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ABSTRACT

Biotechnological tools have a large application potential in the breeding programmes and biodiversity conservation of Araucaria
angustifolia (Bert) O. Ktze, an endangered native coniferous species from the Brazilian Atlantic Rain Forest. An overview is presented of
A. angustifolia seed and somatic embryo developmental biology, including physiological, biochemical studies and proteomic approaches.
Significant advances in plant regeneration via somatic embryogenesis have been made over the last decade. Recent works on the
induction, proliferation, development and morphogenesis of pro-embryogenic masses (PEMs) have been used to explain their role in
somatic embryo development. In order to increase the efficiency of PEM development, biochemical and molecular events were studied.
Among the former, the metabolism of polyamines and nitric oxide, besides the synthesis of specific proteins, such as late embryogenesis
abundant and storage proteins, seem to be involved in the regulatory mechanisms of this complex process. Seed-development studies were
performed to better understand the molecular and physiological basis of embryogenesis and system manipulation for in vitro
multiplication via somatic embryogenesis. Genomics and proteomics are new tools for improving 4. angustifolia biotechnology and

providing more insight.
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INTRODUCTION

Araucaria angustifolia (Bert) O. Ktze is the only native
conifer of economic importance in Brazil, representing the
most exploited timber source until the 1970’s (Astarita and
Guerra 1998). This species is a valuable source of seeds,
wood, fiber and resin. The seeds have high nutritional value,
being consumed by both humans and wild fauna. The wood
of adult trees is employed in the manufacture of furniture,
structural timber, and almost all other kinds of wood ap-
plication (Guerra et al. 2000).

Originally, the forests of 4. angustifolia covered an area
of 20 million hectares in Brazil. As a result of the clear-
cutting form of exploitation, nowadays only relicts of the
natural vegetation are found, these representing less than
2% of the original area (Guerra et al. 2002). Recently, this
species was included in the official list of endangered Bra-
zilian plants, under the “vulnerable” category (Guerra et al.
2000, 2002). Therefore, it is necessary to develop technolo-
gies for the conservation and genetic improvement of this
subtropical conifer species.

Biotechnological tools have a large application potential
in breeding programs and biodiversity conservation of A.

angustifolia. Biotechnology is a significant affix to long-
established traditional tree improvement practices, and is
one that utilizes fundamental discoveries in the field of
plant tissue culture for clone-forestry, gene transfer tech-
niques, molecular biology, and genomics (Nehra et al.
2005). New discoveries in this field may provide an ex-
tended platform for the improvement of traits that were pre-
viously considered as unpractical via conventional breeding
methods. Biotechnology provides exciting opportunities for
further expanding our understanding of genome organiza-
tion and the functioning of genes associated with complex
value-added traits, and for transferring such genes into eco-
nomically important tree species. This will lead to the deve-
lopment and deployment of trees in preparation for meeting
the future demand of the world’s ever-increasing population
for timber and other forest products, while preserving natu-
ral forests for future generations (Merkle and Nairn 2005;
Nehra et al. 2005).

SOMATIC EMBRYOGENESIS IN CONIFERS

Biotechnologically based techniques provide efficient me-
thods for micropropagation, genetic improvement, and the
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Fig. 1 Conifer somatic embryogenesis modulation in two cycles. Initiation, maintenance and maturation cycles.

germplasm conservation of tropical and subtropical trees
(Litz et al. 1997). Among these, one micropropagation tech-
nique that has become widely utilized in forest biotechno-
logy is somatic embryogenesis.

Somatic embryogenesis is a process analogous to zygo-
tic embryogenesis, where a single cell or a small group of
somatic cells are the precursors of somatic embryos (Tau-
torus et al. 1991). In conifers, somatic embryogenesis and
plant regeneration were first reported in Picea abies, by
using zygotic embryos as explants (Chalupa 1985; Hakman
et al. 1985), and by the induction of somatic embryogenesis
from megagametophytes in Larix decidua (Nagmani and
Bonga 1985). The application of somatic embryogenesis in
the genetic transformation of conifer species has been exten-
sively reviewed recently (Malabadi and Nataraja 2007).

Conifer somatic embryogenesis is usually initiated from
immature zygotic embryos by using auxins in the culture
medium. Once induced embryogenic cultures can be main-
tained in periodical subcultures in a gelling or liquid culture
medium. With the removal of the auxin and supplementa-
tion of maturation promoters into the culture medium, cul-
tures are addressed for the formation of somatic embryos
and subsequent ex vitro establishment (Fig. 1).

