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Changes in the cellular content of three polyamines (pu-
trescine, spermidine and spermine) were compared at different
stages of development in zygotic and somatic embryos of
Pinus radiata D. Don. During embryo development, both the
zygotic and the somatic embryos showed a steady increase in
spermidine content, with either a small decrease or no signifi-
cant change in putrescine. This led to a several-fold increase in
spermidine/putrescine ratios during development of both types

of embryos. Cell cultures of plant-forming and non-plant-
forming lines derived from the same clone and growing on
proliferation (maintenance) medium differed significantly in
their polyamine levels. Mature, cotyledonary stage somatic
embryos capable of germination and formation of plants could
be distinguished by their higher spermidine/putrescine ratios
from abnormal cotyledonary stage somatic embryos which
were incapable of forming plants.

Introduction

Research into somatic embryogenesis of conifers has in-
creased rapidly since the first publication of a reliable proto-
col for plant regeneration in Norway spruce (Hakman and
von Arnold 1985, also see reviews by Tautorus et al. 1991,
Gupta and Grob 1995). Pine species have been more recalci-
trant, and only a few protocols for reliable plant regenera-
tion through somatic embryogenesis have been published in
peer-reviewed journals (Klimaszewska and Smith 1997).
However, patents have been granted for protocols on so-
matic embryogenesis and plant regeneration in commercially
important pines, such as Pinus taeda (Gupta and Pullman
1993, Smith 1994) and Pinus radiata (Smith 1994). Evalua-
tion of the forest management applications of Pinus radiata
somatic embryogenesis has been under way in New Zealand
since 1993 (Aitken-Christie et al. 1994, Smith et al. 1994,
Smith et al. 1997).

Unlike the spruces, pine embryogenic tissue tends to lose
regeneration capacity within a relatively short period of
serial transfers (Smith et al. 1994). Success in the production
of embryogenic cell cultures from mature pine tissues has
been reported (Smith 1997, Smith et al. 1997), however
cultures “‘reinitiated” from immature somatic embryos tend

putrescine; SPD: spermidine; SPM: spermine.
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to produce plants with abnormal root systems (D. R.
Smith, C. L. Hargreaves, L. J. Grace and A. A. Warr,
unpublished data). As a consequence, there has been consid-
erable interest in understanding the biochemistry and molec-
ular biology of somatic embryo development in pines as well
as other conifers (for reviews see Misra 1994, 1995, Feirer
1995).

It is generally believed that somatic and zygotic embryos
show similar morphological and anatomical patterns of
development (Goldberg et al. 1989, de Jong et al. 1993,
West and Harada 1993). In addition, several reports have
been published on molecular and biochemical changes dur-
ing the development of somatic and/or zygotic embryos
(Goldberg et al. 1989, Thomas 1993, Zimmerman 1993,
Feirer 1995, Kawahara and Komamine 1995). However,
only a few direct comparisons of such changes have been
made between the two types of embryos (for review see
Misra 1994, 1995). Whereas the zygotic embryos develop
inside the protective environment of the surrounding en-
dosperm or megagametophyte (as in gymnosperms), which
also provides nutrition, the somatic embryos develop in a
defined growth medium in a relatively exposed environment.

Abbreviations — EDM: embryo development medium; EMMI1: embryo maturation medium 1; EMM?2: embryo maturation medium 2; PUT:
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The observed similarity between the somatic and the zygotic
embryos implies that these biochemical and molecular
events are probably related to development of the embryo
and not to the surrounding environment under which this
development is occurring. Thus a basic understanding of the
biochemical and molecular events associated with somatic
and zygotic embryo development in plants may lead to
improved production of somatic embryos on a commercial
scale.

