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Abstract

In the present work we determined the effects of exogenous polyamines (PAs), supplemented to the culture medium, on the endogenous PA
contents, nitric oxide (NO) release, culture growth and organization of proembryogenic masses (PEMs), in embryogenic suspension cultures of
Araucaria angustifolia. We observed that PAs (Putrescine (Put), spermidine (Spd) and spermine (Spm)) had a different effect on growth,
morphological evolution and NO biosynthesis in embryogenic cultures. Spd (1.0 mM) and Spm (1.0 mM) supplemented into the culture medium
reduced cellular growth and allowed a morphogenetic evolution of aggregates from PEM II to PEM III stages. Put increased NO release from the
embryogenic culture, and Spd and Spm had an inhibitory effect on NO release when compared with the control treatment. In the control and Put
(1.0 mM) treatments, it was observed that embryonic cells of A. angustifolia accumulated more NO than the suspensor cells, suggesting that NO
biosynthesis might be related to the maintenance of the polarity (embryonic—suspensor cells) present at the PEM II stage.

© 2006 Published by Elsevier Ireland Ltd.
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1. Introduction

Araucaria angustifolia (Bert.) O. Ktze. is an endangered
native conifer from Southern Brazil. Efforts have been made to
use tissue cultures as an alternative in reforestation programs,
but results are scarce. Despite the attempts to develop a protocol
for inducing somatic embryogenesis in A. angustifolia, only
somatic embryos in early developmental stages were obtained
[1-3].

Micropropagation through somatic embryogenesis is an
alternative pathway for the propagation of plants with high rates
of multiplication [4]. Suspension cultures undergo an alter-
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tography; NO, nitric oxide; PA, polyamine; PEM, proembryogenic mass; Put,
putrescine; SCV, sedimented cell volume; SNP, sodium nitroprusside; Spd,
spermidine; Spm, spermine
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native system for embryogenic cultures multiplication that
allows a faster increase in fresh matter than in a culture on a
gelled medium. Suspension cultures also permit the study of
growth parameters such as sedimented cell volume (SCV) [1,5]
and cellular metabolism [6], besides biochemical and
physiological parameters [5,7], during somatic embryogenesis
development. Embryogenic suspension cultures of A. angusti-
folia have also been successfully employed to study the effect
of plant growth regulators and carbon source in dynamic
growth, extracellular protein release and glucose and fructose
uptake [7,8]. The growth dynamics of embryogenic suspension
cultures of A. angustifolia corresponds to a sigmoid curve
showing a lag phase, followed by exponential, linear and
stationary phases [8].

In order to increase the efficiency of embryo development,
an improved understanding of the biochemical and molecular
events that occur during somatic embryo development is
essential [9]. Among biochemical events, polyamine (PA) and
nitric oxide (NO) metabolisms seem to be involved in the
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regulatory mechanisms that play important roles in certain
plant development processes [10—12].

Putrescine (Put), spermidine (Spd) and spermine (Spm) are
the main PAs in plants, acting in cell division, somatic
embryogenesis, root formation, floral initiation and develop-
ment, fruit development, secondary metabolism, senescence,
abiotic stress response and biotic stress response (see review in
ref. [10]). More recently, PAs have been found also to regulate
the cell death program, apoptosis [13]. Some authors proposed
that PAs and related compounds could be considered as a type
of growth regulator or secondary hormonal messenger,
although they are found in plant cells at levels significantly
higher than those of plant hormones [10].

Nitric oxide, a highly diffusible gaseous free radical, plays a
key role as an intra- and inter-cellular messenger to induce various
processes in plants, these including germination, induction of cell
death and pathogen response, besides stomata and photosynthesis
regulation (see review in ref. [14]). It is now a consensus among
plantbiologists that NO is animportant gas molecule, comparable
with the plant hormone ethylene [14]. NO in concert with auxin
plays animportant role during the formation of embryogenic-type
cells of Medicago sativa [12]. The formation of embryogenic-
type cells is enhanced by the use of the NO donor sodium
nitroprusside (SNP) at a low auxin concentration, although this
type of cell otherwise appears at higher auxin concentrations
without SNP [12]. These data indicate that NO in concert with
auxin plays an important role during the embryogenesis process.
Moreover, we recently found that PAs rapidly induce NO
biosynthesis indicating PA-dependent NO biosynthesis as a
potential link of NO and embryogenesis [15].

