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1. Introduction 

The formation of whole plants from cultured cells is interesting not only 
because of its applications for mass propagation but also as a prime example 
of the process of controlled development and differentiation in plants. Cul- 
tures capable of producing somatic embryos with high frequency provide 
ideal experimental systems to study and understand the biochemical basis of 
hormonal regulation of the developmental process. This knowledge should 
lead to the planning of media and various treatments that allow us to obtain 
whole plants from single cells in recalcitrant plant species. 

In contrast to zygotic embryos which mature under the restrictive environ- 
ment of endospermic tissue and show a high degree of commitment at very 
early stages of development (Bhojwani and Razdan, 1983; Goldberg et a l . ,  
1989), somatic embryos are highly plastic and much less committed to matur- 
ity (Carman, 1990). Their development is easily disturbed by changes in 
medium constituents, physical environment, density of cultures, and other 
exogenously applied chemical factors. 

Whereas a large amount of literature has accumulated on the morphogen- 
etic and biochemical events underlying embryogenic development in cell 
cultures of herbaceous dicotyledons as exemplified by carrot (Street, 1977; 
Sharp et a l . ,  1980; Ammirato, 1984; Raghavan, 1986; Minocha, 1988; Car- 
man, 1990; De  Jong et al. ,  1993), only limited information is available for 
the development of zygotic or somatic embryos in woody plants. A few 
laboratories have attempted to characterize the metabolic status of conifer 
cell and tissue cultures undergoing somatic embryogenesis or adventitious 
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shoot regeneration (Simola and Honkanen, 1983; Grey et al., 1987; Durzan, 
1987; Wann et al., 1987; Hakman and von Arnold, 1988; Kumar and Thorpe, 
1989; Simola and Santanen, 1990; Tautorus et al., 1991). These studies have 
focused mostly on the metabolism of carbohydrates and nitrogen. Somatic 
embryos of Picea abies cultured under appropriate conditions demonstrate 
ultrastructural and chemical similarities (Hakman, 1993) to zygotic conifer 
embryos (Simola, 1974a,b, 1975). Changes in proteins and mRNA during 
somatic and zygotic embryogenesis in Picea glauca have recently been re- 
ported by Misra and Green (1990, 1991). 

2. Polyamines 

Polyainines are naturally occurring aliphatic amines that carry a net positive 
charge at physiological pH. The most prevalent polyamines in higher plants 
are spermidine, spermine, and their precursor putrescine. Other less fre- 
quently observed polyamines include cadaverine, norspermidine, norsper- 
mine, homospermidine and homospermine. Their ubiquitous occurrence in 
all living organisms and in all cell types has led to the speculation that 
polyamines are essential for cellular growth and differentiation (Smith, 1985; 
Evans and Malmberg, 1989; Slocum and Flores, 1991). Polyamines have 
been found to exist in free, conjugated, and bound forms. 

Polyamine biosynthesis and cellular concentrations can be modulated by 
various plant growth regulators (Evans and Malmberg, 1989; Rastogi and 
Davies, 1991, and references therein). Likewise, the modulation of cellular 
polyamines by exogenous polyamines or polyamine biosynthetic inhibitors 
can alter the endogenous levels of plant growth regulators (Roberts et al., 
1984). A possible function of these compounds as growth regulators or as 
secondary messengers in plant cells has been discussed (Slocum et al., 1984; 
Smith, 1985; Galston and Kaur-Sawhney, 1987; Phillips et al., 1987; Evans 
and Malmberg, 1989). 

The variety of physiological responses in which a role for polyamines has 
been suggested is indeed large. Obviously, a single mode of action cannot 
be envisioned. Undoubtedly, the polybasic nature of these compounds is 
essential to the many metabolic activities they help to regulate, but their 
mechanism of action remains in question. It is believed that polyamines 
accomplish many of their functions by binding with negatively charged sites 
on various macromolecules (see Bachrach and Heimer, 1989a,b; Slocum and 
Flores, 1991, and references therein). 

In plants, polyamines have been implicated in the regulation of light- 
induced growth responses, embryogenesis, organogenesis, pollen formation, 
flower development, fertilization, fruit development and senescence (Slocum 
et al., 1984; Minocha, 1988; Evans and Malmberg, 1989; Slocum and Flores, 
1991). In addition, a role for polyamines has also been proposed in the 
response of plants to stress from both biotic and abiotic factors (Young and 
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Figure 1. Combined pathway for biosynthesis of polyamines and ethylene in plants. The enzymes 
involved are: (1) arginine decarboxylase (ADC); (2) agmatine iminoltydrolase; (3) N-carbamoyl- 
putrescine amidohydrolase; (4) arginase; (5) ornithine decarboxylase (ODC); (6) spermidine 
synthase; (7) spermine synthase; (8) SAM decarboxylase (SAMDC); (9)gACC synthase; (10) 
ethylene forming enzyme; (11) S-adenosylmethionine synthase; (12) polyamine oxidase (PAO); 
(13) diamine oxidase (DAO). 

Galston, 1983; Flores and Galston, 1984; Villanueva et al., 1987; Krishnamur- 
thy and Bhagwat, 1989; Wang and Zug, 1989; Slocum and Flores, 1991; 
Tenter and Wild, 1991; Minocha et al., 1992; Prediari et al., 1993). 