There are a number of reports indicating that polyamines
play a crucial role in somatic embryo development (for
reviews see Minocha and Minocha 1995, Minocha et al.
1995). While the mechanisms of actions of polyamines in
plant growth and development are still a matter of contro-
versy (Walden et al. 1997), evidence for their participation
in embryogenesis continues to accumulate (Minocha and
Minocha 1995, Minocha et al. 1995). Montague et al. (1979)
and Robie and Minocha (1989) demonstrated a strong
positive correlation between somatic embryogenesis and in-
creased cellular polyamine content in carrot cell cultures.
The inhibition of polyamine biosynthesis completely inhib-
ited somatic embryogenesis in this tissue. Bastola and Mi-
nocha (1995) later showed that increased putrescine
biosynthesis due to the overexpression of a mouse ODC
c¢DNA promoted somatic embryogenesis in transgenic car-
rot cells. Increased putrescine production in the transgenic
cells was found to stimulate the overall metabolic turnover
of polyamines (Andersen et al. 1998) and a concurrent
decrease in the production of ethylene (Anderson 1995).
Transgenic manipulation of the polyamine biosynthetic
pathway may thus provide a practical approach to modulate
the embryogenic potential of recalcitrant cell lines. This,
however, must be based upon knowledge of polyamine and
ethylene metabolism in cells undergoing normal embryo
development. The present study was undertaken to establish
the profile of changes in the metabolism of polyamines
during development of zygotic and somatic embryos in
Pinus radiata. The results presented clearly demonstrate
characteristic parallel changes in the metabolism of
polyamines during the development of zygotic and somatic
embryos in this species.

Materials and methods
Collection of plant material

Two cell lines of a plant-forming embryogenic clone (G95-
23) of Pinus radiata D. Don. were used in this study. The
clone was originated in Rotorua, New Zealand in January
1995 from an immature zygotic embryo within the cultured
megagametophyte, using techniques and media described
previously (Smith 1994, Smith et al. 1994). Within 12 weeks
of establishing the clone in culture, samples were stored in
liquid nitrogen (Hargreaves and Smith 1992). The remaining
tissue was used to regenerate somatic embryos which were
subsequently transferred to soil, while a portion of the
embryogenic tissue was serially cultured on maintenance
medium for 12 months, during which time it lost the ability
to produce mature somatic embryos (non-plant-former). In
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February 1996, and again in March 1997, the cryopreserved
sub-line (plant-former) was thawed and cultured for the
studies described below. It was thus possible to compare two
phenotypically different cell lines (plant-forming and non-
plant-forming) of the same genotype over a period of 2
years. For the analysis of zygotic embryos, megagameto-
phytes containing zygotic embryos (i.e. complete
megagametophytes) were collected at intervals between De-
cember 1995 and January 1996, and zygotic embryos iso-
lated from the developing megagametophytes of a single
clone were collected between December 1996 and February
1997.

Samples of tissue or developing somatic embryos were
taken at various time intervals from the two sub-lines during
the progression of tissue from maintenance medium through
embryo development medium (EDM), embryo maturation
media (EMMI1, EMM2), and pre-germination (PGM) and
germination media (Smith 1994, D. R. Smith, C. L. Harg-
reaves, L. J. Grace and A. A. Warr, unpublished data).
Embryos were isolated from the tissue mass with fine for-
ceps using a Wild M5 dissecting microscope (12 x objective,
20 x eyepiece) and a Schott 150 W fiber optic cold light
source. Before storing in 5% (v/v) perchloric acid (PCA), the
embryos were sorted into different developmental stages or
quality of embryo within particular developmental stages.
For polyamine analysis of somatic embryos, 5 replicate
samples containing [0-60 embryos each (depending upon
developmental stage and size of embryos at the time of
collection) were collected at each time. The “residual tissue”
representing the tissue from which all normal and abnormal
embryos and suspensors had been removed was also col-
lected. For field samples, 5 or 10 replicate samples, each
containing 15 megagametophytes for the first year of collec-
tion and 10 megagametophytes for the second year of
collection, were analyzed for polyamines. Replicate samples
of isolated zygotic embryos contained from 10 to 80 em-
bryos depending upon the developmental stage and size of
embryo at the time of collection. All cones were collected
from the same trees.

Polyamine analysis

Tissue samples collected in PCA were stored at — 20°C for
up to 4 months before analysis of polyamines by HPLC.
The samples were frozen ( — 20°C) and thawed (room tem-
perature) three times and centrifuged at 12 000 g for 15 min.
Before dansylation, heptanediamine was added to the super-
natant as an internal standard. The samples were dansylated
for polyamine analysis according to the procedure of Mi-
nocha et al. (1990, 1994). Aliquots of 50 or 200 ul of the
PCA extract were placed in Reactivials (Kontes, Vineland,
NJ, USA) along with 100 pl of saturated Na,CO, and 100
ul of dansyl chloride (10 mg ml~' acetone). The mixture
was vortexed and incubated for 1 h at 60°C; then 50 pl of
L-proline (100 mg ml ~! H,0) was added to each vial. The
samples were incubated at 60°C for 30 min followed by 3
min of vacuum drying to remove the acetone. Then 400 pl
of toluene (Photrex grade, Baker, Phillipsburg, NJ, USA)
was added to each vial, the mixtures vortexed and cen-
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trifuged for 1 min at 2 000 g to separate the two phases. A
sample of 200 pl of the upper toluene layer was removed
and placed in a microfuge tube. The samples were evapo-
rated to dryness under vacuum and reconstituted in I ml
HPLC grade methanol.