There are few reports comparing the NO and PAs metabolism
between gymnosperm and angiosperm species. Pedroso et al.
[35] suggested that in both Kalanchoe daigremontiana
(angiosperm) and Taxus brevifolia (gymnosperm) the NO is
produced by a putative nitric oxide-synthase (NOS), common
between these species. According to Fraga et al. [36] the
morphogenetic competence in Pinus radiata (gymnosperm) is
associated with decrease in the free PA content while in Prunus
persica (angiosperm) this characteristic is related to the high
levels of free PA. However, Franceschetti et al. [37] observed that
mRNA sequences of S-adenosyl-L-methionine decarboxylase
(AdoMetDC) are highly conserved between angiosperm and
gymnosperm species. AdoMetDC is one of the key regulatory
enzymes in the biosynthesis of PAs.

In the present work we determined the effects of exogenous
PAs, supplemented to the culture medium, on the endogenous
PAs contents, NO release, culture growth and organization of
proembryogenic masses (PEMs) in the embryogenic suspension
cultures of A. angustifolia. A correlation between NO release and
polarity of forming cells in embryogenesis is indicated.

2. Materials and methods
2.1. Culture initiation

Embryogenic culture of A. angustifolia was initiated from
immature seeds according to Santos et al. [2]. Seeds were

surface-sterilized in 70% ethanol (2 min), and 2% sodium
hypochlorite (10 min), followed by rinsing three times in sterile
water. Pre-cotyledonary zygotic embryos were excised from the
seeds and inoculated on Petri dishes containing 20 ml BM
medium [16] supplemented with plant growth regulators
(2.0 pM 2,4-dichlorophenoxyacetic acid; 0.5 uM 6-benzyla-
minopurine and 0.5 uM kinetin), 0.5 g/l casein enzymatic
hydrolysate (from bovine milk, Sigma—Aldrich), 0.1 g/l myo-
inositol, 1.0 g/l L-glutamine, 30.0 g/l sucrose and 2.0 g/l
phytagel™ (henceforth called as basic medium). The pH of
the culture medium was adjusted to 5.7 before phytagel™ was
added. The culture medium was sterilized by autoclaving at
121 °C for 15 min. L-Glutamine was filter-sterilized and added
to the culture medium after autoclaving. The cultures were
incubated in the dark at 25 4 2 °C. Embryogenic cultures with
a translucent to white and mucilaginous aspect, and with both
embryonal and suspensor cell types, were subcultured every 21
days in the basic medium and maintained under the same
culture conditions. After three subcultures, one part of these
embryogenic cultures was maintained in the gelled (2.0 g/l
phytagel) basic medium whereas 1.0 g fresh mass of each
embryogenic culture was used to establish the suspension
culture in Erlenmeyer flasks containing 40 ml of liquid basic
medium. Suspension cultures were subcultured every 21 days
by adding 5 ml of the old suspension culture in 35 ml of fresh
liquid medium. Suspension cultures were kept on an orbital
shaker (50 rpm) in the dark at 25 + 2 °C.

2.2. Experimental conditions

Putrescine, Spd and Spm treatments were carried out by
addition of filter-sterilized solutions (pH 5.7) to give a final
concentration of 1 mM. Basic medium was used as control
treatment.

The experiments were performed with four-subcultured
embryogenic suspension cultures, on the 15th day of growth.
The suspensions were filtered (150 wm), and the retained
material was used to initiate the experiments. This was
undertaken by inoculation of 0.5 g fresh mass (FM) into 40 ml
of liquid medium using 12 normal Erlenmeyer flasks (125 ml)
and 3 ones adapted for growth measurements [17]. The flasks
were maintained on an orbital shaker (50 rpm) in the dark at
25 £2°C.