Ornithine decarboxylase (ODC) (EC 4.1.1.17) is a ubiquitous enzyme that 
catalyzes the conversion of L-ornithine to the diamine putrescine (Fig. 1). 
Ornithine decarboxylation is the only de novo pathway to putrescine synthesis 
in animals. In higher plants as well as prokaryotes and some fungi, there is 
a second pathway for putrescine synthesis (Slocum et al., 1984; Smith, 1985; 
Pegg, 1986; Khan and Minocha, 1989a,b). In this pathway, the decar- 
boxylation of L-arginine by arginine decarboxylase (ADC; EC 4.1.1.19) leads 
to the formation of putrescine, via agmatine and N-carbamoylputrescine 
intermediates. The distribution of these enzymes in different tissues. and in 
different plants is regulated in a developmental and tissue-specific manner. 
For example, proliferating suspension cultures of carrot possess only ADC 
while developing green mature somatic embryos contain both ODC and 
ADC, the former being predominant (Robie and Minocha, 1989). 

Spermidine and spermine are synthesized by the sequential addition of an 
aminopropyl group to putrescine (Fig. 1). The aminopropyl moeity is donated 
to putrescine by decarboxylated S-adenosylmethionine (dcSAM) (Torget et 
al., 1979; Cohen et al., 1981; Pegg, 1986). In addition to its role as the major 
biological methylating agent and in the biosynthesis of polyamines, SAM is 
also the precursor for ethylene biosynthesis in plants. Decarboxylation of 
SAM by SAM decarboxylase is nonreversible, committing SAM to the poly- 
amine biosynthetic pathway. Spermidine and spermine synthases are assumed 



to be separate enzymes, though the mechanisms of their action may be 
identical (Smith, 1985; Pegg, 1986). 

Many other polyamines have been reported in plants whose synthesis and 
potential functions were reviewed by Phillips and Kuehn (1991). Polyamines 
can also serve as precursors for secondary metabolites including anabasine, 
nicotine, atropine and unusual cinnamic acid amide conjugates. Some of the 
conjugates appear to be involved in resistance to pathogen infections, while 
others apparently are involved in plant reproduction (Smith et al., 1983; 
Flores and Martin-Tanguy, 1991). Total concentrations of cellular polyamines 
are obviously influenced by the concentration of these secondary metabolites. 
Techniques are now available for isolation and quantitation of both perchloric 
acid (PCA) soluble and insoluble (i.e., free vs. conjugated or covalently 
bound) polyamines to help in the accurate determination of endogenous 
polyamine levels (Minocha et al., 1990; Smith, 1991a). This is particularly 
important in view of the possibility that polyamine titers are regulated in 
part by interconversion between free polyamines and their conjugates. 

A number of compounds have been synthesized that act as potent inhibi- 
tors of the polyamine biosynthetic enzymes (Pegg, 1986; McCann et al., 
1987). These compounds have proven useful in elucidating the importance 
of polyamines in cellular activities, and in understanding the regulation of 
polyamine biosynthesis. The suicide inhibitors, DL-a-difluoromethylornithine 
(DFMO) and DL-a-difluoromethylarginine (DFMA) specifically inhibit ODC 
and ADC, respectively. In addition, D-ornithine and monofluoromethylorni- 
thine have also been used to inhibit ODC activity. 

Inhibition of cell growth with these compounds seems to be cytostatic 
rather than cytotoxic as the exogenous application of polyamines generally 
reverses the effect of the ODC and ADC inhibitors. Despite a specific 
and almost universal inhibition of ODC activity by DFMO in animals, this 
compound does not function as an effective inhibitor for all prokaryotic and 
plant ODCs. For example, DFMO does not inhibit ODC activity of certain 
cultivars of Solanum tuberosum, Avena sativa, Pisum sativum, A~naranthus 
sp., Daucus carota, Catharanthus roseus, and a few cultivars of Nicotiana 
tabacum (Galston, 1983; Flores and Galston, 1984; Slocum and Galston, 
1985; Robie and Minocha, 1989; Minocha et al., 1991a) when tested in vitro. 
In general, DFMA has been highly effective as a suicide inhibitor of ADC 
in plants. 

Another widely used inhibitor of polyamine biosynthesis is MGBG (me- 
thylglyoxal bis(guanylhydrazone)), a competitive and reversible inhibitor of 
SAMDC that generally inhibits spermidine and spermine biosynthesis. In 
some instances, MGBG is not specific for SAMDC inhibition (Pegg, 1986) 
and may also cause stabilization of this enzyme (Hiatt et al., 1986; Malmberg 
and Hiatt, 1989). 

Polyamines are oxidatively deaminated by the enzymes diamine oxidases 
(DAOs) and polyamine oxidases (PAOs) (Federico and Angelini, 1991). 
Plant diamine oxidases are most active with putrescine and cadaverine, 



though enzymes with broad specificities also occur in some species. Poly- 
amine oxidases are known to occur mostly in monocots, especially cereals 
(Smith, 1991b). Only recently have these enzymes been detected in dicots 
(Bagga et al., 1991) and conifers (Santanen and Simola, 1994). Unlike the 
diamine oxidases, the PAOs are specific for aliphatic polyamines. It is unclear 
why di- and polyamine oxidases occur so erratically throughout the plant 
kingdom. Some plants, such as those in the Solanaceae, apparently do not 
contain amine oxidase activity. The ultimate fate of polyamines in plants is 
thus quite complicated and not fully understood. 