The liquid chromatographic system consisted of a HP
Series 1050 Quaternary Pump, a Bio-Rad Model AS-105
HRLC autosampler, and a Perkin-Elmer model 204 Fluo-
rescent detector. A Perkin-Elmer Pecosphere-3 x 3 CR CI8,
4.6 x 33 mm, reversed-phase cartridge column (3 um parti-
cle size) was used for separation of polyamines using a
gradient of heptanesulfonic acid and acetonitrile (Minocha
et al. 1990). The excitation and emission wavelengths were
set at 340 and 510 nm, respectively. Data collected on a
Hewlett-Packard HP3396A integrator were subjected to an
internal standard procedure with multi-level calibration of
standard response and valley baseline correction of chro-
matographic peak areas.

Statistical analysis

Results represented in each figure and the data for the three
polyamines within each group were analyzed via one-way
analysis of variance (ANOVA) to determine whether statisti-
cally significant differences occurred among various groups
being tested. If F values for one-way ANOVA were signifi-
cant, pairwise comparisons of means were made by Tukey’s
multiple comparisons test. ANOVA assumes that all the
groups being compared have similar variances. This was not
true for some of our data sets especially the ones with
polyamine ratios. Higher ratios have higher range of varia-
tion (see figures). Thus all the statistical analyses were run
after logarithmic transformations of the data sets. Data
from two types of tissue were compared using r-tests. All
analyses were performed with Systat Windows, Version 7.01
(Systat, Evanston, IL, USA).
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Results
Zygotic embryo development and polyamine content

Developing seeds collected over two different seasons (De-
cember 1995-January 1996 and December 1996—February
1997) from three different clones of mature trees were
analyzed for their polyamine content. During the first sea-
son, the entire megagametophytes containing the embryos
were analyzed, for the second season, dissected embryos
were analyzed separately from the megagametophytic tissue.
The samples collected in December contained either early
proembryos or were just beginning to enter a cleavage
polyembryony stage of development.

Data presented in Fig. 1A show that at the earliest times
of collection for 1995-96 spermidine was the major
polyamine in the megagametophytes containing the develop-
ing embryos, followed in quantity by putrescine and sper-
mine. The spermidine content increased with the stage of
embryo development in both genotypes while putrescine
either remained unchanged (clone 539) or decreased (clone
345). Spermine content was always low and increased only
slightly over the course of development of the embryo (Fig.
1A,B). The trends in changes of polyamine contents in the
megagametophyte containing the developing embryos dur-
ing the course of embryo development are more revealing
when one follows spermidine/putrescine ratios. The gameto-
phytes containing advanced stages of zygotic embryos had
significantly higher spermidine/putrescine ratios than those
containing early stages of embryos (Fig. 1C,D). The ratios
of spermidine/putrescine increased from ~ 1.8 to 5 in clone
539 and from 1 to 2.7 in clone 345. Similar trends in changes
were observed for ratios of spermine/putrescine (data not
presented).

For 1996-97, separate samples of the isolated developing
zygotic embryos and the remaining megagametophytic tissue
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Fig. 1. Time course of changes in cellular
polyamines and spermidine/putrescine
ratios in the megagametophytes
containing developing embryos of clones
345 and 539 of Pinus radiata. Samples
were collected during the period of
December 1995 to January 1996 when the [
embryos were going through maturation.
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Table 1. Clone 268-494 zygotlc embryo development (1996-97). () Days from appearance of first proembryo (2 January 1997). @ 0, No

embryo; 1, early proembryo, 2

late proembryo; 3-9, (Figs 1-7 in Spurr,

1949). @ Embryo development index = sum (developmcntdl

stage x frequcncy) “ Embryo weight = (embryo/embryo +megagametophyte) x 100.