2.3. Cellular growth in liquid mediums

Cellular growth was measured via SCV by cell sedimenta-
tion in the side arm of the adapted flasks, and evaluated every
four days until the 32nd day of culture. Data from each
treatment was proportionally adjusted to an initial SCV of 1 ml.
Each treatment was performed in triplicate.

2.4. PAs determination

Suspension cultures, maintained during 2, 12, 22 and 32

days in culture, were filtered, washed three times with Milli’ Q‘R)
water and stored at —80 °C. The different periods correspond,
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respectively, to the lag, exponential, linear and stationary
growth phases, previously identified for the control treatment.
Three suspension culture flasks of each treatment were used to
obtain the samples in each collect point.

PAs were determined from three samples of 200 mg FM
each. Samples were ground in 1.6 ml of a 5% (v/v) perchloric
acid solution, and free PAs were extracted, dansylated and
identified by reverse phase HPLC according to Silveira et al.
[5]. The PA content was determined using a fluorescence
detector at 340 nm (excitation) and 510 nm (emission). Peak
areas and retention times were measured by comparison with
standard PAs: Put, Spd and Spm.

2.5. Embryogenic cell masses organization

To evaluate the organizational stage of proembryogenic
masses, suspensions at the 22nd day of growth were submitted
to a double-staining procedure with acetocarmine (2%) and
Evan’s blue (0.1%), as described by Gupta and Durzan [18].
The stained embryogenic cultures were observed and identified
by light microscope.

2.6. NO determinations

Samples (100 mg FM) of embryogenic cultures at 12th day
of growth in the basic medium were used in short experiments
for NO release quantification and NO visualization by
fluorescence microscopy.

2.6.1. NO release quantification

NO release to the medium was determined by binding to the
cell-impermeant DAR-4M (Diaminorhodamine 4 M; Alexis) in
a fluorometric assay [19,20]. Samples of embryogenic cultures
(100 mg FM each) were transferred into 2 ml of water solution
containing the PAs: Put, Spd and Spm, at different concentra-
tions (0.5, 1.0 and 2.0 mM), and DAR-4M (2.5 uM). Prior and
after the experiment, viability was checked by the Trypan blue
method [38]. Samples were incubated in the dark, on an orbital
shaker (125 rpm). After 2 h of incubation, the supernatant
(1 ml) without cells was taken, whereupon relative fluorescence
was measured by emission at 560 nm and excitation at 575 nm
in a LS-5 Luminescence spectrometer (Perkin—Elmer). All
experiments were repeated at least twice, with similar results,
albeit the data presented are from a single representative
experiment. Samples incubated in the water solution with
DAR-4M (2.5 p.M) were considered as the positive control, and
those in the incubation solution without DAR-4M as the
negative control.

2.6.2. Intracellular NO observation by microscopy

NO was visualized under the fluorescence microscope by
binding to the cell-permeable derivative DAR-4M AM
(Alexis). Samples of embryogenic cultures (100 mg FM each)
were transferred into 2 ml of water solution containing the PAs:
Put, Spd and Spm (1.0 mM), and DAR-4M (5 wM). Prior and
after the experiment, viability was also checked by the Trypan
blue method [38], thus indicating cells which were viable.

Samples were incubated in the dark, on an orbital shaker
(125 rpm). After 2 h of incubation, plates with embryogenic
cultures were prepared and observed under a fluorescence
Axioskop2 Mot Plus microscope (Zeiss), Filter set no. 20 from
Zeiss (excitation: BP 546/12; beam splitter: FT 560; emission:
BP 575-640). Digital photos, which are compared, were taken
at exactly the same camera settings of a digital camera and were
not processed further. All experiments were repeated at least
twice, with similar results, the photos presented being of a
single representative experiment.

2.7. Data analysis

Experiments were performed in triplicate, whereupon the
data presented were analyzed using means and standard errors.