3. Polyamines in Conifers and Hardwoods: General Comments 

Cellular levels of polyamines in different tissues of a number of woody plant 
species have been reported (Table 1). It is obvious from the published work 
that the major polyamines (putrescine, spermidine, and spermine) found in 
woody plants are the same as in the herbaceous plants. There are no pub- 
lished reports containing any information on the occurrence of rare poly- 
amines, possibly because only a few species of woody plants have been 
studied. Like the situation with herbaceous plants, different species and 
different tissues of the same plant differ widely in having either putrescine 
or spermidine as the predominant polyamine. Both ODC and ADC have 
been observed in woody plants, their distribution also being tissue and species 
dependent as in herbaceous plants (R. Minocha and S.C. Minocha, unpub- 
lished data). While the information is scant, both conjugated and bound 
forms of polyamines have been reported in woody plants. 

Some polyamines and their combinations have been shown to have favor- 
able effects on protoplast and callus cultures of woody plants. Ornithine (25 
pM) and putrescine (50 and 100 pM) were found to stimulate cell division 
and colony formation in mesophyll protoplasts of Alnus glutinosa and A. 
incana (Huhtinen et al., 1982183). When the effect of polyamines was tested 
on initiation of megagametophyte callus of Picea abies, it was found that 
these compounds could not replace casein hydrolysate and glutamine in most 
cases, but a combination of three polyamines (putrescine 0.25, spermidine 
0.1, and spermine 0.025 mM) favored the development of roots (Simola and 
Honkanen, 1983). The microspore callus cultures of this species were able 
to grow in the dark if the nutrient medium contained putrescine (0.1 mM). 
The effects of spermidine and spermine on growth were similar but root 
differentiation was stimulated in blue, red, and fluorescent light by spermine 
only (Simola and Huhtinen, 1986). 



Table 1. Amount of polyamines in different woody plants. 

Species Putrescine Spermidine Spermine Reference 

Larix decidua 
callus Minocha et al., 

unpublished data 
Picea abies 
needles, clone 14" 
needles, clone 11" 
callus 
zygotic embryos 

Dohme~i et al., 1990 

Minocha et al., 1993 
Santanen and Simola, 
u~ipublished data 
Santanen and Simola, 
unp~iblished data 

megagametophyte 

Picea rubens 
needles Minocha et al., 

unpublished data 
Minocha et al., 1993 
Minocha et al., 
unpublished data 
Minocha et al., 
unpublished data 

callus 
roots 

suspension 

Pinus radiata 
cotyledo~i (nglcot) 130 (Od) 105 (Od) 

40 (3d) 80 (3d) 
1.05 (Od) 2.9 (Od) 
0.4(3d) 1.1(3d) 

41 90" 

105 (Od) 
70 (3d) 
0.2 (Od) 
0.25 (3d) 

75 

Biondi et al., 1986 

cotyledon 
(ymol/gFW)* 
Citrus aurantium leaves 

Kumar and Thorpe, 1989 

Kushad and Yelenosky, 
1987 

Citrus jambhiri 
Citrus sinensis 

Hevea brasiliensis 
callus (40 d) El Hadrami and D'Auzac, 

1992 
Mangifera indica 
( ymol/gFW) 
nucellus- 
monoembryonic 
callus 
somatic embryos 
zygotic embryos 

Litz and Schaffer, 1987 

Populzrs 
nigra X maximowiczii 
suspension Sun and Minocha, 

unpublished data 
Populus tremuloides 
callus Minocha et al., 

unpublished data 
Biondi et al., 1990 Prunus avium leaf* 

shoot 63 
45 

traces 

Pyrus communis4: 
shoot cultures (2 wk) 460 120 19 Prediari et al., 1993 

The polyamine levels are expressed as nmol/gFW unless otherwise stated (d = days). 
* Indicates estimated amount from published figures. 



