 

9.1. Somaclonal '{.~ation and gene~~~tability 
It is known that somaclona"1 variation can come about as a result of (1) 

structural and/or numerical chromosome changes (deletions, duplications, 

inversions, translocations, aneuploidy, polyploidy), (2) changes in nuclear 

chromosomal DNA (point mutations, somatic recombination, gene amplification), 

and (3) changes in organellar DNA. It is believed that the major part of this 

variation originates during protoplast, cell and tissue culture as a result of 

the stresses and changes to which DNA replication, mitosis and cell division 

are subjected. Whether or not such Norway spruce variants will be of practical 

value will depend on how successfully plants of this species can be 

regenerated through ~ vitro cuHure. In addition it will take long testing 

times of 15 to 30 years to assess the value and stability of the variation. 

The initial concern that genetic instability may be a characteristic of 

callus-mediated or even non-callus-mediated adventitious bud induction in non

meristematic tissues (45) was not corroborated for f~cea ~bies (28). 

Chromosome stability in plants, in terms of type and frequency of mitotic 

abnormality such as lagging chromosomes, anaphase and telophase bridges, 
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micronuclei, aneuploids and polyploids has been studied by Papes ~~. (44) 

and Berljak et~. (4). In six-week-old f!..nus nigra seedlings pulse-treated 

with 125 pM BA, it was found (4) that adventitious buds 10 and 22 days after 
pulse treatment showed a higher frequency of aberrancy than axillary buds, but 
both types of buds were able to undergo dramatic repair between day 10 and day 

22. Regenerated plants appeared to be genetically stable. 

9.2. Molecular plant genetic_engineering 
The application of molecular plant genetic engineering to f. abies will 

take many years to realize. Growth, vigour, photosynthetic capacity and cold 
stress tolerance represent complex polygenic traits, but even if monogenic 
traits such as certain types of herbicide resistance could be taken advantage 
of, appropri ate vector systems wi 11 have to be found. Only two of the six 

genera in the Pinaceae, namely Abies and Pseudotsuga, appear to be susceptible 

to Agrobacterium tumefaciens. 

9.3. Apomictic seed 
In apomixis seeds are formed entirely from diploid ovular tissue, not 

following pollination and fertilization of the egg. Apomictic seedlings are 
not only juvenile, like sexual seedlings, but more important they are 
identical genetically to the genotype from which they are derived. In some 
tropical trees (Citrus, Mangifera), some Asian and North American Malus and in 

some ~~lans and ~~alyp~ hybrids spontaneous induction of apomixis has been 
found. The question is whether in f .. ~bies apomixis (Fig. 1) may be induced by 
interspecific crossing or by some other technique such as induction of 
alternative cycles of rejuvenation and maturation by repeated grafting. 

9.4. ~~tur~~_ve9.~tat i ve propag'!.t ion 
Norway spruce trees in the Arctic Circle regions of Sweden, Finland and 

Norway flower irregularly and set seed poorly. As a result of the short 
growing season and depth of snow, seedlings that germinate have difficulty in 

becoming established. An interesting feature is that many of these trees are 
propagated vegetatively in a manner reminiscent of artificial trench layering. 

Over the course of years the lower branches of such trees are weighed down by 
snow in a bed of organic debris and moss. The branches strike root some 

distance from the trunk and following a change from plagiotropic to 
orthotropic growth, the branch end distal to the region of root initiation 

begins to assume tree symmetry. 

It is quite common to find a mature tree or stump surrounded by a circle 
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of vigorous young trees, spaced in a pattern correponding to the original 

phyllotaxy of the lowermost branches of the vegetative parent. Sometimes, 

although rooting has occurred, branches remain plagiotropic. 

This phenomenon is now under investigation, as are attempts to mimic it 

experimentally. 

10. SUMMARY AND CONCLUSIONS 
Can sustained 11hole-plant regeneration of Picea abies presently be 

achieved ~ vitro from protoplasts, cells, callus, meristems, cotyledons and 

somatic embryos? With the exception of regeneration from cotyledons, the 
answer is "no". And from tissues that are pre-embryonic (nucellar, 

gametophytic, ovular), embryonic, juvenile, adolescent and mature? With the 

exception of regeneration from embryonic tissues the answer again is "no". At 

present, tissue culture-produced plantlings from seedling tissues are costly, 

have low propagation ratios (up to 18:1, plantlings:seed), are of limited 

genetic value unless produced from controlled pollination, and are subject to 

the same legal and silvicultural restraints applicable to stecklings. 

Since those of us who work with Picea abies should account for the public 

and private monies that fund our research, we do injustice when promoting the 

view that ~ vitro culture technology is about to revolutionize clonal 

forestry. Although much progress has been made with a species that has served 

as a coni fer model, one cannot escape the fact that tissue cuI ture is but a 

tool and what really hampers progress is not so much a lack of tissue culture 

know-how as a lack of understanding of the basic biology of the gymnosperm. If 

scientists using cell and tissue culture techniques were to develop greater 

understanding of cellular and whole-plant biology, we may discover that we can 

use ~ ~itro culture technology more effectively. Nevertheless, most - if not 

an- of the tissue culture methodologies of, for example, callus, cell and 

protoplast culture, somatic hybridization and haploidization probably will be 

firmly confined to the research laboratory for at least the rest of this 

century. 
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3. SITKA SPRUCE (Picea sitchensis (Bong.) Carr.) 

A JOHN and K J WEBB 

1. INTRODUCTION 

Sitka spruce has been widely planted as an exotic species in 

Western Europe for over 150 years since its introduction into the 

United Kingdom from Western North America by David Douglas in 

1831. It is the most commonly planted conifer in the United 

Kingdom and at present accounts for 47% of all soft-wood 

plantations (2). It is also planted extensively in Norway, 

Denmark, Ireland, other parts of Europe and in Iceland and New 

Zealand. The productivity of commercial forests would benefit 

from the use of genetically improved seed for seedling production 

but the yield of such seed from established seed orchards is, as 

yet, small. Attention has therefore turned to the vegetative 

propagation of improved plant material to meet the demand for 

forest planting, at least until seed production from the orchards 

is adequate. Research was started in 1973 to determine whether 

in vitro methods could produce the large number of clonal plants 

required either from the relatively small quantities of improved 

seed that are available or from superior, mature trees. Three 

main approaches have been considered: organogenesis on callus 

derived from juvenile tissue, morphogenesis directly from 

juvenile and mature explants and the micropropagation of juvenile 

seedlings. 

2. ORGANOGENESIS ON CALLUS DERIVED FROM JUVENILE TISSUE 

Juvenile tissue is generally more responsive in culture than 

mature tissue. Accordingly, Webb and Street (15,16) concentrated 

on developing techniques for organogenesis from embryos and 

seedlings. 
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FIGURE 1. Callus with bud primordia (p) formed on excised 
embryos of Sitka spruce after 95 days with a 13.5 hr light period 
at 20·C and a 10.5 hr dark period at 7·C. Some of the primordia 
have developed into buds (b) (Bar - 1 mm). 

2.1. Embryos 

Mature embryos of Sitka spruce form adventitious buds under 

appropriate stimuli (15,16). In a series of experiments embryos 

were excised from surface-sterilized seeds and incubated on 

various media under a range of conditions. Preliminary tests 

had shown that embryos suffered from high mortality and a 

consequent low rate of callus and shoot regeneration. These 

problems could be overcome by placing the embryos in the 

dark immediately after excision. 

The de novo production of shoots generally occurred on the 

callus on the embryos and rarely directly on the embryo (Fig. 1). 

On a modified Murashige and Skoog (MS) medium (called CI med i um 

(1)) containing indole-3-acetic acid (IAA), 

acid (IBA), N6-(6 2-isopentyl adenine) (2iP) 

aminopurine (BAP) at 5 x 10-6 M each between 

indole-3-butyric 

and N6 benzyl-

33 and 69% of the 

embryos produced callus with adventititous buds. The first 

signs of shoot regeneration were apparent after 28 days in 

culture. The shoot primordia developed into typical buds with a 

regular phyllotactic arrangement, but leaf primrodia were also 

produced which appeared to be spatially separated from any bud. 

New primordia could be produced from the proliferating callus 
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for up to 95 days. In some instances, the cultures continued to 

proliferate both callus and buds after transfer to fresh medium. 

Various factors, including the plant genotype, affect the 

regeneration of shoots from the embryos. The influence of the 

environment and the constituents of the medium were investigated 

with a view to improving both the percentage of the explants that 

produced adventitious buds, and the number of buds formed per 

embryo. However, no significant differences were observed 

between embryos cultured in different physical environments, 

except that a 12 day dark pretreatment of the embryos prior to 

their incubation under high light intensities was beneficial 

(15,16) . 
Major effects were achieved by growth regulator changes in 

the medium. Auxin was required to give the best regeneration, 

although a 

regeneration 

high 

Ilnder 

concentration of BAP alone did induce 

some conditions. Alterations in the 

concentration and type of cytokinin strongly influenced shoot 

formation (15,16). The auxins of the CI medium were used 

throughout and the effects of the cytokinins zeatin, 2iP, BAP and 

kinetin alone were compared with the complete CI medium 

(containing both 2iP and BAP). Zeatin tended to stimulate 

outgrowth of roots from the original root meristem of the embryos 

rather than adventitious bud formation. Solitary buds were 

occasionally produced at the tips of the cotyledons. BAP and 

kinetin however induced buds in about 45% of the embryos. BAP 

induced numerous stunted, dark-green buds and isolated leaf 

primordia. Kinetin induced a small number of paler buds, which 

started to extend whilst still on the initiation medium. Up to 

40 shoots, 1 cm in length, were produced per embryo. Callus which 

formed in the presence of either 2iP or kinetin alone did not 

proliferate after transfer to new medium. Some of the clonal 

shoots were successfully rooted producing plants that were 

morphologically similar (15). 

2.2. Seedlings and two-year-old shoots 

Adventitious buds also occurred, formed on seedling explants 

(15,16). Surface-sterilized seeds were germinated 



under sterile conditions and the 7-54 days old seedlings were 

cut into two segments: hypocotyl and hypocotyl plus 

cotyledons and shoot tip. When cultured on naphthalene-1-

acetic acid (NAA) and BAP both at 10-5 and 10-7 M, a 

maximum of 55% of the hypocotyl segments produced callus. Some 

of these calluses were maintained through several passages. 

Buds could be formed from the calluses after transfer to 

a high 

solution 

cytokinin 

of BAP 

medium or when drops of a concentrated 

were applied directly to the callus, although 

these buds failed to elongate. 

Adventitious buds were also induced on some hypocotyl 

segments when they were placed on the medium (BAP exceeding 

10-6 M) in close proximity to the section containing the 

original shoot tip. Similarly, the small section of 

hypocotyl remaining attached to the shoot tip was 

capable of bud production. This suggests that a factor 

promoted organogenesis 

apex to the hypocotyl 

we 
below 

transported from the which 

seedling 

to the medium 

then 

shoot 

lower 

acquired 

tips 

than 

and thus to nearby 

the capacity to form 

and passed from its base 

hypocotyl segments which 

adventitious buds. The 

extended 

10-6 M 

when maintained 

with, occasionally, 

on levels of BAP 

two or more shoots 

growing out. 

Actively growing shoots were also excised from 2-year-old 

glasshouse grown seedlings and cultured. Callus and buds 

were produced from 65% of the cultures maintained 

on 10-7 M NAA and 10-6 BAP after 84 days. Further growth of the 

cultures 

attempt 

buds. 

occurred 

was made 

after transfer 

to obtain 

to fresh medium although no 

elongation of the induced 

3. MICROPROPAGATION OF SHOOTS EXCISED FROM JUVENILE SEEDLINGS 

In vitro methods may have the potential to produce the large 

number of plants required from the available small quantity of 

improved seed either directly or by producing stock plants for a 

large scale cuttings programme as described by Kleinschmit and 

Schmidt (10). John (4) has argued that although shoot formation 
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on callus derived 

morphologically similar 

unsuitable for large 

from 

to 

scale 

mature embryos produces plants 

normal seedlings, the method is 

propagation because the numbers 

achieved are low. Therefore, other methods were investigated. 

3.1. On hormone-free medium 

Seeds 

conditions 

cotyledons 

development 

were germinated in compost 

and explants were taken after about 

were open and the apical shoot 

(5) • Shoots with about 2 cm of 

under non-sterile 

one month when the 

was just beginning 

the hypocotyl left 

attached were excised from the root system, surface-sterilized 

and transferred to in vitro conditions. The explants developed 

similarly to seedlings grown in soil and produced axillary buds 

and shoots during their extension. A multiplication rate of 

approximately three axillary buds per explant per six week cycle 

was achieved on MS medium and this rate was not increased by the 

presence of plant growth regulators in the medium. John and 

lJ[urray (9) fOlmd that the development of subcultured apical and 

axillary shoots differed. The two types of explant elongated at 

the same rate but the rate of axillary meristem production was 

different, i.e. apical and axillary shoots when subcultured 

produced axillary meristems at multiplication rates of 4.5 and 

2.0 per explant respectively. In subsequent subcultures, shoots 

that had become a dominant apex in the previous culture produced 

axillary buds and shoots at a higher rate than those that had 

been an axillary bud or shoot. It was demonstrated further that 

axillary bud proliferation was not promoted by high temperatures 

(26°C), enhanced light levels, etiolation or plant growth 

regulators (6). 

to two years 

Plant material was maintained in culture for up 

through numerous subcultures without apparent 

ageing, loss of vigour or reduction in the rate of axillary bud 

and shoot proliferaton. However, there was a large clonal 

variation and the extrapolation of data has demonstrated 

that the annual multiplication rates of individual clones 

may vary from 15 to 5000 (7). 
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3.2. By vitrification 

Vitrification 

cultures (8). 

has been observed in some Sitka spruce 

The phenomenon could occur after surface 

sterilization of young shoots or could arise spontaneously after 

the subculture of established cultures on hormone-free medium. 

Vitrification was characterized by a change in colour from blue

green to green, a wet appearance to the plant surface, a decrease 

in the amount and a change in the form of the needle surface wax 

and an enhancement of growth and development. When vitrification 

occurred after surface sterilization, it was found that vitrified 

cultures had a total of 9.2 buds per explant compared to 3.3 buds 

in normal unaffected cultures after 68 days. Fifty-nine percent 

of the vitrified cultures reverted to normal growth by the end of 

the incubation period. Cultures in which vitrification had 

arisen spontaneously were subcultured to yield vitrified and 

reverted cultures; normal cultures were established as a control. 

After 65 days, normal cultures had 2.6 buds per explant, 

vitrified cultures 6.1 buds and reverted cultures 4.5 buds, i.e., 

the enhanced growth of the vitrified cultures was still present, 

though to a lesser extent, even after they had apparently 

reverted to normal growth. 

Vitrification occurs in about 20% of cultures after surface 

sterilization whereas spontaneous vitrification after subculture 

is relatively rare and occurs in about 1 to 2% of cultures. The 

phenomenon 

render the 

maintained 

results in anatomical and morphological changes that 

cultures liable to desiccation unless they are 

at 100% humidity and 20·C. Therefore, before the 

enhanced growth and development due to vitrification can be used 

for micropropagation, techniques are needed that will induce 

vitrification and also revert the vitrified plant material to 

normal growth before transfer from in vitro conditions. John (8) 

found that when normal cultures, on solid MS medium without 

growth substances, were submerged by adding sterile distilled 

water to the culture vessel, the new growth that developed was 

vitrified in all cases. After 97 days, unsubmerged cultures had 

a total of 2.9 buds per explant whereas cultures submerged in 
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FIGURE 2. Right:- Sitka spruce culture after 42 days submergence 
in sterile distilled water and 28 days in air after the water was 
poured away. There is prolific adventitious bud and shoot 
production at the base and along the length of the stem. The 
apex and many of the adventitious shoots have reverted to normal 
growth. Left:- Control, untreated culture. (Bar 1 cm). 
Cultures were maintained at 20·C with ~ 16 hr light, 8 hr dark 
photoperiod and an irradiance of 10.5 Wm- • 

cm of water had 18.1 buds and cultures sQbmerged in 3 cm of 

water had 23.2 buds. The treated cultures reverted to normal 

growth only when the apices grew above the level of the water 

or when the water was poured out of the culture vessel. The 

much higher proliferation rates in the s ubmerged cultures were 

due mainly to the development of adventitious buds in or 

near the axils of fully developed needles along the length of 

the vitrified stem (Fig. 2); the buds were not initiated in the 

apical meristem. A minimum submergence period of 42 days was 

required before high bud proliferation rates were achieved. 

As long as the adventitious buds produced were still very small 

they needed to be subcultured while still attached to a 

stem segment, but could 

developed into a short 

unpublished data). 

be subcultured alone if the bud had 

shoot with extending needles (John, 
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4. MORPHOGENESIS DIRECTLY ON JUVENILE AND MATURE EXPLANTS 

Selby (13) has argued that traits such as vigour, crown form 

and timber properties can only be adequately assessed in mature 

individuals since correlations between juvenile and mature traits 

ar~ poor (11). However, Gill (3) has suggested that reasonably 

reliable predictions of later performance can be made after eight 
to ten years growth from seed. Selby has studied morphogenesis 
in Sitka spruce with particular emphasis on non-juvenile tissues 
because of its practical significance for the cloning of superior 

individuals. Selby (13) collected buds just prior to flushing 

from the lower 
(twenty-year-old) 

bud scales were 

crown of juvenile (three-year-old) and mature 
trees. The buds were surface sterilized, the 

stripped away and the total primordial shoots 

were cultured initially on a bud induction medium containing IAA, 
IBA 
( 1 6) • 

and BAP and subsequently on a hormone-free elongation medium 
BAP concentrations between 10-6 M and 5 x 10-6 M were 

optimal for adventitious bud production after 8 weeks induction. 

Buds from 3-year-old trees produced twice as many adventitious 

buds as those from 20-yea'r-old trees, 1. e., 13 per explant 

compared to 6 (Fig. 3) . Cold pretreatment of plant material 

at 4°C for 10 weeks, before incubation on the induction medium 

for periods of 8 to 12 weeks, resulted in the production 
of a relatively high number of adventitious buds (about 18 
per explant) after a further seven weeks on the 
elongation medium. Adventitious bud production was not 

affected by the age of the tree. Neither the absence 

of auxin nor the addition of 2,4-dichlorophenoxyacetic acid 
(2,4-D) to the induction medium significantly affected 

adventitious bud production on buds from 3-year-old trees. 

Thus Selby (13) has developed a method for the in vitro 
culture of ortets that are in a post-dormant, unflushed 
condition. To be of use to the plant propagator, the technique 

needs to be extended either to induce morphogenesis on plant 
material in any physiological condition or to change the 

physiological condition of the plant material itself. Selby 
and Harvey (14) have demonstrated that morphogenesis could be 
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FIGURE 3. Adventitious bud production on an exciged bud from a 
three-year-old tree after induction with 5 x 10- M BAP and 12 
weeks on the bud elongation medium. Basal needles that fell away 
from the bud on subculture also formed adventitious buds. 
(Bar - 1 cm). 

induced on buds throughout the winter resting period but rates 

were highest just prior to flushing; the introduction of already 

flushed buds into culture resulted in a low level in adventitious 

bud production. The rate of organogenesis on buds collected in 

November from 6-year-old ortets could be dramatically increased 

by preincubation on the induction medium without cytokinins 

for seven days before transfer to the bud induction medium 

proper. Selby and Harvey (14) also found that organogenesis 

on basal needles excised from buds collected and cultured 

in vitro in November was optimal, at about 2.4 adventitious buds 

per needle, if the buds were preincubated on cytokinin-free 

medium before transfer of the needles to the induction 

medium. The rate of adventitious bud production was similar on 

needles excised from 5-year-old buds collected in March but in 

this case preincubation of the buds reduced the subsequent rate 

of bud production. 
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THE ROOTING OF SHOOTS PRODUCED IN VITRO 

In vitro 

The rooting of 
difficult, regardless 

micropropagules of Sitka spruce has proved 

of the method of production. Webb (15) 

reported occasional rooting when calluses with adventitious buds 

were transferred from the initiation medium to a half-strength 

hormone-free medium. Excision of juvenile extended adventitious 
shoots and transfer to half-strength hormone-free medium resulted 
in about 5% rooting, with shoots initiated on 2iP and kinetin 

rooting at a higher frequency than those on BAP (16). Incubation 
of excised adventitious shoots on semi-solid media or on filter 
paper bridges above stationary liquid medium did not increase the 
level of rooting. However, Webb and Street found that the 

adventitious shoots could be rooted at levels of about 20% if 

they were removed from in vitro conditions and maintained under 
mist. Selby (12) rooted a few plant lets from meristem cultures 

and some adventitious shoots 
Selby 

by prolonged incubation on a 

found that about 75% of hormone-free 

buds taken 
transferred 

medium. ( 1 3) 

from 
intact 

3-year-old trees rooted when they were 
from the bud induction medium to the bud 

elongation medium with the roots 
clumps of adventitious shoots. A 

growing out from dense 
few adventitious shoots 

excised from 3-year-old buds rooted whereas none rooted from 
more mature tissue. John (6) found that fewer than 1% of 

micropropagated juvenile axillary shoots produced roots 

spontaneously on agar although vitrified cultures rooted at a 
much higher rate than normal cultures. In vitro rooting was not 
promoted by a continuous treatment with a low concentration of 

auxin in the medium, by a transient treatment with a 
high auxin concentration or by variations in concentration of 

some constituents of the medium (John unpublished). 
5.2. Under non-sterile conditions 

The rooting of micropropagules has been much more successful 
under no~-sterile conditions in a mist house (John unpublished). 

Approximately 
long) rooted 

38% of large juvenile axillary shoots (about 5 cm 
if the callus that formed at the base of the shoot 
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was removed before insertion into the propagation beds. Transfer 

of the axillary shoot cultures to fresh medium in vitro for 30 

days before insertion increased the level of rooting from 14 to 

25% in cultures of small shoots (about 2.5 cm) compared with 91% 

in greenhouse grown seedling control cuttings. Environ-

mental preconditioning of the micropropagules by reducing day

length and temperature to winter conditions over a period of 40 

days, followed by a 20 day period of cold storage at 2°C in the 

dark, resulted in a subsequent rooting level of about 36%. It 

would appear that the major problem with rooting micropropagules 

under mist is not one of their inability to root but one of 

keeping them alive long enough for rooting to occur. The 

needles of micropropagated axillary shoots have less surface 

wax, a thinner cuticle, a thinner walled epidermis and less 

central vascular tissue than greenhouse grown seedlings and 

are therefore much more prone to rapid desiccation and death (8). 

Rooting levels of up to 70% have been achieved by inserting 

the micropropagated shoots into coarse sand in covered seed 

trays in the controlled environmental conditions of a growthroorn 

(John unpublished). 

The work on Sitka spruce has progresed to the stage where 

juvenile plant material can be micropropagated without an 

intervening and potentially damaging callus phase. Shoots can 

also be produced directly from tissues of mature trees. However, 

the routine rooting of shoots remains a problem in both of these 

systems. Future research will be directed towards refining these 

techniques and also towards the rejuvenation of mature trees. 
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4. EUROPEAN PINES 

S. JELASKA 

1. INTRODUCTION 

The thr'ee most irnpor'tant pines in Eur'ope ar'e Pinus nigr>a Arnold, f. 
Einaster' Sol. and f. sylvestr'is L. All thr'ee species ar'e two-needle pines that 

gr'ow to a height of 25-30 m (mar'itirne pine) or' 30-40 m (Scots and black pine) 

(66). 

Black pine (f. nigr'a) is a native of the Mediter'r'anean and submediter'r'anean 

ar'eas of South Eur'ope, NOr'th-West Afr'ica and Asia Minor'. Its natur'al distr'i-

but ion in these ar'eas is discontinuous (16). In submediter'r'anean fOr'ests and 

under'br'ush it gener'ally OCCUr'S on ar'id, serniar>id, stony and sandy ter'r'ains. Most 

of its r'aces gr'ow well on limestone and dolomitic soils and, ther'efor'e, ar'e 

highly suitable for' affor'estation on Kar'stic-degr'aded ter'r'ain (66). 

Mar'itirne pine (f. pi~ster') is native to the Pyrenees ian peninsula, 

southern and southwestern Fr'ance on the Atlantic coast, the nOr'thwester'n coastal 

ar'ea of Italy, nOr'thern Afr'ica fr'om Morocco to Tunisia, and the islands of 

Sar'dinia and COr'sica. It is planted vastly in the Atlantic ar'ea of France and 

in many Mediter'r'anean localities. It grows on sandy, silicate soils and r'equir'es 

a highly humid atmospher'e. 

Scots pine (f. sylvestris) is the most widely distr'ibuted pine species. In 

Europe it is found fr'om Scotland and Scandinavia to the PYr'eenees, with discon

tinuous ar'eas in the centr'al par't of Spain, south and middle Eur'ope and in the 

nOr'th of Greece. In Asia it spr'eads from centr'al Turkey and the Caucasus to 

nOr'th Manchuria and the Ohot Sea (16). Scots pine is a very variable species, 

growing on sandy and stony sites as well as on pOOr' soils and peat-bogs in pure 

or mixed components. It gr'ows at altitudes of up to 2000 m. 

Vegetative propagation of these pines by means of r'ooted cuttings, es

pecially if the material is taken fr'om older tr'ees, is ver'y difficult. Gr'afting 

is carried out in the conventional way for' mass vegetative propagation (66), but 



recently micropropagation has become a promising method for clonal multipli

cation of Pinus sp. 
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This chapter presents a review of methods of embryo culture, tissue culture 

and micropropagation of Pinus nig~, f. piJlB.ster and f. _sylvestris. 

2. EMBRYO CULTURE 

The technology for the culture of excised, zygotic embryos is applicable to 

many plant species and has become a routine tool for geneticists in many breed

ing programmes. Continued development of mature embryos is usually easily ob

tained on simple media containing mineral sal ts , sucrose and minor additions of 

growth regulators. However, the earlier the stage of development, the more 

difficult the culture of the embryo becomes. Achievement of this goal is, for 

many tree species, in itself the object of a research project. 

Schmidt (56) observed the growth and development of f. sylvesYis, f. 
pinaster and other embryos with time. He also observed changed colour in light 

and dark mostly in relation to chlorophyll formation. His work is probably among 

the first attempts to culture free embryos. Brunner (12) using a sterile 

nutrient solution without a carbohydrate source, cultured mature embryos of P. 
pinaster. This appears to be the first report of a serious attempt to culture 

excised conifer embryos on a sterile medium free of the female gametophyte. In 

some of his experiments macerated gamtetophyte was added to the medium as 

nutrient. 

Embryo cultures of f. ~gra and f. sylvestris were also studied by Thomas 

(60, 61, 63) (Table 1). He found that the development of isolated embryos of P. 

sylvestris cultured on Halperin's medium (31) complemented with vi';;amins 

depended on their stage of differentiation. This medium permitted only a limited 

survival of undifferentiated embryos, but allowed normal growth of differen

tiated embryos (60, 61). However, f. ~gra or f. syl~estris embryos excised from 

the ovule at an early stage of cleavage, but retaining their suspensor 

apparatus, developed normally when kept in close contact with a nurse culture on 

a conditioned medium (63). 

3. INDUc'rION AND ESTABLISHMENT OF CALLUS CUUIURE 

Callus tissue has been established in cultures of all three the pines 

(Table 2), and has been maintained over a prolonged period (17, 18, 19, 35, 37, 
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Table 1. Embryo culture. 

Stage of embryo 

Pinus at excision Basa I medium Growth substances Reaction References 

pinaster Tollen 0 (12) 

sllvestris peptone, 0 (56) 

e. i naster dextrose, 
albumin, 

galactose, 
asparag i ne 

nj gra mature White (69) ma I t extract 1 % (1, 2) 

2% agar 

2% glucose 

sllvestris u nd i f ferent I ated Halperin (31) casein 1-8 days (60) 

2% sucrose hydrol ysate surviving 

0.8% agar 5 gil without division 

~inositol 

100 mgll 

v itami ns 

differentiating growth and 

division of 
ap ices 

d I f ferent i ated Halperin (31) elongation (61 ) 

(4 mm long) from 1.5-3 cm 

15 th day after Ha I per I n (31 ) NM5.4)lM 

fert iIi zat i on 2% sucrose KIN 2.3)lM 
0.8% agar g I utam i ne 

50 mgll 

~Inosltol 

100 mg/l 

vitam! ns 

nigra Halperin (31) cell division (63) 

cond I t I oned by and embryos 

ca I Ius tissue deve lop I ng 



Table 2. Induction and establishment of cal Ius culture. 

Pinus Explant source 

pi naster ph I oem, 
cambium xylem 

hypocotyl 

trunk of adult 

trees comprising 
phloem and cambium 

Oonor age 

1 month 

Basal medium 

Heller (34) 

3% gl ucose 

MS (49) 

2% gl ucose 

1.2% agar 

MS (49) 

2% gl ucose 
1.2% agar 

sylvestrls stem base phloem, 10 years 
cambium xylem 

Heller (34) 

shoot 

plumule 
cotyledon 
needle 

stem base 

cortex of 

current 

hypocotyl 

hypocotyl 

1 year 

14 days 
20 weeks 

White (69) 
LS (47) 

2% sucrose 

Sommer et al.(59) 
3% sucr-;;-;e-

0.6-0.7% agar 

10-12 yrs Heller (34) 

2% gl ucose 

1 % agar 

mature Harvey (32) 

year's stem 

15 days Halperin (31) 

2% sucrose 
0.8% agar 

8-10 days MS (49) 

2% sucrose 
1-1.2% agar 

receptive 45 years MS (49) 
fema I e strob i I us 2% sucrose 

0.8% agar 

BSTCM(27) 

Growth substances 

I AA, NAA, KIN 

100 mg/ I i nos ito I 

22.6 ).1M 2.4-0 

2.3 ).1M KIN 

100 mg/I Inositol 
100 mg/I asparagine 

22.6 ).1M 2,4-0 
2.3 ).1M KIN 
100 mg/I Inositol 

100 mg/I asparagine 

IAA, NAA 
10 nM-lOO ).1M 

22.6 ).1M 2,4-0 

0.9 ).1M BA asparagine 

I AA, I BA, NAA 
C1 0-20 ).1M) 

30 ).1M IAA + 5 ).1M KIN 
3 mM inositol 

NAA, I AA, 2,4-D 
(100 nM-l00 ).1M) 

5.4 ).1M NAA 

2.3 KIN 

0.1 mg urea 

5.4 ).1M NAA 

0.11 ).1M KIN 

50 mg/I glutamine 

100 mg/ I i nosi to I 

22.6 ).1M 2,4-D 
2.3 ).1M KIN 
100 mg/I Inositol 
100 mg/I asparagine 

32.3 ).1M NAA 
4.4 ).1M BA 

100 mg/ I Inositol 
100 mg/I asparagine 

45 

Establ ish- Refer-

ment 

+ 

+ 

+ 

+ 

+ 

+ 

ences 

(44,45) 

(17,18) 

(19) 

(4) 

(54) 

(9) 

(5 ) 

(33) 

(62) 

(37,48, 
40,41 ) 

(35) 
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38, 40, 41, 62). Table 2 shows that callus may be induced on explants from 

different parts of plants and also from plants of different ages (from 10-day

old seedlings to 45-year-old trees). 

Establishment of callus, however, was only reported in cases when the 

medium was supplemented with high concentrations of an auxin such as 2,4-

dichlorophenoxyacetic acid (2,4-D) or naphthaleneacetic acid (NAA), cytokinin 

(kinetin or benzyladenine), and vitamins and amino acids. Myo-inositol and 

aspargine were found to be important. Regeneration of organogenic structures 

was not observed in these cultures. 

4. l'IlICROPROPAGA'rION MEIHODS 

Regeneration of pine plantlets ~~ vitro from explants of juvenile tissues 

may be achieved in three different ways: the initiation of adventitious buds, 

the enhancement of axillary bud development, and the release of brachyblast 

meristems from suppression. 

4.1. Adventitious buds 

Non-callus-mediated adventitious bud induction is obtained from cotyledons 

of several day-old germinants in the three pine species (Table 3). The presence 

of the cytokinin N6-benzyladenine (BA) played an important role in regeneration, 

and it was used in all three the species. 

Its application can be various. Thus buds were formed on I. sylvestris 

cotyledons of 14-day-old germinants in the presence of BA, either incorporated 

in the medium or applied as a high-concentration (125 pM), short-duration pulse 

(7, 9). 'The pulse treatment gave a higher average number of regenerated field

transplantable plants per seed than the non-pulsed treatment. Pulse-treatment 

gave best results when applied to 8-week-old seedlings (7). 

Adventitious buds were induced in black pine embryos after 8.9 uM BA was 

added to a basal medium, conSisting of half-strength Murashige and Skoog (MS) 

medium with 6.75 uTI[ NAA and 2.5 or 4.9 uM IBA. Adventitious buds also appeared 

on 6 to 8-V/eek-old seedling explants after being pulse-treated with 125 pM BA 

for 2h and then cultured on the same basal MS medium (Berljak ~~ al. in prep

aration). 

Adventitious budding was induced on two types (cotyledon and brachyblast) 

of I. E~~~ter organs (24). Cotyledons, derived from 8- to 10-day-old seedlings, 

showing morphogenic response to an appropriate mineral solution were used. 'rhe 
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combination of 0.8 }lM BA with 5 nM NAA was best in pranoting organogenesis. 

Brachyblasts were derived fran the cuttings of a 10-year-old tree, cultivated 

in the greenhouse, and regularly fertilized with a mineral nutrient solution. 

At the time of collection, these cuttings showed dome-shaped meristematic cell 

clusters on the top of their short-shoot buds. These buds, with their meris

tematic domes, were excised and cultured on the same medium that was used for 

the cotyledon explants. After 3 weeks in culture, 79% of the short shoots de"

veloped. Among these, 42% showed small excrescences at the basal surface of 

needles which subsequently developed into buds. Adventitious buds, generated 

from the black pine (42) as well as fran f. sylvestris brachyblasts (7), often 

developed into multiple shoots. 
Tranvan (64) found that as the seedling aged an increase in cytokinin 

concentration became necessary for bud induction. Bornman (8) supposes that 

a honnone gradient exists within a single conifer cotyledon or leaf and that 

levels of endogenous auxin, in conjunction with those of cytokinin applied 

exogenously, control bud induction quantitatively and qualitat:Lvely and 

detennine bud position. 

With regard to adventitious bud induction in brachyblast explants of R. 
sylvestris, Bornman and Jansson (9) concluded that they can be induced by high 

concentrations of cytokinin (e.g. 5-10 }lM each of BA and 6-dimethylallylamino

purine (2iP), or up to 20 )1M BA. These buds were initiated around the brachy

blast's shoot apex in the presence and absence of auxin, regardless of whether 

coumarin was included in the medium. 

4 .1.1. !!istol<?!£~al or.:.:i;J£!!_C?L~dven~:i.:.~:i.:.C?~~_ buds. Longitudinal sections 
fran cotyledon explants and short shoot tissues of ~. :e.:i.:..~~ter (24) showed that 
only the cells of the superficial layers of Inesophyll tissue dedifferentiated, 

fonning areas of primary meristematic cells fran which bud primordia arose. In 

black pine, buds were induced fran cell divisions in the epidermal or hypodermal 

layers of mature embryos (1.13). Vogellnann ~~ al. (68) studied morphogenic 

responses in cotyledon explants of P. sylvestris and Picea abies obtained after 
treatment with different concentrat~on;-;i-~~nzYl (8-14~)-a~;nine applied in 

different ways (ll). Their data indicate that there are strong diffusion 

barriers against BA in f'f!.¥.:1:.,!:~f3..tris explants. Time course studies with the 
labelled BA showed that only about one-th:Lcd of the BA in the medium was taken 

up by the explants. rrhis is probably a result of the xeromorphic anatomy of the 
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Table 3. Adventitious bud induction 

Growth substances 

Pinus Exp I ant Donor age Basa I med I um and application References 

elnaster plumule 2 months Campbell and 10 uM SA (22, 26) 

Durzan (13) 

cotyledon S-10 days Cheng (15) O.S j.JM BA (20, 24) 

(l-cm long) 5 nM NM 

brachyb last 10 years 1/2xMS (49) 10 uM BA 
(7-cm needles) 1 % agar 25 nM NM 

117 mM sucrose 

nigra embryo 0-2 days 1/2xMS macro- S.9 j.JM SA (36, 42) 

elements (49) 6.7 uM NM 
lxMS micro- 2.5-4.9 llM I BA 

elements 

3% sucrose 

o .S% agar 

seedling 6-S weeks MCM (6) 125 llM BA (Ser Ij ak et ~. 
"pulse" - 2 in prep.) 

sy I vestr is embryo Li nand Staba 11.1 llM SA (64) 

(46) 

seedl ing 2% sucrose 22.2 llM BA 
O.S% agar 

seed I ing MS (49) 11.4 j.JM 1M (4S) 

3% sucrose 0.45-4.95 j.JM 2,4D 

plumule 14 days Summer et a I. BA + 2 iP (7) 

(59) 5-10 llM each 

brachyb last 11 weeks 3% sucrose or (9) 

0.6-0.7% agar 20 j.JM BA 

cotyledonary 

node with 

cotyledons 

and primord i a I 

shoot 

2 weeks M::M (6) a) 5 llM BA 

6-S weeks MCM (6) b) 125 j.JM BA 

"pu 1 se" - 2 (7) 
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cotyledons which possess a thick cuticle and a sub-epidermal cell layer and a 

low leaf surface to volume ratio. However, cotyledons do not have a hypodermis 

that could become sclerified after long periods of culture (6, 10). These obser

vations and uptake results may partly explain different cellular origins of 

developing adventitious buds when BA is applied to cotyledons in different ways. 

When included in agar, meristemoids usually originated in subsidiary cells of 

the stomatal apparatus of cotyledons in surface contact with the agar, whereas 

after a pulse treatment they often originated in subepidermal tissues as well 

(6). 
4.1.2. Peroxidas~<!uri~ dir.~ere~tiatio~~dven~iti~~~uds. In 

addition to histogenic studies of adventitious buds in black pine embryo 

culture, the total peroxidase activity as well as the distribution of isoperoxi

dases were investigated (43). It was found that in the initial explants the per

oxidase activity was low, then it increased slowly until the 12th day, while the 

protein content was decreasing at the same time. Between the 12th and the 19th 

days a considerable increase in peroxidase activity could be measured; maximal 

peroxidase activity accorded with minimal protein content. Between the 19th and 

28th days of culturing the activity of the peroxidases increased. The electro

phoretic pattern of the isoperoxidases showed a characteristic separation of two 

isoenzymes which occurred between the 12th and the 19th days, and disappeared on 

the 28th day. It was observed that the adventitious bud formation was 

accompanied by changes in peroxidase activity and in the isoenzyme pattern. 

4.1. 3 • Q~~~<2.~om~_~~~~io~r::):_l}..!1~e prim-.a.,ry __ cu~ture ~_~I!!~r::l9.~_ an<! _1?~ed
!.~. Abnormalities in cell division in black pine embryos during the period 

from 0 to 38 days in culture were studied (50). All the investigated metaphases 

were diploid with 2n=24 (99.5%) and only 0.5% were tetraploid. All division 

abnormalities (anaphase and telephase bl'idges, micronuclei) occurred with a 

very low frequency. 

Cytological analysis of adventitious and axillary buds, induced by a pulse

treatment with 125 uM BA of six-week-old f. l}igra seedlings, showed that adven

titious buds 10 and 22 days after pulsing have 7.8% and 3.7% aberrant cells, 

respectively, and axillary buds 2.7% and 1.4% over the same period of obser

vation (Berljak et al. in preparation). 

4. 2 • ~l£~~1,.~r::L bu<,! __ q~~~~9.~nent 
Vegetative primordia which may persist in leaf' axils can develop buds cap-
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able of forming shoots in vitro (20). The development of axillary buds in ~i tro 

was achieved in all three the pines (Table 4). 

Buds appeared in axils of cotyledons and juvenile leaves of explants of R. 
£!naster, cultured on a medium containing 10 pM BA (22). In this experiment the 

apical part of the hypocotyl with the apical meristem and cotyledons was excised 

from 20-day-old seedlings and cultured on a medium containing 10 pM BA and 0.025 

pM NAA. After a 15-day-exposure to the hormones, well-organized axillary buds 

were formed (26). Comparing the effect of various mineral solutions, David et 

al. (26) noted a stimulatory effect by 15 mM of potassium in the medium. 

Initiation of buds by exogenous cytokinin was stimulated by the presence of 

cotyledons. Rancillac (51, 52), using similar explants of R. pinaster, showed 

that the addition of lAA, IBA or NAA did not stimulate the growth of cytokinin

induced axillary buds. On the contrary, auxins stimulated callus formation. 

Gibberellic acid, too, had a negative effect. On the other hand, a medium rich 

in minerals such as in MS medium (49) stimulated organogenesis in explants. 

It was observed that a concentration of BA as high as 25 pM, and a duration 

of exposure to the hormone as long as 45 days was sometimes required for morpho

genesis (21). A large variability in axillary bud-forming capacity was observed 

among explants, with the number of buds being induced by one cytokinin treatment 

varying from 4 to 37 per explant, the most common number being from 10 to 20 

buds. Axillary bud induction was also obtained on 1-1.5 cm shoot tips from 20-

day-old seedlings of f. ~igra, as well as on the upper part of l-year-old plants 

growing in the greenhouse (3, 36, 42). 

Bornman (7) reported that in f.sy~y~~tris accelerated development of 

axillary buds without callus was obtained when cytokinin was administrated as 

a PQlse, in a hydroponic solution or as a foliar spray to 6- to 8-week-old 

glasshouse-grown seedlings, before excision and culture of epicotyls on an 

auxin- and cytokinin-free medium. Propagation ratios of 8-week-old donor ex

plants pulse-treated or sprayed with BA were 2 to 5 times higher than those of 

2-week-old tissues, which could be explained by the fact that a larger surface 

of tisslles was subjected to the BA. Similar results were obtained in experiments 

on~. ~~~ seedlings (3) (Berljak _~~ al. in preparation). 

4.3. ~~,!:~:.~bl~sts 
Release of the brachyblast meristem fran suppression can be accomplished in 

explants of early juvenile material and from brachyblasts developed !~ ~~tro. 
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Table 4. Axillary bud/shoot formation and release of brachyblast bud 
suppression 

Treatment 

BA NAA 
Pinus Explant Donor age Basal medium ].1M nM References 

pinaster seedling 20 days Campbell and 10 25 (20,22,26) 
epicotyl Durzan (13) 

brachyblast 10-30 days Y., x MS ( 49) 10 25 (51,52) 

nigra shoot-tip 20 days Y., x MS macro- 4.4 50 (3,36,42) 
in vitro 1 year elements (49) 
brachyblast 

1 x MS micro-
elements 

nigra 
_ fI _ 6-8 weeks MCM (6) 125 0.0 (Berljak 

"pulse" 2h et al. in 
prep .J 

nigra resting 2 years Y., x MS micro-
apical bud elements (49) 

1xMS micro-
elements 4.4 50 (14 ) 

sylvestris seedling 2 weeks MCM (6) 5.0 0.0 (7,11,68) 
brachyblast 6-8 weeks in agar 

plumule 2 weeks 125 0.0 
explant 20 weeks "pulse" 2h 

-------. ---------

Cold acclimation, disbudding and a cytokinin spray treatment 

greatly enhanced uniformity of response. Regeneration from the 

brachyblast meristem follows three pathways: (a) release of bud 

suppression, induction of multiple adventitious buds in vitro, 

excision and elongation in vitro, and rooting of adventitious 

shoots in vivo; (b) release of bud suppression, shoot elongation 

in vitro, and subculturing or rooting in vivo; and (c) excision of 

the brachyblast before release of bud suppression, rooting in 

vivo, and shoot elongation in vivo (7). 

4.4. Shoot elongation 

To induce elongation of shoot buds, explants with either newly

formed or 



52 

excised buds ape usually tparllifepped to hormone-fpee nutpient media, often with 

half the normal mineral strength or media of a different composition. Activated 

charcoal at a level between 0.0 and 2% is often added to the medium to enhance 

elongation (7, 26, 35). Shoots developed from buds after being cultured for some 

time on a nutPient medium without hormones. Bornman (6) irmdiated cultures with 

far-red light for the first two weeks for additonal stimulation of shoot 

elongation. 

To further improve the shoot development phase in cultures of buds of 21-

day-old black pine seedlings three different basal media were examined (3): (a) 

half-stpength MS macro-nutrients (49), (b) SH medium (55) and (c) GD medium 

(30). The level of sucrose was reduced to 2% and hormones were omitted. The best 

elongation and survival of buds was obtained with the following manipulation. 

Aftep 4 to 6 weeks in primary culture, explants with induced axillary buds and 

brachyblasts were first placed for 3 weeks on half-strength MS macronutrients, 

and then for 3 weeks on GD medium. Finally, single shoots were isolated and 

transferred to fresh GD medium with or without the addition of 2% activated 

woody chapcoal and maintained on this medium for 3 weeks. 

This procedure made it possible to obtain well-developed and hardened 10-20 

rmn hi&8 shoots which could be submitted to the next ~~ ~~tro procedure. It was 

found necessary to subculture explants every 21 to 28 days. During this period, 

second generation brachyblasts formed in the axils of primary leaves on the 

newly generated shoots. 

4.5. ~~~1. ~:i.::t:1.:i.:~~tion 
Special attention was paid to the possiblity of remultiplication of shoots 

produced :i.:~~~tro. Well-developed shoots were exposed to cytokinin so as to 

induce additional axillary buds. Successive generations of shoots were obtained 

in all three the pines (7, 20, 41). Black pine cultures retain the capacity for 

producing multiple buds for longer than thpee years. Thus, permanent, although 

relatively slow multiplication is possible (3). Such multiplication is of 

interest not ollly for clonal propagation, but also as a potent:Lal means of gene 

pool preservation (67). 

4.6. Root formation 

4.6.1. A..(~.v~~~.i,.'~~C2.Ll:~ _roC2.~~~ Root formation was induced in shoots of P. 

pil:¥J:~ter after soaking them in an IBA solution (4%) for 24 h, followed by trans

fep to a well-aerated, stepile mixture of perlite and peatmoss (26). Rooting 



53 

occurred in 90% of the shoots from axillary buds of 20-day-old ~ pinaster 

plants. Only 5% of the shoots from the apex of brachyblasts of 2- to 3-year-old 

trees rooted. 
Using the same species, Rancillac (51) found that auxin concentration in 

agar medium affected the quality of the roots. NAA at 1 uM, induced many roots, 

at the base of the shoots, but also callus through which the establishment of 

vascular connections between roots and shoots often occurred. On the other hand, 

a concentration of 0.1 uM resulted in thin, normal roots, and no callus at the 

base of the shoot. A temperature of 200C resulted in better root growth than one 

of 250 C. A nutrient medium low in minerals was best for root growth. Transfer to 

the greenhouse was possible after the roots had grown for 2-3 months on the 
sterile medium. To obtain adventitious f. pinaster shoots in ~itro required a 

variety of rejuvenation treatments (29). These shoots formed roots (90%) within 

one month after exposure for 24 h, at low temperature, to an aqueous solution of 

220 pM IEA with 26.9 uM NAA, and transfer to a sterile substrate of perlite and 

tourbe (3:1). Bornman and Jansson (9) obtained rooting in 35% of brachyblasts of 

f. sylvestris, treated with coumarin (10 pM). 
Adventitious and axillary buds of f. sYl~~~tris were eXCised, transferred 

to EA-free culture medium containing 1% activated charcoal (7) and irradiated 

with far-red light (6). These shoots elongated and were subsequently rooted in 

a mistbed. This rooting was most effective if the shoots were treated with a 

high-concentration, medium- to long-duration auxin pulse before transfer to the 

mistbed (6). 

Several experiments on root formation in f. ~igra shoot cultures have been 

carried out on shoots of juvenile-origin, generated through a cycle of shoot 

culture (3). However, these shoots, when submit~ed to different in ~itro-manipu

lations with auxins and then transplanted, had a low root formation rate. Better 

results were achieved with axillary shoots obtained from cultures of 42-day-old 

seedlings (Berljak et al. in preparation). Shoot bases were treated with either 

"Floramon" powder (0.1% NAA) or with 5.4 pM NAA added to an agar substrate. 

After the powder treatment shoots were transplanted to peat: perlite or vermicu

lite under good greenhouse conditions. After 2-3 months 60-70% shoots rooted. 

Rancillac ~~al. (53) systematically studied the rooting ability of f. £~naster 

shoots derived from axillary buds in ~itro. Their purpose was to experiment with 

material that was as homogeneous as possible. 'rhey investigated the influence of 
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the substrate, the efficiency of the hormonal treatment on the intensity and the 

quality of rooting, and finally, the uniformity of results within and between 

clones. They showed that a mixture of peat and perlite (1/3, v/v) permitted good 

rooting and further development of the root system if the humidity was properly 

controlled. With the use of an agar medium difficulty in regulation of humidity 

was aVOided; it supported root induction but resulted in limited growth. For 

hormonal treatment, explants submitted to a 12-day-exposure to NM (1 )lM) and 

then subcultured in an auxin-free medium, gave rooting percentages ranging from 

80-100%. In terms of rooting quality (intensity, growth rate and branching 

ability), a 15- to 19-day-period of auxin treatment was more effective. Appli

cation of this optimal treatment to several clones revealed slight differences 

within and between clones (80 to 100% of rooting according to the clone). 

Regenerated plantlets were able to undergo autotrophic growth after transplan

tation to the greenhouse conditions. 

4.6.2. ~~~~~~~~!~~~~~_~~~~~ and my~~~~~izae. Slankis (57, 58) studied 
the growth of 10-rrrn-long excised root tips, 10-rrrn-long, of 1,".. sylv~~tris seed

lings. Optlimnn growth was obtained with 4% glucose or 5.8% sucrose. Sucrose 

resulted in more branching. 

1he structure and mode of branching of the short roots of I. E~naster 
under semi-sterile and sterile conditions was studied (28). Using intact seed

lings, excised buds or root tips, the short roots that developed in these were 

histologically sJmilar to ectomycorrhizal roots except for the absence of the 

fungus. These short roots produced dichotomous branches in all the environmental 

conditions used. The formation of these mycorrhizogenic-like short roots seems 

to depend on genotype. It could be useful to select such short root forming 

genotypes to facilitate studies of mycorrhizal root formation in young trees. 

11.6.3. I~~~~~~lCl.~_C2£._~c!'c!'~jJ~~C!.~dia. The possiblity of root regeneration in 

cuttings of 10-day-old 1,".. ~i.g@ seedlings was examined .i.~ 1!:~tro (39). Sucrose 

and IBA were both important 1n the regeneration process of root meristems. 

Sucrose (20 g 1- 1) alone induced adventitious rhizogenesis in 50% of cuttings; 

higher percentages were obtained with sucrose in combination with IBA. In the 

most favourable combination, Le. sucrose (20-40 g 1-1) and IBA (0.49-49.2 )lM) 

the percentage of rooted cuttings was 100%. Root formation was not achieved on 

medium containing mineral components only. 

Tne capacity of the shoot to synthesize the al~in synergists required for 
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root initiation was tested in shoots of ~. £i~ter cloned in ~itro for a 3-
year-period (25). Shoots submitted to an auxin treatment (1 pM NAA, 18 days) 

demonstrated that the rooting ability in ~itro persisted over 5 successive 

induction cycles of shooting (during a 9-month-period). Rooting requires a 

permanent synthesis of auxin synergists which activate the metabolism of cell 

dedifferentiation and root primordium initiation. Agar media permitted intense 

meristem initiation, but prevented active root elongation. After adding a 

mycorrhizal fungus, either Pisolithus tinc~<?rius or He~~:f.~ cyli~~orum, 
to the agar medium the roots resumed growth and short lateral root formation 

was st:imu.lated. 'Ihese two phenanena, induced by fungal association, improved 

the quality of root systems and thus facilitated successful transplantation 
fran test-tubes to the field. A two-step method of root system formation was 

suggested: primordium initiation in agar, including hormonal treatment; and 

root system development in perlite (or any aerated substrate) inoculated with 

a mycorrhizal fungus. Moisture control remains a problem over a long period. 

Many questions in relation to the rooting of l~ ~itro-produced shoots of 

two-needle pines still remain, but it appears that good greenhouse facilities 

with good humidity control are indispensable for good root development. 

5. REGENERATION IN MATURE PLANTS 

The subject of mature plant regeneration is extensively discussed else

where in this book. However, the data obtained with cultures of ~. piJ1C!:Ster 

and ~. rp.gra will be dealt with briefly. 

Franclet ~~ al. (29) have obtained regeneration fran ll-year-old ~. 

pinaster trees. Brachyblasts were excised fran current shoots of intensively 

fertilized root cuttings, and were subsequently cultured l~vitro. 'Ihese treat

ments had a rejuvenating effect, and plants with a needle morphology similar to 

that of young seedlings were regenerated fran the brachyblasts as described in 

section 4.3., pathway (a). It was further observed that the ultimate behaviour 

is strongly influenced by envirorunental conditions applied after the ~~ ~~tro 

phase. A rapid transfer to soil leads to reduced vigour, foftnation of long 

needles, bud doftnancy, and a return to the physiological state of a mature tree. 

On the other hand, if after the in ~~tro phase plantlings are maintained under 
optimal nutritional and rooting conditions, it is possible to temporarily pro

long the juvenile phase. 
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It was tried to establish multiple bud cultures of R.. nigra donor plants 

which were older than one year (14). Resting vegetative buds of R.. nigra and 

hybrid R.. ni~~~J::Yis Vid. were used as explants. The induction medium was the 

Sffine as was used for axillary bud generation from apical part of hypocotyl 

explants of black pine seedlings as described in section 4.2. Only one clone of 

shoots was obtained, i.e. from brachyblasts from buds derived from a 2-year-old 

donor (14, 36). 

6. MICROGRAFTING 
Besides adventitious budding in vitro, rejuvenation of meristems could 

possibly be achieved by micrografting. Tranvan and David (65) studied the possi

bility of auto- and homografting :!:.Q ,!:itro in R.. pirlE!ster cultures. Apices, 5-7 

mm in length, either collected from 2-3 month-old seedlings or produced in vitro 

from an 11-year-old tree by means of successive axillary budding cycles over a 

five-year-period, were successfully grafted on epicotyls of 2 to 3-month-old 

seedlings. The follow-lng steps in the procedure were important: immediately 

after decapitation of the seedlings (at the level of the first node of the 

epicotyl) a drop of sterile solution (1 g 1-1) of DIECA (sodium Diethyldithio

carbffinate) was put on the cut surface both of the rootstock and the graft. The 

two parts of the graft were glued with 0.8% (Difco) agar mixed with a drop of 

glycerol. Grafted seedlings were first kept in the dark for 3-4 days and then 

one week under diffuse light. Subsequently they were transferred to normal light 

conditions (16-h photoperiod, 25 wm- 2). Grafted plants were watered with a Knop 

solution and eventually transferred to the field. 

7. CONCLUSION 

'Ibe three species of European pine, nffinely R.. r.!:1:.g@,~. 'pirlE!~~.E. and R.. 
~:\':~'!:~~~r:::1:.~ have been shown to be amenable to the following in :1:.r.! '!::1:..tro culture: 

induction of adventitious shoot buds, sttmulation of axillary bud develor;ment, 

release of brachyblastic buds from suppression, and rooting of elongating 

shoots. f:1:.~~~ ~:\,:~,!:~~~ris appears to be the most recalcitrant of the three 
species. Much basic research remains to be done with all three species before 

an efficient system of 1:n ~itro propagation can be developed. 
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5. TISSUE CULTURE OF EASTERN NORTH AMERICAN CONIFERS 

Asha Mehra-PALTA and David G. THOMPSON 

1. INTRODUCTION 

The forests of eastern North America (defined in this chapter 

as eastern Canada, and the united States east of the Mississippi 

River) account for a significant part of the total forest resource 

of the continent. Approximately 60% out of the total one billion 

acres of commercial forest land lies in the eastern part of North 

America. Coniferous or softwood species account for about 80% of 

the total volume of sawtimber in the region. This amounts to 

about 20% and 37% of the total softwood sawtimber of the United 

states and Canada respectively. 

The forests of eastern North America are divided into two 

general forest types. Most of eastern Canada lies in the Boreal 

Forest type, while part of southeastern Canada and all of the 

eastern U. S. lies in the Eastern Deciduous Forest type (71). 

Central North America with its very favorable climate and evenly 

distributed precipitation has one of the most diverse and complex 

plant communi ties in the world. Of the literally hundreds of 

forest tree species, the maj ori ty are hardwoods. conifers are 

best adapted to the less favorable sites and are most numerous in 

the northern and southern edges of the continent. Thus, most of 

the economically important coniferous forest stands are found in 

the Boreal Forest of eastern Canada and the Northeastern Coni

ferous and Southeastern Pine Forests of the U.S. 

The Boreal Forest, with its short growing season, cool temp

eratures, and very wet spring followed by a very dry summer and 

autumn is best sui ted for coniferous species. Over 70% of the 



62 

total wood volume in this forest type is softwood. This region is 

populated with species of spruce, pine, fir, tamarack and cedar. 

The spruces are represented by black (Picea mariana) and white ~ 

glauca) spruce. The pines include jack (Pinus banksiana) and red 

~ resinosa) pine. Balsam fir (Abies balsamea), tamarack or 

eastern larch (Larix laricina) and northern white cedar (Thuja 

occidentalis) are also economically important species. 

The cool humid climate of the Northeastern Coniferous Forest 

also favors coniferous species with about 48% of the total volume 

being softwood. This forest type mixes with the Northeastern 

Hardwood Forest, but conifers predominate on sites that are either 

too wet or too dry for hardwoods. In addition to the species of 

conifers found in the Boreal Forest, this region contains red 

spruce (Picea rubens), eastern white pine (Pinus strobus), pitch 

pine ~ rigida), eastern hemlock (Tsuga canadensis), as well as, 

Atlantic white cedar (Chamaecyparis thyoides) and eastern red 

cedar (Juniperus virginiana). The Northeastern Coniferous Forest 

extends westward to the Lake states of the U.S. where white, red, 

and jack pine, black and white spruce, eastern red and northern 

white cedar, eastern hemlock, tamarack and balsam fir predominate. 

The Southeastern Pine Forest is characterized by a subtrop

ical climate which in the past has been frequented by fires that 

tended to favor pines over hardwoods. In this forest type, the 

softwoods account for about 50% of the wood volume. Eastern white 

and pitch pines, Atlantic white and eastern red cedar, red spruce 

and eastern hemlock which are found in the Northeastern Coni

ferous Forest are also found here. The uniquely southern pines 

include loblolly (Pinus taeda), longleaf ~ palustris), pond ~ 

serotina), sand ~ clausa), shortleaf ~ echinata), slash ~ 

elliottii), and Virginia (P. virginiana). Bald cypress (Taxodium 

distichum) is a coni fer unique to flooded sites in the south

eastern U.S. 

Although the forests of eastern North America contain a wide 

range of conifer species, not all of them are of economic impor

tance. As a result, there are no published reports of tissue and 

cell culture work with many of these species. This chapter will 
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review the progress that has been made in the tissue and cell 

culture of conifers native to eastern North America. The propa

gation of trees from both embryonic and mature tissues as well as 

developments in callus cultures, haploid tissues and protoplasts 

will be discussed. Work with loblolly pine (Pinus taeda), an 

important pine in the southeastern u.s. and the focus of a signi

ficant amount of work, will be discussed in a later chapter 

devoted entirely to that species. We have, however, taken the 

liberty of discussing work on introduced species not covered in 

other chapters. 

2. REVIEW OF LITERATURE 

2.1. Embryonic tissues 

Presently, the most successful tissue culture propagation tech

nique for conifers is the induction of adventitious buds on cul

tured embryonic tissues. Table 1 lists the published reports on 

bud induction from embryo tissues of eastern North American 

coni fers . Sommer and Brown ( 73) and Sommer et al. (76) were the 

first to report bud induction on embryos of longleaf, slash, and 

loblolly pines cultured in vitro on a Gresshoff and Doy (38) 

medium containing 4.4 to 2211M benzylaminopurine (BAP) and lOIJM 

napthaleneacetic acid (NAA). They observed numerous protuberances 

along the surface of the cotyledons which later developed into 

buds. When transferred to a basal medium without exogenous growth 

regulators some of the buds elongated into shoots and a few could 

later be rooted. Buds arose from epidermal and subepidermal cells 

which divided, giving rise to meristematic centers with varying 

degrees of organization. Brown and Sommer (17) obtained bud 

induction from cotyledons of several pine species. They reported 

much genotypic variation in bud induction and rooting potential 

from embryos of seed from wild populations or half-sib families 

placed on identical nutrient media. Such variations within a 

species have been reported for several other conifers. Using 

intact embryos, stine and Sommer (77) induced adventitious buds on 

longleaf and slash pine as well as embryos of their interspecific 

hybrid. 
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Minocha (58) reported that normal growth of excised eastern 

white pine embryos was inhibited when placed on a Murashige and 

Skoog (60) medium (MS) containing an auxin transport inhibitor 

triiodobenzoic acid (TIBA). However, cotyledons of some embryos 

produced adventitious shoots. An average of 12 shoots per embryo 

were obtained with 2IJM TIBA and this number could be increased 

with the addition of 4.4 to 8.81JM BAP. Flinn and Webb (35) 

obtained shoots on eastern white pine embryos cultured on a Schenk 

and Hildebrandt (69) medium containing cytokinin. contrary to the 

observations of Minocha (58), they found that cytokinin was 

essential for bud induction, and that neither TIBA nor auxin 

stimulated bud formation. 

Campbell and Durzan (18) reported bud induction on hypocotyl 

segments of white spruce when placed on a nutrient medium (27) 

containing 8. 8IJM BAP. On this medium, up to 100 "scale-like 

organs" were formed per embryo. Some of these elongated into 

shoots when placed on a medium lacking growth regulators, and a 

few were rooted. In a study on black and white spruce, Rumary and 

Thorpe (68) induced adventitious buds on epicotyl segments cul

tured on a Schenk and Hildebrandt (69) medium supplemented with 

4IJM each of the cytokinins BAP and 2-isopentenyladenine (2iP). 

Subsequent shoot elongation occurred on a medium containing a 

conifer derived charcoal. The inclusion of charcoal to stimulate 

shoot elongation has also been reported for a number of other 

conifers (15, 23, 57). Although the role of charcoal is not clear, 

it has been reported to adsorb excess plant growth regulators and 

phenolic SUbstances (37) . Rooting of black and white spruce 

shoots was possible by dipping the shoots in a sterile rooting 

powder containing the auxin indolebutyric acid (IBA), and then 

placing them in sterile vermiculite containing hal£-strength min

eral salts, sucrose and charcoal. Over 80% rooting was possible 

in both species. using this procedure, about 40 plantlets could 

be produced per seed within 170 days (68). 

Karnosky and Diner (47) reported on the propagation of Euro

pean larch (Larix decidua, an exotic species planted widely in the 

northeastern and lake states) and jack pine by the cotyledon 

method. There was considerable variability between clones in both 
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bud induction and rooting frequency. They found that the average 
number of adventitious buds produced per embryo was 24.6 and 3.6 
for larch and pine respectively. In larch they observed a 47.7% 
rooting frequency (range was between 0 and 100%). Huang and Tsai 
(44) reported on the propagation of Scots pine (Pinus sylvestris) 
by the cotyledon method. This species was introduced from Europe 
for use in the production of Christmas trees. 

In conclusion, the technique of inducing adventitious buds to 
form on embryonic tissues has become almost routine. It should be 
fairly easy to accomplish this with almost any species i however, 
bud elongation and rooting may prove to be more difficult in some 
species. The spruces (68) and the larches (47) appear to be more 
responsi ve than most other conifers. Technical limitations of 
this method, such as bud elongation and root induction, need to be 
resolved to maximize propagation rates. The genetic gain possible 
is limited to the quality of the untested embryos used to initiate 
the cultures. The method, however, is useful in multiplying spec
ific crosses and genetically improved material from seed orchards. 
The cost to produce tissue culture plantlets has to be reduced 
considerably before these techniques become economically feasible 
(72) • 

2.2. Mature tissues 
Many conifer species have been propagated from tissues of embryos 
or young seedlings (22), while propagation from mature tissues of 
adult trees has proven to be more difficult. The advantage of 
culturing mature tissues is that trees old enough to have demon
strated their superior genotype can be reproduced. Bonga (12) has 
proposed two reasons why plantlet regeneration from mature tissues 

has not been possible. He suggests that in mature trees there are 
either no organogeneticaly competent cells or those cells that are 
competent do not differentiate because neighboring cells impose 
some form of inhibition upon them. Both of these conditions may be 
temporary and may change over time. During the annual growth 
cycle, there are times when tissues programmed to follow a certain 

developmental pathway can be switched to a different developmental 
pattern (12). This may be achieved during primordia initiation 
or meiosis. When these developmental changes occur, it is 
possible that organogenetic competency in some cells may be 
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temporarily switched on, or if the cells are already competent, 

they may be released from inhibition by neighboring cells (11, 

65) . 

The in vitro growth of resting vegetative buds of white, 

black, and Norway spruce, Balsam fir and Douglas-fir was reported 

by Chalupa and Durzan (20). Buds grew rapidly on a Risser and 

Whi te (66) medium containing inorganic nitrogen sources. The 

addition of organic nitrogen stimulated growth, although changes 

in shoot weight and axis length were not always significant. Suc

rose levels above 2% (w/v) greatly improved the shoot weight and 

length with 6% producing optimal growth. 

Shoot and embryo-like structures have been observed in cul

tures of various mature tissues of conifers (Table 2). Bonga (9) 

reported the formation of new apical buds on cultured dormant 

shoots of 15 to 20 year-old balsam fir trees. Soaking in water or 

various growth regulator solutions was necessary to induce the 

growth of the original bud, and the formation of adventitious 

buds and embryo-like structures. None of these structures grew 

into plantlets. Later, Bonga (10) observed that young vegetative 

shoots dissected from the early spring flush of balsam fir and 

white spruce formed shoot-like protuberances from the base of the 

young needles. These shoots when excised and placed on fresh 

nutrient medium grew very slowly. None of these shoots ever 

formed roots. 

Adventi tious shoot induction was reported by Bonga (13) on 

discs of female cones taken from one 25 year-old European larch 

tree. These shoots were mainly formed on the cut abaxial surface 

of the bracts. After the original shoots were separated, more 

shoots were formed from the callus, however, these shoots could 

not be rooted. Adventitious buds were also reported on callus 

obtained from vegetative shoots of the same tree (12). None of 

these adventitious buds elongated but a few roots were formed. 

Recently, Mohammed et al. (59) reported production of shoots from 

vegetative buds of 1 to 17 year-old white spruce trees collected 

just prior to bud elongation. Shoot formation was more prevalent 
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from buds of 1 to 4 year-old trees as compared to those from 12 to 

17 year-old trees. 

Propagation from tissues of mature trees that have demon

strated their superiority over time allows for the capture of 

maximum genetic gain. Of the tissues used to date, female cones 

and vegetative shoot tips appear to be the most responsive for 

regeneration. From the results discussed above, the future looks 

promising, but more work is needed on developing these techniques 

into practical tools for tree improvement programs. 

2.3. Callus and cell suspension cultures 

The ability to regenerate plants from unorganized callus and cell 

cultures would make possible the propagation of trees of any age; 

the production of haploids and homozygous diploids; the induction, 

isolation, and selection of mutants; the production of somatic 

hybrids; and the modification of cells by "genetic engineering" 

techniques. 

Undifferentiated callus cultures of conifers have been grown 

since the early days of plant tissue culture. Among the conifers 

of eastern North America, growth of jack pine callus was reported 

in the 1950's (55). This callus could be maintained on a simple 

mineral salt medium only if it contained unautoclaved malt extract 

or a seed extract of jack pine. Both normal and "tumor" tissues 

of white spruce were grown on a complex medium (64) which led to a 

series of studies on the cultural conditions (84), nutritional 

requirements (66, 83), site of callus initiation (81), and the 

cellular differentiation of spruce in culture (82). Later, Brown 

and Lawrence (16) used a slightly modified Murashige and Skoog 

(60) medium to grow callus of longleaf pine. 

Callus of other eastern North American conifers has been used 

to study a variety of plant processes. These include: callus 

growth (21, 28), nitrogen metabolism (3, 26, 30, 31, 32), adenine 

catabolism (2), ~-alanine biosynthesis (4), oxygen consumption 

(40), sterol composition (52), fatty acid composition (51), tannin 

accumulation (5, 19), tannin biosynthesis (63), phenylalanine 

ammonia-lyase activity (53), lignin biosynthesis (41, 43), heart

wood formation (45), and chloroplast ontogeny (6, 70). 



68 

Cell suspension cultures of several conifers of eastern North 

America have been reported over the years. White spruce and jack 

pine have been studied in perhaps the most detail (19, 24, 25, 26, 

27, 29, 32, 33, 34). Durzan et al.(27) grew cell suspension cul

tures of white spruce either under constant light and warm temper

atures or under alternating conditions of warm days and cool 

nights. Under the alternating conditions free sugars, tannins and 

aldehyde levels were increased over the cells growing under con

stant conditions. 

In spite of all these studies, plantlet regeneration from 

conifer callus or suspension cultures has not been conclusively 

demonstrated. Risser and White (66) reported that callus of white 

spruce showed some signs of cellular differentiation on primary 

explants, but after testing many compounds reported to induce 

shoot differentiation in other plants, they observed no shoot 

formation. In suspension cultures of white spruce Durzan et al. 

(27) observed vascularization of cell clumps growing under cond

i tions of constant light and warm temperatures, but did not see 

a similar response in cultures grown under warm days and cool 

nights. 

Minocha (58) grew callus of eastern white pine on over one 

hundred different auxin/cytokinin combinations with no evidence of 

shoot, root or embryo formation. Also, working with eastern white 

pine, Kaul (48) reported the formation of vegetati ve buds in 

callus cultures. Bud formation was inconsistent but occurred in 

up to 30% of the callus cultures (49). While these latter obser

vations are far from conclusive, they suggest that conifer callus 

cuI tures may indeed retain the ability to regenerate plants but 

the conditions necessary to permit this have not yet been 

provided. 

Recently, Hakman et al. (39) reported the formation of 

somatic embryos in callus cultures initiated from immature embryos 

of Norway spruce. The use of immature embryos to initiate callus 

cultures is important because these may be more responsive to our 

attempts to induce organogenesis/embryogenesis, as has been 

demonstrated with cereal and legume species. CuI tures derived 
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from these tissues deserve more attention (see chapter by Tulecke 

and Durz an) . 

2.4. Haploids 

Haploids are important materials in the hands of geneticists 

because they can be used to produce homozygous diploids for use in 

breeding programs. This is particularly important in forest tree 

breeding because of the long generation time, and the number of 

breeding cycles necessary to produce homozygous diploids by 

inbreeding. In the gymnosperms there are two maj or sources of 

haploid cells, pollen and the female gametophyte. Each microspore 

in the microsporangium is genetically unique, therefore, a callus 

derived from more than one microspore will result in a callus with 

mixed genotypes. All cells of the megagametophyte, however, orig

inate from one original megaspore and thus have a common genome 

(7). 

Bonga (7) obtained a mixture of haploid and diploid callus 

from microsporophylls of red pine cultured on Brown and Lawrence 

(16) medium containing the auxin 2, 4-dichlorophenoxyacetic acid. 

The formation of haploid callus was greatly affected by the devel

opmental stage of the microspores at the .time of culture. This is 

a problem in the culture of pollen because all the pollen grains 

may not be at the same stage of development. Bilaterally symmet

rical structures were seen in the callus cultures but these did 

not develop further. Callus development from immature pollen of 

red pine was stimulated by centrifugation before culture (14). A 

haploid callus was generated from megagametophyte tissue of white 

spruce (8). Callus has also been obtained from the megagametophyte 

of longleaf pine and was maintained over several subcultures as a 

suspension culture (75) . However, no plants were regenerated 

from this callus. 

Nagmani and Bonga (61) observed that callus tissue induced 

from immature megagametophyte tissue of 25-year-old European larch 

trees would form somatic embryos, some of which developed into 

small plantlets. These structures seemed to mimic the stages of 

zygotic embryo development. The plantlets could be transferred to 

soil, but did not grow further. In light of these results with 
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immature megagametophyte tissues of European larch, the culture of 

these tissues seems to be a fruitful area for further research. 

2.5. Protoplasts 

Protoplast fusion may provide a means to develop unique hybrids 

that cannot be obtained by conventional techniques. Protoplasts 

may also be useful in the uptake of foreign DNA into plant cells. 

