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SuMMARY

The major objective of this study was to determine if the observed changes in polyamines and their biosynthetic
enzymes during somatic embryo development were specifically related to either the stage of the embryo development or to
the duration of time spent on the maturation medium. Somatic embryos of red spruce (Picea rubens) at different
developmental stages, grown in the embryo development and maturation media for various lengths of time, were separated
from the associated subtending tissue (embryogenic and the suspensor cell masses) and analyzed for their polyamine
content as well as for polyamine biosynthetic enzyme activities. Polyamine content was also analyzed in embryos
representing different stages of development that were collected from the same culture plate at the same time and the
subtending tissue surrounding them. Putrescine was the predominant polyamine in the pro-embryogenic tissue, while
spermidine was predominant during embryo development. Significant changes in spermidine/putrescine and
spermine/putrescine ratios were observed at all stages of embryo development as compared to the pro-embryogenic
cell mass. Changes in the ratios of various polyamines were clearly correlated with the developmental stage of the embryo
rather than the period of growth in the maturation medium. Whereas the activities of both ornithine decarboxylase and
arginine decarboxylase increased by week 3 or 4 and stayed high during the subsequent 6wk of growth, the activity of
S-adenosylmethionine decarboxylase steadily declined during embryo development.
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INTRODUCTION

Somatic embryogenesis is used as a tool for vegetative
propagation as well as for biochemical and melecular studies of
the regulation of embryo development in plants (Misra et al., 1993;
Dong and Dunstan, 2000; Ashihara et al., 2001; von Arnold et al.,
2002). While a number of herbaceous and woody plants can be
propagated by this method, commercial success with most forest
trees is rather limited (Jain et al., 1995). In spite of a few examples
of success (Jain et al., 1995; Stasolla and Yeung, 2003), conifers
generally pose a unique set of problems for commercial applications
of somatic embryogenesis, e.g. the potential of raising embryogenic
cultures is limited to only a few embryonic tissues, the yields of
somatic embryos are low, and embryogenic masses lose their
embryogenic potential with time of culture. Although it is possible
to modulate somatic embryogenic potential in vitro using different
treatments, genotype remains the most important factor affecting the
maturation of somatic embryos (El Meskaoui and Tremblay, 2001).
In order to increase the efficiency of embryo development, an
improved understanding of the biochemical and molecular events
that precede and accompany the development of somatic embryos is
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essential. Such knowledge should permit experimental manipula-
tions of the tissue culture medium or the growth conditions to
induce biochemical and molecular changes that normally occur in
the developing embryos, thus improving the process.

Changes that accompany somatic embryo development include:
(1) the production of soluble signal molecules such as
endochitinases, arabinogalactan proteins (AGPs), and lipochito-
oligosaccharides (Chapman et al., 2000; von Amnold et al., 2002);
(2) changes in small heat shock proteins (Puigderrajols et al., 2002),
germins and germinilla proteins (Patnaik and Khurana, 2001);
(3) induction of a variety of early and late embryo-specific proteins
(Chatthai and Misra, 1998; Cairney et al., 1999; Dong and Dunstan,
1999; Nato et al., 2000); (4) changes in overall gene expression
profiles (Cairney et al., 2000; Yasuda et al., 2001); (5) changes in
proteins related to anti-oxidant metabolism (Bagnoli et al., 1998);
and (6) changes in cellular polyamines (Minocha and Minocha,
1995; Minocha et al., 1995).

The common polyamines (PAs), including putrescine (Put),
spermidine (Spd) and spermine (Spm), have been shown to play an
important role in basic cellular processes, including organogenesis
and somatic embryogenesis (Minocha and Minocha, 1995; Cohen,
1998 and references therein). In the case of the well-characterized
somatic embryogenesis system of carrot, it has been shown that
somatic embryo development is accompanied by increased PA
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metabolism (see review by Minocha and Minocha, 1995), and that
genetic manipulation of Put metabolism can lead to increased
somatic embryogenesis (Bastola and Minocha, 1995). Also, the
manipulation of tissue PA ratios by adding Spd in the medium
resulted in the induction of somatic embryo production in cell
- cultures of rice that had lost embryogenic potential through
repeated subculture (Shoeb et al., 2001). An increase in Spd/Put
ratio was also observed during somatic and zygotic embryo
development in Pinus radiata (Minocha et al., 1999b).