4. Polyamines and Somatic Embryogenesis: Background 

In addition to a multitude of potential functions of polyamines in plants, it 
has been suggested that polyamines play a critical role in morphogenesis in 
plant cell cultures (Minocha, 1988; Galston and Flores, 1991). With respect 
to somatic embryogenesis, the role of polyamines has been studied exten- 
sively in carrot (Montague et al., 1978, 1979; Feirer et al., 1984; Minocha, 
1988; Mengoli et al., 1989; Robie and Minocha, 1989; Minocha et al., 
1991b,c). The following statements summarize the relationship between poly- 
amines and somatic embryogenesis in this tissue: 1) presence of auxin in the 
medium completely suppresses somatic embryogenesis; 2) increased bi- 
osynthesis of polyamines precedes the development of somatic embryos upon 
removal of auxin; 3) inhibitors of polyamine biosynthesis (e.g., DFMA and 
MGBG) strongly inhibit the development of somatic embryos. Studies from 
our laboratory (Robie and Minocha, 1989; Khan and Minocha 1991; Minocha 
et al., 1991b,c; Nissen and Minocha, 1993; D.R.  Bastola and S.C. Minocha, 
unpublished data) further show that: 1) cells grown in the presence of auxin 
contain less polyamines than those grown in an auxin-free medium; 2) 
DFMO, in a manner unrelated to its effects on ODC, promotes the biosyn- 
thesis of polyamines, inhibits ethylene production and promotes somatic 
embryogenesis in the absence of auxin, and, most importantly, allows the 
development of somatic embryos even in the presence of auxin; 3) the 
promotory effects of DFMO cannot be mimicked by exogenous addition of 
polyamines or other analogs; 4) transgenic cell lines of carrot that overexpress 
a mouse ODC cDNA and thus produce considerably higher levels of pu- 
trescine (as compared to control cells), also show a stimulation of somatic 
embryogenesis in the auxin-free medium, and produce somatic embryos 
even in the presence of otherwise inhibitory concentrations of 2,4-D. Thus, 
stimulation of putrescine biosynthesis achieved either through treatment with 
DFMO (Robie and Minocha, 1989) or through the overexpression of ODC 
(D.R. Bastola and S.C. Minocha, unpublished data) have similar conse- 
quences, i.e., a partial reversal of the inhibitory effect of auxin. Additional 
research is needed on mechanism(s) by which increased cellular levels of 
putrescine induce the development of somatic embryos. 

Parallel studies with several other herbaceous angiosperms also have de- 
monstrated the inhibition of somatic embryogenesis by inhibitors of poly- 
amine biosynthesis (Meijer and Simmonds, 1988; Minocha, 1988; Galston 
and Flores, 1991). These results indicate that a continued biosynthesis of 
polyamines is an essential aspect of the metabolism during the differentiation 
and development of somatic embryos in plants. 

In contrast to the herbaceous angiosperms, however, there have been only 
a few studies on polyamines in relation to the process of embryogenesis in 
woody plants, especially trees. Litz and Schaffer (1987) were the first to study 
changes in cellular polyamine content during the development of somatic and 
adventitious embryos in a tree species (Mangifera indica). Biondi et al. (1986, 



1988) have reported changes in polyamine metabolism in the cotyledons 
of Pinus radiata cultured on shoot-forming and non shoot-forming media. 
Santanen and Simola (1992) compared the free, bound, and conjugated 
polyamines in non-embryogenic callus cultures with the differentiating em- 
bryogenic callus cultures of Picea abies grown on ABA-containing maturation 
medium. Minocha et al. (1993) have studied the metabolism of free poly- 
amines in Picea abies and Picea rubens pro-embryogenic callus cultures grown 
on the proliferation medium containing auxin and cytokinin, and on the 
maturation medium containing ABA and IBA. The effects of exogenous 
addition of polyamines and their biosynthetic inhibitors on free polyamine 
levels and growth rate in the differentiating embryogenic cultures of rubber 
tree (Hevea brasiliensis) were reported by El Hadrami and D'Auzac (1992). 
All of these studies, like those on carrot, were done with tissues that were 
producing somatic embryos but also contained a large proportion of non- 
differentiating cells. However, a detailed analysis of polyamines in different 
stages of the developing somatic or zygotic embryos is not currently available, 
though, as discussed by Feirer, Chapter 15 of this book, preliminary studies 
have been undertaken in Pinus strobus. Santanen and Simola (1994) also 
reported on the putrescine and spermidine catabolism in non-embryogenic 
and embryogenic callus lines and late stages of developing embryos of Picea 
abies. The following is a summary of the available literature on polyamines 
and somatic embryogenesis and morphogenesis in tissue cultures of woody 
plants, and how these results compare with the reported data on hcrbaccous 
angiosperms. 

5. Polyamines and Somatic Embryogenesis in Woody Plants 

Somatic embryogenesis in conifers is known to be quite different from that 
in carrot and other angiosperm species. In most angiosperms, somatic em- 
bryogenesis entails a rapid growth phase for several days during which em- 
bryos and plantlets are formed that continue to grow or "germinate" without 
an intervening period of dormancy (maturation). In most conifers, on the 
other hand, tissue on the proliferation medium grows fast and produces only 
early stage embryos (Tautorus et al., 1991). Maturation of these embryos is 
similar to the maturation of zygotic embryos. Maturation medium for conifers 
commonly contains ABA in contrast to the medium used for somatic em- 
bryogenesis in angiosperms (Hakman and Fowke, 1987a,b; Boulay et al., 
1988; Hakman and von Arnold, 1988; Misra and Green, 1990, 1991; Simola 
and Santanen, 1990). These mature embryos must be transferred to a fresh 
medium lacking ABA and other growth hormones in order to initiate germi- 
nation. 