The future success of somatic hybridization and genetic transfor

mation depends to a large extent on our ability to regenerate 

callus from protoplasts, and then plants from callus. 

Although protoplasts have been isolated and cultured for 

short periods of time in a number of conifers (Douglas-fir, 

maritime pine and Norway spruce), little work has been done with 

the conifers of eastern North America. Winton et al. (80) isolated 

protoplasts from shortleaf pine callus but provided no details on 

the results. Al though Teasdale and Rugini (78) reported on the 

production, culture and formation of callus colonies from 

protoplasts of loblolly pine, attempts to repeat this work have 

not been successful. In the vast majority of conifers studied, it 

has been difficult to produce viable protoplasts capable of 

regenerating cell walls and dividing to form a callus mass capable 

of sustained growth. Such problems must be overcome to permit 

progress in this area. 

3. FUTURE PROSPECTS 

In the last 50 years, the southeastern U. S. has become a 

center for intensive forest management and is a major source of 

wood for the world. In contrast, the use of intensive forest 

management practices in the northeastern U.S. and eastern Canada 

have not followed a similar path despite their vast forest 

resource. Both the southeastern and northern parts of eastern 

North America are similar in many respects, with climate perhaps 

being the largest difference between the two regions. If climate 

and its effect on growth rate is indeed the major factor limiting 

the productivity of the northern region, one may ask how can this 

situation be remedied? 

Over the last 30 years intensive forest management practices, 

including tree improvement programs, have been responsible for 
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dramatic increases in forest productivity in the southeast. 

Similar, but perhaps not quite as dramatic, accomplishments would 

be possible with intensive forest management methods applied to 

northern species. The problem seems to be one of economics. 

Presently, the demand for wood in the north is not high enough to 

justify the expense of the establishment and intensive management 

of plantations of genetically improved material. This will occur 

when (and if) there is a shortage of wood in conjunction with an 

increased demand for forest products. 

Rapi.d genetic improvement of a species can be achieved if 

truly superior individuals are selected and exactly reproduced by 

vegetative propagation. This would allow for rapid and immediate 

deployment of improved material without the delays and genetic 

variations associated with sexual reproduction (46, 79). At the 

same time, these superior individuals could be incorporated into 

breeding programs to develop new outstanding trees. 

To date, the majority of work on tissue and cell culture of 

conifers has been concentrated on the multiplication of trees via 

embryonic tissues. This is because, by now, it is a fairly routine 

system that can be adapted to almost any conifer. This process has 

utility in multiplying small amounts of genetically improved 

material and selected control pollinated seeds. The method is of 

greatest use in species such as larch where seed crops are 

typically small and irregular (47). Presently, in some species 

this process is at a stage where, with technical refinements, it 

could be used as a tree improvement tool. It will have to compete 

with propagation by rooted cuttings of seedlings which will 

provide the same genetic gain, but at a lower cost (1), unless 

large scale propagation via somatic embryogenesis becomes 

possible. 

The real benefit of tissue culture as a propagation method 

lies in the ability to multiply material old enough to have 

demonstrated its superior characteristics. A greater genetic gain 

could be captured if tissues from mature trees could be grown in 

culture,and made to act more juvenile (recapture the high rooting 

potential and growth rate of seedlings). In such a system it would 

theoretically be necessary to "rejuvenate" only one shoot and then 
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propagate it by rooted cuttings. The little work that has been 

done in this area shows some promise, but more research is needed. 

Regeneration of trees from callus and cell suspension 

cuI tures also has not received sufficient attention. Not only 

would this technique be useful for propagating both juvenile and 

mature trees, but it would make possible the production of 

homozygous diploid trees, screening and regeneration of trees with 

selected traits, production of somatic hybrids, and regeneration 

of trees from genetically modified cells. These techniques are 

discussed in detail in other chapters, and are possible only if we 

are able to regenerate complete plants from unorganized cells. To 

date, this remains to be a goal for the future, partly because we 

understand so little about the process of organ formation, and 

partly because there are so few people actively working on this 

problem. An empirical approach, together with an understanding of 

the biochemical processes involved in regeneration, will accel

erate progress to achieve this goal. The recent reports on somatic 

embryogenesis from immature embryos (39) and from haploid tissues 

(61) look promising, and should speed development in this area. 

Researchers in tissue and cell culture programs should 

continue to associate themselves with forest geneticists and tree 

improvement scientists, both to capitalize on their knowledge, and 

to gain insight into what problems are of greatest importance. 

Alternative uses of tissue and cell culture, which do not depend 

on the ability to regenerate complete plants from unorganized 

tissues, should be applied to solve practical problems. Examples 

are screening of families for the ability to osmotically adj ust, 

an important strategy for drought tolerance (62), and screening 

for disease resistance in vitro (36). Tissue and cell culture 

methods can also be helpful to the physiologist and biochemist 

who may be attempting to understand some of the complexities of 

the intact plant. As an example, the environmental control of cold 

hardiness has been studied in cell cultures of Scots pine (42). 

It has been 20 years since the first report of adventitious 

bud formation on cultured conifer embryos (50). Of all the 

conifers of eastern North America that have been grown and 
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propagated in vitro, the most well developed is Loblolly pine. 
This species will provide a good model of how these laboratory 
methods can be developed and used in conjunction with tree 
improvement programs towards a practical end (56). I f tissue 
culture methods become important tools in loblolly pine tree 
improvement programs, and if economics permit, these same methods 
could soon be applied to other commercially important conifer 
species in eastern North America. 

Table 1. Summary of selected reports on Bud Induction from 
Embryonic Tissues 

species 

Pines 
Longleaf 

Slash 

Shortleaf 

Virginia 

Eastern 
white 

Scots 

Medium 

Gresshoff & Doy 

(38) 

Sommer & Brown 

(75) 
Gresshoff & Doy 

(38) 
Sommer & Brown 

(75) 
Gresshoff & 
Doy (38) 
Gresshoff & 
DOY (38) 
Murashige & 
Skoog (60) 

Shenk & 
Hildebrandt (69) 

Gresshoff & 
Doy (38) 

Growth 
Regulators 

BAP 4.4-22jJM 

NAA 10jJM 
BAP 4.4-22jJM 
NAA 0.5jJM 

BAP 4.4-22jJM 
NAA 10jJM 

BAP 4.4-22IJM 
NAA 0.51JM 
BAP 4.4-22IJM 

NAA lOIJM 
BAP 4.4-22IJM 

NAA lOIJM 
BAP 4.41JM 
TIBA 2IJM 
BAP 

zeatin 6.81JM 
NAA 0.051JM 

Reference 

(73 ) 

(75) 
(77 ) 

(17) 

(77 ) 

(17) 

(17) 

(58) 

(35) 

(44) 
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Growth 
Species Medium Regulators Reference 

Jack Gresshoff & BAP 10tJM (18) 
Doy (38) 

S2ruces 
White Durzan et al. BAP 10tJM (18) 

(27) 
Shenk & BAP 4tJM (68) 
Hildebrandt 2iP 4tJM 

(69) 
Black Schenk & BAP 4tJM (68) 

Hildebrandt 2ip 4tJM 
(69) 

Larch 
European Gresshoff & BAP 22tJM (47) 

Doy (38) 

Table 2. Summary of selected reports on Bud Induction from 

Mature Tissues. 

Species 

Balsam fir 

European 

larch 

Medium 

Romberge-r 

et al. (67) 
Romberger 

et al. (67) 
Litvay et 

al. (54) 

Litvay et 

al. (54) 

Growth 
Explant Regulator Reference 

dormant IBA 5tJM (9) 

vegetative buds 
vegetative IBA 5tJM (10) 

buds 

female stro- BAP 8.8tJM (12) 

bili, vege- IBA 0.5tJM 
tative buds 

female stro- BAP IOtJM (13) 

bili, vege-
tative buds 
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6. TISSUE CULTURE OF DOUGLAS-FIR AND WESTERN 
NORTH AMERICAN CONIFERS 

M. M. ABOEL-NIL 

1. INTRODUCTION 

Forests of the West Coast of North America contain a 

large share of the high value saw timber of the continent. 

In 1972, the total value of timber products harvested from 

the Pacific Coast region alone was about $3.0 billion; it 

followed at $2.1 billion in the Southern region, while the 

total for the U.S.A. was $6.3 billion (7). The projected 

soft wood supply from the Pacific Coast has dropped from 25.2 

billion feet in 1976 to 19.6 billion board feet by 2030 (7). 

The main cause for this decline was suggested to be the 

exhaustion of the old growth on forest industry lands, which 

cannot be offset by harvests from second-growth stands for 

several decades. A reversal of this trend should be attain

able by improved cultural practices, tree breeding and 

biotechnology applications (33). 

The Northwestern region of North America is character

ized by heavy rainfall and moderate temperatures which 

support the growth of dense forest stands in this vast 

region. A number of conifer tree species are growing in 

these forests, such as the Douglas-fir Pseudotsug~ menziesi~, 

Western hemlock Tsuga heterophylla, Western redcedar Thuja 

plicata, Coast redwood Sequoia sempervirens, true firs Abies 

spp., spruces Picea spp. and the pines Pinus spp. 

In this chapter, I shall review tissue culture and 

micropropagation of the major timber producing species of the 

West Coast; namely, Douglas-fir, Western hemlock, and Western 

redcedar. Other species, important for the Western North 



America such as: Sequoia spp. Pices spp., Pinus spp., are 

being discussed in other chapters. 

2. DOUGLAS-FIR 

2.1. Distribution 

Pseudotsuga menziesii (Mirb.) Franco, the most important 

timber species in the world (53), is a member of the family 

Pinaceae. It is one of the biggest trees, occasionally 

attaining a height of 75 meters on the West Coast and up to 

40 meters on the Rocky Mountains. Douglas-fir is one of the 

most common forest trees in North America, having a large 

north/south range of about 5,000 km. It has been introduced 

successfully into Europe, where it produced timber similar to 

the second-growth in North America (56). Douglas-fir is a 

fast growing tree, that is intermediately tolerant to adverse 

conditions within its habitat and produces more timber than 

any other species (53). 

2.2. Seed propagation 

Douglas-fir is naturally reproduced by seed. Male and 

female strobili open up during late winter and spring, about 

a year after their initiation as axillary bud primordia. 

Fertilization takes place about 10 weeks after pollination. 

Seeds develop throughout late spring and summer, and mature 

by August. For a complete review of the phenology and 

details of the life cycle of Douglas-fir, Allen and Owen's 

book (4) is highly recommended. 

Seed production is erratic because of environmental 

factors. Abundant seed crops have occurred in 2- to II-year 

cycles, which is CO!l1IT\on in many conifers. Variable seed 

production is complicating operational reforestation and tree 

improvement efforts. Douglas-fir seedlings are not adapted 

to being planted far in distance or elevation from their 

original sources. In 1966, tree seed zones were defined by 

the Western Forest Tree Seed Council (6) to assist foresters 

in collecting and planting seeds in their respective loca

tions. 
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2.3. Tree improvement 

Programs for genetic tree improvement are well in 

progress, by the USDA and some forest product companies in 

the Pacific Northwest. The intention is to identify superior 

trees for collecting first generation improved seed and 

scions for hybridization (33, 59). Details of one such 

program was discussed by Farnum, et al. (33), and also in 

Volume I in a chapter entitled, "Potential genetic gain 

through tissue cUlture." Farnum, et al. (33) found that the 

Douglas-fir productivity has increased about 70% over that in 

the natural forest on the same site class due to better 

silvicultural practices and genetic improvements. They 

predicted another large increase in productivity by optimiz

ing the tree growing environment and by using biotechnolog

ical means to manipulate tree genetics. 

2.4. Vegetative propagation 

Douglas-fir can be propagated by stem cuttings. How

ever, growth of Douglas-fir trees, that were propagated 

vegetatively by rooting of lateral branches, was plagiotropic 

(9, 16, 27, 51, 57, 61). Careful choice of genotypes and 

improved rooting techniques reduced plagiotropism and im

proves rooting capacity (9). Rooting potential of cuttings 

taken from up to 7-year old ortets is variable, and drops 

sharply afterward with aging of clones (9). This charac

teristic is a serious draw back to application of rooted 

cuttings in tree improvement because selection of superior 

clones is done at an adult age (52). A solution to this 

problem was envisaged through the use of sheared hedges (9, 

57), successive micrografting (28, 34), severe pruning to 

stimulate epicormic bud growth (15) and foliar application of 

cytokinins (2) • Hormonal treatments increased rooting 

percentages of some hard-to-root genotypes in certain seasons 

of the year (9, 12, 35, 46). Nevertheless, these advances 

in Douglas-fir cutting propagation technology are not suffi

cient to be of much use in tree improvement programs. 

Operational Douglas-fir reforestation is done by seed, 

which has certain limitations in applying accelerated tree 



improvement concepts. A higher genetic gain can be achieved 

by vegetative propagation of superior individuals, in which 

additive and dominant gene effects will be better maintained 

than with the seed propagation, which will capture only the 

additive gene effects (33). Another advantage of vegetative 

propagation is the considerable saving in implementation time 

and reducing or eliminating production seed orchards (54). 

For these reasons, major efforts have been directed into 

vegetative propagation of Douglas-fir (33, 52, 57). 

Micropropagation may overcome some of the problems 

associated with rooting of cuttings because morphogenesis is 

easier to control in vitro than in vivo. Micropropagation 

allows the use of precisely determined chemical and physical 

environments for growth and multiplication in which genes can 

express themselves without any environmental suppression. 

Tissue and cell culture allows for plant cells to fully 

express their totipotency, and thus offers the maximum 

potential for rapid multiplication rates. In addition, 

tissue culture offers the possibility of cryopreservation. 

This technique could provide long-term storage of Douglas-fir 

germplasm, and should be integrated into tree improvement and 

domestication activities to preserve unique and beneficial 

genes. Such genes may be needed in the future to breed for 

unique growth characteristics, and to maintain genetic pool 

diversity. Cryopreservation can also be used to prolong the 

physiological juvenility of a clone, while progeny tests are 

in progress. Once superior genotypes were identified, 

large-scale micropropagation of stored juvenile tissue could 

be resumed. 

2.5. Tissue culture 

Five decades ago, La Rue (47, 48) started culturing 

Douglas-fir embryos. Twenty-two years later, Blakely experi

mented with Douglas-fir callus initiated from the cambium, 

phloem and cortex of mature tree stem (10). The following 

year, Al-Talib and Torrey reported on the culture of 

Douglas-fir dormant buds and induction of callus (5). 

Substantial progress has been achieved since these early 
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experiments, specially in the last 10 years since Tsai Cheng 

developed a system for propagating Douglas-fir from cotyledon 

cultures in 1975 (20-). Re·finement of medium formulations and 

culture manipulations produced a number of technologies 

aiming at micropropagation and tissue culture of Douglas-fir. 

Various regeneration routes of organogenesis and embryo

genesis were reported using different types of explants of 

mature and juvenile specimens (1, 14, 18, 25, 36, 50). 

Advances in protoplast culture methods were also made to 

support possible implementation of genetic engineering 

techniques in tree improvements (44). 

In spite of these advances, commercial large-scale 

application of Douglas-fir tissue culture is not yet at hand. 

Conifers are a unique group of plants in terms of their 

growth habit, life cycle and natural ability to regenerate 

vegetatively. The empirical research approach, using tech

niques that were developed for angiosperms, proved to have 

limited potential in developing long-sought technologies for 

gymnosperms. In spite of many efforts, regeneration from 

callus and protoplast, a fast rate of multiplication, and low 

cost of extra vitrum establishment are still not yet possi

ble. 

2.5.1. Embryo culture. Embryo culture was the first 

approach used to study the morphogenetic potential of 

Douglas-fir using various media formulations (8, 47, 48). In 

vitro bud induction of Douglas-fir was reported first by 

Cheng 1975, on extracted embryos that were cultured on 

modified MS medium supplemented with 5.0 11M of 

indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA) 

combined with 0.5 to 1.0 roM N6-Benzyladenine (BA) or dimethyl 

allylamino purine (2iP) (20). Sommer, in 1975, induced 

adventitious bud formation on a medium low in nitrogen and 

phosphorous and containing 0.4 to 70 11M BA (60). Embryos 

formed callus when cultured on Linsmaier and Skoog's medium 

containing 5.3 to 10.6 11M naphthalene-I-acetic acid (NAA) and 

4.4 ]..11-1 BA, and then formed adventitious buds (17). Exposure 

to 660 nm light at 0.42 mW/ cm 2 stimulated adventitious bud 



induction on cultured embryos, while. blue light (420 to 

467 nm) and near U.V. (371 nm) had no effect (40). 

Rooted plantlets were obtained by Cheng using a 3-step 

embryo culture method (20). 1) Embryos were cultured on 

modified Murashige and Skoog's medium containing 5 ~ of lAA, 

lBA, 2iP and BA. After cell division was initiated in about 

four weeks, embryos were irrigated with a sterile medium 

solution containing 0.5 - 1. 0 roM BA. 2) Buds elongated into 

shoots on half-strength medium devoid of growth regulators. 

3) Elongated shoots were rooted on the same medium containing 

0.5% sucrose and IBA. 

2.5.2. Callus and cell suspension culture. Callus was 

easily initiated from various types of explants such as whole 

embryos (17), excised cotyledons (43) cambium, phloem and 

cortex (10, 37), buds (5, 68), stem segments (66), shoot tips 

(14), and needles (68). Winton induced callus from 4- to 

5-year-old stem segments on Brown and Lawrence's medium 

supplemented with 142.0 l-lM lAA or from 0.25 to 26.5l-l._H NAA 

combined with 0.4 to 4.4 l-l1-1 BA. Douglas-fir cell suspension 

grew and doubled in volume weekly, while callus had died on 

agar solidified medium (66). Kirby studying nitrogen metabo

lism, initiated callus from cotyledon cultures on MS medium 

containing 15 l-lM NAA and 0.5 11M BA and found that organic 

ni trogen increased cell suspension growth rate. Glutamine, 

at 50 roM, increased cell dry weight, eliminated grow':h lag 

phase and caused cells to have a highly dense cytoplasm (43). 

High concentrations of NAA or 2,4-dichlo=ophenoxy acetic 

acid (2,4-D) were used to maintain cell cultures growing in 

suspension (39, 43). Accumulation of phenolic compounds was 

observed in Douglas-fir cell suspension cultures even in 

presence of 2, 4-D. Colorless proanthacyanidins accumulated 

in the absence of 2,4-D, and cell growth was reduced (39). 

Reports of bud regeneration from subcultured, undiffer

entiated conifer calli or cells in suspension were limited. 

Douglas-fir embryos cultured on MS medium with 5.3 to 10.6 11M 

NAA and 4.4 l-lM BA produced green callus, and then buds (17). 

Subcultured cotyledon, needle and stem explant callus 
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regenerated buds at low frequency when grown on a medium 

containing an auxin and a cytokinin (68). 

2.5.3. Organogenesis of cultured tissues and organs. 

Embryo culturing was found to be a tedious process which 

yielded only a small number of buds because the embryo has a 

limited amount of organogenetic tissue. Organ culture 

systems were developed to overcome these problems. Direct 

formation of adventitious and axillary buds was observed in 

cultures of various explants from juvenile and mature trees. 

2.5.3. 1. Culture of juvenile tissue. Regeneration of 

conifer trees from juvenile specimens has limited, applica

tions in commercial forestry. Unfortunately, most of the 

Douglas-fir micropropagation technologies were developed for 

juvenile tissues. This is due to difficulties in culturing 

tissues from adult specimens, which were experienced in early 

trials to culture Douglas-fir (13). Cotyledon explants of 

germinated embryos were used and shown to be highly regenera

tive (22, 23). The morphogenetic potential of cotyledon 

segmp.nts was very variable from one genotype to the other (3, 

60) • A positive correlation was found between seed weight 

and ability of cotyledon cultures to form adventitious buds 

(3) • 

Detailed studies of Douglas-fir cotyledon cultures by 

Cheng (22, 25) indicated that adventitious bud induction is 

controlled by auxins and cytokinins. Optimum bud differen

tiation was induced by 5.0 ~M BA combined with 0.5 to 5.0 nM 

NAA or 2.5 to 5 ~M IAA and IBA. Adventitious buds originated 

from cells of epidermal and subepidermal cell layers in four 

distinct developmental stages: 1) meristemoid, 2) bud 

primordium, 3) early, and 4) late bud development (19). 

Synthesis of new low molecular weight proteins (16,000-20,000 

daltons) was found to occur as early as day two in vitro, and 

reach a maximum at the 4th day. The rate of this synthesis 

was consistently correlated 

leading to adventitious bud 

cuI ture method was designed 

with morphogenetic process 

development (38). A tissue 

for mass propagation of 

Douglas-fir. In this method the growing tissue was supported 



on a porous polyester fleece to facilitate and reduce the 

number of handling steps during culture media changing (24, 

25) . 

Juvenile leaves of in vitro grown Douglas-fir shoots 

formed adventitious buds on modified Gresshoff and Doy medium 

containing 0.26]..1M NAA and 44.0]..lM BA (55). Boulay (14) 

proposed a system for micropropagation of juvenile germinants 

based upon the following sequence. Adventitious bud induc

tion; a succession of axillary bud growth; elongation of 

these buds into shoots on hormone-free medium; and rooting of 

these shoots on a medium containing 49.0 ]..1M IBA. 

Seedling apices regenerated adventitious and axillary 

buds when cultured on Schenk and Hildebrandt's medium con

taining 4.4]..1M BA or 9 to 23]..1M zeatin (Z) combined with 

1.1 ]..1M 2,4-D or 1.3 ]..IMNAA. Auxin concentration was found to 

be critical since too high concentrations induced callus and 

lack of auxin led to death of the apex. Buds elongated into 

shoots when apices with bud clusters were transferred into 

liquid medium without growth regulators (50). Unexpectedly, 

many plantlings produced from cotyledon or seedling apices 

were plagiotropic (50, 64). 

Chromosome numbers of cells of seedlings and plantlets 

were determined from root tip squashes using Giemsa staining. 

Plantlets and seedlings had the diploid chromosome number of 

26. This study indicated that Douglas-fir plantlets produced 

from cultured cotyledon segments may have a stable chromo

somal complement typical of the species (70). Nuclear DNA 

contents of cells of cotyledon cultures and regenerated buds 

and shoots were measured and found to be stable around the 

2 C value, which was 

(G. Berlyn, pers. comm.). 

2.5.3.2. Culture of 

the normal range for seedlings 

mature tissue. Regeneration from 

mature genetically superior Douglas-fir trees is an essential 

requirement for large-scale application of tissue culture in 

forestry. Unfortunat.ely, the potential for vegetative 

propagation utilizing current techniques, declines with aging 

of the ortet. Technologies, that were developed for embryos 
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and juvenile seedling tissue culture, are not applicable to 

mature specimens. Empirical modification of the in vitro 

chemical and physical environment proved to be of limited 

value in morphogenetic induction of adventitious buds on 

mature Douglas-fir explants (69, and AboEl-Nil unpublished 

data) . If we assume that all meristematic plant cells are 

totipotent (62), then the non-response of mature explants 

suggests a strong suppression by chemical or physical fac

tor (s). A systematic approach to elucidate the complicated 

physiological interactions in maturing conifers requires 

integrated studies of phase change (13), rejuvenation (34), 

tree architecture (31), whole-plant morphogenesis (71) and in 

vitro cell and media interactions (43). 

Wochok and AboEl-Nil induced adventitious and axillary 

bud formation on denuded shoot tips of 64-year-old ortets, 

cultured on the same medium as used for cotyledon bud induc-

tion (69). Adventitious bud formation was observed at low 

frequency on the needles of mature Douglas-fir, excised 

immediately before flushing of the buds (Caruso and Cheng, 

pers. Comm.). 

Boulay (15 and his chapter in this volume) described in 

detail a micropropagatiQn process for mature Douglas-fir 

based upon culturing of flushing buds. Two principal factors 

affect the morphogenesis of cultured buds: 1) age of ortet, 

and 2) time of explanting. He found that explants from young 

trees grew faster than explants from old trees and that buds 

explanted just before bud burst were the most responsive. An 

in vitro pruning method was employed to stimulate the growth 

of axillary bud meristems by removing the apical meristem and 

needle primordia. This method produced from 3 to 10 shoots 

per dormant bud that was cultured on MS medium devoid of 

ammonium nitrate and containing 5 11M IBA. Cytokinins were 

not required for this process. Buds were elongated on the 

same medium with 0.5% activated charcoal and were rooted in 

vitro on a medium containing from 57 to 114 11M IAA and from 

5.3 to 26.5 11M NAA (15). 



A rejuvenation process was applied to ll-year-old ortets 

of Douglas-fir consisting of repetitive foliar spraying with 

0.88 ~M BA aqueous solution, six weeks before bud break. The 

treated trees developed axillary buds on the dormant bud axis 

before flushing. These axillary buds elongated on a shoot 

growth medium containing 0.1% activated charcoal and 5 ~M IBA 

(2) • 

Thompson and Zaerr (63) found that the high levels of 

ammonium and nitrate ions in MS medium were inhibitory to 

adventitious bud formation on shoot tips of Douglas-fir. 

Kinetin, Z and BA, but not 2iP were found to induce 

adventitious bud formation. Subsequent elongation of these 

buds was achieved on a modified MS medium devoid of any 

growth regulators. 

Recently, a method for shoot mUltiplication of mature 

Douglas-fir trees was reported by Gupta and Durzan (36). In 

this method, stem segments from lateral branches containing 

preformed buds were cultured on DCR basal medium without 

growth regulators. Buds, which flushed within 4-5 weeks, 

were excised and cultured on half strength DCR basal medium 

with 0.3% activated charcoal (DCR-l). On DCR-1 medium, buds 

elongated into shoots. Shoot mUltiplication was achieved by 

subculturing elongated shoots on DCR basal medium containing 

0.88 ~M BA. This is the first report on high frequency bud 

growth, multiplication and elongation of shoots from 20-60 

year-old trees. 

Evers (31) found that environmental parameters, media 

composition, and incubation conditions optimal for growth and 

morphogenesis of shoot initials of Douglas-fir, vary accord

ing to the stage of bud development and its topophysical 

position. Buds from trees older than two years show poor in 

vitro growth and have narrow optima for nutritional salts and 

growth regulators. 

2.5.3.3. Rooting and extra vitrum establishment. 

Rooting of Douglas-fir shoots has been a bottleneck in 

micropropagation technology. Although rooting of shoots has 

been achieved on an experimental scale (17, 25, 50, 64), 
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large-scale rooting of shoots from many genotypes was sporad

ic, occurred at low percentages and required a long incuba

tion time. Chalupa (17) rooted Douglas-fir shoots on a 

medium low in nutrient salts and sucrose and containing from 

o • 1 to O. 5 Jl M NAA. 

Boulay (15) found that 10-20% of the juvenile shoots 

rooted while shoots from 4-year-old trees did not root when 

cultured on rooting medium containing from 57 to 114 JlM IAA 

and from 5.3 to 26.5 JlM NAA. Cheng and Voqui (25) induced 

rooting at high frequency on elongated shoots cultured at 

19°C on a medium containing 1/3 strength MS salts, 0.5% 

sucrose and 0.25 JlM NAA. When shoots were incubated at 24°C, 

NAA induced basal callus formation instead of roots. 

Optimum conditions for rooting found by different 

researchers were not similar. Mapes, et al., (50) found that 

the best rooting medium for juvenile Douglas-fir shoots was a 

high salt medium with 3% sucrose and a low growth regulator 

content of 0.5 JlM NAA and 0.5 JlM 2iP. Rooting occurred in 

all clones with no obvious genotypical differences in rooting 

ability. 

Extra vitrum rooting was achieved by Chalupa in low 

frequencies when Douglas-fir shoots were dipped in a rooting 

powder containing 2.6 mM NAA, 4 mM nicotinic acid, and 30 JlM 

thiamine, then planted in perlite under mist and fed twice a 

day with mineral nutrient solution (17). Depending upon 

shoot size, genotype, rooting treatment, terminal bud dor

mancy and overall vigor, higher rooting frequencies (about 

50%) were achieved by utilizing a modified horticultural 

cutting-rooting procedure (32, 64). In this procedure, 

shoots were dipped in a commercial rooting powder and then 

planted in peat perlite mixture. Optimal rooting occurred at 

21°C air and 24°C soil temperature and 100% R.H. Rooting 

started at 6-8 weeks and was complete at 20 weeks. 

Transferring micropropagated plants from in vitro into 

extra vitrum is a critical step because plantlets usually 

have under-developed cuticles and stomata, which results in 

wilting in low humidity and bleaching in high light 



intensities. Roots formed in vitro are usally fragile and 

require careful handling during transplanting. Plantlets 

that were rooted extra vitrum were easier to transfer and to 

acclimatize to normal greenhouse growing conditions. 

Hardening off is achieved by gradual decreasing of humidity 

around plantlets when terminal growth resumes. This 

resumption of growth indicates successful establishment. 

Plantlets were grown in a horticulture soil mix in forestry 

containers to achieve the height and caliber required for 

field or nursery outplanting. 

2.5.4. Field Performance. Field survival of micropropa

gated orthotropic plantlets was higher than the survival of 

plagiotropic ones or rooted cuttings. Orthotropic plantlets 

were similar to seedlings in morphology and growth rate after 

three growing seasons in the field. Plagiotropic plantlets 

recovered and grew orthotropically sooner than cuttings 

(Ritchie, pers. corn.). These observations indicated the 

survial of extra vitrum established plantlets is not a major 

concern in the implementation of this technology. Uniformity 

among ramets and stability of characteristic growth para

meters of the ortets are currently being studied. 

2.5.5. Embryogenesis. Slow multiplication rates and 

high cost of production are two serious problems facing 

Douglas-fir micropropagation via organogenesis. Somatic 

embryogenesis offers a significant advantage to large-scale 

implementation of micropropagation in forestry. In embryo-

genesis a bipolar, ready to germinate embryo is formed, a 

process that will achieve a substantial reduction in produc

tion cost and complete rejuvenation of produced propagules 

(I). Techniques for growing cell suspension in shake cul

tures are well developed and were used to grow large volumes 

of Douglas-fir cell cultures at the Institute of Paper 

Chemistry in Wisconsin (49). Durzan (29) calculated that if 

80% of Douglas-fir cells in suspension would regenerate 

plants by embryogenesis, only 100 liters of culture would 

reproduce enough seedlings in a period of three. months to 

reforest 100,000 acres. 
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Embryo-like structures have been observed in Douglas-fir 

cell suspension cultures (30) and cotyledon cultures (1). 

The broad spectrum approach to systematic medium development, 

combined with an analysis of the nutrient solutions 

surrounding developing embryos, were used with encouraging 

early results by Verma, et al. (65). Durzan (30) found that 

transferring Douglas-fir cell suspension cultures into a 

liquid medium with a low calcium and NAA concentration, and 

devoid of nitrates induced globular and torpedo-shaped 

embryoids. Direct embryoid formation on cultured cotyledon 

segments was induced on MS medium supplemented with 5.3 ]1M 

NAA or 4.5]1M 2,4-D and no cytokinin (1). Histological 

examinations showed a well-developed vascular system, a 

radicle at one pole, and a chlorophyllous enlargement at the 

other pole, indicating well-structured bipolar embryoids. 

Complete plant development from embryoids has not been 

achieved yet. 

2.5.6. Protoplast c~lture. Substantial yield improve

ment in Douglas-fir plantations is expected through biotech

nological manipulations of the genetic make-up (33). Efforts 

in Douglas-fir domestication can be greatly facilitated by 

advances in cell selection, regeneration from protoplasts, 

somatic hybridization and genetic transformations (44). 

Successful isolation of Douglas-fir protoplast from 

callus cells was by Winton, et al., (67). Protoplast isola

tion and callus regeneration was achieved by Kirby and Cheng 

(45), using cotyledon segments that had been pre-treated on a 

bud induction medium containing auxin and cytokinin. This 

pre-culturing of cotyledons was essential to change the 

physiological state of the tissue to one that favors produc

tion of a large number of uniformly sized protoplasts. The 

best enzyme mixtures contained cellulase and pectinase at 

concentrations up to 2.5% w/v in bud induction medium supple

mented with sorbitol or mannitol to adjust the osmolarity. 

The protoplast were then washed with the same medium without 

enzymes but containing 120 ]1M glutamine. Subsequently, they 

were cultured on the surface of a non-woven polyester fleece 



to generate cell walls, dividing cells and callus colonies 

(42) . 

3. WESTERN HEMLOCK 

Tsuga heterophylla (Ratn.) Sarg, is the tree following 

the Douglas-fir in importance in the west. It grows along 

the coast from southern Alaska to northern California, and is 

particularly abundant in the damp rainy areas of the north

west (53). It is a tall tree, frequently reaching a height 

of 45-60 meters and a diameter of one meter or more (56). 

The tree is highly tolerant to adverse conditions, and grows 

rapidly. Western hemlock produces an abundant seed supply, 

which is being used for commercial reforestation. Rooting of 

hemlock cuttings is easy and is not affected by age as in 

Douglas-fir and some other conifers (16). A number of tree 

improvement programs were initiated in the Pacific Northwest 

and British Columbia. Higher levels of genetic gain are 

expected for planted selected clonal propagules than for 

selected seed families, which emphasizes the importance of 

vegetative propagation (54). 

3.1. Tissue culture of western hemlock 

Cheng, in 1976, (21) developed a micropropagation system 

for western hemlock that produced adventitious buds on 

embryos or cotyledons on the Douglas-fir bud induction medium 

supplemented with 5.0 )lM BA and 2.5 )lM IAA and IBA. These 

buds elongated into shoots on the same medium devoid of 

growth regulators and containing activated charcoal. Rooting 

was achieved on low salt medium containing 0.5% sucrose and 

0.25 )lH NAA or extra vitrum in a non-sterile peat and vermi

culite mixture. 

4. WESTERN RED CEDAR 

Thuja plicata Donn., also known as "arbor vitae," 

belongs to a group of evergreen conifers with tiny scale-like 

leaves. They are commonly called cedar, but since they 

belong to the Cupressaceae they are not true cedars. Western 

redcedar is an important timber tree in British Columbia and 
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the Western United States. Its wood is exceptionally light 

in weight and hic:rt.ly resistant to decay (53). It produces 

large numbers of rapidly germinating seeds and fast-growing 

seedlings. Natural vegetative reproduction, probably by 

rooting of drooping basal branches, has been observed (58). 

Nursery production, for commercial reforestation and for 

landscape ornamental use, is by seed 

4.1. Tissue culture of western red cedar 

Harvey and Grasham, in 1969, (37) initiated callus 

cuI tures from the cortex of mature tree stems on Harvey I s 

medium with 138 mM glucose, a mixture of amino acids, and 

5.3 11M NAA. 

Methods for successful micropropagation of Thuja plicata 

juvenile and mature trees were developed by Coleman and 

Thorpe in 1977 (26). Their technique followed four distinct 

steps: 1) meristemoid induction, 2) bud differentiation, 3) 

bud elongation into shoots, and 4) rooting of shoots. 

Cotyledon explants produced multiple dome-like swellings 

after 3-6 weeks on MS medium containing 1.0 11M BA with 0.1 11M 

NAA. Buds were formed on the surface of the dome-shaped 

meristemoids. These buds elongated into shoots in about 4-8 

weeks. Rooting of these shoots was induced by first cultur

ing them on half strength MS medium containing 50 11M IBA, and 

then transferring them extra vitrum into peat and vermiculite 

mixture. These rooted shoots have grown in the greenhouse 

and formed mature scale-like leaves similar to those of 

sexually produced seedlings. 

Multiple adventitious and axillary buds were induced on 

lateral shoot tips of mature trees after 6-8 weeks on MS 

medium containing 50 11M BA and 0.1 11M NAA. These buds were 

elongated and rooted under the same conditions as the juve

nile shoots from the cotyledon cultures (26). 

The effect of different growth regulators on ~lestern 

redcedar in vitro was studied. Application of GA3 to coty

ledons inhibited bud differentiation, while application to 

cultured shoot tips induced male strobili instead of adven

titious buds (26). 



5. CONCLUSIONS AND DISCUSSION 

In the west of the North American continent, one cannot 

over-emphasize the value of conifers to the forest product 

industry and the economy of the region. Efforts to improve 

yield are progressing on many fronts, including the develop

ment of better silvicultural practices and tree improvement 

by breeding and biotechnology (33). Vegetative propagation 

combined with tree breeding, is expected to playa major role 

in improving the yield of well-managed forest plantations. 

During the last ten years, tissue culture of 

Douglas-fir, Western hemlock, and Western red cedar has 

attracted the interest of many researchers, and a substantial 

progress in micropropagation techniques has been achieved. 

Methods for reproducible regeneration via organogenesis of 

embryonic tissues explanted from juvenile specimens have been 

developed. However, application of micropropagation tech

niques in forest tree breeding and genetic improvement, still 

suffers three serious deficiencies: 1) the low reproduction 

efficiency and high cost, 2) the difficulty to apply the 

techniques to mature trees, 3) regeneration from callus and 

cell suspension, a prerequisite for research on genetic engi

neering and biotechnology is still not possible (44). It is 

obvious, when assessing the potential and perspective of in 

vitro techniques to mass clonal micropropagation of forest 

trees, that the optimism of early workers (25, 29, 41) must 

cautiously be re-evaluated. 

Hajor research problems have not yet been adequately 

addressed and progress is still lacking in areas such as: 

haplogenesis, regeneration from callus, selection at cell 

level, embryogenesis, plagiotropism and phase change. Some 

of these problems, e.g., plagiotropism have a serious impact 

on all applications of conifer micropropagation, others such 

as our present inability to induce haplogenesis for the 

production of homozygous lines may be less important. 

Whole-plant morphogenetic studies (71), instead of in vitro 

morphogenesis of excised organs, tissues and cells, may lead 

to a better understanding of factors affecting morphogenesis. 
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This could subsequently lead to the development of a success

ful means of in vitro differentiation and regeneration. New 

and innovative approaches have to be found in order to solve 

these complicated and inter-related problems, before research 

on conifer tissue culture will lead to technologies that are 

applicable in commercial forestry. 
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7. LOBLOLLY PINE: MICROPROPAGATION, SOMATIC EMBRYOGENESIS 

AND ENCAPSULATION 

P.K. GUPl'A, D. SHAW and D.J. DURZAN 

1. INTRODUCTICN 

Tissue culture in loblolly pine (Pinus taeda) has historically 

been viewed as a pranising method for effective and econanical vegeta

tive propagation or micropropagation of this species. The potential 

value of reforestation using vegetative propagules of loblolly pine is 

well-docurnented (1,5). Briefly, the principal advantage conferred by 

micropropagation is that plants can be selected for superior perfor

mance that results fran additive and non-additive genetic effects. 

Conventional seedling-oriented methods can effectively utilize only 

additive genetic variation. The presence of substantial non-additive 

genetic variation for important characters, such as volume production, 

are recognized by the numerous, ongoing tree improvement programs 

throughout the southeast U.S. (6,15). Use of such variation might 

improve yield by 5-10% above that provided fran conventional methods 

(5). Experimental results obtained so far also suggest opportunities 

for improvement of quality and disease resistance characters. In this 

chapter we extend micropropagation to include sanatic anbryogenesis and 

encapsulation. 

2. MICROPROPAGATION VERSUS ROOTING OF CUTl'INGS 

Tissue culture as a production method of vegetative propagation 

has attracted the attention of industry largely due to perceived 

difficulties encountered with altemative methods -- notably rooting of 

cuttings. However, recent advancements in loblolly pine rooted cut

tings research (16), and sane very effective econanics-based arguments, 

have reinitiated a broad interest in rooted cuttings as an operational 

production method. 'l'herefore, improvements in technology, together 

with econanic considerations and a number of problems encountered in 
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field trials of cotyledon-derived plantlets (1) have led to a reevalua

tion of ("'Urrently available methods of tissue culture as an operational 

propagation tool. Nevertheless, there is a powerful incentive for 

micropropagation of loblolly pine, because of its potential for genetic 

and epigenetic manipulation. Proponents of genetic engineering have 

recently been encouraged by daronstrations of genetic transfonnation of 

pine using Agrobacterium (see, Sederoff, Volume 1). Methods for the 

clonal micropropagation of loblolly pine are available fram the article 

by Amerson et al., (1). 

Epigenetic manipulation of juvenile and mature characteristics 

using micropropagation has been demonstrated in loblolly pine. The 

canbination of tissue culture methods with cultural and plant growth 

regulator treatments has resulted in apparently-juvenile plantlets from 

older materials (2 and Franclet, Volume 1). However, the opposite 

response (production of apparently mature plantlets) has been reported 

for cotyledon-derived plantlets (1). Field testing of apparently-juve

nile plantlets is needed to confirm that they will remain juvenile. 

Despite these confusing discrepancies, results suggest that 

manipulation of maturity is feasible with appropriate treatments at 

least for some species (10). 

Accumulation of experience with rooted cuttings and micropropa

gated plantlets has resulted in sane interesting similarities in 

problems encountered. For example, the cormonly observed clonal 

variations in response to rejuvenation and micropropagation may be 

paralleled in rooted cuttings by genetic variation in rooting potential 

(8,16). Such genetic variability reduces our ability to make direct 

use of highly field-tested genotypes of seedling origin. However, a 

cormon solution for p1antlet and cutting programs may be to use only 

populations that have been selected to perform in vitro or to root 

respectively. A second parallel with micropropagation is evident from 

the growing concensus that many problems in field performance of 

loblolly pine plantlets and cuttings result from, and may be overcome 

by the post-rooting conditioning process (7). The message from the 

above discussion is that biotechnologists would do well to consult with 

more traditional horticulturists and foresters, and vice-versa. 



FIGURE 1 White mucilaginous embryogenic mass develops around the 
f€!llale garnetophyte (FG) on a MS-2 medium after 25 days in 
culture, XB. 

FIGURE 2 Growth of polyembryogenic mass after subculture on MS-3 
medium, XB. 

FIGURE 3 Early stages of growth of sc:rnatic polyembryos on MS-3 medium 
(8 = suspensor, e = embryonal end) after 12 days in culture, 
X20. 

FIGURE 4 Development of globular embryos after three subcultures on 
MS-4 medium X8. 

FIGURE 5 8anatic embryos with multiple cotyledons on N8-1 medium with 
100 mg/l inositol after 60 days in culture. 

FIGURE 6 Plantlet on MS-1 medium with 100 mg/l ~inositol and 2.5% 
activated charcoal and without organic nitrogen (CH and gln) . 

FIGURE 7 Loblolly plantlets transferred to soil with the production of 
new shoot gr<Mth (ca. 5 em height) after 3 months. 

FIGURE 8 Encapsulated sc:rnatic embryos after 2 months storage at 4 + 
1°C in the dark. Embryos r€!llain viable and produce 
chlorophyll when returned to light. 
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3. Sa1ATIC EMBRYOGENESIS 

Sanatic embryogenesis (14) and more specifically sanatic 

polyembryogenesis has been repvrted in pinus sp. (11) • This 

alternative clonal method is now feasible using mature stored seeds. 

It will be useful especially where controlled crosses are available and 

where seed material is scarce. The clonal populations represent the 

:i.nproved, hybrid generation because individuals are derived fran the 

suspensor-embryonal mass of developing and mature embryos. 

sanatic polyembryogenesis in loblolly pine has been achieved using 

protocols developed for sugar pine. The principal limiting factor is 

the conversion of well-developed sanatic embryos to plantlets of 

suitable size and condition for outplanting. Thus far, the efficiency 

of conversion has been low, although the entire process is very new. 

More data are needed to verify the initial observations. 

Nevertheless, sanatic polyembryogenesis offers the potential for 

a cellular cloning cycle with numerous advantages, including: rapid 

mass propagation (e.g. we have observed 1057 sanatic embryos in 100 ml 

of liquid culture medium), ease of handling by hydrodynamic methods, 

possibilities for artificial seed production (by encapsulation) and 

ease of genetic modification. We hope to apply many of the methods of 

agricultural microbiology to capture genetic gains, introduce new 

genetic variation and reduce risks in clonal systems (4). 

The following provides an experimental protocol for sanatic 

polyembryogenesis in loblolly pine. 

3.1. Explant 

1) Remove seeds fran female cones collected 4-5 weeks after 

fertilization. 

2) Sterilize the seeds as follows: 1) treat the seeds with 0.1% 

(w/v) Linbro (detergent) for 5 minutes and then wash them 

with distilled water 3-4 times; 2) treat the seeds with 30% 

(v/v) HP2 for 10 min. and then wash them with distilled Hp, 

3 to 4 times; 3) sterilize the seeds with 0.1% (w/v) HgC12 

for 10 minutes and wash them in sterile vlater 8 to 10 times. 

3) Remove the seed coat and excise the female gametophyte with 

proembryo, embryo and suspensor. Inoculate all on MS-2 

medium (see below) and culture in the dark at 23°C. 



3.2. CUlture Medium1 

1) Basal medium (MS) (13) but modified to contain NH4N03 at SSO 

mg/l, KN03 at 4676 mg/l, thiamine·HCl at 1.0 mg/1. Other 

fonnulations are: 

MS-1: half-strength MS with casein hydrolysate (CH) (SOO mg/l 

Difco casamino acids), L-g1utamine (gln) (4S0 mg/l), ~in

ositol (1000 mg/l), sucrose 3%. 

MS-2: MS-1 + 2,4-D(S x 10-S M) + KN, 

MS-3: MS-1 + 2,4-D(S x 10-6 M) + KN, 

MS-4: MS-1 + NAA (1 x 10-6 M) • 

BAP (2 x 10-S M) • 

BAP (2 x 10-6 M) • 

Adjust all media to pH S.7 with KCl and KOH, add Bacto agar 
. -2 ° 

0.6% (w/v) and autoclave (1·1 Kg em at 121 C for 20 min.). 

Incubate the culture in dark at 23°C. 

3.3 Culture procedures 

1) After S-6 weeks of culture a white embryonal-suspensor mass, 

develops around the female gametophyte. 

2) Transfer this mass (Fig. 1) to MS-3 medium. 

3) After 3-4 weeks the early stages of sanatic embryos will 

develop. Each embryo (Fig. 3) has elongated cells at one end 

("suspensor") and dense cytoplasmic cells with large nuclei 

at the embryonal end. 

4) Subculture this proliferating mass (Fig. 2) every 10-12 days 

on MS-3 medium. 

S) Transfer the mass to MS-4 medium. 

6) After 3-4 subcultures on MS-4 medium, globular embryos (Fig. 

4) will develop. 

7) Transfer these globular embryos to a filter paper support III 

MS-l liquid medium with a lower concentration of inositol 

(100 mg/l). Transfer to continous light (S·O, 2·0, 0·5 \lW 

em-2 run-1 in the blue, red and far-red spectrum) and 24 to 
2SoC . 

8) After 7-8 weeks the sanatic embryos will elongate and develop 

multiple cotyledons (Fig. S). 

12,4-D 2,4-dichlorophenoxyacetic acid, KN kinetin, BAP N6-benzyl

adenine. 
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9) Transfer the developed embryos to MS-1 basal agar medium with 

0.25 (w/v) activated charcoal (E. Merck), 7% sucrose, and 100 

rng/l inositol, but without CH and glu. 

10) Within 5-6 weeks carplete plantlets (Fig. 6) develop fran the 

somatic embryos. 

3.4. Cytological staining 

Nonembryogenic - embryogenic cells can be distinguished fran each 

other and fran callus by a double-staining method. First, excise the 

embryonal-suspensor mass and submerge it in a few drops of 1% (wv) 

acetocarmine on a glass slide. Heat for few seconds over a flame and 

wash the cells with medium. Second, stain the cells with 0.5% EVan's 

blue for a few seconds and wash with medium. Embryogenic cells stain 

bright red, suspensors and nonembryogenic cells stain blue. 

3.5. Planting 

Transfer the plantlets to pots containing sterile peat xross, 

vermiculite and perlite (1:2:1 w/w/w) and place them in a 

greenhouse or nursery (Fig. 7). 

3.6. Encapsulation for production of artificial seeds 

Separate sanatic embryos grClW'ing on MS-4 medium. Dip each embryo 

in a drop of sterile 1% sodium alginate and stir this drop in 100nM 

Ca(N03) 2 for 5 minutes. Wash the alginate drops containing encapsu

lated sanatic embryos 4-5 times with sterile water to ranove excess 

Ca(N03) 2. Store them at 4±-1°C in carplete darkness. After storage for 

50-60 days, transfer the embryos to light where they will produce 

chlorophyll after 6 to 10 days (Fig. 8). All embryos remain viable 

under these conditions. Studies are in progress to obtain plantlets 

from encapsulated somatic embryos. 

4. DISCUSSION 

Somatic polyembryogenesis has been achieved with Picea abies (12) 

sugar pine (11) and Douglas-fir (unpublished). As with other methods 

for tree illlprovanent (e.g., use of polyploids and nrutations, isozymes) 

it is likely that cell and tissue culture will aid classical breeding, 

testing and selection methods. While the successful application of new 

technologies may be limited only by the llnagination and rigor with 

which we apply them, we nrust not be overcane by the temptation of 

silllple solutions to difficult problems. 



Most genetic characters that possess economic value are quantita

tively inherited and are not subject to improvement by presently 

available gene transfer technologies. The effective application of 

gene transfer technolgies will require a kncMledge of plant biochem

istry and physiology that is not available yet for forest species. In 

this context, our laboratory, in cooperation with Dr. A. Dandekar nOW" 

has evidence for transformation and foreign gene expression in t\.lll1Or 

callus from micropropagated shoots from a 60-year-old elite Douglas

fir. Transformed cells displayed autotrophic grOW"th in culture, 

synthesis of octopine and expression of a chirneral, bacterial, kanamy

cin resistance gene as demonstrated by presence and expression of 

aminoglycoside transferase activity (A. Dandekar, D.J. Durzan, P.K. 

Gupta, submitted for publication). This work enhances the potential of 

clonal systems employing somatic embryogenesis as described for lob

lolly pine. 

Frampton et al. (9) have developed a fusifonn rust-screening 

method based on the inoculation and scoring of excised embryos, which 

may result in an effective index of genetic resistance. It should be 

possible to produce clonal plantlets from the selected embryos by 

somatic polyembryogenesis. In serne cases, plantlets derived frorn 

embryos could be sheared and rapidly propagated as rooted cuttings. 

The selected genotypes would be further tested using presently 

available greenhouse inoculation methods (3) or outplanted for field 

evaluation. After final screening, selected clones could be propagated 

for production plant:iJ:lg or be infused into more traditional breeding 

programs. 

In sunmary, programs that integrate the best of new and conven

tional genetic improvement methods are the most likely to be success

ful. An integrated future program might involve: conventional 

breeding, testing ffild selection; rejuvenation and rapid early propaga

tion with plantlets of tissue culture origin; transfer of plantlets to 

a hedge orchard and even propagation by rooting of cuttings. 

While the most appropriate technologies for loblolly p:iJ:le have yet 

to be defined, those available already offer promising avenues. Due to 

the advanced development of both conventional and laboratory methods, 

combined programs may be feasible earlier for loblolly pine than for 

any other North American conifer. 
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8. IN VITRO CULTURE OF CRYPTOMERIA CALLUS AND ORGANS 

H. ISIKAWA 

1. INTRODUCTION 

It is generally accepted that the genus Cryptomeria has only 

one species, Cryptomeria japonica, which occurs naturally from 

latitude 40°42' N to latitude 30°15' N and from 0 to 2,050 metres 

above sea-level in Japan. Cryptomeria in Japanese forestry is a 

most useful coniferous tree, supplying high-grade quality timbers 

for wooden houses. 

In some regions of Japan, Cryptomeria has long been propagated 

by cuttings. Trees thus produced are used in the production of 

squared columns or polished small logs of high quality, mainly in 

several particular regions. Superior cultivars are selected on the 

basis of stem form or special wavy surface patterns on the stem. 

Foresters also found rapidly growing trees in other regions, 

and succeeded in vegetative propagation of these. Recently about 

49,000,000 cuttings of Cryptomeria have been produced per year. 

The area reforested by cuttings is nearly 12,000 ha in total, 

while the area reforested by seedlings covers about 48,000 ha. 

In the near future selected trees resistant to insect pests, 

cold and snow damage will be propagated by cuttings and by sexual 

crossing. In vitro micropropagation techniques may provide a use

ful tool for propagation of some superior clones having poor 

rootability. 

2. IN VITRO CULTURE OF CALLUS 

Callus of Cryptomeria consistently showed better growth on 

Wolter and Skoog's medium (WS) (7) than on Murashige and Skoog's 

medium (MS) (5). The callus is generated originally on the cut 

surface of the basal part of cuttings of the youngest shoots from 
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the crown of mature trees (Fig. 1), or on the basal cut surface of 

hypocotyls cultured on the WS medium supplemented with naphthale

neacetic acid (potassium salt) (NAA) or indolebutyric acid (sodium 

salt) (IBA) (Fig. 2). 

With 10-5 M NAA and 10-6 M or 8xlO-6 M N6-benzylaminopurine 

(SAP) supplements, the cultured callus formed roots, but not 

shoots or plantlets (Fig. 3) (4). 

3. HYPOCOTYL CULTURE 

Adventitious buds were generated in cultured Cryptomeria hypo

cotyl cuttings on WS medium (2, 3, 4). Hypotyl cuttings were ob

tained from 2-week-old seedlings grown from seeds under aseptic 

conditions. The seeds were sterilized with a 0.2% aqueous solution 

of Uspulun (methoxyethylene mercury chloride 4.2%, sodium bicarbo

nate 93.8%, coloring matter 2%) in a beaker on a magnetic stirrer 

at. slow speed for 17 hrs. The culture medium contained the WS 

mineral constituents with the following additions: 0.1 mg/l thia

mine, 0.5 mg/l of nicotinic acid, 100 mg/l of meso-inositol, 2 

mg/l of glycine, 10 g/l of agar and 20 g/l of sucrose. The pH of 

the medium was 5.4 without adjusting after autoclaving. 

Bud formation was promoted by the addition of BAP to this 

medium (Fig. 4) (3, 4). 

4. EMBRYO CULTURE 

Embryo culture of C. japonica in various media was studied 

(4, 6). The WS medium at 1/3 concentration, or Harvey and Gras

ham's medium (1) at 1/3 concentration was suitable for culture of 

Cryptomeria embryos. On the MS medium, even without NAA, the 

embryos developed into calluses. 

5. IN VITRO CULTURE OF SHOOT APICES AND AXILLARY BUDS 

Shoot apices and axillary buds of about 10-year-old trees of a 

famous cultivar named BOKA-SUGI were cultured (4). 

5.1. Culture of shoot apices 

Cuttings, 3 cm long, of shoot tips were surface sterilized in a 

0.1% benzethonium chloride solution and brushed for 15 min while 

submerged in this solution. Then they were transferred to a 0.1% 
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corrosive sUblimate solution. Finally they were rinsed by steri

lized water. Shoot apices were exposed by removing the juvenile 

needles surrounding them with tweezers. Small tips of 1 mm in 

length, including the shoot apex, were excised from the cuttings. 

After excision the apices were put on the WS ager.medium and expo

sed to 1,900 lux of white fluorescent light for 14 hr/day at 

25°C. 

As shown in Fig. 5, culture of the shoot apices on a medium 

supplemented with 0.1-1.0 mg/l IBA or 0.1-10.0 mg/l 2,4-dichloro

phenoxyacetic acid (2,4-D) resulted in vigorous callus formation 

at the base of the shoot apex. 

5.2. Culture of axillary buds 

Sterilized cuttings, 3 cm long, were cultured on the same 

medium that was used to culture the shoot apices. A few axillary 

buds elongated at axillae of the top part of the cuttings, and 

reached 2-3 cm in length after 8 to 10 months exposure to condi

tions that were the same as those used for the apices (Fig. 6). 

Cuttings taken from shoots derived from axillary buds formed 

adventitious roots at the base of the cuttings after 1 to 3 months 

on medium supplemented with 0.3 mg/l IBA (Fig. 7). Two years after 

transfer of the rooted shoots to a potting medium they were plan

ted in the field. 

6. CONCLUSION 

£. japonica is a responsive species in vitro. In particular the 

fact that regeneration has been obtained from explants from mature 

trees is encouraging. It still remains to be determined if this 

regeneration is true-to-type. If this would be the case for all 

cultivars, methods for large scale clonal propagation of selected 

superior trees could probably easily be developed. 

7. REFERENCES 

1" HARVEY AE, JL GRASHAM 1969 Procedures and media for obtaining 
tissue cultures of 12 conifer species. Can J Bot 47: 547-549 

2. ISIKAWA H 1974 In vitro formation formation of adventitious 
buds and roots ortthe hypocotyls of Cryptomeria japonica. Bot 
Mag Tokyo 87: 73-77 

3. ISIKAVlA H 1978 Effects of cytOkinin and morphactin on bud 
generation from Cryptomeria and Chamaecyparis hypocotyl seg
ments cultured in vitro. In Akihama T, Nakajima K, eds, Long 



112 

Term Preservation of Favorable Germ Plasm in Arboreal Crops. 
Fruit Tree Res Sta, Tsukuba, pp 142-147 

4. ISIKAWA H 1984 In vitro culture of forest tree calluses and 
organs. JARQ 18:-r31-141 

5. MURASHIGE T, F SKOOG 1962 A revised medium for rapid growth 
and bioassays with tobacco tissue cultures. Physiol Plant 15: 
473-497 

6. SATO T 1978 Search for the synthetic media suitable for embyo 
culture of cryptomeria and japanese black pine. J Jpn For Soc 
60: 81-86 

7. WOLTER K, F SKOOG 1966 Nutritional requirements of Fraxinus 
callus cultures. Am J Bot 53: 263-269 

8. FIGURES 

FIGURE 1. Callus formation at the basal cut surface and the basal 
region of a cutting of a branchlet from the crown of a mature 
Cryptomeria tree. Ca = callus. 
FIGURE 2. Callus formation in the test-tube at the basal cut sur
face and the basal region of a Cryptomeria hypocotyl segment. 
Hy = hypocotyl, Ca = callus. 
FIGURE 3. Adventitious root formation in the cultured callus on WS 
medium supplemented with NAA and BAP. Ro = root. 
FIGURE 4. A Cryptomeria hypocotyl segment with buds formed on WS 
medium supplemented with BAP. Ad = adventitious bud, hy = hypo
cotyl. 
FIGURE 5. A shoot tip with vigorous callus formation from the 
basal cut surface. Sh = shoot tip, Ca = callus. 
FIGURE 6. Two shoots derived from the axillary buds of cuttings of 
a branchlet from the crown of a mature Cryptomeria tree. Sh = 
shoot. 
FIGURE 7. Root formation on a shoot derived from the axillary bud 
in the test-tube. Ro = root. 
FIGURE 8. Two year old plants grown from the rooted shoots shown 
in Figure 7, ready to be planted in the field. 
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9. VEGETATIVE PROPAGATION IN VITRO OF CUNNINGHAMIA LANCEOLATA 
(LAMB.) HOOK. 

C. BIGOT and F. ENGELMANN 

1. INTRODUCTION 

In vitro mass propagat10n of trees of highest quality and rapid 

growth probably will become one of the main tools to improve 

forest productivity in the next 20 years (9). Today's forests are 

largely plant associations which are only partially accessible to 

genetic control and agricultural practices. Among species with a 

great potential for productivity, the gymnosperms are well repre

sented. So far about 20 of them have been studied for their in 

vitro performance and their capacity to give viable and true-to

type plantlets (14). 

In the Taxodiaceae family, only Sequoia sempervirens has been 

the object of extensive research aimed at 1nducing mass propaga

tion in vitro (2, 13). However, in vitro propagation of another 

economically important member of the same family, Cunninghamia 

lanceolata, has not yet received the attention it deserves. This 

species is of common occurrence in large natural forests of east

ern Asia, especially China, and has been successfully introduced 

1nto Africa, Brazil, and Malaysia. In Europe, only a few specimens 

are available in arboreta. In China it 1S used extensively for 

reforestation; it grows fast (up to 25 m high with a trunk 

dlameter of 2 m ln 20 years) and is of excellent quality for tim-

ber and pulp and paper manufacture. 

Nevertheless, some ecological factors such as heliophily, a 

requirement for high rainfall (1500 mm/year), and siliceous clay 

soil with good drainage, limit its reforestation potential. 

The ability to produce shoots from the base of the trunk is a 

remarkable characteristic of Cunninghamia, which is only rarely 

reported for other conifers (i. e., Sequoia sempervirens, Pinus 

rigida). These stump sprouts can be used in a short rotation 
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system of clonal propagation similar to that used for some hard

wood species (Eucalyptus, poplars). 

Because of marked heterozygosity, conventional propagation 

through seeds gives rise to a heterogeneous population, and in 

vitro propagation has, therefore, been considered as an alterna

tive to multiply desirable genotypes. In the present study the 

organogenetic potential, the rooting ability of shoots, and the 

growth habit after acclimatization of mature and juvenile material 

are compared. There are two phenomena associated with maturity 

that have, so far, rendered clonal propagation ineffective, i.e., 

the loss of rooting ability and the maintenance of plagiotropic 

growth. In vitro culture could be an experimental means to revert 

the material to juvenility, i.e., to an orthotropic growth habit, 

a juvenile morphology, and easy rooting (4, 6). 

2. MATERIAL AND METHODS 

In vitro culture has been started from 1) mature trees, grown 

in France for more than 50 years, selected for their resistance 

to cold (especially clone 78374), 2) the main stem of one 6-month

old tree (clone 78288), 3) seedlings raised from seeds from Brazil 

and Formosa. 

In the case of mature trees, the explants consisted of apical 

sections or stem pieces without needles taken from stump sprouts. 

Similarly the explants that were taken from the 6-month-old tree 

and the seedlings consisted of needle-free apical sections or stem 

pieces. The explants were disinfected for 1 min in 90% alcohol and 

then during 20-30 min (15 min for seeds) in calcium hypochlorite 

(100 g 1-1) and Tween 80 «l%oow/v ), and then were rinsed twice in 

distilled water. 

Murashige and Skoog's (12) mineral medium was used, with vita

mins (thiamine-HCl 10 mg 1-1, and myo-inosi tol 100 mg 1-1) and 

chelated iron (5 ml 1-1 of a solution obtained by dissolving 

7.45 g Na2EDTA and 5.57 g FeS04.7H20 in 1 litre of distilled 

water). This is called basal medium (BM), to which were added 

sucrose (30 g 1-1), activated charcoal (Merck 2186) in some 

experiments (2-3 g 1-1), a solution of growth regulators, and 

Bacto-Agar (7 g 1-1). The medium was poured into tubes and jars 

and autoclaved for 20 min at 110°C. 
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After adding the explants the tubes and jars were placed in a 

growth chamber where the following conditions prevailed: 16 h 

light (20 Wm- 2 provided b¥ a mixture of 40 W Phillips TL, Sylvania 

Grolux and True-lite Durotest fluorescent tubes), and 26°e ± loe 

day temperature and 22°e ± loe night temperature. In different 

experiments, subcultures were prepared at 4, 6, or 8 week inter

vals. Acclimatization was carried out at 20 0 e ± 2°e, 90% relative 

humidity in small plastic "greenhouses" (miniserres). 

3. RESULTS 

3.1. In vitro behavior of stem explants with emphasis on shoot 

production 

In all of our experiments, new explants were excised from a 

stock of mother plants kept under in vitro conditions on BM + 

activated charcoal and the auxins indoleacetic acid (IAA) (1-2 mg 

1-1), or indolebutyric acid (IBA) (3 mg 1-1). Each mother plant 

consisted of a small, rooted basal shoot cutting which had devel

oped basal shoots after two months in culture. The explants (1 cm 

long) were taken from the principal axis of these mother plants; 

the stock of mother plants was restored every 8 weeks by rooting 

cuttings taken from the apical zone of the main stem. 

Preliminary assays (not reported here) demonstrated that ben

zylaminopurine (BAP), with or without an auxin, stimulated the 

growth of axillary meristems of the needles (Fig. 1) . However, 

shoots (Fig. 2) that developed from these meristems did not elon

gate enough to root. This lack of rooting was subsequently over

come; firstly, by induction of axillary budding by supplying BAP 

for two months (Table 1); secondly, by elongation of shoots and 

production of more shoots by 2 months of subculture of BM supple

mented with charcoal and lAA 2 mg 1-1. Orientation of the explant 

on the medium was important because when placed horizontally three 

times more axillary shoots were obtained then when placed verti

cally (5.9 instead of 2 per primary explant of the mature clone). 

Thus a sustained production of shoots (Fig. 3) was established and 

studied over a I-year period. 

Table 1 shows that BAP 1 mg 1-1, and a -naphthaleneacetic acid 

(NAA) 0.03 mg 1-1, when used together, stimUlate organogenesis and 
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FIGURE 1. Induction of axillary buds (mature clone 78374). 
FIGURE 2. Shoots induced by BAP 1, and NAA 0.03 mg 1-1 at the base 
of a primary explant placed vertically on the BM. 
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FIGURE 3. Number of shoots (over 1 cm long) produced per 10 ex
plants after 12 subcultures (for composition of induction medium 
(number 1, 2, 3, and 4) see Table 1). 
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Table 1- Induction of axillary shoots on primary explants cul-
tured for 2 months on BM 

Clones and Number of Explants Shoots per Survival of 
induction mediaa explants with shoots(%) 10 explants explants (% ) 

78288 ( juvenile) 
1. Control 12 25 20 25 
2. BAP 1 lAA 2 28 78 19 64 
3. BAP 1 NAA 0.03 16 81 22 87 
4. BAP 2 lAA 2 12 92 21 83 

78734 (mature) 
1. Control 12 41 18 41 
2. BAP 1 lAA 2 36 83 37 87 
3. BAP 1 NAA 0.03 18 88 42 92 
4. BAP 2 lAA 2 12 83 25 91 

a All concentrations in mg 1-1. 

survival during the shoot induction and production phase. Initial

ly all the shoots originated from pre-established axillary meri

sterns, but after several successive subcultures many of them 

started to arise from the base of the shoots. In comparison with 

the control (Fig. 3), addition of growth regulators had a stimula

tory effect on the number of shoots produced per year and on the 

percentage of explants surviving. 

3.2. Rhizogenesis 

All shoots selected to provide mother plants had rooted spon-

taneously after 22 weeks 

medium, provided that no 

rooting of the main shoot. 

of serial subculture on an auxin-free 

lateral shoots were excised prior to 

Shoots and roots also arose from the 

more or less callused base of the mother plants, but no apparent 

vascular connections were established between these shoots and 

roots. 

When shoots (2 cm long) were taken from the primary explant to 

induce rhizogenesis (Fig. 4) it was found that IBA between 1 to 

5 mg I-lor lAA 5 mg 1-1 in the medium stimulated the formation of 

short, thick roots without root hairs (Fig. 5 and 6). lAA was more 

favourable to subsequent root elongation. 

In later experiments, IBA (3 mg 1-1) was used to test the root

ing potential of shoots of the juvenile and mature clones obtained 

from the 7th subculture of the primary explant. After 6 weeks all 
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FIGURE 4. Shoots developing from a primary explant (juvenile 
clone 78288). 
FIGURE 5. Shoots rooting in vitro after 4 weeks (IBA concentra
tion: a = 1; b = 2; c = 3 mg-l~ 
FIGURE 6. Rooted shoots before acclimatization (juvenile clone 
78288) . 

non-rooted shoots were subjected again to fresh IBA containing 

rooting medium, and after another 6 weeks shoots that had still 

not rooted were treated again with IBA. The following results were 

obtained (Table 2). The rooting percentage varied greatly in the 

two clones (4 to 76%). Shoot and root formation was not correlated 

with the number of subcultures. There was extreme variability in 
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the number of roots per explant (1 to 31) and of the mean number 

of roots per shoot (1 to 9.5). After three subcultures on rooting 

medium no differences were observed between juvenile and mature 

clones (Fig. 7). The total percentage of rooted shoots has reached 

70% on average, but 100% was recorded in some experiments. 

Table 2. Rhizogenesis of shoots excised from primary explants 
after 6 weeks on BM + IBA 3 mg 1-1 (the primary explants have been 
subcultured 7 times; p = 0.05). 

Number of Rooted shoots Mean number of 
Clones Subculture shoots (% ) roots per shoot 

Juvenile I 19 10 1.00 
(78288) II 24 30 3.57 ± 2.72 

III 33 57 3.95 ± 1.81 
IV 12 25 3.33 ± 1.05 

V 24 4 2.00 
VI 31 22 2.71 ± 2.19 

VII 28 75 5.57 ± 2.78 

Hature I 30 50 3.27 ± 1.84 
(78374) II 65 65 5.50 ± 0.92 

III 119 47 3.91 ± 0.75 
IV 63 65 3.30 ± 0.64 

V 116 21 4.75 ± 1. 33 
VI 87 35 4.29 ± 1. 33 

VII 135 76 9.51 ± 1.27 

In subsE;quent attempts to obtain more uniform rooting, shoots 

were pretreated with an auxin solution and then cultured on auxin-

free medium or subjected to a dark period of 15 days. Both methods 

failed to induce uniform rooting of the shoots. 

On the other hand, direct rooting by dipping the base of the 

shoots for 5 hours in a sterile solution of IBA (3 mg 1-1) follow

ed by storage in a moist chamber for one day before planting has 

been effective. All shoots of juvenile clone 78288 rooted after 

three months in rooting medium in the greenhouse under mist (5 

1.4 roots per shoot, p 0.05), but the method failed with the 

mature clone 78374 because of callusing. 

3.3. Acclimatization 

After several tests, the following acclimatization method was 

established. The plantlets were maintained in a closed environment 
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(20·C ± 2·C, 90% R.H.) on a freely draining medium made up of pine 

bark (5 rom chips), perlite, and enriched TKS2-type peat (3:1:1 

v/v) for 6 weeks, under low intensity natural light complemented 

by artificial light (8 hours per day, Phytoclaude 400 W Lamps, 

10 Wm- 2 ). Liquid fertilizer (3) was applied at weekly intervals. 

In all experiments combined, about 23% of the plantlets of the 

juvenile clone 78288 and 19% of the plantlets of the mature clone 

78374 were lost during the acclimatization phase. No correlation 

was found between the initial root number and the successful 

establishment of the plantlet. At the end of the acclimatization 

period the plantlets of the mature clone showed a high variability 

in growth rate (Table 3). 

After acclimatization, plantlets were planted in pots with the 

earlier described pine bark, perlite, peat (3:1:1) mix and 

transferred to a greenhouse. Complementary artificial lighting 

(IO Wm- 2 ) was supplied during 6 hours every day. Liquid fertilizer 

was applied as before. After 4-5 months the plants formed basal 

shoots (I to 3 per plant) and subapical branches (I to 2 per 

plant) (Fig. 8). The plants were then planted in containers 

(3 liters or more) with the pine bark, perlite, peat mix to which 

1 
~ 100 

50 

juvenile 
Mature 

o~--------~--------,---------~----------~ 
1 2 3 

Subculture rank on rooting medium 

FIGURE 7. Rooting percentage after three subcul t.ures on B~I with 
IBA 3 mg 1-1. 
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a slow release fertilizer (' Osmocote I 15-12-15) had been added. 

These plants as well as those obtained from seeds (from Sao Paulo, 

Brazil) were transferred from the greenhouse to outdoors. Table 4 

shows the growth characteristics of plants propagated in vitro 

from the juvenile clone (Fig. 9) and plants derived from seeds 

after two years of growth. The micropropagated plants had grown 

more in height and had produced more basal shoots than the plants 

obtained from seed. Variability within the two groups was 

similar. 

Table 3. Effects of 6 weeks of acclimatization on plantlets of 
juvenile and mature clones (samples from 5 subcultures of primary 
explants, p 0.05). 

Condition 
Clone 

Not accli
matized 

Juvenile 
Mature 

Acclimatized 

Juvenile 
Mature 

Number of 
plantlets 

200 
490 

154 
394 

3.4. Plagiotropic behavior 

Roots number 
per plantlet 

6.51 ± 0.88 
4.75 ±0.33 

8.61 ± 1.09 
6.63 ± 0.41 

Mean length 
of stem (cm) 

5.03 ± 0.24 
5.14 ±0.15 

6.83 ± 0.43 
7.44 ± 1.89 

Variance 
(stem) 

2.8 
2.6 

7.07 
353.44 

All 265 plants derived from mature clone 78374 were plagiotro

pic (Fig. 8b), whereas of the 156 plants obtained from juvenile 

clone 78288, 93% showed orthotropic growth (Figs. 8a and 9) (simi

lar percentages of orthotropic plants were obtained in vitro from 

other juvenile clones). 