The metabolism of PAs involves: (1) the biosynthesis of Put from
arginine and/or omnithine by the enzymes arginine decarboxylase
(ADC) and ornithine decarboxylase (ODC), respectively; (2) the
conversion of Put into Spd and subsequently into Spm by successive
additions of aminopropyl moieties from decarboxylated S-adenosyl-
methionine (SAM), which is the product of SAM decarboxylase
(SAMDC) reaction; and (3) the catabolism of Put, Spd and Spm by
diamine and PA oxidases (see reviews by Slocum and Flores, 1991;
Cohen, 1998). Cellular PA levels in some plants can also be
regulated by their conjugation with phenolic acids and covalent
binding to macromolecular fractions (Martin-Tanguy, 1997).

Differentiating embryogenic cultures of Norway spruce have
significantly higher levels of PAs than non-embryogenic cultures
(Minocha et al., 1993; Santanen and Simola, 1994; Amarsinghe
et al, 1996). In most biochemical studies of somatic embryos
published earlier, either the entire tissue mass on a given day of
growth on the embryo induction medium was analyzed and
compared with the tissue grown on non-induction medium, or
mixtures of developing embryos representing several stages of
development were analyzed. Thus, the results represent either the
resultant averages of developing embryos and the subtending tissue
together or several stages of embryo development. Furthermore,
embryos of different stages of development were often collected
from tissue masses of different chronological age on the induction/
maturation medium. Thus, it has been difficult to discern if the
biochemical changes in the tissue are related to the chronological
age of the tissue or the stage of embryo development. In the present
study, this problem has been addressed by: (1) collecting different
stages of developing embryos both from cultures of different ages
(i.e., the cells grown in a particular medium for different lengths of
time) and also from the collection of different stages of developing
embryos from the same age subtending tissue; and (2) collecting the
developing embryos and the subtending tissue on the same day from
the same medium. The present study is the first to specifically
address the issue of whether the changes in PAs at different stages
of development of the embryos are related to the developmental
stages of the embryos or to the length of time for which the tissue
was grown in a particular medium. It is thus possible to decide
whether the observed changes in PAs are related to the stage of
somatic embryo development or whether they are a coincidental
medium effect. The results presented here support the former
interpretation.

MateriaLs AND METHODS

Culture method. Pro i i I of Picea rubens
Sarg. (genotypes 91.9 and 97. l) were maintained on solid half-strength LP
prollfemtlon medium (}LP) as prevmusly described (Minocha et al., 1993).
Liquid ¢ were maintained in half-strength LM proliferation medium
(QLM) (Litvay et al., 1981) with modifications that included the addition of
3 42 mM glutamme, 9.05uM 2,4-dichlorophenoxyacetic acid (2,4-D),

4.44 pM 6-benzyladenine (BA), 1.0g1™" casein hydrolyzate, and 2% (w/v)
sucrose sMinocha et al., 1993, 1996). Also, iron-EDTA was replaced by
40mg1™" of Sequestrine containing 7% (w/w) iron chelate (Plant Products
Co. Ltd., Brampton, Canada). The medium was adjusted to pH 5.7 before
autoclaving. Cells were subcultured at 7d intervals by transferring 10-12ml
of cell suspension into 45ml of fresh medium in 250 ml Erlenmeyer flasks.
The flasks were incubated in the dark at 25 + 2°C on a gyratory shaker at
120 rpm. The reason for switching to liquid JLM medium for suspension
cultures was that the suspension cultures would often turn thick and brown
when cultured in %LP medium.