As described elsewhere in this book, in most conifers, the pro-embryogenic 
tissue maintained on the proliferation medium consists of numerous or- 
ganized meristematic clusters attached to long suspensor-like cells. Pro- 



embryogenic callus produces visible globular embryos on maturation medium 
within 10 to 15 days in both Picea abies and Picea rubens. Embryos with 
greenish or yellowish green cotyledons are visible in large quantities within 
4 to 8 weeks. Multiple embryos attached to the same group of loosely 
organized suspensor-like cells are commonly observed. Since embryogenesis 
is not synchronous in these cultures, embryos at different stages of develop- 
ment can be found at any one time on the same piece of tissue. Embryogenic 
cultures maintained on maturation medium increase in dry as well as wet 
weight mostly due to the developing embryos. However, the increase in 
weight of these cultures always is less than that of the pro-embryogenic tissue 
maintained on the proliferation medium. 

Differentiating embryogenic cultures of Picea abies contained significantly 
higher levels of polyamines than non-embryogenic cultures (Fig. 3). These 
observations are similar to those reported for carrot and egg plant (Solanum 
melongena) tissues (Montague et al., 1978; Fobert and Webb, 1987; Robie 
and Minocha, 1989). Differentiating embryogenic tissues of Picea abies and 
Picea rubens, maintained on the maturation medium, had lower levels of 
polyamines compared to the same tissues grown on the proliferation medium 
(Fig. 2). The decline of polyamines on the maturation medium may partly 
be related to the effects of ABA itself on this tissue and not to embryogenesis 
since non-embryogenic tissue grown on ABA containing medium also showed 
this decline, though at a slower rate (Santanen and Simola, 1992). Either 
putrescine or spermidine was the predominant polyamine in embryogenic 
tissue depending on how long the tissue had been on a particular medium, 
the developmental stage of the tissue, and whether the cultures were grown 
in suspension or on solid media. Spermine was present in minute quantities 
at all times tested. In general, embryogenic cultures had a higher concentra- 
tion of free putrescine than spermidine both in Picea abies and Hevea brasili- 
ensis (El Hadrami and D7Auzac, 1992; Minocha et al., 1993). By contrast, 
Litz and Schaffer (1987) had found a much lower concentration of polyamines 
in the somatic as well as zygotic embryos compared to nucellus tissue and 
callus of Mangifera indica (Table 1). 

5.1. Putrescine 

The cellular content of free putrescine increased between 2 to 12 days after 
subculture of the pro-embryogenic tissue of two different tissue lines (geno- 
types) of Picea abies on the proliferation medium (Fig. 2). In contrast, there 
was a reverse trend for changes in free putrescine content during the same 
period in embryogenic cultures grown on the maturation medium. A similar 
profile of changes also was seen in Picea rubens cultures grown on maturation 
medium (Fig. 2). Free putrescine was always higher in tissues grown on the 
proliferation medium compared to those grown on the maturation medium 
(for details see Minocha et al., 1993). In Picea abies the level of conjugated 
putrescine was found to be high in the ABA-containing medium at the 
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Figure 2. Effect of 2.0 mM DFMO and 0.1 mM DFMA 011 ccllular levels of putrescine and 
spermidine in (A) Picea abies and ( B )  Picea rubens tissues grown on proliferation (PM) or 
maturation (MM) medium for different lengths of time. Values are mean +- SE of 4 replicates 
for Picea abies and 3 replicates for Picea rubens. (Modified from Minocha et al.,  1993.) 
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Figure 3. Changes in (A) putrescine and (B) spermidine content in embryogenic and non- 
embryogenic tissues of P. abies on ABA (+MgBg) containing medium. (Modified from Santanen 
and Simola, 1994.) 

beginning of experiment in embryogenic as well as non-embryogenic cultures 
(Fig. 3). 

Covalently bound putrescine was not found in Picea abies embryogenic 
tissue (Santanen and Simola, 1992). With few exceptions, DFMO (2.0 mM) 
had little effect on free putrescine level for the first 8 days of subculture in 



any experiment (Fig. 2). Occasionally, free putrescine level was higher in 
DFMO treated cells than control cells. This effect of DFMO is similar to 
the situation with carrot (Robie and Minocha, 1989; Nissen and Minocha, 
1993). By contrast, DFMA was a strong inhibitor of free putrescine levels 
at all times tested (Fig. 2). DFMO has been shown to have stimulatory 
effects on embryogenesis in the case of carrot and maize (Zea mays) cell 
cultures (Mengoli et al. 1989; Robie and Minocha, 1989; Nissen and Minocha, 
1993; Torn6 et al. 1993). However, in Hevea brasiliensis and in Medicago 
sativa, DFMO inhibited the embryogenesis process (Meijer and Simmonds, 
1988; El Hadrami and D'Auzac, 1992). This may be due to the different 
pathways for putrescine biosynthesis in different tissues. Unfortunately, the 
distribution of ODC and ADC in these tissues is not known. 

In a study of the changes in cellular polyamines during development of 
shoot forming (+BA) and non shoot-forming (-BA) callus from Pinus 
radiata cotyledons, Kumar and Thorpe (1989) observed a decline in pu- 
trescine levels in both types of cultures during the 21-day culture period; the 
sharpest decline occurred during the first 3 days. There was a somewhat 
faster decline in the non shoot-forming tissue than in the shoot-forming 
tissue. These results are similar to those of Biondi et al. (1986) with the same 
tissue. In their studies, however, an earlier decline (1 to 3 days) was followed 
by a steady increase for up to 10 days. 