Date Day" Percent of sample development stage®® Embryo Embryo

development  weight™
0 1 2 3 4 5 6 7 8 9 index®

Dec 23 100.0 0.0 0.0

Jan 3 1 0.0 100.0 1.0 0.8

Jan 7 7 0.0 0.0 49.4 36.3 12.2 1.3 0.4 0 0.0 0.0 2.7 1.7

Jan 12 12 0.0 6.3 29.4 36.3 16.8 5.7 1.9 1.8 1.8 0.0 3.1 2.2

Jan 27 27 0.0 0.5 2.0 12.0 17.0 15.5 15.5 12.0 25.5 0.0 5.7 3.8

Feb 13 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 2.0 93.0 8.9 13.0

were analyzed. In the 23 December 1996 sample, no em-
bryos were observed in any of the megagametophytes, but
all of the samples collected on 3 January contained proem-
bryos. Embryo development was subsequently very rapid,
although at each collection date a range of developmental
stages was observed (Table 1). Embryo development was
scored using a system based on the observations of Spurr
(1949). Zygotic embryos with a cotyledonary “crown” level
with the apical meristem were observed in 25.5% of the
megagametophytes collected on 27 January (Table 1), a level
of development equivalent to that of somatic embryos at the
time of harvest from EMM?2 medium. By 13 February, 93%
of the zygotic embryos had fully elongated cotyledons, and
were capable of germinating directly if placed onto germina-
tion medium (D. R. Smith, C. .. Hargreaves, L. J. Grace
and A. A. Warr, unpublished data). This degree of matura-
tion was seen in somatic embryos only at the time of
transfer from pre-germination medium to germination
medium (Smith 1994).

When analyzed separately (collection of 1996-97; clone
268-494), both the developing embryos and the
megagametophytes contained spermidine as the major
polyamine (Fig. 2). While the embryos showed a steady
increase in each of the three polyamines up to the final
stages of development, the megagametophytic tissue showed
an increase during carly stages of embryo development,
followed by a decline in all three polyamines during later
stages of embryo development (Fig. 2). On a fresh weight
basis, the megagametophytic tissue had several-fold higher
(P <£0.05) polyamine levels in the early development stages
of the embryo whereas at later stages of development,
distribution of total polyamines was significantly higher
(P <0.05) in the embryo compared to the megagameto-
phytic tissue. The time of increase in putrescine as well as
spermidine in the embryo coincided with the decrease in
these polyamines in the megagametophytic tissues. The sper-
midine/putrescine ratios in the two tissues generally fol-
lowed similar trends — increasing during early development
and remaining high during later development (data not
presented).

Analysis of polyamines during somatic embryo development

On the maintenance medium, the plant-forming cell line of
clone G95-23 produced large numbers of small, compact
embryo initials (proembryos) with long suspensors. This
stage is referred to as time zero in Fig. 3. At this time the
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non-plant-forming cell line was a tangle of suspensor-like
cells associated with loose aggregates of small, isodiametric
starch-filled cells. The non-plant-forming cell line produced
only a few structures with a well-defined embryonic axis
when transferred to EDM, instead it showed an abundance
of loose aggregates of starch-rich cells with long, suspensor-
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Fig. 2. Time course of changes in cellular polyamines in the
megagametophytes and the isolated developing zygotic embryos of
clone 494 of Pinus radiata during the period of December 1996 to
February 1997. Data presented are mean & SE of 5-10 replicates,
each replicate containing 10 megagametophytes. Number of isolated
embryos varied from 10 to 80 per sample depending upon the stage
of embryo development.
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like cells radiating from them. These were similar in appear-
ance to the “solar” embryo type described in Norway spruce
(Jalonen and von Arnold 1991). The plant-forming embryo-
genic cell line produced numerous structures with a well-
defined embryonic axis on EDM. These had bullet-shaped
embryo heads above a developing hypocotyl, and well-
formed, multi-celled suspensors. There were also structures
with a range of abnormal features, including squat embryo
heads, frayed suspensors, or totally lacking suspensors. The
plant-forming cell line, when grown on EDM, also con-
tained “solar-type” embryos, but these were larger, and the
centers more compact than the “‘solar-type” embryos in the
non-plant-forming line. On the maturation media (EMMI,
EMM?2), bullet-stage embryos in the plant-forming cell line
continued to develop until mature, cotyledonary-stage so-
matic embryos were formed which are regularly capable of
germinating to form plants. Representative samples were
subsequently put through the germination protocols, and
plants were eventually established in soil. There were also
“fused” embryos where two or three otherwise acceptable
mature somatic embryos were fused together along most of
their length. Such embryos were capable of germination, but
did so to form “twinned” plants, as sometimes occurs
naturally in germinating pine seeds. The plant-forming cell
line also produced abnormal cotyledonary-stage embryos.
Squat embryos with a whorl of cotyledons, but which lacked
a hypocotyl, were the most common type. Embryos with a
cotyledonary whorl and hypocotyl, but which lacked a
suspensor and root meristem, were also observed. The non-
plant-forming cell line produced so few acceptable mature
somatic embryos that sampling was not feasible. Grossly
distorted structures with no organ development were often
observed in this cell line.