Embryo maturation protocol. The 7-d-old cultures growing in LM
liquid pmllfemnon medium were subcultured into liquid LM matumtlon
medium using a standard subculture ratio of 45ml of fresh medlum to 10—
12ml of 7-d-old cells. These cultures were incubated in the dark at 25°C on
a gyratory shaker at 120 rpm for an additional 7 d. The maturation medium
contained all ingredients of the proliferation medium except 2,4-D and BA,
and also contained 7.5% (w/v) polyethylene glycol (PEG-3350), 30 uM
abscisic acid (ABA), 1 wM indole-3-butyric acid (IBA), and 3% sucrose. For
embryo development, 1-2ml of 7-d-old cultures growmg in ILM ]lqmd
maturation medium were transferred to solid ion medmm
0.4% (w/v) Phytagel (Sigma Chemical Company, St. Louis, MO) on filter
papers. The filters were initially transferred to fresh medium at 4 wk-and,
thereafter, at 2-wk intervals.

Sample collections for polyamine analyses. At weekly intervals, samples
consnstmg of either 100 mg fresh weight (FW) of cell mass (zero time) from

grown in proliferation medium or in maturation medium for
1 wk or 50 embryos of the predominant stage of developmem for each of the
subsequent weeks, were collected and placed in 500 pl of 5% perchloric
acid (PCA). This study was repeated four times in its entirety, three times
with the genotype RS 91.9 (derived from a seed from Moosehead Lake, ME)
and once with the genotype RS 97.1 (derived from a seed received from the
Canadian Forest Service, Fredericton, New Brunswick, Canada).

Samples of specific developmental stages of embryos (stage experiments)
were collected on the same day from cultures growing on maturation medium
for varying lengths of time, i.e., stages 1-3, 4—7, and 8, from cultures grown
on maturation medium for 2, 5-6, and 8—10 wk, respectively. For example,
embryo stages 4 and 7 were collected from the same filter paper (maturation
medium for 6 wk), although stage 7 embryos were predominant at this time.
These samples consisted of three replicates per stage and 25 embryos per
replicate in 250 pl of 5% PCA. This part of the study was repeated twice in
its entirety, with the genotype RS 91.9. Each replicate embryo sample was
collected from a separate Petri plate. All samples were frozen at —20°C
immediately after collection until ready for processing for PA analysis.

Analysis of poly The samples were frozen (—20°C) and thawed
(room temperature) for a total of three times (Minocha et al., 1994),
centrifuged at 13 500 X g for 10 min, and the supematant fraction was used
for dansylation according to the proced of Minocha et al. (1990, 1994).
Briefly, 10l aliquots of 0.2mM heptanediamine (internal standard) and
100 ul aliquots of sample extract or 100l of a mix of three standards
(0.02mM each of Put, Spd, and Spm in 5% PCA) were mixed with 100 pl of
saturated sodium carbonate solution and 100pl of dansyl chloride
(20mgml ™! in acetone) in microfuge tubes. The tubes were vortexed and
incubated in a water bath at 60°C. After 60min, 50l of proline
(100mgml ™" in water) were added to the reaction mix to react with excess
dansyl chloride. Following an additional 30 min incubation, acetone was
evaporated from the tubes in a SpeedVac (Savant, Farmingdale, NY) under
vacuum, 400 pl of toluene were added to each tube, and the tubes were
centrifuged at 13 500 X g for 1 min. From the toluene phase, a 200 pl aliquot
was transferred to another microfuge tube. Toluene was completely
evaporated under vacuum, the residue dissolved in 1ml of methanol,
vortexed, centnfuged briefly at 13 500 X g, and analyzed by HPLC.

The liquid ch graphic system consisted of a Perkin Elmer series
400 pump, a Hitachi autosampler (Model AS-4000) fitted with a 20 ! loop
(10l actual injections), a Perkin Elmer Pecosphere 3 X3 CR Cig,
33 X 4.6 mm i.d. cartridge column (3 pm particle size), und a fluorescence
detector (LS-1, Perkin Elmer). The excitation and wavelength
were set at 340 and 510 nm, respectively. The separation of PAs was carried
out using a gradient of acetonitrile and heptanesulfonic acid (10 mM, pH
3.4) according to the gradient profile published earlier (Minocha et al.,
1990). Total run time for each sample was about 8.7 min.