Marked differences in polyamine levels were observed in embryos and 
calli originating from different tissues of different varieties of Mangifera 
indica with either monoembryonic or polyembryonic adventitious embryos 
(Litz and Schaffer, 1987). The nucellar calli produced from monoembryonic 
varieties contained significantly more polyamines than those from polyem- 
bryonic varieties. Also, in contrast to the observations with Picea abies 
(Santanen and Simola, 1992), the non-embryogenic calli contained higher 
levels of polyamines than the embryogenic calli. Putrescine was the predomi- 
nant polyamine in all varieties and in all tissues except in the zygotic embryos, 
where low levels of all polyamines were detected. Cellular polyamine levels 
in somatic embryos were comparable to those in the nucellus and were much 
lower (10 to 50 fold) than those in the callus. Exogenous supply of polyamines 
generally had no effect on the initiation of callus or somatic embryos. 

In Hevea brasiliensis, the levels of putrescine increased with the time of 
culture up to 40 days, thereafter showing a decline up to 70 days (El Hadrami 
and D'Auzac, 1992). The addition of putrescine or arginine into the medium 
increased somatic embryogenesis potential of the calli while both DFMO 
and DFMA caused a reduction in somatic embryogenesis. While DFMA 
inhibited cellular putrescine in this tissue, there was a significant increase in 
putrescine in the presence of DFMO. Surprisingly, MGBG, which inhibited 
both spermidine and spermine synthesis, also caused a reduction in cellular 
putrescine. On the other hand, spermidine as well as spermine levels were 
higher in the presence of DFMA. No direct analysis of the enzyme activities 
for ODC, ADC, or SAMDC was reported. 



Although MGBG (0.1 mM) inhibited free putrescine levels in differentia- 
ting embryogenic cultures of Picea abies, it showed a simultaneous increase 
in conjugated putrescine (day 1, Fig. 3). El Hadrami and D'Auzac (1992) 
also observed a similar decrease in free putrescine in embryogenic cultures 
of Hevea brasiliensis. However, free putrescine levels more than doubled 
within 4 days of subcultures on auxin-free medium containing MGBG in 
differentiating carrot cultures (Minocha et al., 1991~).  

5.2. Spermidine 

In Picea abies, free spermidine levels did not change appreciably in the pro- 
embryogenic tissue during 12 days of culture on the proliferation medium 
(Fig. 2). In Picea rubens tissue, on the other hand, there was a slight increase 
in spermidine on day 5 under similar conditions. However, a decline in free 
spermidine levels was observed with time in cultures of both the species 
grown on the maturation medium (Fig. 2). These results are apparently 
different from the findings of Santanen and Simola (1992) who observed an 
increase in free spermidine levels at day 11, concomitant with a decrease in 
conjugated spermidine (Fig. 3). It should be pointed out, however, that the 
two laboratories have reported polyamine levels differently: whereas Mino- 
cha et al. (1993) expressed polyamine levels as nmol g p l ~ W ,  Santanen and 
Simola (1992) expressed these as nmol mg.' protein. 

Similar to its effects on putrescine, DFMO usually had no effect on free 
spermidine levels in either Picea abies or Picea rubens tissues. DFMA in- 
hibited spermidine only in differentiating embryogenic tissue on the matur- 
ation medium after 5-8 days of culture (Fig. 2). MGBG strongly decreased 
conjugated spermidine level in differentiating embryogenic tissues (Fig. 3). 

Pinus radiata cotyledons grown on media with or without BA showed a 
sharp decline in cellular spermidine during the first 3 days of culture, after 
which only slight changes (mostly an increase) were seen during the next 18 
days (Kumar and Thorpe, 1989). There were no significant differences in 
response to the presence of BA in the medium. These results are in apparent 
contrast to the data of Biondi et al. (1986), who observed a sharp rise in 
spermidine in the cotyledons by day 3 following a decline during the first 2 
days. Again, it should be noted that the data reported by Kumar and Thorpe 
(1989) and Biondi et al. (1986) are in different units, i.e., p,mol/gFW in the 
former and nglcotyledon in the latter. Dicyclohexylamine (DCHA, 1.0 mM) 
inhibited the growth rate of cotyledons and caused a severe decline in cellular 
spermidine levels both in the presence and the absence of BA. The formation 
of adventitious buds in the presence of BA was only partially inhibited by 
DCHA. 

Spermidine levels increased within 20 days of culture in Hevea brasiliensis, 
remaining high for the next 70 days (El Hadrami and D'Auzac, 1992). Both 
DFMA and DFMA + DFMO treatments caused an increase in spermidine 
on day 40 while DFMO alone caused a decrease of spermidine at this time. 



No effects of inhibitors were seen on days 60 and 70. Exogenous supply of 
spermidine enhanced the embryogenic potential of this tissue when used 
alone and in combination with other polyamines. Spermidine was also able 
to reverse the inhibitory effect of MGBG on somatic embryogenesis. 