Samples from the plant-forming cell line produced 545
cotyledonary stage somatic embryos (embryo development
index 8, Tables 1 and 2) on EMM?2, of which 154 were
judged to be capable of plant formation, and were submit-
ted to the germination protocols. The non-plant-forming
line produced a total of 58 cotyledonary stage embryos, of
which only six were suitable for transfer to germination
media.

For the analysis of polyamines in somatic embryos at
different stages of development, the following collections
were made: (1) developing embryos were collected on differ-
ent days from tissue growing on different media, i.e. EDM,
EMMI1, EMM2, and pre-germination media; and (2) nor-
mal and abnormal embryos were collected on different
occasions from the same tissue masses growing on the same
medium. This allowed us to not only analyze changes in
polyamines during embryo development on different media,
but also in embryos of different developmental stages grow-
ing on the same medium, thus eliminating the medium effect
on polyamines that may be unrelated to embryo develop-
ment. The period of collection, which spanned over 3
months, represents stages of development that are compara-
ble to the ones for zygotic embryos (Table 1). As shown in
Fig. 3A, putrescine contents of the embryos at different
stages of development and those of the tissue at time zero
were generally comparable during the entire period of col-
lections. Spermidine and spermine contents, on the other
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Fig. 3. Changes in cellular polyamines, spermidine/putrescine ra-
tios, and spermine/putrescine ratios in well-formed developing so-
matic embryos of clone G95-23 of Pinus radiata. The following
reflect the association of various media with the collection times, A,
Zero time (embryonal suspensor mass on maintenance medium
EDM); B, 22 days on EDM; C, 41 days (28 days EDM + 13 days
EMMI1); D, 85 days (28 days EDM + 12 days EMM1 +45 days
EMM2); E, 126 days (28 days EDM + 12 days EMMI + 76 days
MM2 + 10 days germination medium). Data presented are mean +
SE of S replicates.

hand, showed significant increases with time on transfer to
EMMI1, spermidine being much higher than either pu-
trescine or spermine. This change is further reflected in the
ratios of spermidine/putrescine and spermine/putrescine.
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The former increased from <1 at time zero to more than 7
in the 1996 experiment (data not shown) and to about 11 in
the 1997 experiment in the mature embryos (Fig. 3B), and

3 aL 2 the latter increased from about 0.1 to about 2.5 and 4 in the

Pletili-oie 1996 (data not shown) and 1997 experiments, respectively

(Fig. 3C). Even at the earliest stages of development when it
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the embryos, largely because of sharp declines in spermidine
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X ve 2 embryos were summarized, it was observed that the sper-
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increased in these embryos with advancement of develop-

mental stage until germination of embryos occurred (Fig.

B o 3B, bars A-D). This was similar to the situation with
-t TR zygotic embryos (Table 2).

When different types of embryos at various stages of
development, collected from the same tissue masses at dif-
ferent times, were analyzed for polyamines, a strong positive

. o o correlation between the morphological quality of the em-
a8 3T 8 bryos and their spermidine/putrescine or spermine/pu-
trescine ratios was observed (Fig. 4). This analysis further

revealed that within any one collection of early bullets from

EDM, normal-looking bullets had a significantly higher

e 2R, 8 ratio of spermidine/putrescine as compared to the abnor-
mal-looking bullets. Small solar type embryos produced in

the non-plant-forming cell line had significantly smaller

ratios of spermidine/putrescine and spermine/putrescine

an ag = than.their counterparts produced fron.l the. plant-forming
S— 133 —_ cell line of the same clone (P < 0.05). Likewise, cell cultures

of plant-forming and non-plant-forming lines derived from
the same clone and growing on proliferation (maintenance)
medium differed significantly (P < 0.05) in their spermidine/
clog el o putrescine ratios (Fig. 4). However, no significant differ-
R ences were observed when these comparisons were made
after the plant-forming line had gone through serial trans-
fers for 3—4 months after its recovery from cryopreserved
material (data not shown). By this time, the plant-forming

3.