Enzyme assays. The samples consisting of either 100mg of pro-
embryogenic masses (zero time) grown in proliferation medium or 100 mg of
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embryogenic masses from cell suspensions grown in maturation medium for
1wk, and 100 embryos of the pred stage of develoy for each of
the subsequent weeks were collected at weekly mtervals (two replicates).
Each replicate embryo le was collected from a sep Petri plate. For
the collections at 2wk, embryos from several plates were mixed to obtain
sufficient material. Samples were placed in 250 pl of appropriate buffer in a
15ml Kimble glass test tube for each enzyme assay as described below and
frozen at —20°C immediately after collection until ready to be processed
These samples were analyzed for activity of ADC, ODC, and SAMDC using
intact cells or whole embryos according to the procedure of Minocha et al.
(1999a). The reaction mixture for ODC and ADC activity consisted of 250 pl
of cell suspension and 50 ul of 12mM omithine containing 1.85 kBq L-
[1-*Clomnithine (New England Nuclear, Boston, MA; apecxﬁc actmty
2.15GBqmmol ") or 12mM arginine containing 3.7 kBq of DL{1-**Clargi-
nine (Moravek Biochemicals Inc., Brea, CA; specific activity
2.07GBqmmol 1), respectlvelx Reaction was run in a 16 X 100mm
Kimble test tube fitted with a "*CO; trap. Following incubation at 37°C for
60 min, 500 pl of 0.5 N H;80, was injected through the stopper to terminate
the reaction. After an additional 30 min incubation, the filter papers were
removed and counted for radioactivity. The activity of enzyme was expressed
on a fresh weight (FW) basis as nmol *CO, released per h per g FW. The
activity of SAMDC was assayed according to Minocha et al. (1999a) for
intact cells. The reaction set up was similar to that of ODC/ADC, but
contained 50pl of 1.2mM SAM along with 3.7kBq of L-[L“C]SAM
(New England Nuclear; spemﬁc activity 2.18GBgmmol ~Y). The reaction
time in this case was 30 min instead of 60 min. The experiment with enzyme
assays was repeated twice in its entirety with the genotype RS 91.9.

Statistical analysis. The data for the three PAs within each group were
analyzed as a series of one-way analysis of variance (ANOVA) to determine
whether statistically significant differences occurred among various groups
being tested. If F values for one-way ANOVA were significant, Tukey’s
multiple comparisons test was used to compare the mean of pro-embryogenic
cell masses with means for all other embryo collections for significant
differences (P = 0.05). ANOVA assumes that all the groups being compared
have a similar range of variation around them. This was not true for some of
our data sets, especially the ones for PA ratios: higher ratios had a higher
range of variation. Thus, all statistical analyses for ratios of PAs were run
after logarithmic transformations of the data sets. All analyses were
performed with Systat Windows, Version 7.01 (Systat Inc., Evanston, IL). It
is known that PA levels may vary from week to week in cell and tissue
cultures and therefore it is not always easy to pool the data over experiments.
However, the trends remained the same not only within repeat experiments
with the same genotype but also with another genotype. Therefore, data have
been presented here from a single representative experiment belonging to
genotype 91.9; where appropriate, the range of variation in results from one
experiment to the other is discussed.

ResuLts

The data presented here are representative of data gathered from
other experiments for both genotypes and where necessary the range
of variation in results from one experiment to the other is also
discussed.