3. Results and discussion

The first effect observed related to the supplementation of
PAs to the culture medium was the reduction of growth in
embryogenic cultures. This inhibitory effect was more evident
for 1 mM Spd and 1 mM Spm treatments (Fig. 1). In our work
we used the same combinations applied by Laukkanen and
Sarjala [21]. These authors observed that callus of Pinus
sylvestris cultured on the culture medium supplemented with
1 mM Put, Spd or Spm showed poor growth capacity [21].

Until now the role of exogenous PAs in the cellular growth of
conifer embryogenic cultures is not well elucidated. According
to Lainé et al. [22], the use of Put (20 pM) and Spd (40 M)
stimulates cellular division of protoplast-derived cells of Pinus
oocarpa and Pinus patula. During the growth of embryogenic
suspension cultures of Pinus taeda, high levels of endogenous
Put were associated with cell-growth reduction [5]. In P.
sylvestris, Spd retarded cell proliferation and growth but
enhanced somatic embryo maturation [23].

When PAs were incorporated into the culture medium, PA
levels in the embryogenic suspension cultures increased
(Fig. 2). Free Put was the most abundant PA in the control

—i— Control
—O— Put 1.0 mM
—¢— Spm 1.0 mM
—%— Spd 1.0 mM

SCV (ml)

0 4 8 12 16 20 24 28
Days of culture

Fig. 1. Growth of suspension cultures of A. angustifolia maintained in culture
medium supplemented with PAs. Data are presented as mean =+ standard error
(n=3).
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Fig. 2. PAs contents in suspension cultures of A. angustifolia. (A) Control—basic medium; (B) Put—basic medium supplemented with Put (1.0 mM); (C) Spm—
basic medium supplemented with Spm (1.0 mM); (D) Spd—basic medium supplemented with Spd (1.0 mM). Data are presented as mean =+ standard error (n = 3).

(Fig. 2A) and Put (1.0 mM) (Fig. 2B) treatments, while free
Spm and Spd were the most abundant PAs in the Spd (1.0 mM)
(Fig. 2C) and Spm (1.0 mM) (Fig. 2D) treatments, respectively
(Fig. 2).

Free Spd and Spm levels decreased continuously during the
culture, whereas free Put levels in the control treatment
remained stable up to the 22nd day of culture, followed by a
reduction until the 32nd day (Fig. 2A). Our results demon-
strated cellular incorporation of PAs when they were added to
the culture medium. Suspension cultures grown in the Put
(1.0 mM) treatment showed a significant increase of endogen-
ous Put levels. Put treatment also resulted in a slight increase of
Spd levels in the second day, followed by a decrease until the
end of culture (Fig. 2B). However, no significant variation of
free Spm was observed in this treatment (Fig. 2B). The lack of
the required aminopropyl groups might be the reason of the
poor conversion from exogenously applied Put to endogenous
free Spd and Spm. The first step in PA biosynthesis in higher
plants is Put formation by decarboxylation of either ornithine or
arginine [24]. The PAs Spd and Spm are synthesized from Put
by subsequent addition of aminopropyl groups donated by
decarboxylated S-adenosylmethionine (SAM) [10]. Polya-
mines and ethylene synthesis are linked through this common
SAM precursor [10,24].

Spd treatment resulted in increase of free Spd and Put levels
(Fig. 2C). Spm treatment induced an increase in the levels of
free Spm and Put, and a reduction of Spd levels (Fig. 2D). These
results suggested that the Spd (1 mM) and Spm (1 mM)
supplementation into the culture medium, could have acted as a

stress factor for cells, resulting in Put accumulation. It has been
demonstrated that Put is the main PA produced under stress
conditions [10,24]. However, these conditions could be
important and required for the PEM development. In conifers,
generally the somatic embryo development occurs by abrupt
changes in the culture medium. Alterations in the osmotical and
environment conditions are important for allowing proper
organization of embryonal heads of the developing embryos
[39].

In all treatments two types of cells were observed:
embryonal cells (rounded, with dense cytoplasm) and
suspensor cells (highly vacuolated and elongated), these
clustered into aggregates in different stages (Fig. 3). Aggre-
gates present in conifer embryogenic cultures during the
multiplication phase have been distinguished in three stages
based on morphology, cellular organization, and cell number, as
PEM I, PEM Il and PEM III [25]. At PEM 1, a cell aggregate is
composed of a suspensor cell attached to an embryonal cell.
PEM II presents similar cell aggregates that possess more than
one suspensor cell. At stage PEM III, an enlarged clump of
embryonal and suspensor cells appears loose rather than
compact, with disturbed polarity.