[ag =] <t on ol
2= ‘ AR ‘ & ; line had lost most of its plant-forming potential. For the
plant-forming cell line, the spermidine/putrescine ratio was
about 4 i early bullet-stage embryos, and it increased to
10-12 at later stages of development. The spermine/pu-
LY Qo Q trescine ratios for the early bullet-stage embryos and mature
bt embryos were about 0.6 and 4, respectively. For the non-
plant-forming cell line, the residual tissue samples and the
“solar-type” embryos had spermidine/putrescine ratios of
' less than 0.5 and spermine/putrescine ratios of less than 0.1
aQ [ S}&’ ‘ § ‘ (Fig. 4). In these tissues, the spermidine/putrescine ratios
always remained less than 2 and spermine/putrescine ratios
less than 1 over the entire period of development (data not
presented). Sufficient numbers of mature normal or even
29 2% - matu.re-loioking abnormali embryos from .the non—plant-

N forming line were not available for polyamine analysis.

A comparison of the mature cotyledonary stage somatic
embryos and the abnormal cotyledonary stage embryos that
did not germinate into normal plants (both produced from
— o the plant-forming cell line) showed that the former had
— olen eniin 0 00 o6 o several-fold higher spermidine/putrescine and spermine/pu-
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Fig. 4. Comparison of 5
spermidine/putrescine ratios and
spermine/putrescine ratios in different
forms of somatic embryos and “‘residual
tissue” at different times during
maturation in the plant former (PF) and
the non-former (NPF) sub-lines of clone
(G95-23. The NPF sub-line did not .
produce enough embryos in advanced
stages of development for sample
collections. The “residual tissue”
represents the tissue from which all
normal and abnormal embryos including
their suspensors had been removed before
collection. Data presented are mean + SE
of 5 replicates.
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trescine ratios than the latter (Fig. 4). However, there was
no significant difference in the spermidine/putrescine or
spermine/putrescine ratios between the mature twinned and
the normal embryos, both of which were capable of forming
plants (P < 0.05).

The profiles of polyamine contents of zygotic and somatic
embryos at similar stages of development are presented in
Table 2. The zygotic proembryos had a spermidine/pu-
trescine ratio of 3.2, rising to 4.9 as the cotyledons began to
appear (refer to Table 1). This ratio remained high, falling
subsequently to 3.7 with maturation of the embryos. For
somatic embryos, it was not possible to separate proem-
bryos at very early stages of development from the residual
tissue, and, therefore, samples were collected beginning with
the bullet stage (equivalent to embryo development index of
3 for zygotic embryos). While total polyamine contents of
the zygotic and the somatic embryos were similar during the
early stages of embryo axis formation, the spermidine/pu-
trescine ratios of somatic embryos rose to a level almost
twice as much as those of the zygotic embryos at an embryo
development index of around 6-8. At the final stage of
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maturation, the total polyamine content of somatic embryos
dropped to a level much lower than that in the zygotic
embryos (Table 2). However, the spermidine/putrescine ra-
tios in these embryos were similar to those in the zygotic
embryos, both of which were by then capable of germina-
tion. Spermine/putrescine ratios also showed similar trends,
the changes being smaller in the zygotic embryos than in the
somatic embryos.

Discussion

The development of somatic and zygotic embryos has been
compared in many plants at all levels of observations, e.g.
morphological, anatomical, ultrastructural, nutritional, bio-
chemical and molecular (Wann et al. 1987, Goldberg et al.
1989, Hakman et al. 1990, Flinn et al. 1993, Hakman 1993,
Krasowski and Owens 1993, Suhasini et al. 1997; also see
reviews by Misra 1994, 1995). Among the biochemical and
molecular studies, major emphasis has been on the
metabolism of lipids and storage proteins, the role of ABA
and desiccation, and the differential expression of several
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genes, mostly belonging to the Lea (late embryo-specific
abundant) group of proteins (Kapik et al. 1995, Dong and
Dunstan 1996a,b). It is generally believed that developing
somatic and zygotic embryos show similar patterns of
biosynthesis of several macromolecules. In some cases, the
metabolism of small molecules such as amino acids and
polyamines has also been analyzed (Wann et al. 1987, Feirer
1995) and found to be similar in the two types of embryos.
Rapid changes in amino acid composition have been ob-
served during the development of both types of embryos. In
zygotic embryos of Pinus strobus, Feirer (1995) observed
that arginine, glutamine and asparagine were the predomi-
nant amides that showed major changes during develop-
ment. Similar research was earlier used to develop the pine
embryogenesis medium used for the work described here
(Smith 1994).