During the culture of shoots successively sampled (subculture 

I-VII in Table 2) from the mature clone, no reversion in needle 

morphology from the mature pattern (short, spiny) to the juvenile 

pattern (long, flexible), nor in the pattern of needle implant 

from asymmetrical to symmetrical occurred. 

Attempts were made to modify the plagiotropic growth by decapi

tation of the shoot, by grafting on seedlings, by cold treatment 

(8°C, 8 h/day at low light intensity), by frequent subculture 



FIGURE 8. Young plants 
greenhouse (a = juvenile 
FIGURE 9. Plant obtained 
in the greenhouse. 
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after 3 months acclimatization in the 
clone; b = mature clone). 
from juvenile clone 78288 after two years 
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FIGURE 10. Orthotropic shoots obtained from 
6 weeks in darkness on BM + IBA 3 mg 1- 1. 
FIGURE 11. Reversion to plagiotropy after 
light following 8 weeks in the dark (mature 

12 

the mature clone after 

8 weeks exposure to 
clone). 

FIGURE 12. Control shoots of the mature clone maintained in con
tinuous light (8 weeks of culture) . 
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Table 4. Comparison between plants obtained by in vitro propa
gation (juvenile clone 78288) and from seeds after two years 
growth (variance is shown in brackets, p = 0.05). 

Number of Mean of Mean number Mean number 
Origin plants stem height(cm) of layers of basal shoots 

In vitro 13 61.4 ± 9.4 5.54 ± 0.73 4.08 ± 0.97 
782~ (240.56) (1.44) (2.59) 

From seeds 9 42.4 ± 7.18 5.33 ± 0.94 2.33 ± 1.22 
(87.04) (1. 48) (5.42) 

(every 15 days) and by culture in darkness. Only culture in dark

ness led to a temporary modification of growth of plants derived 

from the mature clone. As is shown in Fig. 10, plants obtained in 

vi tro from isolated shoots or basal shoots of mother plants were 

orthotropic at the end of the dark period. However, after exposure 

to light, they quickly (after one month) reverted to plagiotropic 

growth (Fig. 11), similar to that of the control (Fig. 12). It 

appears that in plants derived from the mature clone plagiotropic 

behaviour is induced by light. 

4. CONCLUSIONS 

The in vitro propagation of Cunninghamia lanceolata is feasible 

as evidenced by this study and this species can now be added to 

the list of conifers cultured in vitro compiled by Thorpe and 

Biondi (14). Regeneration through axillary budding was performed 

several times during a one year period. However, viable plantlets 

maintained the behaviour of the original clone, i.e., there was no 

obvious rejuvenation when mature clones were used. Plants derived 

from juvenile clones in vitro were compared with those obtained 

from seeds in a 2-year field test. The micropropagated plants were 

somewhat more vigorous than the seed plants. This could be a 

reflection of the clone being a selected superior genotype and the 

seed plants having varying genotypes due to the heterozygosity of 

the species. 

Unlike Sequoia sempervirens, which rejuvenated in vitro (7), 

the mature clone of Cunninghamia that we used failed to do so. 

Therefore, other methods such as micrografting on seedlings (5, 

8), pruning (10, II), etc., will have to be applied. However, no 
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difference in rooting ability was observed between shoots obtained 

from explants from mature and juvenile clones (mother plants) 

maintained in vitro. 

We have observed orthotropy in some of our mature Cunninghamia 

clones. In 1985, several 4-year-old container grown plants each 

produced one vigorous dominant orthotropic shoot with axial sym

metry, but bearing mature needles. Black (1) observed such ortho

tropy in rooted cuttings of 3-8 year old Douglas fir. In addition, 

we found that shoots in darkness become orthotropic, but revert to 

plagiotropic growth when light is applied. This environmental 

factor could be a determining one for the maintenance of plagio

tropy, at least in Cunninghamia. Studies should be started to 

determine if phytochrome or specific metabolic modifications are 

linked to these changes in tropism. 
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10. PINUS RADIATA 

KATHRYN HORGAN 

1. INTRODUCTION 

During the last two years two reviews have been published on 

the micropropagation of Pinus radiata D. Don. The first, by 

Aitken-Christie and Thorpe (3), detailed the techniques used in 

the micropropagation of juvenile radiata pine. The second, by 

Smith (25), described the genetic improvement of Pinus radiata, 

procedures used to micropropagate juvenile radiata pine in a small 

production laboratory, and a cost-benefit analysis of the use of 

micropropagated planting stock. The following chapter describes 

new developments in the propagation of radiata pine and their 

effect on the direction of tissue culture research at the Forest 

Research Institute (FRI) New Zealand. Only brief details of the 

methods used to micropropagate juvenile radiata pine are given, 

since these have been well covered in the two previous reviews. 

Over the past 4 years research on the micropropagation of mature 

radiata has also been undertaken. Progress made and problems 

encountered during this research are described. 

Micropropagation is being researched as a method which could 

increase the availability of genetically superior stock. In 

radiata pine it has been found that large genetic improvements can 

be made by the use of specific controlled-pollinated seed (7,30). 

This superior seed is in short supply. There are two options for 

ensuring that large quantities of these improved genotypes are 

readily available for forest plantings. The first is to produce 

more of the superior seed. This involves setting up large 

orchards of the specific parental clones and carrying out 

controlled-pollinations. To establish these orchards, a fast, 

reliable method of obtaining large quantities of ramets of the 

specific mature progeny-tested clones is required. 
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Micropropagation of mature radiata pine may meet this requirement 

(see Section 3). The advantages, problems, and bottlenecks in the 

use of this large-scale controlled-pollination strategy are being 

evaluated at present. The second option, also under investigation, 

is to produce smaller amounts of controlled-pollinated seed and 

amplify the embryos or seedlings using vegetative propagation. In 

1977 when it had been shown that Pinus radiata could be 

micropropagated from embryos (20) it was proposed that perhaps 

micropropagation could be used for this amplification of juvenile 

material. 

2. MICROPROPAGATION OF JUVENILE RADIATA PINE 

2.1. Our experience and changing rationale 

In 1979 a small production laboratory was established at the 

FRI, Rotorua, New Zealand. The main functions of the laboratory 

were to produce planting stock for field trials and to collect 

data on the costs of production (24). In 1980 the first small 

field trial of tissue-culture plantlets was established. Two 

years later field measurements indicated that plant lets were 

growing as fast as seedlings (24). It was noted that most of the 

plantlets displayed an advanced maturation state, forming 

secondary needles earlier in the season than seedlings and 

displaying a reduced tendency to form open buds characteristic of 

seedlings. In 1981 a second more extensive field trial designed 

to compare plantlets from cultured embryos with seedlings from the 

same seed source was established. Four years on from trial 

establishment, the micropropagated trees are now significantly 

shorter and stem volumes of plant lets are estimated to be 78% of 

those of seedling controls (Smith pers. comm.). Because it is 

general practice in New Zealand forests to have a waste thinning, 

it is too early to confidently predict if this observed growth 

difference will translate to a difference in final harvest 

volume. The plantlets' present growth disadvantage may be related 

to their previously observed advanced maturation state. This 

needs to be determined and the factors affecting plant let 

maturation state identified and controlled. 

Costs of producing plant lets ready for outplanting in the 

forest were found in 1983 to range from NZ$300 to NZ$1000 per 
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thousand plantlets. For a large-scale operation. a realistic cost 

per thousand plants was considered to be $450. of which 80\ would 

be due to labour costs. (Plant costs of $450 per thousand are 

approximately ten times the cost of normal seedlings.) This cost 

was considered to be economically attractive if trees were planted 

at low density and if volume growth increments of 10 to 20\ more 

than normal seedling planting stock could be assured (24). With 

these results (but before the seedling/plantlet growth differences 

were observed). FRI. in 1983. decided that further research into 

ways of reducing the labour content of micropropagation and 

improving the rooting potential and handling of plant lets was 

warranted. Tasman Forestry Limited. a division of a large New 

Zealand public company. decided that available results were 

sufficiently promising to justify establishing a commercial 

operation micropropagating superior seed. 

In the period since 1983 research into other methods of 

vegetatively propagating seedling radiata pine has also been 

undertaken. Tremendous progress has been made and methods to 

vegetatively propagate seedling ortets in the nursery have been 

developed (10.15). It is now possible to obtain an average of 80 

fascicle cuttings from a 20-month-old seedling and set these as 

cuttings in the open nursery bed. Twelve months later over 90\ of 

these propagules have developed good root systems and are ready 

for planting in the forest. Other cutting systems (with 

multiplication factors of 8 to 80 depending on size of cutting and 

time in nursery bed) may also be used. The cost per propagule has 

been estimated to be approximately 1.5 times that of a normal 

seedling (15). 

It now seems unlikely that micropropagation. with its much 

higher costs. could compete with this cutting system when used as 

a general method of multiplying up progeny from controlled 

pollinations for forest establishment. However. it remains to be 

seen if micropropagation costs can be considerably reduced by the 

use of new methods under development such as the multiplication of 

meristematic tissue before shoot formation and the automatic 

feeding of cultures (Aitken-Christie pers. comm.). 

The main research effort in the micropropagation of juvenile 

radiata pine (except for work on automation and somatic 
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embryogenesis) has now shifted to various aspects of cold storage. 

A unique advantage of micropropagation over propagation by cuttings 

is that plant material in culture can be kept in cold storage for 

a number of years (see chapter by Aitken-Christie and singh. 

Volume 2). The cheap storage of large numbers of clones will 

allow the introduction of clonal testing (to select the best 

genotypes from already selected superior families) while maintain

ing all clones in culture in the cold store. rather than in hedged 

archives as previously described (14.28). Hopefully. cold-stored 

shoots would remain juvenile over the storage period. The 

maintenance of some degree of juvenility is thought to be important 

to ensure good growth rates of the propagules. particularly in the 

first 3 to 5 years after planting in the forest (27). 

An experiment to test the effects of cold storage on clonal 

material was initiated by Aitken-Christie in 1983. Two hundred 

clones are being kept in the cold store for 6 to 8 years. during 

which time the same clones are under field evaluation. The 

growth. proliferation. and rooting characteristics of the various 

clones in culture will be recorded. The experiment will help 

answer a number of questions: 

(a) Can radiata pine cultures be cold-stored for 8 years? 

(b) Do the cultures in the cold-store age. or is juvenility 

maintained? 

(c) How do propagules from cold-stored cultures compare with 

propagules from the ortet and/or the same clone which have 

been hedged and maintained outside as a clonal archive? 

(d) Are there any correlations between characteristics of the 

clone in culture and its performance in the field? 

(e) What are the hazards and economics of maintaining cultures in 

the cold store compared to maintaining juvenile clonal 

archives by repeated top pruning either of the parent 

seedling ortet or of their ramets? 

If cold storage is a feasible and successful method of 

maintaining clones in the juvenile state while the same clones are 

being field tested. it is envisaged that a two-step multiplication 

system could be used for the propagation of the 'elite' tested and 

proven clones. After clones have been reactivated from the cold 

store. further proliferation of the shoots could be induced and 
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micropropagules rooted and grown in the nursery. Cuttings could 

then be taken from these micropropagules for stool beds. Such a 

system would spread the exp.ansive micropropagation costs over a 

large number of plants. resulting in a plant cost little more than 

that of a rooted cutting (15). 

2.2. Methods used to micropropagate juvenile radiata pine 

Plant lets can be formed from a variety of explants including 

embryos. cotyledons from 5- to 7-day-old germinated seed. seedling 

shoot tips and induced fascicle shoots from 1-year-old seedlings. 

A number of publications (2. 3. 4. 12. 19. 20. 22. 24) describe in 

detail the steps involved in the micropropagation process. A 

brief summary is given below. 

2.2.1. Shoot initiation. Explants are surface-sterilized in 

a 3% sodium hypochlorite solution for 5 to 15 minutes and. after 

rinsing in sterile water. they are cultured for 3 weeks on a Le 

Poivre (LP) (17) nutrient medium containing 5 mg/litre of the 

cytokinin benzylaminopurine (BAP) and solidified with 0.8% Difco 

Bacto agar. 

2.2.2. Shoot elongation. After the cytokinin treatment. 

explants are cultured on LP medium without cytokinin. Several 

transfers (two to six) are necessary for shoots to elongate to 15 

to 20 mm. Usually clones with large numbers of shoots (200 or 

more) require at least six transfers. Each time clumps of shoots 

are transferred they are cut into smaller pieces and the newly-cut 

surface placed in contact with the medium. Adventitious shoots 

develop on embryos and cotyledons. while axillary shoots form from 

already existing meristems on the fascicle explants. Some 

explants consistently produce many adventitious shoots which have 

little surface needle wax and the needles tend to stick together 

(wet). Other explants produce only a few adventitious shoots. 

These are frequently waxy. Axillary shoots are waxy and look like 

normal field-grown shoots. There is better survival of the waxy 

shoots than wet shoots during rooting (4). 

2.2.3. Shoot multiplication. Shoots with stem lengths 

approximately 2 cm or more can be multiplied in culture by 

excising the terminal portion and placing both shoot tip and base 

back into the growth medium. The shoot tip grows to form a normal 

shoot. while the basal portion forms axillary shoots. On average 
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a four-fold multiplication is achieved for each multiplication 

cycle of 12 weeks. 

2.2.4. Rooting. For root initiation, shoots are given a 

5-day auxin treatment in water agar containing 0.1 mg/litre indole 

butyric acid (IBA) and 0.5 mg/litre naphthaleneacetic acid (NAA). 

After this they are washed and planted in a non-sterile 

peat/pumice/perlite (2:1:1) mix. Trays of shoots are kept in a 

high humidity chamber, which is misted and aerated daily until 

roots are formed, generally in 2 to 8 weeks. The plantlets are 

then transferred to a plastic tent in the glasshouse, hardened 

off, and lined out in the nursery bed under shade cloth. After 

the shade cloth is removed the plant lets receive the standard 

forest nursery treatment given to seedlings. 

The multiplication rate of juvenile material is dependent on 

the time in vitro. A multiplication rate of 1000-fold would be 

feasible over 22 months from seed to plant lets at the nursery gate 

(Aitken-Christie pers. comm.). Higher multiplication rates would 

be possible with more in vitro remultiplication cycles (see 

2.3.3.). At present (October 1985) there are 8400 juvenile 

plantlets in forest plantings (Aitken-Christie pers. comm.). The 

number will increase considerably when plant lets from Tasman 

Forestry's commercial micropropagation operation become available. 

3. THE MICROPROPAGATION OF MATURE RADIATA PINE 

3.1. Background 

One of the main reasons for investigating the 

micropropagation of mature radiata pine is to provide a fast 

reliable method of Obtaining large numbers of plants from selected 

mature trees (usually aged about 10 years) for seed orchard 

establishment. Traditionally, grafting of scions from parent 

trees onto seedling root stock was the main means of asexual 

propagation. However, in radiata pine there is a high incidence 

of delayed incompatibility between root stock and scion, resulting 

in the death of the graft (26). More recently, rooted cuttings 

have also been used. Cuttings taken directly from old parent 

ortets rarely root satisfactorily, necessitating grafting as the 

first step in the propagation procedures for newly selected mature 

trees. Three years after grafting the plants can be used as a 



134 

source for a small number of cuttings for seed orchards, or for 

establishing permanent archives. Archives can be used for 

controlled pollination, or to provide more cutting material 2 to 3 

years later. There is thus a delay of at least 5 years, and 

usually more like 8 years, between the selection of a superior 

tree and its establishment in quantity in a seed orchard. 

Micropropagation has the potential of reducing this time lag to 

about 2 years. This time saving means that economic gains from 

tree breeding can be obtained by the forest industry earlier. 

Vegetative propagules from selected superior trees could 

conceivably be used for direct plantation establishment of clonal 

tests or even for plantations (28). However, field trials have 

indicated that cuttings from mature trees do not grow as fast in 

diameter as do cuttings from young trees or seedlings, especially 

in the first few years after establishment (IS, 27). Because of 

the growth loss this option for improving the genetic quality of 

new forest plantings has not been pursued using conventional 

propagation techniques. As yet, it is not known if micropropagules 

from mature radiata pine will behave in the same way as cuttings. 

If rejuvenation of the clone or the restoration of seedling growth 

rates could be obtained through the use of micropropagation 

techniques (see Section 4) direct clonal propagation would offer 

considerable benefits and flexibility to the tree improvement 

programme of radiata pine. For further information on the role of 

vegetative propagation in tree breeding strategies see Burdon (9). 

3.2. Progress in micropropagation from mature radiata pine 

The micropropagation of mature radiata pine is more difficult 

than that of juvenile radiata pine. To be successful with mature 

material, all steps of the procedure, the exact developmental 

state of the cultures and the environmental conditions within the 

culture jar need to be defined and optimized to a much greater 

degree than is necessary for juvenile micropropagation (5). 

Growth, proliferation, and rooting are all more severely affected 

by suboptimal conditions using material from mature radiata pine 

than using juvenile material. 

3.2.1. Explant selection and culture establishment. For 

reliable and consistent results, the enclosed buds from mature 

trees are preferred over other types of explants. These buds, 
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enclosed in scales. can be obtained during most periods of the 

year. It is best to choose buds which have visible needle 

fascicle primordia present when the scales are removed [Fig. la). 

Buds with only sterile cataphylls or barely visible primordia 

enclosed by scales do not respond well in culture. Some authors 

studying other conifer species (1) recommend using buds from 

grafted shoots and pretreating the buds with weekly cytokinin 

sprays before placing in culture. Such a treatment. fortunately. 

seems to be unnecessary in radiata pine. We aim to propagate 

directly from selected forest trees in progeny trials rather than 

having to graft the buds and then wait 1 to 2 years for the plant 

to grow to a suitable size before spraying and culturing. 

The buds are surface-sterilized in a 3% sodium hypochlorite 

solution for 15 minutes and then rinsed twice in sterile water. 

The bud scales are then peeled off and the bud cross-sectioned 

into discs 5 to 10 mm in thickness. These are placed on LP (17) 

nutrient media containing 5 ppm BAP and solidified with 0.8% Difco 

Bacto agar (Fig. lb). Various media formulations have been tested. 

a b 

FIGURE 1. a) Bud (left) has had its protective scales (right) 
removed and is now ready for cross-sectLoning and placing in 
culture. b) Needle fascicle primordia on the cross - sectioned bud 
swell after approximately 2 weeks in culture. 
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but that of Le Poivre has been found to be most effective in terms 

of number of buds and the number of needle fascicle primordia per 

bud stimulated to grow (Horgan & Aitken-Christie, unpublished 

resul ts) . After approximately 4 weeks on this medium, the needle 

fascicle primordia (which on the tree would have developed into 

three needles) burst open to reveal a number of very small primary 

needles. 

3.2.2. Shoot elongation. Shoot elongation occurs when the 

cultures are transferred to a fresh LP medium containing 0.5% 

activated charcoal without the cytokinin (Fig. 2) . When some 

elongation of the stem axis of the shoot has occurred, the shoots 

can be either rooted or remultiplied. 

a b 

FIGURE 2. Needle fascicle primordia on bud discs form shoots on a 
charcoal medium. Bud sections after (a) 8 weeks and (b) 12 weeks 
in culture. 

3.2.3. Shoot proliferation. New cycles of axillary shoots 

are obtained by reculturing the shoots on the BAP medium and 

elongating them on the charcoal medium. The stage of development 

of the shoot when placed on the BAP medium is critical to the 

success or failure of the treatment. Shoots which have only 

primary needles visible die on the BAP medium. However, shoots 

with primary , needles and very small needle fascicle primordia 

visible will survive and develop new shoots from the fascicle 
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primordia. Cutting the needles of the shoots back to about one 

quarter their original length also seems to aid survival of the 

shoot on the BAP medium, perhaps because desiccation of the shoot 

is reduced. It also makes the shoots easier to handle. 

Shoots are transferred to a fresh medium every 3 to 4 weeks. 

This is a very slow procedure because, even within the one jar of 

shoots originating from the same explant piece, shoots will be at 

various stages of development and decisions must be made whether 

the shoots can survive a BAP treatment or whether they require a 

further elongation treatment first. 

3.2.4. Root formation. The condition of the shoot before 

rooting is attempted is of paramount importance. 

in rooting response occur between batches of 

Large variations 

shoots. This is 

probably caused by variation in the condition of the shoots, rather 

than variation in conditions for root formation. Photoperiod may 

influence the condition of the shoots. In one experiment shoots 

grown under an a - hour photoperiod had higher survival and rooting 

percentages than shoots grown under a 16-hour photoperiod. 

a 

FIGURE 3. a) Shoots are 
treatment b) Roots form 
root-inducing treatment. 

ready for an 
approximately 

b 

auxin root - inducing 
6 weeks afer the 

The standard procedure used for inducing roots on shoots is 

to place shoots with a visible stem axis on an LP or Gresshoff - Doy 

(GD - as modified by Sommer et al.) (25) medium containing O.5ppm 
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NAA and 1. 0 ppm IBA for 2 weeks. Outing this period a callus 

forms around the base of the shoot. The shoots are then placed in 

a peat/pumice/perlite mix under similar light conditions to those 

under which the shoots were grown. A high humidity is maintained 

inside a propagation chamber. Shoots take from 1 to 4 months to 

form roots (Fig. 3). Once rooted. the plantlets are slowly 

acclimatized to glasshouse. then to outside conditions (Fig. 4). 

FIGURE 4. Plantlets (foreground) originating 
17-year-old trees are growing in the nursery bed. 
height 20 cm. 

from 8- to 
Mean plant let 

Following the procedures outlined. approximately 20 plants 

can be obtained in an 18-month period from one bud in culture. 

However. the procedure is not entirely reliable. optimum conditions 

need to be defined and many problems have yet to be solved. 

3 . 3. Problems 

3.3.1. Repeatability of results. The biggest problem in 

studying the culture of mature radiata pine has been obtaining 

repeatable results. One can expect varying results when repeating 

experiments using first one clonal mix. then another. Different 

clones respond differently to the same medium and environmental 

conditions during establishment. proliferation. and rooting 

This widespread genotypic variation can be found even 

within full-sib families. It is thus very important to ensure 

that a large number of clones are tested. or. if interested in 

only particular clones. that the same clonal mix and proportions 

are used when carrying out experiments to optimize conditions. 
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If this was the only source of variation, experiments would 

be manageable. However, other variabilities, e.g., covert 

bacterial contaminants and little understood cultural dynamics, 

greatly affect the repeatability of results and thus frustrate 

efforts made toward optimizing conditions for the micropropagation 

of mature radiata pine. 

3.3.2. Bacterial contaminants. A persistent problem in 

culturing radiata pine buds has been the often sudden appearance 

of a white bacterial infection around the base of the explant, or 

on the medium where a needle is cut or broken and it touches the 

agar surface. This bacterium (as yet unidentified) is usually 

associated with browning of the 

Cultures displaying this symptom, 

lower needles of a shoot. 

although showing no sign of 

bacterial growth, are now being screened on a peptone/yeast 

extract agar. However, this is not an entirely reliable test. 

James and Thurbon reported that 25% of tissue sections from 

in vitro cultured apples, screened monthly on 

with negative results for five consecutive 

bacterial contaminants when screened a sixth 

peptone/yeast agar 

times, 

time 

contained 

(13). The 

presence of contaminants leads to variable experimental results, 

e.g., we have had conflicting results in assessing the effect of 

growing cultures on supports in liquid as opposed to growing them 

on agar. It would appear that if cultures are free of 

contaminants they grow almost twice as fast in liquid as on agar. 

However, 

than in 

if the shoots are contaminated they grow be'cter on agar 

1 iquid. We have also noticed that contamination and/or 

the browning symptoms tend to be more pronounced on the cytokinin 

medium than on the elongation medium containing activated 

charcoal. Bacterial growth not noted previously may also become 

visible at the base of shoots which have been cold stored for 

approximately 6 months or more. 

3.3.3. Cultural dynamics. The vessels used to propagate 

radiata pine, the agar to air ratio, and the number of shoots per 

jar, all seem to play an important role in determining the growth 

of the cultures. It has often been noted that when shoots have 

been crowded in a jar and are subcultured and divided among two to 

three jars, the needles of the shoots brown and the whole shoot 

may die. On the other hand, if the crowded shoots of two jars are 
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subcultured into three jars all shoots survive and grow well. 

This effect is particulary noticeable when shoots are grown under 

high light intensity. It has always been assumed that the 

humidi ty in a sealed agar jar is very high. We have reason to 

doubt this and are currently investigating the humidity in jars 

with varying numbers of shoots and under differing light 

conditions. 

3.3.4. Hard buds. At times shoot cultures tend to form 

large buds enclosed by hard scales (Fig. 5) similar to buds from 

mature trees in the field. Once these buds are formed in culture 

it is difficult to induce them to flush into active growth and the 

buds eventually die. Occasionally the buds do flush but we have 

been unable to relate this flushing to a specific treatment. 

Placing cultures at 4°C for 6 to 8 weeks and/or transfer to a BAP 

medium have not resulted in renewed growth. 

r'IGUHE 5. Shoots (rom the same 10-year-old clone displaying both 
juvenile type shoots (left) and the more mature type of hard 
enclosed buds (right). 

under 

light 

I t has been noted that hard buds are formed more frequently 
-2 -1 high light intensity (100 pE m S ) than under lower 

intensity (60--80 pE m- 2s- 1 ) (Horgan and Holland 

unpublished results). Perhaps it is better to grow cultures at 
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this lower light intensity and avoid the problem rather than to 

attempt to keep hard buds alive . 

FIGURE 6 . Radiata pine plantlet 
from 6-year-old tree. The 
plant let has been in the field 
for 9 months (height 1 metre). 

Despite all these problems. thousands of shoots of mature 

radiata pine have been multiplied up and approximately one .hundred 

plant lets are now growing in the nursery bed. 

In culture the shoots take on a more juvenile form. They have 

well developed primary needles and many have an open type of 

terminal bud. In the mature tree. primary needles are reduced to 

brown scales and the open type of bud is replaced by a hard closed 

bud. The juvenile form of the shoots is normally short-lived. and 

when the shoots are rooted and placed outside they quickly assume 

the more mature form. This phenomenon has also been found by 
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Zimmerman in apples and other crop plants (31). The future timing 

and occurrence of flowering in the micropropagated radiata pine 

clones will be recorded with interest. 

4. SOMATIC EMBRYOGENESIS 

Complete rejuvenation takes place through either somatic or 

gametic embryogenesis (cf Tulecke Volume 2). Rejuvenation 

probably would not be desirable for seed orchard establishment 

because flowering would be delayed. but plant let formation through 

somatic embryogenesis of mature and juvenile trees would add an 

amazing amount of flexibility to the tree improvement program in 

radiata pine. The establishment of clonal forest directly from 

proven superior trees or clones of trees would become possible. 

The need for large-scale seed orchards would no longer exist and 

the cool storage of clones to maintain juvenility while the clone 

is under test would no longer be necessary. 

Various authors (e.g .• 7.11.23.29) have advocated somatic 

embryogenesis as a method which promises to be less labour

intensive and much cheaper than the organogenic methods now in 

use. It has been suggested that somatic embryos could be 

artificially coated and dispensed directly into the nursery bed 

(21). Although somatic embryogenesis has been described for many 

plants. it is not yet in general use as a method of rapid 

propagation (31). Many problems remain. These include problems 

in inducing all species and even all genotypes of the one species 

to form somatic embryos (8) and in ensuring genetic stability and 

phenotypic uniformity of the plants produced (6. 31). New 

developments in automating and mechanizing organogenic 

micropropagation may for 

extent close to that 

embryogenic route. 

some species 

promised by 

reduce plant let costs to an 

the use of the somatic 

Somatic embryogenesis from radiata pine embryos is being 

studied at FRI Rotorua by Dr D. Smith and at Calgary by Prof. T.A. 

Thorpe and Dr K. Patel. Initially seed embryos are being studied 

as it is thought that the younger the tissue the easier it is to 

produce somatic embryos. Recently. Smith (pers. comm.) reported 

that proembryonic tissue can proliferate and form many somatic 

embryo initials. This is the first step towards realizing somatic 
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embryogenesis in vitro. The biggest breakthrough will come when 

mature radiata pine can be induced to form somatic embryos. In a 

number of species, nucellus tissue from the mother plant has been 

used for the induction of somatic embryos (16, 18). Nucellus 

tissue and mature shoot meristems will also be used at FRI to 

study the induction of embryogenesis. 

5. CONCLUS ION 

The micropropagation of Pinus radiata is being researched so 

that improved genotypes may be quickly made available for forest 

plantings. 

Micropropagation can be used to multiply up superior 

control-pollinated seed. However, using present technology, stem 

cuttings which give large numbers of propagules have been shown to 

be a cheaper method. Micropropagation techniques may be combined 

with the cold storage of shoots to hopefully maintain juvenility 

while ramets of the same clone are being field tested. The proven 

superior clones should then be reactivated from the cold store and 

proliferated and grown-on for clonal plantings. This option will 

allow the selection of specific clones from superior families and 

then the evaluation of larger scale clonal forestry. 

The micropropagation of mature radiata pine will considerably 

reduce the time lag between identification of superior genotypes 

in the field and their establishment in bulk in a seed orchard. 

Plant lets have been formed from mature trees and are now growing 

in the field. A procedure of explant establishment, shoot 

proliferation and rooting is given. 

experienced with the repeatability of 

bacterial contaminants, cultural dynamics, 

hard buds. 

Problems have been 

experiments, latent 

and the formation of 

Many scientists have suggested that somatic embryogenesis is 

the method which will significantly reduce the cost of producing 

micropropagules. Research in this field is underway. It remains 

to be seen, with new developments in the automation of the 

organogenic systems, which propagation procedure will work out to 

be the cheapest and most reliable. 
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11. TISSUE CULTURE MULTIPLICATION OF SEQUOIA 

ERNEST A. BALL 

1. INTRODUCTION 

Because of its rapid growth and low microbiological contamination, the 

coast redwood provides outstanding material for ,in vitro cloning. The persis

tence of the juvenile state in sane organs (e.g., the basal shoots, young leaves 

and stems from the upper bole) adds to its desirability as a source of explants 

for experimental work. Also, the strongly excurrent rapid growth of the donor 

tree is carried over in the developnent of orthotropic plantlets in tissue 

culture. 

2. SURFACE-STERILIZATION OF THE EXPLANTS 

The most rapid and efficient method for buds, leaves, and stem pieces is 

treatment for 1 to 2 minutes in 10% hydrogen peroxide, washing in sterile water, 

followed by 1 to 2 minutes in 20% commercial bleach (5.25% sodium hypochlorite). 

Washing in water prior to inoculation is unnecessary. The mutual breakdown of 

the active components releases gases (oxygen and chlorine) that are lethal to 

most microorganisms, but only slightly damaging to the plant tissues. The 

sequential application of these two oxidizers is much more efficient in steril

ization than either one applied uniquely. Concentrations of hydrogen peroxide 

higher than 10% are, however, damaging to the tissues. Thirty percent of this 

oxidizer, as used by Gupta and Durzan for explants fran mature trees of Pseudo

tsuga and Pinus (14) is lethal to Sequoia. 

Sane explants of redwood, e.g., the interior of vegetative buds (cf. 2) and 

female gametophytes, are without microbiological contamination. Such organs, 

therefore, require no surface sterilizationl indeed, the slightest application 

of any toxic solution to them kills their tissues. 

3 • CULTURE MEDIA 

Sterilization of all components of the culture media, except the agar, was 

by filtration. The minerals, sugar, inositol, vitamin, cytokinin, and auxin, 



147 

were dissolved in glass-distilled water, brought to the volurre of 255 ml, then 

passed through a Morton ultrafine (fritted glass) filter, or a millipore filter 

(cellulose derivative) of 0.45 micromater pores. Thus the hydrolyzing of sugars 

and their acid-formation (3, 18, 19) and their changed biological activity after 

autoclaving in the presence of the inorganic constituents of culture media, are 

avoided (cf. 13, 21). 

The regeneration and growth from explants of stem and of leaves have been 

roost efficient in the mineral mixture of Wolter and Skoog (22). Optimum regen

eration and growth were obtained when the standard concentrations of sodium 

phosphate and amronium nitrate were increased 10-fold. 

The universally used mineral mixture of Murashige and Skoog (20) was less 

efficient than the Wolter-Skoog mixture for regeneration and growth from 

explants of stems and leaves. It was, however, excellent for the growth of 

tenni.nal and axillary buds which readily sprouted and developed shoots. Since 

this developnent originated from already-present shoot apices, no true regen

eration was involved. It was also the preferred mineral mixture for the regen

eration of callus and plantlets from female gametophytes that had been excised 

from mature seeds. However, the medium here was laced with fresh coconut water 

and a high concentration of auxin-herbicide (2,4-D). Trials without coconut 

water gave no developnent. 

Most media were not adjusted for pH. Measurements indicated that their pH 

was between 4 and 5, a range of hydrogen ion concentration that is roore 

efficient in making iron available to plant tissues than conditions nearer 

neutrality (cf. 15). 

3.1. Cytokinin 

SD 8339 [6- (benzylamino) -9- (2-tetrahydroxypyranyl) -9H-purine), of the six 

cytokinins tried in the culture media, SD 8339, commercially available as AOCEL, 

is the roost efficient stimulator of regeneration and growth from explants of 

stem and leaf. This cytokinin did not stimulate growth of the female gamete

phyte in culture: the suitable one was kinetin (6-furfurylaminopurine). 

3.2. Auxin 

A wide variety of auxins and auxin-like herbicides were tested for stimu

lation of regeneration and growth of explants. In stem pieces the desideratum 

was avoidance of callus as an intennediary in the developnent of adventitious 

buds. A low concentration of 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) 

brought about this end. In leaf explants, where intennediary callus was a 

prerequisite to regeneration of buds, a stronger concentration of 2,4-D (2,4-

dichlorophenoxyacetic acid) was necessary. 
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3.3. Sugar 

Although it has been suggested that glucose is the llDst suitable carbohy

drate for nutrition of conifer explants, and has been applied as the standard in 

this work, tests with other sugars were made. In collaboration with K. Doan 

(unpublished) it was found that stem explants of redwood grew well on fructose, 

mannose, galactose, sucrose, maltose, cellobiose, lactose, and raffinose. Data 

on these experirrents will be published elsewhere. Since sane of these sugars 

are not present in the normal tissues of the tree, it is assumed that redwood 

cells produce appropriate enzymes to metabolize certain foreign carbohydrates. 

3.4. Agar 

The utilization of Difco' s "new" agar, which may contain little or no 

Gelidimn, but derivatives of other red algae, has given canparable growth to 

that which was obtained on the "old" agar. The new agar was used at 1.2% (w/v). 

The 25 x 150 mn culture tubes with the carplete culture medimn were slanted. 

Although the reason for the beneficial effect of slanted agar is unknown, it can 

be conjectured that the water exuded fran agar by the process of syneresis 

collects on the surface of unslanted medimn and lowers the concentration of the 

agar to the e>.xplant. Debergh et a1. (11) showed that a concentration of 0.6% 

agar brought about 50% vitrification (glassiness) of leaves developed from shoot 

explants of globe artichoke. Progressively higher concentrations of agar 

reduced the percentage of glassified leaves until 1.1% agar allowed all leaves 

to develop normally. 

Our early experiments on growing stem-piece explants of Sequoia on 1% 

transversely solidified agar yielded low numbers of adventitious buds. Experi

ments with slanted agar media yielded encouraging increases in numbers of buds. 

In order to achieve stable slants in the vertical orientation, it was necessary 

to increase the concentration of the agar to 1.2%. All slanted media at this 

concentration of agar show syneresis, and ca. 1.0 ml of liquid accumulates at 

the bottom of the slant. Because this liquid is lost to the solidified suspen

sion of agar, the concentration of the latter is increased to ca. 1.28%. In 

each tube the stem-piece explant (1 em long) is pushed 0.3 em into the lower 

third of the agar slant. From such a portion of an internode the numbers of 

regenerated buds varies from 100 down to zero, with an average of ca. 30 for a 

group of 50 cultures that utilized one liter of medimn distributed at 20 ml/ 

tube. If the relatively high concentration of agar that is used here has an 

inhibiting effect on growth and regeneration for Sequoia, as recorded by DPJbergh 

et al. (11) for Cynaria, and by Von Arnold and Ericksson (1) for Picea, it is 

adequately reversed by the cytokinin SD 8339 for Sequoia. 
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The inoculated culture tubes were maintained in an air-conditioned roam at 

20 ± 5°C under light from equal wattage of fluorescent and incandescent sources 

at ca. 1000 foot candles, with the photoperiod of 18 h light, 6 h dark. 

4. STEM PIECES AS EXPLANTS 

Because of the multiple regeneration of buds, the 1 em long stern pieces 

(Fig. 1) from the orthotropic basal shoots were the most productive explants. 

The buds were regenerated in longitudinal rows (Fig. 2) and the maximum number 

achieved was more than 100 per inoculum. The presence of the cytokinin (SD 

8339) in the medium brought about this productivity. Each bud, even with a 

lengthened period of growth, i.e., up to 2 or 3 months in the original medium, 

produced a rosette shoot as long as it was attached to the stf'.m piece. The 

shoots showed elongation only after they were excised and placed upon an agar 

medium lacking cytokinin and containing activated charcoal (Fig. 5), and auxin. 

The function of the charcoal -is unknown; it has been suggested that it adsorbs 

inhibitory substances. 

After appropriate elongation (to ca. 5 em) both by stretching of already 

present internodes and the production of additional leaves and internodes, the 

shoots were transferred to rooting medium. The RCXYI'ING I consisted of half

strength Wolter-Skoog medium containing NH4N03 (cf. 17) and a high concentration 

of indolebutyric acid (30 mg/l) and without cytokinin and agar. Each shoot IS 

basal one centimeter was imnersed for 12 h in 5 ml of this solution and main

tained in the dark. It was then transferred to RCXYI'ING II consisting of half

strength Wolter-Skoog medium, without NH4N03, with 2 gil activated charcoal and 

15 gil agar and kept in the dark ten days, then grawn in the lig~t. Eighty to 

ninety percent of the shoots bore one to several roots after 30 days. All 

shoots, the rooted and the non-rooted, were transferred to soil mix, and most of 

the latter developed roots. 

5. LEAVES AS EXPLANTS 

The leaves borne on the lateral branches of basal shoots, or from the 

newest lateral branches of the upper bole (at heights of 15 meters or more) 

during the months of March and April, provide inocula that undergo a different 

sort of development. While the research achieved a method for regeneration of 

buds from stem pieces without the precursor of callus, it was found that leaf 

inocula required a callus for regeneration of buds. This result was related to 

the necessity of cutting the leaves transversely in half (Fig. 10); the cut 

surfaces produced abundant callus as the first gr~1 response (Figs. 11, 12). 
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Upon this callus several buds regenerated (Figs. 13, 14). Such buds were later 

excised and placed upon elongation medium similar to that used for buds regener

ated upon stem pieces. The buds fran leaf callus elongated in a manner caupar

able to that of stem buds. The elongated leaf sprouts were rooted, planted in 

pots, out-planted in the field, where they grew into trees (Fig. 15) no differ

ent in general appearance fran those produced fran st~derived buds (Fig. 9). 

Aside fran constituting another method of multiplying redwood trees via tissue 

culture, these leaf-formed trees are of interest in that they are produced fran 

callus. D'Amato (9) expressed the opinion that, in general, variations in 

ploidy, chromoscme number, and karyotype are common in plant callus, either of 

sanatic (non-meristematic) or germinal (pollen grain) origin. His Table I lists 

ten examples in which callus has other chrcmosane numbers than that of the 

original plant, and in which sane of the regenerated plants had different 

chranoscme numbers than those of the original plant. Also, four examples are 

listed where callus had chranosane numbers other than that in the original 

plant, but the regenerated plants had only the same chrOIOOsane number as in the 

original plant. D'Amato (10) deprecated regeneration fran callus as a method of 

plant propagation because variation in chranoscme number can occur. However, he 

listed four examples of plants where their calli had different ploidy levels 

and/or aneuploidy, yet only, or mostly, diploid plants regenerated fran these 

calli. Therefore, he expressed the opinion that the diploid line has a selec

tive advantage in organogenesis. 

ChrOlOOScme counts in root-tip smears were made of our Sequoia trees regen

erated fran stem pieces and fran leaf inocula. In both cases the chrcmosane 

number was the 2n = 66. I conclude tentatively that regeneration of plants fran 

cortical cells as well as fran leaf callus derives fran the diploid cells and 

not fran the rarely present cells of different chranosane numbers. 

6. REGENERATION OF TREES FROM THE FEMALE GAME'IOPHYTE 

In the mature unshed seed the female gametophyte is a layer of 10 to 15 

cells thick surrounding the embryo (Fig. 16). At this stage the cells are still 

alive, and each contains cytoplasts with numerous starch-containing plastids, 

and a nucleus (Fig. 18). The cone and then each seed is surface-sterilized by 

soaking them in full-strength bleach. After washing in sterile water, the wing 

on one side of the seed is excised and then it is possible to spread the seed 

coat apart and extract the female gametophyte. The gametophyte is then slit 

along one side and the embryo is withdrawn, leaving a hollow cavity that, in 

section, shows an oval tube made up of cells of the gametophyte (Fig. 17). 
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Prior to inoculation, the edges of the slit along one side of the gametophyte 

are spread apart and the inner surface of the wall are examined carefully for 

extra embryos. In the hundreds of gametophytes that I have excised, only one 

had two embryos--a normal-sized one and a smaller one. Both were inoculated in 

culture rreditml and grew rapidly into seedlings. 

The female gametophyte is naturally axenic and is so delicate that if the 

bleach contacts it, death of its cells results. It grows well on the following 

meditml: the macro- and microelements of Murashige-Skoog (20), 20 gil sucrose, 1 

mg/l each of kinetin and of 2,4-D, plus 150 ml of coconut water. The last was 

previously filtered through Whatrnan No. 1 filter paper. Water was added to 

bring the volurre to 255 ml. After solution of the sugar, the whole is filter

sterilized by passing through a Millipore filter of 0.4 micrometer pore-size. 

The filtrate is then added to 750 ml of just autoclaved, and cooled to 40°C, 

suspension of 12 grams of agar. After mixing thoroughly, the now complete 

rreditml is distributed at 20 ml to each of 50 culture tubes. Each tube is 

plugged with cotton and covered with a fingered stainless-steel cap. The tubes 

are appropriately tilted to allow the meditml to solidify to form slants ca. 10 

em in length in each 2.5 x 20 em tube. 

Prior to inoculation, the cap and plug of a tube are removed, the plug is 

rested upon the open end of the cap, and a 30 cm-long Potts-Smith dressing 

forceps (V. Mueller, Chicago) is inserted to the lower third of the agar slant 

and a small trough is dug into the gel. The forceps are excerted and used to 

pick up gently the hollow female gametophyte and to insert it into the trough 

with the slit on the outside. Great care must be taken not to squeeze the 

gametophyte. The culture tube is maintained in the culture room under the 

lights (cf. above) and after a month callus begins to develop at the broad end 

of the g?ffi€tophyte from areas on the granular inner surface of the hollow tube. 

The callus soon develops a faint green color (Figs. 19, 20). After about two 

months the callus develops extensively outside the gametophyte (Fig. 21) and has 

regenerated several buds. After ca. three months the entire gametophyte has 

callused, and several of the buds have developed leafy shoots (Fig. 22). These 

shoots are then taken through the system of elongation meditml (containing no 

kinetin or coconut water) to rooting media (Fig. 23), to pots of soil mix, and 

cut-planting in the field. Two hundred of them have developed into small trees 

now four years of age (Fig. 24). These trees differ in subtle ways from seed

lings of the same age (Fig. 25). Perhaps their growth rate is the clearest 

difference from that of the stem piece regenerated plant lets (29.2 em/yr vs. 

62.0 em/yr). It is noted that the growth rate of gametophyte trees is similar 
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to that of seedlings. The karyological smears of root tips of the gametophyte 

trees have given exclusively diploid chrarosome counts (2n = 66). Studies of 

the chrarosome counts of the living female gametophytes of seeds have given 

various counts ranging fran haploid to l6x and higher and various aneuploids. 

It is assumed that the occasional diploid cells divide to produce the callus 

from which the buds and shoots regenerate. 

Because of the slow growth rate of the gametophyte trees, it is tempting to 

consider them dihaploids that are showing "inbred depression." 

An alternate interpretation is that the gametophyte trees have been derived 

fran buds on callus that developed fran very underdeveloped embryos. Several 

serial sections of entire female gametophytes at the stage of inoculation have 

revealed not such embryos. Such histological studies were made in recognition 

of the numerous archegonia and possible multiple embryos developed in the ovule 

of Sequoia (cf. 6). 

7. TRANSFER TO SOIL 

The difficulties reSUlting after the transfer of tissue-culture~ltiplied 

plantlets from the conditions of the culture tube to soil are reviewed by Conner 

and Thanas (7). Their conclusion is that poor control of water loss and the 

change from hetero- to autophytic nutrition are responsible for the losses. My 

method of control of water loss fran rooted plantlets of Sequoia was accan

plished by first transferring their root systems (after removal of the agar by 

washing) to a mixture of (2:1:1) sphagnum, perlite, vermiculite in white plastic 

growth tubes (35 rrm x 200 rrm) with drain holes. These growth tubes were irri

gated with a solution of Peter's 20-20-20 minerals (25 g in 20 1). The tubes 

are stored in a special rack maintained in a specially constructed transparent 

plastic "greenhouse" (62 em long x 36 em wide x 37 em high) that is topped by 

transparent plastic normally used for wrapping. The "greenhouse" is kept in a 

large aluminum tray containing water about 1 em in depth; the growth tubes in 

the rack do not touch this water. The growth of the Sequoia plantlets in this 

system shows a survival rate of 90%. The losses are due mainly to the death of 

shoots that had shown no visible roots at the time of the transplanting. Minor 

losses occur as a result of accidental breakage of the extensive root system 

(Fig. 6) when the plants are pulled gently fran the agar in the culture tubes. 

It is my opinion that the cammon practice of transferring tissue-culture

multiplied shoots to soil prior to their rooting is the major cause of their 

death. While such shoots could obtain sufficient water from the culture medium 

while they were in the agar culture medium, their water absorption from soil-mix 
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is inadequate to their survival. The advantage of my system is the establish

ment of a large root system on each plantlet before it is transferred to soil. 

There is no shock from transfer from the axenic to the septic environment; the 

established root system immediately absorbs water from the soil. Finally, the 

starting material is non-vitrified plant lets that do not contain excessive water 

and whose rate of water loss is not beyond control. 

Most of the trees that I have out-planted in the field have been multiplied 

from ste(l1 piece explants of a single donor tree (e.g., Fig. 9). The average 

rate of growth in height during eight years of development has been 62.0 em/yr. 

In comparison, trees developed from seedlings growing in the same field have 

shawn an average rate of growth of 29.2 em/yr. Harlow and Harrar (16, p. 

190-191) wrote that sprout trees may attain heights of 50 feet (1500 em) in 20 

years, with a growth rate of 75 em/yr, and that the leaders of seedling redwood 

trees 4 to 10-years old commonly elongate 2 to 6 feet (60 to 180 em) per year. 

8 . DISCUSSION 

Boulay (5) published the first comprehensive study of production of rooted 

plantlets by tissue culture of Sequoia. Explants were stems from basal shoots 

and from the upper bole, and were grown upon modifications of the medium of 

Murashige and Skoog (20). The low production of adventitious buds from the 

inocula shows the restriction of this medium. The high rate of contamination of 

inocula after surface sterilization, and the frequent death of plantlets after 

transfer to soil were characteristic. No distinction was made between buds 

arising from the axils of leaves and those from the interior of an internode, 

and all of them were termed adventitious (5, p. 49). No consideration was given 

to the probability of an accumulation of variations from successive periods of 

in vitro growth. Deshayes (12) showed increases in variations after each 

successive cycle of an in vitro growth of tobacco. 

All of the present redwood trees wexe produced by tissue-culture multipli

cation of buds solely from the original inoculation (stem, leaf, or female 

gametophyte). No subcultures were made. This principle was maintained with the 

aim of limiting variations that could be caused by prolonged exposure of the 

inocula to the culture media. 

In contrast, the increase in the final numbers of rooted plant lets was 

achieved by Boulay (5) by reculturing explants from the first in vitro shoots. 

Boulay (5) used a low concentration of agar (0.8%) in all media, and no 

consideration was given to the possibility that the shoots grawn in the result

ing comparatively high availability of water could have been susceptible to 
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vitrification and death upon transfer to soil. Indeed, some of the microphoto

graphs show the leaves to be of excessive length; this is characteristic of 

vitrified leaves (e.g., frontispiece and photo 13, p. 67). Debergh et al. (11) 

established this observation on leaves of vitrified plants of Cynaria. 

The irrportant publication of Bekkaoui et al. (4) concerns mainly the 

rooting of tissue-culture-regenerated shoots of redwood. Rooting is considered 

the criterion on rejuvenescence. They introduce the work by noting that rooting 

by classical methods of redwood shoots is quite easy, but that the ,process is 

difficult in tissue-cultured shoots. 

In describing the culture medium it is noted that the concentration of agar 

was 0.35% (w/v). At this level the shoots of Picea were vitrified (1), as were 

those of Cynaria (11). That level of agar must have been unsatisfactory, for on 

page 12, the medium used in studies of mineral nutrition was described as 

containing 0.7% agar. Indeed, photo 2, p. 8, shows shoots grown presumably on 

0.35% agar with extremely long leaves, which is an indication of vitrification, 

according to Debergh et al. (11). 

The auxin treatment of the shoots to stimulate rooting by Bekkaoui et al. 

(4) utilizes one week's exposure to 5.10-5 of IAA (8 mg/l), IBA (10 mg/D, ~r 
NAA (9 mg/l). Their results can be considered excellent; more than 75% of the 

shoots from the young donor, and 30-50% of those from the old, rooted in vitro. 

Their concentrations are ca. one-fourth that used in my laboratory, and are 

miniscule in comparison to the 10,000 P!Xfl that Dr. W.J. Libby uses (personal 

corrmunication) . 

The high rooting percentage achieved by Knop's medium is unexpected. A 

probable reason for this efficiency is the absence of NH4N03 in Knop's medium; 

the relationship resembles that for the medium of Murashige and Skoog (2) used 

without ammoniacal nitrogen for increased rooting of Vicia faba (17). Bekkaoui 

et al. (4) consider Knop's medium to be the best one for rooting of redwood 

shoots. They fail to correlate its efficiency with the lack of amroniacal 

nitrogen. 

The finding of Bekkaoui et al. (4) that activated charcoal inhibits rooting 

is, at first view, surprising. When it is noted that the charcoal is used at a 

relatively high concentration (20 mg/l) in media with auxin, the result is 

understandable on the basis of adsorption of the auxin. An analogous situation 

was described by Constantin et al. (8) in which tobacco callus failed to grow on 

MS medium thC\t contained sucrose, auxin, cytokinin, and 10 gil activated char

coal. They interpreted the failure to be due to the adsorption of these hor

mones by the activated charcoal, and substantiated their view by removing the 
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activated charcoal from the meditnll prior to culturing the callus. The pre

adsorbed meditnll supported no graNth of the callus. 

I have avoided the adsorption of honrones by activated charcoal in my 

rooting media by introoucing auxin to the bases of the shoots in a liquid meditnll 

that lacks activated charcoal: this can be termed, in the language of Bekkaoui 

et a1. (4, p. 16) the induction phase. After this several-hour exposure, the 

shcots are then transferred to agar meditnll that contains a much lower concen

tration of activated charcoal (2 gil), the expression phase, where rooting 

oc=s during the next few days. 
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FIGURES 

FIGURE 1. Stem-piece, 1 cm long, inoculated one month previously, 
showing the longitudinal rows of incipient buds, now indicated by 
swellings beneath the epidermis. x2. 
FIGURE 2. Stem-piece, 1 cm long, inoculated 40 days previously, 
showing the longitudinal rows of short shoots developed from the 
regenerated buds in the cortex. Ca. 100 buds have developed. x2. 
FIGURE 3. Five stem-pieces, each 1 cm long inoculated two months 
previously. Each inoculum had regenerated numerous buds. All of 
the latter were adventitious; the uppermost inoculum bore an axil
lary bud, the already-present shoot apex of which developed a long 
shoot that had not been inhibited by the cytokinin. xl/2. 
FIGURE 4. Stem-piece, 1 cm long, inoculated two months previously, 
showing the vigorous development of a single axillary bud into a 
long leafy shoot. The already-present shoot apex was not suppres
sed by the cytokinin. This mode of multiplication is restricted to 
the production of one shoot per axillary bud; it is numerically 
inefficient, as compared to the regeneration of adventitious buds 
(average 1:30), and has not been discussed in this work. xl/2. 
FIGURE 5. Eight leafy shoots developed from buds, as shown in 
Fig. 2, on elongation medium during 25 days. Each shoot is ca. 4 
to 5 cm in length, and is ready for transfer to the rooting media. 
This rapid growth by the production of leaves and stem tissue 
demonstrates the overcoming of the previous inhibition to growth 
in length (cf. Fig. 2) of the adventitious shoots by the adsorp
tion of substances by the activated charcoal. xl/2. 
FIGURE 6. Rooted plantlet in ROOTING II medium two months. The 
leafy shoot was regenerated from a stem-piece inoculum. The 
abundant root system is characteristic. xl/3. 
FIGURE 7. Plantlet from a stem-piece inoculum after one month in 
RoO'rING II medium. The root system was removed from the agar 
medium in order to show the absence of hairs. xl/2. 
FIGURE 8. Root-tip smear of a potted plant grown from a stem-piece 
inoculated October 14, 1979. Processed August 6, 1981. This figure 
of the 2n = 66 chromosomes is characteristic of all tissue-culture 
cloned plants. xlOOO. 
FIGURE 9. A tree that was begun by an inoculum of a stem-piece on 
August 3, 1980, growing in UCSC Arboretum. Photo (\lay 28, 1985, 
when the tree was 3.5 meters tall. 
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FIGURE 10. The two halves of a leaf after transverse division and 
inoculation on an agar slant. x2. 
FIGURE 11. The two halves of a leaf after 12 days in dark, plus 15 
days in light. Callus has developed on the cut surface of the 
upper half and on the base of the lower half. x2. 
FIGURE 12. The two leaf-halves after two months on the agar slant. 
Callus is restricted to the cut surfaces. x2. 
FIGURE 13. The upper leaf-half after 3 months + 20 days showing 
the origin of buds on the callus on the cut surface. Callus start
ed at the leaf tip, i.e., originally the most mature part. x2. 
FIGURE 14. Eight leaf-halves three months after inoculation. The 
four leaves were excised from the same shoot; variation in the 
growth of adventitious shoots is evident. xl/2. 
FIGURE 15. Tree grown from bud on callus of the leaf-half that was 
inoculated April 13, 1979. Photo September 25, 1985, after 2356 
days of growth. Height at time of photo, 3.8 meters. 
FIGURE 16. Median longitudinal section of a female gametophyte 
enclosing an embryo. x3. 
FIGURE 17. Longitudinal section of a female gametophyte from which 
the embryo was -excised, prior to inoculation on the agar slant. 
x4. 
FIGURE 18. Section of the female gemetophyte showing the cells' 
thick walls, the numerous starch-containing plastids, and the 
irregularly-shaped nuclei. x400. 
FIGURE 19. A female gametophyte after one month on culture medium. 
The edges of the slit had spread apart, and the callus has started 
to develop at the lower end. x4. 
FIGURE 20. Female gametophyte after five weeks on culture medium. 
Bright green callus has spread outside the cavity. 
F'IGURE 21. Female gametophyte with call us bear ing buds. Six months 
on medium. x4. 
FIGURE 22. A fast-growing gametophyte of which even the surface 
cells had divided to contribute to the callus. Some of the buds 
had produced short leafy shoots. Three months on medium. x4. 
FIGURE 23. A single shoot from a female gemetophyte had regenera
ted several shoots, some of which had produced roots. Twenty-one 
days on ROOTING II medium. xl/2. 
FIGURE 24. Tree grown from a bud on callus of a female gametophyte 
inoculated four years previously. Duration of growth from time of 
inoculation to the date of photographing was 1264 days, when the 
tree's height was 1.2 meters. 
FIGURE 25. Tree grown from seed planted 1639 days prior to date of 
photographing when its height was 1.2 meters. 
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12. TISSUE CULTURE OF HIMALAYAN CONIFERS AND ALLIED GYHNOSPERMS 

R. NAGHANI 

1. INTRODUCTION 

'I'he "Himalayas" have some of the world's highest peaks, includ

ing Mount Everest. These peaks form the core of a mountain system 

which extends over 1,500 miles along the northern part of the 

Indian sUb-continent. The Himalayas increase in height towards 

northern latitudes and, therefore, have tropical, temperate, and 

arctic type floral zones. 

Conifers constitute a noteworthy part of the Himalayan forests, 

although the proportion of conifers decreases progressively east

ward (3). They are most abundant in the Western, Central, and 

Eastern regions at elevations ranging from 5,000 to 11,000 ft. 

In the western Himalayas, Juniperus macropoda and Pinus gerard

iana are found throughout the Kashmir Valley, at elevations 

between 8,000 and 11,000 ft. Groups of Cedrus deodara and silver 

fir (Abies pindrow), occur on the outer Himalayas at elevations of 

about 7,000-8,000 ft. 

In the central Himalayas, Pinus roxburghii occupies the hotter 

southern slopes and occurs more or less gregariously down to about 

2,500 ft. In the next higher zone (7,000-9,000 ft), which is some

what cooler and drier, Abies pindrow, Picea morinda are found, and 

Pinus wallichiana replaces Pinus roxburghii. Occasionally, associ

ations of cypress (Cupressus torulosa) colonize dry sites. 

In the eastern Himalayas (7,000-9,000 ft) 'I'suga dumosa 

(=brunoniana) occurs on the warmer slopes and Abies densa at high 

elevations. Taxus baccata is found associated with broad leaved 

species. In the zone from 9,000 to 11,000 ft, Picea spinulosa, 

Pinus wallichiana, Larix griffithii, Juniperus wallichiana and 

hemlock, 'I'suga dumosa, constitute the major conifer species. 
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The maintenance and rapid propagation of these Himalayan coni

fers are important for the economy of India. So far India has been 

dependent mainly on Sweden and Finland for imports of paper, 

timber, and wood pulp (9), but the Himalayan spruces and firs 

could be used for the establishment of an indigenous wood-pulp 

industry on a modest scale. 

In vitro propagation of some of these naturally occurring Hima

layan conifers and other gymosperms has been attempted over the 

past two decades. Considerable progress has been made towards 

establishment of call us cultures and plantlet regeneration with 

some conifer species, as is described below. 

2. TISSUE CULTURE OF PINUS SPECIES 

In vitro cloning of the Himalayan pines, Pinus gerardiana, R.. 
roxburghii and P. wallichiana was attempted by Konar and co

workers (4, 10). In 1963, Konar initiated callus from hypocotyl 

segments of P. gerardiana 

medium supplemented with 

(nut-yielding pine) 

coconut milk (CM), 

on Whi te' s basal 

casein hydrolysate 

(2,4-D). He also (CH) and 2,4-dichlorophenoxyacetic acid 

established suspension cultures and defined some of the growth 

parameters of these cultures. 

Cytological preparations of 10-week-old callus showed only 

diploid cells, i.e., the presence of various growth regulators, 

including 2,4-D, in the nutrient medium did not change the ploidy 

of cells (8). 

In their continued efforts to induce shoot buds and roots in 

callus cultures of P. gerardiana, Konar et al. (5, 6) transferred 

hypocotyl callus to Hood and Braun's medium containing 3160 mg/l 

of ammonium sulfate. After 4 weeks, shoot-like structures appear

ed. Both roots and shoots differentiated in callus cultured on 

H'hite's medium supplemented with indolebutyric acid (IBA) at 10, 

5, 2 and 1 mg/l and kinetin at 0.5 mg/l. 

Mehra and Anand (11) established fast growing callus cultures 

from different parts of 3- to 5-week-old seedlings of P. rox

burghii cultured on Murashige and Skoog's (MS) medium supplemented 

with naphtaleneacetic acid (NAA) or 2,4-D at 4 mg/l, kinetin 

1 mg/l and CH (15 %). The callus obtained was maintained by 
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subculturing for 1 year. Chromosome numbers of cells of 4- to 12-

week-old calli were determined in aceto-orcein squashes (8). Host 

of the cells were found to be diploid with 2n = 24 chromosomes, 

though a few polyploid and aneuploid cells were also observed. 

Chromosome bridges and laggards were common. 

In an attempt to induce roots and shoot buds in callus cultures 

of P. roxburghii, Bhatnagar et al. (1) cultured mature embryos on 

MS medium supplemented with N6-benzylaminopurine (SA) at 1 mg/l 

and NAA at 2 mg/l. The embryos turned green wi thin 10 days. The 

cotyledons and hypocotyl formed callus where they were in contact 

with the medium. However, this callus could not be subcultured. 

After 3 weeks, shoot buds and primary needles appeared on the 

surface of the swollen cotyledons in 60% of the cultures. 

Konar and Singh (10) induced shoot buds in callus cultures of 

P. wallichiana, mainly by using embryos as explants. These embryos 

were cultured on modified MS medium supplemented with NAA (0.1 

mg/l). Calli formed and were transferred to medium containing SA 

(1 mg/l). Shoot buds developed on this medium. After replacing the 

cytokinin by CM the shoot buds elongated (Fig. 1). 

3. TISSUE CULTURE OF CEDRUS DEODARA 

Shatnagar et al. (1) cultured embryos and female gametophytes 

of Cedrus deodara separately on MS medium supplemented with 

auxins, cytokinins, and CM. 

On MS medium containing kinetin (2 mg/l), shoot buds developed 

in the hypocotyl region of the cultured embryos. After 3 weeks in 

culture the portions of hypocotyl and cotyledons in contact with 

the medium formed compact green callus. Shoot buds and needles 

differentiated from this callus after 5 weeks. 

'I'he mature female gametophytes of C. deodara formed green and 

friable callus on MS medium supplemented with CM (10%), 2,4-D (2 

mg/U and kinetin (2 mg/l). This callus was subcultured on the 

same medium through several passages. 

4. TISSUE CULTURE OF PICEA SMITHIANA 

Mehra and Verma (12) obtained callus and shoot buds from cotyl

edons of Picea smithiana (Western Himalayan spruce) by culture of 
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embryos on HS medium supplemented with auxin and cytokinin. The 

callus cells were predominantly diploid even after repeated sub

culture. 

5. TISSUE CULTURE OF BIOTA ORIENTALIS 

In 1965, Konar and Oberoi (7) cultured embryos of Biota orien

talis on Butenko's medium. After 8 weeks in culture, protrusions 

FIGURE 1. Pinus wallichiana, embryo culture. A. Forty-day old 
culture on B~1 + 1 ppm SAP showing shoot bud formdtion. x3; B. 
Four-month-old culture on NS + 2% sucrose + 10% CM (transferred 
from A) showing shoot formation. x2; C. Thirty-day-old culture on 
B1>1 + 1 ppm BAP showing shoot bud formation along the surface of 
the hypocotyl. x4; D. Four-month-old culture on MS + 2% sucrose + 
10% 01 transferred from ml + 1 ppm BAP + 2 ppm NAA. xl.5. After 
Konar and Sigh (10). 
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appeared on the adaxial surface of the cotyledons which they des

cribed as embryoids, but which subsequently differentiated into 

shoots. Later studies by Thomas et al. (15) confirmed that these 

structures were adventitious buds. 

6. TISSUE CULTURE OF EPHEDRA SPECIES 

Ephedra is a gymnosperm which is phylogenetically related to 

Gnetum and grouped under the Gnetales. Several species of Ephedra 

FIGURE 2 . Ephedra foliata, female gametophyte culture. A. Four
week-old culture on BH + 0.05 ppm NAA + 0.05 ppm DAP, showing a 
mass of call us with roots. x2. 5; B. Six-week-old culture on BH + 
0.05 ppm NAA + 6 ppm BAP showing formation of roots and shoot 
buds. x2.5; C. Same on m1 + 0.5 ppm NAA + 2 ppm BAP. Note the 
callus mass with roots and shoots. x2; D. Same on BM + 0 . 5 ppm 
NAA + 4 ppm BAP showing differentiation of roots and shoots. x2.5. 
After Bhatnagar and Singh (2). 
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occur as bushy shrubs on hotter slopes. Ephedra, like Equisetum, 

has leaves that are reduced to scales. The plant is the source of 

the alkaloid ephedrene, which is of medicinal importance. 

Embryogenesis was induced in cultures of somatic tissues of 

Ephedra gerardiana (13) on a nutrient medium supplemented with BA, 

kinetin and NAA. 

Haploid callus cultures were raised from female gametophytes of 

E. foliata by Singh et al. (14) and Bhatnagar and Singh (2). The 

callus originated from longitudinal and transverse halves of game

tophytes with young archegonia. By adding NAA and BA to the medium 

B 

c 

o 
FIGURE 3. Ephedra foliata, female gametophyte culture. A. Six
week-old culture on BM + 0.05 ppm 2,4-0 + 1 ppm kinetin showing a 
shoot and root that developed from the callused portion of the 
female gametophyte. xl; B. Same on BM + 0.05 ppm 2,4-0 + 6 ppm 
kinetin. Note large number of shoot buds. x2.5; C. An acetocarmine 
squash of a p-dichlorobenzene treated root tip of a root, formed 
in vitro from the callus, showing a haploid number of chromosomes, 
n =~3500; O. A cell from the same root tip showing a diplold 
number of chromosomes, 2n = 14. x3500. After Bhatnagar and Singh 
(2) • 
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at varying concentrations, they induced roots and shoot buds in 

these callus cultures (Fig. 2). Cells of the callus and the root 

tips had the haploid number of chromosomes, n = 7. Only rarely did 

a few cells of the callus show a diploid chromosome number (Fig. 

3). Meristemoids appeared at the surface of the callus or embedded 

in it. The deep seated meristemoids organized root primordia, 

while the peripheral ones gave rise to root as well as shoot bud 

primordia. Initially, there were no vascular connections between 

the shoot buds and the callus, but these were subsequently 

established. 
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13. IN VITRO REGENERATION OF CENTRAL AND SOUTH AMERICAN CONIFERS 

DT WEBB and VM VILLALOBOS 

1. INTRODUCTION 

Tropical forests comprise approximately one third of the 

world's woodlands and contain 80% of the total land vegetation. 

The original extent of these forests is estimated at 1.6 x 10 7 

km2 . Approximately one third of this is located in Latin America 

where 40% of the primary forest has been lost to human activities 

(20). For instance, in Guatemala the pine forests are being dimin

ished by 2.5% each year (11). 

In addition to yielding approximately 1.2 x 109 tons yr- l of 

fuel wood, tropical forests provide 10% of the world's non-fuel 

wood supply (20). It is certain that demand in both of these areas 

will increase dramatically in the near future. Since hardwoods 

form the dominant component of most tropical forests, they are 

currently being most heavily exploited (20). Tropical hardwoods 

comprise one seventh of the global trade in forest products. Most 

of this involves high quality lumber and veneer, but there is an 

increasing demand for pulp and paper products. Currently, 7% of 

the world's paper and cardboard originates in the tropics, and it 

is estimated that the demand for pulp from the tropics will double 

to 4 x 108 tons yr- l by the year 2000 (20). While tropical forests 

are highly productive and can yield as much as 70 tons ha- l yr- l , 

they are ecologically diverse, complex and delicate. Therefore, 

sustained yield forestry does not work well, and productivity 

usually declines markedly after initial logging. 

To improve timber productivity on a long-term basis, efforts 

are underway to use plantations of native and exotic species 

(20). Clonal forestry practices, including tissue culture, will no 

doubt play a role in this process as they have with angiosperms 
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(5) like Populus and Eucalyptus (10) and with Pinus radiata as 

described elsewhere in this volume. 

The forests of Central and South America contain an extremely 

wide array of coniferous species and varieties which occur over a 

vast range of ecological conditions (7, 8, 11, 16, 18). For 

instance, over seventy species and varieties of Pinus have been 

identified in Mexico and Central America alone, and new ones are 

being documented regularly (11). However, expanding human popula

tions with their need for agricultural land and forest products 

have endangered many provenances and some species such as Abies 

guatemalensis (11), thus depleting potentially valuable genetic 

resources. 

Presently, the low elevation species Pinus caribaea var. hondu

rensis and P. oocarpa are being planted over thousands of ha in 

Latin America and other tropical regions. At mid-elevations (1500-

2000 m), ~. patula and Cupressus lusitanica are proving useful for 

reforestation in Latin America and Africa (1, 11). Other species 

of current and future significance for tropical forestry include 

Pinus greggii, ~ pseudostrobus and Araucaria angustifolia (25, F 

Wadsworth; DB vJebb, pers. comm.). In addition, there are many 

other coniferous species of local significance such as P. hart

wegii and ~. maximartinezii which may have direct value or may be 

useful in tree improvement programs. 

The Central American and Mexico Coniferous ~esources Coopera

tive (CAMCORE) was formed in 1980 to save and evaluate endemic 

conifer populations. Centered at North Carolina state University, 

Raleigh, under the direction of WS Dvorak, CAMCORE has member 

organizations in Mexico, Guatemala, Honduras, Colombia, Venezuela, 

Brazil, Africa and the United States. CAMCORE has two current sets 

of objectives. Phase I involves seed collection from species and/ 

or provenances in Mexico and Central America that are being degra

ded or endangered. Phase II includes the establishment of conser

vation banks and progeny tests in Mexico, Central America and 

Africa under a wide range of environmental conditions (11, 12). 

Eventually, seeds will be available for general distribution, as 

well as for experiments on asexual propagation, including tissue 

cuI ture (WS Dvorak, pers. comm.). Species currently under study 
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by CAMCORE are listed in Table 1, and further species will be 

added pending future investigations. 

Table 1. Conifers under evaluation by CAMCORE (11, 12). 

Species 

Pinus ayacahuite 
P. caribaea 
P. chiapensis 
P. maximinoi 
P. oocarpa 
P. pseudostrobus 
P. tecunumanii 

Elevation (m) 

2000-3000 
0-750 

850-1800 
850-1800 
745-1780 

1000-1800 
1000-2400 

While callus formation and vascular differentiation have been 

studied with cambial explants of C. lusitanica (2, 3), with the 

exception of P. radiata (this volume), and Araucaria (15, this 

vOlume), there have been few regeneration studies with Central and 

South American conifers (4, 13, 17, 24, 26). Since P. radiata and 

Araucaria are treated elsewhere in this volume, we will summarize 

past and present in vitro propagation studies with other tropical 

conifers. 

2. METHODS AND RESULTS 

2.1. Seed sources 

For the studies described herein (Table 2), seeds were obtained 

from the following: International Forest Seed Company, Birmingham, 

Alabama; Seed Export, Guatemala City, Guatemala (13); Institute of 

Tropical Forestry, U.S.D.A., Rio Piedras, Puerto Rico; Ministry of 

Natural Resources, Forestry Department, Belmonpan, Belize (26); 

and Banco de Germoplasma Forestal, Instituto Nacional de Investi

gaciones Forestales, Mexico (24). 

2.2. Decontamination 

For ~. carib~ (26), ~. oocarpa and ~. lusitanica (13), seeds 

were soaked in NaOCl (commercial bleach) at 0.5% or 1. 05% (w/v) 

active chlorine, plus 0.1% or 0.2% Tween 20, respectively, for 30 

min followed by 3 rinses in sterile distilled H20. With P. 
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caribaea (26) seeds were first rinsed in 95% ethanol for 1 min. 

Ethanol has also been used with P. maximartinezii where seeds were 

first scarified, submerged in 70% ethanol (1 min), soaked in 6% 

NaOCl (10 min), then rinsed in sterile H20 (3 times). Sterility 

has been di fficul t to achieve with P. hartwegii and R.. patula. 

With R.. hartwegii, seeds were soaked in soapy H20 (5 min), then 

placed in 2% NaOCl (5 min), and rinsed 3 times with sterile H20. 

For P. patula, seeds were placed in 0.1% HgC12 (5 min), rinsed in 

tap H20, soaked in sterile H20 (24 h), rinsed in 70% ethanol (1 

min), submersed in 0.1% HgC12 (5 min), and finally washed 3 times 

in sterile H20 (24). Treatment with 1% H202 also gave good results 

with R.. hartwegii. 