Growth and embryo development. The pro-embryogenic cultures
maintained in liquid proliferation medium (week 0) contained
numerous organized meristematic clusters that were attached to
long suspensor-like cells (Fig. 1 — week 0). These clusters have
been variously referred to as ‘pro-embryogenic clusters,” ‘pro-
embryos,” ‘proembryogenic masses,” and ‘embryogenic calluses’ in
the literature (Stasolla and Yeung, 2003). Within 1 wk of transfer to
maturation medium, the meristematic clusters developed into
organized embryo heads that were much larger in size, although the
attached suspensors had shrunk slightly (Fig. 1 - week 1). On
transfer to solid agar-based maturation medium, the embryos
developed into globular or torpedo stages within another week
(Fig. 1 — week 2). By the end of week 3 on maturation medium, the
embryos were in the form of elongated bullet-shaped structures

(Fig. 1 — week 3), and by week 4, the embryos were long and
cylindrical with visible protuberances for cotyledons (Fig. 1 — week
4). During the next week, the embryo axes had elongated further
and the cotyledons were slightly open and well defined (Fig. 1 —
week 5). During the 6th and 7th weeks, the embryos were nearly
mature with cotyledons not yet fully extended (Fig. 1 — weeks 6 and
7), and finally in the 8th week, the embryos looked mature and
cotyledons were fully extended (Fig. 1 — week 8). Additional time
on this medium (up to 11wk) did not further change the
morphological appearance of embryos (data not shown).

Changes in cellular polyamines. The pro-embryogenic clusters
maintained in liquid proliferation medium (wk 0) had Put as the
predominant PA (Fig. 24 — week 0). Cellular Put was up to twofold
higher than Spd while Spm was present in very low concentrations
at week zero. On growth in liquid maturation medium for a week,
the total PA levels decreased, Put showing the maximum decrease,
reaching a value significantly lower than that of Spd (Fig. 24). This
resulted in an increase in the Spd/Put ratio from less than 1 on day
0 to about 3.0 at the end of 1 wk in the maturation medium (Fig. 2B
— week 1). Although total Spm was still present in relatively small
quantities at this time, the ratio of Spm/Put was nevertheless 5-10-
fold higher in these cultures as compared to cultures growing on
proliferation medium (Fig. 2C ~ week 1).

When the cultures were transferred to solid maturation medium
on filter papers, the cellular Put levels declined further within a
week to below detection limits (<1nmolg™' FW), and Spd and
Spm levels increased to mean values of 350-1400 and 50—
200 nmol g~ FW, respectively, in different experiments (Fig. 24 —
week 2). By week 3, Put reappeared in these embryos and varied
between mean values of 300 and 840nmolg™! FW in different
experiments. Total PAs were several-fold higher as compared to
week 1 and remained high until the embryos were fully mature.
Total PAs as well as Put levels peaked around week 4 and stayed
high up to week 5 and dropped significantly by week 6 in all
experiments. Spermidine content increased up to 4wk of culture,
decreasing for the next 2wk and remaining steady after that; Put
went up once again between 6 and 10wk of culture. Cellular Spd/
Put ratios were in the range of 2-4 during the 11 wk except at the
end of week 6, when the Spd/Put ratio was greater than 10.

Cellular Spm ranged between an average of 300 and
400 nmol g~ FW throughout the 3rd to 11th weeks of culture, as
compared to 20—40nmol g~ FW in the pro-embryogenic clusters
for various experiments. The Spm/Put ratios were significantly
higher (P =< 0.05) at all stages of embryo development as compared
to pro-embryogenic cells (Owk). These ratios peaked around
6—7wk after transfer of the tissue to maturation medium. Neither
the total PAs nor Spd/Put and Spm/Put ratios changed much
between the 8th and the 11th week of culture.

Embryos were also collected at specific developmental stages on
the same days from cultures growing on maturation media for varying
lengths of time, i.e., stages 1-3 were collected from 2-wk-old
cultures, stages 4—7 from 5- or 6-wk-old cultures, and stage 8 from
cultures on maturation medium for 8 or 10 wk. While on a given day,
most developing embryos were at a certain stage of development,
there was sufficient asynchrony of development to allow collection of
embryos of several other stages from the same plate on the same day.
Comparison of PAs in embryos at different stages of development
collected from the same filter paper allowed us to distinguish
between the effects of a particular developmental stage and the time
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Fic. 1. Stages in the development of somatic embryos of red spruce on the maturation medium containing ABA and IBA. Numbers
indicate the weeks on maturation medium. For weeks 0 and 1, the cultures were maintained in liquid medium; for weeks 2—8, the cultures