Changes in cellular polyamine metabolism during somatic
embryogenesis have been reported for several plants (see
reviews by Minocha and Minocha 1995, Kumar et al. 1997,
Walden et al. 1997) including a few conifers (Santanen and
Simola 1992, Minocha et al. 1993, Amarasinghe et al. 1996;
also see review by Minocha et al. 1995). When proliferating
embryogenic tissue of conifers is transferred to maturation
medium, an increase in spermidine content is often seen.
While Amarasinghe et al. (1996) observed an increase in
putrescine preceding the increase in spermidine in interior
spruce tissue, most other studies show a sharp decline in
putrescine concomitant with an increase or a decrease in
spermidine (reviewed in Minocha et al. 1995). It must be
emphasized here that all previous studies have analyzed the
entire embryogenic tissue or callus mass after transfer to the
maturation medium, without a distinction being made be-
tween the changes in developing embryos and those in the
surrounding residual tissue. This may help explain some of
the differences in results obtained from different laborato-
ries. The data presented here are the first to report
polyamine contents separately in the developing embryos at
different stages of development and the residual tissue which
is incapable of regeneration.

The results presented here reveal that an increase in the
level of spermidine relative to that of putrescine is a charac-
teristic feature of the developing Pinus radiata somatic em-
bryos. As the embryo development proceeds from the bullet
stage, when the embryo axis is being determined, to the
cotyledon formation stage, spermidine content always in-
creases. On the other hand, trends in the changes of pu-
trescine contents are unpredictable and vary with the
genotype. Furthermore, it is seen that the mature cotyle-
donary stage somatic embryos, which are most likely to
germinate and produce viable plants (emblings), can be
distinguished by their polyamine ratios from the abnormal
embryos that do not germinate to form plants. The changes
observed in developing somatic embryos are strikingly simi-
lar to those also seen in the zygotic embryos. It was noted
that while the spermidine/putrescine ratios of somatic em-
bryos that are ready to germinate (embryo development
index of 9, Table 1) are similar to those of zygotic embryos
at the same stage (embryo development index of 8.9, Table
2), the total polyamine content of somatic embryos at this
stage was only 31% of that of the zygotic embryos. How-
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ever, at about the time prior to reaching the final stages of
development (embryo development index of 8), the total
polyamine contents of somatic embryos were comparable
with those in zygotic embryos of development index of 8.9.
This apparent difference in polyamine metabolism may be
related to the differences in the abilities of the two types of
embryos to germinate, i.e. higher germination rates of
zygotic embryos than the somatic embryos. Thus this differ-
ence may be targeted for genetic manipulation to improve
both the frequency of formation of somatic embryos and
their conversion into normal plants. The changes in total
polyamine contents of the developing seeds in this species
are similar to those reported by Feirer (1995) in Pinus
strobus, and also show similarity with polyamine changes
during somatic embryo development in Picea abies (San-
tanen and Simola 1992) and Picea rubens (Minocha and
Long, unpublished data).

Pine somatic embryogenesis protocol requires that the
tissue is transferred to different media (EDM/EMMI/
EMM2/PGM) at each stage of development of somatic
embryos (Smith 1994). This raises the question of whether
the observed changes in polyamine levels in somatic em-
bryos are related to the developmental stage of the embryo
or are a consequence of the growth of cells on different
media. To resolve this issue, all stages of somatic embryo
samples were collected not only from different media, but
also from the same medium for comparison. Data in Fig. 4
come from a collection of different types of embryos from
the same medium. Note that the spermidine/putrescine ratio
of normal embryos in the plant-forming cell line increased
significantly between the April 17 and May 6 sampling
dates. On the other hand, the spermidine/putrescine ratio of
solar embryos in the same cell line remained approximately
the same at the two sampling dates. We believe this demon-
strates that the polyamines measured in normal somatic
embryos reflect the levels appropriate to the stage of devel-
opment rather than a response to change of medium.