2.3. Explant preparation and selection 

To date, only mature embryos or young (10-28 day-old) seedlings 

have been used as explant sources. In general, seed pretreatment 

or germination has promoted adventitous shoot induction. With R.. 
caribaea (26), best results were obtained after seeds were incuba

t'ed on 50% basal medium in darkness for 7 days, prior to embryo 

excision and culture on shoot-induction medium. For P. patula, 

embryos were excised after 10 days of incubation, while cotyledons 

and shoot tips were taken after 15-22 days (24). R.. oocarpa and £. 
lusitanica seeds were germinated in light at 2 ~ Em-2 s-l on a 1:1 

mix of sand and vermiculite, watered with sterile distilled H20 

for 10 or 28 days respectively prior to explant culture (13). With 

P. maximartinezii and R.. hartwegii, seeds were germinated on ver

miculite moistened with H20 prior to excision. 

While whole embryos have been sui table explants for adventi

tious bud formation, isolated seedling cotyledons or hypocotyl 

sections with attached cotyledons have proven best overall. With 

isolated shoot tips, lateral bud induction has been observed with 

P. patula (Table 2). For rooting trials, adventitious shoots 5 mm 

or longer have been routinely employed. 

2.4. Culture environment 

Culture temperatures have ranged from 23 2:. 2°C for R.. patula 

(24) to 27 + 2°C for P. caribaea (26). In all cases, fluorescent 

tubes were used with either 12 h (R.. caribaea) or 16 h photo

periods. The same light conditions have been used for shoot and 
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Table 2 

Summary of Tissue Culture Experiments with Latin American Conifers 

Species 

Pinus Pinus Pinus Pinus Pinus Cupressus 
caribaea hartwegii maximar- oocarpa patu1a 1usitanica 

tinezii 

Explants 

Ea E,SCb,SHc E, SC SC E,SC,STd HCe 

Temperature (:!:. 20 C) 

27 23 23 25 23 25 

Photoperiod 

12 16 16 16 16 16 

Irradiance 

SI f 10-4g 8.5h 8.5h 60 i 8.5h 60 i 

SEj 10-4 8.5 60 8.5 40 

RIk 8.5 60 8.5 30 

Culture Redia 

SI SHR1 MSm MS SHR SHR MSM n GDSo MSCP CBMq 

SE SHR MSM 1/2 GDS CBM 

RI CBM-1/2-GDS PVS r 

pH 

5.7 5.5 5.5 5.5 5.5 5.5 

Growth Regulators 

SI BA BA,K,2iP BA BA,K,2iP BA,IAA BA,K,2iP 
NAA IBA,NAA IBA 

RI NAA NAA NAA,IBA NAA 
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Table 2. Continued. 

Species 

Pinus Pinus Pinus Pinus Pinus Cupressus 
caribaea hartwegii maximar- ocarpa patula lusitanica 

tinezii 

Agar (% w/v) 

SI O.B 0.7 0.7 1.0 0.7 0.7 

SE O.B 0.7 1.0 0.7 0.7 

RI 0.7 0.7 0.7 PVSr 

Organ Formation 

ASs AS AS,Rt AS,R,pu AS,AXv,R,P AS,R,P 

Reference 

26 w x 13 24 13 

aExcised embryo. bseedling cotyledon. cSeedling hypocotyl. 

dseedling shoot tip. eSeedling hypocotyl with attached cotyledons. 
fShoot induction. gWm- 2 . h klx . i~Em-2s-l. jShoot elongation. 

k Root induction. lSchenk and Hildebrandt (22), modified by Reilly 
and Washer (21). mMurashige and Skoog (19). nModified Murashige 
and Skoog (13). °Greshoff and Doy (14), modified by Sommer et al 
(23). PMurashige and Skoog (19), modified by Cheng (6). qcupr~s~ 
basal medium (13). rMixture of peat:vermiculite:sand (1:1:1). 
s d " h t u v 'II h w d A vent~t~ous soots. Roots. Plants. Ax~ ary soots. Orea an 
Villalobos, unpubl. data. xVillalobos and Robledo, unpubl. data. 

root induction. In most cases, caulogenesis and rhizogenesis 

occurred in vitro but, with C. lusitanica, rhizogenesis occurred 

in pots under plastic (13). 
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2.5. Culture media 

In general, a low salt medium like SHR (Schenk and Hildebrandt, 

1972; modified by Reilly and Washer, 1977) or GDS (Greshoff and 

Doy, 1972; modified by Sommer et al., 1975) have been best for 

shoot induction. However, MS (Murashige and Skoog, 1962) medium 

was better than SHR with ~. hartwegii, and a slightly modified MS 

medium (MSM) was suitable for P. oocarpa (13). Also, the Cupressus 

basal medium (CBM) used with C. lusitanica (13) was very similar 

to MSM. In both latter cases, the concentrations of NH4N03 and 

KN03 were lower than that of MS medium, and CBM contained biotin 

plus folic acid in addition to the other MS vitamins. Both MSM and 

CBM lacked glycine, and the inositol content of MSM was 250 mg 1-1 

rather than the usual 100 mg 1-1 of MS medium (13). Villalobos and 

Robledo (unpubl. data) have found that while inositol was not 

necessary for shoot induction with P. maximartinezii cotyledons, 

it improved color and growth when present. 

For shoot elongation, 50% dilution of the salts and reduction 

of the sucrose concentration from 3% to 1% yielded good results 

with P. patula (24), and the sucrose was reduced to 2% with P. 

oocarpa (13). For rooting of P. oocarpa, elongated shoots were 

transferred to GDS medium with 1% or 0.5% sucrose (13). Non-axenic 

rooting of ~. lusitanica shoots occurred in a peat:sand:vermicu

lite (4:2:1) mixture (13). 

Agar was used at 0.7, 0.8 or 1%, and medium pH was set at 5.5 

or 5.7 prior to autoclaving (Table 2). 

2.6. Growth regulators and organogenesis 

In all cases, a cytokinin alone was sufficient to induce shoot 

formation. Of the cytokinins tested, N6-benzylaminopurine (BA) was 

the most potent. However, kinetin (K) and N6-isopentyl adenine 

(2iP) were also caulogenic (Table 2). With~. patula, indoleacetic 

acid (IAA) caused a limited amount of shoot formation, and at 0.1 

to 0.5 mg 1-1 IAA promoted the elongation of excised, seedling 

shoot tips (24). For shoot induction, combinations of cytokinin 

and auxin were no better than the application of cytokinin alone 

(13, 24). Some spontaneous rooting of shoots was observed with P. 

patula (24) and P. maximartinezii during shoot elongation, but 

auxins, especially naphthaleneacetic acid (NAA), were effective at 
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stimulating root formation. With ~. patula, a combination of indo

lebutyric acid (IBA) (1.0 mg 1-1) and NAA (0.05 mg 1-1) was very 

effective, although only one root developed on each shoot after 3 

weeks (24). With ~. oocarpa, application of NAA alone for 2 weeks 

in agar medium resulted in a 46% rooting efficiency. Watering 

shoots of C. lusitanica with NAA twice weekly caused 36% rooting 

with an average of 2.6 roots per explant (13). 

By combining caulogenesis and rhizogenesis, plantlet production 

has been achieved with P. oocarpa (13), P. patula (24) and C. 

lusitanica (13). Additionally, plantlets of P. oocarpa and C. 

lusitanica have been acclimated to greenhouse conditions and, with 

E. lusitanica, some field planting has been achieved. Furthermore, 

with P. caribaea, soil adapted plants have been obtained (0 

Schwarz, pers. comm.). 

3. DISCUSSION 

Based on the results above, Latin Amerian conifers respond like 

their temperate zone counterparts (9). This was the conclusion 

reached by Franco and Schwartz (13) in their work with ~. oocarpa 

and C. lusitanica. These trees suffer from a lack of systematic, 

detailed research. While work is in progress at Chapingo, l-1exico 

(Vl-1 Villalobos) and Knoxville, Tennessee (OJ Schwartz), 

more effort is needed to meet the challenges caused by the expand

ing management of tropical forests for fuel, lumber and fiber 

production. Given the progress that is being made with temperate 

conifers (see other chapters in this volume), it is hoped that 

research funding will become available for in vitro regeneration 

studies of Central and South American conifers. 
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14. ARAUCARIA 

L. NAENE and P.DEBERGH 

1. INTRODUCTION 

The natural distribution of the two genera, Araucaria and Aga

this, belonging to the family of the Araucariaceae is limited to 

the Southern hemisphere. 

In the genus Araucaria, only three species are currently impor

tant for timber, i.e., A. angustifolia, A. cunninghamii and [2. 

hunsteinii. These are grown in plantations mainly in the countries 

of their natural occurrence. A. araucana and A. excelsa are orna

mentals which are in high demand in Europe and in the countries 

around the Mediterranean sea. 

The Araucarias are used for structural and general construc

tion, treated poles and piles, plywood, furniture, joinery, mold

ings, planks, ladders, boats crates and pallets, particle board, 

hard board and pulp and paper (17, Handro, pers. comm.). 

Natural forests of A. angustifolia have been over exploited. 

In 1964 the timber from these natural forests was still the fourth 

most important export product in Brazil (16), but today it is 

available only from commercial sources, i. e., from large planta

tions in Southern Brazil and Argentina (Handro, pers. comm.). 

A. cunninghamii is extensively planted on former rainforest 

sites in Southern Queensland (Australia). The productivity of this 

species has been greatly improved through the use of breeding 

programs in which seed for plantation establishment was obtained 

from grafted clones of superior genotypes (10) . 

Plantations of A. hunsteinii are established in different 

regions of the world (Handro, pers. comm.). 

A. araucaria is grown as an outdoor ornamental in Europe, and 

is mainly propagated by seeds. 
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In most European countries A. excelsa is in high demand as a 

house plant. For more than 100 years, plants with a peculiar deco

rative value have been selected for propagation by rooting of 

cuttings. Over the last decade, however, production rates have 

been reduced by poor rootability and rotting. 

The high value of the forest species and of the ornamental 

species justifies the efforts to develop large scale clonal propa

gation of superior genotypes by the use of tissue culture tech

niques. 

2. TISSUE CULTURE OF ARAUCARIA SPP. 

2.1. Explant choice 

The unique feature of species belonging to the Araucariaceae is 

that the orthotropic stems with their bud traces, retain these 

traits, regardless of any orientation or treatment imposed on them 

(10, 14). 

The aim of clonal propagation is to obtain trees like the 

parental tree. Explants which are mainly used in the tissue cultu

re experiments with Araucaria are isolated from the orthotropic 

stem of young and older trees. In the case of ~. angustifolia, the 

explants were obtained from 30 day-old dark grown seedlings (11), 

in A. cunninghamii from 2 year-old (3) and 18 months-old (10) 

trees, in A. araucana from segments of megagametophytes, with and 

without embryonic tissue (5). 

In our research with A. excelsa (13) we attempted to rejuvenate 

plagiotropic shoots as described in the next section. 

2.2. Induction of juvenility 

Different approaches were investigated to induce juvenility in 

adult Araucaria excelsa. 

The mother-plants in our experiments were 70 to 100 years old. 

They were regularly pruned for the harvesting of cuttings. The 

system is comparable with the hedged Radiata pine pruning process 

proposed by Libby and Hood (12). On these pruned mother-plants we 

never observed a reversion from plagiotropic to orthotropic growth 

and the flat disposition of the branches (typical of plagiotropic 

shoots) never changed. 
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Another approach to induce juvenility was to spray these 

mother-plants with a solution of 250 or 500 mg/l N6-benzyladenine 

(BA) in 0.1% DMSO, weekly for 8 successive weeks. Within the year 

following the last treatment no juvenile characteristics were 

observed. Weekly sprays with 250 mg/l BA were not effective. With 

500 mg/l BA, all the treated plants became gradually necrotic 

wi thout showing any visible reaction. The same approach however 

seemed to be effective to induce juvenility in other Gymnosperms 

such as Araucaria cunninghamii (Abo-El-Nil, pers. comm.), Pseudo

tsuga menziesii and Pinus maritima (Abo-El-Nil, Chaperon and Fran

clet, mentioned in 9). 

In other experiments, the grafting procedure, successfully used 

at AFOCEL with Eucalyptus camaldulensis and Cupressus dupreziana 

(7) was investigated with A. excelsa. Because the diameter of 

orthotropic shoots (6-10 mm) harvested from the mother-plants was 

larger than that of the seedlings (3 mm) it was necessary to use 

plagiotropic shoots as grafts. The technique of cascade-grafting 

as proposed by Franclet (8) was used. 

One to two-centimetre-long terminal grafts from plagiotropic 

branches coming from adult donors were grafted on one-year-old 

seeldings. They were re-grafted on seedlings as soon as the graft 

was more or less 5 cm long, with the terminal 1-2 cm being used as 

graft. After 4 successive graftings an improved growth rate was 

manifest. The graft became more and more orthotropic, but the 

disposition of its branches remained in one plane, which is typi

cal for the plagiotropic state (Fig. 1). 

These experiments confirm the classical work of Massart (14) 

who claimed that it was extremely difficult to induce orthotropy 

in plagiotropic shoots of ~. excelsa. 

Recently we have grafted small orthotropic epicormic branches, 

found on the naked stem of some very old mother-plants, on one

year-old seedlings with a success rate of 50%. 

The habit of these grafted shoots became more juvenile. The 

number of branches per whorl diminished and often their implanta

tion on the main stem became helical as in one-year-old seedlings. 

Explants from this rejuvenated material were more morphogeneti-
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FIGURE 1. Induction of juvenility: 

left 

one time grafted plagiotropic branchlet of Araucaria 
excelsa on a seedling. 
four times successively grafted plagiotropic branchlet of 
Araucaria excelsa on a seedling. This branchlet is more 
orthotropic than the one shown on the right. 

cally active in stage I, the shoot induction phase in vitro, than 

those from the earlier grafts. 

Burrows (4) succeeded in improving the rooting percentage of 

shoots originating from cultures of A. cunninghamii by taking as 

explants coppice shoots from the base of 20-year-old decapitated 

trees instead of shoots from non-decapitated trees. 

2.3. Preparation of stock plants - Stage 0 

No information is available on the preparation of mother-plants 

for tissue culture except when test tube-germinate0 seedlings were 

used (11). 

Wi th A. excelsa we kept the mother-plants (3-year-old rooted 

cuttings) for a minimum of 6 months, under very dry conditions 

(6). This reduced infection, after establishment of the culture s, 

from about 70 to 20%. Another major advantage of the dry pre

treatment was that a milder sterilization procedure could be used: 

15 minutes in a 0.5% solution of HgC12 and teepol, without the 

previously required supplementary disinfection in a 10% solution 

of commercial bleach (lO·C) for 20 min (13) 'I'his weaker 
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sterilization procedure improved the viability of the stage I 

cultures and 20 to 50% of the stem explants showed swelling of one 

or more axillary bud&. 

Since stage 0 conditions are created in a greenhouse, they 

cannot be applied to tall selected genotypes found in the field. 

However scions of these can be grafted on seedling-rootstocks, and 

then exposed to stage 0 conditions in the greenhouse. 

2.4. Aseptic initiation - Stage I 

Most authors (3, 10, II, 13) have used a piece of the orthotro

pic stem with 2-3 leafaxils as explant (Fig. 2). With~. arauca

ria and A. excelsa leaves were also used as explants (Table 1). 

2 3 

FIGURE 2. Stage I-culture of Araucaria excelsa, 1 month after 
inoculation, arrows show the beginning of axillary shoot devel
opment. 

FIGURE 3. Culture of Araucaria excelsa on elongation medium after 
45 days. 

Wi Ul stem pieces as explant the development of the shoots from 

leafaxils , which is the preferred development, prevails. Most 

authors use the MS-medium (15) (Table 1). In our experience with 

A. excelsa the composition of the culture medium is not the 
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principal factor controlling caulogenesis. On different salt

formulations the best response was obtained when explants were 

placed horizontally on the culture medium and when the stern pieces 

were mature enough to have a large diameter. The larger the diame

ter, the more buds emerged. The basal explants from the stern were 

more competent than apical ones. 

The problem of browning of the explant and/or of the culture 

medium was mentioned by Handro and Ferreira (11). Browning is more 

pronounced in the light than in the dark. We encountered the same 

problem with A. excelsa and were able to overcome it by keeping 

the cultures from the first two weeks in the dark at la·C. After

wards· the cultures were incubated under a 16 h photoperiod at 

about 30 ~mol m- l s-l at 24·C. 

The induction of callus on needles of A. excelsa required a 

mixture of polyamines (spermidine 0.1 roM + spermine 0.025 mM + 

putrescine 0.025 mM). BA and kinetin (K) (0.01-5 mg/l) were toxic, 

but 6-(y,y-dimethylallylamino)-purine (2iP) was beneficial at 0.01 

mg/l in the presence of 4% sucrose. However caulogenesis was never 

observed. 

2.5. Multiplication - Stage II 

Burrows (3) obtained a low rate of multiplication after recul

turing stern segments of A. cunninghamii that were excised from the 

initial shoot explants after their elongation in vitro. At most 

60 to 70 shoots, of a size suitable for rooting were produced from 

a single seedling in four months. 

Neither Handro and Ferreira (11) with A. angustifolia, nor 

Haines and De Fossard (10) with A. cunninghamii, were able to 

multiply shoots initiated in stage I. 

We also did not succeed to subculture the shoots we obtained 

from stage I-cultures of A. excelsa. When axillary shoots, on the 

ini tial explant, reached a length of 0.5-1 cm after about 2.5 

months, their base generally turned brown, and the shoots died, 

even after subculture on various media. The time, which elapsed 

before the browning appeared, depended on the size of the initial 

explant. The larger the explant, the longer it took. Necrosis 

appeared also after transplantation, irrespective of the size of 

the shoots and the media used. 
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Therefore, we discontinued the use of multiplication media and 

tried instead to induce elongation of axillary buds. We tried 1) a 

sequence of cytokinin containing and cytokinin free media, with or 

without charcoal as suggested by Boulay (2); 2) antioxidants and 

complex forming products (ethylenediaminetetraacetic acid, dimethyl 

sulfoxide); 3) different salt formulations; 4) different growth 

regulators; 5) manipulation of the water potential of the medium 

by increasing the sucrose (or mannitol) and/or the agar concentra

tion. In a few cases the axillary buds elongated to about 5 cm

long shoots on a Whites' medium + charcoal 0.2% + 2,4-D 1 mg/l. 

Charcoal was beneficial but not essential. The addition of Na2EDTA 

20 mg/l to the usual 25 mg NaFeEDTA, and of thiourea 0.1 mg/l and 

glutamine 100 mg/l improved the elongation and the survival of the 

shoots. The elongated shoots resembled a seedling with the bran-

ches in a helical disposition (Fig. 3). 

2.6. Rooting 

Rooting of shoots produced in vitro has only been reported for 

A. cunninghamii. Haines and De Fossard (10) rooted 3 out of 6 ex

plants on a medium with 6 jJ M IBA and Burrows (3) obtained 40% 

rooting after first placing the shoots for 1 month on a medium 

with 10 jJM IBA and then on a perlite and vermiculite mix (1:1) 

under high humidity (Table 1). 

3. CONCLUSION 

Except for A. cunninghamii, where rooting of tissue cultured 

shoots was achieved, micropopagation of Araucaria has not yet been 

possible. The Araucarias obviously are difficult to handle in 

vi tro, and more research is required before micropropagation of 

most species will become reality. 
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15. CONIFER MICROPROPAGATION 

ASPECTS 

APPLIED RESEARCH AND COMMERCIAL 

M. BOULAY 

1. INTRODUCTION 

Ten years 

species for 

ago, the main method to produce plants of coniferous 

reforestation was by seedling production. Only 

Cryptomeria japonica, Thuya sp. and Cupressocyparis leylandii and 

some other ornamental species were propagated by rooted cuttings. 

However, evolution of vegetative multiplication techniques of woody 

plants has altered the situation. Today, numerous species of 

coniferous trees are propagated by rooted cuttings, among them: 

Picea abies, Picea glauca, Picea sitchensis, Larix sp., Sequoia 

sempervirens, Sequoiadendron giganteum, etc. Often the starting 

material is selected juvenile seedlings, but in some cases (Sequoia 

sempervirens, Pinus radiata, etc.) selection and vegetative 

multiplication of adult trees is possible (we consider trees older 

than 7 or 8 years to be sufficiently adult for selection). 

Difficulties linked with vegetative propagation of adult genotypes 

are correlated with maturation of trees. This is especially true for 

coniferous species. Generally, cuttings taken from seedlings or 

young plants root easily and manifest a growth habit and vigor 

characteristic of plants derived from seeds. Nevertheless with some 

species, even at this very young stage, problems are encountered in 

vegetative propagation. Classical examples are Pseudotsuga 

menziesii, 

from adult 

Abies sp., 

material 

and Araucaria sp. When cuttings are taken 

and rooted, the vigor of these plants is poor 

and they are often plagiotropic (see chapter on rejuvenation). In 

some species with certain treatments (pruning for example) it is 

possible to regain eventually an orthotropic growth habit. 

Because rooting of cuttings is often limited to seedlings or 

young plants, its industrial application has not been well 
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developed. The lack of knowledge of the genetic value of a clone 

(often selected in the nursery for only one criterium e.g. growth 

vigor) demands that a great number of clones are selected at the 

beginning of the program. Afterwards, clonal tests are necessary to 

eliminate, from the initial population, genotypes that may express 

undesirable traits with time. All clones should be kept at a 

juvenile stage for the mass production of superior genotypes chosen 

after years of field testing. The experience of forest geneticists 

in clonal silviculture (Zobel, 1981 Libby, 1983) and the 

demonstration of production gains with eucalyptus species in Congo 

and Brazil have encouraged some forest companies to develop such 

programs. Coniferous species have been rooted at a commercial scale 

in Europe, North America and some other regions. 

Since 1974, plants as different as Fragaria, Gerbera, Ficus, 

Rosa, Orchis, fruit tree rootstocks and fruit tree scions have been 

partially or totally propagated by sterile micropropagation methods. 

In these 

built for 

in vitro 

last ten years, numerous commercial laboratories have been 

these species. Concerning forest tree species, the use of 

methods for vegetative propagation has taken a slow start. 

A major reason for this delay is no doubt because forest nurseries 

are traditionally oriented more towards seedling production than 

towards rooted cuttings. Furthermore, the low individual price of 

reforestation plants as compared to the market price of ornamental 

plants, the lack of selected clones and technical difficulties are 

also responsible. 

Nevertheless, more and more deciduous trees have been propagated 

on a large scale using in vitro methods. In coniferous species, 

commercial applications are still limited. For that reason, this 

paper will not be limited to industrial propagation, but will also 

cover appplied research conducted at university and research 

institute labs. Coniferous species have a potential market superior 

to that of deciduous trees, particularly in Europe and North America 

where they are commonly used for reforestation. 

I will discuss species for which commercial in vitro production 

is in progress or projected. I will also describe small scale trials 

with conifers. Such trials are often necessary to determine such 
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parameters as 

... which are 

vitro methods 

in progress in 

field. 

price, reliability of method, field performance, etc 

important limitations in the commercialization of in 

for coniferous species. Finally, I will list the work 

some research labs and nurseries working in this 

2. METHODS USED AND COMMON APPLICATIONS 

Commercial application of in vitro methods is currently 

restricted to micropropagation by adventitious and/or axillary 

budding. Other methods such as tissue, cell or protoplast culture, 

callus budding and somatic embryogenesis, are still at the research 

level. The main reason why commercial applications are limited to 

micropropagation is because in most cases the production of true to 

type genetic copies is intended. 

In coniferous species, genetic improvement often starts with 

provenance selection, elite tree selection and then seed orchard 

establishment. Many problems can be encountered in this scheme 

(graft incompatibility, the dependance of fructification on climate, 

cones being damaged by insects, space requirements, etc). When these 

problems raise the price of seeds and limit the genetic gain, the in 

vitro cloning of progeny from sexual crosses has great value. 

However, the most interesting application would be the cloning of 

trees selected at an adult stage either in natural stands or clonal 

tests. The possibility of propagation out of season, and some other 

advantages described below, make micropropagation an important tool 

for geneticists and nurserymen. 

2.1. Embryo or seedling cloning 

In coniferous species, adventitious budding on the entire embryo 

or parts thereof is a reliable 

multiplication rate as high as 

embryo. That is about a 10 to 

obtained with rooted cuttings. 

technique and often allows a 

700 to 2,000 copies per year per 

400 fold increase over the rates 
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Such micropropagation is useful for : 

1) cloning selected provenances, which is important in the case of 

seed harvesting problems (lack of fructification, etc), and 

where seed germination is poor (e.g. Sequoia sempervirens) 

2) cloning embryos obtained from controlled pollination (intra 

-families, inter-clonal, inter-provenances). Because 

micropropagation reduces the number of seeds required, one can 

reduce the number of time consuming control crosses ; 

3) cloning embryos obtained from interspecific crosses. This could 

result in hybrid vigour, hybrids with a broader environmental 

adaptation or hybrids with a good mixing of genetic traits (see 

Pinus rigida x Pinus taeda, (21) Pinus palustris x Pinus 

elliottii, (36) 

4) evaluating breeding value (e.g. the capacity of cotyledon 

fragments of Douglas fir to form adventitious buds is strongly 

linked to the later vigor of the clone (1». 

Mass production of propagules by micropropagation can also help 

the breeder to determine microsite effects, competition among trees 

and intra family variation. Such cloning avoids genotype variation, 

which often partially masks research results obtained with sexually 

produced seedlings. 

Finally it allows screening for disease and frost or salt 

tolerance (16, 20). 

2.2. Cloning young and adult genotypes 

Maturation is one of the most important problems blocking the 

rooting of cuttings of adult genotypes. Pretreatment of stock trees 

is often necessary to reactivate portions of a selected genotype 

(see chapter on rejuvenation). These reactivated ramets are often 

obtained only in small quantities and, therefore, these techniques 

are uneconomical unless a system of mass propagation follows. 

Micropropagation may permit a faster multiplication of this 

material than rooting of cuttings. 

One could also micropropagate plant parts which retain juvenile 

characteristics in the adult genotype (e.g. basal sprouts of Sequoia 

sempervirens, epicormic shoots of numerous coniferous species). 

Adventitious budding permits the formation of vegetative 
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meristems on plant organs such as leaves, Sequoia sempervirens (3, 

18) and leaf primordia, Picea abies (37) Pinus sylvestris (6) 

Picea pungens (29) • Budding on leaves or dormant buds are 

rejuvenation methods only possible by in vitro techniques. However, 

it is yet to be established whether the reversion from adult to 

juvenile is total in adventitious budding. 

Micropropagation methods can serve as rejuvenation 

pretreatments. For example, in 1978, we described (8 ) the 

rejuvenation of mature Sequoia sempervirens plants by successive 

subcultures of axillary buds on cytokinin medium. Explants from 

juvenile parts on an adult tree (basal sprouts), needed three or 

more subcultures, depending on the genotype, to reach an exponential 

multiplication rate. Following this work, La Goublaye (24) showed 

that mean rooting time, growth vigor and plagiotropic habit of in 

vitro plantlets derived from sprouts of a 90 year old Sequoia 

sempervirens tree are correlated with the number of subcultures on 

cytokinin media. One year after transfer to soil, various dfferences 

(in mean weight of stems, mean number of orthotropic shoots, rooting 

ability of cuttings taken from in vitro copies) were noted that 

correlated with the number of subcultures. Fouret (18), using the 

same species but other criteria, also came to the conclusion that 

rejuvenation can be achieved by in vitro subculture. Using in vitro 

techniques, one could also use plant organs which do not develop 

into whole plants with other techniques, e.g. meristems (5, 8, 38) 

or pine brachyblasts (13). 

One last application concerns the selection of young genotypes 

and their conservation under minimal growth conditions until the 

result of clonal tests are known. With Sequoia sempervirens, it is 

possible to conserve sterile axillary bud cultures at 1°C in the 

dark for 1 to 2 years. At the end of cold storage, these genotypes 

can be mass propagated, because the rooting ability of these shoots 

did not diminish in storage. Other techniques of keeping clones at a 

juvenile stage (serial propagation, hedging, etc ... ) are time 

consuming and not always effective. Cold storage has been undertaken 

in New Zealand with Pinus radiata micropropagation (see chapter by 

Aitken in Volume 2). It is intended to store clones at low 
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temperatures in vitro for the 5 year duration of field tests of the 

clones. We are presently investigating if Sequoia sempervirens germ 

plasm can be maintained by cryopreservation (in liquid nitrogen) of 

meristems of selected trees. 

3. SPECIES PROPAGATED ON A SMALL TO LARGE COMMERCIAL SCALE 

3.1. Sequoia sempervirens 

As early as 1950, Ball (3) established continuous cultures of 

this species. He 

In 1964, Choulet 

obtained callus that showed some differentiation. 

et al. (11) obtained callus with bud 

differentiation. After these preliminary studies, Ball (3) and 

Boulay (8) regenerated complete plants. At AFOCEL, we are interested 

in the in vitro multiplication of Sequoia for the rapid cloning of 

selected genotypes introduced in France 50 to 100 years ago. 

Vegetative multiplication by rooted cuttings is possible although 

there are maturation related problems with this method. We have 

tried to solve these problems by in vitro reactivation. 

3.1.1. Micropropagation techniques used in AFOCEL. Basal sprouts 

are the best explant source. If such material is not available, 

branch segments can be used, although with these the budding rate is 

low at the beginning of the culture and more time is needed to 

obtain exponential 

disinfected by a 

multiplication. Pieces of stems (10 cm long) are 

dip in a calcium or sodium hypochlorite solution 

with sterile water. These stems are cut into and then 

10-20 mm 

rinsed 

treatment 

long explants with 1-4 needles. The length of disinfection 

(5-10 min) depends upon the state of the plant material, 

i.e. whether it is herbaceous or more lignified. The percentage of 

cultures that are free of contamination is low if field material is 

used (10 to 40 %). If explants are taken from rooted cuttings or 

grafts cultivated in a nursery, the percentage of non-contaminated 

cultures is from 80 to 90 %. The dissection and introduction of 

meristems, although time consuming, can result in cultures that are 

100 % contaminant free. 

In vitro 

Murashige and 

elements full 

multiplication 

Skoog (MS) 

is based on axillary budding on a 

(macro-elements half strength, micro

medium supplemented with a simplified strength) 
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vitamin mixture and N6-benzylaminopurine (BAP) at 0,5 to 1 mg/l and 

a-naphthaleneacetic acid (NAA) at 0,01 mg/l (8). The appropriate 

balance of hormones depends on the genotype and the number of 

transfers. After one month on this medium in vitro formed buds are 

planted on an elongation medium, singly or in clusters, depending 

upon their height (buds longer than 10 mm are planted singly). The 

mineral and vitamin composition of this medium is the same as that 

of the budding medium except that activated charcoal is added (1 to 

10 gil) and that it contains no hormones. After one month, a five 

fold or more elongation is obtained. Subculturing is done by the 

division of the elongated shoots into 10-20 mm long pieces and their 

transfer to the budding medium. This alternation between budding and 

elongation is the basis of mass propagation. Cuttings are rooted 

under in vivo conditions as described by Poissonnier et al (32). 

First the growth of the in vitro shoots is slowed down and 

lignification is encouraged before they are transfered to the 

greenhouse. While the shoots formed in vitro are still on sterile 

elongation medium, they are placed for 8-15 days at 10-15"C under 

natural light. Subsequently, the base of the 5-8 cm long shoots in 

vitro, are dipped for 24 hours in 5 mg/l of exuberone (commercial 

solution based on indolbutyric acid (IBA) and 125 mg/l of benlate 

(commercial fungicide based on benomyl). A quick dip in hormone 

powder (rhizopon 1 %) can also be used. Rooting takes place in a 

confined space 

the soil (20 to 

necessary during 

mist is added only during the summer. Heating of 

22"C) and additional light (16 hours of day) are 

winter. A mixture of perlite-peat-pine bark in 

2:1:2 V/V proportion is used as the substrate. The rooting 

percentage varies from 75 to 150 % depending upon the season and 

genotype. Tall shoots can be cut in two before rooting. 

After 4 to 6 weeks, well rooted shoots are planted in Melfert 

containers (Melfert 

peat-pine bark 1:2 

patented containers filled with a mixture of a 

V/V, lignite ashes 10 % and osmocote, a 

8-9 months slow release fertilizer N.P.K. 18:11:10). The plants are 

moved to less humid conditions but kept under plastic film for 

acclimatization. After 10-15 days roots grow through the sides of 

the containers and the plants can be cultivated under standard 
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nursery conditions. 

At the level of the in vitro method, there are two problems 

contaminants and hyperhydric transformation (waterlogging). 

Some contaminants arrive at a late stage of culture. Bacteria 

are major contaminants (9, 39). Bacteria cause little damage to the 

shoots of Sequoia if they are rooted under in vivo conditions. 

Nevertheless, the possibility of losing cultures in an advanced 

stage of multiplication to contamination has lead us to use 

different plant organs as explant source, e.g. meristems (9, 38). In 

meristem culture, the incidence of contaminants is low and they can 

be screened easily at the beginning of the multiplication process. 

Waterlogging is infrequent if multiplication is alternated with 

elongation. In cases in which successive transfers on multiplication 

media are needed (e.g. clone reactivation), waterlogging can be a 

problem. 

Rooting in vivo was originally choosen over rooting in vitro 

because the later gave poor results. However, lately the work of 

Bekkaoui (5) has solved some problems of in vitro rooting. In vivo 

rooting is often choosen in commercial propagation because it is 

more economic and acclimatization is easier. 

Plagiotropic growth of transplanted plantlets can be a problem. 

This plagiotropism depends on the clone and is often only of short 

duration. Orthotropic growth is generally restored one year after in 

vitro plants are well established, or, for some difficult cases, 

after cutting back. Plagiotropic growth is common during the in vivo 

rooting process if the in vitro shoots are too taIlor too 

succulent. 

Nevertheless, our oldest field test (five years old) 

demonstrates that there are few differences between seedlings, 

rooted cuttings, and in vitro produced plantlets. To date about 

50,000 micropropagated copies from 120 selected adult genotypes have 

been produced. 

produced. These 

In 1985, 

plants, 

another 50,000 in vitro plantlets will be 

once rooted, are used directly for 

reforestation. The price of acclimated plants is around 0.50 US $. 

During the first commercial application of our methods, we found 

that the quality of in vitro shoots produced on the last elongation 
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medium has a determining influence on the rooting percentage. The 

number of shoots per jar (750 ml) must be no more than 30. 

Etiolation occurs with a higher shoot density, leading to weak and 

difficult to root cuttings. Pretreatment at 10-15·C and a shoot 

length of at least 5 cm, are essential for good rooting. 

3.1.2. Other commercial propagation. Georgia Pacific Timber Co., 

using Dr H.J. Burkhardt's lab in California, has also begun 

commercial propagation of Sequoia sempervirens using 

micropropagation methods. The program began in 1984, and in 1985 

they intend to produce 36,000 plantlets (3,000 plants per month of 

selected clones). The in vitro procedures are combinations of 

methods described by Ball (3) and Boulay (8) and include 

modifications made during 2 years of private research. The price of 

each in vitro shoot (in the jar, ready for rooting) is estimated at 

0.50 u.S. $. Research is in progress to decrease this price. 

Shoots are rooted in vivo in a greenhouse with 6 compartments 

that permit varied mist regulation. Before in vivo rooting, shoots 

are pretreated as described by Poisonnier et al (32) and dipped in 

IBA. 

According to Dr H.J. Burkhardt, one of the most important 

prerequisites for success is humidity control. During the first 

weeks 90 to 95 % humidity is maintained ; after 3 to 4 weeks, 

humidity is decreased to 70-75 %. A commercial rooting substrate 

(Forestry mix) and bottom heat is used. Rooting takes place in 2 to 

3 months and the percentage (depending on the clone) is from 50 to 

100 %. 

One goal is to supply the Company with plants for reforestation 

and with donor plants that will provide cuttings. Georgia Pacific 

has, for some years, been using rooted cuttings produced by 

Dr Libby's techniques (26). However, according to Dr H.J. Burkhardt, 

these rooted cuttings remain plagiotropic for 3 to 5 years, and 

therefore, are not acceptable for reforestation. Restitution of 

orthotropic growth on rooted cuttings requires pruning. In 

Dr H.J. Burkhardt's lab, meristems of shoots taken from the upper 

part of the crown of old genotypes, have been cultured in vitro. 

These cultures have produced plants that have orthotropic growth. 
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Another commercial application has been undertaken by Simpson 

Timber Co. 

Santa Cruz. 

in California, in collaboration with Dr E. Ball's lab at 

3.2. Sequoiadendron giganteum 

Originating from the Sierra Nevada mountains in California, this 

species does not regenerate by root sprouts as does Sequoia 

sempervirens. Micropropagation methods designed for this species are 

used mainly for ornamental propagation. 

3.2.1. Work at AFOCEL. One clone of Sequoiadendron giganteum cv. 

pendula has been multiplied to nearly 1,200 copies, by methods 

similar to those used for Sequoia sempervirens. The multiplication 

and elongation media are similar for both species. Compared to 

Sequoia, the multiplication rate is lower mainly because the 

axillary budding rate is poor. Two to three buds are formed on each 

stem piece in one month. Elongated in vitro shoots are rooted in 

vivo. There is no need for pretreatment because the in vitro shoots 

are sufficiently lignified for good rooting. The shoots are dipped 

in a rooting powder (rhizopon 1 %) and root within 2 to 3 months. 

Acclimatization and culture conditions are similar to those of 

Sequoia sempervirens. 

After two years of growth, the in vitro plantlets resemble 

seedlings, and not the weeping form of the pendulum cultivar that is 

traditionally propagated by grafting scions onto Sequoia 

sempervirens rootstocks. We are trying to rejuvenate and mass 

propagate selected adult genotypes by III ~ methods (30). 

3.2.2. Other commercial propagation. In Clay's nurseries in 

Canada, Dr M.L. Kurz initiated cultures in 1981. Axillary budding of 

stem pieces was readily achieved, but rooting of in vitro shoots has 

given problems similar to those with rooted cuttings, i.e. the roots 

elongate poorly. 

The in vitro methods include multiplication on a modified 

Anderson's rhododendron medium with N6-isopentenyl adenine (2iP) (2 

to 5 mg/l) and indoleacetic acid (IAA) (0,1 to 1 mg/l). Cultures are 

transferred every two months, showing a 4 fold multiplication in 

that time. Rooting is conducted in vivo using the following 

procedures. In vitro shoots are dipped in a commercial hormone 
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mixture (Seradix) and planted in trays. Each rooting tray includes 

265 shoots and the rooting substrate is a peat-sand mixture. Trays 

are put in a greenhouse equiped with a mist system (4 second cycle 

every 32 minutes during cold days and every 8 minutes during hot 

days). The soil temperature is maintained at 20·C. After 8 to 10 

weeks under mist, the plants are acclimatized to regular greenhouse 

conditions for 3 months. At the end of this period, the plantlets 

are potted in small pots and fertilized every week with a 10-52-10 

formulation. 

In comparison with normal cuttings, Dr M.L. Kurz reports that in 

vitro plantlets have a better form and growth rate. Plants are 

produced for the market. 

Microplants nursery, 

sequoia in vitro for 

production in 1984. 

in England, is also propagating giant 

cultures. The basal 

the ornamental market. Dr Skokes began this 

He produces microcuttings from axillary bud 

medium is similar to Murashige and Skoog with 

BAP as cytokinin and IBA as auxin. Rooting is done in vivo under 

mist in a rooting substrate that is based on peat. Rooting requires 

additional fluorescent lighting (16 hours/day) during winter. 

Several thousands of plants are produced ona year-round basis. 

3.3. Pinus species. 

Micropropagation of numerous 

many years. Pioneer work was 

pine species has been studied for 

done by Dr H. Sommer et al (35) on 

Pinus palustris. The system involves adventitious budding on excised 

embryos or parts of excised embryos and has since been applied to 

numerous other coniferous species. With this method seeds of high 

genetic value are propagated . An alternative method developed by 

David et al (13), using brachyblasts (secondary needles) as the 

explant source, has been used for the propagation of young seedlings 

or trees. 
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Three pine species have been commercially propagated through in 

vitro methods Pinus radiata in New Zealand, Pinus taeda in North 

America and Pinus pinaster at a small scale in France. 

3.3.1. Pinus radiata. Research on this species was done first in 

Canada and North America and later in New Zealand. Multiplication is 

based on adventitious budding of excised cotyledons (2) (see chapter 

by Horgan in this volume), and is used commercially for mass 

propagation of selected crosses. 

In 1984, Dr J. Gleed of the Tasman Forestry LTD began to produce 

Pinus radiata plantlets in vitro. A production of 200,000 plants is 

intended by September 1985 to be used for reforestation. In 1986, 

they plan to reach a production of 2 million plants annually. In 

brief, the propagation method (2) is as follows: adventitious buds 

are initiated on excised cotyledons, neoformed buds are elongated 

and multiplied by axillary budding, shoots are preconditionned for 

rooting, roots are induced in vitro, and plantlets are potted in non

sterile soil and acclimatized. In December 1984, Dr J. Gleed 

obtained 54,000 bud clusters in culture he intends to produce 

5,000 plants per clone. 

Similarly, the Forest Research Institute of New Zealand has 

produced since 1981, several thousands of in vitro plantlets (2). 

Dr D. Smith (New Zealand Forest Institute, Rotorua) states that 

radiata pine propagated in vitro appears, after 3 years in the 

field, to be more mature than normal 1 + 0 seedling planting stock. 

Another commercial production has been undertaken at Topline 

nurseries in New Zealand. 

An advantage of micropropagation is that clones can easily be 

cold stored until field test results are known (see chapter by Aitken 

in this book). 

Multiplication of plantlets from embryos, is not the only way to 

clone radiata pine 

developed by David 

begun the in vitro 

in vitro. Using a method similar to the one 

et al (13) for Pinus pinaster, Dr J. Aitken has 

multiplication of 1 year old seedlings, using 

secondary needles as explants. rhese explants produce axillary 

shoots on a modified Lepoivre medium (2) containing 5 mg/l BAP. For 

elongation, the same medium (without BAP) is used. Rooting will be 
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done in vivo by the same method as previously described. In 1984-

1985, 200 clones, from controlled pollinations, were multiplied in 

vitro and then transferred to cold storage. Field testing is 

presently carried out with these same clones. After 6-8 years of 

testing, selected clones will be taken from cold storage for large 

scale propagation. 

Propagation of mature trees is still a problem. So far 6,000 

radiata pine shoots have been produced from 22 clones (4, 8, 12, 20 

and 50 years old), and a few of these shoots have rooted. 

3.3.2. Pinus taeda. In this species micropropagation has been 

carried out with embryos from seeds. This method (28, 31) is based 

on adventitious budding on excised cotyledons. In 1980, researchers 

from North Carolina State produced around 2,000 in vitro plantlets. 

In 1980, The International Paper Company produced several hundreds 

of plants. Dr Anderson of Buckeye Cellulose also works with loblolly 

pine tissue cultures. 

Leach (25), compared conventional seedlings and in vitro 

plantlets, and found that after 6 months of greenhouse growth in 

vitro plantlets had a greater mortality (38 %) and less shoot growth 

(50%) than conventional seedlings. Mc Keand et ~ (27), following 

growth of these two kinds of plants, concluded that differences in 

height were mainly due to differences in root morphology and not in 

root physiology. Root systems of in vitro plantlets were less 

branched, and had no tap roots, which leads to a difference in the 

ion absorption capacity. These data are very important because so 

few details are known regarding nursery or field growth of in vitro 

plantlets. 

Research on in vitro propagation of mature loblolly pine has 

been carried out by the Weyerhaeuser Company in Tacoma, Washington. 

They patented a method 

vivo are sprayed with 

shoots. Nevertheless, to 

applied at a commercial 

adult genotypes. 

for asexual reproduction in which trees in 

cytokinin, giving rise to juvenile looking 

my knowledge, the system has not been 

level for the mass production in vitro of 

3.3.3. Pinus pinaster. This important reforestation species for 

south western France has been studied at University of Bordeaux. Two 
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processes of in vitro multiplication have been developed. 

The first one is used for the in vitro propagation of embryos 

from seeds germinated under 3terile conditions. As opposed to other 

pine species, adventitious .budding, while possible (15) is not very 

efficient in Pinus pinaster. Axillary budding of young stems is 

easier (13, 14). In addition to the buds from the axils of primary 

needles on young stem pieces, shoots contained within secondary 

needle fascicles (brachyblasts) are also used in vitro. 

In the second method, the brachyblasts are placed on a cytokinin 

medium and then transfered to an elongation medium. Elongated shoots 

from the brachyblasts can then be multiplied by axillary budding. 

For rhizogenesis, a reliable in vitro method has been developed 

(33). For in vivo rooting, we dip shoots, elongated on an activated 

charcoal medium, in a commercial auxin powder (Rootone). Rooting, 

acclimatization and later cultivation take place under the same 

conditions as were used for Sequoia sempervirens (see 3.1.). Well 

rooted plantlets are obtained after two months. So far 2,000 in 

vitro plantlets have been produced by this method. Field tests show 

that three years after planting, the growth of in vitro plantlets is 

comparable to that of normal seedlings or rooted cuttings of young 

donor plants. 

A small number of plants have been regenerated from 3 to 4 year 

old plants and adult genotypes (11 years old) (19). After one year 

of growth, 

of adult 

these in vitro plantlets look more like rooted cuttings 

trees (poor vigor, rythmic growth, early appearance of 

secondary needles), than like normal seedlings. 

3.4. Pseudotsuga menziesii 

Cheng (10) and Reilly and Brown (34) were the first to propagate 

Douglas fir through adventitious budding on excised embryos or 

cotyledons. Since then, Weyerhaeuser Company has started 

micropropagation of that species. Seeds from selected crosses were 

used as starting material. In 1980, 3,000 in vitro plantlets were 

produced and 5,800 in 1982. The present production is not known. 

Some problems have been encountered with the in vitro plantlets of 

Douglas fir. In 1981, Weyerhaeuser reported the results from a 

2-year-old field test (personal communication). Some in vitro 



199 

plantlets showed growth and vigor comparable to that of normal 

seedlings while others were plagiotropic, slow growing, and 

resembling shrubs. 

In our institute, using another method (axillary budding on 

young stems from sterile germinated seeds) (7), the same results 

were obtained. Nevertheless, 3 or 4 years after field planting, most 

of the plantlets showed normal growth and vigor. 

With regards to the propagation of old genotypes, research 

continues. At AFOCEL, F. Bekkaoui (personal communication) using 

pretreated mother trees (23) failed to propagate adult material at 

an exponential rate. Differences in hormone and CalK ratios, in 

reactivation of meristems, and in peroxidase between young, old and 

pretreated trees are presently under investigation. 

At Clay's nurseries, in Canada, Dr M.L. Kurz is also doing 

research on old material. Using dormant buds in in vitro culture, he 

is trying to determine the best time of the year for harvesting 

buds, and the best procedures for transfering cultures from a medium 

with hormones to a hormone free one. On modified Anderson's and 

Murashige and Skoog's 

in March just before 

medium, a high percentage of buds, collected 

flushing, elongated or gave rise to 

adventitious shoots. Before transfer to hormone free medium, 

cytokinin was supplied for 6 weeks. Shoot induction was obtained 

without callusing. 

When~ver the buds in vitro developed normally, they had one 

growth flush followed by axillary budding. The shoots grew for about 

120 days and reached a height of 5 to 13 cm. They became dormant at 

the end of the summer. Maintaining the photoperiod at 18 hours 

during the dormant period prevented browning of needle tissue at the 

base of the shoots. Active growth resumed at the end of the fall. 

Dr P. Evers in Wageningen (Netherlands) is studying similar 

problems. 

3.5. Thuya plicata and occidental is 

Coleman and Thorpe (12) have described in vitro plant generation 

from juvenile and mature tissues of western red cedar (Thuya plicata 

Donn.) by adventitious budding. 

In Clay's nurseries, Dr M.L. Kurz has produced 300 in vitro 



200 

plantlets of occidental is var. (Smaragd). In vitro 

multiplication is obtained by alternating modified Anderson's medium 

without hormones and modified Murashige and Skoog's medium (1/4 

strength) with IBA (0.1 -1 mg/l). Explants are stored in tubes and 

are only mass propagated when there is a demand. In vivo rooting, 

acclimatization and cultivation procedures are the same as those 

described for Sequoiadendron giganteum (see 3.2.). The potting 

medium is a peat-perlite mixture (40:60 V/V). These plants are sold 

mostly for ornamental use. According to Dr M.L. Kurz, in vitro 

plantlets have a better form and look more juvenile than rooted 

cuttings. 

3.6. Cunninghamia lanceolata 

Starting from 

unpublished data) , 

experiments 

Engelmann 

first carried out at AFOCEL (Boulay, 

(17) has propagated two clones, one 

selected from a one year old seedling and the other from an adult 

genotype. The clones are multiplied by axillary budding of stem 

pieces (for more details see chapter by Bigot and Engelmann in this 

book) . 

In a test of 1,000 shoots, the rooting percentage in vitro was 

70 % for the younger clone and 53 % for the older one. For rooting 

in vivo, shoots were dipped for 5 hours in an IBA (1 mg/l) solution 

and were then placed for 24 hours in a humid chamber. This resulted 

in 25 % rooting. After 4 weeks in a rooting medium under mist, 

rooted plant lets were acclimatized, repotted in containers with a 

pine bark-peat mixture, and placed in a greenhouse at 24°C. 

Engelmann and Bigot observed that the juvenile clones produced 

two kinds of copies. The first kind looked like seedlings, the 

second kind was heavily branched and lacked a leader. All copies of 

the older clone were plagiotropic. The rooting percentage improved 

during successive in vitro transfers. None of the treatments applied 

to the mature clone gave rise to orthotropic growth, but some 

propagules of the mature clone displayed morphological 

characteristics typical of the juvenile form. 
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4. OTHER ATTEMPS AT MASS PROPAGATION 

Many research labs have attempted to mass propagate numerous 

species. 

4.1. European countries 

In Sweden, Von Arnold is working with Picea abies, Pinus 

contorta and Pinus sylvestris. Rooted plantlets were produced from 

excised embryos or part of embryos by adventitious budding. 

Plantlets were not produced on a large scale but their growth was 

comparable to nursery seedlings. Buds taken from adult trees gave 

rise to adventitious buds that elongated, rooted and regenerated 

plantlets. 

The Hillesog Company, is also attempting to mass propagate Picea 

abies and Pinus sylvestris through in vitro culture. 

In Umea, at the Forest Genetics Institute, Pinus sylvestris and 

Pinus contorta are being propagated by David's system (i.e. 

brachyblast culture, shoot elongation, axillary budding, elongation, 

rooting). Explants are taken from young seedlings 1 or 2 years old. 

Multiplication takes place on a modified MS medium with BAP and IBA. 

After elongation, in vitro shoots are transferred to a half strength 

MS medium with IBA. The shoots are then transferred to an inorganic 

nutrient solution. Once rooted, the plantlets are potted in peat and 

cultivated under short day and low temperature to induce bud 

dormancy. After this resting period, the plantlets are cultivated as 

seedlings. 

Field testing has shown that in vitro plantlets have a root 

system less symetric and less stable than that of seedlings. 

Nevertheless, plagiotropic growth has not occured. 

In Belgium, Debergh (see chapter in this volume) is attempting 

to produce donor plants of Araucaria heterophylla that have juvenile 

characteristics and are in a good phytosanitary state. Picea glauca, 

Pinus pinaster, 

studied. 

Picea abies, Abies and Larix species are also being 

In Italy, research on micropropagation of coniferous species is 

conducted by Dr P. Grossoni (Cupressus sempervirens), Dr S. Biondi 

(Pseudotsuga menziesii) and Dr L. Lubrano. The latter is working on 

Pinus pinaster and Pinus radiata using methods described by David 
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(13) and Aitken (2). The main goal is to clone selected, genetically 

improved seeds. 

In Czechoslovakia, Dr V. Chalupa is using axillary bud and in 

vitro rooting techniques to propagate Larix decidua, Picea abies, 

Pinus sylvestris and Pseudotsuga menziesii. One hundred to one 

thousand in vitro plantlets per clone per year are produced and used 

as donor plants for cuttings, 

In West Germany, Dr R. Ahuja intends to propagate mature 

genotypes of Picea abies, Larix decidua and Pseudotsuga menziesii. 

In Escherode, Dr H. Meier-Dinkle has started research to mass 

propagate seeds obtained from intra or interspecific crosses. 

Rejuvenation of old genotypes, or old clones propagated by cuttings 

for several years, is also intended. 

In Yugoslavia, Drs B. Kolevska and S. Jelaska have developed a 

method of bud and shoot formation in juvenile tissue culture of 

Pinus nigra(22). 

In England, Picea sitchensis is being studied (see chapter by 

John and Webb in this book). Shell Oil Company in their laboratory 

in Kent England, are researching in vitro propagation techniques for 

Pinus carabaea and Pinus oocarpa using axillary budding and 

brachyblast culture (Dr J. Stead). 

Lastly in France, Larix sp. are being studied at an INRA lab 

(Dr D. Cornu) and Pinus caribaea and Araucaria sp. at the CTFT 

(Technical Center of Tropical Forestry). 

4.2. North America and Canada 

Much work has been carried out in this part of the world on in 

vitro propagation o'f coniferous species and has been cited above or 

in different chapters in this book. We want just to mention 

Dr H. Sommer's works with Pinus palustris, Pinus elliotii and their 

hybrids, and Dr T. Thorpe's work with Picea glauca, Picea mariana 

and some other species. In Clay's nurseries, Dr M.L. Kurz cultures 

Picea glauca and Chamaecyparis nootkatensis. This list is 

incomplete; there are other scientists working on coniferous 

species on a small scale in these countries. 
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4.3. South Korea 

A mass clonal propagation method of Pinus rigida x Pinus taeda 

Fl has been developed using embryo culture (21). The interspecific 

hybrids are promising and in vitro propagation could provide the 

means to plant on a large scale the small number of successful 

hybrid crosses. 

not known. 

The level of production through in vitro culture is 

5. CONCLUSION 

This overview 

coniferous species 

of mass propagation research with different 

is not all inclusive. Nevertheless, it shows the 

great importance of in vitro systems for the mass propagation of 

coniferous species. Many conifer plantations are presently 

regenerated with improved seed but there is a trend to clonal 

forestry. 

The commercial propagation of 

vitro culture is still limited to 

radiata in New Zealand (see 3.3.1.), 

coniferous species through in 

2 or 3 species, first Pinus 

second Sequoia sempervirens in 

North America and France (see 3.4.), and third Pinus taeda in North 

America (see 3.3.2.). Some other species are on the way (Pseudotsuga 

menziesii, Pinus rigida x taeda). In most cases mass propagation 

starts from excised embryos or parts of embryos, followed by 

adventitious budding. Propagation of mature genotypes is for most 

species still in the research stage. Maturation problems, as found 

in rooted cuttings, also seem to be a barrier in micropropagation. 

Rejuvenating treatments and donor plant pretreatments are often not 

complete (see others chapters in this book). More research is 

required to determine what the differences are between adult and 

juvenile plant material before juvenile copies from adult selected 

genotypes can be expected. 

In my opinion, the recently achieved somatic embryogenesis of 

Picea abies and a number of other conifers (Tulecke, Durzan in vol-

ume 2 is one of the most important results of recent years. If 

similar methods could be developed for other coniferous species and 

for mature genotypes, we would have an elegant method to resolve 

most of the problems of in vitro propagation of difficult coniferous 
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species. However, somatic embryogenesis may introduce a level of 

genetic instability, that is unacceptable for forest regeneration 

purposes. So far however, no evidence of lethal or semilethal 

development has been observed on sugar pine (Gupta and Durzan 

unpublished) . 

6. REFERENCES 

ZS 1. ABOEL NIL M, 
cultured Douglas 
weight. Proc 4th 
Alberta Canada 

WOCKOK 1978 Morphogenetic heterogeneity of 
fir cotyledons and its correlation with seed 
Int Congr Plant Tissue Cell CuI. Univ Calgary, 

2. AITKEN-CHRISTIE J, TA THORPE 1984 Clonal propagation 
gymnosperms in cell culture and somatic cell genetics of plants. 
In Cell Culture and Somatic Cell Genetics of Plants, Vol 1, 
Academic Press, pp 82-95 

3. BALL E, DM MORRIS, JA RYDELIUS 1978 Cloning of Sequoia 
sempervirens from mature trees through tissue culture. In Proc 
Round Table Conf "In vitro" Multiplication Woody Species, 
Gembloux, Belgium, June 6~978, pp 181-226 

4. BEKKAOUI F 1983 Microbouturage in vitro du Sequoia sempervirens 
(Endl). Stade de la rhizogenese considere comme critere de 
juvenilite chez deux clones d'ages differents. DEA Paris VI, 
43 P 

5. BEKKAOUI F, A FRANCLET, N WALKER 1985 Culture in vitro de 
meristemes de douglas ages et juveniles. Ann AFOCE~84, 
pp 5-72 

6. BORNMAN CH, E JANSSON 1980 Organogenesis in cultured Pinus 
sylvestris tissue. Z Pflanzenphysiol 96 : 1-6 

7. BOULAY M 1976 Recherches sur la propagation du douglas par 
culture in vitro. Ann AFOCEL 1975, pp 84-145 

8. BOULAY ~l~Multiplication rapide du Sequoia sempervirens en 
culture in vitro. Ann AFOCEL 1977, pp 38-65 

9. BOULAY ~ 1985 Aspects pratiques de la multiplication in vitro 
des essences foretieres. Ann AFOCEL 1984, pp 7-43 -- ------

10. CHENG TY 1975 Adventitious bud formation in culture of douglas 
fir (Pseudotsuga menziesii Mirb.) Franco. Plant Sci Lett 5 : 97-
103 

11. CHOULET B, A ROBERT, T HIGUGHI, F BARNOUD 1964 Quelques aspects 
chimiques et biochimiques des ligno-celluloses synthetisees dans 
une souche de Sequoia sempervirens. Actes Symp Int Grenoble, 
pp 481-490 

12. COLEMAN WK, TA THORPE 1977 
cedar (Thuya plicata Don) I 
138 : 298-304 

In vitro culture of western red 
--Plantlet formation. Bot Gaz 

13. DAVID H, K ISEMUKALI, A DAVID 1978 Obtention de pin maritime 
(Pinus pinaster Sol.) a partir de brachyblastes ou d'apex 
caulinaires de tres jeunes sujets cUltives in vitro. C R Acad 
Sci, Paris 287 : 245-247 

14. DAVID A, H DAVID, M FAYE, K ISEMUKALI 1979 Culture in vitro et 
micropropagation du pin maritime (Pinus pinaster So~). AFOCEL 
Etud Rech 12 : 33-40 



205 

15. DAVID A, H DAVID, T MATEILLE 1982 In vitro adventitious budding 
on Pinus pinaster cotyledons and needl~hysiol Plant 56 : 102 
-10-7--

16. DINER A, R MOTT 1982 A rapid axenic assay for hypersensitive 
resistance of Pinus lambertiana to Cronartium ribicola. 
Phytopathology 7~64-865 

17. ENGELMANN F 1982 Multiplication vegetative in vitro de clones 
juveniles et matures de Cunninghamia lanceolat~ DEA Univ Pierre 
et Marie Curie, Paris VI, pp 43 

18. FOURET Y 1984 Micropropagation in vitro du Sequoia sempervirens 
(Endl.) effet de la frequence--des repiquages sur Ie 
rajeunissement de trois clones issus de materiel d'age different 
et recherche d'un critere precoce de juvenilite. DEA Univ Pierre 
et Marie Curie, Paris VI, pp 43 

19. FRANCLET A, A DAVID, H DAVID, M BOULAY 1980 Premiere mise en 
evidence morphologique d'un rajeunissement de meristemes 
primaires caulinaires de pin maritime age (Pinus pinaster Sol.) 
C R Acad Sci, Paris 290 : 927-930 

20. HRIB J, V RYPACEK 1983 In vitro testing for the resistance of 
conifers to fungus PhaseOlus-schweinitzii (Fr.) Pat. on callus 
cultures. Eur J For Pathol 13 : 86-91 

21. KIM JH, SK HYUN, SK LEE, KJ LEE, KC KIM 1982 Mass clonal 
propagation of Pinus rigida x taeda Fl by embryo culture. 
Res Rep Inst For Genet, Off For, Suweon-Korea, V 18, pp 74-79 

22. KOLEVSKA-PLETIKAPIC B, S JELASKA, J BERLJAK, M VIDAKOVIK 1983 
Bud and shoot formation in juvenile tissue culture of Pinus 
nigra. Silvae Genet 32 : 115-119 

23. La GOUBLAYE de NANTOIS T de 1980 Rajeunissement chez Ie douglas 
(Pseudotsuga menziesii) en vue de la propagation vegetative. 
Etude sur la plagiotropie des parties aeriennes et racinaires. 
DEA Univ Paris VI, pp 44 

24. La GOUBLAYE de NANTOIS H de 1981 Vieillissement et 
rajeunissement chez Ie Sequoia sempervirens (Endl.) en relation 
avec la propagation veg~tative. Th~se 3~me Cycle Univ Paris VI, 
pp 170 

25. LEACH GN 1979 Growth in soil of plantlets produced by tissue 
cultured loblolly pine. TAPPI 62 : 59-61 

26. LIBBY WJ 1983 The clonal option. Norsk Inst Skogforskning 1432, 
AS.NLH Norway, pp 3-32 

27. McKEAND SE, HL ALLEN 1984 Nutritional and root development 
factors affecting growth of tissue cultured plantlets of 
loblolly pine. Physiol Plant 61 : 523-528 

28. MEHRA-PALTA A, RH SMELTZER, R MOTT 1978 Hormonal control of 
induced organogenesis. Experiments with excised plant parts of 
loblolly pine. TAPPI 61 : 37-40 

29. MISSON JP, M COUMANS, P GIOT-WIRGOT, Th GASPAR 1982 Induction 
de bourgeons adventifs de Picea pungens en culture in vitro. 
Z Pflanzenphysiol 107 : 161-1-6-7-- - ---

30. MONTEUUIS 0 1984 Etude de la multiplication vegetative de 
Sequoiadendron giganteum (Lindl.) en vue du clonage. DEA 
Clermont II, pp 30 

31. MOTT RL, HV AMERSON 1981 
clonal production of loblolly 
North Carolina Agric Res Serv, 

A tissue culture process for the 
pine p1antlets. Tech Bull n° 271, 
pp 1-14 



206 

32. POISSONNIER M, A FRANCLET, MJ DUMANT, JY GAUTRY 1980 
Enracinement de tigelles issues in vitro de Sequoia 
sempervirens. Ann AFOCEL 1979, pp 232-253 

33. RANCILLAC M, M FAYE, A DAVID 1982 In vitro rooting of cloned 
shoots in Pinus pinaster. Physiol Plan~5~7-101 

34. REILLY K,~ BROWN 1976 In vitro studies of bud and shoot 
formation in pinus radiata and PSetidotsuga menziesii. Georgia 
For Res Pap 86:-PP-1-9 

35. SOMMER HE, CH BROWN, P KORMANIK 1975 Differentiation of 
plantlets in long leaf pine (Pinus palustris) Mill. tissue 
cultured in vitro. Bot Gaz 136 : 196-200 

36. STINE M,~ SOMMER 1983 Adventitious shoot formation on embryos 
of Pinus palustris Mill., Pinus elliottii Engelm. and Pinus 
palustrTs x elliottii. In 17th Southern For Tree Improv Conf, 
pp 349-350 

37. VON ARNOLD S, T ERIKSSON 1979 Induction of adventitious buds of 
Norway spruce (Picea abies) grown in vitro. Physiol Plant 45 : 
2~-34 

38. WALKER N, E DUMAS, A FRANCLET, F BEKKAOUI 1985 Techniques de 
culture in vitro des meristemes de Sequoia sempervirens et Pinus 
pinaster~Ann AFOCEL 1984 : pp 87-109 

39. YOUNG PM, AS HUTCHINS, ML CANFIELD 1984 Use of antibiotics to 
control bacteria in shoot cultures of woody plants. Plant 
Sci Lett 34 : 203-209 

40. ZOBEL B 1981 Vegetative propagation in forest management 
operations. In Proc 16th Southern For Tree Improv Conf Blacksburg 
VA, pp 149-159 



16. IN VITRO PROPAGATION OF POPLAR AND ASPEN 1 

M.R. AHUJA 

1. INTRODUCTION 

1.1. Biology and distribution 

Poplar and aspen belong to the genus Populus, and family 

Salicaceae. They are dioecious, with male and female flowers 

(catkins) occurring on separate trees. The diploid chromosome 

nunilier in poplar and aspen is 2n = 38. The genus Populus is 

comprised of five sections, consisting of more than 30 species 

widely distributed in the Northern Hemisphere (20, 22). The 

five sections of the genus Populus are: 1) Turanga, consisting 

of a single species, ~. euphratica Oliv., which is native to 

western and Central Asia, as well as North and Central Africa; 

2) Leucoides, contains four species, none of which are of 

economic importance; 3) Leuce, a large group further divided 

into two subsections: Albidae, consisting of white poplars, 

P. alba L. and ~. monticola T. Brand, and Trepidae, consisting 
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of aspens (several species); 4) Tac amahac a , collectively known 

as balsam poplars, is the largest section of the genus, and 

contains several species of economic importance; and 5) Aigeiros, 

the "true poplars", to which more than 90% of the cultivated 

poplars (mainly cottonwoods and black poplars) of the world 

belong. Three main species are included in the section 

Aigeiros: eastern cottonwood (~. deltoides Marsh.), distri

buted over most of the United States of America and southern 

Canada; arid-zone cottonwood (~. fremontii Wats.), distri-

buted over south-western portion of the United States; and 

black poplar (~. nigra L.), a native of Eurasia. 

The subsection Trepidae of the section Leuce contains 

six species of aspens. European aspen (~. tremula L.) is 

widely distributed in Europe, western Asia and North Africa. 

1Dedicated to Dr. G.H. Melchior on his 60th birthday. 
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Quaking aspen (~. tremuloides Michx.) is the most widely 

distributed aspen in North America. Bigtooth aspen (~. 

grandidentata Michx.), a close relative of quaking aspen, 

has a limited range of distribution within the Northeast 

of the United States and Southeast Canada. A few species 

akin to European aspen occur in the Far East. These include 

Chinese aspen (~. adenopoda Maxim.), Korean aspen (~_ 

davidiana Schneid.), and Japanese aspen (~. sieboldii Miq.). 

Hybridization is frequent between certain species of the 

genus Populus, and consequently a number of natural hybrids 

exist. Only two will be mentioned here. Euramerican poplar 

(~. x euramericana (Dode) Guinier), occurring in North 

America and Europe, is derived from hybridization between 

P. deltoides and P. nigra following exchange of these species 

across the Atlantic Ocean. Grey poplar (~. x canescens Sm.) is 

a hybrid between P. tremula and ~. alba, and covers the whole 

range of overlap between the parental species in central and 

northern Europe, as well as western Asia. 

Poplars and aspens occur interspersed throughout all the 

forests of temperate and cold regions of the Northern Hemi

sphere. There is enormous genetic variation in the genus 

Populus, which confers on its genotypes a wide range of adap

tability. Because of their fast growth rates, short rotation 

cycle, and ability to grow on marginal soils, poplars and 

aspens are gaining importance as forest trees. 

1.2. Economic importance 

poplar and aspen wood has varied uses. It has been employed 

in paper, matchstick, and plywood industries. Poplar and aspen 

wood has also been used as light packing material, hardboards, 

and for making pelleted animal feed. Because of rapid growth 

rates, poplar and aspen are potentially valuable for the pro

duction of biomass and chemical feedstock. It has been proposed 

that aspen and poplar can be employed in the so-called 'energy 

plantations' (45), the biomass of which could be used for 

industrial or commercial energy either through direct com

bustion or via conversion into chemical fuels, such as alcohol, 

or gaseous fuels. Because of extensive suckering habit, aspens 



can be employed in self-perpetuating 'energy plantations'. 

They can be used until there is a decline in the regeneration 

of healthy shoots from the root suckers. 

2. CONVENTIONAL METHODS OF VEGETATIVE PROPAGATION 

Poplars can be propagated by stem cuttings (hard-

wood cuttings), which root readily in soil or peat-perlite 

substrate. Leuce poplars (aspens), on the other hand, are 

difficult to propagate by woody stem cuttings, because of 

lack of preformed root primordia (13). However, aspens can 

be vegetatively propagated by root suckers, graftings (27, 36), 

and green shoots (8). Because of cost factors, graft incompa

tibilities (36), and limited availability of a specific geno

type as planting material, vegetative propagation by root 

suckers, graftings, and green shoots has only limited commer

cial applicability in the aspen regeneration programs. For this 

reason aspens have so far been mostly propagated by seed. How

ever, this situation is likely to change in the future in view 

of the fact that in vitro techniques are becoming available 

for rapid and reliable clonal propagation of selected aspen 

genotypes (1, 4, 24). 

3. REVIEW OF TISSUE CULTURE WORK 

3.1. Callus culture 

More than 50 years ago Gautheret (25) successfully cul

tured cambial tissues from a number of tree species, including 

a poplar (~. nigra). Some 30 years after Gautheret's pio

neering work, Mathes (34) established long-term callus cul

tures from stem explants of tripolid quaking aspen (~. 

tremuloides). Mathes obtained both roots and shoots on the 

callus of the triploid aspen. However, it was not certain 

whether these roots were directly connected to shoots to give 

rise to plantlets. A few years later, Wolter (44) demonstrated 

that shoots could be induced on callus cultures of P. 

tremuloides by inclusion of 0.2 - 0.5 mg/l benzylaminopurine 

(BA) to the basal medium, and that shoots could be rooted on 

Wolter's basal medium. In the same year, Winton (41) also 

produced shoots on callus of triploid aspen (~. tremuloides) 
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by employing Wolter's basal medium containing 0.5 mg/l BA. 

These shoots were rooted on Wolter's medium containing 0.04 mg/l 

2,4-dichlorophenoxyacetic acid (2,4-D) and 1.0 mg/l kinetin. 

These earlier studies by Mathes, Wolter, and Winton on aspen 

culture, although of historical importance, left some doubt 

about the normality and genetic stability of the regenerants. 

Later, however, Winton (42, 43) demonstrated that normal aspen 

plantlets, although few in numbers, could be regenerated from 

callus cultures of triploid quaking aspen (~. tremuloides) and 

tetraploid European aspen (~. tremula). Chalupa (15) extended 

the studies of Winton and Wolter on several species of Populus, 

and regenerated plantlets from callus cultures. A few years later, 

Chalupa (16) compared the growth rates, morphology and genetic 

constitution of the callus derived plantlets in Populus species, 

and claimed that clonal regenerants were essentially similar to 

the parent plants, both morphologically and genetically. Lester 

and Berbee (30), on the other hand, observed a wide range of 

variation in height, number of branches, leaf traits and chromo

some numbers in the callus derived plants in several clones of 

black poplar (~. nigr~) and Euramerican poplar (~. x euramericana) . 

By employing an Aspen Culture Medium (ACM) (1), which is 

a modified version of Woody Plant Medium (WPM) (31), calli were 

induced on young stem segments of leaf petioles by supplementing 

ACM with 1.0 - 2.0 mg/l naphthaleneacetic acid (NAA) or 2,4-D. 

Callus growth was enhanced by inclusion of 0.01 mg/l BA in the 

medium. Multiple shoots could be induced following culture of 

callus segments on ACM fortified by 0.4 - 0.5 mg/l BA. Roots 

were induced on excised microshoots cultured on ACM supplemented 

with 0.5 mg/l indolbutyric acid (IBA) and 0.1 mg/l NAA. However, 

callus cultures were not employed by us for clonal propagation of 

aspen because: 1) only a limited number of shoots are formed on 

callus cultures, and 2) occurence of genetic variation in long

term callus cultures. We intend to employ callus cultures for 

searching for somaclonal variation in aspen. However, for large 

scale clonal propagation of selected parental genotypes, soma

clonal variation should be avoided. Organ cultures, particularly 

bud meristems, have been shown to provide reasonably reliable 

material for clonal propagation on a large scale, with minimal 

risks of somaclonal variation. 
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3.2. Organ culture 

Whitehead and Giles (40) investigated the potential of 

axillary bud explants of poplars for clonal propagation. Bud 

explants from three Populus species, namely E.. nigra "Italica", 

E.. "Flevo" (E.. deltoides x E.. nigra), and E.. yunnanensis were 

cultured on modified Murashige and Skoog's medium (MS) con

taining 0.2 mg/l BA. Bud break occurred within 2-3 weeks, and 

within 4 weeks initial shoots had lengthened enough to be cut 

into 5 mm sections and placed again on the same medium. Once 

proliferation had started, the cultures were transfered to 

modified MS medium containing 0.1 mg/l BA and 0.02 mg/l NAA. 