were on solid medium. Observations: week O: early stage pro-embryo showing organized meristematic cl

hed to long -

like cells; week 1: embryos with larger heads and shrunken suspensors as compared to week 0; week 2: globular or torpedo-stage embryos;
week 3: elongated bullet-stage structure; week 4: long and cylindrical embryos with visible slits for the cotyledons; week 5: embryos with
elongated axis and cotyledons slightly open; weeks 6 and 7: nearly mature embryos with cotyledons not yet fully extended; week 8: mature
embryos with fully extended cotyledons. Bar shown in week 0 represents 0.67 wm for both weeks 0 and 1. Bar shown in week 2 represents

10 pm for weeks 2-8.

for which the cultures were kept on the maturation medium. Figure 3
shows the developmental stages of embryos collected on a given day
using a regime described under Materials and Methods. Data
presented in Fig. 4 show that the characteristic increase in the Spd/
Put and Spm/Put ratios were more strongly correlated with the stage
of development than with the number of weeks on a given medium.
Stage 1 and 2 embryos together were comparable morphologically to
week 2 collections. Similar to the situation of 2-wk-old embryos,
stages 1 and 2 also contained little or no Put. Stages 3, 4, 5, 6, and 7
embryos were generally comparable to samples collected on weeks
3,4, 5, 6, and 7 in morphology as well as in cellular PA content. The
Spd/Put and Spm/Put ratios were = 5 and = 1, respectively, in
both cases (ie., weekly collection as well as stage-specific
collections) for all weeks. The number of cotyledons on a mature
embryo appeared to neither affect the total PA content (Fig. 5) nor
the ratios of PAs (data not shown).

For the first few weeks on solid medium, the whole tissue mass
was also collected from the plates (this tissue mass included

developing embryos as well as the subtending tissue) and compared
with separately collected embryos for cellular PA content. The PA
content of the collected embryos was always significantly higher as
compared to the entire tissue mass that included surrounding
subtending tissue and developing embryos (Fig. 6). While the three
PAs increased steadily in the developing embryos, the surrounding
tissue mass showed only minor changes with time.

Changes in polyamine biosynthetic enzymes. The activities of
both ADC and ODC (on a FW basis) declined by 30-50% in the
embryogenic cell masses within 1 wk of growth in liquid maturation
medium (Fig. 7A). The enzyme activities stayed low for another 2 wk
and then increased to a level that was higher than that found in the
pro-embryogenic cell masses; thereafter, both ADC and ODC
remained high throughout the duration of embryo development. The
activity of ADC was several-fold higher than ODC on any given day
of analysis. When calculated on a per embryo basis, the trends in
the changes of ADC and ODC activity were similar to those on a FW
basis, i.e., both enzyme activities showed a steady increase between
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Fig. 2. Changes in (A) putrescine, spermidine, and spermine;
(B) spermidine/putrescine ratio; and (C) spermine/putrescine ratio in the
developing somatic embryos of red spruce with time of culture. NC, ratio not
calculable since putrescine was 0. Data represent mean + SE, n = 5. For
the weekly collections and analyses, only the predomi develop 1
stage was collected.

3 and 6wk of culture and stayed high thereafter (Fig. 7B). No
developed embryos were available for 0 and 1wk times.

On a FW basis, SAMDC activity declined by more than 50% in
the embryogenic cell masses within 1wk of growth in the liquid
maturation medium. It declined even further in the next 4 wk, albeit
at a slower rate (Fig. 7C). After 5wk of culture, there was little
change in SAMDC activity throughout the duration of embryo
development. When calculated on a per embryo basis in the
developing embryos, SAMDC activity was low during weeks 2 and 3
of embryo development (Fig. 7D). Not counting a spike of SAMDC
on week 4, it remained low for most of the embryo development
period; rising rapidly in mature embryos at 10wk. This time
coincides with the desiccation of mature embryos. Once again, no
embryos were available for SAMDC analysis at 0 and 1 wk times.