A few detailed accounts of biochemical differences be-
tween the embryo and the megagametophytic tissue in
conifers have been published (for review see Misra 1994). It
is generally believed that the developing zygotic embryo
obtains a large proportion of its nutrition from the sur-
rounding megagametophyte. The same also holds true dur-
ing the process of germination of the seed (Misra 1994, King
and Gifford 1997, and references therein). This includes
precursors for the biosynthesis of proteins, lipids and, prob-
ably, nucleic acids. Kong et al. (1997) have suggested that
the megagametophyte in Picea glauca may also be a re-
source for the transport of hormones to the developing
embryo. The developing somatic embryos, on the other
hand, obtain primarily the inorganic nutrients and sugar
from the surrounding medium and must activate their own
pathways for the biosynthesis of most of these compounds.
Data presented in Fig. 2 are consistent with the possibility
of transport of polyamines from the megagametophytic
tissue to the developing embryo, since the increase in
polyamine content of the embryo coincided with a decline in
the megagametophyte. Another possibility is that the
changes in the two tissues were due to increased polyamine
biosynthesis in the embryos coincident with a decline in the
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synthesis and/or an increase in the catabolism of polyamines
in the megagametophytes. Analysis of the polyamine biosyn-
thetic enzyme activities in the two tissue types should help
resolve this question. Previous reports strongly suggest the
possibility of a transport of amino acids and other precur-
sors from the megagametophytic tissue to the embryo dur-
ing its development (Misra 1995). Whether or not such a
transfer of metabolites from the residual tissue to the devel-
oping somatic embryo also occurs in the in vitro conditions
is not known, nor is it clear as to what role the suspensor
plays in the development of somatic embryos.

Embryogenic cell masses of all plants consist of a hetero-
geneous population of cells some of which are competent to
form embryos and others that are not (for review see
Carman 1990). The embryogenic competence of these cells is
often short lived, particularly in woody plants, and it is
influenced by the growth conditions as well as genetic
factors. A few attempts have been made to distinguish
between the competent embryo-forming cells and those that
are incompetent to form embryos. Differential expression of
genes, DNA methylation levels, isozymes, enzyme activities,
and antisera against extracellular proteins have been used to
characterize the embryo-forming cells before their develop-
ment into somatic embryos (see reviews by Carman 1990,
Misra 1994, Kawahara and Komamine 1995). The identifi-
cation of a characteristic extracellular glycoprotein associ-
ated with embryogenic cells led to its use in the medium for
a substantial improvement of the somatic embryogenic po-
tential of nonembryogenic carrot cells (de Vries et al. 1988,
Kreuger and van Holst 1993). Egertsdotter and von Arnold
(1995) have also shown that the presence of specific
proteins, such as the arabinogalactans, can be correlated
with a specific morphology of somatic embryos in Norway
spruce.

The low number of normal somatic embryos produced
from Pinus radiata embryogenic tissue is probably due to an
overabundance of the non-embryo-forming, suspensor-like
cells compared with the small embryo initials. Increasing the
relative proportion of competent proembryos (small com-
pact cell masses) to non-plant-forming vacuolated cells
might improve the yield of mature somatic embryos signifi-
cantly. This may be possible by selective suppression of the
growth of non-embryogenic cells, or selective promotion of
the proliferation of competent cell types. The data presented
here clearly demonstrate that there is a characteristic differ-
ence in the cellular polyamine metabolism between the
developing somatic embryos and the surrounding residual
tissue that does not form somatic embryos. The differences
in polyamine metabolism of these two cell types could
potentially be the target for biochemical or genetic manipu-
lation to preferentially favor or suppress one group of cells
over the other, such as have been done with embryogenic
carrot cell suspensions (Robie and Minocha 1989, Minocha
and Minocha 1995).

Conclusions

A characteristic pattern of changes in polyamine metabolism
during the development of somatic as well as zygotic em-
bryos in Pinus radiata is evident. This involves major
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changes in putrescine/spermidine ratios during the develop-
ment of both types of embryos. Furthermore, the ratios of
polyamines are significantly different in the developing em-
bryos and the nondifferentiating residual tissue. Thus it may
be possible to selectively alter the relative ratios of the two
types of cells (embryo forming cells and the suspensor/ma-
trix cells) by modulating polyamine metabolism through the
use of inhibitors and/or the approach of genetic manipula-
tion as successfully demonstrated by Bastola and Minocha
(1995) for carrot cells. This may result in higher yields of
somatic embryos per gram fresh weight of cultured tissue as
well as improved maintenance of the embryogenic potential
of these cell lines through serial transfers.
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