After 6-8 weeks 120-220 shoots had formed on each original bud 

explant. These shoots could be either rooted or used for pro

duction of more shoots. Within three months after rooting, the 

tissue culture derived poplar plants were 1-1.5 meters tall. 

They estimated that more than 1 million plantlets per year could 

be produced from one bud. 

By employing essentially the same bud explant method of 

Whitehead and Giles (40), Christie (18) regenerated plantlets 

from several Populus species: E.. alba, E.. tremula, E.. tremu

loides, P. x canescens, and E.. alba x E.. glandulosa. A similar 

program of micropropagation was carried out by Barocka et al. (7) 

for aspen multiplication on a commercial scale. 

While previous studies in the genus Populus were carried out 

on bud explants of juvenile or young plants, later studies were 

extended to older trees ranging in age from 10 - 20 years (17), 

or even older and mature trees between 17 to 40 years (1, 4). 

In addition to bud explants, Ahuja (1) carried out regenerative 

studies by employing leaf discs and young leaves and root explants 

of E.. tremula, E.. tremuloides, and their hybrids (hybrid aspen) . 

Microshoots that developed on leaf or root explants could be later 

rooted on a rooting medium. However, for large scale clonal pro

pagation of aspen and hybrid aspen, Ahuja (1, 4), employed meri

stem explants from dormant buds. Table 1 summarises the results 

of plantlet regeneration studies from callus and organ cultures 

in poplars and aspens. 

4. MICROPROPAGATION 

In order to extend tissue culture technology to large scale 
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Table 1. Plantlet regeneration in Populus by tissue culture 

Species/hybrid Age Explant Reference 

P. alba Y Axillary buds ( 17) 
P. alba x P. glandulosa Y Apical and (18) , (28) 

axillary buds 
P. alba x P. tremula Y Apical and (17) 

axillary buds 
P. x canadensis S Stem tip (9) 
g. x canescens Y Apical and (17 ) 

axillary buds 
P. x euramericana S Stem, Shoot tip (15) , (32) 
P. "Flevo" (E.. deltoides Y Axillary buds (40) 
x P. nigra) 
P. 9:landulosa R Anther (29) 
P. grandidentata M Apical and (A)a 

axillary buds 
P. ni9:ra R Anther (38) 
P. ni9:ra "Italica" Y Axillary buds (40) 
P. tremula 2n S Stem ( 15) 
P. tremula 4n S Stem (43) 
P. tremula 2n Y Apical and (18) , (7) 

axillary buds 
P. tremula 2n Y,M Apical and ( 1) , (4) 

axillary buds, stem 
leaf, root 

P. tremuloides 3n S Stem (41) , (42) 
P. tremuloides 2n S Cotyledon, (39) 

hypocotyl 
P. tremuloides 2n Y Apical and ( 18) 

axillary buds 
P. tremuloides 2n Y,M Apical and ( 1 ) , (4) 

axillary buds, root 
P. tremula x P. tremu- Y Apical and (7) 
Ioides 2n, 3n- axillary buds 
P. tremula x P. tremu- Y,M Apical and ( 1) , (4) 
Ioides 2n, 3n- axillary buds 

stem, leaf, root 
P. :iunnanensis Y Axillary buds (40) 

S = seedlings; Y = young trees; R 
M = mature trees 

reproductive organ; 

a(A) = Ahuja, unpublished 
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clonal propagation, it is necessary to develop a method that: 

1) is relatively simple, 2) has a high multiplication rate, 

3) has a high degree of reproducibility, 4) is applicable 

to juvenile and mature tissues,S) induces direct differen

tiation of microshoots with minimal callus formation, 6) allows 

rooting of microshoots in agar medium or soil-free substrates or 

soil, 7) gives high survival rates of microshoots or plantlets 

upon transfer to rooting or potting conditions, 8) is cost 

effective, that is, plantlet vs. seedling costs are comparable, 

9) can be easily adapted to nursery practices, and 10) ensures, 

to a large extent, the genetic stability of propagules under in 

vitro, nursery, and field conditions, and in progeny tests. Al

though such an ideal method(s) of micropropagation is not yet 

available for any forest tree species, at least some aspects 

of such a procedure have been accomplished in the genus Populus. 

We have been interested in rapid clonal propagation of 

selected trees of European aspen (~. tremula), quaking aspen 

(~. tremuloides) and their hybrids (hybrid aspen). Initially bud 

explants were cultured from young plants established from root 

suckers of selected trees in the nursery. Subsequently, however, 

meristem cultures were established from primary buds directly 

obtained from mature trees. Bud explants from more than 100 

aspen and hybrid aspen trees ranging in age from 17 to 40 years 

were investigated for their in vitro regenerative potential 

(1, 4). To start with, a 4-step micropropagation procedure was 

employed (Fig. 1). This procedure consisted of: 1) bud break 

and conditioning of meristems on ACM-1 (ACM + 0.5 mg/l BA) , 

2) growth and proliferation of microshoots on ACM-2 (ACM + 

0.5 mg/l BA + 0.02 mg/l NAA), (Fig. 2), 3) root formation on 

micIoshoots on ACM-3 (ACM + 0.5 mg/l IBA + 0.1 mg/l NAA), 

(Fig. 3), and 4) transfer of plantlets to pots, and after 

hardening in controlled chambers and greenhouse, transplantation 

to the field (Fig. 4). This 4-step procedure has been simpli

fied to reduce the number of steps and to make the micropro

pagation method cost-effective. From four, first it was reduced 

to a 3-step method (Fig. 1) by combining steps 1 and 2 to 

achieve meristem conditioning and microshoot proliferation on 

ACM-2. Later step 3 (rooting medium, ACM-3) was eliminated from 

the scheme, and excised microshoots were directly rooted in 
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FIGURE 1. Diagram showing 4-step, 3-step, and 2~step micro
propagation procedures. Initially, a 4-step method was employed 
for plantlet regeneration. Subsequently, it was simplified to 
a 2-step micropropagation method. This 2-step method has been 
successfully employed for rapid and large scale clonal propa
gation of elite aspen and hybrid aspen trees. 

peat-perlite substrate. Roots differentiated in 70 - 90% of the 

microshoots within two weeks on this substrate, which is about 

the same time it took to root on the ACM-3 medium. Thus it was 

possible to evolve an effective 2-step micropropagation method 

from the original 4-step method (Fig. 1). By employing this 

2-step micropropagation method (4), it has been possible to 

reduce costs and minimize the exposure of tissues to unnatural 

in vitro conditions. In these experiments microshoots developed 

on the bud meristems with minimal prior callus formation. A few 

regenerants with morphological variation were detected when the 

4-step micropropagation method was employed. However, with this 

2-step micropropagation procedure, we have not observed morpho

logical variants in the in vitro produced propagules. 
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FIGURE 2. Bud explant from a mature hybrid aspen tree showing 
proliferation of microshoots on ACM-2. 

FIGURE 3. Plantlet regeneration from an excised microshoot of 
a hybrid aspen on ACM-3. 

FIGURE 4. Tissue culture derived plants from a number of aspen 
and hybrid aspen clones under field conditions. 
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.Cytological examination of randomly selected aspen and hybrid 

aspen plants derived by the 2-step procedure revealed a normal 

genetic constitution (4). That does not preclude the presence 

of recessive gene mutations, if they were indeed induced under 

the cultural conditions. However, by minimizing the exposure 

of tissues to in vitro environment, along with minimal callus 

formation, the genetic risk of instability may have been re

duced by our 2-step micropropagation method. By this method we 

have regenerated more than 5000 plants from mature aspen and 

hybrid aspen trees. Of the about 100 trees tested, 50% diffe

rentiated microshoots on ACH-2, and thus could be clonally pro

pagated. The regenerative potential of so far nonresponsive 

trees is being further tested by broadening the hormone spectrum 

(0-5 mg/l of BA or zeatin, along with low concentrations of NAA) 

of ACM, and variation in cultural conditions (Ahuja, unpublished). 

Preliminary results from our laboratory indicate that, besides 

the genotype, cytokinin levels, inclusion of a few juvenile 

leaves along with the dormant bud meristem, time of the year 

(early spring), and storage of dormant buds at low temperatures 

before culture influence the morphogenetic response. 

5. FIELD TESTING AND COSTS 

Tissue culture derived plants in poplars and aspens have been 

planted under field conditions (1, 4, 7, 18, 32). In the first 

growing season plants reach a height of 1 to 2.5 metres. These 

are healthy, vigorous, and free of any morphological abnormalities. 

The costs of tissue culture derived plants are rather diffi

cult to calculate, because the techniques are still evolving. Only 

rough estimates can be worked out. Brown and Sommer (14) estimated 

that 1000 containerized plantlets of sweet gum (Liquidambar 

styraciflua) would cost US$ 123 from shoot tip culture, and 1000 

containerized seedlings from improved seed would cost $ 75. 

McKeand and Weir (35) have estimated that loblolly pine (Pinus 

taeda) plantlets could be produced for $ 50 to $ 100 per thousand 

by the cotyledon culture method, whereas 1000 bare-root seedlings 

cost about $ 20. Therefore, the cost of a plant let is still gene

rally higher than that of a seedling. However, the higher price 

may be worth it because of the relative genetic uniformity and 
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the genetic gain in the propagules. After improvement, simpli

fication, and automation of tissue culture techniques, the costs 

could be further reduced, to make plantlet production for re

forestation economically attractive. Our 2-step micropropagation 

method (4) for apsen is a step in that direction. 

6. JUVENILITY, MATURITY, AND REJUVENATION 

In a number of forest tree species explants derived from 

juvenile tissues, such as embryos, cotyledons, seedlings, etc. 

have been employed for clonal propagation. Micropropagation 

from juvenile material, although useful for certain studies, 

has the disadvantage that it is difficult to predict how a 

seedling will perform in later years. Clonal propagation of 

most mature hardwoods and conifers by tissue culture is still 

very difficult (10). Of course, it would be ideal if genetic, 

biochemical and molecular markers were available in the juve

nile stages, such as seedlings, that are correlated with yield 

traits. However, that not being the case at present, we still 

have to probe into basic processes involved in juvenility, 

maturation, and rejuvenation. Rejuvenation treatments (10, 23) 

currently under investigation include: 1) severe pruning of 

trees to stimulate production of lateral juvenile meristems, 

2) serial grafting of buds from older trees onto juvenile 

rootstocks, 3) spraying of plants with cytokinin before cul

ture, 4) serial subculturing of explants in vitro, 5) cyto

kinin stimulated induction of adventitous buds, and 6) treat

ment of resting buds with chemicals that may leach out sub

stances that might be inhibitory to the rejuvenation process. 

Another approach might be to store juvenile material under 

low temperature conditions or cryogenically for a number of 

years until the germplasm has been evaluated following maturi

ty and progeny tests. At that stage the cryopreserved material 

could be retrieved and recultured for micropropgation. Such 

tissue 'gene banks' could also be valuable for preservation of 

forest tree germplasm already being depleted by pathogens or 

unfavourable environmental conditions. It is, however, not en

tirely known whether these rejuvenation and cryopreservation 

procedures carry a risk of genetic instability. 
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A degree of rejuvenation has been accomplished in the ma

ture tissues of some forest tree species. Boulay (12) has 

developed in vitro methods for large scale propagation of 

100 years old Sequoia sempervirens. By culture of bud explants, 

clonal propagation has been accomplished in 100 years Tectona 

grandis (26), 60 years old Prunus avium (19), 10 - 20 years 

old Eucalyptus spp (33), and 17 - 40 years old Populus tremula, 

~. tremuloides, and their hybrids (1, 4). Bonga (11) has re

ported on plantlet formation (few in number) from the female 

cone tissues of 25 - 30 years old Larix decidua. Rejuvenation 

potential of several other tree species was investigated in 

our tissue culture laboratory at Grosshansdorf. On a variety of 

different media bud explants were cultured from more than 50 

years old softwoods, Picea abies, Pseudotsuga menziesii, and 

Larix decidua, and hardwoods, Fagus sylvatica, Quercus robur, 

and 2. petraea. Excepting slight differentiation on bud ex

plants of a cultivar (!. purpurea) of Fagus sylvatica (5), and 

callusing on Larix decidua, there was hardly any growth and 

differentiation on the bud explants of the other forest tree 

species (Ahuja, unpublished). We are continuing morphogenetic 

investigations on the juvenile and mature tissues of these 

forest tree species. 

7. REGENERATIVE POTENTIAL OF PROTOPLASTS AND CELLS 

Protoplasts have been isolated from cell suspension cultu

res of a Populus hybrid TT32 (21), seedlings of quaking aspen 

(~. ~~~muloides) (37), and young leaves from mature trees of 

European aspen (~. tremula), quaking aspen (~. tremuloides) 

and their hybrids (2, 3). Recently, we have also isolated 

protoplasts (Fig. 5) from juvenile leaves derived from bud 

meristem cultures of aspen and hybrid aspen (Ahuja, unpub

lished). Budding of individual protoplasts has been observed 

in the protoplast cultures of Populus spp. (2, 3, 21). Sus

tained cell divisions have not, so far, been observed. Con

sequently, it has not been possible to regenerate plantlets 

from the protoplasts cultures of Populus (6). 
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FIGURE 5. Freshly isolated mesophyll protoplasts from tissue 
culture derived juvenile leaves of a hybrid aspen clone. 

Cell suspension cultures have been established from callus 

of the Populus hybrid TT32 (21), and from callus as well as 

young leaves and meristems of European aspen (~. tremula) 

(Ahuja, unpublished). Initial cell divisions have been ob

served in the cell suspension cultures of aspen. However, so

matic embryogenesis has not, so far, been observed in these 

cultures. 

8. FUTURE RESEARCH AND PROSPECTS 

Poplars and aspens are gaining importance as forest tree 

species. They exhibit fast growth rates, and have a short ro

tation cycle. Besides, they can grow on marginal sites, and 

on agricultural wastelands that are lying fallow. Furthermore, 

219 
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'they can improve the ecological stability of coniferous stands. 

In addition to various uses of poplar and aspen wood, these 

tree species are good candidates for 'energy plantations'. 

Tissue culture technology offers prospects for mass cloning 

of superior genotypes for reforestation programs, storage of 

tissues under super low temperatures, isolation of new geno

types through protoplast fusion and gene transfers, and utili

zation of genetic variability that has been detected in the 

protoclones or somaclones. In this direction, complete proto

clones have to be developed for regeneration of plantlets 

from protoplasts and cells in poplar and aspen, 

Since aspen tissues, obtained from juvenile and mature 

material, can be induced to undergo organogenesis in vitro, 

this species can serve as a model system for understanding 

problems of growth, differentiation, juvenility, maturity, re

juvenation, and gene transfers in the forest tree species. 
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17. EUROPEAN HARDWOODS 

V. CHALUPA 

1. INTRODUCTION 

Hardwood forests cover about 40% of the forested area in Euro

pe. The proportion of hardwoods in the forest increases from the 

north to the south of Europe. Whereas in the northern European 

countries (Norway, Sweden, Finland) hardwoods cover only 10-14% of 

the total forested area, in central and southern Europe hardwoods 

cover about one third (Federal Republic of Germany 32%, Czechoslo

vakia 36%), and in some southeast European countries more than one 

half (Bulgaria 74%, Rumania 76%) of the forested area. 

The most important European hardwoods include various species 

of the genus Quercus, Fagus, Betula, Tilia, Fraxinus, Acer, Carpi

nus, Sorbus, Castanea, Prunus, Ulmus, Salix. Hardwoods are propa

gated mainly by seeds (with the exception of willows). However, 

propagation by seeds is not without problems. For example, because 

of air pollution damage many forest stands have ceased to produce 

seeds. To complicate matters, vegetative propagation of hardwoods 

by cuttings is not satisfactory for most hardwood tree species 

either (48). 

Micropropagation of hardwood trees should speed up hardwood 

tree improvement programs (5, 6, 22, 23, 37). Breeding of hard

woods is a slow and difficult process, because the juvenile non

flowering stage often lasts a long time. On the other hand micro

propagation of selected rapidly growing and resistant trees could 

bring significant genetic gains in a short time. Rapid vegetative 

propagation of selected trees with valuable forms of wood, highly 

valued in the furniture industry, would have important economic 

effects. 
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Experiments with tissue cultures of European hardwood species 

have been carried out for a long period. Gautheret (26, 27) was 

the first to achieve callus proliferation and adventitious bud 

differentiation in tissue cultures of hardwoods. For a long time 

the main objective was to establish hardwood callus cultures. 

Until 1975 most efforts were focussed on regeneration of trees 

from such callus cultures. Experiments with organ cultures are of 

more recent origin. 

2. PROPAGATION OF HARDWOODS BY ORGAN CULTURES 

The method of axillary bud proliferation is applicable to most 

European hardwood spe9ies. The main advantages of this method are 

that the mUltiplication rate is high, that organ cultures are 

genetically stable, that only small pieces of tree are required 

for culture establishment, and that virus-free trees can be produ

ced. In some cases, new shoots can also be produced from adventi

tious buds formed on the stem or callus. 

The main stages of hardwood micropropagation by organ culture 

are: culture establishment, shoot multiplication, rooting of 

shoots, and transfer of rooted plantlets to the field. Each stage 

is critical for the successful regeneration of trees. The greatest 

difficulties are experienced with shoot multiplication, transfer 

of hardwood plantlets from the agar medium to soil, and hardening 

off of the plantlets. 

2.1. Culture establishment and shoot multiplication 

Shoot tips and short nodal segments were most commonly used as 

explants for the establishment of hardwood cultures (9, 10, II, 

13, 14, IS, 16, 17, 39, 42, 53). Embryos dissected from seeds are 

another source of explants (2). Actively growing shoots are often 

better as explants than dormant shoots for hardwood culture esta

blishment (9, 10, II, 13). The appropriate time to collect acti

vely growing shoots is in the spring and early summer, when shoots 

are not yet severely contaminated with bacteria and fungi. Excel

lent sources of actively growing shoots are young seedlings (1-12 

months old) grown from seeds in a greenhouse or under laboratory 

condi tions (11, 13). Hardwood shoots taken in the winter can be 

used for culture establishment if the explants are taken at the 
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end of bud dormancy. The rapidity of axillary bud sprouting is 

closely connected with the end of dormancy. Shoots taken in the 

winter period are often severely contaminated and disinfection of 

winter explants is often difficult. 

Before surface sterilization of the explants, all leaves are 

removed from the actively growing shoots and the stems are cut 

into 1-2 cm long nodal segments with 1-3 axillary buds. The most 

commonly used sterilizing solutions contain sodium or calcium 

hypochlorite (2, 9, 43) or mercuric chloride (10, 13, 14, IS, 43). 

For sterilization of actively growing shoots, which are more sen

sitive to the sterilizing process, a weak solution of mercuric 

chloride (0.1-0.2%) has been employed (10, 13, 14, 15). If the 

duration of sterilization is correctly chosen, microorganisms are 

destroyed and plant tissue is not damaged. The duration of effec

tive surface sterilization of actively growing hardwood shoots 

usually ranges from 18 to 25 min (10, 13, 14, 15). After sterili

zation with mercuric chloride, the explants are washed three times 

in sterile distilled water. 

Some hardwood species (Quercus, Castanea, Fraxinus, Betula, 

Carpinus) contain polyphenolic compounds, which are oxidized after 

explant excision. After placement on the agar media these substan

ces are released and darken the agar medium. This inhibits growth 

of the explants and often results in their death. Browning occurs 

more frequently if explants from older plants are used. To prevent 

browning of hardwood explants several methods are recommended: a) 

explants are transplanted into fresh medium whenever browning 

occurs, b)newly excised cxplants are soaked for several hours in 

sterile distilled water or in a solution of antioxidants, c) ex

plants are grown on media containing antioxidants, d) explants are 

incubated in low light intensities or in darkness. 

The growth and proliferation of shoots in hardwood cultures was 

stimulated by cytokinin. Of the tested cytokinins (kinetin, ben

zylaminopurine (BAP), N6-isopentenyladenine (2iP), zeatin) BAP was 

the most effective cytokinin. For most hardwood species the effec

tive concentration of BAP was low (0.2-1.0 mg 1-1). Shoot prolife

ration of some species required a higher concentration of BAP. 

Nutrient media used in some hardwood species contained besides 
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cytokinin a low concentration of auxin. Naphthaleneacetic acid 

(NAA) and indolebutyric acid (IBA) were the most frequently used 

auxins. The addition of auxin to the nutrient medium often stimu

lated growth of axillary buds and shoot elongation. The concentra

tion of auxin used in most nutrient media was low (0.02-0.1 mg 

1-1) . 

2.2. Induction of roots 

Shoots excised from proliferating cultures were rooted either 

in vitro or in a conventional potting substrate (7, 13, 42). The 

advantage of the in vitro method is that shoots are rooted under 

controlled environmental conditions and that root induction can be 

stimulated by an appropriate concentration of auxin in the nu

trient medium. The danger of root deformation and root damage by 

transplanting from the agar medium to soil are disadvantages of in 

vi tro rooting. Therefore, rooting is often carried out in vivo. 

Excised shoots that are rooted directly in the potting mixture 

form roots that are well adapted to growth in soil. Furthermore, 

in vivo rooting is less laborious and less costly. 

Direct rooting in a potting mixture is sui table mainly for 

species, which form roots easily, such as willows, birches, and 

elms. Microshoots were inserted into the potting mixture (peat and 

perlite, peat and sand) and were subsequently maintained in a warm 

(24-25°C) and humid (80-90% RH) atmosphere (7, 42). The substrate 

temperature was maintained by electric heating cables, the rela

tive humidity by a humidistatically controlled vaporiser. 

For induction of root formation on agar nutrient media, a redu

ced concentration of salts and organic compounds was used. When 

the salt concentration in the medium was lowered to one-half or to 

one-third of the normal strength, the rooting percentages increa

sed (10, 13, 14, 43). Low salt media such as Gressoff and Doy (29) 

or woody plant medium (36) stimulated root formation of hardwoods 

more than the high salt medium of Murashige and Skoog (38). 

Root formation was stimulated by auxins. The most frequently 

used auxins were IBA and NAA, which I·iere used ei·ther separately, 

or together (10, 13, 14, 15). The nutrient media used for root 

formation did not contain cytokinin, because cytokinins stimulate 

callus formation dnd inhibit root formation. A low concentration 
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of auxin (0.1-0.5 mg 1-1) in the medium stimulated root induction 

and supported root elongation on the same medium. A two step pro

cess of root formation, whereby roots are induced by a high auxin 

concentration and then elongate on an auxin-free medium, was em

ployed for a few hardwood species (43, 53). 

Shoots placed on the agar medium formed roots within 10-14 

days; after another 1-2 weeks the roots elongated. For transplan

tation into soil plantlets with short roots are preferred, because 

the danger of root damage and root deformation is higher when 

plantlets with long roots are used. 

2.3. Propagation of selected species by organ culture 

A large number of commercially important hardwood species are 

already propagated by organ culture, and the number of species 

responding positively is continually increasing. 

The media used most frequently and with greatest success are 

Murashige and Skoog (MS) medium (38), woody plant medium (WPM) 

(36), and broad leaved tree medium (BTM) (10, 13, 15). Gresshoff 

and Doy (GD) medium (29), Wolter and Skoog (WS) medium (55), and 

~fuite medium were used less frequently. 

For propagation of hardwood species the age of the tree provi

ding the initial explants is significant. Explants taken from 

young plants are usually best for the establishment of cultures. 

Some hardwood species were propagated using explants from mature 

trees. 

To date a large number of hardwood species has been propagated 

in vitro by organ culture. 

2.3.1. Acer platanoides L. (16). Shoot tips were cultured on a 

modified MS medium supplemented with BAP (5 ].lH) and with lBA (0.5-

5.0 ].lH). After approximately six weeks in culture, formation of 

mul tiple shoots was observed. A. platanoides cv. Crimson Sentry 

produced less than 10 shoots per explant per culture period. Exci

sed shoots were rooted on agar medium supplemented with lBA. 

2.3.2. Acer pseudoplatanus L. (13, 44). Seedling shoot tips and 

short nodal segments were grown on a modified MS medium and on WPM 

supplemented with cytokinin. A low concentration of BAP (0.2-1.0 

mg 1-1) and lBA (0.1 mg 1-1) stimulated shoot proliferation. 

Microshoots, 1.5-3 cm long, were excised and were rooted on GD 
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medium and on WPM (half-strength). Rohr (44) propagated adult 

trees with a wavy grain pattern, using stump sprouts for the ini

tial explants. Shoot tips were grown and rooted on diluted MS 

medium (1/3 of original concentration). Single node explants pro

duced axillary shoots which were excised and rooted in vitro. 

Shoots and roots developed simultaneously. Activated charcoal 

(5 g 1-1) added to the nutrient medium promoted formation of roots 

and growth of the explants. The cultures were maintained in dark

ness at 23°C during the first week and were subsequently cultured 

under long day (16 h) at the same temperature. Roots developed 

within six weeks. 

2.3.3. Betula pendula Roth. (10, 13, 28), and Betula pubescens 

Ehrh. (13). A high multiplication rate of both species was achie

ved on BTM and WPM containing a low level of cytokinin. BAP (0.2-

1.0 mg 1-1) was the most effective cytokinin for the promotion of 

shoot proliferation and multiple shoot formation. Shoot tips and 

short nodal segments, used as initial explants, produced new 

shoots within 4 weeks. After the second or third transfer multiple 

shoots developed (Fig. 1). Every 4 weeks 10-30 shoots were harves

ted from each culture and used for rooting (Fig. 2). The basal 

portion of the cultured tissue was divided into 5-10 pieces which 

were placed on a fresh multiplication medium, where proliferation 

continued. 

Formation of multiple shoots was achieved from multiple ex

plants of young seedlings and from mature trees. Shoots taken from 

the lower part of crowns of mature trees were used as initial 

explants. Explants taken from mature trees began to proliferate 

and form multiple shoots after a longer period than explants of 

seedlings. 

Microshoots 1-3 cm long, excised from proliferating cultures, 

were rooted either on agar nutrient media or as cuttings in a 

conventional potting mixture. For rooting of microshoots on agar 

media, GO medium, BTM and HPM (half-strength) were used. Media 

were supplemented with a low concentration of auxin (IBA 0.1-0.4 

mg 1-1). Good root development occurred in 95-100% of the micro

shoots within 2-3 weeks. 
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of Betula 

FIGURE 3. Formation of mUltiple shoots of Carpinus betulus. 
FIGURE 4. Multiple shoots of Fraxinus excelsior. 

2.3.4. Carpinus betulus L. (10, 13). Nodal segments were placed 

on BTM or WPM. Each segment produced 1-3 new shoots within 5-6 

weeks. A low concentration of BAP (0.2-1.0 mg 1-1) stimulated the 

proliferation of shoots (Fig. 3). Rooting of a high percentage 

(80-90%) of excised microshoots was obtained on HPM (half

strength) containing both IBA 0.2 mg 1-1 and NAA 0.2 mg 1-1. After 
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3-4 weeks the rooted plantlets were transplanted to a potting 

mixture. 

2.3.5. Castanea sativa Mill. (4, 51, 52, 53, 54). Shoots were 

multiplied ,on a modified MS medium (half-strength of nitrates) and 

on Lepoivre (40) medium. On medium without BAP shoot growth was 

slight and shoot multiplication was near zero. The maximum number 

of shoots was obtained with 1-2 mg 1-1 of BAP, but these shoots 

failed to elongate. Concentrations of BAP between 0.1 and 0.5 

mg 1-1 were most suitable for optimum proliferation and elongation 

of shoots. Biondi et al. (4) induced formation of multiple shoots 

on explants taken from stump sprouts of mature chestnut trees. 

Newly formed summer buds responded best in culture. MS medium and 

Schenk and Hildebrandt medium promoted the growth of axillary 

buds. Strong intervarietal differences were found; some varieties 

responded significantly better in culture than others. 

Shoots longer than 2 cm were used for rooting. The highest 

rooting 

placed 

mg rl) 

percentages were obtained when excised microshoots were 

on MS medium (half-strength) containing auxin (IBA 3 

for 12 days. Subsequently the shoots were transferred to 

an auxin-free medium for root elongation. In the best treatment 

72% of shoots rooted. The rooting percentage was low if the cultu

res were kept in darkness for 2 weeks prior to rooting. The high

est rooting percentage was obtained when microshoots excised from 

cul tures were treated as cuttings: i. e., the basal part of the 

shoots was immersed in a concentrated IBA solution (0.5-1.0 

mg 1-1 ) for a period of 2 to 15 min, after which the shoots were 

placed on an auxin-free agar nutrient medium. Immersion in IBA (1 

mg 1-1) for 2 minutes was the most effective treatment. Roots 

started to develop after 12-14 days. 

2.3.6. Fagus sylvatica L. (1, 9). Shoot tips and nodal segments 

from actively growing seedlings and embryonal explants were used 

as initial material. Modified MS medium and WP!-:I supplemented with 

a low level of BAP (0.2-1.0 mg 1-1) and with auxin (IBA or NAA 

0.02-0.1 mg 1-1) stimulated shoot growth. The number of shoots 

produced was usually limited to one or two per explant. In few 

cases 5-9 shoots per explant were produced. Bud explants from 

mature trees remained mostly unresponsive under the experimental 
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conditions. Plantlet regeneration was achieved from juvenile 

explants. 

2.3.7. Fraxinus excelsior L. (13). Shoot growth from axillary 

buds was best on WPM and on modified MS medium supplemented with 

cytokinin. Multiple shoot formation (Fig. 4) was obtained on WPM 

and on MS medium supplemented with higher concentrations of BAP 

(2.0-5.0 mg 1-1). Wi thin 4 weeks each explant produced 2-6 new 

shoots which were divided and placed on a fresh medium of the same 

composition where proliferation of shoots continued. 

Excised microshoots 2-3 cm long were rooted on low salt, agar 

nutrient media. GD medium and WPM (half-strength) supplemented 

with an auxin (IBA 0.2-0.5 mg 1-1) promoted root formation. Roots 

developed within 2-4 weeks and the rooted plant lets were trans

planted to a potting substrate. 

2.3.8. Prunus avium L. (17, 18, 21, 43). Shoots were multiplied 

on modified MS medium or on Lepoivre medium (40) supplemented with 

an appropriate balance of cytokinin and auxin. Shoots taken from 

the crown of mature trees or from root suckers were used as a 

source for initial explants. Nutrient media containing BAP as 

cytokinin (1 mg 1-1) and IBA as auxin (0.1 mg 1-1) stimulated 

rapid shoot proliferation. Each explant produced 4 to 15 shoots 

(depending on the clone) in 4-5 weeks. For elongation of short 

shoots cultures were transferred to media supplemented with a high 

concentration of GA3 (1-10 mg 1-1). Cornu and Chaix (17) found 

that six month storage of cultures at 2°C without light doubled 

the proliferation rate of cultures after their return to normal 

temperature. Some clones survived more than one year in cold 

storage. 

Microshoots, 2-3 cm long, were excised and rooted on an auxin

free modified MS medium (1/5 of original salt concentration). 

Prior to placing on this auxin-free agar medium, the basal part of 

the shoots was immersed in concentrated IBA solution (5 x 10- 3 M) 

for several seconds. High rooting percentages (67-100%) were ob

tained under low light intensities and at relatively low tempera

ture (19°C). For rooting large numbers of microshoots of mature 

wild cherry trees, another method was used (17). Elongated micro

shoots were rooted on a diltuted agar MS medium supplemented with 
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an auxin. IBA was more effective than lAA or NAA. For most clones 

the optimum concentration of IBA was 1 mg 1-1. Clones which showed 

poor rooting, could be rooted on media containing a high level of 

auxin (IBA 10 mg 1-1) but with some callus formation. Low light 

intensities and lower temperature (21°C) were most effective in 

promoting rooting of excised shoots. Druart et al. (21) rooted 

wild cherry shoots longer than 1.5 cm on agar media containing IBA 

(2 mg 1-1). High rooting percentages (90%) were obtained when the 

cultures stayed for 8-10 days in darkness at the beginning of the 

rooting stage. More roots were formed at 25 than at 28°C. 

2.3.9. Prunus padus L. (13). MS medium and WPS supplemented 

wi th cytokinin and auxin promoted the proliferation of shoots. 

Shoot tips and nodal segments used as initial explants produced 

new shoots within 4-5 weeks. Multiple shoots developed after the 

third transfer (Fig. 5). Every 4 weeks cultures were divided into 

4-8 pieces which were transferred to a fresh multiplication 

medium. A high multiplication rate was achieved on MS medium 

containing a low level of BAP (0.6-1.0 mg 1-1) and auxin (IBA 

0.1-0.2 mg r l ). 

Shoots, 2-4 cm long, excised from proliferating cultures were 

rooted. High rooting percentages (75-90%) were obtained on WPM 

containing a low concentration of auxins (IBA 0.5 mg 1-1 and NAA 

0.5 mg 1-1). After 3-4 weeks the rooted plantlets were transplant

ed to a potting mixture. 

2.3.10. Quercus robur L. (9, 10, 13, 15) and Quercus petraea 

(Matt.) Liebl. (13). Shoot growth from axillary buds was most 

rapid on BTM and WPM supplemented with a low concentration of 

cytokinin. On MS medium only a few explants formed long shoots. On 

WPM shoots attained a length of 3-5 cm and well developed leaves 

within four weeks when supplied with 0.2-2.0 mg 1-1 BAP. These 

shoots were cut into short nodal segments and placed on a fresh 

medium. Within 3-4 weeks each segment produced 1-9 new shoots 

(Fig. 6) that were divided and subcultured for further pro

liferation. 

Microshoots, 2-4 cm long, showed 75-90% rooting in 2-3 weeks on 

GD medium, B'rM and WPM (all media half strength) containing a low 
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FIGURE 5. Multiple shoots of Prunus padus. 
FIGURE 6. Formation of multiple shoots of Quercus robur. 

FIGURE 7. Multiple shoots of Silix alba. 
FIGURE 8. Multiple shoots of Sorbus aucuparia. 

concentration of sucrose (10-15 g 1-1) and auxins (IBA 0.3 mg 1-1 

and NAA 0.1-0.3 mg 1-1). 

2.3.11. Quercus suber L. (2, 39). Embryos cultured on an agar 

medium produced shoots (2). Pardos (39) used nodal segments of 

seedlings to obtain new shoots from a xillary buds. His cultures 
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were grown on MS medium containing cytokinin (BAP) and auxin 

(NAA) . High concentrations of BAP (10- 6 and 10-5 M) induced 

several buds (up to eight) from each node, while low concentra

tions only produced one bud per node. Shoots produced on media 

with a high concentration of BAP had very short internodes and 

twisted leaf edges. The single shoots that formed at low BAP 

concentrations were longer and their leaves showed a normal 

morphology. 

Microshoots were excised and rooted on MS agar medium. They 

were first placed on media containing auxin (IBA or NAA) for 7 and 

15 days, and then transferred to auxin-free basal HS medium. Root

ing ability was related to shoot length, the minimum shoot length 

for rooting being 10 mm. Shoots placed for 7 days on agar medium 

with 1 mg 1-1 IBA formed roots the easiest. Activated charcoal 

improved rooting when added to the basal MS medium after the hor

monal treatment. Plants transferred from test tubes to soil did 

not survive longer than three months. 

2.3.12. Salix alba L. (l0, 13, 14, 25, 42), Salix fragilis L. 

(13, 14), Salix viminalis L. (10, 13, 14, 42). WPM supplemented 

with a low concentration of BAP (0.2-1.0 mg 1-1) stimulated rapid 

growth of shoots, with formation of multiple shoots occurring 

after the third transfer (Fig. 7). Every 4 weeks 5-10 shoots were 

harvested from each culture and used for rooting. The production 

of microshoots varied greatly between clones and species. Salix 

viminalis clones produced multiple shoots the fastest, whereas 

Salix alba clones were the least productive. 

Rapid micropropagation of shoots was also achieved by repeated 

division of stems into a large number of segments. Nodal segments 

placed on GD medium or on "PM containing a low concentration of 

sucrose (10-15 g 1-1) and of auxin (IBA 0.1 mg 1-1) rooted within 

5-10 days while at the same time producing a shoot. Within 50-60 

days these shoots elongated to 40-60 mm. Each shoot was then again 

cut into 3-5 nodal segments and the whole cycle was repeated. 

Some microshoots were rooted on low salt media (GD, BTM, WPM) 

containing a low concentration of sucrose (10-15 mg 1-1) and auxin 

(IBA 0.1-02 mg 1-1). Most microshoots were rooted in a convention

al potting mixture (peat and perlite 1:1, or peat and vermiculite 
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FIGURE 9. Multiple shoots of Sorbus torminalis. 
FIGURE 10. Multiple shoots of Ulmus campestris. 

FIGURE 11. Multiple shoots of Tilia cordata. 
FIGURE 12. Rooted plantlet of Tilia cordata. 

1:1) at high relative humidity (85-95%) and temperature (24-25"C). 

High rooting percentages (95-100%) were obtained. 

2.3.13. Sorbus aucuparia L. (10, 13, 14) and Sorbus torminalis 

~~ __ (~. MS medium with low concentrations of BAP (0.6-1.0 

mg 1-1 ) stimulated mUltiple shoot formation (Fig. 8,9). A high 

shoot multiplication rate was obtained on MS medium with a low 
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concentration of BAP (0.6-1.0 mg 1-1) and IBA (0.05-0.1 mg 1-1). 

Shoot tips and short nodal segments were used as initial explants. 

Four weeks after the second transfer the first multiple shoots 

appeared. Every 4 weeks 3 to 15 shoots were harvested from each 

cul ture and used for rooting. The basal portion of the cultured 

tissue was divided into 3-10 pieces which were placed on a fresh 

medium where shoot muliplication continued. Multiplication rates 

of S. aucuparia cultures were higher than those of S. torminalis 

cultures. 

Microshoots, 2-3 cm long, were rooted on GO medium and WPM 

(both media half-strength) with a low concentration of sucrose 

(5-10 g 1-1) and auxins (IBA 0.3 mg 1-1 and NAA 0.3 mg 1-1). Most 

shoots rooted within 3-4 weeks. 

2.3.14. Tilia cordata Hill. (10,13,15), and Tilia platyphyllos 

Scop. (13). Multiple shoot formation (Fig. 11) occurred on a modi

fied MS medium and on WPM containing BAP (0.2-2.0 mg.l- l ) and IBA 

(0.1 mg 1-1). Each nodal segment produced 1-8 new shoots wi thin 

3-4 weeks. The mean number of shoots produced ranged from 2 to 6 

shoots in each 4 week culture period, depending on the clone. 

Microshoots were excised and rooted on GO medium, BTH or WPH 

(half-strength) with a low concentration of auxins (IBA 0.3 mg 1-1 

and NAA 0.1 mg 1-1 ). Within 2-3 weeks 80-100% of the microshoots 

formed roots (Fig. 12). 

2.3.15. Ulmus campestris L. (3,9,13)' Ulmus laevis Pall. (9), 

Ulmus glabra Hud. (9). Proliferation of axillary shoots of elms 

was achieved on a modified MS medium and on WPM supplemented with 

BAP. Higher concentrations of BAP (0.7-2.0 mg 1-1) stimulated 

formation of mUltiple shoots (Fig. 10). For micropropagation of 

mature trees of ~. campestris, Biondi et al. (3) used bud explants 

from root suckers. These buds proliferated on a medium supplemen

ted with 0.7 mg 1-1 of nAP. 

Microshoots, 2-4 cm long, were excised and rooted either on 

agar nutrient media or as cuttings in a potting mixture. High 

rooting percentages (80-90%) were obtained wi thin 2-3 weeks on GO 

medium and on WPM (half-strength) with a low concentration of IBA 

(0.3-0.5 mg 1-1 ). Good rooting was also obtained by immersing the 

basal part of the shoots in a concentrated IBA solution (80 
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mg 1-1) for a period of 8 hours followed by planting in a peat and 

perlite 1:1 v/v mix. The shoots rooted at high air humidity (80-

95%) and temperature (25°C) within 2-3 weeks. 

3. PROPAGATION OF HARDWOODS BY CALLUS CULTURES 

Callus tissues of various hardwood species were first estab

lished a long time ago (26, 27, 33, 34). However, the formation of 

shoots in callus cultures is still impossible for many hardwood 

species. 

Roots were induced in callus cultures of Ulmus campestris, 

Betula pendula, and Tilia cordata on media supplemented with a low 

concentration of NAA or IBA (7, 33, 34, 35). Wright and Northcote 

(56) induced short roots in callus cultures of Acer pseudoplatanus 

on media containing a low concentration of kinetin. Huhtinen and 

Yahyaoglu (32) obtained roots in callus cultures of Betula pendula 

grown on a medium containing lAA and kinetin. Chalupa (7) induced 

roots in callus cultures of Salix alba and Ulmus campestris on 

media with a low concentration of NAA. 

Shoot formation and regeneration of plantlets from callus cul

tures was achieved only with a few hardwood species. Huhtinen and 

Yahyaoglu (30, 32) regenerated early flowering trees of Betula 

pendula from a cambial callus that was initiated on MS medium with 

kinetin (0.5 mg 1-1) and lAA (25 mg 1-1). After several weeks 

roots differentiated first and green shoots later. These shoots 

were excised and rooted on MS medium conotaining 2, 4-D (0.1 mg 

1-1). The newly regenerated plants formed male flowers at a young 

age. In another report Huhtinen (31) described the process of 

plantlet regeneration from anther cultures of Betula pendula. 

Callus tissues derived from anthers were cultured on MS medium 

containing casein hydrolysate (l g 1-1), kinetin (0.1-1 mg 1-1) 

and 2,4-D (1-10 mg 1-1). After transfer of this callus to basal 

medium containing BAP and NAA shoots with small green leaves were 

formed. Radojevic (41) cultured anthers of Aesculus hippocastanum 

on MS medium containing casein hydrolysate (200 mg I-I), kinetin 

(1 mg 1-1) and 2,4-D (1 mg 1-1). After 5-8 weeks in culture em

bryos developed which grew into plantlets. After transfer of these 

plantlets to a m·adium lacking growth hormones, long roots 
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developed. Haploid karyotypes were observed in the root cells of 

three plantlets. 

Druart (19, 20) obtained adventitious shoots and plantlets from 

callus of four Prunus species, Ulmus campestris and Aesculus hip

pocastanum. Chalupa (7) induced shoot formation in callus cultures 

of Ulmus campestris grown on modified MS medium with BAP (0.5-1.0 

mg 1-1). Excised shoots were rooted on WS medium containing IBA 

(0.5 mg 1-1). All propagules regenerated from the same mother tree 

showed uniformity in growth rate and leaf form (8). In another 

study, Chalupa (11) cultured shoot tips and short nodal and inter

nodal segments of Betula pendula on modified MS medium containing 

BAP (0.4-0.6 mg rl) and IBA (0.05 mg r l ). Within 4-6 weeks 

callus tissue with numerous buds was formed on the lower part of 

the shoot tips and on the nodal and internodal segments. Callus 

tissue with shoot buds was also formed on new, developing leaves 

which were in contact with the agar medium. Callus with buds was 

transferred to fresh medium and continued to form new buds which 

gradually developed into shoots. Excised shoots were rooted on a 

modified MS medium (half-strength) containing IBA (0.1 mg 1-1). 

The regenerated trees showed genetic uniformity. 

Srivastava and Steinhauer (49) regenerated birch plants from 

callus tissue derived from catkins of Betula pendula. Catkins were 

cultured on White medium supplemented with lAA, kinetin, casein 

hydrolysate, and adenine. The cut ends of the axis and scales of 

catkins in contact with the medium, produced callus. Many roots 

and shoots differentiated from the callus. Shoots were excised and 

rooted on a fresh medium. The callus maintained its organogenetic 

capacity for more than 10 months. Histological studies of the 

callus revealed cells of different shape; cell clusters simulating 

early stages in embryogeny were also noticed. Srivastava and 

Steinhauer also regnerated new plants of Betula pendula from cal

lus derived from shoot buds (50). Buds were cultured on modified 

\vhite medium supplemented with 2 mg 1-1 each of GA3 , IAA and BAP. 

'fhese buds produced callus in 2 weeks, roots wi thin 4 weeks and 

buds after 6 weeks. 

Simola (47) regenerated birch plants from callus derived from 

young leaf blades of Betula pendula f. purpurea. Callus was formed 
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on a medium supplemented with casein hydrolysate (1 g 1-1). Shoot 

differentiation was stimulated when casein hydrolysate was 

omitted and zeatin or zeatin riboside (5 or 10 mg 1-1), and a low 

concentration of auxin (NAA or NOA, 0.1 or 0.2 mg 1-1) or no auxin 

were added. Excised shoots were rooted on media containing a low 

level of auxin or lacking auxin. Most rooted plantlets (95%) 

survived the transfer from aseptic culture to soil. 

In spite of numerous experiments, the induction of shoots in 

callus cultures of such main hardwood species as Fagus, Fraxinus, 

Acer, Tilia has not yet been achieved. Simola (45, 46) found that 

the poor capacity for organogenesis of forest tree callus cultures 

is not due to abnormalities in cell organelles. For example, cal

lus cultures of Betula pendula, Sorbus aucuparia, and Alnus incana 

showed a normal fine structure. The callus cells accumulated 

starch and had many mitochondria. Therefore, the basic prerequi

sites for differentiation were present. 

4. TRANSPLANTING AND HARDENING OFF OF PLANTLETS 

Hardwood plantlets produced in vitro require an acclimatization 

period to adapt to the natural environment, i.e., to lower humidi

ty, higher temperatures and higher light intensities. Plantlets 

grown in vitro desiccate more rapidly than greenhouse grown 

plants, mainly because of reduced levels of epicuticular wax and 

by the slowness of stomatal response to water stress. Plants grown 

in vitro on media containing sugar have a limited capacity for 

photosynthesis, and their dark respiration is higher. After trans

planting it takes one or two weeks before they achieve a positive 

carbon balance. 

Plantlets lifted from the agar medium were first washed to 

remove agar from the roots. The rooted plantlets were then trans

planted to a potting mixture and were covered by clear plastic or 

by glass jars to maintain a high relative humidity. When a larger 

number of plantlets was transplanted, they were grown in a chamber 

under intermittent mist. After one or two weeks the high relative 

humidity (80-95%) was gradually reduced to normal values. During 

this process the plantlets were protected against direct sun ra

diation (10, 13, 14, 15, 16, 17, 43, 47). 
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A rapid stem elongation and formation of new leaves that are 

anatomically adapted to low relative humidity, was important for 

survival of the hardwood plantlets. After properly adapted leaves 

had formed, the hardwood plants were placed outdoors and grown for 

1-2 months in partial shade. Survival rates of 65-90% were obtai

ned for Quercus, Betula, Ulmus, Sorbus, Prunus, Tilia, Fraxinus 

(10, 13, 15, 17, 47). 

5. FIELD PERFORMANCE OF MICROPROPAGATED TREES 

Trees produced in vitro should be phenotypically identical and 

genetically stable. Genetic stability of cultures grown in vitro 

depends on the type of culture. Organ cultures are generally gene

tically stable. Callus cultures of hardwoods may be more stable 

than call us cultures of herbaceous plants. For example, Simola 

(45) reported that callus from Alnus, Betula and Sorbus was cyto

logically more stable than callus from herbs. 

Experiments with hardwood trees indicate that trees produced by 

organ cultures are phenotypically uniform. Propagules of one tree 

each of Betula pendula, Ulmus campestris, Sorbus aucuparia and 

Salix alba were grown in a controlled environment in growth cabi

nets (9, 10, 13, 14). The growth rates, the color and the form and 

size of the leaves varied little wi thin each clone. Simola (47) 

found that trees regenerated from callus cultures of Betula pendu

la f. purpurea are phenotypically uniform. A red color was charac

teristically prominent in all young plants and later in the young

est parts of the shoots. For the confirmation of genetic stability 

of micropropagated hardwood species long-term field tests are 

necessary. 

Survival of trees propagated by organ culture and planted after 

hardening off in the field was high. For example, in Quercus, 

Betula, Ulmus, Sorbus, and Salix it reached 90~100% (13). Losses 

during the first winter period were low. The planted trees with

stood even the severe frosts (-25 to -30·C) of the winter of 

1984/85 without significant losses. This is an important practical 

advantage of micropropagation because with traditional techniques, 

i.e., rooting of softwood cuttings, a large percentage of pr?pa

gules generally dies in the first winter (48). Simola (47) found 
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that all birch trees regenerated from callus cultures withstood 

the winter frosts of central Finland. 

6. PROPAGATION OF MATURE TREES OF HARDWOODS 

The capacity of trees to be propagated vegetatively decreases 

with increasing age. Juvenile explants grow and proliferate easily 

while explants taken from adult parts of the tree often either do 

not grow at all or they start to proliferate with a delay (5). 

Some parts of mature hardwood trees, usually the roots and the 

base of the trunk, retain juvenile characteristics for a long 

time. For micropropagation of mature hardwood trees it is advan

tageous to use these juvenile parts of the tree as a source of 

explants. 

Roots are used as explants when dealing with hardwood species 

that easily produce shoots on root segments naturally (Ulmus, 

Sorbus, Prunus). Cornu and Chaix (17), Cornu et al. (18), and 

Riffaud and Cornu (43) propagated mature tree of Prunus avium in 

vitro using suckers initiated on root segments in a greenhouse. 

Chalupa (13) and Biondi et al. (3) used root suckers to propagate 

mature trees of Ulmus campestris. 

Stump sprouts are often used for micropropagation of mature 

trees. Chalupa (13,15) propagated mature trees of Quercus robur, 

Tilia cordata and Salix alba using stump sprouts as a source of 

primary explants. Biondi et al. (4) propagated mature trees of 

Castanea sativa either by grafting buds on stump sprouts or by 

using stump sprouts directly. Rohr (44) propagated mature trees of 

Acer pseudoplatanus by rooting shoot tips taken from stump 

sprouts. 

For rapid propagation of mature trees in vitro, their rejuvena

tion is sometimes necessary. As main methods of rejuvenation of 

mature trees Franclet (24) mentioned repeated cutting back, pru

ning or hedging, micrografting and sprays with BAP solution. In 

vitro culture is also a rejuvenating technique, and is more effi

cient than the others. Franclet (24) was able to completely reju

venate mature clones of wild cherry, selected for timber value, by 

in vitro methods. 
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Micropropagation of mature trees of some hardwood species is 

possible even if shoots are taken from branches in the crown. For 

example, Cornu and Chaix (17) and Cornu et al. (18) propagated 

mature trees of Prunus avium and Chalupa (13) mature trees of 

Betula pendula by culturing shoots taken from the crown. 
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18. NORTH AMERICAN HARDWOODS 

D.O. MCCOWN AND B.H. MCCOWN 

1. INTRODUCTION 

1.1. Scope and perspective of chapter 

The number of deciduous woody plants being successfully 

microcultured (i.e. in commercial numbers) has slowly increased 

in the last 5 years. However, many more woody crops are in the 

research and development phase or have not yet proven successful. 

Much of the developmental work has shifted from the public 

research sector to the commercial laboratories. Details of the 

research in the latter is often difficult to obtain. Thus a 

cataloguing of information on all the North American hardwoods 

currently being cultured is necessarily incomplete and 

inaccurate. We all take a more generalized approach and use the 

experience gained with different groups of hardwood trees as 

examples of responses commonly observed. The genera with which we 

have the most experience are Amelanchier, Betula, Populus, 

Quercus, and Ulmus. 

We know of no commercial application of a micropropagation 

system based on adventitious (de novo) shoot generation of North 

American hardwoods. Instead, non-adventitious shoot cultures are 

used preferentially. Careful manipulation of preformed terminal 

and axillary vegetative buds in both the isolation and 

multiplication phases has made it possible to avoid the 

complexities of using callus or organ culture and the subsequent 

formation of adventitious buds. Since commercial practice must 

guarantee the micropropagated material as having the same 

characteristics as the parent used for isolation, avoidance of 

reorganization of a meristem via de novo cell differentiation and 

the potential resultant genetic changes (somaclonal or epigenetic 
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mutants) is an important consideration. In addition, shoot 

cultures are relatively simple to manipulate and the same 

standard procedures are applicable across a wide range of 

species. Thus, only procedures employing shoot culture generated 

and maintained by non-adventitious means will be discussed in 
this chapter. 

1.2. Purpose of micropropagation of deciduous trees 

The primary objective of the microculture of deciduous woody 

plants has been to generate large numbers of propagules with 

predictable and desirable characteristics. In many cases this has 

been impossible or at best marginally successful with classical 

clonal propagation techniques. Many of these plants cannot be 

readily rooted from cuttings and problems associated with 

grafting, e.g. incompatibility, delayed graft failure, and 

expense, make micropropagation a desirable alternative. With most 

of the plants currently being commercially micropropagated, 

sexual reproduction is not a viable alternative because of the 

frequent seed crop failure, low germination rates, or genetically 

non-uniform offspring. 

Micropropagation has another very significant advantage in 
that it allows integration into modern production systems. 

Micropropagation is generally performed in controlled environment 

facilities which generate large numbers of vigorous, uniform 

plants. Many stages are or have the potential of being automated 

including the harvesting of the culture, the sticking of the 

microcuttings into rooting plugs, and the transplanting of the 

plant/plugs to the field for continued growth. 

Microculture does have a definite place in programs designed 

to genetically improve trees. Not only can the cultures be the 

source tissue used in molecular manipulation, but cultures can 

act as a germplasm storage mechanism; and as a technique for 

rapidly increasing germplasm for testing and evaluation (1). 

These aspects will be discussed in other chapters of these 

volumes. 
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While it is possible to detail the source plant 

characteristics, specific tissues and timing for isolation of a 

plant in culture, there is still a certain measure of serendipity 

involved. Each plant needs to be individually evaluated as it 

will have a unique growth stage, degree of juvenility/maturity 

and a host of other factors that will impinge on success. The 

ideal scenario is to have a very juvenile plant that can be 

maintained in a "clean" environment and from which tissue can be 

harvested at the appropriate developmental stage. This is not 

always possible since the plant to be isolated in culture may be 

a mature specimen in the field. Forcing of detached shoots may be 

possible using resting buds but some woody plants do not respond 

well to forcing. If the mature specimen can be propagated using 

classical techniques (cutting, grafting), then this can provide a 

more easily-manipulated source material. 

Our experience has been that the most successful tissue for 

isolation is buds that are just beginning to expand. The entire 

bud can be sterilized and the outer scales carefully removed 

before cutting. Shoots that are just finishing a flush of growth 

also can be readily isolated. We have experienced only marginal 

success with late summer/fall isolations since the seasonal 

growth cycle response is so deeply ingrained in northern woody 

plants. The approach using newly elongated vegetative shoots has 

been successful with 8 clones of Amelanchier, 5 clones of 

Populus, 

of Ulmus. 

10 clones of Betula, 2 clones of Quercus, and 5 clones 

the intact 

The newly formed leaves were carefully removed leaving 

terminal and axillary buds. The tissue was surface 

sterilized in commercial bleach (5.3% sodium hypochlorite) in 

distilled water 15:85 v/v) plus 0.05% liquid detergent. The 

optimum time is generally 10-15 minutes. The tissue is then 

rinsed twice in sterile water. Various pretreatments 

rinses have been ineffective or disadvantageous. 

The sterile tissue is placed directly on solid 

intermediate liquid stage was evaluated and seemed to 

advantage. The most generally efficacious medium 

like alcohol 

medium. An 

give little 

for initial 
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isolates is WPM (2) modified with 0.1 \l M to 1. 0 \l M benzyl adenine 

(BA) and 0.2% gelrite (Kelco, San Diego, CA) as the gelling 

agent. Actively growing tissues are grown in baby food jars with 

Magenta B-caps (Magenta Crop., Chicago, IL). Cultures are grown 

under 25 hours cool white flourescent light (200 \lEm-2s-1 ) at 24 

to 26 0 • The frequency that newly isolated tissue needs 

subculturing varies. A few plants e.g. Cornus, Magnolia, Quercus, 

produce phenols and may require fresh medium weekly. Others e.g. 

Amelanchier, Betula, Ulmus are not subcultured until a newly 

formed shoot can be removed from the isolated tissue. 

In many 

apparently 

cases the original 

uninjured by the 

tissue, 

insult 

although 

of the 

sterile and 

sterilization 

procedure, will remain quiescent for many weeks or months. This 

also occurs with newly-formed shoots. Excising them from the 

explant and moving to fresh medium does not necessarily produce 

continued growth and a protracted quiescent stage can ensue. The 

theories to explain such behavior are several although a primary 

one relates to rejuvenation of the parent material. Work on 

Betula clones using seedlings or fully mature specimen trees 

demonstrated an increased period of quiescence with increased 

source tissue maturity. 

In addition to problems with shoot quiescence is the 

phenomenon of episodic growth. Tissue from fully mature plants 

will often produce one or a few new shoots, become quiescent for 

a period, then repeat the cycle. As the tissue becomes more 

juvenile the episodic flushes/quiescent periods dampen in 

frequency and amplitude. However, this change may span a period 

of years. Some plants e.g. Quercus, have never stopped episodic 

flushing in vitro. On occasion the tissue never produces normal 

growth and slowly deteriorates on each subculture. 

The above observations are represented diagrammatically in 

Figure 1 where the establishment in culture is divided into 3 

phases. These 3 phases constitute the microculture period. 

During the isolation phase, one is deceived into thinking 

that all will be successful because shoot growth is rapid and of 

good quality. However this phase usually is of short duration 
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FIGURE 1. A generalized scheme of the 3 important phases in the 
microculture period through which a shoot must progress to be 
successfully microcultured. The second period is rooting and 
acclimation of shoots. 

since the growth merely consists of the expression (growth) of 

buds isolated with the original explant. Once these buds have 

fully elongated, the rapid growth stops and the cultures enter 

what we call the stabilization phase. During this phase, growth 

is completely dependent on meristems generated in 

thus the culture environment has a dominant effect. 

culture, 

Whether 

and 

the 

culture will ever leave this phase is difficult to 

Juvenile explants will progress through this phase most 

predict. 

rapidly 

and consistently, thus rejuvenation may be an important aspect of 

"stabilization". The third and final phase is the production 

phase where the shoot cultures are now stabilized, that is the 

growth and quality of shoots do not change with subculturing and 

growth is uniform and continuous. Only cultures that have fully 

entered the production phase are commercially economical and can 

be used in subsequent acclimation and rooting procedures. 

Some predictive information can be gained as to how (or if) a 

plant will progress through the phases of the microculture period 

by studying its normal growth patterns in the field (Fig. 2). 
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Plant Type 
Herbaceous 
Woody Shrubs 
Hardwood Trees 
(examples) 

Group I 
Alnelanchier 
Betula 
Populus 
Salix 
Ulmus 
Group II 
Acer 
Fraxinus 
Prunus 
Group III 
Carya 
Fagus 
Quercus 

Ease of stabilization in vitro 
moderately 

easy, short difficult 
period required but possible 
XXXXXXXXXXXXXXXXXXXXX 

xxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxx 

long period, 
very difficult 

xxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxx 

FIGURE 2. The relative ease of stabilizing shoot cultures of 
various plants. The ranges shown are due to differences in the 
original plant physiology and in genotype responsiveness. 

In general, .plants that have a growth pattern marked by 
continuous shoot growth (growth occurs whenever the environment 
permits) will progress through these phases most rapidly. Thus 
herbaceous, seedling (juvenile) and non-dormant tissues stabilize 
best. Plants that have seasonal growth characterized by definite 
growth flushes (episodic growth) will be more difficult to fully 
stabilize. With those plants that have episodic growth that is 
dominated by internal controls (that is all growth occurs from 
extension of preformed buds, occurs only once or twice a season, 
and cannot be modified by environment) progression through 
stabilization has generally not been successful. 



2.2. Maintenance of stabilized cultures 

Once the tissue is in constant growth 

subcultured on a medium different from the 

Generally vitreous tissue is produced on 

medium. Although the gelrite medium has 
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it is frequently 

isolation medium. 

gelrite-solidified 

the advantage of 

supporting fast growth, the resultant vitreous microcuttings 

cannot be successfully rooted. Agar-solidified medium will yield 

non-vitreous tissue, but the growth may be significantly 

inhibited. One solution is to use a combination of agar and 

gelrite to solidify the medium. At KHN Laboratory (Knight Hollow 

Nursery, Inc., Madison, WI), we find medium prepared with 0.3% 

agar plus 0.1% gelrite supports satisfactory growth of most 

clones (Fig. 3). 

FIGURE 3. Actively-growing 
Betula (grown on agar-based 
agar/gelrite-based medium), 
medium) . 

and stabilized shoot cultures of 
medium), of Amelanchier (grown on 
and of Ulmus (grown on gelrite-based 

It is only after stabilization has occurred that any 

optimization studies should be initiated. Conditions used before 

this period are chosen to support continuous but not necessarily 
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the best quality growth. Since the sensitivities of the tissue 

appear to change as stabilization progresses, the medium and 

environment combination that yields the best multiplication and 

shoot quality can only be determined after stabilization. 

One of the major problems observed during this stage is over

callusing. In our experience, there is a direct inhibition of 

shoot growth by callusing that occurs at the bases of shoot 

cultures. In some cases (Acer), the problem is so serious that 

the genus is considered difficult to micropropagate even though 

it can be stabilized. Anti-auxins (e.g. TIBA) generally do not 

solve the problem and may compound the problem by further 

inhibiting shoot growth. with some plants (e.g. Ulmus), callusing 

is stimulated by high cytokinin levels (above 1.0 II MBA). Good 

quality shoots can only be produced by using a low cytokinin 

level (below 0.1 II MBA) and sacrificing multiplication rates. 

2.3. Acclimation. rooting and field establishment 

There has been no demonstrated advantage to rooting in 

culture (Stage III) for the hardwoods we micropropagate. cultures 

with shoots for rooting are destructively-harvested and the 

shoots planted in either peat/plug flats (Techniculture, Castel & 
Cooke, Salinas, CA) or a horticultural mix of peat/perlite. 

Various hormone treatments have been explored but generally found 

to have no effect or be inhibitory to rooting. Some researchers 

have found a pretreatment beneficial with some woody plants (3). 

Shoots should be approximately 3 cm long with well-developed 

leaves. Shoots with poorly developed leaves generally 

deteriorate. 

It is critical to rooting success that shoots continue to 

active growth over the entire rooting period. With Ulmus (also 

observed with Amelanchier), shoots which cease growth during the 

rooting phase often do not resume normal growth despite an 

adequate root system. Observations of death of the terminal 

meristem in culture coupled with this post-rooting meristem 

problem led to speculation about a calcium deficiency developed 

in culture that had carry-over effects on rooted shoots. Similar 

shoot-tip necrosis had been observed in cultures of herbaceous 
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plants and the benefits of increased calcium levels have been 
documented (4). A multiplication medium of WPM with the calcium 
increased to 15 mM plus 0.02 pM BA solidified with 0.2% gel rite 
increased the number of Ulmus microcuttings that remained in 
growth from 50% to 85% (Table 1). Of the remaining 15% of the 
shoots, about half will eventually break into growth and the 
other half never show shoot growth. 

Table 1. The performance in actual commercial nursery practice of 
Ulmus micropropagules obtained from 2 in vitro sources. Media for 
both sources was WPM. Data from Bernard Fourrier, McKay Nursery, 
Waterloo, WI. 

Source 1 
-agar 
-normal Ca 

Source 2 
-gelrite 

-high Ca 

Number of 
% Transplanted to field 
of total 

microcuttings % Rooted in m-cuttings of rooted 
m-cuttings 

49% 
observed 

11,000 

3,100 

greenhouse 
51% 

84% 

observed 
25% 

78% 93% 

Betula and Populus microcuttings generally root easily 
directly from culture and rooting of 98% in 4 weeks is routine. 
The problem of cessation of growth discussed above with Ulmus has 
not been observed with Betula or Populus. 

We have conducted or observed field plantings of micropropa
gated hardwood trees including Amelanchier, Betula, Populus, and 
Ulmus. In general, the plants respond like seedlings of the 
species. We find that all of the precautions necessary for 
handling seedling-transplants must be applied to micropropagules. 
Of special importance for the maintenance of quality of the 
transplant is the prevention of root circling and deformation. 

The use of modern plug systems that rely on air-pruning of the 
roots has been very effective in controlling this problem. With 
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the above precautions and with good field conditions just after 

planting (e.g. irrigation for the first week), high field 

survival (greater than 90%) of the transplants is practical. 

One interesting study of McCown and Amos (5) comparing the 

performance of field grown Betula platyphylla szechuanica 

produced both by micropropagation and from a selected, high 

performing seed source demonstrates several important 

considerations in woody plant microculture. The initial study 

involved a single seedling population (Fig. 4). The micropropa

gated clone showed very uniform growth however its total annual 

growth was in general less than the growth of the seedling 

population. The important question was whether the smaller size 

of the micropropagated plants was due to the genetic potential of 

the original plant used for isolation or some feature inherent in 

the micropropagation technique. 

GRADING OF 1-YEAR BIRCH 

200 

150 

~ 
!!il00 

i z 
50 

0~--~2~--~3~---4~---5~---6~---7~---8~--~9 

SIZE CLASS 16-36lnches) 

FIGURE 4. The grading by size (height) of Betula platyphylla 
szechuanica liners, propagated by two techniques and grown in the 
same field for one season. The size classes were 3 inch intervals 
except the last class which included all plants greater than 30 
inches in height. The data are for 600 plants from each source 
(From McCown and Amos, 5). 
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The second study (unpublished, McCown and Amos) involved six 

micropropagated clones which were selected from the seedling 

population in the first study. Of the 6 clones, 3 were isolated 

from seedlings with a small size grade and 3 from plants in the 

large grade. The data in the graph (Fig. 5) clearly demonstrates 

the importance of parental genetic potential as the average 

height (and node number) of the "small parent" clones performed 

in the small growth range while the average height (and node 

number) of the 3 "large parent" clones graded in the large range. 

The performance of the original (first study) micropropagated 

plant is also shown. 
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FIGURE 5. The grading by height and number of nodes of Betula 
platyphylla szechuanica plants, propagated by microculture and 
grown in the greenhouse. Parental plants were selected from a 
seedling population that had been grown in the field the previous 
year and were graded for height at the end of the season. The 
growth in the greenhouse of the original microcultured clone 
(first study) is shown for comparison. Small Parent and Large 
Parent data are 3 clones of 10 plants each. First study is data 
for 16 individuals. Data presented with ± one standard deviation. 
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2.4. Production specifics 

The time to get a particular plant in production (and for KHN 

Laboratory this is defined as an annual minimum production of 

5000 microcuttings) is directly related to the time required for 

acclimation and stabilization. Once the tissue is in constant 

growth it is simple arithmetic to predict the number of micro

cuttings that will be produced. For example with Ulmus it may 

take 12 to 18 months to get the tissue in constant growth. For a 

production culture of elm, KHN uses 10 to 15 pieces of explant in 

a container and when a mature culture is subcultured the shoots 

are divided in half, terminal portion in one vessel and the basal 

portion (with a fresh cut on the base of the shoot) in another 

vessel. The axillary buds on the shoot base will break and 

produce multiple shoots while tips generally do not produce 

axillary shoots on the required low BA medium. One stock culture 

of Ulmus will yield 2.5 to 3 new cultures. Shoot production rates 

for Betula are higher because they can be grown on a higher 

cytokinin medium, thus stock cultures can yield from 5 to 10 new 

cultures. 

The time between subculturing most trees is approximately 4 

weeks. If cultures are intended for harvesting and rooting, they 

are allowed to grow for 6 weeks to enhance shoot length and leaf 

development. 

The critical variable in determining cost is the number of 

shoots produced per culture. Most of the costs can be calculated 

on a per culture basis (media preparation time, chemicals 

transfer technician time, overhead) and the advantages of getting 

40 shoots rather than ,10 per culture are obvious. There is an 

optimum number of shoots per culture that is species specific and 

this can be manipulated to a certain extent by hormone 

concentration in the medium. By increasing the cytokinin it is 

possible to increase the number of shoots produced but they will 

be smaller and may not be as easy to handle. KHN Laboratory tries 

to maintain a minimum 15 shoots per culture but this is not 

always possible. For example, Magnolia and Viburnum tend to have 

relatively large leaves in culture and 6 to 10 rootab1e shoots 
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per culture is optimum. These are both expensive crops to 
produce. Betula and Amelanchier can have upwards of 40 rootable 

shoots per culture. 

3. CONCLUDING REMARKS 
The number of woody plants being microcultured successfully 

has increased in the last decade and we remain enthusiastic. For 
North American hardwoods, however, the Group III plants and the 
plants that show serious over-callusing pose a great challenge. 
Unfortunately, 
to illuminate 

very little serious basic research is being 
the basis of these problems. without 

done 
more 

information much of the current work on these plants falls to the 
most primitive level of research, trial and error. 

A second problem that is increasing in importance is the cost 
associated with microculture. The labor intensive nature of the 
technique has up to now limited micropropagation to plants with 
high individual value. This is why many of the plants currently 
micropropagated are woody ornamentals. If we are to consider 
micropropagating most forest species seriously, then microculture 
will have to become more automated so labor. costs can be reduced. 
Again, the research effort on this front is minimal. We need to 
combine the talents of plant biologists and engineers to 
effectively address automation technology. 

Other important problems are associated with micropropagules 
after they are removed from culture. Nonuniformity in rooting, 
slowness to root, shoot meristem problems (we discussed only one 
example), and root deterioration are common. Many of the growers 
who have the responsibility of producing a crop from rooted 
microcuttings are intimidated by the small size and "high tech" 
history of the plants. Most of these problems will be overcome as 
more species are micropropagated and experience increases. 
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19 • TISSUE CUL'lURE OF JUGLANS 

G.H. MCGRANAHAN, J.A. DRIVER and W. 'l'ULEO<E 

1. INTRODUcrION 

The English or Persian walnut, Juglans regia L., and the eastern black 

walnut, !:I. nigra L., are the comnercially irrportant species within the genus 

Juglans. !:I. regia is known for its edible nuts. Worldwide production has been 

estimated at between 700,000 and 800,000 metric tons/year (11) making it one of 

the Irost irrportant nut crops in the world today. !:I. nigra has long been prized 

as a timber species. Its wood is used for veneer, furniture, and other items 

where its characteristic luster and quality are needed (2). 

For comnercial plantings, cultivars of !:I. regia are propagated clonally by 

grafting on to seedling rootstock. The preferred rootstocks in California are 

J. hindsii Jeps. ex R.E. Smith (northern California black walnut) and 

'Paradox', a hybrid between !:I. hindsii and !:I. regia. J. nigra, !:I. regia and 

their hybrid are used in Europe. In contrast, coomercial plantations of !:I. 
nigra are usually entirely of sexually produced, seedling origin. However, 

grafted plantations of !:I. nigra have been recorrmended as a means to increase 

vigor, fonn, and unifonnity within plantations (2). 

For both species, the next step towards improved perfonnance and unifor

mity is the development of clonal rootstock or "own-rooted" cultivars. 

In the past, this step could not be taken because of difficulties in 

vegetatively propagating Juglans by any means other than grafting (13). Thus, 

the major impetus behind the tissue culture (Le. micropropagation) of walnuts 

has been the need to propagate rootstocks, selections, and elite trees on their 

own roots both for research and for commercial applications. Recent advances 

in biotechnology have provided additional stimulus. New genotypes derived 

through somaclonal variation, endospenn culture, in ovulo culture, or trans

fonnation may be developed in the future (see several chapters in Vol. 1 and 2). 

The purpose of this chapter is to review the progress that has been made 

in tissue culture of Juglans. Methods that have been developed in the authors' 

laboratories are described in detail. 
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2. HIS'IORY 

Difficulties in conventional propagation efforts, specifically rooting of 

cuttings, led to the first studies of tissue culture of walnut. In 1969 

Cumnins and Ashby (9) using debarked shoots of ~. nigra as the primary explant 

source obtained callus growth on a modified White's nedium (26) supplemented 

with a-naphthalene acetic acid (NAA) (5.0 mg/l) and kinetin (0.2 mg/l). Callus 

cultures survived 4 weeks after excision from explants that had been cultured 

for 15 weeks. No organogenesis was observed in this callus. Several years 

later a meristem tip program was initiated by Lenartowicz and Millikan (16) to 

produce pathogen-free clones of black walnut. Meristems (0.8 to 1.0 nm) in

creased 8-fold in size before a "lethal browning" occurred. 