Based on morphology and cell number, the aggregates
observed in our experiment were classified according to
Filonova et al. [25]. Embryogenic cultures grown in the control
treatment presented aggregates at the PEM I and PEM II stages
in equal proportions (Fig. 3A and B). Put treatment presented
aggregates mainly at the PEM II stage (70%) (Fig. 3C). Spd and
Spm treatments presented 85% of the aggregates at the PEM 111
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Fig. 3. Morphological organization of embryogenic suspension cultures of A. angustifolia. (A) Control treatment presenting aggregates at the PEM I stage. (B and C)
Control and Put (1.0 mM) treatments presenting aggregates at the PEM II stage. (D and E) Spm (1.0 mM) and Spd (1.0 mM) treatments presenting aggregates at the

PEM III stage. ec: embyogenic cells; sc: suspensor cells.

stage (Fig. 3D and E), these aggregates were larger with more
number of cells when compared with the aggregates observed
in the control and Put treatments. Although, it was observed
aggregates at the stage PEM II (15%) in the Spd and Spm
treatments, PEM III aggregates were not observed in the control
and Put treatments, suggesting that Spd and Spm added to the
culture medium promote conversion of the aggregates from the
PEM I and PEM II (present in the control treatment) to PEM III,
without forming new aggregates. According to Filonova et al.
[25] aggregates at the PEM III stage are essential for somatic
embryogenesis progression, since somatic embryos cannot
develop directly from PEM I and PEM II aggregates.

The model for somatic embryogenesis in P. abies is divided
into three phases: the successive growth of the PEMs, formation
of somatic embryos from PEM III, and embryo maturation [25].
In this context, PEM III formation is essential for somatic
embryogenesis development. Spd and Spm lead to PEM
development, and from PEM II to PEM III stages, during
multiplication in a suspension culture. This result can represent a
new strategy in using these PAs in the multiplication phase to
improve the number of mature embryos at the end of maturation.
A. angustifolia is considered a recalcitrant species for somatic
embryogenesis, as through the established protocols, only few
pre-cotyledonary somatic embryos have been recovered [1-3]. In
this experiment we did not submit the cultures throughout the
maturation phase, but new essays using PAs during the
multiplication and maturation phases have been performed with
good preliminary results [26], and may represent a new insight in
the studies of somatic embryogenesis in A. angustifolia. Kevers

et al. [27] showed that PAs are involved in the induction and
regeneration of Panax ginseng somatic embryos and a five-fold
increase in the number of embryogenic structures has been
recorded with Spd added to the culture medium.

In this study we also examined the regulation of NO
biosynthesis by Put, Spd and Spm in suspension cultures of A.
angustifolia. Using the fluorimetric method, employing the
cell-impermeable NO-binding dye DAR-4M, we observed that
Put increased NO release from the embryogenic culture,
whereas Spd and Spm had an inhibitory effect when compared
with the control treatment (Fig. 4). These responses were

Relative fluorescence

0.0 05 1.0 20 05 1.0 20 05 1.0 20

& [ Put Spd Spm
A (mM) (mM) (mM)

Fig. 4. NO release from embryogenic suspension cultures of A. angustifolia.
Data are presented as mean = standard error (n = 3).
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confirmed by fluorescence microscopy, using the cell-perme-
able NO-binding dye DAR-4M AM (Fig. 5). Put induced NO
biosynthesis in embryonic cells of the PEMs, whereas
suspensor cells presented no or little fluorescence (Fig. 5B).
Spd and Spm inhibited the NO biosynthesis in both embryonic
and suspensor cells (Fig. 5C and D).