In conifers several factors affect the induction fre-
quency of embryogenic cultures. These include the influ-
ence of the genotype, the effect of explant stage of develop-
ment, and the induction potential of the culture medium
(Radojevic et al. 1999), particularly, of sucrose, the nitrogen
level and composition, mineral elements, agar, plant growth
regulators and pH (Tautorus ef al. 1991).

Maturation of conifer somatic embryos occurs in the
presence of abscisic acid (ABA) and an osmotic agent
(Attree and Fowke 1993; Stasolla et al. 2002; Stasolla and
Yeung 2003). ABA inhibits cleavage polyembryony, thus
allowing for embryo singulation, further development and
maturation. Furthermore, ABA is involved in the accumula-
tion of storage proteins (Dunstan et al. 1998), cellular ex-
pansion control (Gutmann ef al. 1996) and triacylglycerol
biosynthesis (Attree ef al. 1992). The effectiveness of ABA
treatment may be enhanced through an increase in the os-
motic level of the culture medium by the addition of hexose
sugars, sugar alcohols, or neutral polymers such as poly-
ethylene glycol (Bonga et al. 1995).
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APPLICATIONS OF SOMATIC EMBRYOGENESIS

Somatic embryogenesis possesses great potential for clonal
propagation in conifers. This technique allows additional
genetic gain to be obtained, owing to possible capture of
both additive and non-additive genetic variation (von Ar-
nold et al. 1995). Somatic embryogenesis reveals several
advantages when compared to other in vitro propagation
systems, including its high multiplication rates, the cryopre-
servation of embryogenic callus, as well as the potential for
scale-up in liquid suspension cultures, the use of bioreactors
and somatic synthetic seed technologies and the fact that
embryogenic cultures are suitable target tissues for gene
transfer (Merkle and Dean 2000).

The applications of somatic embryogenesis include the
provision of cell lines for genetic transformation, the ex situ
conservation of rare and endangered species or populations,
research to improve our understanding of conifer genetics,
and the generation of high-value clone-forestry as a tool in
tree-breeding programmes, the latter being the most pro-
mising application (Park ez al. 1998).

High-value forestry is an intensive commercial activity,
in which highly valuable genotypes or tree “varieties” are
cloned for deployment at productive sites. The major ad-
vantages of clone-forestry are: (i) additional genetic gain
achieved by capturing non-additive genetic variation; (if)
the speed in which such clones may be introduced to meet
changing breeding programmes or market goals; (iii) the
ability to introduce genetic variability into clone-forestry;
and (iv) compensation for the shortage of improved seeds
from orchards (Hogberg ef al. 1998; Park et al. 1998).

Somatic embryogenesis is a valuable tool in breeding
programmes. The major advantage is to obtain a large num-
ber of cloned plants in a short amount of time (Hogberg e?
al. 1998). Both somatic embryogenesis and cryopreserva-
tion permit the development of improved varieties through
the re-growth of embryogenic cultures, followed by field
performance (Park ef al. 1998). The cryopreservation of
embryogenic cultures efficiently links the breeding program
to mass clone-propagation strategies. Thus, the inclusion of
cryopreservation in the strategy of somatic embryogenesis
allows for the use of superior clones in high-value forestry
(Hogberg et al. 1998). In addition, cryopreservation of em-
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Fig. 2 Somatic embryogenesis in A. angustifolia. (A) Mother tree; (B) pre-cotyledonary zygotic embryo used as explant; (C) embryogenic culture
induced in a basic medium (BM)(Gupta and Pullman 1991) supplemented with 5.0 uM 2,4-dichlorophenoxy acetic acid (2,4-D), 2.0 uM N6-benzylamino-
purine (BA) and 2.0 pM kinetin (KIN); (D) somatic pro-embryo observed in the maintenance medium; (E-H) somatic embryo maturation in a BM
medium supplemented with polyethyleneglycol (PEG 3350) (7%), maltose (9%) and abscisic acid (ABA) (150 uM).

bryogenic cultures permits stable maintenance of germ-
plasm until clone-progeny have been evaluated under field
conditions (Park et al. 1998).

Embryogenic cultures, obtained from culturing mature
or immature zygotic embryos, constitute the most respon-
sive tissue for plantlet regeneration in conifers. This tissue
is the most adequate for studies on conifer transformation
by using the biolistic bombardment approach, which thus
enables the transfer of foreign DNA to virtually any cell
types (Minocha and Minocha 1999).