In 1981, the first reports of morphogenesis in walnut tissue culture were 

published. Rodriquez and Sanchez-Ternes (19) initiated cultures from stem 

segments, leaf disks, whole peeled cotyledons and root segments of ~. regia 

seedlings and exposed them to different concentrations of Cheng's basal nedium 

(6,7), auxins (S-indolebutyric acid [IBA], NAA, and 2,4-dichlorophenoxyacetic 

acid [2,4-D]) and cytokinins (kinetin, N6-Benzylaminopurine [BAP]), with or 

without a 12% coconut milk supplement. Roots were obtained from callus derived 

from cotyledons and root segments. The best results were obtained from cotyle

dons grown in the presence of NAA (5 mg/l) and kinetin (0.5 mg/l). The leaf 

disks also produced a few weak roots. Rodriquez and Sanchez-Tames concluded 

that stem segments were non-morphogenic, leaf portions were potentially 

morphogenic, and cotyledons and root segments were clearly morphogenic. In 

1982, Rodriquez (20) published a more detailed description of his work with 

cotyledons cultured on half-strength Cheng's basal medium (6,7) supplemented 

with various concentrations of the cytokinins and auxins mentioned above. The 

cytokinins were not required for callusing or rooting but at low concentrations 

(2~M) they improved rooting percentages when combined with lBA or NAA at 40~M. 

Root differentiation was often found associated with globular fonnations and 

anthocyanin production. 

The first paper reporting in vitro clonal propagation of Juglans was also 

published in 1981. Chalupa (4) using nodal explants from seedlings of ~. regia 

obtained shoot multiplication on a modified Murashige Skoog (MS) medium (18) 

containing BAP (0.1-0.6 mg/l) and NAA (0.1-0.3 mg/l). Roots also developed and 

rooted explants were transferred to a mixture of peat and perlite. 

Additional papers reporting in vitro shoot multiplication in Juglans were 

published in 1982. Working with~. nigra, Somers et al. (22) evaluated explant 
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source (donnant buds, shoot tips, axillary buds and embryos), method of steril

ization (period of time in 0.5% NaOCl), medium [MS (18), WPM (15), Vieitez and 

Vieitez (25), and White's (26) 1 as well as levels of IBA, BAP, gibberellic acid 

(GA3). A rapid transfer schedule (days 1, 3, 5, and 42) and the addition of 

polyvinylpyrrolidone (PVP) were also tested in an attempt to overcome problems 

associated with explant exudate. They found that donnant walnut buds could not 

be aseptically cultured but that embryos from ungerminated seeds were frequent

ly free of microorganisms. Between 10 and 20 minutes of 0.5% NaOCl were 

usually required for adequate surface sterilization. Optimum levels of hor

rrones for proliferation of axillary shoots from shoot tips were 0.2 to 1.0 mg/l 

BAP with 0.0 to 0.1 mg/l IBA. Rapid transfer was rrore satisfactory than 

addition of PVP to the medium and GA3 was not beneficial in their system. The 

best media for the embryo cultures were WPM and MS supplemented with 5.0 mg/l 

BAP. Attempts to root axillary shoots WE'xe not successful. Rodriquez (21) in 

1982, reported shoot multiplication in~. regia on half-strength Cheng's basal 

medium (6,7), supplemented with BAP (0.4],lM) and IBA (0.4].lM). 

In a preliminary account, also in 1982, of rrorphogenesis in ~. regia 

endospenn cultures, Cheema and Mehra (5) canpared endospenn cultured with and 

without embryos on MS media (18) supplemented with various homx:>nes and canplex 

grCMth substances. Indirect rooting (from callus) occurred whether or not the 

embryo was included in the culture. Direct rooting (without intervening 

callus) occurred only in cultures grown without embryos. These cultures also 

produced "shoot-bud-like structures" after callus cultured on MS with casein 

hydrolysate (500 mg/l) plus 2,4-0 and kinetin (1 mg/l) was transferred to basal 

MS. 

TWo additional reports on embryo culture were published in 1983, one on ~. 

!ligra (3) and one on ~. regia (8). The latter study focused on testing the 

salts of a variety of published media (MS (18), Cheng's (6,7), White's (26), 

Gamborg et al. B5 (12) and several others) at one-half and full strength. 

Growth was assessed after 45 days by a leaf grCMth index (% explants with at 

least one leaf) x (number of leaves per explant) x (length of longest leaf), 

stem and root length, and fresh weight. OVerall, MS (18) and B5 (12) were 

best for grcwt:h. BAP even at low levels (0.1 mg/l) was considered detrimental. 

MS was the basal medium for a ~. nigra embryo culture study (3) designed 

to assess the effect of S-indoleacetylphenylalanine (IAAPhe) (2 mg/l) with RAP 

(2 mg/l) on axillary shoot fonnation. The maximum number of axillary shoots 

were fonned when the medium contained both IAAPhe and RAP. IMPhe alone in 
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basal medium pranoted elongation but not axillary shoot formation. Included in 

this study was a successful attempt to root axillary shoots. OVer 50% of the 

shoots rooted when excised and transferred to one-half strength MS medium 

supplemented with IBA (1 mg/l). Filter paper bridges were used but the authors 

concluded that bridges were not necessary. Rooting occurred both in the dark 

and under a light/dark regime. 

Steffan and Millikan (23) attempted to propagate mature ~. nigra trees by 

meristem tip culture but growth has not been sustained beyond 8 weeks. A 

lethal browning presumably due to the oxidation of endogenous phenolic can

pounds was a major obstacle to culturing. An overnight soak in 0.01 M sodium 

diethyldithiocarbamate (Na-DIECA), filter paper bridges, and supplements of PVP 

have been suggested to overcame it. Two percent walnut endosperm extract was 

also reported to irrprove establishment and growth of cultures. other work 

(14,22) suggests that rapid transfer is an adequate means for overcaning 

browning. 

Efforts to rnicropropagate Juglans have also been underway in France for 

several years (A. Franclet, Association Foret-Cellulose, personal carmuni

cation). Meynier, (17) has succeeded in rnicropropagating, rooting and accli

matizing a clone of ~ regia x nigra using meristem tip culture to overcome 

problems of contamination. The original explants were derived from a clone 

which had been cut back annually in the field. D. Cornu and his colleague C. 

Jay-Allemanel (Cornu personal carmunication) have also been successful in 

rnicropropagation of ~ regia x nigra. Their work has been focused on rejuv

enation and should be published shortly. 

Two research programs in california are now actively engaged in walnut 

tissue culture research. Driver, at the Plant Research Laboratory in Modesto, 

developed an irrproved medium for rnicropropagation of 'Paradox' walnut rootstock 

(10) and also developed techniques for rooting and acclimatization (see Chapter 

by Driver and Suttle, Vol. I). Micropropagated 'Paradox' rootstocks now have 

been planted in the field in large numbers and field trials are underway in 

several locations. At the United States Department of Agriculture/Agriculture 

Research Service laboratory in the Department of Panology, University of 

California, Tulecke and McGranahan developed methods for obtaining somatic 

embryos and repetitively embryogenic lines from cotyledon tissue. Plants 

derived from these somatic embryos have also been grown in soil (24). The 

methods currently used for these culture systems are described in detail below. 
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3. MICROPROPAGATION 

The methods described here have been successful for 'Paradox' (~. hindsii 

x J. regia), ~. hindsii and Pterocarya stenoptera C. DC. The medium described 

is the corrected version of DKW (10) Table 1, which was a modification of WPM 

(15). WPM has also been used for ~. nigra (14). (Note: In the original 

publication of DKW (10) several typographical errors occurred in the medium 

formulation, specifically myo-inositol and K2S04• The corrected version 

(DKW-C) is presented in Table 1.) 

3.1. Plant material 

One to three rronth old greenhouse or field-grown seedlings can be directly 

initiated into culture using the techniques described. Mature selections are 

more difficult to culture due to excessive callusing, slow growth and contami

nation in culture. Although decisive studies on the effect of in vivo pretreat

ments on success in culture have not been undertaken, the following protocol is 

generally used to initiate mature selections. Dormant scionwood from the 

desired selection is grafted onto seedling rootstock. After the first flush in 

the spring has grown 30-60 em it is cut back to 3-4 buds. These (and all 

future growth) are sprayed every 3-4 days with a solution of BAP (100 mg/l) and 

GA3 (50 mg/l) to induce vigorous growth. Shoots are cut back successively to 

3-4 buds each time they regain 15-20 em in length. Systemic fungicide sprays 

are sometimes used to control contamination. Driver has observed that shoots 

taken from the 5th or 6th flush perform best in culture. Suckers from mature 

trees have also been cultured after using the same repeated cut and BAP and GA 

spray program but without grafting. 

3.2. Initiation and multiplication 

vigorously growing stems or suckers are collected from plants in the field 

or greenhouse. Leaves are removed leaving 5 rrm of the petiole intact to aid in 

distinguishing orientation. Stems are rinsed well with tap water and cut into 

nodal segments 3-4 em in length, with the bud usually centered on the explants. 

Segments are surface-disinfected in covered jars in 20% commercial bleach with 

3% liquid soap in distilled H20 (final sodium hypochlorite concentration 1%) on 

a shaker or magnetic stirrer for 15-45 minutes depending on the hardiness of 

the tissue. They are then removed and rinsed at least 3 times in sterile 

distilled water. The base is recut and explants are placed on DKW-C medium 

(Table 1). They are transferred to fresh media if discoloration in the medium 

occurs. Transfers may be required daily for the first week and then weekly 

until the length of the bud reaches at least 2 em. The new shoot is then 
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excised and placed on fresh medium. Biweekly transfers are reccmnended unless 

a discoloration appears in the medium in which case more rapid transfers are 

desirable. When the new shoot is 4-5 em long it is cut into nodal segments 

which are placed on fresh medium. Each node carries a new bud that will grow 

into a new shoot. With repeated transfers and cuttings the growth rate usually 

increases until it reaches a point of stabilization. This is considered the 

rapid multiplication phase. 

Envirorurental conditions for initiation and multiplication vary in our 

labs. Both 24 hr light and 16/8 light/dark regimes have been used. Light is 

provided by a 1:1 combination of cool white and plant growth fluorescent lamps 

which give a photo flux density of 45-60 ~E m-2 s-l Temperatures range between 

24 and 30°C in both light regimes. 

3 . 3. Rooting 

Thousands of micropropagated cuttings of 'Paradox' have been rooted with a 

high (>90) percent success. Investigations on rooting of other species are 

undeIWay. Preliminary results suggest that both genotype and juvenility 

influence walnut rooting. The rooting method described here follows that used 

by Driver at Plant Research Laboratory (patent pending). Rooting trials are 

still in progress at the USDA/ARS University of California, Davis laboratory. 

Vigorous shoots (3-10 em long) from multiplication phase cultures are cut 

at the base and placed in D~C rooting pretreatment medium (Table 1). Light 

intensity is increased from 50 to 66 ~E m-2 s -1, the light period is decreased 

from 24 to 17 hours and temperature is decreased from 28 to 19°C. After 7 days 

pretreated cuttings are washed in a slurry of systemic fungicides and the bases 

are dipped in a rooting powder cOll\POsed of 2 g IBA potassium salt in 100 g 

talc. They are then placed in peat plugs in high density flats (Castle and 

Cook, Techniculture, Salinas, CA) enclosed in plastic to maintain high 

humidity. These enclosed flats are placed in the same envirorurent as was used 

for pretreatment. 

~\fi thin a week the bases swell and at this point the cuttings may be 

removed from plugs and placed directly in the soil in the field as described by 

Driver and Suttle in Vol. 2. Rooted walnuts have been difficult to transplant 

when conventional techniques are used. Walnut roots in the early phases of 

growth outpace top growth by a factor of 5. Thus, potting container size is a 

critical factor. Young roots are also very sensitive to injury and if the root 

tips are damaged, the shoot tips also die-back. As roots age they change from 

white to brawn. The darker roots are much better able to withstand changes in 
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environment. The method developed by Driver allows for direct field planting 

of plantlets before roots becane visible and is conmercially feasible. If few 

plants are needed, plantlets can be carefully transplanted to soil and accli

matized as described in the next section. 

4. SQI.1ATIC EMBRYOGENESIS 

The methods described here for obtaining somatic embryos have been success

ful with seed from 5 cultivars of ~. regia, ~. hindsii and Pterocarya sp. (24). 

4.1. Initiation and propagation of plants 

Immature walnut fruits (6-11 weeks after pollination) are surface steril

ized and dissected to remove cotyledon tissue. The lobes of the cotyledon 

growing into the endosperm are excised (0.5-1.5 em pieces) and placed on a 

conditioning medium. This medium is made by adding IBA (0.01 llK]/1) , BAP (1.0 

mg/l) , kinetin (2.0 llK]/1) and L-glutamine (250 llK]/1) to D~C medium, Table 1. 

The cultures are grawn in the dark at ambient room terrperature (20-22°C). 

After 2-3 weeks the tissue is transferred to basal DKW-C without ho:rnones or 

glutamine and transferred to fresh medium every 2-3 weeks. Embryogenic tissue 

appears after 6-24 weeks in culture and is removed to new basal medium. 

Somatic embryos develop and also form new somatic embryos on their root tips, 

cotyledons and hypocotyls. Brown tissue masses derived from hypertrophied 

somatic embryos also produce globular and other stages of somatic embryos. 

Both of these sources of somatic embryos are used to maintain embryogenic 

lines. 

Vigorous somatic embryos with well-developed cotyledons and radicle are 

selected and placed on basal medium in the cold (2-6°C) for 2 months to break 

dormancy. Germination occurs after removal from the cold when the cultures are 

placed in light (16/8 photoperiod with cool white and Grolux, '" 135 IIEnt -2s -1) • 

Root growth is ircproved by transfer to a sircple White's medium (26) with 

lowered sucrose (0.5% w/v) and added charcoal (0.5% w/v). Cotyledon growth, 

greening and apical developnent takes place in the next 2-4 weeks. These 

germinating somatic embyros with small emerging primary leaves and elongating 

roots are transferred to peat plugs in vials with the above White's medium. 

One lIDnth later they are washed thoroughly, placed in sterilized soil in 8 

ounce styrofoam cups and covered with polyethylene bags to ensure high 

humidity. These plantlets are watered twice weekly with nutriE'Jlt solution with 

a systemic fungicide added to prevent wilt. When the plantlets are 5-8 em high 

they are transplanted without disturbing the roots to 10 inch pots and accli-
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matized by gradually perforating the plastic bag. Once fully acclimatized to 

ambient temperature and humidity fluctuations, the plants are taken to the 

greenhouse or lathe house for the first year's growth. 

5. PROBLEMS AND FUTURE RESEARCH NEEDS 

Inspite of recent advances, the methodology for tissue culture and micro

propagation of Juglans is still in the early stage of developnent. Many 

questions remain to be answered and many techniques are yet to be developed. 

'The following section includes areas which are in need of further investi

gation. 

5.1. Micropropagation of related species 

Techniques have been developed to micropropagate 'Paradox' rootstock. 'The 

same techniques have been applied with varying levels of success to ~. regia 

and J. hindsii but further improvements such as medium optimization are needed. 

Preliminary stUdies suggest that mature ~. regia may require a higher salt 

concentration than 'Paradox'. Additional work on ~. nigra is needed as well, 

although it appears that DKW-C may be an adequate medium for it. 

5.2. Micropropagation of mature trees 

Explants taken from mature trees present unique problems for growth in 

culture (see Vol. 1). Suckers from rootstock of mature trees of J. hindsii and 

vigorous shoots of mature 'Paradox' have been cultured but mature cultivars of 

~. regia have been difficult to establish in culture inspite of treatments 

described earlier. Latent contamination and slow elongation of shoots prevent 

rapid multiplication. 'The conditions under which the source plant is grawn and 

the treatments given the explant in culture are equally important. More work 

is needed on both of t.hese aspects. Micropropagation of mature trees will be 

essential for multiplication and evaluation of elite trees on their own roots. 

5.3. Somatic embryogenesis 

Somatic embryogenesis from immature cotyledons and repetitive embryo

genesis from somatic embryos have been demonstrated for ~. regia, ~. hindsii 

and Pterocarya sp., a related genus. The methodology provides a means to make 

use of "somaclonal variation" in Juglans and provides a basis for further work 

on somatic embryogenesis. other results suggest that somatic embryogenesis can 

be used to produce triploid plants from endosperm cultures (Tulecke, unpublish

ed). Still needed however, is the methodology to produce somatic embryos from 

established cultivars. 



269 

Little work has been done on plant regeneration from protoplasts, cell 

suspension, callus, and leaf disks. These areas need to be investigated if 

teclmiques involving recombinant DNA are to be used for Juglans. Recent 

advances in somatic embryogenesis and micropropagation have demonstrated that 

the regenerative potential of walnut is good. Prospects for achieving regen

eration in other tissues are promising. 

5.4. In vitro screening 

An important area which is only beginning to be approached in tissue 

culture is in vitro screening for tree irrprovement (1). Conventional methods 

of screening for response to nutrients, salts, pests and diseases in trees 

require large amounts of space and time. This often limits the numbers of 

genotypes which can be tested and therefore the rate of progress of genetic 

irrprovement. In vitro screening systems are also essential for progress in 

gene transfer teclmology. Tissue culture provides a compact system which can 

be environmentally controlled. Nodal explants, detached leaves, roots, shoots, 

embryos, callus and cells are all potential target tissues for screening 

programs. Investigations in this area are needed to increase the rate of 

genetic irrprovement in Juglans. 

6. CONCLUSION 

The irrpact of tissue culture will be wide-ranging in both research and 

production of walnuts. The genetic make-up of orchards could change dras

tically. The combination of a seedling rootstock with a clonal scion, a 

partial safe-guard against the genetic vulnerability recognized in monoculture 

systems, could be abandoned in the future in favor of clonal rootstock with 

clonal scions. Wi thin the next 5 years clonal rootstock for ~. regia is 

expected to be carmercially available. This is only the beginning of a new 

trend in walnut production. During this period, all researchers and growers of 

walnut will need to be alert not only to the advantages of monoculture, but 

also to its genetic vulnerability. 

Breeding strategies will also change. Individual selection followed by 

clonal propagation and release will provide a rapid means of harnessing the 

genetic potential of superior trees. Changes in breeding methodologies are 

also expected. Triploids from endospenn, somaclonal variants, inter- and 

intra-generic hybrids derived through embryo rescue may be developed in the 

near future. 
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In the rrore distant future, recombinant DNA technology will probably be 

applied to Juglans but it is still to early to predict the impact of these 

novel techniques. 

7. REFERENCFS 

1. AMERSON HV, RL MOlT 1982 Phytopathology and tissue culture alliance. In 
JM Bonga, OJ Durzan, eds., Tissue Culture in Forestry. Martinus Nijhoff, 
The Hague, pp 208-230 

2. BEINEKE WF 1983 The genetic improvement of black: walnut for timber 
production. Plant Breed Rev 1:236-266 

3. CARUSO JL 1983 In vitro axillary shoot fonnation and rooting in black: 
walnut mature embryo~Proc 3rd North Central Tree Improv Conf, pp 
144-149 

4. CHALUPA V 1981 Clonal propagation of broad-leaved forest trees in vitro. 
Coirmun Inst For Cech 12:255-271 ---

5. CHEEMA GS, PN MEHRA 1982 furphogenesis in endospenn cultures. In A 
Fujiwara, ed, Plant Tissue Culture 1982. Proc 5th Int Cong Plant Tissue 
Cell Cult, Tbkyo, pp 111-112 

6. CHENG TY 1975 Adventitious bud fonnation in culture of Douglas fir 
(Pseudotsuga menziesii (Mirb.) Franco). Plant Sci J.ett 5:97-102 

7. CHENG TY, TH VCXlUI-DINH 1977 Regeneration of Douglas fir plantlets 
through tissue culture. Science 198:306-307 

8. COSSIO F, G MINOLTA 1983 Prove preliminari di coltura "in vitro" di 
embrioni isolati di noce (Juglans regia L.) e confronto tra differenti 
combinazioni di sa Ii minerali. Riv Ortoflorofruttic Ital 67:287-298 

9. CUMMINS IN, we ASHBY 1969 Aseptic culture of Juglans nigra stem tissues. 
For Sci 15:102-103 --

10. DRIVER JA, AH KUNlYUKI 1984 In vitro propagation of Paradox walnut 
rootstock:. HortScience 19: 507-509 

11. Food and Agriculture Organization of the United Nations. 1983. FAO 
Production Yearbook 36, FAO Rome, Italy 

12. GAMBORG OL, RA ~lIILER, K OJIMA 1968 Nutrient requirements of suspension 
cultures of soybean root cells. Exp Cell Res 50:151-158 

13. l-IAR'IMANN HT, DE KESTER 1983 Plant Propagation Principals and Practices. 
4th ed, Prentice-Hall, Englewood Cliffs, NJ 

14. HEILE C, G GAFFNEY, J PREECE, 0 MEYERS 1984 In vitro culture of Juglans 
nigra seedling shoot tips. HortScience 19: 100 

15. ILOYD G, B MCCOON 1980 Comnercially-feasible micropropagation of rroun
tain laurel, Kalmiil latifolia, by use of shoot tip culture. Proc Int 
Plant Propagators Soc 30:421-427 

16. IENAR'JUVICZ A, DF MILLIKAN 1977 Meristem culture of Juglans nigra L. 
Trans fu Acad Sci 10 & 11:279 

17. MEY11IF.R V 1985 Mise en culture in vitro de meristemes de Noyers 
hybriCl.es. CR Acad SC Paris 301: 261:"~ 

18. l\:1URASHIGE T, SKOOG F 1962 A revised medium for rapid growth and bio
assays with tobacco tissue cultures. Physiol Plant 15:473-497 

19. RODRIQUEZ R, R SANCHEZ-TAMES 1981 Cultivo de tejidos y diferenciacion en 
nogal. Rev Fac Cienc Univ Orviedo (Ser Biologia) 22:21-28 

20. RODRIQUEZ, R 1982 Callus initiation and root fonnation fran in vitro 
culture of walnut cotyledons. HortScience 17:195-196 

21. RODRIQlffiZ R 1982 Stimulation of mUltiple shoot buds fonnation in walnut 
seeds. HortScience 17:592 



271 

22. SCMERS PW, JW SAMBECK, JE PREEcE, G GAFFNEY, ° MYERS Jr 1982 In vitro 
micropropagation of black walnut (Juglans nigra L.). Proc 7th North Am 
For Biol W:lrkshop, pp 224-230 --

23. STEFFAN SJ, OF MILLIKAN 1983 Micropropagation of mature black walnut 
trees. Arum Rept North Nut Growers Assoc 74:26-29 

24. TULECKE W, GH MCGRANAHAN 1985 Somatic embryogenesis and plant regener
ation from cotyledons of walnut. Plant Sci 40:57-63 

25. VIElTEZ AM, 0 VIElTEZ 1980 Plantlet formation fran embryonic tissue of 
chestnut grown in vitro. Physiol Plant 50:127-130 

26. WHITE PR 1940 Vitamin B6, nicotinic acid, pyridine, glycine and thiamine 
in the nutrition of excised tcmato roots. Am J Bot 27:811-821 

Table 1. Basal medium (OKW-C) used for walnut tissue culture. 1 

Component rrM mg/l 

NHf03 17.7 1416.0 
Ca N03)2,4HP 8.3 1968.0 
K SO 8.9 1559.0 
~so4'7H ° 3.0 740.0 4 2 1.0 149.0 caC13,2H2O 
KHP , 1.9 265.0 
m-tno~itol 0.55 100.0 
Sucrose 87.6 30,000.0 

llM 
Zn(N03)2,6HP 5"7:2 17.0 
MnS04'H ° 198.2 33.5 
CUS04'5~20 1.0 0.25 

Ht03 77.6 4.8 
N ~OO~'2H20 1.6 0.39 
Fe ~HP 121.5 33.8 
Na 'A 135.0 45.4 
Ni§04'6H~0 .02 0.005 
Thiamin, Cl 5.9 2.0 
Nicotinic acid 8.1 1.0 
Glycine 26.6 2.0 

I The following modifications are used for: 
a) Initiation and multiplication (micropropagation): addition of BAP 

b) 

c) 

(4.4 llM = 1 mg/l) and lBA (0.05 llM = 0.01 mg/l). 
Rooting pretreatment: adjustment of NH/lN03 (5.7 mM = 456.2 mg/l), 
Ca(NO~) 2·4H20 (2.7 rrt-l = 634.0 mg/l), and sucrose (153.8 llM = 53 gil) 
and aadltion of IBA (0.74 l1M = 0.15 mg/l). 
Conditioning for somatic embryogenesis: addition of I-glutamine (1.7 
~1 = 250.0 mg/l), BAP ( 4.4 l1M = 1 mg/l), lBA (0.05 l1M = 0.0 1 mg/l), 
and kinetin (9.3 l1M = 2.0 mg/l) . 

Media are adjusted to pH 5.4-5.7, solidified witl1 Gelrite (Merck Clnd Co.) 
(0.21-0.24%) and autoclaved for 20 min. at 121 DC. 
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20. MULBERRY 

K. OHYAMA and S. OKA 

1. INTRODUCTION 

The mulberries (Morus alba, ~. bombysis and ~. multicaulis) are 

important plants In the sericultural industry. They are valued for 

their foliage which constitutes the chief feed for the silkworm 

(Bombyx mori L.). Some species of mulberry are grown for their 

edible fruit and useful timber. 

Wild mulberry species grow in mountainous areas, In temperate 

and tropical climates, in Asia, the Middle East, and Central and 

South America. However, it has been commercially cultivated mainly 

in China, Japan, Korea and the U.S.S.R., where most of the silk 

cocoons of the world have been produced. In other countries such 

as Thailand, Iran, Indonesia and Brazil, etc., sericulture lS 

being progresslvely introduced to share an important role In agri

cultural development. 

The genus Morus lS usually classified into thirty species based 

on the morphological characteristics of flower organs and leaves 

as well as geological distribution (11). However, it seems diffl

cuI t to apply a strict concept of "biological species" to Morus, 

as most Morus species can be easily hybr idized by poillnation. 

Japan has three recognlzed species, ~. alba, ~. bombysis Koiz. and 

M. multicaulis P. and most breeding of mulberry is carried out by 

interspecific crossing of these species. 

Conventional methods of vegetative propagation of mulberry are 

grafting and rooting of cuttings. In Japan, 70% of nursery plants 

are produced by means of grafting. Grafting of mulberry lS rather 

simple compared to grafting of frul t and forest trees. Rootstocks 

are usually prepared from I-year-old seedllngs and scions are 

taken from branches of mature trees before bud break. The grafts 
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are then grown in the field for another year. Therefore, it takes 

two years to obtain nursery plants, which poses economic 

problems. 

Rooting of softwood and hardwood cuttings of selected mature 

trees has the advantage of obtaining nursery plants in one year. 

However, they have the following drawbacks. In softwood cuttings, 

successful rooting depends on so many factors with regard to the 

physiological state of the cutting and environmental conditions 

that the results tend to be greatly variable. In hardwood cut

tings, only a limited number of varieties have enough rooting 

ability. However, the story is different in tropical regions, 

where this is often the easiest method of propagation. Because 

most of the tropical species display a strong rooting ability, 

planting stem cuttings directly in the field is good enough for 

establishing a mulberry plantation (30). 

There has been increasing interest in using tissue culture as a 

means for clonal propagation of woody plants. This is true in 

those plants whose cuttings are difficult to root, particularly 

when they are taken from the mature tree (3, 12). There are two 

pathways for obtaining propagules through tissue culture (14). One 

is adventitious initiation of shoots or embryoids from callus or 

explants. The other is enhanced axillary branching by means of 

buds or meristem culture. The latter system is useful in species 

where plant regneration from cultured tissues is difficult to 

attain. 

In mulberry bud cultures mUltiple shoots and subsequent plant-

lets are easily formed. Al though the "technique remains a labora-

tory-scale one, it has potential for high multiplication rates and 

for obtaining rooted plants even with varieties which show poor 

rooting by conventional methods. 

2. ORGAN CULTURE 

2.1. Bud culture an~lantlet regeneratio~ 

Bud meristems are good material for producing multiple shoots 

in both gymosperm and angiosperm plants. Pre-existing meristems 

easily develop into shoots (2), and are likely to be genetically 

stable. 
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Ohyama (16) and Ohyama and Oka (19) have attempted the in vitro 

cuI ture of various buds of mulberry trees (Table 1, Fig. 1). 

Winter buds from l-year-old branches of mature trees in the 

non-dormant perlod, terminal buds in 

axi llary buds at various developmental 

the growlng season and 

growth stages have been 

aseptlcally isolated and cultured on Murashige and Skoogs' (MS) 

medium (13) containing growth substances. 

As is common with other plants, mulberry buds have an absolute 

requirement for cytokinin for their growth. N6-benzyladenine (BA) 

was more effective than zeatin, while kinetin was unexpectedly of 

no use over a wide range of concentrations. The optimum concentra

tion of BA was between 0.1 and 1.0 mg/l. 'rhe number of shoots 

produced from a bud explant varied In accordance wlth the level of 

BA. A single shoot developed at 0.1 mg/l, while at 1.0 mg/l the 

main apical meristem developed along with several axillary ones, 

giving rise to multlple shoot formation. Auxin combined with 

1 mg/l BA had no effect on bud growth, but induced rootlng of the 

explant when combined with 0.1 mg/l BA. Thus, a complete plantlet 

was produced In medium containing 0.1 mg/l BA and 0.1 mg/l lndole-

3-acetic acid (IAA). 

Growth of these explants depended on the kind of sugars added 

to the medium (Table 2). The response to a sugar varied with the 

variety of mulberry tree tested. Some varieties developed shoots 

In the presence of sucrose as well as fructose, but others did so 

only in the presence of fructose, which was substituted for 

sucrose. 

The concentration of agar (Table 2) was found to be a limiting 

factor in shoot tip culture (19). Higher concentrations 

(0.8%-1.0%) of agar gave poor growth, with only a few leaves 

openlng and without further shoot development, whereas a 

concentra tion as low as 0.4% supported good shoot growth. This 

result was confirmed later with winter bud cultures (25). A 

promotive effect of agar at low concentration on tissue growth has 

also been reported with Picea ables (31), 

(34). This effect might be explained by (1) 

In the agar; (2) availabillty of water 

Iris (35), and Malus 

inhibiting substances 

and nutrients; (3) 

lncreased uptake of nut.rients through leaves or tissue submerged 

in the medium. 
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Table 1. Mulberry species in organ culture 

Species Explant Medium References 

Morus alba Root White (16) 

Winter bud MS (22) 

Nodes MS (23) 

Leaf MS (27) 

Hypocotyl MS (20) 

M. bombycis Winter bud MS (22) 

Shoot tip MS (19) 

M. multicaulis Winter bud MS (22) 

M. kagayamae Shoot tip MS (17) 

Table 2. Explant sources and conditions for mulberry bud cultures 

------------.----.--.--~-

Explant Medium a Hormone Sugar Agar source 

--.---.-----~---.----

Winter bud MS 1 mg/l BA 3% Fructose 0.6%b 

MS 1 mg/l BA 3% Fructose 0.4% 

Lateral bud 

without node MS 1 mg/l BA 3% Fructose 0.4% 

with node MS 0.2 mg/l NAA 3% Sucrose 0.8% 

Shoot tip MS 1 mg/l BA 3% Fructose 0.6% 

MS 1 mg/l BA 3% Fructose 0.4% 

Nodal and shoot explant grown in vitro 

for subculture MS 1 mg/l BA 2-3% Sucrose 0.8% 

for rooting MS None 2-3% Sucrose 0.8% 

--------.--.-.-~~-.-~--.--.---------.--~----~-----~----.------

a pH 5.6 adjusted before autoclaving. was 
bWhen fructose is used, 0.4% agar gives too soft a medium. 
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FIGURE 1-1. Shoot development from a winter bud explant of mul
berry (Morus alba) on MS medium containing 3% fructose in the 
presenc~l mg/l BA. 
FIGURE 1-2. Stock culture of multiple shoots grown on MS medium 
with 1 mg/l BA. 
FIGURE 1-3. Rooting of a shoot explant on MS basal medium without 
hormones after 30 days. 
FIGURE 1-4. A mulberry plant transferred to a pot after 3 weeks at 
28°C with 12-h photoperiods provided by cool white fluorescent 
light. 
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Shoot meristems from bud cultures could be subcultured 

repeatedly. Subcultured explants grew on a medium that did not 

contain growth substances, provided that explants had already 

developed roots. Rapid growth of new shoots was observed soon 

after the development of roots. The acti vi ty of roots plans an 

important role in the elongation of isolated buds. 

2.2. Excised root culture 

Although isolated root tips of many plants have been grown 

successfully (4), there are only a few examples of success with 

trees. Ohyama (16) studied factors affecting the growth of excised 

mulberry roots. Excised root tips (5 mm in length) grew well in 

White's (36) medium at 28°C in darkness. In mulberry, it was found 

that the isolated roots can be grown in a relatively simple medium 

containing inorganic salts, carbohydrates, vitamins and growth 

hormones. In the early period of culture, thiamine and pyridoxine 

were not needed for satisfactory growth of root tips. However, 

when the subculture of the main axis of root tips was attempted, 

the meristematic activity in the individual root tips was prolong

ed by adding thiamine and pyridoxine to the medium. Moreover, the 

response of isolated mulberry roots to IAA was similar to that of 

pine roots (4). Namely, in the case of an IAA concentration above 

10-5 M, the elongation of roots and initiation of lateral roots 

were inhibited and dichotomy was initiated. In contrast, applica

tion of IAA at low concentration stimulated the development of 

lateral roots. By use of the above method, it may be possible to 

clarify what kinds of substances produced in the shoots whould be 

most effective for the growth of roots in mulberry trees. 

3. ORGANOGENESIS 

Organogenesis and plant let regeneration in culture are common 

with herbaceous plant species. Despite intensive work, however, 

shoot bud formation and embryogenesis from mulberry callus have 

not been achieved (5, 32, 39). Oka and Ohyama (26, 27) demon

strated that adventitious buds were induced directly without 

intermediate callus formation in leaf explants of young mulberry 

plants. The location and frequency of bud formation were markedly 

influenced by the concentration of BA. Histological observations 
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showed that bud initiation from the excised leaves was peripheral 

in or~gin. 

Recently, Kim Ho-Rak at al. (7) also reported on organogenesis 

in mulberry explants. Cotyledon, leaf, hypocotyl and shoot tip 

explants of mulberry, derived from elongating embryos cultured 

with BA, were induced to form adventitious shoots when cultured in 

media contain~ng high BA with or without a low concentration of 

naphthalenacetic acid (NAA). The adventitious shoots formed at the 

basal cut ends of the cotyledons and leaves. Histological analysis 

of the explant:: showed a wound cambium at the base of the bud 

primordia. 

Cytokinins are generally required by most tissues for ~nduction 

of buds. In some cases the kind of cytokinin has a significant 

effect on the d~fferentiation and growth of the organ. Okamoto et 

al. (29) reported that N'-(2-chloro-4-pyridyl)-N'-phenyl-urea 

(4PU), which is a cytokinin-active urea, remarkably stimulated 

shoot formation in tobacco callus cultures. Ohyama and Oka (20) 

cultured hypocotyl segments of germinating embryos of mulberry on 

HS (13) medium supplemented with 4PU. In a few days both cut ends 

of all explant began to swell. However, multiple buds were produc

ed only at the ap~cal end. When transferred to 0.1 mg/l NAA, these 

buds rooted and whole plants were obta~ned. A histological study 

of the process of the multiple shoot formation ~s now in progress. 

4. CALLUS AND CELL SUSPENSION CULTURE 

Mulberry callus can be readily induced from various explants 

(Table 3). MS (13) and Linsmaier and Skoog (LS) (8) media have 

been used primarily and have proved better than White (36), Heller 

(6) or Wolter and Skoog (37) media (21, 38, 39). For inducing 

callus, auxins were required, whereas cytokinins were not 

necessarily important (32, 33, 39). Unl~ke organogenesis ~n organ 

explants, subculture of mulberry callus did require both an auxin 

and cytokinin (24). 

Suspension cultures have been prepared from hypocotyl-deri ved 

(16) and embryo-derived (39) callus. Yamada and Okamoto (38) were 

the f~rst to succeed in the large-scale liquid culture of mulberry 

callus and obtained a three to four times volume increase during a 
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Table 3. Callus and cell suspension cultures of mulberry 

Species 

Morus alba 

M. bombycis 

M. multicaulis 

Explant 

Root, Hypocotyl 

Embryo 

Cambium 

Young stem 

Vein, Petiole 

stem, Root 

Young stem 

Embryo, Young stem 

Cotyledon 

Endosperm 

Medium References 

MS (16) 

LS (39) 

MS (32) 

MS ( 5) 

MS (21, 24) 

MS (38) 

MS (9) 

MS (10) 

MS (33) 

2-week culture period in a jar-fermenter. They used leaf vein and 

young petioles of mulberry leaves as explants, and indolebutric 

acid (IBA) instead of 2, 4-d~chlorophenoxyacetic acid (2, 4-D) or 

NAA. Cultured mulberry cells have replaced fresh leaves as the 

major ingredient in some artificial silkworm food. However, the 

cells needed to be cultured under light to produce a small amount 

of chlorophyll to make them palatable to the insect. Silkworms 

fed artificial food which included these cultured mulberry cells, 

spun good cocoons. 

5. PROTOPLAST ISOLATION AND CUUfURE 

In 1971 Nagata and Takebe (15) reported that protoplasts 

isolated from leaves of tobacco plants could be ~nduced to div~de 

in culture and form callus tissue which could regenerate whole 

plants. Recently, many reports have suggested that protoplast 

isolation and regeneration of plants from protoplasts may become a 

powerful new tool for plant breeding. Protoplasts are useful for 

that purpose because they can dbsorb foreign DNA and form ~nter

specif~c hybrids by fusion. 



280 

FIGURE 2 . Plant regeneration from protoplasts of paper mulberry 
(Broussonetia kajinoki Sieb.). A. Shoot cultures, derived from 
shoot tip explants, used for protoplast isolation. B. Freshly 
isolated protoplasts. C-D. Various stages in the division of 
isolated protoplast cultured in a liquid nutrient medium. E. 
Protoplast-derived colony after 4 weeks in culture. F. Protoplast
derived callus macroscopically visible after 8 weeks in culture. 
G-H. Shoot bud formation from callus 4-5 weeks after transfer to 
regeneration medium. I. Young regenerated plant after 3 weeks. 
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Ohyama and Oka (18) studied cultures of cells and protoplasts, 

using both mulberry and other species. To date, protoplasts have 

been prepared from cotyledons, leaves and callus by using various 

enzyme solutions. Recently, Oka and Ohyama (28) reported suc

cessful production of whole plants from mesophyll protoplast cul

tures of the paper mulberry tree (Broussonetia kajinoki sieb.). 

(Fig. 2). The procedures were as follows: Leaf pieces from shoots 

in vitro were incubated in a mixture consisting of 0.05% pec

tolyase Y23, 1% cellulase onozuka RIO, and 0.5 M mannitol at 25°C 

for 3 h. This yielded viable protoplasts, which after 1-2 days of 

culture in a modified MS medium, regenerated new cell walls and 

showed first divisions within 10-20 days. Small cell colonies were 

formed within 4 weeks. Reduction of the ammonium concentration and 

using glucose as a carbon source were essential for sustained cell 

divisions and colony formation. Shoot buds were produced from 

protoplast-derived callus on modified MS medium containing 

0.1 mg/l NAA and 1 mg/l BA. These shoots rooted occasionally when 

transferred to MS medium supplemented with 0.05 mg/l NAA. 

6. CONCLUSION AND PROSPECTS 

Since the control of adventitious shoot development or somatic 

embryogenesis is difficult in mulberry tissues, meristem culture 

is a good alternative tool for micropropagation in vitro. 

Follow~ng our standard methods, buds of various origin will 

elongate into shoots on MS medium supplemented with BA, with sugar 

and agar concentrations having a pronounced controlling effect. 

The shoots were separated into nodal and shoot sections and sub

cultured every month as stock culture. Between 3 and 5 shoots were 

reproduced from each explant and later rooted in the root-forming 

medium. In one experiment, we demonstrated that 150 shoots could 

be proliferated from one explant within 120 days through three 

subcultures. 

Many problems remain before ~n vitro techniques can be used for 

large-scale clonal propagation. One of these is the establishment 

of simple and reliable methods for transferring plantlets to soil 

(1, 2). Not much information is available on transfer to soil, and 

we have not yet done much work in this area either. 
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The small scale micropropagation methods that are now available 

for mulberry can be used for the following: 

(1) rapid cloning of plants selected for breeding programs, 

(2) reproduction of plants from long-term stored bud explants, 

(3) maintenance of virus-infected plants for host-pathogen 

studies. 

Cell and tissue culture methods will eventually become an 

effective means, not only for micropropagation, but also for help

ing to overcome various problems of breeding. However, since a 

long time ~s generally required for woody plants to flower, one 

problem is low breeding efficiency. Therefore, it would be of 

great significance to the breeders if early selection in the test 

tube could become possible by applying tissue and cell culture 

methods. 
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21. PLANTLET REGENERATION IN CALLUS CULTURES OF LEUCAENA 

R. NAGHANI and S. VENKETESWARAN 

1. INTRODUCTION 

Research reports published by the National Academy of Sciences 

(USA) (1) advocate increased use of under exploited crops of prom

ising economic value. One of these ,the tree legume Leucaena is a 

promising forage and wood crop for the tropics (5,6). It provides 

good fire wood, with heating values of 8,300 BTU/lb dry weight 

(19.3 mj/kg), that is used as a fuel source in several developing 

countries. Brewbaker and Hutton (5) report a biomass yield of up 

to 10-15 dry tons per acre. 

The genus Leucaena of the Leguminosae family consists of 10 

species and is native in tropical America. They are mostly small 

trees and shrubs with a growth habit and foliage similar to that 

of Acacia. They have been planted on a large scale in Guatemala, 

Peru, Hexico, India, Philippines, and the Pacific Islands. In 

Java, species of Leucaena are interplanted with teak to provide 

cover for soil protection (9). 

The ability of Leucaena species to grow on marginal soils holds 

promise for reforesting eroded wastelands. Additionally, it is 

estimated that Leucaena can add up to 500 kg nitrogen/ha per year 

to the soil (1), which makes it highly suitable as a cover plant 

in plantations. When used as soil cover in plantations it is grown 

as a catch crop or as an intercrop in pure stands (9). 

According to a research report on Leucaena (4), mos t of the 

species are self-incompatible and produce very little inbred (true 

to type) seeds; with the probable exception of ~. leucocephala. In 

vi tro propagation may therefore be a useful method to clonally 

multiply these "true to type" inbred seeds. Since the value of 

this tree legume remained unrecognized until recently, there have 
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not yet been many attempts to clonally propagate this genus on a 

large scale by tissue culture methods. The first attempt to propa

gate Leucaena sp. in vitro was by Peas ely and Collins (18). They 

established callus cultures using hypocotyl segments of the seed

lings. They did not report the differentiation of these callus 

cultures into plantlets. Recently, Goyal et al. (13) obtained 

multiple shoot differentiation in tissue cultures of L. leucoce

phala, by using single lateral bud explants from 2-3 m tall, 

l-year-old plants. They reported the production of 22 shoots per 

bud. 

We have attempted to initiate callus cultures and to induce 

organogenesis in callus cultures of two species of Leucaena 

(16,17). The first species was ~. leucocephala (Lam) de Witt; 

c.v. Cunningham (K 500 & K 8). It is familiarly called the Ipil

ipil tree and has many varieties (2). One of them is the Hawaiian 

type (giant Ipil-ipil) that grows and thrives well in the State of 

Texas. Field trials indicate the ~. leucocephala cultivar K 67 is 

promising in Texas for forage and woody biomass production 

(21,22). The tree is single trunked and fast growing, reaching a 

height of 20 m in 4-5 years. It grows on marginal lands and hill

sides. The second species used was L. retusa Benth; Pl. Wright - a 

frost resistant variety. 

2. MATERIAL AND METHODS 

Seeds of L. leucocephala and L. retusa were pretreated with 

concentrated sulfuric acid for 30 min. The sulfuric acid was 

removed by repeated washing with sterile distilled water. Subse

quently, the seeds were surface sterilised for 15 min. with 15% 

commercial clorox. After rinsing the seeds again with sterile 

distilled water, they were germinated on full strength Murashige

Skoog (15) (MS) or Gamborg et al. (B5) (10) media with sucrose at 

2% (w/v) but without growth hormones. Sections of hypocotyl and 

cotyledons 5-10 mm long were excised from 7- to 10-day-old seed

lings and placed on nutrient medium. The media used for culture 

were [,18 ot' B5 at full strength, with sucrose 2% (w/v), 2,4-di

chlorophenoxyacetic acid (2,4-D) 0.5, 1, 2, 5, and 10 mg/l, 
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naphthalene acetic acid (NAA) 0, 0.5, I, and 2 mg/l, dimethyl

allylaminopurine (2iP) 0, I, 2, and 5 mg/l, N-6-benzylaminopurine 

(BA) at 0, I, 2, and 5 mg/l, and Difco Bacto agar 0.8% (w/v). The 

pH was adjusted with dilute HCl or NaOH to 5.8 before autoclaving 

at 120°C for 15 min. The autoclaved medium was poured into 100 x 

15 mm diameter disposable petri dishes. 

For each experiment 200 hypocotyl and 200 cotyledon discs were 

used (8-10 per dish). The petri dishes were then sealed with tape. 

The cultures were incubated at 27 + 1°C in an incubator illuminat

ed with fluorescent tubes (approximately 7000 lux) 12 h/day. 

After the callus was initiated, it was removed and transferred 

to MS or B5 supplemented with BA at 0.5, I, or 2 mg/l or 2iP at 

0.5, I, or 2 mg/l. 

For root initiation, leafy shoots were transferred to M5 or B5 

supplemented with indolebutyric acid (IBA) at 0.5 and 1 mg/I. 

In vitro-produced plantlets were transferred to sterile garden 

soil mixed with vermiculite and placed in a growth chamber with 

fluorescent light 12 h/day. 

3. RESULTS 

3.1. ~. leucocephala 

In both varieties of L. leucocephala, 5% of the cotyledonary 

segments produced very small leafy shoots from their cut ends on 

MS but not on B5 medium after 2 weeks in culture. Of the hypocotyl 

segments, 34% produced some callus from their cut ends on 1-1S 

medium after 3 weeks in culture. Addition of 2,4-D (0.5-5 mg/l) to 

the MS medium did not bring about any significant increase in 

callus formation, al"though at 10 mg/l, a small amount of friable 

callus was formed in ~. leucocephala. 

Addition of NAA (0.5-10 mg/l) did not result in callus forma

tion. However, a combination of NAA (0.5 mg/l) and BA (0.5-

5 mg/l) induced callus proliferation in 60% of both the hypocotyl 

and cotyledonary explants (Fig. 1). This callus was dark green and 

friable and continued to proliferate through 3-5 subcultures. 

After transfer of segments of these calli to MS medium contain

ing BA at 2 mg/l small green leafy shoots developed in 25% of the 

cotyledonary callus cultures in about 2 weeks (Fig. 2). These 
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leafy shoots elongated further after transfer to fresh medium with 

the same nutrient composition (Figs. 3,4). 

The basal ends of 2% of the elongated shoots formed small 

adventitious roots on HS medium supplemented with IBA at 0.5 and 

1 mg/l (Fig. 4). These rooted plants, after transfer to a sterile 

garden soil mixture, continued to grow for a period of 4-6 weeks, 

producing one or two more leaves (Fig. 5). 

3.2. L. retusa 

About 50% of the cotyledonary sections of ~. retusa produced a 

compact, dark green callus on MS medium supplemented with NAA 

(0.5 mg/l) and BA (2 mg/l) after 3 weeks in culture (Fig . 6). The 

callus could be subcultured through 2-6 transfers. \fuen portions 

of these calli were transferred to MS medium with 2iP at 1 mg/l, 

20% of the calli formed small green leafy shoots 3 weeks after 

transfer. These leafy shoots failed to root on any of the auxin 

containing media. 

FIGURE 1. Callus formation from explants of L. leucocephala. 
FIGURE 2. Initiation of leafy shoots from cotyledonary callus of 
L. leucocephal a . 
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FIGURE 3. Fully differentiated leafy shoot of L. leucocephala. 
from callus of cotyledonary origin. 
FIGURE 4. Elongated leafy shoot of L. leucocephala with an adven
titious root at the base. 

4. DISCUSSION 

Differentiation of leafy shoots in callus cultures of two spec

ies of Leucaena (16.17) followed a sequence of events similar to 

that observed in tissue cultures of other tree legumes such as 

Acacia (20). Alhagi (3). Albizzia (ll). Dalbergia (8). Prosopis 

(12) and Sesbania (14). Since the publications on tissue culture 

of Leucaena deal mostly with only one species. i.e .• L. leucoce

phala (13.18.19). tissue culture of the genus should be extended 

to other species and hybrids. 

At pr~sent. the advantages of propagation of Leucaena sp. by 

tissue culture methods over other methods of vegetative propaga

tion remain to be determined. 
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FIGURE 5. Two-month-old plantlet of L. leucocephala. 
FIGURE 6. Callus forma -tion from cotyledon explants of L. retusa. 
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22. TISSUE CULTURE OF LIQUIDAMBAR 

HARRY E. SOMMER AND HAZEL Y. WETZSTEIN 

1. INTRODUCTION 
1.1. Species and taxonomy 

The genus Liquidambar belongs to the Hamamelidaceae, a 
dicotyledonous family comprised of 23 genera of deciduous or 
evergreen trees and shrubs. Liquidambar is in the subfamily 
Liquidambaroideae (5, 7). The genus has 3 species (1) [twenty 
extinct species are known according to Peattie (16)]: L. 
formosana Hance, Formosan gum native to China and Taiwan; 1. 
orientalis Mill., oriental sweetgum native to Turkey; and L. 
styraciflua L., American sweetgum or red gum, of the eastern 
United States with disjunct populations in Mexico and Central 
America (26). Interspecific hybrids of the three species have 
been produced (17). The species are monoecious, deciduous trees 
with simple, alternate, palmately 3-7 lobed leaves, and decidu
ous stipules. Flowers are apetalous in globular heads. Stami
nate flowers are in terminal racemes or panicles; pistillate 
flowers are pedunculate with numerous ovules. Fruits are coher
ent capsules, dehiscent at apex; seed is winged (5, 10, 12, ). 
1.2. Econo~ic importance 

Liquidambar is a valuable timber tree, and is one of the 
more important commercial hardwoods of the United States, partic
ularly in the manufacture of utility and decorative plywood 
panels (9). L. styraciflua produces a heavy close-grained 
heartwood for furniture making; the lumber is at times referred 
to as "satin-walnut" (16). 

An aromatic balsam, called styrax or storax, is obtained 
from L. oriental is and L. styraciflua. The derivation of Liquid-
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ambar is from the Latin liquidus, liquid and the Arabic ambar, 
amber in reference to the resinous exudate which exudes from the 
injured bark of the Asiatic and American species (9). Storax is 
used in perfumery, and in medicine as a topical protectant and 
expectorant. 

The Liquidambars are valued as excellent ornamental shade 
trees, with brillant fall color. The rapid growth, pyramidal 
shape, and strong horizontal branches make Liquidambar a good 
choice for street or yard plantings. Also of horticultural 
interest is the development of corky outgrowth on the twigs. 
Selections of trees for various characteristics have been made, 
such as for specific fall coloration, variegation, fruitless
ness, and corkiness. Twenty cultivars of 1. styraciflua, and 
one for 1. formosana (18) are recognized. 

Due to its rapid growth rate and ability for coppice re
growth, L. styraciflua has been recognized as a species with 
potential for use in short rotation forestry, especially in the 
southeastern United States. The selection and propagation of 
superior clones suited for coppice rotation is an integral part 
of the short rotation program. The potential use of Liquidambar 
in biomass production has been one of the reasons for our inter
est in clonal multiplication and in vitro culture of this spe-
cies. 
1.3. Vegetative propagation 

In spite of the economic importance of sweetgum, the liter
ature on its vegetative propagation is very scanty, probably 
because of the many failures (2). Airlayering (3) and field 
grafting (15) have been used to propagate 1. styraciflua, but 
are very restricted in use. Rooting of cuttings is difficult 
(2, 14). American sweetgum is difficult to root even with 
physiologically rejuvenated material taken from the main bole 
(11). However, it has been propagated using segments of lateral 
roots (4) and with softwood cuttings from naturally occurring 
root suckers or from suckers cultured on excised roots (2, 6). 
Kormanik and Brown (11) found that succulent stem cuttings main
tained in outdoor mist either failed to root or underwent de-
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cline. However, between 0 to 70% rooting of epicormic branches 
was obtained if cuttings were placed in a modified growth cham
ber. Although American sweetgum has been rooted from juvenile 
material, attempts to root stem cuttings from mature ortets has 
been largely unsuccessful (8). Hare (8) obtained 90% rooting of 
Formosan sweetgum cuttings after 1 month. In contrast, only 5% 
of American sweetgum cuttings rooted within the same period; 
only 35% rooted after 2 months. 

2. TISSUE CULTURE FROM APICES 
Several workers have reported on the tissue culture of 

shoot tips of sweetgum. The most sophisticated work is that of 
A. J. Abbott and D. R. Costantine who cultured the apical meri
stem of sweetgum trees growing in Bristol. Their work is as yet 
unpublished, but was presented at the 8th Long Ashton Symposium 
on the Improvement of Vegetatively Propagated Plants in Bristol, 
England. 

Two varieties, Morane and a variegated variety from the 
North Carolina Arboretum, have been placed in culture by 
Lineberger and Brand (personal communication). Morane is a 
cold-hardy patented variety produced by budding. The cultures 
were established from the shoot tips of grafted adult shoots. 
Multiplication rates of 10-15 times were obtained in 8 weeks. 
The buds and shoots tended to remain rosetted with sporadic 
elongation. Those that did elongate rooted with an 80% success 
rate in nonsterile perlite-peat and high humidity. Shoots that 
remained rosetted did not root on agar or under nonsterile 
condi tions. The rooted shoots would make 1 flush of growth, 
developing good caliper, then stop and form huge terminal buds. 
In contrast, shoots from cultures of the variegated variety did 
not rosette but elongated and grew continuously. Multiple 
shoots from the shoot tips were obtained on woody plant medium 
(WPM) (13) with 1 ppm N6-benzyladenine (BA). The multiplication 
rate was dependent on the length of the subculture periods. 

Due to its desirable horticultural characteristics, sweet
gum is a widely planted street tree; however, its roots can be 
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responsible for damage to sidewalks and curbs. Wager and Barker 
(23) found in the San Francisco Bay area, that sweetgum caused 
the most damage to sidewalks of 10 species surveyed. Some of 
the sweetgum trees were found to do less damage than the others. 
They proposed selecting and propagating these trees by tissue 
culture. 

Sutter and Barker (22) cultured explants from mature and 
seedling sweetgum buds at 25°C with a 16 hour photoperiod and a 
light intensity of 60 ~Em-2sec-l. The method for the culture of 
l-year-old seedlings called for the excission of lateral buds as 
explants. Growth and multiple shoots were obtained on WPM 
(unspecified as to composition) with 0.2 mg/l or 1.0 mg/l BA, 
however higher concentrations of BA caused rosetting. When the 
WPM was used at 1/2 and 3X normal strength, it was found that if 
CaC1 2 was reduced to 1/3 concentration more vigorous growth 
resul ted. For the culture of buds from mature trees, shoots 
were removed from the tree prior to bud break in the spring, and 
forced to break. Explants consisting of actively growing buds 
were taken from the upper 3-4 inches of the shoots. The culture 
medium was WPM with 1/3 CaC1 2 concentration and 0.2 mg/l BA. It 
was found that the buds had to be transferred every 3-4 days for 
the 2 weeks for proper growth. Buds from one source remained 
stunted, while those from three others grew and differentiated 
multiple shoots. Differences in growth were attributed to 
genotype. Rooting of the shoots on WPM with 0.5 ppm indole
butyric acid (IBA) was dependent on the source and varied from 
20-100%. The stunted genotype gave the poorest rooting. 

Since their establishment in culture, plantlets have been 
transferred to containers for further growth (Barker, personal 
communication). About 40 one-inch-tall plantlets of 2 genotypes 
and 80 of a third had been produced by November 1984. These 
plants overwintered in a cold greenhouse, without dropping their 
leaves. In March the plantlets were placed in 1 x 1 x 8 inch 
deep Tinus containers and forced. About 18 inches of growth 
occurred in that year. 
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Sommer and Wetzstein (19, 20, 21) have cultured shoot tips 
of 1-3 month old seedlings of shoot tips of 1. styraciflua on a 
modified Blaydes (20) medium with either 1 ppm BA plus 1 ppm 
kinetin or 1 ppm BA and 1 ppm N6-isopentenyl adenine (2iP). 
Multiple shoots were usually obtained from 70-80% of the ex
plants. However with seedlings from some half-sib seed lots, 
the procedure was successful in only 0-33%. This procedure was 
also successful with shoot tips of 1. formosiana. Multiplica
tion rates of 2-4 times were obtained. Sommer has also attempt
ed to obtain multiplication of shoot tips from 5-30 year old 
sweetgum trees. Occassionally multiple shoots have been obtain
ed, however, not in sufficient numbers to recommend a specific 
medium. 

3. TISSUE CULTURE VIA ADVENTITIOUS BUD DIFFERENTIATION 
The only reports found in the literature on the tissue 

culture of sweetgum resulting in adventitious bud production are 
those of Sommer and Wetzstein (19, 20, 21). Their procedure is 
relatively simple. Hypocotyl sections about 3 mm long are 
removed from sterile seedlings. These are placed on a modified 
Risser and White's (20) medium modified with 6 times the amount 
of KN03 plus 5 mM NH4CI, 1 ppm indole-3-acetic acid (IAA) , and 5 
ppm 2iP. On this medium a small amount of callus is produced 
and 3-5 adventitious shoots differentiate within 8 weeks (Fig. 
1). These cultures can then be transferred to a liquid version 
of modified Blaydes medium with 0.01 ppm naphthaleneacetic acid 
(NAA) , 0.5 ppm BA, and 1% sucrose. In 1-2 months the callus 
proliferates and numerous shoots are produced in 10-20% of the 
cultures. In 125 ml flasks with 40 ml of medium, typically 
25-50 shoots may be harvested monthly provided the medium is 
likewise renewed monthly. Vitrification was not a problem 
during the first 3-6 months on liquid medium. The excised 
shoots loose excessive succulence within a few days upon trans
fer to Risser and White's solidified basal medium. On this 
medium, rooting starts in one month. This culture system has 
been used extensively to study changes in morphology and anatomy 
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Adventitious buds differentiated on a hypocotyl 
More developed adventitious bud showing expanding 

of new leaves produced during acclimatization (24, 25). Under 
the conditions found in culture the stomata appear raised, and 
apparently nonfunctional. A pallisade area is not differen
tiated and chloroplast internal membranes are not organized in 
granal stacks. Leaves produced after acclimatization show a 
more normal morphology. 

Plantlets have been successfully transplanted into nursery 
beds and into the field. Growth of plantlets in nursery beds 
has been equivalent to that of seedlings. Plantlets are current
ly under observation for evidence of somaclonal variation. 

4. FINAL COMMENTS 
The tissue culture of sweetgum has been successful at least 

on a small scale. Clones in sufficient number for research 
purposes have been produced. However, the ready availability of 
large quantities of seed makes the propagation of Liquidambar by 
tissue culture economically unviable unless advantages of superi
or selections can be justified. The production of sweetgum by 
tissue culture awaits further improvement. 
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Once methods for the production of superior individuals by shoot 
cuI ture have been developed, a reevaluation of the propagation 
of trees with superior volulJe production and survival ability 
can be made. 
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23. TEAK 

AF MASCARENHAS, SV KENDURKAR, PK GUPTA, SS KHUSPE, DC AGRAWAL 

1. INTRODUCTION 

Some of the important physical characteristics of wood are 

determined by the thickness of the cell walls and the relative 

size and proportions of the vessels, tracheids and fibres. Gymno

sperms are known as 'softwoods' because their wood is composed 

entirely of tracheids. Angiosperms containing both vessels and 

fibres are 'hardwoods.' This classification, however, does not 

mean that all angiosperms have 'harder' wood than gymnosperms. 

Hardness of wood is a reflection of the sturdiness of the indi

vidual cell walls and other factors such as the amount of lignin 

they contain. 

It has been emphasized that tree planting in the tropics is no 

longer almost wholly for industrial purposes. Although this 

remains the dominant reason, planting for firewood to reduce soil 

erosion, to control of water run-off, to combat desertification, 

and to provide shelter and shade, are all becoming increasingly 

important (8). All these uses clearly point out the urgent need 

of either expanding the current area under forestation or to 

improve the quality of forests by planting uniform, genetically 

superior varieties with higher yields. 

Conventional methods of propagation, for example by cuttings, 

grafts etc. have their limitations especially when large quan

ti ties of propagules are required. Cuttings from various heavy 

hardwood trees have not rooted in spite of repeated experiments 

under various grmvth conditions using a wide variety of root 

induction hormones. The tissue culture method offers an al ter

nab", novel possibility and the technique has been successfully 
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applied to many of the tree species, especially to certain gymno

sperms and a few angiosperms of temperate regions (5). 

The work done with tropical trees is very limited when compared 

to that with temperate ones (16, 20). 

In this chapter we will be dealing with teak. Another tropical 

hardwood tree, tamarind, will be discussed in the chapter follow

ing this one. 

1.1. Distribution 

Teak (Tectona grandis) (Fam. Verbenaceae) is an important for

est tree, highly valued for its wood. It is a tree with a rounded 

crown very variable in size, depending on its habitat. 

It is indigenous to Burma, Central and South India and 

Thailand. Trees were introduced with varying degrees of success in 

Malaysia, Indonesia, Africa and the Philippines. Teak is one of 

the exotic species for large scale plantations in the tropics (9) 

and does well even in areas much beyond its natural limits. 

1.2. Economic importance 

1.2.1. Timber. Teak has a worldwide reputation as a quality 

timber on account of its remarkable physical and mechanical prop

erties, particularly shape retention, durability, resistance to 

fungi and chemicals (33). The most important property is its 

natural resistance to termites due to the presence of sesquiter

penes (21). Several uses of the timber are given in Table 1. 

1.2.2. Leaves. Leaves are used to produce a dye (yellow or red) 

for wool and silk. 

1.3. General botanical characteristics 

1.3.1. Morphology. The tree attains a large size, with a tall 

clean and cylindrical bole, carrying its girth well up the stem 

when grown on good sites. The bark is fibrous, light brown to grey 

and 4-18 mm thick. Its leaves are broadly elliptical or obovate. 

The flowers are small, white, sweet and scented. The globular teak 

frui tis a drupe with a tetralocular, hard, bony endocarp. Each 

fruit contains 1 to 3 or rarely 4 marble white, ovate, 4-8 mm long 

seeds. The tree starts bearing fruit at the age of 20 years (33). 

1.3.2. Climate and rainfall. Teak thrives best and reaches its 

largest dimensions in a fairly moist, warm, tropical climate (33). 

It can withstand drought very well, but is sensi ti ve to frost 
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Table 1. Uses of teak wood. 

Marine constructions 

Railways 

Bridge constructions 

Furniture and cabinets 

Chemical factories 

Foundries 

Musical instruments 

Construction timber 

Plywood 

Wood wastes 

Ship building particularly for 
decking, piles in harbours 

Carriages, wagons, coaches, etc. 

Bench tops, cases and vats for 
shipping, corrosive liquids 

Patterns 

Poles, beams, trusses, columns, 
roofs, doors, windows, frames, 
flooring, planking, panelling, 
staircases, general carpentry 

General purposes plywood, decora
tive plywood, tea-chest plywood, 
faces and cross bands of marine 
plywood 

Particle, plastic and fibre boards, 
pulp for writing and printing 
paper, fuel 

(21). The areas with a normal annual rainfall from 125-250 cm and 

a marked dry season of 3 to 5 months are favourable for its devel

opment (33). 

1.3.3. Temperature, soil and light conditions. Teak can wi th

stand an absolute maximum shade temperature of 48°C and an abso

lute minimum shade temperature of 2°C. The mean annual temperature 

~lich suits it best is between 23°C to 28°C (35). Teak generally 

prefers rich soil with good drainage and a dry sub soil. It 

thrives well in the fertile lower slopes of the hills where the 

soil is deep. It is intolerant of shallow soils. 

1.4. Diseases and pests 

The tree is affected by numerous diseases such as root rot 

caused by Peniophora rhizomorpho - sulphurea, leaf rust caused by 

Olivea tectonae and Uncinula tectonae (33). In dry teak forests, 
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50% of the trees exhibit hollowness due to decay of heartwood by 

Polyporus zonalis and Fornes lividus and also Nectria haematococoa. 

More than fifty insect pests attacking the living plants have been 

recorded. Havoc is often caused by the teak skeletonizer, Hapalia 

machaerates and the teak defoliator Hyblaea purae (33). Some other 

pests such as pyrausta macheralis and Pagyda salvalis damage the 

inflorescences very badly and thus cause poor fruit formation 

(3) . 

1.5. Conventional methods of propagation 

Teak is generally propagated through seeds. Various methods of 

vegetative propagation have been used, such as budding and graft

ing (17), rooting of cuttings (15) and rooting of buds cut from 

stock stumps raised in polypots (18). For large scale plantation 

of teak the method of planting of stumps from 30-40 cm long seed

lings about one year old is often used. The stump is 1-2 cm in 

diameter and includes about 2-4 cm of the stern portion above the 

first pair of buds; its tap root is cut to a length of 20-25 cm. 

The stumps are bundled, packed and transported to the plantation 

sites, where they are planted in the soil leaving only a 1-2 cm 

portion of them above the ground (23). 

2. NEED FOR TISSUE CULTURE STUDIES IN TEAK 

The recent trend in genetic improvement of forest trees empha

sizes the need for the identification and multiplication of 

superior genotypes. These trees have certain desirable traits and 

are called 'elite' or 'plus' trees. As with other tree species 

'elite' teak trees have been identified in several forests. They 

were selected on the basis of total height, clean bole height, 

crown height, crown diameter, cylindrical un fluted trunk, and self 

pruning habit. 

The conventional methods of vegetative propagation have limita

tions. They are slow and time consuming. Teak being a cross pol

linated species, seed raised progenies show wide variations. Teak 

trees also have an irregular seed bearing habit and the production 

of seeds is much lower than the actual requirements (16). Seed 

viability is poor and is affected by the season when collected and 

the storage conditions (32). Teak seeds being enclosed in hard 
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coats, show very poor germination rates in spite of several pre

treatments (4, 6, 13). 

The number of seedlings required annually by the forest corpor

ations of India alone amounts to over a few billions. They are 

produced mainly through seeds from trees collected in areas with 

superior trees. For instance, in Maharashtra State, in the West of 

India, the plantation target is 20,000 hectares per year, which 

requires about 200-400 tonnes of fruits to fulfill the requirement 

of 40 million plants per year (3). In order to achieve the above 

aim, there is a need to increase production of viable seeds from 

'plus' trees and to get higher germination rates. In addition, 

methods can be devised whereby a large population of genetically 

superior seedlings is clonally produced for large-scale planta

tions. This is where tissue and organ culture can play an impor

tant role. Recently several reports and reviews have become avail

able on tissue culture of trees (1, 2, 10, 14, 24, 27, 28, 29, 30, 

31,34,37). 

3. TISSUE CULTURE STUDIES: PROTOCOLS FOR SEEDLINGS AND MATURE 

TREES 

The method developed in this laboratory for micropropagation of 

teak seedlings and 100-year-old 'elite' trees, and the results of 

a statistically designed field trial, are presented below. 

3.1. Culture media. White's medium (W) (36) and Murashige and 

Skoog's medium (MS) (22) modified as reported earlier (12) were 

used. These media were supplemented with the following hormones: 

Kinetin (K); Benzyladenine (BA); Indole-3-acetic acid (IAA); 

Indole-3-butyric acid (IBA); Indole-3-propionic acid (IPA). 

The media were prepared according to the composition given 

below, with the growth hormone concentrations (mg/l) shown in 

brackets. 

MS-l MS + K (0.15) + BA (0.15) semisolid 

W-l W (No hormones) liquid 

W-2 W + IAA ( 1.0) + IBA (1. 0) + IPA (1.0) liquid 

W-3 W + IAA (2.0) + IBA (2.0) + IPA (2.0) liquid 

W-4 W (No hormones) semisolid 

The steps followed are given below: 
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1. Adjust pH of all media to 5.8 with lN NaOH or lN HC1. 

2. Solidify the MS-l and W-4 media with 0.8% bactoagar (Difco). 

3. Pour 20 ml media/tube (25 mm x 15 mm, Corning brand). Use 

filter paper supports for liquid media. 

4. Sterilize media at 15 psi for 20 min and steam for 30 min at 

atmospheric pressure on the subsequent day. 

5. Filter sterilize (millipore filter, membrane size 0.22 II m) 

IAA, IBA and IPA and add aseptically to W-2 and W-3 media. 

3.2. Collection and surface sterilization of seeds 

1. Select fresh stock of teak fruits and wash under tap water. 

2. Treat with lN KOH for 12 h. 

3. Wash thoroughly under running tap water to remove KOH. 

4. Break the fruits using a nut cracker and collect healthy 

seeds in distilled water. 

5. Wash seeds with detergent for 2-3 min followed by a wash in 

70% ethanol for 2-3 min. Finally sterilize seeds with 0.07% mer

curic chloride for 2 min. 

6. Wash off sterilant with sterile distilled water under asep

tic conditions. 

3.3. Collection and surface sterilization of buds from mature 

trees 

1. Collect fresh, green, healthy, terminal buds (from March to 

May) about 1-2 cm long, from the upper branches. 

2. Put buds in a non-sterile conical flask, wash with detergent 

for 2-3 min and thoroughly wash with distilled water. 

3. Transfer to a sterile conical flask. Surface sterilize with 

0.15% mercuric chloride for 10 min. 

4. Under aseptic conditions wash thoroughly with sterile dis

tilled water and inoculate immediately. 

3.4. Inoculations 

3.4.1. Seedlings 

1. Transfer the seeds to a sterile petri plate and allow to dry 

for 2-3 min. 

2. Inoculate 1 seed/tube on W-4 medium. 

3. Incubate in the dark at 27°C. Seeds germinate within 

2-3 weeks (the percent germination is 70 to 80%). 
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3.4.2. Mature trees 

1. Remove some of the leaves enclosing the shoot tip with the 

help of sterile forceps ana scalpel and excise out the apex 

(3-5 mm). 

2. Inoculate on MS-l medium. 

3. After 48 h blackening is observed in the medium just below 

the bud. Shift the bud to another position in the same tube. 

4. Incubate at 28 + 2°C in light (16 h photoperiod, 1000 lux). 

5. Buds sprout and turn green in 10-15 days. 

6. At this stage shift the buds to fresh tubes on MS-l medium. 

On this medium buds elongate and develop new leaves with 1 or 2 

internodes within 2 weeks (Fig. 1). 

3.5. Multiplication in subculture 

3.5.1. Seedlings 

1. Cut the seedling shoot into small segments so that each 

segment includes a nodal region with a pair of leaves. 

2. Put segments in a sterile 100 ml flask containing 0.75% of 

polyvinylpyrollidone (PVP) (insoluble, M.W. 36,000, crosslinked, 

Sigma Chemical Company) with 2% sucrose. 

3. Keep the flask on a rotary shaker (at 120 rpm) for 30 min. 

4. Wash off PVP with sterile distilled water and put the seg

ments in sterile petri plates. 

5. Inoculate on MS-l medium taking care that the axillary buds 

are in contact with the medium. 

6. Incubate the cultures at 28°C in the light (16 h photoperiod 

1000 lux). 

7. Within 20-25 days about 3 to 4 shoots develop from each 

segment, except the ones with apical buds. These shoots can be 

either subcultured for further multiplication or kept for rooting. 

3.5.2. Mature trees 

1. Take elongated shoots with 1 to 2 internodes. 

2. Follow steps 1 to 6 as in the protocols for seedings. 

3. After about 2-3 weeks each segment gives rise to 1 to 

2 shoots, which can be further subcultured (Fig. 2). 

4. Shoots which have undergone 2 to 3 passages can be taken for 

rooting since the rooting ability increases with subculture. 
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3.6. Rooting 

3.6.1. Seedling cultures 

1. Separate the multiple shoots by excision at the base. 

2. Keep each shoot on a filter paper support placed in medium 

W-2 so that the 2-3 mm portion at the base of the shoot dips into 

the medium. 

3. Incubate under the same conditions as were used for the 

shoots for 48 h. 

4. Transfer the shoots to W-l medium. 

5. After incubation for ab0ut a week, roots start emerging. It 

takes about 15-20 days to get plant lets (50-60% rooting). 