Cellular spermidine levels were higher in the non-embryogenic callus ob- 
tained from nucellus tissue of a monoembryonic mango as compared to the 
embryogenic callus as well as the somatic and zygotic embryos (Litz and 
Schaffer, 1987). However, in embryogenic callus raised from the nucellus of 
a polyembryonic variety, the cellular spermidine was higher than that in the 
non-embryogenic callus, somatic embryos and adventitious embryos. 

6. Spermine 

Spermine levels always were low in both Picea rubens and Picea abies tissues 
(Minocha et al., 1993). Neither DFMO nor DFMA had an effect on the 
production of cellular spermine. In contrast to putrescine and spermidine, 
both of which decreased by 50 to 60 percent during the first 3 days of culture 
of Pinus radiata cotyledons, spermine levels increased by 60 percent during 
this period in the presence of BA (Kumar and Thorpe, 1989). No such 
increase in spermine was seen in the absence of BA. In earlier studies with 
the same tissue, Biondi et al. (1986) observed a decline in spermine during 
the first 2 days. This was followed by a steady rise between days 3 and 10. 
This increase in spermine was completely prevented by DCHA, presumably 
through its inhibition of spermidine biosynthesis. 

In Hevea brasiliensis, however, spermine levels were comparable to those 
of spermidine and showed a peak at day 40, the same time as for putrescine 
and spermidine (El Hadrami and D'Auzac, 1992). DFMA caused an increase 
in spermine, while DFMO caused a slight decrease. MGBG inhibited cellular 
spermine as expected. 

7. ODC, ADC, and SAMDC Activities 

As is the case with several plants like Daucus carota, Catharanthus roseus, 
and Nicotiana sp. (Tiburcio et al., 1987; Robie and Minocha, 1989; Minocha 
et al., 1991a), ADC seems to be the dominant pathway for putrescine produc- 
tion in embryogenic tissues of both Picea abies and Picea rubens (Minocha 
et al., 1993). In both these species, DFMA inhibits putrescine production 
presumably through the inhibition of ADC activity (Fig. 4). Whereas ADC 
activity did not show specific trends during the 12 days of growth of the pro- 
embryogenic tissue kept on the proliferation medium, it increased with time 
in tissues grown on the maturation medium for both species. In line with its 
lack of effect on putrescine production, DFMO either slightly promoted or 
had no effect on ADC activity. While no enzyme assays were reported for 
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Figure 4. Effect of 2.0 mM DFMO and 0.1 mM DFMA on cellular levels of arginine decarboxy- 
lase (ADC) activity in (A) Picea abies and ( B )  Picea rubens tissues grown on proliferation (PM) 
or maturation (MM) medium for different lengths of time. Values are mean rt SE of 4 replicates 
for Picea abies and 3 replicates for Picea rubens. (Minocha et al., unpublished data.) 
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Figure 5. SAMDC activities in callus cultures of P. abies during 26 days of culture on ABA- 
containing medium A36138 embryogenic callus, El5183 non-embryogenic callus. Values are 
mean + SE of three replicates. (Santanen and Simola, 1992.) 

Hevea brasiliensis tissue by El Hadrami and D'Auzac (1992), their results 
on the effects of DFMO and DFMA indicate that ADC also is the main 
enzyme responsible for putrescine biosynthesis in this tissue. In contrast, in 
Solanum melongena and other solanaceous species, ODC seems to play a 
major role in putrescine biosynthesis (Slocum and Galston, 1985; Fobert and 
Webb, 1987). In the case of carrot embryogenic suspensions, ADC was the 
predominant enzyme during the first 10 days after culture and its inhibition 
by DFMA inhibited both putrescine levels and somatic embryogenesis. How- 
ever, by day 12 when mature green embryos had appeared in these cultures, 
ODC was detected and showed a steady increase thereafter, accompanying 
the growth of these embryos (Robie and Minocha, 1989). 

The activity of SAMDC also increased with time in embryogenic cultures 
of Picea abies grown on the maturation medium (Fig. 5 ) .  The specific activity 
of SAMDC was slightly higher in embryogenic cultures than in non- 
embryogenic cultures except for day 18. It is difficult to explain the increase 
in ADC and SAMDC activities in tissue grown on the maturation medium 
where overall polyamine levels as well as growth rate were lower than in 
the pro-embryogenic callus cultures on the proliferation medium. A further 
complication arises from the fact that somatic embryos constitute only a 
small proportion of the total tissue mass. While the somatic embryos are 
showing active growth, the remainder of the tissue mass is not. Since the 
enzyme and polyamine analysis were done on total tissue, the observed 
results are probably representative of the slow-growing tissue. Studies are 



underway to separately analyze enzyme activities in the somatic embryos and 
the surrounding tissue. 

In the cotyledons of Pinus radiata, the activity of SAMDC increased 
sharply within the first 2 days of culture. This was followed by a steady 
decli~le during the next 8 days (Biondi et al.,  1988). This change coincided 
with change in the rate of conversion of 14~-putrescine into spermidine and 
spermine. However, dicyclohexylamine, which inhibited the production of 
spermidine in this tissue, had little effect on measurable SAMDC activity 
during the entire 10-day culture period. No enzyme activities have been 
reported for Hevea or Mangifera. 