The relationship between PAs and NO biosynthesis have
been demonstrated in Arabidopsis seedlings, in which Spd and
Spm stimulated NO release, while Put had little effect [15]. PAs
probably affect differently in NO physiology depending on the
species, but it remains unclear whether or not these PAs can
regulate NR or other NOS-analogous plant enzymes directly, or
by a PA-mediated process [15]. It may well be that in certain
cases NO mediates the biological effects of primary signaling
molecules, such as hormones [11]. For example, NO
biosynthesis was rapidly induced by cytokinin in plant cell
cultures of Arabidopsis, parsley and tobacco [28].

PAs were described as mediators of embryogenesis [29-31],
and recently it was observed that in the presence of auxin, NO
can stimulate the activation of cell division and embryogenic
cell formation in leaf protoplast derived from M. sativa [12].
Our results showed that embryonic cells of A. angustifolia
accumulated more NO than suspensor cells, mainly in the
control and Put (1.0 mM) treatments (Fig. 5SA and B),
suggesting that PA-induced NO might have a physiological
importance for A. angustifolia embryo development. NO
biosynthesis in embryonic cells of PEMs might be related to the
maintenance of polarity (embryonic—suspensor cells), present

Control

SC

A\

150 pm

Spd 1.0 mM

SC

N

at the PEM II stage. This polarity could be a result of
continuous cell division induced by NO, mainly in the
embryonic region of the PEM II aggregates. In P. abies
embryogenic cultures at the PEM II stage, high multiplication
rates led to a pronounced increase in the size of the whole
aggregate, and to establishing a highly polarized morphology
[32]. The key morphogenetic event in plant embryogenesis is
the bipolar pattern formation via establishment of the
embryonic (apical) and suspensor (basal) regions [33]. While
embryonic cells will give rise to the plant body during a brief
period, the suspensor functions as a conduit for growth factors
to the developing embryo, being subsequently eliminated by
programmed cell death (PCD) [32-34].

Spd and Spm inhibit NO biosynthesis in PEM II
aggregates (Fig. 5C and D). When Spd and Spm were
applied to the culture medium, we observed an enhanced
morphological development of embryogenic cultures up to
the PEM III stage (Fig. 3). Spd and Spm inhibitory effects in
NO biosyntheses during suspension culture multiplication
may be essential for PEM I and PEM II development,
reducing the cellular growth and leading to acquisition of
PEM III structural characteristics. Recently, NO biosynthesis
was correlated with the acquisition of embryogenic compe-
tence in leaf protoplast-derived cells of M. sativa [12].
Whether NO metabolism is also associated with the
subsequent somatic embryo development remains a question
to be answered. This opens a new perspective for work with
species showing poor somatic embryogenetic responses, by

Put 1.0 mM

Spm 1.0 mM

Fig. 5. NO-induced fluorescence observed by fluorescence microscopy in embryogenic masses of A. angustifolia. (A) Control; (B) Put (1.0 mM); (C) Spd (1.0 mM);

(D) Spm (1.0 mM). ec: embyogenic cells; sc: suspensor cells.



V. Silveira et al./Plant Science 171 (2006) 91-98 97

addition of NO donors to the culture medium, in an attempt to
convert non-embryogenic cells to competent ones.

In conclusion, we observed that PAs (Put, Spd and Spm) act
in a distinct way on growth, morphological evolution and NO
biosynthesis in embryogenic cultures of A. angustifolia. Spd
and Spm supplemented into a culture medium reduced cell
growth, and allowed a morphogenetic evolution of aggregates
from the PEM II to PEM III stages. Put increased NO release
from the embryogenic culture and Spd and Spm produced an
inhibitory effect when compared to the control treatment. In the
control and Put (1.0 mM) treatments, it was observed that
embryonic cells of A. angustifolia accumulated more NO than
suspensor cells, suggesting that NO biosynthesis might be
related to the maintenance of polarity (embryonic—suspensor
cells) present at the PEM II stage. Finally, our results support
further insights in NO biosynthesis manipulation, using NO
donors and NO scavengers, as well as Put, Spd and Spm
supplementation to the culture medium and visualization of
NO-dependent fluorescence might provide clues to study and
eventually regulate development.
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