FIGURE 1. Elongated teak bud (25 days in culture) 
FIGURE 2. Teak bud forming multiple shoots on subculture 
FIGURE 3. Rooted plantlet (one month old) 

3.6.2. Mature tree cultures 

1. Carefully observe the shoots in culture. Some shoots in the 

clump elongate more than others. Subculture the smaller ones as in 

the procedure described earlier. Shoots 4-5 cm long must be used 

for rooting. 
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2. Follow steps 2 to 4 as above for seedlings except that the 

W-3 medium is used in step 2. 

3. Root. emergence is seen wi thin the first week. The plantlets 

are ready for transfer to pots or flats within 32-35 days (40-50% 

rooting) (Fig. 3). 

3.7 . Transfer to pots 

1. Transfer the rooted plantlets to flats or small plastic pots 

(60 mm diameter) containing sterile soil : sand:compost (3 : 3:1, 

v:v:v) (Fig. 4). 

FIGURE 4. Teak plant in pot 

2. Incubate at 30'C in light (16 h photoperiod 1000 lux). 

3. After 15-20 days (when plant lets are acclimatized, trans

plant to polybags (size 15 x 25 cm) containing soi1 : sand:compost 

(3: 3: 1) • 

3.8. Transfer to field 

1 . After about 40-60 days, when plant lets attain a height o f 

about 30-40 cm, they are ready for transfer to the field. 
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2. Fill pits (30 cm cubes), dug at 3 m intervals with 3.5 m 

between rows, with a mixture of good soil (river silt) and farm

yard manure. 

3. Before transplanting, drench the pits with 0.1% copper 

fungicide to avoid fungal attack. 

4. After transplanting, water plants at 3-day-intervals init

ially. Later they can be irrigated once a fortnight in summer 

season (March to June) and once a month in winter (October to 

February) . 

5. Urea 100 gm/tree can be applied at 2-month intervals. 

4. COMPARATIVE FIELD TRIALS 

4.1. Growth data 

The field trial (Fig. 5) was conducted with plants obtained 

from three sources; Tl - control seedlings obtained from germi

nated seeds of 14 'plus' trees; T2 - tissue culture plants raised 

from seedlings of 'plus' trees; and T3 - tissue culture plants 

raised from 14 'elite' trees. A random block design (RBD) was 

followed with 7 replicates. After planting the height measurements 

and the diameter at breast height (DBH) of all the experimental 

plants were recorded at monthly intervals. The DBH measurements 

were recorded only after the second year. All data obtained were 

statistically analyzed (see Table 2). 

4.1.1. Height. Maximum height increase was attained by tissue 

culture raised plants from 'elites' (T3) up to the third year, the 

height increment becoming more or less uniform by the fourth year. 

This was followed by height increase in plants raised by tissue 

culture from seedling explants (T2). The lowest height increments 

were from seeds (Tl-control). In the first year (1980-81), the 

increase in height was 18% higher in tissue culture raised plants 

from 'elites' over seedling tissue culture plants and 40% higher 

over the controls respectively. This gain in height in the tissue 

culture plants from 'elite' trees gradually reduced in the follow

ing years, becoming very marginal in 1984. 

An interesting observation was that even tissue culture plants 

raised from seedling explants (T2) showed a higher growth 
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increment than those raised from explants from seedlings raised 

from seed (Tl-control). 

Table 2. Comparative growth data of tissue culture and control 
teak (Tectona grandis L.) plants. 

Statistical design 
No. of replicates 
Total no. of plants 
Date of planting 

RBD 
7 
42 
June 1980 

Height increment (cm) 

Treatment 1981 1982 1983 1984 

Tl 83.03 166.9 90.1 115.9 

T2 114.50 198.3 105.4 139.3 

T3 140.00 216.3 130.9 140.9 

S E + 10.20 7.39 4.33 9.75 

C D 0.5% 31.18 22.77 13.32 N S 

Tl Control 
T2 Tissue culture (seedling) 
T3 Tissue culture (lOO-year-old 'plus' trees) 

DBli increment (cm) 

1983 1984 

5.30 1. 93 

5.80 2.01 

6.97 2.15 

0.84 0.078 

2.58 N S 

4.1. 2. Diameter at breast height (DBB) increment. Similarly 

there was a significant increase in diameter (DBH) in tissue 

cul ture T3 plants raised from 'elite' trees followed by tissue 

culture plants raised from seedlings (T2) and the control (Tl). 

The increase was 30% higher in T3 plants over the controls and 19% 

over the tissue culture plants raised from seedlings (T2). In the 

fourth year the DBH increments were marginal and insignificant. 

4.2. Flowering and fruiting 

In natural populations the earliest flowering occurs after 

about 20 years. However, the earliest flowering in experimental 

teak plants was observed within 2 years of planting in the field, 

when 1 plant out of 14 each from T3 and T2 flowered. Till 1984 out 
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of 14 plants under each treatment, 9 tissue culture raised plants 

from 'elite' (T3), 10 plants from seedling explant raised by tis

sue culture (T2), and 3 plants from seed raised controls (Tl) 

flowered. 

Flowering commenced in June and lasted till August-September 

every year. The inflorescences bore normal fruits with viable 

seeds. 

FIGURE 5. Teak field 

5. FUTURE PROSPECTS 

By the process developed in this laboratory it is possible to 

produce over 500 plants from a single bud of a mature plant or 

3000 plants from a seedling in a year. Over 1000 plants produced 

by tissue culture of seedlings and 'elite, trees were supplied to 

the Forest Development Corporation of Maharashta, India, and 

planted in the teak growing areas . Stumps of standard size, to be 

used for conventional clonal propagation as described earlier 

(Section 1.5.), were also prepared from tissue culture raised 

plant lets and successfully trr.msported. 'rhese are now undergoing 

field trials at different locations in the teak growing areas in 

the same regions from \vhere the hardwood material was collected. 

This is important since the high surv ival rate of stumps in trans

port reduces the problems of transport over long distances. This 



312 

can cut down the transport cost of plants, particularly when tis

sue culture laboratories are situated a long distance away from 

the teak growing areas. 

Only a few reports are available regarding the field perfor

mance of tissue culture plants from mature woody trees e.g. teak 

(19), Eucalyptus citriodora (20). 

The growth data obtained from the field trials on teak clearly 

indicate that tissue culture raised plants grow faster, and flower 

very early as compared to trees in natural populations. This 

observation suggests the immediate application of tissue culture 

in tree improvement programs in teak for raising seed orchards. 

However, field trials for longer periods are still necessary to 

determine whether the early high rates will affect the quality of 

the physicochemical properties of the wood. 

The cost per plant, which works out to about 30 cents, is still 

high particularly if one considers application of this method for 

mass propagation. 

will be necessary. 

Improvements and refinements in the technique 

Development of somatic embryos and encapsula-

tion with enriched polymers and production of synthetic seeds 

could be a solution to this problem of economics of the plants. 

Durzan (7) has made some, interesting calculations with cell sus

pension cultures, i.e., if 80% of the cells in 100 liters of cul

ture medium could produce embryos and plants this would be suffi

cient to plant 100,000 acres at a 12 x 12 foot spacing. To date, 

various reports are available on somatic embryogenesis of woody 

tree species such as sandalwood 

lebbeck (ll), sweetgum (27, 29). 

(26) . Paulownia (25), Albizzia 

Very recently plantlets have 

also been regenerated through somatic embryogenesis from proto

plasts of sandalwood trees (26) (cf Tulecke volume 2). 

New developments in genetic engineering procedures, including 

the recent somaclonal, gametoclonal and embryo rescue technolo

gies, show promise for their inclusion and applications in tree 

breeding programs for the genetic improvement of forestry. These 

technologies which are described in Volume 1, when combined with 

the methods of micropropagation for raising seed orchards, could 

greatly reduce the time normally taken in conventional tree breed

ing programs which is in the range of 20-30 years. 
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Several 'elites' of teak have been identified for different 

traits in Burma, India and also in various other countries. Germ 

plasm of this valuable material could be preserved in tissue 

culture banks for future use in breeding when necessary. 

Judging from the recent progress one can visualize within the 

next decade, the production of a whole new range of improved 

forest trees, having superior characteristics for uniform growth 

rates, wood quality and resistance to disease, herbicides and 

extreme climatic conditions. 
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24. TAMARIND 

A.F. MASCARENHAS, SRILATA NAIR, V.M. KULKARNI, D.C. AGRAWAL, S.S. 
KHUSPE, U.J. MEHTA 

1. INTRODUCTION 

In the INTRODUCTION of the previous chapter we have outlined 

the importance of tissue culture of tropical hardwoods. In this 

chapter we will be deal ing wi th one species, tamar ind, which we 

have extensively propagated in vitro. 

1.1. Distribution 

Tamarindus indica (Fam. Leguminosae) is a common and important 

tree of India. It is also grown in the West Indies and Southern 

Florida (2), Costa Rica, Puerto Rico and some states of Mexico 

(8) • 

1.2. Economic importance 

Almost every part of the tamarind tree finds some use. The wood 

yields a valuable timber, but the volume of heartwood is small. 

The sapwood is yellowish, often with brownish red streaks. The 

heartwood is dark brown, usually streaked and mottled with black, 

particularly in old trees. The wood is close-grained, strong, very 

hard and heavy (weight: 913-1282 kg/m3 ). It is moderately refrac

tory, shows cracking and splitting during air-seasoning and is 

unresponsive to preservative treatment. It is durable under cover 

and is resistant to insect attack. It bends well and takes on good 

polish. The wood is used mostly for agrlcultural implements, tool

handles, wheels, mallets, rice pounders, oil mills and turnery. It 

is suitable for printing blocks and tent plugs. It yields a deco

rative plank for panelling and furniture. In South India it is 

employed for constructIon work and has been recommended as a sub

stitute for teak and sal (Shorea robusta) for beams, rafters, 

purlins and trusses. The wood is also used for fuel and is prefer

red for making gunpowder charcoal. 
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The fruit contains a sweetish, acidic pulp, the tamarind of 

commerce, which is widely used for souring curries, sauces, chut

neys and certain beverages, and also as a local medicine. The 

kernel powder, commercially known as tamarind kernel powder (TKP), 

finds extensive use as a sizing material in the textile industry. 

When the powder is boiled a gruel is obtained which on drying in 

thin layers produces strong, smooth, continuous and elastic films, 

which is useful for sizing. The fatty oil from the kernel resem

bles peanut oil and is reported to be useful in the preparation of 

paints and varnishes and for burning in lamps. The average yield 

of tamarind fruit from a mature tree is 30-50 kg annually, 

a1 though some trees have been identified which yield 180-225 kg 

per year. India is perhaps the chief producer of this fruit in the 

world with an essential production of about 250,000 tonnes per 

annum. The entire demand for the pulp in India is met by indige

nous production. 

1.3. General botanical characteristics 

Tamarind is a moderately sized to Idrge, evergreen tree growing 

up to 24 m in height and 7 m in girth. It is cultivated or found 

naturalized, throughout the plains and sub-Himalayan tracts of 

India, particularly in the south. The tree has a brownish or dark 

grey bark, longitudinally and horizontally fissured. Leaves are 

paripinnate and the flowers are small and yellowish in colour with 

pink stripes. The tree grows with a spreading crown. Pods are more 

or less constricted between the seeds, slightly curved and brow

nish-ash coloured. 'fhe tree generally prefers a warm climate and 

can withstand drought, but is sensitive to frost (4). 

1.4. Diseases and pests 

The tree is affected by a number of rots such as saprot (caused 

by Xylaria euglona), brownish saprot (caused by Polyporus calcut

tensis) and white rot (caused by Trametes floccosa) (7); powdery 

mildew (caused by Oidium sp.) (6); hypocotyl rot (caused by Scle

rotium rolfsii) (3). Several insects attack the fruits and seeds 

of tamarind, both on the tree and when stored for marketing. 

These include larvae which feed on the sap of the fruits dnd the 

sap of the young twigs dnd branches. 
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1.5. Conventional methods of propagation 

The main method of propagating tamarind ~s by seeds, though it 

can also be reproduced from cuttings and by budding. Propagation 

by means of "gootee" is also followed . "Gootee" is another term 

used for air-layering. In this method roots form on the arterial 

part of the plant where the stem has been girdled or slit at an 

upward angle. The injured portion is enclosed at the point of 

injury with a rooting medium which is maintained continuously 

moist. The tree is long lived and attains a large size, but the 

rate of growth after the seedling stage is slow. The tree begins 

to bear fruit at the age of 13-14 years and continues to yield 

abundant crops for more than 60 years (7). 

2. NEED FOR TISSUE CULTURE STUDIES IN TAMARIND 

Although tamarind has been in commercial demand for centuries 

there has been no research to improve it as a crop plant. 

Throughout much of the tropics, the plants grow untended along 

roadsides, in backyards and on wasteland. These untended, unimpro

ved tamarind trees are nonetheless commercially exploited and a 

number of countries, Costa Rica and Puerto Rico for example, pro

duce canned tamarind pulp and juice. The Mexican government has 

recently planted large areas with tamarind in the state of Guerro, 

but to date the only mature plantations are those in India (8). 

Tamarind has an attractive commercial future for producing 

drinks, jams and confections on an industrial scale. The tree is 

so well adapted to both dry savanna regions and monsoon areas with 

well drained soils, that it deserves greater research attention 

and extensive organized plantings. 

Conventional methods of propagation of tamarind are faced with 

various limitations: 

1. Tamarind is suitable for growing only in regions that have 

extended spells of dry wea ther. In the humid tropics, where cain 

falls evenly the year round, the tree refuses to bear and fails to 

grow unless the soil is well drained. 

2. The tree is sensitive to frost and requires protection when 

small. 
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3. It is slow growing and late to reach bearing age. Commonly 

it gains about 0.5 to 0.8 m in height per year and takes 10-12 

years to mature and yield fruit. 

4. Seed-borne progeny undoubtedly show considerable variation 

in the size and quality of their fruit. This accounts for the 

different varieties wh~ch have been noted by many workers. 

5. None of the vegetative methods of propagation (gootee, graf

ting, etc.) have been very successful. 

6. There is no collection of germ plasm from the various 

regions that stretch from Senegal across sub-Sahel ian Africa to 

the Sudan. Collections of Indian tamarind types are not available. 

There are interesting genetic types in Thailand and elS€where in 

Southern Asia which should be preserved. 

7. Lack of efficient harvesting techniques. 

By using the method of tissue and organ culture at least some 

of the above problems can be circumvented and quicker means of 

propagation can be visualized. 

Given below are the experiments and results of various studies 

carried out with seedling tissues of tamarind, using the in vitro 

technique. 

3. TISSUE CULTURE STUDIES - METODS AND RESULTS 

Different types of explants were used to initiate cultures of 

tamarind. Different types of responses were obtained depending 

upon the media composition and other physical parameters. A brief 

outline of the various experiments are given below: 

3.1. Protocols 

3.1.1. Culture media. The two basal media used were White's (W) 

(9) and Murashige and Skoog's (MS) (5), both with minor modifica

tions as reported earlier (1). The following growth regulators and 

vitamins were added: Benzylamino purine (BAP); Biotin (Bio); 

Calcium pantothenate (CalP); Indole-3-acetic acid (IAA); Indole-3-

butyric acid (IBA); Indole-3-propionic acid (IPA); Kinetin (Kn); 

a-Naphtalene acetic acid (NAA). The various culture media used are 

given below; the concentrations of hormones (in parentheses) are 

in mg/1. 
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MS-l: MS + Kn(O.2) + BAP(O.5) + NAA(O.5) + CalP(O.l) + Bio(O.l). 

MS-2: MS + Kn(O.2) + BAP(O.5) + CalP(O.l) + Bio(O.l). 

W-l: W (no hormones) liquid. 

W-2: W + lAA(O.l) + lBA(l.O) + lPA(l.O) + NAA(l.O) liquid. 

Observe the following steps during media preparation: 

1. Adjust pH of all media to 5.8 with 1 N NaOH or 1 N HCl 

before dutoclaving. 

2. Solidify using 0.8% (w/v) Bacto agar (Difco) for MS-l, MS-2 

and W media. 

3. Pour 20 ml media/tube (25 mm x 150 mm, Corning brand). Use 

filter paper supports for liquid media. 

4. Sterilize media at 15 psi for 20 min, followed by steaming 

at atmospheric pressure for 30 min on the subsequent day. 

5. Filter sterilize (millipore filter, membrane size 0.22 \lm) 

hormones used for root initiation like lAA, lBA, lPA and NAA, and 

add aseptically to W-l medium. 

3.1.2. Germination of seeds 

1. Wash healthy taramlnd seeds with a detergent (Tween-20, 10%, 

v/v), followed by a wash in 70% ethanol for 1 min and finally in 

0.1% HgC12 for 20 min. 

2. Remove all traces of the sterilant by repeated washings with 

distilled water. Inoculate the seeds on W basal medium. 

3. The seeds germinate within 10 days of culture. 

3.1.3. Callus initiation 

1. Excise segments (10-15 mm) from different regions of in 

vitro grown seedlings (viz. stem, leaf, root and cotyledon) and 

inoculate onto MS-l medium. 

2. Callus formation is seen from all explants after 15-20 days 

of culture. Callus obtained from stem, leaf and root is whitish in 

colour and soft in nature while the callus from cotyledons is 

nodular and light brown in colour. Attempts to differentiate the 

various calli into roots, shoots, etc., proved unsuccessful. 

3.1.4. Regeneration of shoots from seedling explants 

1. Sterilize seeds and germinate them as described earlier. 

2. Use only seedlings of approximately 50-60 mm height for 

these studies. Inoculate 8-10 mm long explants of hypocotyl, shoot 

tips, nodal segments, cotyledons and roots on MS-2 medium. 
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3. Take all observations after a 30 day culture period. Hypoco

tyl explants develop 4-5 shoots per tube as compared to nodal and 

shoot tip explants which produce 1 and 2 shoots/tube respectively. 

Cotyledon and root explants form only callus without any shoot 

regeneration. 

4. Shoots regenerated in vitro attain a height of about 20-30 

mm in 30 days. Subculture the shoots once in 6 weeks onto the same 

MS-2 medium; 3-4 shoots regenerate per tube at each subculture. 

3.1.5. Rooting of in vitro grown shoots and transfer to soil 

1. Choose elongated shoots (40-50 mm long) for rooting. 

2. An auxin mixture comprising IAA, IBA, IPA, and NAA in water 

at a concentration of 1 mg/l each is used. 

3. Add the auxin mixture aseptically to W-l medium contained in 

tubes. 

4. Excise the shoots and keep for treatment in W-2 medium in 

tubes so that the basal cut end (5 mm) of the shoot dips in the 

liquid medium and is supported firmly by the filter paper bridge. 

5. Incubate cultures for 72 h in the dark. 

6. After auxin treatment shift the shoots to W-l medium. Incu

bate these cultures now in light (18 h photoperiod, 1000 lux 

intensity) • 

7. Root initiation is observed after 2 weeks of culture. Root

ing efficiency is 60-70%. 

3.1.6. Transfer of plant lets to field 

1. Remove plantlets which have attained a height of about 50-60 

mm from tubes. 

2. Wash the root system thoroughly in running tap water to 

remove all traces of medLum adhering to the plantlet. 

3. Transfer the individual plantlets into pots containing a 

mixture of sterile sand, soil and compost (3:3:1). 

4. Incubate the potted plants at 28°C under a 16 h photo

period. 

5. Transfer the plants to the field after they reach a height 

of 300-350 mm in pots. 

6. Prepare pits in the field measuring 30 cm3 , refill with soil 

and plant the seedlings in the centre. Of the plantlets, 50-60% 

survive in the field. 
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4. FIELD DATA OF TAMARIND TREES 

The tissue cultured plants of tamarind which were transferred 

to the field were given regular irrigation and a nitrogen fertili

zer (urea). Weeding was performed at regular intervals. Initially 

the plants were watered twice a week but after one year of growth 

irrigation once a week in summer (March to June) and once in two 

weeks in winter (October to February) was found sufficient. Plants 

were observed for their growth performance and other morphological 

characteristics such as flowering, branchiness, spread etc. The 

results obtained from tissue culture plants were compared with 

those of the controls (Table 1). 

Table 1. Comparative field data of tissue culture plants derived 
from seedling exp1ants of tamarind. Field planting, October 1980. 
Last observation, May 1985. Number of tissue culture plants = 14. 
Number of seed raised plants (control) = 14. Statistical design, 
paired plot. 

Observation 

1. Average height (m) 
SE (±) 
CD (5%) 

2. Branching habit 
J. Average spread (m) 
4. Date of first flowering 

~ Statistically significant. 
4 plants flowered. 

c 11 plants flowered. 

Control 

2.47 
0.02 
0.06 

Moderate 
5.18 

Not yet in flower 

Tissue culture 

3.73 a 
0.02 
0.06 

Profuse 
7.89 

~1ay 1984 b 
April 1985 c 

Although the tissue culture plants were raised initially from 

seedling explants they exhibited characteristics of full grown 

trees in that they flowered early (Fig. 1). The first flowers 

appeared in 4 of the 14 plants in May 1984, that is in three and a 

half years after planting. In the following year, i. e., in April 

1985,7 more plants flowered dnd set fruit. In contrast, seed 

raised trees take about 13-14 years to reach the flowering 
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state (7). This is a very important field observation. It reveals 

the potential use of tissue culture technique for clonal multipli

cation of elite tamarinds, i.e., of mature trees which bear high 

yields (180-225 kg of fruit/plant) and with exceptionally large 

pods well filled with pulp of a lower acid content than others and 

referred to as "sweet". It is also useful for propagation of seed

lings from seeds collected from mature selected trees. 

FIGURE 1. Tamarind trees in the field (41-year-old). a) Tissue 
culture raised plant showing early flowering (see inset). b) Seed 
raised plant (control). 

It has also been observed that the average spread (Table 1) of 

the tissue culture plants is better than that of their controls. 

The branching was profuse in tissue culture raised plants as com

pared to the moderate branching of their seed raised counterparts. 

At an average height of only 3.7 m, flowering was observed among 
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the tissue culture raised progeny. On the other hand the height 

attained by trees raised from seed often reaches up to an average 

of 8 m before flowering occurs. 

5. FUTURE PROSPECTS 

The application of the in vitro technique for propagation of 

tamarind has definite advantages over the conventional methods 

from seed. This is evident even though the plants regenerated were 

from juvenile seedling tissues. The immediate advantage will be in 

the early flowering of the tissue culture raised plants and the 

height and spread of the branches. Tamarind trees grow to an aver

age height of about 10-12 m, with a wide spreading habit. The 

fruits develop, and generally grow all around the tree, attached 

to the extreme ends of the branches. Fruits are ripened on the 

tree before harvest. Pedicels that hold the fruit to the tree are 

very tough. They cannot be broken off by hand without damaging the 

fruit and must be clipped off. However, in India the general prac

tice followed for harvesting the fruits is a dangerous, time con

suming and labour-intensive operation. A climber goes up the tree 

and strikes down the fruits from the periphery of the branches 

using long bamboo poles. 

From the present results of the field grown tissue culture 

raised plants it appeasr as if the harvesting operations can be 

simplified and carried out by safer procedures or even by mechani

cal methods. The tissue culture trees grow as small bushes, barely 

3-4 In in height as compared to the large trees raised from seed 

that may reach a height of 25 m. The short stature of the trees 

thereby permits planting of a much higher population per given 

area (about 156 plants with a 9 x 9 m spacing per hectare). This 

could substitute for the present planting practice where trees are 

planted at a 12.5 x 12.5 m spacing with 65 plants per hectare. 

The method described permits a rapid rate of plant production 

with a tree species where conventional vegetative methods of pro

pagation are not yet well developed. No attempts have been made to 

do a cost analysis of the plants produced, but based on the 

results of the field trials, it is not expected that the costs 

would be excessive. Even if the cost is higher than with seed 
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raised plants, the use of tissue culture plants may well be justi

fied by their subsequent performance with early flowering and 

fruiting cycles. 

The potential application of plant tissue culture to crop and 

tree improvement is now astonishing. The tissue culture technique 

described for tamarind could be integrated into breeding programs. 

This could result in the development of unique germ plasm of this 

important tropical tree. 
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25. HEVEA TISSUE CULTURE 

K. PARANJOTHY 

1. INTRODUCTION 

The genus Hevea is a member of the Euphorbiaceae and is endemic 

to the Amazon basin and its neighbouring parts including Matto 

Grosso, Upper Orinoco and the Guianas. The taxonomy of the genus 

has been intensively studied (29). Nine species are now recognized 

in the genus and of these only H. brasiliensis is important eco

nomically. Virtually all the natural rubber produced to-day is 

derived from this species. 

Hevea is cultivated both on a plantation basis and in small

holdings, mostly in high rainfall areas within 15°N and laOS of 

the equator. Rubber growing countries in Asia include Malaysia, 

Indonesia, Thailand and Sri Lanka. Rubber is also grown in south

ern parts of India and in the Peoples Republic of China in Hainan 

island. It is also cultivated in Africa, but to a lesser extent, 

principally in Liberia and Nigeria. Cultivation in the South 

American tropics has not been successful, attempts generally being 

severely limited by leaf blight caused by the fungus Microcyclus 

ulei. 

Total natural rubber production in 1984 amounted to 4.2 M 

tonnes (13), production from various countries being estimated as 

follows: Malaysia (1.51 M), Indonesia (1.14 M), Thailand (0.60 M), 

India (0.19 M), China (0.18 M), Sri Lanka (0.15 M) and other coun

tries (0.43 M). 

Chemically, the rubber obtained from ~. brasiliensis is cis-l-

4-polyisoprene (C 5H8 )n and is present in the form of spherical, 

ovoid or pear-shaped particles (ranging in size from 5-6 ).lIlI in 

diameter or length) in laticifers distributed throughout the tree, 

but only rarely in the wood. The bark is the only tissue that is 

commercially exploited, the bark being tapped at periodic 
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intervals by removal of a thin shaving. Rubber particles comprise 

about 90% of the dry weight of the latex exudate. 

Breeding progress has been remarkable, with modern clones 

yielding in excess of 1637.5 kg/hectare/year compared to a yield 

of about 512.5 kg/hectare/year in unselected seedlings (28). Chro

mosome counts of somatic cells of all members of the genus studied 

to-date indicate 2n to be 36. It has been suggested (12) that 

Hevea is an allotetraploid, with x=9. 

Propagation for commercial planting is largely by bud-grafting. 

Under plantation conditions, the trees may reach heights of 

25 metres after about 25 to 30 years. The phenomenon of juvenility 

(see for example, ref. 7) is clearly reflected in many aspects of 

the growth and development of Hevea. Growth during the first 3 to 

5 years is purely vegetative and thereafter (in Peninsular 

Malaysia) the trees usually flower twice a year. There evidently 

are rapid physiological changes even during the vegetative phase. 

Thus cuttings from young plants root readily, whilst this ability 

is reduced as the plants age. Wiersum (31) found that leaf cut

tings, carrying one leaf and one bud on a piece of stem approxi

mately 1-2 cm long rooted only when taken from seedlings less than 

6 months old. He also noted that cuttings taken from young seed

lings produced pseudotaproots while Yoon and Leong (34) found that 

cuttings taken from source bushes generally lacked taproots. Buds 

taken progressively lower down the bole of seedlings produce bud

dings with correspondingly greater seedling-like stem conicity 

(16). Buds taken from source bushes (as for commercial propaga

tion) produce buddings with boles that are uniformly cylindrical 

in diameter, unlike the concial stem of seedlings. 

2. POSSIBLE USES OF IN VITRO METHODS IN HEVEA 

One possible use of tissue culture, albeit a limited one, is in 

propagation. Though Hevea is easily propagated by bud-grafting, 

the routine use of clonal rootstocks is limited by the absence of 

taproots on cuttings from mature plants (or source bushes) and by 

the difficulty of rooting some clones. Thus the production of 

clonal rootstocks with tap roots might enable exploitation of 

useful stock/scion interactions. 
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Another anticipated use of tissue culture methods is in the 

creation of somaclonal variants. The question of whether it will 

be possible to produce useful variants is an important one. It is 

likely that the production of variants will be required on a large 

scale as most will be undesirable. Success will depend to a large 

extent on the type of change desired. For example, it should be 

easy to spot morphological deviants such as dwarfs. Features such 

as disease resistance would be more difficult to identify as this 

will require screening and selection. It is conceivable that cells 

in vitro could be screened against the pathogen (or toxin) and 

that plants could then be developed from resistant cells. However, 

it is likely that factors conferring disease resistance in in 

vitro cultures may often not be operative in mature plants in the 

field. 

The production of haploids from pollen is another use in gen

etic improvement of Hevea. This may be viewed as particularly 

useful since Hevea is not only a perennial but also an outbreeder. 

Haploids are relatively rare in outbreeding species, except in 

amphidiploids (10). The successful production of haploids by 

anther culture methods (5) lends credence to the view that Hevea 

is probably a tetraploid. Chen (4) points out that it is virtually 

impossible to obtain pure lines by successive inbreeding in Hevea 

and suggests that anther culture now provides a means of obtaining 

homozygous diploid lines, which after assessment for combining 

abili ty can be used for production of superior uniform hybrid 

lines. 

Novel methods of crop improvement are of interest especially in 

crops where progress through conventional breeding is slow as in 

many perennial crops. In this respect protoplasts may be relevant. 

Nevertheless, in Hevea it is difficult to identify clearly their 

use in crop improvement at present, though the potential use of 

protoplasts in genetic engineering is well recognized. 

Aseptic culture methods have been recommended by quarantine 

experts as a means of avoiding transfer of undesirable microbes 

together with Hevea germplasm. Thus methods for aseptic culture of 

seeds or embryos may have useful applications. Aseptic culture of 

immature embryos may also have applications in overcoming barriers 
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in interspecific crosses or difficult crosses (less than 5% suc

cess rate) between clones within ~. brasiliensis itself. Finally 

Hevea seeds are short-lived and cyropreservation of excised 

embryos might be potentially useful in germplasm storage. 

3. ORGAN CULTURES 

3.1. Seed embryos 

Muzik (15) found that mature embryos developed rapidly in La 

Rue's (11) medium but immature embryos cultured at various stages 

of their development failed to develop further. Toruan and 

Suryatmana (30) reported that seedlings were obtained from decoty

ledonized embryos in Murashige Skoog (MS) medium and subsequently 

established in soil. Others (15, 19) however, found that mature 

embryonic axes usually fail to grow unless a portion of the coty

ledon is attached, though improved growth was observed in liquid 

media. Genetic differences in embryos used could partly account 

for these different observations. 

3.2. Seed culture 

Investigations on aseptic methods for use in international 

transfer of Hevea germplasm have been carried out in the Rubber 

Research Institute of Malaysia (RRIM) (21, 25). Dehusked seeds 

from pods or freshly fallen seeds collected from the ground ger

minated normally when cultured in nutrient media containing 3% 

sucrose - the nutrients and sucrose being utilized for detection 

of microbial growth. Surface-sterilants such as sQdium hypochlor

ite and mercuric chloride were useful in reducing contamination in 

cul tures only when fresh seeds were used. Dehusked seeds from 

older seed batches gave rise to high contamination levels. Bro

mine, used at 2% for 5 minutes, was found to be superior to sodium 

hypochlori te and mercuric chloride for surface-sterilization of 

dehusked seeds from older seed batches, where contamination was 

presumably deep seated. Seed germination was not adversely affect

ed by treatments with bromine and seedling growth appeared normal. 

Attempts to reduce sterility by prolonged treatment with sodium 

hypochlori te or mercuric chloride inevitably led to adverse ef

fects on seed germination. The toxicity of the latter sterilants 

in relation to bromine is probably related to the relative 
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difficulty in the removal of the sterilants after surface-sterili

zation. Seedlings were maintained for about 3 weeks in test-tubes, 

at which time plumule height averaged 9.3 cm. The seedlings were 

then established in soil. 

3.3. Shoot apices 

Paranjothy and Ghandimathi (18, 19) attempted culture of 2-3 cm 

long shoot apices derived from 2 to 3 week old aseptically grown 

seedlings. Growth of the apices was poor in solid media. However, 

the apices grew into rooted plantlets within 4 weeks of transfer 

to liquid MS media (23). Mascarenhas et al. (14) reported develop

ment of about 3 shoots/explant when terminal buds from 10-20 year 

old trees were cultured in solid MS media supplemented with 

0.5 ppm kinetin, 2.0 ppm N6-benzyladenine (BA), 200 ppm casein 

hydrolysate, 0.1 ppm calcium pantothenate and 0.1 ppm biotin. 

Excised shoots were induced to root by treatment in White's medium 

containing 10 ppm each of indole-3-acetic acid (IAA), indole-3-

butyuric acid (IBA), indole-3-pyruvic acid (IPA) and naphthalene 

acetic acid (NAA). A rooting rate of 60% was achieved. 

3.4. Stem nodes 

Carron and Enjarlic (3) reported that nodes from young green

house plants sprouted in basal media (devoid of growth substances) 

supplemented with 0.5% activated charcoal and 60 gil of sucrose. 

To obtain sprouting of axillary buds the explants had to be pre

treated in a solution containing 5 ppm IBA and 10 ppm BA for 

2 hours. Rhizogenesis in the sprouts was induced by dip treatment 

in a solution containing IBA and NAA (5 ppm each) for 5 days. 

Roots were developed subsequently on nutrient media devoid of 

growth substances. 

4. SOMATIC CALLUS CULTURES 

Though callus cultures of Hevea can usually be initiated with

out much difficulty from a variety of explants, cultures are not 

always amenable to subculture or are slow growing. Explants deriv

ed from young Hevea seedlings tend to reflect very strongly the 

capacity for root formation seen in juvenile cuttings (6, 18, 19, 

33). Thus on media containing lAA, NAA or S-naphthoxyacetic acid 

(NOA) hypocotyl explants will form roots but little callus {18, 



331 

19). In media containing 2,4-dichlorophenoxy acid (2,4-D) callus 

formation is usually seen in these explants; root formation is 

evident when sucrose concentration is raised to 10%. The callus 

obtained from hypocotyl explants often produces roots on subcul

ture. The callus from hypocotyl explants is usually hard and com

pact and some samples exude latex when cut for subculture. Cotyle

don explants also proliferate roots, even in media without growth 

substances (18, 19). Root formation is supressed in these explants 

in media containing 2, 4-D or p-chlorophenoxyacetic acid (p-CPA), 

callus proliferation usually being evident. This callus, however, 

is usually not amenable to subculture. The site of root formation 

is clearly constrained by polarity as rooting always occurs at the 

petiolar end. Triiodobenzoic acid (TIBA), which is well known to 

inhibit polar movement of auxin, is strikingly inhibitory to root 

production in these explants, even at low concentrations in the 

region of 0.1 ppm. 

Carron and Enjarlic (3) reported that callus could be obtained 

from leaf explants and "maternal tissues from seed" on basal media 

of high salt concentration supplemented with auxins (2,4-D and IAA 

at 0.3 to 2 ppm and 1 to 5 ppm respectively) and cytokinins (kine

tin and BA at 1 to 5 ppm each). When callus was allowed to age for 

5 months without subculture, on media containing 2 ppm NAA and 

2 ppm BA, numerous embryoids appeared. 

Callus formation in stem explants has been observed by several 

investigators (2, 6, 33). Wilson and Street (33) found that newly 

initiated callus cultures from stem explants spontaneously initi

ated roots. On serial subculture this property was lost, and the 

cultures became heterogenous, i.e., they formed light proliferat

ing segments and darker compact non-growing segments. After two 

passages in liquid medium, large cell aggregates, when transferred 

back to solid medium yielded a highly friable light coloured fast

growing homogenous callus which retained its character on subcul

ture. This callus, when transferred back to agitated liquid 

medium, yielded 'a fine rapidly growing cell suspension culture. 

When the suspensions were maintained for several months without 

subculture the larger cell aggregates which developed gave rise to 

embryo-like structures. Attempts to promote further development of 

these embryo-like structures into plantlets were unsuccessful. 
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Callus from the somatic tissue of anthers has been found to be 

readily established and also to be amenable to routine subculture 

(5, 18, 26, 27). The nutritional requirements of anther wall 

derived callus have been studied in detail (19). An auxin and a 

cytokinin are required for both initiation of the callus and its 

sustained growth. Coconut milk was inhibitory to growth of the 

callus. Amongst a large number of carbohydrates tested sucrose 

appeared to be the best source of carbon for growth of the callus, 

with fructose and raffinose supporting growth to a lesser extent. 

Surprisingly, glucose was relatively ineffective in supporting 

growth of the callus. Thiamine promoted growth of the callus mark

edly, the optimal concentration being 5 ppm. Amongst the trace 

elements tested, Fe, B, Mn, Zn, I, Mo and Cu were essential for 

callus initiation and growth. Cobalt did not appear to be required 

for callus initiation or growth. 

Differentiation of embryoids from the anther derived callus was 

achieved by transfer of fresh callus, initiated on MS basal medium 

containing 0.1-10 ppm 2,4-0 and 1.5 ppm kinetin, to media contain

ing 0-0.5 ppm 2,4-0 and 0.1-5 ppm kinetin. This procedure general

ly involved transfer of callus to media containing a reduced con

centration of auxin. In addition to the sequential transfer, it 

was found that embryoids appeared only when high levels of sucrose 

(10%) were incorporated in both the callus initiation and differ

entiation media (17). Embryoid initiation is evidently a clonal 

feature. Embryoid induction also may depend on the physiological 

state of the donor plant. An analysis of experiments carried out 

over three years in the RRIM indicated that embryoids were most 

frequently obtained in anthers cultured in August (Paranjothy, 

Unpublished) • 

The embryoids that develop from the anther wall derived callus 

are usually nodular or spindle shaped with clear evidence of 

bipolarity. They are white and shiny. The presence of an epidermis 

and the development of procambial strands is clearly evident in 

anatomical sections. The embryoids generally turn green when kept 

under light and some develop a pair of cotyledon-like structures. 

Shoot development appeared to depend on the development of large 

cotyledon-like structures (20, 24). 
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5. SUSPENSION CULTURES 

Supsension cultures have been initiated from anther-wall deriv

ed callus (19) and from callus initiated from stern explants (33). 

Suspension cultures initiated from anther-wall tissue have been 

used for isolation of protoplasts (22) and suspensions developed 

from stern segment callus have been used in studying metabolism of 

ethephon (1). 

Suspension cultures initiated from anther-wall derived callus 

were reported to increase a hundred fold in fresh weight wi thin 

six weeks in media supplemented with 1 ppm 2,4-D, 1 ppm BA and 3% 

sucrose (19). This growth was comparable to that seen in callus 

cultured on solid media. The suspension cultures turned green when 

the MS medium was modified by doubling the concentration of KH 2P04 
and reducing the levels of NH 4 N0 3 and KN0 3 to half the original 

concentration. 

Callus initiated freshly from stern segments did not yield cell 

suspension cultures (33). However, large aggregates, recovered 

after two passages in liquid medium, yielded a highly friable 

light coloured fast growing homogenous callus when again grown on 

solid medium. This callus retained its distinctive character on 

subcul ture. When transferred back to agitated liquid medium this 

callus yielded a fine rapidly growing cell suspension culture 

which could be serially propagated in the same medium as that used 

for callus culture. When the suspensions were maintained for 

several months without subculture the larger aggregates which 

developed gave rise to embryo-like structures. 

It was suggested (32) that the changes resulting from subcul

ture in liquid medium are related to those undergone by callus 

which becomes habituated. Estimation with Salkowski's reagent and 

by bioassay showed enhanced auxin production in the rapidly grow

ing callus. 

6. PROTOPLASTS 

Rohani and Paranjothy (22) attempted isolation of protoplasts 

from a variety of Hevea tissues and found that pith from young 

shoots and suspension cultures of anther-derived callus were the 

most promising sources. Fine suspension cultures were necessary 
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for isolation of viable protoplasts. The fine cell suspensions 

were obtained by repeated serial subculture of the anther-wall 

derived callus in liquid media. The isolated protoplasts regener

ated cell walls wi thin seven days but cell divisions were not 

observed. 

7. HAPLOIDY 

7.1. Anther culture 

Satchuthananthavale (26) and Paranjothy and Ghandimathi (8, 19) 

reported isolated cases of multicellular pollen in cultured 

anthers. The first production of pollen plantlets in Hevea, how

ever, was reported by Chen et al. (5) in 1979. Numerous papers on 

haplogenesis in rubber by investigators in China have since 

appeared, many of the papers in Chinese with English summaries. 

Indeed several hundred pollen plantlets have been established in 

soil. Recent reviews (4, and Chen, Volume 2 of this book) 

summarize most of these investigations, and provide detailed pro

tocols. The following account is based on the latter review and 

attempts to highlight the important aspects of Hevea anther 

culture. 

Anthers used for inoculation should have well developed micro

spores and, therefore, male-sterile clones should be avoided. 

Inviable microspores may also be encountered during those periods 

of the year when climatic conditions may be unfavourable. The 

uninucleate stage is optimal for inoculation of Hevea anthers. The 

majority of flower buds at the uninucleate state are 3-3.5 mm in 

length. When the corollas have turned yellow the microspores in 

the anthers are at the binucleate stage. 

Proliferation of both haploid and somatic cells in cultured 

anthers is common and an important strategy in obtaining haploid 

plantlets eventually is suppression of somatic callus prolifera

tion. This is achieved partly by incorporating coconut water and 

partly by use of sucrose at a level of 7-8% in the medium. Lower 

levels of sucrose (3%) favour somatic callus proliferation. Both 

the N composition and concentration is evidently important for the 

dedifferentiation of microspores in preference to that of somatic 

cells. A decrease of N0 3 ion concentration in MS medium favours 
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the development of pollen embryos, but a higher concentration of 

total nitrogen is required for induction of pollen embryos. The 

concentration of KH 2P04 is evidently also important, the highest 

frequency of callus and embryo induction being obtained at the 

highest concentration tested, i.e., triple the concentration in MS 

medium. Kinetin and 2,4-D is sufficient to induce a high frequency 

of callusing anthers, but the addition of three growth substances 

is required for dedifferentiation of microspores (1 ppm K, 1 ppm 

2,4-D and 1 ppm NAA). 

The time of transfer of callusing anthers to fresh media for 

differentiation is also critical. After 20-25 days in culture, 

most of the dividing cells are diploid, but after about 50 days 

the latter start senescing and are replaced by callus of micro

spore origin. Thus, transfer of callusing anthers after 50 days to 

the differentiation medium is recommended. Three growth substances 

(K, NAA and GA3 ) are required in the differentiation medium at 

concentrations of 1, 0.2 and 0.07 ppm respectively. Sucrose at a 

concentration of 7-8% is again optimal for differentiation. 

Visible embryos emerge about one month after callus has been 

transferred to the differentiation medium. Embryo development is 

complete after about 2-3 months when they are transferred to fresh 

media for plantlet development. For the latter phase of growth the 

optimal concentration of sucrose is 4-6%. Incorporation of GA3 , 

IAA and 5-bromouracil is required for plantlet development. 

7.2. Ovule culture 

Guo et al. (9) reported obtaining two plantlets from cultures 

of unpollinated ovaries. The protocol used was similar to that for 

anther culture described above. The chromosome number of these 

plantlets was not reported. 

8. CONCLUSION 

Several aspects of Hevea tissue culture are in a well advanced 

experimental stage. Notable developments include the production of 

plant lets from both somatic and gametophytic cells through embryo

genesis and production of multiple shoots by culture of excised 

stem apices. Application of these findings for improvement of 

Hevea is being attempted at several centres of rubber research. 
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Ongoing research is aimed at increasing the frequency of plantlet 

regeneration from pollen, somatic callus and from shoot apices. 

The regeneration of plantlets from cell suspension cultures and 

protoplasts of Hevea is yet to be achieved but potential applica

tions through genetic engineering now provide research incentives 

in this area. 
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26. PALMS 

B. TISSERAT 

1. INTRODUCTION 

Previous reviews have already expounded on the uses of tissue 

culture to aid in the more effective utilization of Arecaceae 

(Le., palm family) (9, 18, 20, 51, 58, 84, 98, 104, 116). The 

palm family consists of over 200 genera and about 2500 species (9, 

84, 104). Palms are woody tree-like monocots ubiquitous in the 

tropics. However, several important species also are native to 

mediterranean and desert climates. A great deal of variation in 

palm structure, morphology, and size occurs within the palm family 

although two monocotyledenous characteristics are common; i.e., 

the trunk consists of numerous scattered cortical layers inter

dispersed with vascular bundles and fibers, and fruits are either 

drupes or berries occurring in discreet compact inflorescence 

packages terminating at the end of inflorescence buds. 

1.1. Economics 

Detailed reviews concerned with the economic importance of 

palms in world agriculture have recently been published (84, 104). 

In sUbsistence agriculture, prior to the twentieth century, palms 

provided food, shelter, fuel, fiber, clothing, and material for 

furniture and other implements. Changing agricultural conditions, 

such as the advent of large plantation culture systems, have eli

minated the practice of full palm utilization. Specialized palm 

crop products include: palm hearts, palm oils (from coconut (Co

cos nucifera L.) and oil palms (Elaeis quineensis Jacq.), dates 

(Phoenix dactylifera L.) and coconut fruits, ornamental trees, 

timber, and waxes (104). Palm oil has become the most important 

vegetable oil on the world food scene today (104). Due to its 
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agricultural requirements and high crop yield oil palm has become 

the most efficient oil producing crop in the world (104). 

1.2. Husbandry and breeding problems in this family 

The genetics, morphogenesis, morphology, and physiology of 

palms have been less systematically studied than that of other 

tree crops because their agricultural uses were not fully appre

ciated by earlier agriculturalists. Increased world food demand 

has resulted in the recognition of the inherent value of indige

nous plants as potential food producers. Consequently, within the 

last decades several palm research centers and agricultural indus

tries have developed. 

Most palms are long-lived, requiring several years of juvenile 

development to reach the adult flowering stage. Thus, for dioe

cious species one must wait several years to determine sex and 

then evaluate the fruiting qualities. Trees are highly heterozygo

tic, and, therefore, do not breed true. Consequently, breeding 

disease resistant or high crop yielding trees is a long-term, 

expensive project. To compound crop improvement problems, vegeta

tive propagation is difficult, if not impossible (62, 80, 81). 

Many palms (e.g. coconut and oil palm) can not be clonally propa

gated since they lack vegetative axillary buds. Grafting is not 

possible because monocots do not have a vascular cambium. Without 

an adequate method to clonally propagate palms, uniform yields are 

not possible in plantations. 

1.3. Potential benefits of tissue culture 

Serious interest in palm tissue culture as a means to mass pro

duce high-yielding or disease resistant clones in large numbers 

for plantation cultivation began in the 1960's (3, 27, 66, 67, 69, 

79, 113). Numerous attempts to determine the parameters necessary 

to culture palms in vitro were conducted (1, 4, 7, 10, 11, 24, 32, 

33, 34, 35, 37, 39, 53, 55, 61, 80, 81, 82, 88, 90, 92, 93, 94, 

115). By the late 1970's, a number of in vitro methodologies had 

been presented for potentially cloning palms (5, 21, 23, 29, 47, 

48, 65, 70, 77, 83, 85, 86, 91, 96, 97, 108). In the 1980's these 

reports 

(6, 13, 

were reconfirmed 

14, 15, 22, 31, 

and 

43, 

expanded upon in numerous studies 

44, 46, 52, 59, 63, 64, 100, 101, 

121). Initially, coconut, oil and date palms, being the most 



340 

economically important palms were target plants for early tissue 

cuI ture studies. However, the methodologies employed to tissue 

culture these palms may be used to culture other palms as well 

(41, 46, 85, 122). 

Most palm tissue culture studies may be divided into three 

categories each with distinct objectives: 1) clonal propagation, 

2) embryo culture, and 3) physiological studies of growth and 

development. Clonal propagation of palms which is pursued to pro

duce numerous genetically uniform trees (19), clearly is currently 

drawing the most interest and research efforts (2, 9, 102). 

Potentially, clonal propagation can be accomplished through either 

asexual embryogenesis, i.e., plantlet formation by the initiation 

and germination of a somatic embryo (104), or organogenesis, i.e., 

the sequential formation of roots from shoots (86) or vise versa 

(91). Embryo culture, i.e., the excision and germination of an 

isolated embryo, is employed to produce rare incompatible crosses, 

or increase seedling populations through improved germination (8, 

25, 38, 45, 68, 71, 72, 74, 75, 89). Tissue culture techniques may 

be employed to study various aspects of palm growth, morphogene

sis, and physiology (16, 17, 26, 54, 73, 74, 78, 107). Germplasm 

preservation through aseptic culture or cryogenic storage coupled 

with tissue culture is possible (36, 58, 60, 110, Ill, 112). 

2. MATERIALS AND l'lETHODS 

Although the palm family is large and diverse, a general simi

larity appears to exist regarding the response of palm tissues to 

in vitro conditions (41, 122). Since it is not possible to address 

each palm study individually in this paper, I will only discuss 

procedures that were primarily developed for the date palm. 

However, these procedures should not be taken as absolute but as a 

preliminary workable guide which will undoubtedly be modified 

through later research efforts for other palms. 

2.1. Embryo culture 

2.1.1. Explant selection and sterilization techniques. Both 

immature and mature seeds can be successfully germinated in vitro 

and produc;e seedlings through stages of development that cor

respond to that found in the seed (57, 98). Two longitudinal 
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incisions will usually suffice in opening the fruit to obtain the 

seed. Mature seeds usually have to be scrub brushed to remove 

fruit debris which, when left on seeds, will increase contamina

tion problems. A harsh disinfectant, such as 2.6% (w/v) sodium 

hypochlorite (NaOC1) (122), or 0.2% aqueous mercuric chloride 

(HgC12) (60), must be employed to surface sterilize palm seeds. To 

obtain excised embryos immersion of seeds in a 0.5% HgI2' or 

HgC12' or 3% 12' in 95% ethanol for 30 minutes is recommended 

(56) . 

2.1.2. Excision and medium cOQPosition. Mature seeds are soaked 

for 24 to 48 hours in tap water to hydrate the embryo and endo

sperm and facilitate subsequent opening of the seed. Some palm 

seeds such as oil palm have such a hard seed coat that soaking 

does not soften the endosperm. In such cases, seeds may be opened 

by wrapping in a towel or bag and cracking slowly in a vise. The 

seed (minus seed coat) is positioned between thumb and index 

finger and using an anvil hand cutter (presoaked in 95% ethanol 

and flame treated) a 2 cm longitudinal incision is administered at 

the opposite ends of the furrow. The halved seed will fracture 

apart allowing the embryo to become exposed without damage. Using 

a surgeon's scalpel fitted with a #11 surgical blade the exposed 

embryo is removed from the halved seed either by 1) piercing the 

haustorium end and the embryo (i.e. the end most embedded within 

the seed), or 2) lifting the embryo out of the endosperm-embryo 

cavi ty by applying pressure, 

blade (this procedure will 

using the blunt side of the scalpel 

avoid embryo damage). As with seed 

sterilization, a harsh disinfectant is required to surface steril

ize the surface of palm explants compared to those treatments 

employed for other tissue cultured plants (32, 82, 96, 121). It is 

suggested that 2.6% NaOCl be employed for 15 min without a sterile 

water rinse. Following aseptic preparation of the tissue an addi

tional NaOCl soak is employed prior to explant introduction to the 

medium (96). The excised embryo is placed longitudinally on the 

surface of the agar medium, making sure that embryo damage or 

immersion of the embryo into the agar medium is avoided. The 

embryos are incubated on r'lurashige and Skoog inorganic salts, 0.4 

mg 1-1 thiamine HC1, 100 mg 1-1 meso-inositol, 3% sucrose, 
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and 0.8% Phytagar (basal medium, BM), under 2.25 Wm- 2 light inten

sity provided by Gro-lux fluorescent lights at 28°C in an environ

mental chamber. Activated charcoal may be added at the rate of 

0.3% to enhance germination and reduce browning of medium and 

explant (114, 118). Addition of hormones was usually found to be 

inhibitory to normal embryo germination (8, 122) although this is 

not always the case (12, 66). Embryos enlarge and germinate within 

1 to 2 weeks after planting. Following 8 weeks in culture, plant

lets will be 2-6 cm in length with a primary root system and a 

first foliar leaf. It may be necessary to reposition the embryo 

during this 

embedded in 

embryos are 

were found 

first culture transfer so that the root portion is 

the agar medium and the leaves grow upwards. The 

recul tured every 8 weeks. Isolated coconut embryos 

to germinate poorly in vitro but if recultured in 

medium containing high sucrose (8%) embryo and shoot growth was 

much enhanced (28). 

2.2. Asexual embryos via callus 

2.2.1. Explant selection and contamination problems. A variety 

of explants have been employed to successfully establish embryo

genic callus. Highly meristematic tissues such as meristems, shoot 

tips and axillary buds should be employed as the explants of 

choice since they are more likely to behave in a highly morpl10-

genetic fashion and should be more likely to exhibit clonal quali

ties (121). Excised zygotic embryos generally produce morphogene

tic callus in about 20% of the cultures with the rest showing only 

partial morphogenetic ability (122). In no case is a 100% embryo-

genic callus obtained from every cultured explant. Immature 

leaves and roots have served as the source of embryogenic callus 

in oil palms with usually less than 5% producing such callus (18). 

Immature inflorescence strands obtained from unopened spathes have 

served as a source of embryogenic callus in date palm and in Cha

maedorea costaricana (85). Tissues of more mature inflorescences 

of date palm were less morphogenetically plastic (96). Contamina

tion in palms may occur days, weeks or even months after estab

lishment in vitro. It is suspected that there are either intern

ally lodged contaminants or spore borne surface types which resist 

sterilization techniques. Frequently, when cultures are under 
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stress (e.g. not frequently recultured) contamination is most 

likely to occur. 

2.2.2. Medium composition and cultural techniques. Explants are 

cultured on BM supplemented with 30-100 mg 1-1 2,4-dichloropheno

xyacetic acid (2,4-D), 0-3 mg 1-1 N6_(2-isopentenyl) adenine (2iP) 

and 0.3% activated charcoal. Production of callus from palm 

explants was achieved through the inclusion of an auxin source in 

the nutrient medium (14, 15, 85, 100), and was further enhanced by 

smultaneous inclusion of a cytokinin (such as 2iP) (85). Callus 

growth usually is slow and may require several weeks or months 

prior to becoming evident on the explants (106). Explants are 

recultured at 8 week intervals. When white-yellow, friable nodular 

callus becomes prominent, 1 cm3 pieces are subcultured on BM 

wi thout growth regulators. Asexual embryos and green plantlets 

usually will become apparent within 2-4 weeks in culture. Once 

this friable embryogenic callus is obtained it may be proliferated 

for prolonged periods of time through reculture on medium devoid 

of growth regulators under light. Apparently, light strongly pro

motes further callus and plantlet development from subcultures 

(103) . 

2.3. Axillary budding in vitro 

2.3.1. Explant selection and treatment. Currently, axillary 

budding is being seriously explored as a type of micropropagation 

with date palms only (41, 65, 105, 120). Axillary budding in vitro 

is infrequent in coconut palms (38), and ~. canariensis L. (41), 

presumably because these species do not produce vegetative axil

lary buds in nature. In date palm, axillary budding can be induced 

from offshoot axillary buds, plantlets from somatic callus, shoot 

tips, or germinated embryos in vitro (107). Shoot production via 

inflorescence tissue through reversal of the generative meristem 

to a vegetative form has been reported in coconut (34) and date 

palm (84). The same protocol to surface sterilize the explants 

that produce embryogenic callus is employed to obtain sterile 

explants of buds and tips to produce axillary bud proliferations. 

2.3.2. Medium composition and cultural techniques. Tips and bud 

explants are established on BM with 0.1 mg 1-1 I-naphthaleneacetic 

acid (NAA) and 5-15 mg 1-1 2iP, kinetin or 6-benzylaminopurine 
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(BA). Incubate cultures under 2.25 Wm- 2 illumination using a 16 

hour photoperiod at 28°C in an environmental chamber. The cultures 

will initiate leaves and enlarge considerably in size within the 

next 4-6 weeks in culture. The explant is recultured on fresh 

media every 8 weeks. Initially axillary budding from cultured tip 

and bud explants is not as prolific as in some herbaceous species. 

But through culture habituation the number of buds produced rises 

per reculture. Generally 1-3 axillary buds can be produced from a 

single tip every 8 weeks. 

2.4. Establishment of free-living plantlets 

2.4.1. Plantlet handling in vitro. Once plant lets have been 

obtained in vitro either from germinating zygotic embryos or 

through somatic embryogenesis or axillary tip development, the 

mode of their further development follows a similar pattern. 

Therefore, all plantlets can be treated alike for the purpose of 

producing free-living palms. Plant lets should be isolated from the 

tissue of origin and established on basal medium containing 0.1 mg 

1-1 NAA. Under 4.5 Wm- 2 illumination rooting is obtained from 

somatic plantlets derived from callus if the primary root is 

retained (87, 103). oil palm plantlets derived from callus were 

initially found to root poorly; this deficiency was overcome 

through light treatments (19, 21). The plantlets are recul tured 

two or three times every 8 weeks until they reach a length of 10 

em, with 2 to 3 leaves, and has a well-developed adventitious root 

system. Alterations of the BM composition concentrations were not 

found to be beneficial to plant let development in date palm (99). 

2.4.2. Plant let handling in vivo. Establishing palm plantlets 

in soil requires initial continuation of high humidity levels 

found in the cul-ture environment followed by a gradual lowering of 

these levels. This is accomplished in high humidity chambers or 

wi th fogging systems. Plant lets should be carefully removed from 

agar medium without damage to the root systems and soaked in 

distilled water for 15 minutes to avoid dehydration and to remove 

excess adhering media. It is desirable for plantlets to be rinsed 

3 times with distilled water, and to be sprayed with 0.5% (w/v) 

benlate (DuPont, Wilmington, Delaware) fungicide solution before 

transfer to soil medium. The soil medium consists of peat moss and 
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vermiculite in a 1:1 v/v ratio, although a variety of other soil 

mixtures have been employed without any notable difference in 

growth responses (99). Plant lets were planted in either 3" diam

eter plastic pots or jiffy peat pots and enclosed within a trans

parent tent composed of two interlocking clear polystyrene 

tumblers. The plants are initially incubated in an environmentally 

controlled chamber under 500-S00 foot-candle light intensity, 16 

hour photoperiod at 2S·C for 2 weeks, and then transferred to a 

shaded greenhouse. The plantlets are gradually acclimatized to the 

greenhouse humidity conditions by punching holes in the plastic 

cover. After 2 months, the covers may be removed and the plants 

may be treated as palm seedlings thereafter. When a fogging 

system is employed plant lets should be kept in 95% relative 

humidity (RH) for 1-2 weeks in a shaded environment, followed by 

transfer to 90%, then SO% RH at one week intervals while increa

sing light intensities. The RH is decreased to 65% using a 

periodic misting system for 1 to 2 weeks: then the plantlets are 

transferred to a shaded greenhouse at 40-60% RH for 2-S weeks: 

followed by transfer to the outdoors under a shade cloth at 30-40% 

RH for 2-S weeks prior to exposure to full sunlight. Once a week 

0.5% benlate is administered to the foliage to minimize fungal 

growth. The pots are watered once a week with one-fourth strength 

Hoagland's solution during the first two months of development. 

2.5. Microbreeding systems: anther, flower and protoplast culture 

2.5.1. Explant selection and treatment. Production of embryos 

from anthers in culture has been reported for dates (15) and 

coconut (95). Anthers were obtained from flowers prior to their 

opening. The procedures employed were similar to those used in 

other anther culture experiments (95). In vitro flowering of 

plantlets derived from callus, germinating zygotic embryos, and 

cultured shoot tips has been reported (107). In all cases, flowers 

were produced from axillary buds produced in response to the 

tissue culture environment. Culture of preformed inflorescence 

structures, whether as isolated flower buds or as whole immature 

unopened inflorescence buds has been accomplished in date palm 

(30, 96, 107). Surface sterilization procedures were the same as 

employed in the other protocols, except that inflorescence buds 
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could be planted directly without further treatment following 

surface sterilization of the unopened spathe. In date palms, 

protoplast production invariably is more successful when using a 

friable callus than when using leaves and shoot tips (40). Prior 

soaking of date shoot tips for 24 hrs in BM with 0.3% charcoal, 

100 mg 1-1 NAA, and 3 mg 1-1 2iP improved protoplast yields in 

comparison to no presoaking (40). Rachillae from immature coconut 

inflorescences also produced protoplasts (42, 51). 

2.5.2. Medium composition and cultural techniques. Anthers 

obtained from unopened coconut spadices were incubated on a modi

fied Blade's or Keller medium supplemented with 6 or 9% sucrose, 

15% (v/v) Coconut milk, 0.5% activated charcoal and 2 mg 1-1 NAA. 

Androgenic embryos were observed in anther squashes after 6-9 

weeks of culture (95). In both date and coconut palms, these 

embryos failed to develop beyond the early stages of embryogenesis 

(15, 95). Cultured individual flowers and whole inflorescences 

buds were short lived structures although they essentially recapi

tulated the major morphogenetic events common in their in vivo 

counterparts (107). Isolated flowers derived from male inflores

cences produced latent female morphological traits (i.e., produc

tion of carpels) (30). Protoplast production was accomplished 

using common conventional techniques and media (8, 40, 51). Callus 

was derived from coconut, Erythea edulis L., and date palm proto

plasts. 

3. RESULTS AND DISCUSSION 

3.1. Survey of palm species cultured in vitro 

3.1.1. Growth responses obtained from various species and ex

plants. Approximately 62 species of 38 genera have been tissue 

cultured to date (104). Of this number 19 species have produced 

free-living plant lets from germinated zygotic embryos, 4 from 

asexual plantlets, and 5 from cultured shoot tips (40, 104, 122). 

Various abnormalities in seedling and plantlet development have 

been noted to occur in vitro. Plantlets may become disoriented in 

development resulting in the shoot and root systems becoming 

intertwined. other aberrant growth patterns observed are retarded 

germination, abnormal leaf curling, and leaf swelling. It is not 
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known if these abnormalities are genetic or environmentally-indu

ced in origin. 

3.1.2. Similarities and differences of morphogenetic responses 

obtained among palm species. Recultured palm callus, regardless of 

the species, was composed of two distinct co-existing types of 

tissues, friable and nodular components (15, 84). The nodular 

callus bodies are the source of asexual embryos or are themselves 

asexual embryos (18, 106). The friable callus appears to be more 

supportive and nutrititional in function and less morphogenetic 

(106). Root formation from callus often occurs from non-embryo-

genic callus lines 

callus population 

(121). A great deal of genetic variation in the 

apparently exists (18). Fast growing callus 

lines in oil palm were usually not embryogenic although exceptions 

have been noted (18, 76). In date palm, embryogenic callus devel

ops from initially slow growing callus. After 4-6 months in cul

ture this callus is isolated and then rapidly multiplied as cal

lus/embryo mass subcultures. Generally, each palm explant formed a 

clone in vitro with unique growth characteristics (101). Similar

ly, explants obtained from shoots of clones often exhibit this 

individualism. Inherent explant character rather than medium com

position is the determining factor in obtaining growth or organo

genesis from palm tissue cultu.res (120). 

3.2. Practical uses of current tissue culture techniques 

3.2.1. Clonal multiplication. Two viable methods of clonal 

propagation of palms exist: asexual embryogenesis via callus, and 

axillary budding from shoot tips. Both methods can be used to 

propagate date palm while the other palms are still restricted to 

the embryogenesis method (41). The latter is much faster than the 

axillary budding method. Genetic instability of callus derived 

palm plantlets has yet to be reported (19, 49, 50, 98, 117). 

3.2.2. Studies of physiology and morphogenesis. Date palms may 

reproduce several life-cycle events within a few months time-span 

in vitro while in nature these same events require years to occur. 

For example in date palms, flowering and suckering occurs in 

plantlets in vitro in 6-12 weeks (107), while in nature, they 

usually do not produce suckers till their late juvenile-stage at 

about 3-7 years of age. Flowering and the adult-life cycle stage 
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in nature may occur at 5-7 years. Production of lateral bud out

growths from palm plantlets derived from zygotic embryos, asexual 

embryos and shoot tips cultured in vitro has been reported (107). 

These axillary branches may be either vegetative or reproductive 

in nature. 

3.2.3. Microbreeding. A number of potential avenues exist in 

which to induce variation in palms through tissue culture techni

ques. These include: chemical mutation of cultures, somaclonal 

variation in plantlets derived from callus, protoplast fusion, 

flowering/ pollination in vitro and anther culture. However, none 

of these methods are currently being exploited for production of 

new cultivars. 

3.3. Remarks on future emphasis of tissue culture studies to im

prove techniques to culture palms in vitro 

Plant tissue culture has been explored as a technique which 

could be employed to mass produce desirable palms. Date and oil 

palm tissue culture techniques are more developed than those for 

other palms because: 1) they have been the focus in several inten

se research programs and 2) meristematic tissues of both date and 

oil palms appear to be more totipotent than those of other palms 

(15). Coconut palm, although continually studied over the last few 

decades, has only relatively recently been cloned through tissue 

cul ture (15). A number of other palm species were cultured with 

the in vitro techniques developed for date palm using either zygo

tic embryo or other explants (41, 122). Generally, date palm tech

niques can be used for other palms to obtain plantlets from ger

minated excised embryos, shoot tips, or callus. Those palms which 

grew poorly using currently available techniques, are candidates 

for more intensive study. 

Understanding the mechanism of lateral bud initiation in vitro 

may help to understand morphogenesis in palms grown in the field 

and greenhouse. Potentially, breeding and physiological studies 

can be performed year-round with in vitro systems (107). 

To date, tissue culturists have been preoccupied with micropro

pagation and have ignored the fact that crop yield and not plant 

numbers is the objective in agriculture. Suitable product source 

is immaterial; cost of production is the overriding consideration. 
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Interest should be focussed on applying morphogenetic knowledge to 

develop agricultural products in vitro. Essential in vitro 

product-design objectives should include: 1) determination of the 

parameters necessary to produce fruit or other desired products in 

vitro, and 2) develop technology appropriate for efficient econo

mical mass products growth. In order to minimize time, cost, and 

labor requirements for maximized plantlet and culture development 

for long-term micropropagation or agri-morphogenetic studies new 

tissue culture technology should be developed. Existing culture 

techniques are not suitable to produce large numbers or large

sized sterile palms or palm products efficiently. Use of an auto

mated tissue culture system coupled to enlarged culture vessels, 

whereby plantlets and cultures grow optimally for months without 

interference, should be employed (109). 
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27. ASEPTIC MULTIPLICATION OF CHINESE TALLOW 

(Sa~iYm ~e~ife~Ym (L.) Roxb.) 

A. D. KRIKORIAN and R. P. KANN 

1. INTRODUCTION 
Most countries are faced with the long term need for 

independence with regard to energy supply and strategic 
materials. One important source of such materials is an 

expanded forestry/agriculture base. This expansion could be 

achieved, in part, from increased efficiency and overall 
productivity. However, more importantly, it could be 

attained by use of lands not currently under cultivation and 
which are often unsuitable for conventional crops. The key 

to the use of such areas will be the utilization of plants 
which are adapted to marginal soils and the development of 

appropriate cropping systems for them (4, 15, 19). 

The Chinese Tallow tree Sa~iYm ~e~ife~Ym (L.) Roxb. 
(Euphorbiaceae) has been utilized to a greater or lesser 
extent, especially in its center of origin, China. The tree 

is now naturalized in many warmer parts of the world. At one 
time it enjoyed fairly large scale cultivation for its tallow 
and oil but interest in these products has generally 

diminished in more recent years. It is currently being 

re-evaluated in the western hemisphere for its potential as 

an oilseed and firewood crop and even as a petroleum 
substitute crop (I, 10, 14). The seeds of this species are 

of particular interest. Mature seeds borne in capsules are 
covered with a grayish-white, aril-like, triglyceride-rich 

coat resembling tallow. Moreover, the seed or kernel 

contains a liquified drying oil. This is referred to, 
especially in commerce, as stillingia oil. It is rich in 

conventional triglycerides as well as a rarer tetraester 

triglyceride or estolide fraction (15, 16). An especially 
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attractive feature of S~Pl~ID is its adaptability to saline, 

poorly drained or otherwise disturbed soils unsuited to 

ordinary agriculture. In the U.S.A., the Chinese Tallow Tree 

is frequently grown as an ornamental especially in the 

southern coastal areas since it is one of the very few 

deciduous species that shows brilliant red autumn coloration 

in hot climates (1, 16). 

One of a number of problems that will ultimately need to 

be addressed before the potential for development of Chinese 

Tallow as a modern corp is fully discernible involves its 

high variability. Since the tree is outbreeding and the 

offspring show tremendous variation, the identification and 

multiplication of appropriate genotypes with specific growth 

characteristics or qualities is critical. The plant does 

not, however, readily root from cuttings and when it does, 

roots are frequently few and not very vigorous. Grafting 

onto seedling rootstock can be achieved and is one way of 

achieving more or less uniform plantings but it is a 

time-consuming procedure. Although grafting is routinely 

practiced in China (8, 18), aseptic culture methods should 

have the potential to provide an easier means of producing 

strictly clonal material in large quantities for evaluation 

and for further multiplication of material selected in field 

trials. Aseptic culture techniques applied experimentally to 

mature trees would provide useful information on the problems 

that need to be addressed before fully functional industrial 

propagation systems can be devised. Such experimental work 

would also have the added advantage of yielding clues as to 

how to deal with other members of the Euphorbiaceae. This 

family is of additional interest to tissue culturists because 

of its widespread capacity to produce latex. Latex 

production In Yl1~Q in itself presents a challenge in 

micropropagation attempts, because it is well-known that 

latex and its components can be, and often are, antagonistic 

to vigorous growth of explanted tissues and cells in aseptic 

culture. 



Some studies have been published of the behavior of 

seedling material of Chinese Tallow in culture (5,21). 

Seedlings rarely serve as models for older specimens (2, 3, 

11). Our experience with Chinese Tallow tree embryos and 

seedlings (6) has convinced us that from the perspective of 

clonal multiplication, they provide little information that 

could be used for the propagation of mature, elite trees. 

Therefore, future efforts are best directed to elite 

specimens. 

While there are several potentially useful approaches to 

aseptic propagation systems for mature woody plants, our 

initial plan has been to assess the formation of multiple 

shoots via stimulation of precocious axillary branching (7). 

Also, attempts have been made to assess the role of 

adventitious bud development as a prospective multiplicative 

system. A crucial feature of either strategy is that a 

suitable growth equilibrium needs to be achieved in culture 

which results in the continued formation of fully 

differentiated but minimally expanded shoots from the primary 

explant. When these shoots are separated from the 

proliferating mass by cutting, they should further develop 

upon adjusting the medium. Moreover, new proliferations 

should grow to replace the ones removed. Ideally, the 

extension growth and rooting of the "micro-cutting" should be 

achieved in a single step. Also it would be desirable if the 

shoot could be further reduced to nodal segment explants 

which, in turn, could re-initiate the entire process (cf. 6). 

In this chapter we provide an overview of the potential 

for micropropagation of Chinese Tallow from mature trees. 

Special attention is drawn to the problem areas that still 

need to be investigated. 

2. MATERIALS 

Chinese Tallow trees do not tolerate the winter 

conditions of Long Island, New York and, in our hands, have 

at best repeatedly died back in the field to a perennial 

rootstock. We have relied on working with plants generated 
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from dormant hardwood cuttings of mature trees from Texas 

shipped by air to Stony Brook. These have been rooted with 

varying degrees of success in equal parts of sphagnum, 

perlite and sand, using commercially available rooting 

preparation (Hormodin *2 - Merck & Co., Rahway, 

N.J.-containing 0.3 percent w/w/ IBA, i.e. 300 mg g-l of 

powder, in an inert talcum carrier). On rooting, these are 

potted into soil and grown in environmental growth chambers 

with a 15 h light:9 h dark cycle (c. 21.xl03 lu/m2; 28 0 C day 

and 240 C night). Vigorous flushing of new growth occurs 

readily under these conditions and inocula of stem tip and 

lateral bud explants can be made with virtually no 

contamination by sterilizing 4 to 6 cm stem lengths as 

follows. The stem sections are submerged for ten min in a 

diluted solution of commercial Clorox (1 part bleach:19 parts 

water or .26 percent sodium hypochlorite) containing a few 

drops of a wetting agent such as Tween 80. After rinsing the 

sections four times with sterile glass distilled water, the 

stem tips are excised and the remaining stems are reduced 

with a scalpel to small segments, each with one axillary bud. 

All are placed upright in a medium made semi-solid with 0.7 

percent Difco Noble agar. 

3. EFFECTS OF DIFFERENT BASAL MEDIA 

We have tested a number of basal media: the salts of 

Murashige and Skoog (13) at full or half-strength (BMS or 

BMS 1/2), the "Woody Plant Medium" salts of Lloyd and McCown 

(9)--BWP, and the salts of Schenk and Hildebrandt (17)-- BSH. 