8. Polyamine Degradation and Interconversions 

The uptake and metabolism of putrescine has been studied in Pinus radiata 
cotyledons grown on shoot forming and non shoot-forming media (Kumar 
and Thorpe, 1989). Most of the 14c-putrescine was metabolized into y-  
aminobutyric acid (GABA), aspartic acid and glutamic acid. A similar fast 
metabolic conversion of 14C-putrescine into GABA was reported in other 
higher plants (Flores and Filner, 1985). Only a small proportion (2 to 9 
percent) of 14c appeared in spermidine and spermine. The conversion of 
14 C-putrescine into spermidine and spermine increased by 4 to 5 fold in the 
non shoot-forming cotyledons on days 3 and 10. However, overall catabolism 
of putrescine was highest in the shoot forming cotyledons where only 17 
percent of the label was still in putrescine after 3 days as compared to 33 
percent in the non shoot-forming cotyledons at the same time. A similar 
slow conversion of putrescine into spermidine and spermine in the same 
tissue was also reported earlier by Biondi et al.  (1988). In their studies, a 
peak of incorporation of 14C-putrescine into spermidine and spermine was 
observed on day 2 in the presence of BA and on day 5 in the absence of 
BA. Dicyclohexylamine inhibited the conversion of putrescine into both 
spermidine and spermine and also inhibited the uptake of putrescine. How- 
ever, the activity of SAMDC in the tissue was not significantly affected by 
the presence of DCHA in the medium. Biondi et al. (1986) had earlier shown 
that treatment of cotyledons with DCHA prevented the accumulation of 
spermidine and spermine in the tissue during the 10-day culture period. 

Catabolism of putrescine and spermidine in embryogenic and non-em- 
bryogenic tissues of Picea abies was studied by Santanen and Simola (1994) 
using (1,4-~~~)-putrescine and (1,-4-14c)-spermidine as substrates. Except 
for day 1, both putrescine oxidation and spermidine oxidation rates increased 
with time of subculture. Activity was highest toward the end of growth period 
and also in later stages of embryo development (Fig. 6). Because both 
putrescine and aminopropylpyrroline were formed by the degradation of 
spermidine in non-embryogenic tissue (Santanen and Simola, 1994), it was 
suggested that there might be two separate routes for spermidine oxidation 
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Figure 6. Activities of putrescine and sperrnidine oxidative enzymes in embryogenic and non- 
embryogenic tissues of P. abies (pH 8) during 5 stages of somatic embryogenesis in embryogenic 
tissue. At developmental stage 5, enzyme activity in somatic embryos and non-differentiated 
tissue were assayed separately. (A) DAO activity; (B) P A 0  activity. Values are mean ir SE of 
three replicates. (Modified from Sal~tanen and Sirnola, 1994.) 

in spruce tissue; one to aminopropylpyrroline by DAO and a second to 
putrescine and 3-aminopropanal by PAO, as reported earlier in fungal cells 
(Kobayashi and Horikoshi, 1982; Bagni and Pistocchi, 1992). In general, 
putrescine showed about a 5 times higher rate of degradation as compared 
to spermidine in both types of cultures. Maturing embryos showed much 
lower rates of putrescine and spermidine oxidation as compared to the non- 
differentiating embryogenic tissue growing on the same maturation medium 
(Fig. 6). In nonembryogenic tissue, oxidation of putrescine and spermidine 
by DAO and P A 0  proceeded via the formation of pyrroline intermediate, 
since pyrroline dehydrogenase activity also was observed in these cultures. 
Both DAO and P A 0  activities were inhibited in Picea abies by 1.0 mM 
aminoguanidine. Whereas the highest level of spermidine oxidation activity 
was located in cell wall fraction, the location of putrescine oxidation activity 
varied between celI wall, supernatant fraction and the homogenates (San- 
tanen and Simola, 1994). The rather high polyamine degradation activity in 
aging embryogenic tissue (non-differentiated cells growing on maturation 



medium, Fig. 6) is not consistent with observations on some other tissues. 
The dissimilar nitrogen metabolism, developmental stage and physiological 
state of the tissue may explain why some tissues have low activity (ageing 
leaves, Kaur-Sawhney et al., 1981) while others have high activity (intensively 
dividing tuber cells of Helianthus tuberosus, Torrigiani et al., 1989). 

9. Conclusions 

The paucity of information on the metabolism of polyamines in cell cultures 
of woody plants makes it difficult to draw conclusions on their role in somatic 
embryogenesis. Further, the fact that different laboratories have reported 
results in different units (see Table 1) makes it nearly impossible to compare 
the results of these studies. However, analysis of results of the published 
studies with herbaceous plants leaves no doubt as to the importance of 
polyamine metabolism in the development of somatic embryos. In-depth 
studies are needed with well-established embryogenic cultures of conifers 
and hardwoods to establish the role of polyamines in the process of somatic 
embryogenesis in these species. Nevertheless, manipulation of polyamine 
biosynthetic pathways by use of inhibitors and transgenic techniques has 
demonstrated that somatic embryogenesis can be affected through polyamine 
metabolism in a number of unrelated species. This should lead to greater 
success in obtaining somatic embryogenesis in recalcitrant woody species, and 
enhancing it in those that show somatic embryogenesis at a low frequency. 
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