Discussion

The results presented here show that significant and character-
istic changes in the cellular content of PAs and their biosynthetic
enzymes occur coincidentally with a developmental shift from pro-
embryogenic masses to developing embryos (weeks 0—2), and again
during the period of early development and maturation of the
somatic embryos. On transfer to medium promoting embryo
development, the cellular contents of Put exhibited a rapid decline
(Fig. 24), and a shift occurred in the ratio of Spd/Put from less than
1 to about 3 (Fig. 2B). A parallel rise in all three PAs occurred
during the next 2-3 wk, but the ratios of Spd/Put and Spm/Put
always remained = 1.0, rising to as high as 10 around week 6. In
contrast, the subtending tissue surrounding the embryos still
exhibited a Spd/Put ratio of <1.0. Similar results were obtained
regardless of whether developing embryos were collected at weekly
intervals (e.g., 5-wk-old embryo from tissue that has been on
maturation medium for exactly 5wk) or collected simultaneously
from tissue cultured on a maturation medium for several weeks. It
can therefore be argued that the observed differences in PAs and
polyamine ratios are not due to the medium effect, but are
developmental stage-specific. This argument is further strengthened
by the results presented in Fig. 4, where again the embryos of
different stages of development collected from the same medium on
the same days show similar patterns of Spd/Put and Spm/Put ratios
as shown in Fig. 2.

Overall, the pattern of changes in total soluble PAs during
development and changes in the ratios of Spd/Put are consistent
with previous studies on somatic embryogenesis in conifers and
angiosperms (Minocha and Minocha, 1995; Minocha et al., 1995).
In wild carrot, the addition of Spd alone could restore embryogenic
potential in cultures that were treated with PA biosynthesis
inhibitors, indicating a direct role of Spd in somatic embryogenesis
(El Hadrami and D’Auzac, 1992; Feirer, 1995). Such a role for Spd
has also been reported in Picea abies (Santanen and Simola, 1992),
Pinus radiata (Minocha et al., 1999b), Medicago sativa (Cvikrovd
et al., 1999), and Panax ginseng (Monteiro et al., 2002). In all these
cases, significant increases in Spd levels were associated with the
formation of somatic embryos.

Several successful attempts have been made to manipulate
somatic embryogenesis in recalcitrant tissues by either supplemen-
tation of the growth medium with Spd, Put or their precursors, or by
genetic manipulation of PA metabolism. Yadav and Rajam (1998)
reported that eggplant leaf discs with higher Put levels and higher
ADC activity also had higher embryogenic capacity. This capacity
could be easily modulated by either adding exogenous Put or an
inhibitor of Put biosynthesis to the cultures. In cell cultures of rice,
manipulation of tissue PA ratios by adding Spd to the medium
resulted in the induction of somatic embryo production in cell lines
that had lost embryogenic potential through repeated subculture
(Shoeb et al., 2001). Increased Spd/Put ratio was also observed
during somatic and zygotic embryo development of Pinus radiata
(Minocha et al., 1999b). The data presented here support the idea
that PA metabolism, especially manipulation of the ratios of Spd/
Put and Spm/Put, may play a significant role in somatic embryo
development in red spruce as well.

Kevers et al. (2000) reported a fourfold increase in the number of
somatic embryos in Panax ginseng when PAs or their precursors,
arginine and ornithine, were added to the induction or regeneration
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Fic. 3. Stages in the development of somatic embryos of red spruce collected on the same day from cultures grown on maturation
medlum containing ABA and IBA for varying lengths of time (for details see Materials and Methods). Numbers indicate the stages of

lopment in prog n towards maturity parallel to those in Fig. 1. Bar shown in stage 0 represents 0.67 pum. Bar shown in stage 1

h
represents 10 pm for stages 1-8.