The BWP has also been tested when supplemented with 170 or 
-1 340 mg 1 of NaH2P04 ·H20. Two or three percent sucrose, 

inositol 100 mg 1-1, and full strength vitamins or 

thiamine.HCl alone have been used throughout our studies; 

chelated iron is also used (20). pH was adjusted to 5.6 or 

5.7 in the case of BSH and BMS and BMS 1/2 respectively; pH 

5.2 has been used for BWP prior to autoclaving for 20 min at 

120 C. 



Our early attempts to work with BMS or BMS 1/2, led to 

occasional necrosis or even a tendency to form some callus. 
While the formation of callus in itself is not necessarily 
deleterious, there is much literature to suggest that a 
substantial effort would need to be expended to assure that 
any plantlets generated via callus are clonally stable (12). 
BSH has given similar results but the plants become chlorotic 
if they are not frequently transferred. BWP, in general, 

gives a healthy, more vigorous growth and for that reason, 
the vast majority of our later experiments have been made 

using BWP. 

4. MULTIPLICATION PHASE 
The most useful medium to date for establishing cultures 

along the lines desired has been BWP supplemented with 44.4 
to 88.8 ~M benzylaminopurine (BAP) (10 to 20 mg 1-1) and 0.2 
percent w/v activated charcoal. After several days in this 
medium, the buds will sprout and elongate. If the cytokinin 

levels are low in relation to the activated charcoal levels, 
the buds will merely expand and give rise to individual 
unbranched shoot systems. However, our objective was to 
foster a tight, compact branching habit with short 
internodes, because this would facilitate manipulation and 
render transfers and subculturing more manageable. More 
importantly, multiple shoots tend to be succulent and their 
growth rapid. To reach these objectives higher cytokinin 
levels are needed. Table 1 shows an evaluation of the 
"titration" of cytokinin against activated charcoal with 

notations on the growth mode. There is a fairly wide range 
of options available to an investigator seeking to stimulate 

a compact, succulent growth. However, the most persistent 
problem encountered remains the difficulty with which the 
desired mode may be sustained for long periods. The biggest 
problem, one encountered by many investigators, is that there 
is a substantial tendency for compact cultures to revert to a 
more normal mode of growth after a certain number of 
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transfers. During this reversion the internodes elongate, 

petiole extension is prominent and the laminae tend to be 

broader and more expanded. Even so, multiplication can be 

achieved here by continued explantation of stem segments with 

a lateral bud. It is, however, slower. Rooting of over half 

of the shoots, obtained by forcing of branching, will occur 

within two weeks if cut and exposed to fresh basal medium 

supplemented with .05 to 5.4 ~M (.01 mg 1-1 or .1 mg 1-1) 

naphthaleneacetic acid (NAA) without activated charcoal. 

(Many more will root within three to four weeks). Kinetin or 
-1 -1 

BAP at 8.8 vM or 8.8 to 22.2 ~M (2 mg 1 or 2-5 mg 1 ) 

Table 1. Interaction of activated charcoal and BAP on the growth 
mode of S~p1YID Key: N~normal; FC=fleshy compact growth; 
D=necrosis followed by death 

BAP 
_____ {_~M2 _____ Q _____ ~QQQ _____ ~Ql _____ ~Q~ _____ ~QQ ____ ~~ _________ _ 

o N N N N N N 
.88 FC N N N N N 

8.8 D FC"'N N N N N 
44.4 D D FC FC"'N N N 
88.8 D D D FC FC~N N 

222. 0 D D D D FC 

respectively, does not interfere with root formation and root 

growth, as long as .05 percent wlv activated charcoal is 

provided. However, the frequency of root formation and 

thickness are slightly increased if exogenous cytokinins are 

absent in the root-inducing medium. Moreover, the speed of 

root formation is dramatically accelerated when cytokinins 

are eliminated from the medium. Once rooting has occurred, 

plantlets are removed from the culture containers, and their 

roots are freed of agar by thorough washing. Then the 

plantlets are placed in a high humidity environment away from 

direct sunlight. 



363 

FIGURE 1. Sequence of procedures followed in the multiplication of 
Sapium from cxplanted lateral buds. (a) Young branch showing size 
and stage of development of buds used for primary explantation, X 
1.8; (b) the same branch after removal of petioles and cutting to 
size, ready for surface sterilization, X 1.3; (c) typical primary 
explant ready to be placed on nutrient medium, X 6.3; (d) typical 
explant after 25 days growth, X 1.3; (e) another after 57 days 
growth and a single subculture, X 1.1; (f) rooted plantlet, X 50. 
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Many investigations have shown that excised aseptically 

cultured stem tips or axillary buds of woody species are 

capable of yielding an entire plant. In some cases, only one 

plant is obtained per stem tip or lateral bud explant and the 

development of roots from such excised buds or apices is 
sometimes slow (2, 11). But work on several hardwoods has 

demonstrated that roots can form promptly enough to render 

the excised lateral bud or stem tip technique quite useful 
(cf. 11 and refs. there cited). More significant however is 

the finding that judicious use of exogenous cytokinins can 

induce multiple shoots by precocious axillary branching. The 
multiple shoots which grow from such explants can be 

separated by cutting, and a profusion of functional roots can 

be induced to form on them in a few weeks, using exogenous 

auxin and/or activated charcoal (cf. Fig. 1). 

Explanted lateral buds can grow well on BWP with 

exogenously added cytokinin. BAP ranging from 44.4 to 88.8 

~M (10-20 mg 1-1 ) and .02 percent charcoal has been very 
useful. Frequently, however, a substantial darkening of the 

material occurs and a high loss is encountered when cultures 

are subcultured onto a medium with the same composition. 
This phenomenon was initially observed when cultures were 
grown on BWP and .88 ~M BAP (.2 mg l}lin the absence of 

activated charcoal. When the cultures were transferred to 

the same medium with activated charcoal, darkening or 
browning of cultures was substantially reduced but the type 

of growth reverted to the non-branching mode - i.e. the 

internodes elongated, the laminae expanded etc. This mode is 
not compatible with multiplication and the desired system of 

open-ended growth is not achievable if this kind of habit is 
entrained. 

Subculturing on a medium with high enough levels of BAP 

to maintain the compact, precocious branching habit has for 
the most part resulted in darkening of cultures but a number 

do survive the higher cytokinin concentration and even 



thrive. If transferred to a medium with a lower ratio of BAP 

to activated charcoal, the browning reactions again seem to 

be minimized, and the growth obtained has a healthy green 

color, but here also the desired fleshy and compact type of 

growth reverts to the non-branching mode. The larger shoots 

take the lead, and if not subcultured, the smaller shoots 

cease growth even though they may remain green for well over 
-1 three months. Even on BWP with 88.8 ~M BAP (20 mg 1 ) and 

.03 percent activated charcoal, roots are obtainable on the 
larger, more normal appearing shoots after two months. This 

emphasizes that increasing the level of cytokinin either by 

itself or by adjustment of the level of activated charcoal 
levels on the downward side in the medium does not invariably 

lead to a compact multiplicative mode. Attempts to stimulate 

coppicing along the lines sometimes achievable under field 
conditions, by cutting stems growing in aseptic culture have 

not been promising; generally only the uppermost of the 
axillary buds break their dormancy and grow. 

5. ROOTING 

BWP as a basal salt medium can support S~~~~ID shoot 

growth if provided with supplements of sucrose and vitamins. 
After a few months' growth roots will form occasionally if 

the shoots had prior exposure to cytokinins. If NAA is added 
at around .054 ~M (.01 mg 1-1) (without activated charcoal) 

about 50 percent of the shoots will root within 2 weeks. The 
same is true of BWP supplemented wit .54 ~M NAA (.1 mg 1-1) 

but roots formed on this medium are generally thickened and 

are not as long as those initiated on the lower level of the 
auxin. Raising NAA levels to 5.4 ~M (1 mg 1-1) often induces 

rooting quickly (with 2 weeks) but the roots are thicker 
still and very much shortened. At 53.8 ~M NAA (10 mg I-I), 

growth of the shoots is inhibited and leaves usually turn 
yellow. Sometimes, abnormally thickened roots do form and 

grow but there is considerable darkening at the base of the 
shoots, and, the shoots do not grow. 
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BWP plus either 0.01 or 0.05 percent activated charcoal 

tends to initiate roots more often than BWP alone. However, 

when supplemented with NAA from .054, .54 to 5.4 ~M (.01, .1 

to 1 mg 1-1), the extent and quality of root formation is 

much improved. Normal roots appear at .54 ~M NAA (.1 mg 1-1) 

when .01 percent activated charcoal is used, but in the 
-1 presence of 5.4 ~M NAA (1 mg 1 ) and .01 percent w/v 

activated charcoal, roots are initiated quickly - i.e. within 

2 weeks, but they are abnormally thickened. 

6. LIQUID CULTURES 
Tests to initiate and maintain a precocious branching 

system of S~~1~m in liquid media have been carried out. 
Liquid has the advantage of exposing explants more uniformly 
to a given nutrient medium; it obviates the need to remove any 

remnants of agar during surgical manipulations and it 
facilitates maintenance of a high humidity environment for 

the shoots. Material initiated on agar but transferred into 

a BWP liquid medium supplemented with low levels of BAP and 

benzothiazole-2-oxyacetic acid (BTOA) (.09 ~M to .22 ~M, .02 
to .05 mg 1-1, .01 to .1 ~M, .01 to .02 mg 1-1 respectively) 

disclosed that .16 ~M (.04 mg 1-1) and .1 ~M (.02 mg 1)1 BTOA 

is a suitable starting point for further development. 
Various levels of adenine sulfate .25 ~M, 2.5 ~M and 25 ~M 

(.1, 1, 10 mg 1-1) and soluble polyvinylpyrolidone (PVP 360) 

at .7 percent have been tested as well. PVP enhances growth 
of cultures. In general the liquid cultures retain their 

green color and have a healthy appearance and retain their 

multiplicative or branching growth modes, at least for short 
periods. They do, however, tend to revert eventually to an 

elongated internode mode of growth and hence exhibit the 

shortcoming of multiplication encountered on semi-solid. 

7. VARIABILITY IN RESPONSIVENESS 
Experienced investigators are familiar with variable 

responsiveness of different species of the same genus, 
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different subspecies of the same species, and different varieties, 

cultivars or even "clones" of the same species. In Sapium the 

variation in responsiveness has been dramatic. Figure 2 shows 

three examples of extreme variation according to the elite tree 

under investigation. Photographs were taken 57 days after initial 

explantation (cf. Fig. 1). Cultures had been initiated on 30 Janu

ary 1985, transferred intact without surgical intervention on 22 

February and subcultured by separation on 8 March. The medium used 

was identical in each case. 

Such variation makes it difficult to envision routine and 

indiscriminate application of a single medium to initiate, multi

ply and maintain a vigorous culture of Sapium. The variation in 

response, therefore, serves as another example of a "no model" 

model so often encountered by plant tissue culturists. 

FIGURE 2. Shoot multiplication from three elite trees of Sapium. 
each picture shows the growth habit that is average for the clone. 
Note the extreme variation among the specimens. Magnification of a 
and b is X 0.8; c is X 1.1. 
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28.IN VITRO CULTURE OF PROSOPIS SPECIES 

M. JORDAN 

1. INTRODUCTION - POTENTIALITIES OF PROSOPIS SPECIES IN ARID LANDS. 

The northern part of Chile (Lat. 18 - 27°South) has one of the 

most extreme desert climates in the world. The region is characteri 

zed by an almost complete lack of rainfall, i.e., not more than 

about 1 mm per year is registered. Although practically no vegeta

tion is found in the desert called Pampa del Tamarugal, located 

between southern Lats. 19° to 22°, the endemic Prosopis tamarugo 

tree, (family Mimosaceae), grows naturally in some areas of this 

desert. Within the last 30 years about 20.000 ha of mesquite have 

been planted. Of these approximately 14.000 ha were planted with P. 

tamarugo(4), 3.000 ha with ~. alba and ~. f1exuosa (24) and 400 ha 

with mixed populations. Besides these stands there are older ones 

planted with ~. tamarugo which cover an additional 3.200 ha. 

Controversy exists regarding the relationship between water supply 

and xeromorphic adaptations (13,20,27). It has been suggested that 

water can be absorbed from the atmosphere and translocated to the 

roots under certain conditions (26,30). On the other hand, the 

deep-reaching root system, going sometimes down to 15 m and more, 

absorbs freatic water moving underground from the Altiplano regions. 

In some areas the trees also obtain water from seasonal floods that 

run down from the mountains. In addition to water stress resistance, 

Prosopis trees show a high tolerance to salts. Salts accumulate as 

crusts upon the soil surface or lower horizons (caliche deposits) 

as a result of cristalization during water evaporation. 

Prosopis spp. are trees or shrubs of great importance to 

desertification programs in the chilean northern hyperarid region 

and, probably, for other arid and marginal regions of the world 

(4,5,7,8,22). Besides erosion control, mesquite trees provide 

shelter and forage for livestock. Also, the fruit is appreciated 



for its nutritive value ( 9,23,29,31), showing a high sugar and 

protein content. 
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Prosopis wood was used in the past in the salt (nitrate) mines 

as a fuel. It is assumed that over-exploitation of endemic tree 

populations contributed to the degradation of some natural forests 

that still exist in northern valleys. 

In the absence of water, microbial activity cannot provide new 

organic matter by degradation of litter. prosopis species are 

important in this respect, since symbiosis with Rhizobium allows 

nitrogen fixation, improving soil conditions. 

Although t. tamarugo is mainly restricted to the Pampa del Ta

marugal, t. chilensis is found farther south in desert regions 

where higher precipitation rates are recorded (100 - 250 mm). These 

regions are found as far south as Lat 33°8. and up to elevations of 

2500 m above sea level. 

The tropical Andean region, from Colombia to the northern 

Chilean desert and northwestern Argentina, is one of the natural 

geographic areas of development of Prosopis species. For Chile, 

Burkart (1) described 6 native species: R. tamarugo, R. alba, var 

panta, R. flexuosa, R. strombulifera, t. burkartii and R. chilensis 

var chilensis. Of these t. tamarugo and P. burkartii are considered 

endemic. Within these species there is much variation in biomass, 

vigor, phenological traits, growth habits, pod shapes, sizes and 

colors. There also is great intraspecific variability. In Prosopis 

spp. intra or interspecific cross pollination occurs frequently, 

compounding these differences. 

Normally, reforestation programmes in Chile have been based on 

seedlings originating from seeds. Due to the great variability 

inherent in this method, it would be better to use selected clones. 

Vegetative propagation will allow multiplication of material 

selected for best adaptation, biomass production, fruiting 

characters, disease resistance and other useful traits. These 

parameters must be studied over long periods in dry climates 

before implementing major reforestation programs. Preliminary 

results have shown that some Prosopis, specially R. tamarugo, are 

rather difficult-to-root species. Experiments carried out with 

adult tree cuttings showed no rooting response and even cuttings 
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derived from seedlings are hard to root. To accomplish large scale 

asexual propagation, micropropagation methods may be advisable 

especially when only small quantities of selected material are 

available. 

2. ORGAN CULTURE 

Organogenesis and growth in vitro of P. cineraria have been 

reported earlier (11,12). Our work with P. tamarugo, P. chilensis 

and P. alba deals primarily with the induction of rhizogenesis to 

obtain plantlets from single shoot-node sections and shoot-tips in 

culture (17,18,19). We also worked with shoot-tip callus and cell 

suspensions. 

2.1. Nodal sections 

Single shoot-nodes of ~. tamarugo were obtained from 9 month 

old seedlings raised from seed collected from IS-year old trees 

at the Pampa del Tamarugal. These seedlings were grown in the 

greenhouse under a regime of 16 h light/day and 28°C. For P. chi

lensis, seeds were chosen from trees of similar age from the 

Peldehue site near santiago. Nodes were cultivated on different 

nutrient media and phytohormone combinations in a growth chamber 

with a light regime of 18 h/day (100pE m- 2s-1 , Philips TL 40 W/54 

fluorescent tubes) at 24-25°C, unless otherwise stated. 

Within 10 days the ~. tamarugo shoot nodes formed callus on 

most of the surfaces in contact with the media, on the upper part 

and proximal end of the nodes. Shortly after that the buds on the 

nodes flushed: most of the callus tissues turned brown after 2-3 

weeks. Rhizogenesis began after three weeks in culture, principally 

in the light. Roots formed either in the callus tissue or directly 

on the node (Fig. 1). Under in vitro conditions, ~. chilensis 

nodes initiated a fast growing green callus in all regions of the 

explants; i.e., at the basal and lateral sites of the nodes, and 

on leaflet ribs or folioles. Roots formed later either in the callus 

or directly on the organs. 

Morphogenetic events in response to different hormonal treat

ments are shown in Table 1. Best hormonal concentrations leading 

to plantlets in P. chilensis were also adequate for ~. tamarugo, 

although in the latter regeneration was less frequent. 
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FIGURE 1 . Regeneration responses in nodal sections of Prosopis (17). 
A. prosopis tamarugo (left) and P. chilensis (right) greenhouse-

grown plants. -
B. Nodal explant of P. tamarugo showing callus tissue and roots 

(arrows) after 30-days. Axillary bud begins growth. 
C.D. Direct rhizogenesis in P. chilensis (C) and P. tamarugo (D) 

showing elongation and secondary branching of the roots (arrows). 
E. Multiple root initiation in callus and ribs in P. chilensis. 
F. Rhizogenesis in a foliole after contacting nutrIent solution on 

a paper bridge. 
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-1 Naphtha1enacetic acid (NAA) levels above 1 mg 1 are necessary to 

obtain roots. Kinetin (K) sometimes stimulated bud break of 

preformed buds and helped to form healthier regenerated plants that 

survived better after potting and transfer to the greenhouse. 

Gibberellic acid (GA3 ) was not necessary for bud break. In 

combination with a high level of kinetin, GA3 was inhibitory to 

root formation and not conducive to the formation of plantlets. 

Responses seem to be affected by differences among the seed

ling donor plants and by the physiological condition and age of 

the nodes, and the growth habit of the plantlets. ~. chilensis 

plant1ets became, after 9 months in the greenhouse, erect plants, 

50 - 70 cm high, with leaves in the upper region. Leaves abscised 

from half way up the stem downwards. In contrast ~. tamarugo was, 

at the same age, only 20 - 30 cm long, with a creeping habit and 

no loss of leaves. 

The effects of temperature, light regime and different anti

oxidants are shown in Tables 2 and 3. In cultures of P. alba (Table 

2) and ~. tamarugo (Table 3) root and plantlet formation was better 

at 25°C and 30°C than at 20°C. 

Table 2. Temperature-dependent morphogenic res~onses of prosopis 
alba nodal sections grown in vitroa ( 9). 

Phytohormones 
NAA -1 K 

(mg 1 ) 

0.0 0.0 

3.0 0.1 

5.0 0.0 

10.0 0.01 

Temp. 
Co 

20 
25 
30 

20 
25 
30 

20 
25 
30 

20 
25 
30 

% Callus 
Initiation 

55.5 
87.5 
93.8 

96.2 
100.0 

93.1 

42.8 
31.8 
72.7 

96.2 
100.0 

88.8 

% Root %Bud break 
Formation Pre-formed 

buds 

0.0 
18.8 
6.3 

0.0 
4.0 

13.7 

4.7 
18.8 
40.9 

0.0 
21.4 
7.4 

100.0 
62.5 
81. 3 

55.5 
68.0 
79.3 

27.2 
86.3 
22.7 

55.5 
17.8 
29.6 

%Plantlets 

0.0 
18.8 

0.0 

0.0 
0.0 

10.3 

4.7 
18.8 
36.3 

0.0 
17.8 

3.7 

a On Murashige & Skoog (1962) nutrient medium pH 5.7. Growth 
regulator combinations that were used were those that gave the 
best results with P. chilensis (Table 1). 
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Table 3. Effect of antioxidants and temperature on morphogenic 
responses of Prosopis tamarugo shoot-nodes grown in 
vitroa (19). 

Responses Cysteine -1 (10mg 1 ) P.V.P. (lg 1-1) Ascorbic acid 
light darkness light darkness (100mg: 1-1) 

% % % % light darkness 
% % 

20°C 

Roots 0 0 0 0 0 0 
Callus 3 4 0 12 0 0 
Bud-break 38 52 67 24 0 0 
Browning 0 0 86 29 0 0 
Green leaves 52 72 86 29 100 0 
Shed leaves 7 44 0 0 0 0 
Plantlets 0 0 0 0 0 0 

25°C 

Roots 13 15 13 0 0 0 
Callus 29 19 13 33 93 81 
Bud-break 42 0 67 61 0 0 
Browning 0 0 54 72 29 18 
Green leaves 96 0 '75 44 
Shed leaves 29 0 0 0 0 0 
P1antlets 13 7 8 0 0 0 

30°C 

Roots 9 11 0 23 0 0 
Callus 9 6 29 82 0 18 
Bud-break 82 79 19 36 62 29 
Browning 64 29 0 0 81 0 
Green leaves 41 61 33 22 91 41 
Shed leaves 73 43 0 9 0 0 
Plantlets 9 0 0 9 0 0 

aNodes were obtained from 9 month-old greenhouse-grown plants O!!l 
Murashige and Skoog (196~) medium supplemented with NAA 5 mg 1 
light intensity 57 ~E m- s-l, photoperiod 18 hours. 

There were no distinct differences in root and plantlet 

formation between light and dark grown cultures (Table 3). A clear 

beneficial effect of antioxidants in ~. tamarugo was not evident, 

although cysteine reduced browning of the cultures at 20° and 25°C. 

A higher percentage of browning and shed leaves was found in 

segments cultured at 30°C. Browning was rare in cultures of P. chi

lensis and P. alba. - --
The differences in growth behaviour and browning in vitro 

between ~. tamarugo, P. chilensis and P. alba and the growth habit 

of intact plants could be due to changes in concentration or some 

natural compounds in the tissues. We decided to determine if 
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differences in phenolics could explain the differences in behaviour 

of these three species in vitro. Measurements of total phenols (28) 

showed similar levels, in terms of dry weight, in ~. tamarugo and P. 

chilensis. In both species the decrease in concentration down the 

stem was similar but the types of phenolic compounds, detected by 

cellulose TLC were different (unpublished results). Previous work 

(25) has shown that there are similarities in flavonoid patterns in 

p. chilensis and P. alba; the presence of several other natural 

compounds has to be considered in further study. 

2.2. Shoot-tips 

During growth or rest periods, shoot-tips proved to be the 

best explants to regenerate plantlets, due to a lower rate of 

fungal infection. Normally, root formation occurred within 3 weeks 

after the tips had resumed growth (Fig. 2). This was observed in P. 

chilensis and ~. alba, but not in P. tamarugo (Table 4). Root 

primordia were induced in the tissue beneath the endodermal layer 

(Fig. 2). In ~. chilensis, primordia grew radially through the 

endodermis (stained red with safranin), until axillary root(s) 

protruded through the epidermis. In this way, regenerated plantlets 

were obtained without subculture. To overcome the low rooting 

response in the initial experiments, non rooted tips were, in a 

subsequent experiment, transferred to MS-medium (21) containing 

1 mg 1-1 of indolebutyric acid (IBA) as the only hormone. 

Thereafter, rhizogenesis was observed within 2-3 weeks. In a series 

of experiments including benzyladenine (BA) at concentrations higher 

than 0.5 mg 1-1, tips showed mUltiple shoot formation. 

Decapitation enhanced the sprouting of axillary buds in 

selected material. However, this approach can be used with better 

results with resting buds. 

Sprouting of new buds is important in terms of contamination 

control since better asepsis is obtained with young tissues. 

A second method to obtain pathogen-free shoot-tips of similar 

age was tried. Juvenile cuttings bearing the three or four 

uppermost axillary buds (apical tip discarded) were cultured 

horizontally in liquid media (16) in Erlenmeyer flasks. Appropriate 
-1 -1 -1 hormone levels (NAA, 0.01 mg 1 BAt 0.5 mg 1 ; GA3 0.4 mg 1 ) 

enhanced simultaneous sprouting of the buds on each section. Under 

these conditions, a high number of buds could be obtained within 
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two months. Tips and young nodes were then rooted using different 

phytohormonal combinations as described before. 

3. CALLUS AND SUSPENSION CULTURE 

3.1. Callus formation and organogenesis 

Calli derived from nodal regions, leaflets or folioles were 

cut in small portions and cultivated in Petri dishes on solidified 

agarose MS-media with 5 mg 1-1 NAA and 15 mg 1-1 cysteine. Callus 

was also cultured on filterpaper bridges in test tubes with liquid 

media of the same composition as the solid ones, except that 

agarose was deleted. Older sections from bigger calli turned brown, 

especially in regions in contact with the solid media. Nevertheless, 

yellow or greenish new calli appeared from the central core and 

grew well. In two cases, small pieces of callus (less than 1 rom in 

diameter) began to organize, forming a mUltiple shoot-like structure 

with green pigmentation. (Fig. 3,A,B,C). The frequency of this 

response is still too low to determine optimal conditions for 

regeneration in callus tissues. On the other hand, root formation 

occurred often, especially in new callus derived and isolated from 

leaf ribs and folioles still joined to the cultivated tip. Root 

formation also occurred in the still green folioles on paper 

bridges in liquid media inside culture tubes. 

3.2. Cell suspensions 

Cell suspensions were obtained from calli (derived from nodal 

sections) in liquid medium in Erlenmeyer flasks on an Eberbach 

shaker (100 rpm at 15 min intervals) under culture conditions as 

described for nodes and shoot-tips, using MS or Gamborgs' B5-medium 

(10) supplemented with 5 mg 1-1 NAA. Under these conditions, cell 

proliferation continued and, after 15 days, single cells of several 

sizes and shapes could be observed. After transferring these cells 

by means of micropipets to subcultures, cell aggregrates appeared 

after 10-15 days. Using micro-culture slides, sequences of isolated 

cells were followed, checking viability with bromophenol-blue (0.1%). 

Single rounded cells divided and raised groups of 4 or more similar 

cells, in contrast, long narrow cells did not divide. In B5-medium 

aggregates and possible pro embryonic structures were observed later 

(Fig. 3 ,D ,E,F) . 
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FIGURE 2. Regeneration of Prosopis chilensis through shoot-tips(18). 
A. Elongated shoot-tip with leaves and roots after 21 days. 
B. Axillary bud-sprouting and callus formation on shoot sections in 

liquid medium with NAA, 0.01; BA, 0.5; GA3, 0.4 mg 1-1 
C.D.E. Cross sections showing callus and rhizogenesis. Endodermis 

and vascular elements are visible. 
F. Multiple-shoot formation in a cultured tip after 4 weeks in the 

presence of NAA, 0.3; BA, 0.1; GA3 0.01 mg 1-1 • 
G. Root formation and plantlet regeneration from single subcultured 

shoots grown form apical sections as seen in B. 
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FIGURE 3. Regeneration from callus and cell suspensions. 
A. Shoot-node of P. chilensis showing intensive callus proliferation 

along the segment-.--------
B. Close-up of a ~. tamarugo callus. New whitish callus proliferates 

well despite surrounding older brown tissues. 
C. Close-up of a shoot-like structure developed in subculture from 

a whitish globular outgrowth of callus. 
D. Suspension of P. chilensis cells. Dark spots (small cell clusters) 

may be the origin of proembryoids. 
E.F. Proembryoid(s) isolated from a cell suspension in Gamborg's et 

al. B5 -medium after 2-3 weeks in the presence of 2,4-0. (Jord~n 
and Cortes, unpublished observations). 
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4. CONCLUDING REMARKS 

Several types of Prosopis explants have the potential for 

asexual multiplication in vitro, despite limitations such as 

browning in some species and contamination. At the present time, 

nodal sections, shoot-tips, callus and suspensions obtained from 

young material perform organogenesis and/or possibly the initial 

stages of embryogenesis. Genetic and season-dependent variation 

may influence responses in the tested material. Furthermore, the 

juvenile condition of donor plants is a major factor which 

triggers morphogenic events in vitro as well as in vivo. 

Air-layering or trench-layering assayed with 9-month old seedlings 

or trees or P. chilensis and P. tamarugo were not successful. 

Cuttings from adult trees of P. tamarugo soaked in various 

phytohormonal concentrations in dimethylsulfoxide showed no 

rooting response in contrast to the results reported for other 

Proposis species (6). On the other hand, juvenile cuttings that 

included the 4 uppermost buds or leaves rooted if treated with IBA 

in non sterile conditions but only if constantly supplied with air 

(Arce pers. comm.). 

The IBA presumably promoted downward translocation of 

endogenous root-promoting substances from the upper leaves to the 

rooting zone (14). The oxygen may have favored this transport by 

changing conditions in the tissues from anaerobic to aerobic 

and/or by promoting leaching of inhibitors from tissues. It is 

also possible that rooting is promoted by linked IAA-aminoacids. 

These are stable in the presence of peroxidases and occur in 

legume seeds (3). In vitro responses of Prosopis explants may also 

be affected by such naturally occurring compounds as non protein 

aminoacids, e.g. pipecolic acid and 4-hydroxipipecolic acid, 

proline, and alkaloids (2,15,25). The function of these natural 

compounds in triggering morphogenesis and regeneration in 

mesquites will have to be studied further. 
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29 • EUCALYPl'US 

PK GUPl'A and AF MASCARENHAS 

1. INTRODucrrON 
Eucalyptus trees are native to Australia and also occur naturally on the 

islands to the north including Timor, New Guinea and the Philippilles (22). Two 

species of Eucalyptus, ~ 9-eglupta and E. urophylla, have not been recorded for 

Australia. These two species of Eucalyptus tolerate lower latitudes than any 

found in Australia, where the northrost point is 100 41'S. 

Since the early years of this century several Eucalyptus species have been 

universally identified as premising candidates for rapid production of woody 

biomass. Their wood is excellent for pulp and paper production and as a source 

of fuel. The leaves of several species of Eucalyptus yield useful essential 

oils. Eucalyptus grows under various agroclimates, altitudes and soil types. 

It is found in arid regions and in areas where the annual rainfall exceeds 100 

em. Eucalyptus trees have been widely planted in South America, Africa, Asia, 

Spain, Portugal, Middle Eastern countries and North America. The area of 

commercial Eucalyptus plrultations today covers more than 4 n~llion hectares in 

58 countries. In India different species are planted throughout the country. 

Among these, ~ tereticornis COInllOnly known as 'Mysore germ' has been the most 

extensively grown in varying climatic zones in an estimated 500,000 hectares. 

The other commercial species include ~ citriodora, ~ globulus, E. torellirula, 

~ grandis and E. camaldulensis (10). 

EucalyPtus is naturally regenerated by seed. The breeding of Eucalyptus is 

a slow and difficult process, because of long generation time and also the 

problem of carrying out controlled crosses in large numbers. All conven.tionall y 

used methods of vegetative propagation have been tried with Eucalyptus but with 

most species have generally resulted in failure. By the time the tree has been 

evaluated, and quality trees have been selected on the basis of rapid growth 

rates, quality of wood, oil content, disease and insect resistrulce etc., it has 

already passed the stage at which it can be propagated vegetatively (31). 

Tissue culture technology is now making progress for micropropagation of 



386 

Eucalyptus species as shown in Table 1 and 2. Unfortunately, as with other 

vegetative methods, there are also problems with the developnent of suitable 

tissue culture methods for adult selected elite trees. 

On several plantations of ~ torreticornis, ~ globulus, E. torelliana and 

E. camaldulensis in India, fast growing trees have been identified. Their woody 

biomass is over ten times higher per year than the average. In selected, fast 

growing E. citriodora trees the total oil content of leaves and the citronellal 

concentration in the oil have been found to be very high (3.5% total oil [dry 

wt. basis] as canpared to the average of 0.5%). This chapter describes a 

method for micropropagation of mature, fast growing and high oil containing 

'elite' trees of ~ citriodora, ~ camaldulensis, ~ globulu~, ~ tel.-reticornis, 

and E. torelliana. Field data of tissue culture plants show premise in 

re-forestation programs for increasing biomass production. 

2. MATERIALS AND METHODS 

2.1. Plant materials 

Fresh, sprouted, lateral branches (10-20 em length) containing preformed 

apical and axillary buds were collected from upper branches of mature fast 

growing selected 'elite' trees of E. camaldulensis, E. globulus, E. 

~erreticornis, E. torelliana and high oil containing (3.5%) 'elite' trees of E. 

citriodora at a forest in Tamil Nadu, a state in the south of India. Branches 

were brought to the laboratory in plastic bags with wet cotton. 'these 'elite' 

trees of EUcal)cetus were selected by the Tamil Nadu Forest Development 

Cooperation, India. 

2.2. Surface sterilization 

Nodal segments (15-20 an) cut from lateral branches were surface sterilized 

by the following metllod: 1) they were washed several times with running tap 

water; 2) treated with detergent Tween-20 (0.01% v/v) for 2-3 minutes and washed 

with distilled water (2-3 times); 3) sterilized with 0.05% HgCl2 for 10 minutes 

and washed with sterile water (6-8 times) in a sterile cabinet. For all species, 

except ~. citriodord, nodal segments 10 HID long, containing preronned buds were 

in=ulu.'ced on l1urCishige-Skoog (!I1S) -2 medium. E. citriodora was inoculated on 

(MS-l) • 
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2.3. Culture media 

The basal MS medium contained the mineral salts of Murashige and Skoog 

(1962) (48) and sucrose at 2%, but no .edamin, kinetin (KN) and indo1e-3-acetic 

acid (IM). Additions or anissions of supplements were made to the basal medium 

as given below. Concentrations of supplements are given in brackets in mg/I. 

In most cases semi-solid media, solidified with 0.8% Difco Bacto Agar, were used 

unless stated otherwise. 

MS-1: MS salts with vitamins and glycine + KN (0·2) + N6-benzy1aminopurine 

(BAP) (0·3) + calcium pantothenate (0·1) + biotin (0·1) + agar 

MS-2: MS salts with vitamins and glycine + KN (0·2) + BAP (0'5) + calcium 

pantothenate (0·1) + biotin (0·1) + agar 

MS-3: MS salts with vitamins and glycine + KN (0·05) + BAP (0·1) + calcium 

pantothenate (0·1) + biotin (0·1) + agar 

MS-4: MS salts with vitamins and glycine 

a-naphtha1eneacetic acid (NAA) (2,0), liquid 

(1/2 strength) + 

MS-5: MS salts with vitamins and glycine (1/2 strength) + IM (2·0) + NAA 

(2,0), liquid 

MS-6: MS salts with vitamins and glycine (1/2 strength) + IAA (2·0) + 

B-indolebutyric acid (IBA) (2·0) + B-indo1epropionic acid (IPA) (2·0) + NAA 

(1'0), liquid 

MS-7: MS salts with vitamins and glycine (1/2 strength) + IAA (10·0) + IBA 

(10·0) + IPA (10·0) + NAA (10·0), liquid 

MS-8: MS salts with vitamins and glycine (1/2 strength) + activated 

charcoal (0.25% w/v/) (E. Merck) + agar 

All media were adjusted to pH 5.8 and autoclaved (1.1 kg cm-2 at 121 ° C for 

20 minutes) after addition of growth regulators. 

Semi-solid media were added to Corning brand (25 x 150 rem) tubes (20 

ml/tube); whereas, liquid media were added to 100 ml Erlenmyer flasks (10 ml/ 

flask). Test tubes containing liquid medium were provided with a filter paper 

support. 

2.4. Culture condition 

Cultures in tubes were incubated for 18 hours at 25°C in light (1500 lux) 

and for 6 hours at 23 ° C in the dark, whereas flasks were incubated on a rotary 

shaker (100 rev/min) with continuous illumination (500 lux) at 27°C. 
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2.5. Cold treatment 

For shoot bud induction, primary cultures of E. citriodora, E. 

camaldulensis, E. globulus were cold-treated at 15°C for 72 hours in continuous 

light (500 lux) and then transferred to 25°C growth chamber. Primary cultures 

of ~ torelliana and ~ terreticornis were directly incubated at 25°C. 

3. RESULTS 

3.1. Shake flasks 

After 30-35 days in culture, shoot buds sprouted frem nodal segments in 

35-40% of the cultures in all five species. At this stage, the explants were 

transferred to fresh medium. Within 10-15 days, 5-8 multiple shoots developed 

per explant of each species. 

3.2. Subculture and elongation 

The multiple shoots of ~ camaldulensis, E.!. terreticornis, ~ torelliana 

and ~ globulus, growing in shake flasks were separated and transferred to MS-2 

medium. Individual shoots of E. citirodora were transferred to MS-1 medium. 

Within 20-25 days each shoot developed 6-10 multiple shoots. E. citriodora 

shoots elongated to 40-50 ron, but shoots of the other four species did not 

elongate more than 10 rom on MS-2 meditnn. At this stage, they were transferred 

to either solid MS-3 medium in test tubes or liquid MS-3 medium in shake flasks. 

Within 8-10 days, the multiple shoots of all four species elongated to 40-50 rom. 

For subsequent subcultures, individual excised shoots of ~ camaldulensis, ~ 

globulus, ~ tereticornis, and ~ torelliana were placed on MS-3 medium, those 

of E. citriodora were placed on MS-l medium. 

3.3. Root~ 

Shoots which had elongated to 30-50 rom on the subculture medium, were 

excised for rooting. ~ citriodora, and ~ torelliana shoots were treated first 

with MS-4 for 48 hours, ~ globulus with 1-1S-5, E. ~erreticornis, with MS-6, and 

~ ~amaldulensis with MS-7 in the dark at 23°C for 72 hours. The base of each 

shoot (2-5 ron) was dipped in liquid rooting medium (MS--4, MS-5, MS-6 and MS-7). 

Following this treatment, shoots of all the species were transferred to MS-8 

medium and incubated in l8h/day light at 25°C. Within 10-15 days, 50-70% of the 

shoots of all five species had rooted (Table 3). 

3.4. Transfer to field 

Generally there is a high mortality when plantlets are trill1sferred frem the 

sterile culture environment to the free-living condition (7). A gradual 

adaptation to the soil environment is usually required, involving a gradual 



FIGURE 1 

FIGURE 2 

FIGURE 3 

FIGURE 4 
FIGURE 5 

FIGURE 6 
FIGURE 7 

FIGURE 8 

Multiple shoot developnent from explants of "elite" trees of E. 
tereticonlis on MS-·3 medium in subculture. 
Multiple shoot developnent from explants of "elite" trees of E. 
c::.amaldulensis on MS-3 liquid medium in subculture. 
Multiple shoot developnent from explants of "elite" trees of E. 
citriodora on MS-l medium in subculture. 
Rooted plantlet of E. citriodora on MS-8 medium. 
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Tissue culture plants (2 1/2 years old) of E. citriodora growing in 
the field. - -----
Flowering of tissue culture plants of E. citriodora after 2 1/2 years. 
"Elite" trees of E. tereticornis at a forest in Tamil Nadu, in the 
south of India. -
Tissue culture plants (6 m:::mths old) regenerated from fast growing 
'elite' trees of ~~ tereticornis growing in the field. 
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simplification of the nutrient medium and increased light intensities (49). 

Water stress is often a problem and high atmospheric humidities have to be 

provided. Roots penetrating the nutrient medium often lack root hairs, which 

are necessary for a high percentage of survival in the field. When plantlets on 

MS-8 medium attained a height of about 50-60 mn they were carefully raroved with 

a pair of forceps from the culture tubes. Roots were washed thoroughly with tap 

water to rarove traces of nutrient and plants were transferred to small plastic 

pots (8 x 8 x 4 em size) containing a mixture of sterile soil and sand in the 

ratio of 1:1 (v/v). The pots were incubated at 25° .± 2°C under a 18 hour 

photoperiod and watered at 48 hour intervals. To prevent dessication the plants 

were covered with glass beakers. Only 40-60% of the plants survived (Table 3). 

Within 25-30 days, new leaves emerged and plants appeared green and 

heal thy. This indicated that the plants had become established in soil. Potted 

plants were then transferred to a greenhouse where they were kept for 5-6 days 

without the glass beaker covers for further hardening. Subsequently they were 

transplanted to earthen pots (30 x 30 x 15 em size), containing soil, canpost 

and sand and they were watered daily. After 15-20 weeks, when new sets of 

leaves emerged and the plants had attained a height of 30-40 an, they were 

transplanted into pits (90 x 60 x 45 em depth) filled with a mixture of good 

soil (river silt) containing 4 kg of fann-yard manure per pit. Before planting, 

the pits were drenched with 0.1% copper fungicide to avoid fungal attack. The 

survival in the field at this stage was near 100%. Field plants were watered at 

three day intervals. Each plant received 15 g of an N:P:K (15:15:15) 

fertilizer, "suphala" (Fertilizer Corporation of India), for the first 6-8 

Ironths at 30 day intervals, after that, once a year. over 1000 plants of Eh. 
terreticornis and Eh. torelliana, and over 200 plants of Eh. camaldulensis, Eh. 
citriodora and Eh. globulus are now growing in fields. Sane of these plants are 

now 4-5 years old. Plants derived from seeds, genninated in pots, were used as 

control. These seeds were obtained from the same 'elite' clones that were used 

for micropropagation. Seedlings and micropropagated plants of the same age were 

transferred to the field at same time and given the same treatment. 

4. FIELD DATA 

Aralysis of total oil and its main canponents, citronellal and citronellol 

was detennined on a dry weight basis as described earlier (27). Analysis showed 
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that leaves of 6-month- and one-year-old field grawn tissue culture plants 

regenerated fran mature 'elite' ~ citriodora trees had identical concentrations 

of total oil, citronellal and citronellol as the parent trees (Table 4). Tissue 

culture plants, regenerated fran mature trees, flowered and set seeds within two 

and one half years. For plants raised fran seed, flowering took longer (4-5 

years) . Growth of tissue culture plants regenerated fran elite trees was 3 

times faster and more uniform than growth of the seed-raised plants of the sane 

clones. This shows that clonally propagated tissue culture plants fran 'elite' 

clones retained the characteristic of high oil content and fast growth, while 

this characteristic was lost in seed-raised plants. 

5. CONCLUSICN 

Field data of plants produced by tissue culture show that: 1) rapid clonal 

propagation of adult Eucalyptus species is possible; 2) this method can be used 

to establish seed orchards of selected genotypes; 3) reforestation with millions 

of plants of superior genotype is feasible if costs of tissue culture plants 

were ccropetitive to nursery-grown seedlings; 4) Eucalyptus breeding could be 

shortened, because tissue culture plants regenerated fran mature trees flowered 

earlier than seed raised plants. 

Work is in progress to reduce tile costs of tissue culture plants by rooting 

of tissue culture shoots directly in vivo and mechanization of tilis technique. 
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Table 1. Callus initiation in explants of Eucalyptus species. 

Eucalyptus species 

Eucalyptus alba 
E. bancroftii 
~ camaldulensis 
E. cladocal yx 
~ ganphocephala 
~ grandis 

~~ 
~ laevopinea 
E. rrelliodora 
~ nicholii 
E. obliqua 
E. robusta 
E. terreticornis 
~ x trabuti (hybrid) 
-botryoides x 

caroaldulensis 
E. viminalis 

Explants 

Hypocotyls 
stem, lignotuber 
Cambial tissue 
Cambial tissue 
Cambial tissue 
stem, leaf blades 
Hypocotyls 
Anthers 
Cambial tissue 
stem, leaf, lignotuber 
stem, leaf, lignotuber 
stem, leaf, lignotuber 
Lignotuber 
Stem, leaf, lignotuber 
Cambial tissue 
Stem segment 

Lignotuber 
Juvenile leaves 

References 

(38) 
(13,19,42) 
(37,52) 
(37) 
(37) 
(13) 
(26) 
(38) 
(37) 
(13) 
(19) 
(19) 

(6) 
(26,53) 
(37,26) 
(43) 

(6) 
(36) 
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Table 2. Morphogenesis in cultues of Eucalyptus species 

Eucalyptus species Explants Growth Response References 

E. alba --- Hypc>cotyl Plantlets (38) 

E. camaldulensis Seedling segments Plantlets (32,34) 

Seedling segments Plantlets (20) 
Mature trees (nodal Plantlets (30) 

segments) 

~ calophylla Seedling segment Plantlets (5) 

E. citriodora Lignotuber Plantlets (1) 
Seedling segments Plantlets (27) 
Seedling segments Plantlets (40) 
Cotyledons Callus, shoots 

and roots (39) 
Shoot apices 

(2-year-old trees) Multiple shoots (25) 
Apical and axillary Plantlets (28) 

buds (20-year-old (44,45) 
trees) 

Callus, seedling Field data and (29) 
explants, 20-year- essential oil 
old trees synthesis 

E. curtisii Seedling segments Plantlets (30) 

~ dalryrrpleana Nodes from 2-year-old Plantlets (21) 
trees grafted to (23) 
rejuvenate (8) 

E. diversioolor 10-year-old tree Plantlets (5) 

E. ficifolia Seedling segments Plantlets (16) 
Seedling segments Plantlets (33,34) 

Nodes from mature trees Plantlets (14,17,18) 

~ globulus Seedling segments Plantlets (24,32, 
34) 

Nodal segments (10-20- Plantlets (45) 
year-old trees) 

~ grandis Nodal segments (4-7- Plantlets (11) 
rronth old trees) 
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Table 2 continued 

Eucalyptus species Explants Growth Response References 

3-year-old trees Plantlets (13,17, 
12) 

Seedling segments Plantlets (32,34) 

Nodes fran mature trees Plantlets (35,41, 
51) 

~~ Nodal segments (2-3- Plantlets (28,8) 
year-old trees) 
(Frost Resistant clones) 

Nodal segernents Embryogenesis (9) 
(seedling) 

E. "Leichow" Seedling segments Embryoid formation (50) 

~ marginata Seedling segments Plantlets (4) 
axillary buds fran Plantlets (46) 
mature trees 

~ megacarpa Seedling segements Shoots (5) 

E. nicholii Seedling segments ----- Rooting (13) 

Seedling segments Shoots (32) 

E. nilens ---- Seedling segments Shoots (32,34) 

~ nova-anslica Seedling segments and Plantlets (47) 
nodal segments fran 
(4-10~nth-old plants) 

E. obtusiflora Seedling segments Plantlets (34) 

E. oreades Seedling segments Shoots (32) 

~ pauciflora Seedling segments Shoots (33,34) 

Nodal segments Plantlets (21) 
(2-year-old trees) 

~ ~lybractea Nodal segments fran Shoots (17 ,3) 
adult trees 

Nodal segll'ents fran Plantlets (15) 
basal coppice of 
adult trees 



Table 2 continued 

Eucalyptus species 

~ regnans 

E. rudis 

E. robusta - -

E. tereticornis 

E. torelliana 

E. viminalis 

Explants 

Seedling segments 

Seedling segments 

Nodal segments fran 
adult trees 

Seedling segments 

Nodal segments (10-20-
year-old trees) 

Nodal segments (10-12-
year-old trees) 

Seedling segments and 
nodal segments fran 
4-10-month-old trees 
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Growth Response References 

Plantlets (32,34) 

Plantlets (33) 

Plantlets (2) 

Plant lets (26) 

Plantlets (45) 

Plantlets (30) 

Plantlets (47) 
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Table 4. Oil analysisa of tissue culture raised plants grown in field fran a 
mature elite E. citriodora trees. 

E. citriodora tree Total Oil % Citronellal % Citronellol % 

Elite parent tree 3·50 n·oo 7'00 

6 month old tissue 3·01 + 0·12 89·85 + 6·5 6·5 + 0·46 
culture plants 

One year old tissue 3·12 + 0·17 90·15 + 5·2 6·3 + 0·38 
culture plants 

aOil analysis was carried out with leaves of 10 tissue culture plants fran 
each age group, (6 and 12 months old). Percentage was based on dry weight of 
the leaves. 
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30. MICROPROPAGATION OF CASUARINA 

M. 101. ABOEL-NIL 

1. INTRODUCTION 

Casuarina species are members of the family Casuarina

ceae, which was considered to be a primitive angiosperm, but 

lately was found to be closely related to Betulaceae and 

Fagaceae (10, 20, 25, 30). Casuarinaceae is a small family 

of four genera, which includes many species of evergreen 

trees and shrubs with a wide natural distribution in 

Australia, Southeast Asia, Polynesia and New Caledonia (14, 

26) • Casuarinas are characterized by scale-like univeined 

leaves arranged in whorls on green spreading branchlets (3, 

25). Flowers are unisexual and plants are monocious in most 

species (23). The staminate flowers are borne in catkins and 

the pistillate flowers are spherically arranged on cylin

drical inflorescent heads (cones). Seeds are formed inside 

samara fruits, which are enclosed by two valves (20, 21, 24, 

29). Casuarinas are able to fix atmospheric nitrogen through 

symbiosis with an actinomycete (Frankia) (11, 23). 

Casuarinas are important biological components in moist 

coastal areas or deserts in their natural habitat which 

spreads from temperate to tropical climate zones (24, 29). 

Their ability to tolerate inhospitable environments has been 

greatly enhanced by their high tolerance to salt and drought 

conditions and by their ability to fix atmospheric nitrogen. 

Some species are characterized by rapid foliage and root 

gro",th, which enable them to capture their sites efficiently 

and to playa significant ecological pioneering role (9, 12, 

14, 16, 23). 

Considerable attention has been given to casuarina 

because of its good potential for afforestation in regions 



wi th poor forest resources (3, 9, 13, 14). In large-scale 

plantations, casuarinas can be easily established and managed 

(14). They can be utilized for sand stabilization, shelter

belt, fuelwood, soil rehabilitation and animal fodder (9, 13, 

14, 18, 24, 28, 29). Their fast growth and excellent fire 

wood qualities suggest good potential to overcome fuelwood 

shortage of many underdeveloped countries (17). Casuarina 

species that fix atmospheric nitrogen through actinomycete 

symbiosis have low nutrient requirements and restore soil 

fertility to agriculturally depleted lands (9, 23). 

2. CASUARINA GENETIC TREE IMPROVEMENT 

Several casuarina genetic tree improvement programs 

were established to explore the possibilities of improving 

and introducing this species into the agroforestry systems of 

some tropical and subtropical countries (13, 14, 28). Tree 

improvement starts with provenance trials of seeds from wild 

or improved populations, followed by cycles of selection and 

breeding aimed at increasing the frequency of desired genes 

in subsequent generations (19). Provenance trials showed 

high inter- and intra-specific genetic variability in a 

number of important characters, such as; growth rate, stern 

straightness, and tolerance to adverse environmental condi

tions (17). Selections were made for several ecotypes. 

Significant genetic gains were produced and found to be 

suitable for large-scale plantations (13, 14, 29). 

Salt and drought tolerance are among the most desirable 

traits in breeding of casuarina (9, 14, 17). El-Lakanyand 

I,uard (16) found that survival after transplanting, and 

growth rate of casuarina were affected by soil salinity 

tolerance. Species were ranked according to their salt 

tolerance as follows: £. glauca, £. obes~, C. eguiE~!~!olia., 

C. glauca x C. cunninghamiana hybrid, C. cristata, c. 
cunninghamiana, £. stricta, £. littora1is, C. toru1osa, and 

C. decaiseneana (16). Casuarina cunninghamiana, C. glauca 

and £. equiseti~.C?lia are the mcst planted species and all are 

salt tolerant (9, 14, 17). Casuarina glauc~ was reported to 
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be also tolerant to water logging, calcareous or heavy clay 

soils (4,15,17). 

In a study comparing f. cunninghamiana with f. glauca, 

El-Lakany and Shepherd (17) found that height, diameter, 

branch length and number of cladodes per branch varied 

significantly within and between the species. Generally, f. 
glauca grew faster than f. cunninghamian~. The latter had a 

thicker stem diameter and less total biomass (14, 17). 

Variations observed in this study suggested a good potential 

for genetic gains by selection and breeding for shelterbelt 

plantation or timber production. 

3. CASUARINA VEGETATIVE PROPAGATION 

Natural regeneration of casuarina is by seed or coppice 

(24) • It is propagated commercially by sowing seeds in 

nursery beds. Vegetative propagation by air layering, 

suckering and rooting of cuttings is possible but the rate of 

mUltiplication is slow (14, 24, 34, 35). Application of 

auxin to girdled air layers stimulated rooting in young trees 

if treated between April and June, but rooting decreased 

sharply with aging of ortets (34). Treating lateral tender 

cuttings of f. equisetifolia with a commercial rooting 

hormone induced rooting in 42% of treated cuttings after 104 

days of planting, while untreated cuttings did not root (35). 

Techniques for vegetative propagation can be very 

useful tool in tree improvement program to bring together all 

superior and desirable clones for clonal testing and breed

ing. In afforestation and reforestation programs, a clonal 

plantation of uniform superior clones is a promising method 

to achieve high levels of genetic gain in the shortest 

possible time by capturing all additive and dominance gene 

effects (19). .!E. vitro Vegetative propagation may provide 

better multiplication rates than conventional methods of air 

layering or rooting of cuttings as with many horticultural 

plants (32). So far, attempts to culture cells or tissues of 

casuarina have not been reported (5, 6, 8, 31). 



4. CASUARINA TISSUE CULTURE 

Micropropagation was achieved by shoot regeneration 

from stern segments and callus cultures of juvenile seedlings 

of £. cunninghamiana, £. glauca, their interspecific hybrid 

and £. equisetifolia and of mature flowering male and female 

trees of £. equisetifolia (AboEl-Nil, unpublished data). 

4.1. Explants 

Two types of explants were used to regenerate shoot and 

to induce callus formation. 

4.1.1. Seedling explants. Seeds were germinated in 

peat: vermiculite: perlite mixture of 1:1:1, watered by 

sub-irrigation and incubated in 27°C under 16 hours photo

period. Epicotyls were excised and used as explants when 

they were about 3cm long. 

4.2.2. Mature trees. Stem tips of about Scm long 

were obtained from lateral branches high in the crown of five 

year old flowering trees grown in the field. 

4.2. Sterilization and establishment. 

Explants were washed in 3% Alconox solution for 10 

minutes then sterilized in 1.2% sodium hypochlorite solution 

for 10 minutes. Explants were then rinsed five times in 

sterile water in a sterile atmosphere. Segments of about 4rnrn 

were excised from sterns and cultured on the surface of agar 

gelled media. The medium used was that of Murashige and 

Skoog (MS) (33), except for the growth regulators which 

varied from one culture stage to the other as indicated 

below. All cultures were incubated at 2l±1°C under 16-hour 

photoperiod at 70 ~E/m2/sec from cool white fluorescent 

lamps. 

4.3. Callus initiation. 

Callus was induced from juvenile and mature stern 

segment explants on MS medium supplemented with S. 0 ~M 

dimethylallyl aminopurine (2iP) and naphthaleneacetic acid 

(NAA) (Table 1). Callus growth was induced on media supple

mented with 0.005 ~H NAA, while buds and callus were formed 

at lower concentrations of NAA (Fig. 1 A, B). Juvenile 

explants produced more buds than mature explants of C. 
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equisetifolia. At high NAA concentration of 0.5 11 M only 

green friable callus was formed. 

TABLE 1. Morphogenesis of Casuarina equisetifolia, C. 
glauca, £. cunninghamiana, £. glauca x £. Cun
ninghamiana hybrid stern segment explants and C. 
equisetifolia mature stern segments on MS medium 
supplemented with 5.0 11M 2iP and three concen
trations of NAA 

Explant NAA concentrations in 11M 

0.5 0.05 0.005 0.0 

Seedling Green callus Few buds Buds and Elongation 
epicotyl and small and callus of explants 
segments roots callus 

Mature Friable Few buds Buds Elongation 
stern green callus and of explants 
segments callus 

4.4. Organogenesis 

Buds were regenerated from callus tissue and stern 

segment explants on MS media containing 6-benzylaminopurine 

(BA) at concentrations from 11.0 to 2.2. 11M combined with 

indoleacetic acid (IAA) at 0.5 11 M (bud induction medium) 

(Fig. 1 C, 0, F) and (Table 2). In two consecutive subcul

tures at six-week intervals, buds continue to regenerate and 

elongate in the absence of exogenous auxin. Bud formation 

frequency was lower and callus growth was slower in the 

absence of auxin than when media was supplemented with auxin. 

Exogenous cytokinin was essential for bud differentiation 

from callus and stern segments. At the high auxin concentra

tion of 0.5 11 M, a dark green friable callus formed on cul

tured explants of mature trees. This callus did not regener

ate buds readily. Dark green friable callus differentiated 

buds at low frequency when cultured three times on a medium 

containing 4.4 11M of B1L Callus on explants of juvenile or 



mature specimens, cultured on media with 5 ~M of 2iP combined 

with 0.05 to 0.005 ~M of NAA, was granular in texture, pale 

green and slow growing (Fig. 1 E). This callus regenerated 

buds readily on a wide range of auxin and cytokinin combina

tions. 

Buds elongated into shoots upon long incubations on bud 

induction medium or transfer onto the same basal medium 

containing 2.2. ~M of BA and 3 gil of activated charcoal 

(Fig. 1 G). 

TABLE 2. Morphogenesis of Casuarina glauca callus on MS 
medium supplemented with two concentrations of lAA 
and three concentrations of BA 

lAA BA concentrations in ~~~M~ ____________ __ 

concentra
tions 
in ~M 

11.0 

Shoots with 

4.4 

Shoots, 

2.2 0.0 

Few shoots Roots and 
2.8 axillary callus, no pale green callus 

branching branching callus growth 
and callus growth 
growth 

0.0 Shoots with Shoots Shoot with Poor callus 
axillary axillary no branch- growth 
branching branching ing 

4.5. Rhizogenesis 

Roots were formed frequently on stern segment explants 

and on callus surface in contact with the medium when cul-

tured on media with NAA at 0.5 ~M or IBA at 6 fJ!'1. This 

observation indicated that the genus is easy to root if' 

culture and that rooting requirements are broad. Rooting of 

elongated shoots was induced at high frequency on MS medium 

containing 6 ~M of IBA and 3g/l of activated charcoal (Fig. 1 

H) • Rooting and root growth was achieved after four-week 

incubation on rooting medium. Rooted shoots were established 

extra vitr~ by transferring into a soil mixture of peat: 
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FIGURE 1 

In vitro morphogenesis of Casuarina spp. Sieb. A. Callus 
formation at base of epicotyl explant cultured on MS medium 
supplemented with 5.0 )lM 2iP and 0.05 11M NAA; B. Callus 
tormation at cut ends of a mature stem segment explant 
cultured on the same medium as in A.; C. Adventitious bud 
formatien from callus growing on medium containing 4.4 )lM BA 
and. 2.8 )lM lAA; D. Proliferation of axillary buds from 
epicotyl exple.nt. cultured on MS medium containing 5.0 )lM 2iP 
and 0.005 )lM NAA; E. Callus culture derived from an epicotyl 
explant grown on the same medium as in D.; F. Bud differen
tiation (organogenesis) on callus cultured for 6 weeks on MS 
medium containing 11.0 )lM BA and 2.8 11M IAA; G. Multiple 
elongated shoets growing on HS medium with 2.2 )l M BA and 3 
gil activated charcoal; H. Root.ed shoots after 3 weeks 
j.ncubation on MS medium wit.h (;.O)lM IBA and 3 q/l activated 
charcoal; I. A plant after extra vitrum establishment. 
(Scale Bar' represents 5 mm for A and ' C, 2 mm for B, 4 nun for 
D, and 10 mm fer E, F. G. H and I). 



perlite: vermiculite at 1:1:1 ratio and incubation in 95% 

relative humidity for two weeks. Established p1ant1ets were 

transferred to the greenhouse for further growth before field 

outplanting. Foliage grown extra vitrum was morphologically 

distinguishable from that formed in vitro. The former was 

much coarser and had less branching than the latter. In the 

early stage of greenhouse growth, plantlets had from one to 

four main stems that dominated the rest of the excessively 

branched crown (Fig. 1 I), while sexually produced seedlings 

usually only had one main stem with strong apical dominance. 

5. CONCLUSIONS 

The potential of Casuarina spp. for micropropagation by 

organogenesis has been established. Two approaches were used 

with juvenile and mature explants alike. One was callus 

induction followed by bud differentiation, and the other was 

direct bud induction on stem segment explants. Cultural 

requirements for regeneration of casuarina were very broad 

since callus and bud differentiation was achieved on a range 

of auxin and cytokinin combinations. 

It is a prevailing dogma among tissue culture special

ists that mature woody and tree species of gymnosperms and 

angiosperms are difficult to micropropagate (5, 6, 7, 22). A 

number of mature tree species required special rejuvenation 

treatments to facilitate their vegetative propagation by 

tissue culture (2,22). Casuarina was found to be easy to 

micropropagating without the special rejuvenation treatments 

required for many mature tree species. 

Application of rapid tissue culture propagation of 

eli te casuarina trees, that are saline and drought tolerant 

and suitable for economic use as shelterbelt. or for wood 

production, would have a tremendous impact on tree improve

ment programs and eventually on reforestation (EI-Lakany, 

pers. comm.). t-Hcropropagation of casuarina can be immedi

ately utilized for clonal propagation of unique full-sib 

hybrids for clonal testing, for mUltiplication of elite trees 

that are scarce or endangered, and for germplasm preservation 
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and exchange. Micropropagated 

than seed propagated plants. 

icance for using casuarina 

plants had more basal branches 

This trait may be of signif

in shelterbelt plantations in 

which excessive basal branching and wide crown are highly 

desirable characters in contrast to timber production in 

which absence of basal branching with narrow crown is 

required (13). 

Major research problems remain to be solved before 

large-scale micropropagation and outplanting is possible. 

Induction of somatic embryogenesis (1) in which production 

costs may be reduced is of special value to cost-effective 

agroforestry. Confirmation of physiological uniformity and 

genetic fidelity of plants produced by micropropagation is a 

prerequisi te for any commercial application of this tech

nology. Lastly, automation of in vitro and extra vitrum 

manipulations, and outplanting mechanization technologies are 

critical to achieve large-scale production of plantings for 

forestry applications. 
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costaricana, 342 

Citrus, 24, 
Cocos 

nucifera, 338 
Cornus, 250 
Cryptomeria 

japonica, 108, 185 
Cunninghamia 

lanceolata, 114, 200 
Cupressocyparis 

leylandi i, 185 
Cupressus 

lusitanica, 167, 168, 170 
dupreziana, 178 
sempervirens, 201 
torulosa, 158 

Dalbergia, 289 
Elaeis 

guineensis, 338 
Ephedra 

fOliata, 163 
gerardiana, 163 

Erythea 
edulis, 346 

Eucalyptus, 24, 115, 218 
alba, 394 
bancroftii, 394 
botryoides, 394 
calophylla, 395 
camaldulensis, 178, 385 
citriodora, 312, 385 
cladocalyx, 394 
curtisii, 395 
dalrympleana, 395 
deglupta, 385 
diversicolor, 395 
ficifolia, 395 
globulus, 385 
gomphocephala, 394 
grandis, 385 
gunnii, 394 
laevopinea, 394 
leichow, 396 
marginata, 396 
megacarpa, 396 
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melliodora, 394 
nicholii, 394 
nilens, 396 
nova-anglica, 396 
obliqua, 394 
obtusiflora, 396 
oreades, 396 
pauciflora, 396 
polybractea, 396 
regnans, 396 
rudis, 396 
robusta, 394 
tereticornis, 385 
torelliana, 385 
trabuti, 394 
urophylla, 385 
viminalis, 394 

Fagus, 224, 252 
sylvatica, 218, 231 

Fraxinus, 224, 252 
excelsior, 232 

Hevea 
brasiliensis, 326 

Juglans, 24 
hindsii, 261 
nigra, 261 
regia, 261 

Juniperus 
macropoda, 159 
virginiana, 62 
wallichiana, 159 

Larix, 185, 201, 202 
laricina, 62 
decidua, 64, 66, 69, 74, 202, 218 
griffithii, 159 

Leucaena 
leucocephala, 285, 287 
retusa, 286, 288 

Liquidambar, 312 
formosana, 292 
orientalis, 292 
styraciflua, 216, 292 

Magnolia, 250, 258 
Malus, 24, 142 
Mangifera, 24 
Morus 

alba, 272 
bombysis, 272 
kagayamae, 275 
multicaulis, 272 

Phoenix 
canariensis, 343 
dactylifer'a, 338 

Picea, 80 
abies, 2, 47,66,68,70, 106, 148, 

154, 185, 189, 201, 202, 203, 218 

glauca, 62, 64, 66, 67, 68, 74, 185, 
201, 202 

mariana, 62, 64, 66, 74, 202 
mor inda, 159 
pungens, 189 
rubens, 62 
sitchensis, 30, 185, 202 
smithiana, 161 
spinulosa, 159 

Pinus, 13, 80, 104 
ayacahuite, 168 
banksiana, 62, 67, 68,74 
caribaea, 167, 168, 169, 170, 202 
chiapensis, 168 
clausa, 62 
contorta, 2, 201 
echinata, 62, 73 
elliottii, 62, 73, 188, 202 
gerardiana, 159, 160 
greggi i, 167 
hartwegii, 167, 169, 170 
lambertiana, 146 
maritima, 1'78 
maximartinezii, 167, 169, 170 
maximinoi, 168 
nigra, 16, 20, 24, 42, 202 
nigrosylvis, 56 
oocarpa, 167, 168, 169, 170,202 
palustris, 62, 69, 73, 188, 195, 202 
patula, 167, 169, 170 
pinaster, 42, 70, 196, 197, 201 
pseudostrobus, 167, 168 
radiata, 8, 128, 168, 185, 189, 196, 

201, 203 
resinosa, 62, 69 
rigida, 62, 114, 188, 203 
roxburghii, 159, 160 
serotina, 62, 64 
strobus, 62, 68, 73 
sylvestris, 2, 15, 16, 20, 42,65, 

72, 73, 189, 201, 202 
taeda, 62,63,70,73,101,188,196, 

197, 203, 216 
tecunumanii, 168 
virginiana, 62, 73 
wallichiana, 159, 160, 161, 162 

Paulownia, 312 
Populus, 247, 255 

adenopoda, 208 
alba, 207, 208, 211, 212 
canadensis, 212 
canescens, 208, 211, 212 
euphratica, 207 
euramericana, 208, 210, 212 
davidiana, 208 
deltoides, 207, 208, 211, 212 



mon ticola, 207 
nigra, 207, 208, 209, 210, 211, 212 
sieboldii, 208 
tremula, 207, 208, 209, 211, 212, 

213, 218 
tremuloides, 208, 209, 210, 211, 212, 

213, 218 
yunnanensis, 211, 212 

Prosop is, 289 
alba, 370 
burkartii, 371 
chi lens is, 371 
cineraria, 372 
flexuosa, 370 
strombulifera, 371 
tamarugo, 37 ° 

Prunus, 224, 239, 252 
avium, 218, 232, 243 
padus, 233 

Pseudotsuga 
menziesll, 15,70,80,81,106,146, 

178, 185, 198, 201,202, 203, 218 
Pterocarya 

stenoptera, 265, 267, 268 
Quercus, 224, 247 

petraea, 218, 233 
robur, 218, 233, 242 
suber, 234 

Salix, 224 
alba, 235, 238, 242 
fragi lis, 235 
v iminalis, 235 

Santalum, 312 
Sapium 

sebiferum, 357 
Sequoia 

sempervirens, 80,114,125,146,185, 
188, 190, 194, 198, 203 218 

Sequoia dendron 
giganteum, 185, 194, 200 

Sesbania, 289 
Shorea 

robusta, 316 
S~rbus, 224 

aucuparia, 236, 240 
torminalis, 236 

Tamarindus 
indica, 316 

Taxodium 
distichum, 62 

Taxus 
baccata, 159 

Tec tona 
grandis, 218, 

Thuja, 185 
occidentalis, 

301 

62, 199 

plicata, 80, 93, 199 
Tilia, 224 

cordata, 237, 238, 242 
platyphyllos, 237 

Tsuga 
brunoniana, 159 
canadensis, 62 
dumosa, 159 
heterophylla, 80, 93 

Ulmus, 224, 247, 255 
campestris, 237, 238, 239, 242 
laevis, 237 
glabra, 237 
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acclimatization, 116, 120, 152, 240, 
254, 308, 321, 344, 388 

agar 
concentration, 9, 148 
inhibitors, 274 
substitutes, 87 

agrobacterium, 24, 102 
anther culture, 332, 334, 345 
antioxidants, 376 
apomixis, 24 
brachyblasts, 13, 46, 47, 50, 51, 55 
callus culture, 43, 45, 85, 160, 209, 

238, 278, 285, 320, 331, 342, 379, 
403 

cambium explant, 83 
cell suspensions, 67, 85, 218, 278, 331, 

333, 366, 379, 388 
clones 

advantages, 83, 186, 318, 327, 339, 
347 

commercial, 12, 303 
legal aspects, 12 
limitations, 11, 12 

cold 
pretreatment, 37, 388 
storage, 131, 189, 197 

commercial aspects, 185, 258, 326, 338 
cost of micropropagation, 129, 192, 

216 
rooting cuttings, 101 
wood supply, 80, 166, 208, 292, 300, 

370 
contamination, 139, 179, 192 
cyclophysis, 11 
cytokinin, 8 

charcoal effects, 362 
gradients, 9 
pulse, 10, 13, 14, 16, 46, 49 
rooting, 32 
spray, 16, 22, 89, 135, 178, 242 
stunting, 32 
uptake, 9 
vitrification, 9 

cytology, 106 
dark 

pretreatment, 32, 125 
determination, 20 
elongation, 22, 51,136,183,191 
embryo 

culture, 43, 44, 83, 110, 263, 329, 
340 

415 

embryogenesis, 13, 22, 68, 91, 101, 104, 
142, 164, 203, 267, 332, 342, 345 

encapsulation, 7, 23, 101, 106 
epicormics, 20, 188 
episodic growth, 250 
explant 

browning, 226, 376 
timing of collection, 37, 38, 88, 

199, 225 
topophysis effect, 89 

field testing, 91, 125, 129, 192, 197, 
198, 216, 241, 309, 322, 346, 390 

flower induction, 94 
in vitro, 345 
premature, 310, 322, 347 

genetics 
breeding, 82, 128, 327, 339, 348, 

401 
engineering, 24, 102, 107, 328 
variation, 102, 138, 247 

gibberellic acid 
male strobili induction, 94 

grafting, 125, 133, 135, 178, 242, 358 
haploids, 7, 328, 334 
histology 

buds, 47 
hybridization, 7 
light, 376 

far-red, 14, 52 
intensity, 140 
red, 84 

maturation, 10, 102, 124, 141, 185, 310 
mature tree explants, 37, 55, 65, 74, 

87,94,211,218,242,249,264,304, 
359, 386, 403 

megagametophytes, 147,150,161,164 
micrografting, 56 
mycorrhizae, 54 
nucellus, 25, 143 
organogenesis 

control, 6 
induced in 

brachyblasts, 13, 46, 50, 51, 55, 
189, 195 

callus, 13, 14, 33, 66, 67, 68, 
238, 285, 296, 331, 379, 404 

cell suspensions, 67 
cotyledons, 14, 17, 46, 84, 94, 

132, 196 
embryos, 31, 63, 73, 74, 132, 169, 

198 
hypocotyls, 110 
leaves, 15, 149, 
megagametophytes, 150, 164, 177 
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meristems, 14, 18 
seedling explants, 32, 169, 177 
shoot tips, 225, 273, 294, 330, 

377 
stomates, 9 

peroxidases, 49 
specific proteins, 86 
stimulated by 

red light, 84 
submersion, 35, 36 

temperature effects, 375, 376 
ovule culture, 335 
periphysis, 11 
peroxidases, 49 
phylloids, 15 
plagiotropism, 11, 25, 82, 95,115,122, 

177, 185, 192, 193, 200 
ploidy, 23, 49, 87, 152, 160 
polyembryogenesis, 104, 106 
protoplasts, 92, 218, 279, 333 
rejuvenation, 55, 89, 102, 124, 125, 

141,178,189,217,242 
root culture, 277 
rooting, 22, 39, 52, 82, 89, 101, 118, 

133,137,183,191,227,266,365, 
405 
subculture effect, 121 

seed propagation, 81, 115,128,167 
somaclonal variation, 23, 328, 367 
sphaeroblasts, 20 
stump sprouts, 114, 149, 188, 190,242, 

293 
subculture effects, 119, 120 
submers ion 

increased budding, 35 
temperature effects, 375, 376 
terminology, 3 
topophysis, 11 
vessels, 10, 139 
vitrification, 132, 154, 192 

agar concentration, 9 
cytokinin pulse, 10 
increased budding, 35, 36 
reversion, 35 
sumerged in water, 35 