medium. Maximum increase was observed when Spd was added to
either medium. Also, the inhibitors of PA biosynthesis reduced the
number of embryos produced. The addition of exogenous PAs to
root-derived pro-embryogenic callus of this species, however, was
deleterious, leading to browning of callus, reduced initiation
capacity, and increased tendency to hyper-hydricity (Kevers et al.,
2002). This is similar to the adverse effects of exogenous Spd and
Spm on embryogenesis of carrot cultures observed by Robie and
Minocha (1989). This observation, combined with the promotion of
somatic embryogenesis by increased biosynthesis of Put via
transgenic expression of an odc gene, led Bastola and Minocha
(1995) to emphasize the importance of increased PA metabolism in
contrast to only an increased cellular PA content in regulating
somatic embryogenesis in carrot. The question as to whether
changes in PA metabolism could affect somatic embryogenesis by
metabolic interactions (competition) with ethylene metabolism has
been discussed earlier (Minocha, 1988; Santanen and Simola, 1992,
1994; Minocha and Minocha, 1995; Kong et al., 1998; Minocha
et al, 1999b). While several studies appear to support the
hypothesis of a competition between the two pathways, others are
somewhat contradictory (Quan et al., 2002). It should be pointed out
that only a few studies have simultaneously measured the PAs and

ethylene levels. E1 Meskaoui et al. (2000) reported that in white
spruce, a reduction in ethylene production was beneficial to somatic
embryo production. El Meskaoui and Tremblay (2001) later linked
lower ethylene production with a higher capacity of somatic embryo
production in a black spruce cell cultures; the low embryogenic
capacity cell line had relatively higher levels of ethylene
production. The authors suggested that the decrease in ethylene
by a-aminooxyacetic acid (AOA) may have led to feedback increase
in PA or SAM levels, causing promotion of somatic embryogenesis.
Joy et al. (1996) suggested that the physiology of each
developmental stage of carrot somatic embryos is distinct. During
embryo development, for example, the glutamine synthetase/
glutamate synthase (GS/GOGAT) pathway is prominent in non-
embryogenic cells and germinating embryo stages. But in
pre-embryogenic masses, globular stages, and torpedo-stage
embryos, metabolism that utilizes the omithine cycle is
predominant as well as enhanced. Santanen and Simola (1999)
reported that in maturing Norway spruce seeds, radioactive labels
from arginine and ornithine mostly ended up in Put, suggesting that
either Spd and Spm synthesis was slow during embryo maturation or
their catabolism was high. Our findings are consistent with the
above observation in that the ADC activity was high during the early
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stages of somatic embryo development and accompanying SAMDC
activity continually decreased, even though Spd levels were quite
high at this time, possibly indicating a slow synthesis of Spd in
maturing embryos. The increase in SAMDC at week 4 in our study
coincided with the peak in cellular Spd and Spm levels. Santanen
and Simola (1999) also found tenfold higher levels of Put and ADC
activity in embryos as compared to megagametophytes. However,
Spd and Spm levels were the same in both types of tissue. In our
study, the levels of all these PAs were higher in the isolated
embryos as compared to the accompanying non-embryogenic cell
mass. One cannot, however, equate megagametophytic tissue with
the subtending tissue in cultures.

In conclusion, while there is little doubt that PAs play an
important role in somatic embryogenesis, and the process can be
modulated by manipulating the cellular PA contents either by media
supplementation or genetic engineering, neither the biochemical
mechanism of the PA role nor the molecular mechanism of their
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Fic. 5. Comparison of polyamines (putrescine, spermidine, and
spermine) in mature embryos with different numbers of cotyledons. Data
are mean * SE, n = 3.
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in the isolated developing embryos versus entire tissue mass containing
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action is known as yet. The present study clearly demonstrates that
the changes in polyamines at different stages of development of the
embryos are related to the developmental stages of the embryos
per se and not to the length of time for which the tissue was grown
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in a particular medium. It is thus possible to answer the question of
whether the observed changes in polyamines are related to the stage
of development of the somatic embryos or whether they are related
to the medium effect. The results presented here clearly indicate
that the former is the case.
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