SOMATIC EMBRYOGENESIS IN A. angustifolia

The first study on somatic embryogenesis in 4. angustifolia
was undertaken by Guerra and Kemper (1992). The induc-
tion, establishment and multiplication of embryogenic cul-
tures, as well as the effects of abscisic acid and osmotic
agents on the maturation of these cultures, were reported by
Astarita and Guerra (1998), Guerra et al. (2000) and Asta-
rita and Guerra (2000). However, Guerra et al. (2000) did
not manage to develop mature somatic embryos. It is im-
portant to consider that the Araucariaceae family, when
compared to other conifer species, proves to be unique in
early zygotic embryogenic features (Kaur and Bhatnagar
1983), through showing a high degree of specialization
(Buchholz 1920). Furthermore, seeds of A. angustifolia are
recalcitrant (Farrant et al. 1989), while most of conifers
have orthodox seeds (Attree and Fowke 1993). These fea-
tures should be taken into account in order to develop a
specific somatic embryogenesis protocol for the mass clonal
propagation of A. angustifolia. Studies with A. angustifolia
somatic embryogenesis were held in the last decade (Asta-
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rita and Guerra 1998, 2000; Guerra et al. 2000; dos Santos
et al. 2002; Silveira et al. 2002; Steiner 2005; Steiner et al.
2005; Silveira ef al. 2006; Steiner et al. 2007) (Fig. 2).

In the somatic embryogenesis of A. angustifolia, the
developmental stage of zygotic embryos is a critical factor
in the induction of embryogenesis. The highest induction
rate of somatic embryogenesis in 4. angustifolia is obtained
by using pre-cotyledonary zygotic embryos (Fig. 2B) in ba-
sal medium (BM) (Gupta and Pullman 1991) supplemented
with 5.0 uM 2,4-dichlorophenoxy acetic acid (2,4-D), 2.0
puM N6-benzylaminopurine (BA) and 2.0 uM kinetin (KIN)
(dos Santos et al. 2002; Silveira et al. 2002; Steiner et al.
2005). Embryogenic induction in 4. angustifolia is charac-
terized by the proliferation of translucent to white, mucila-
ginous, embryogenic cultures (Fig. 2C) (dos Santos et al.
2002; Silveira et al. 2002; Steinet et al. 2005). Pre-cotyle-
donary embryos have been used as an explant source for
many conifers species such as Pinus taeda (Becwar et al.
1991), Pinus pinaster (Lelu et al. 1999) and Pinus strobus
(Klimaszewska and Smith 1997).

Somatic embryo maturation of A. angustifolia (Fig. 2E-
H) is obtained in a BM culture medium supplemented with
7% polyethyleneglycol (PEG 3350), 9% maltose and 150
uM ABA (Steiner, N. unpublished data). In general, the
maturation of conifer somatic embryos occurs in the pre-
sence of ABA and an osmotic agent (Attree and Fowke
1993). The presence of an osmotic agent permits the osmo-
tic potential to be similar to the level observed during the
early stages of zygotic embryo development. It is well
documented that after complete embryonic formation, ABA
concentrations rise while the embryo establishes dormancy
and acquires storage reserves. ABA is involved in gene ex-
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pression of storage proteins and LEA (late embryogenesis
abundant) proteins that are synthesized in the seed after
embryo differentiation (Bonetta and McCourt 2002; Wise
and Tunnacliffe 2004). It was hypothesized that ABA acts
through a standard signal transduction pathway, in which
the binding of the hormone to a receptor elicits a transduc-
tion cascade (Bonetta and McCourt 2002).

SCALE-UP MULTIPLICATION OF EMBRYOGENIC
CULTURES

The use of suspension cultures is an important component
in the scale-up and synchronization of conifer embryogenic
cultures. Lulsdorf et al. (1992) showed that Picea glauca-
engelmannii and P. mariana yielded 4000 and 6000 proem-
bryos.I"' of suspension culture, respectively. Suspension
cultures allow for a faster increase in culture fresh matter
than does a culture on a semi-solid medium, thus reducing
manipulation and the risk of contamination. In conifers, this
system has been successfully employed for several species,
among others Picea abies (von Arnorld et al. 1995), Arau-
caria angustifolia (Guerra et al. 2000; dos Santos et al.
2002; Steiner 2005; Silveira et al. 2006), Picea glauca-
engelmannii and Picea mariana (Lulsdorf et al. 1992).

The growth dynamics of embryogenic suspension cul-
tures is, in most cases, represented by a sigmoid curve
showing a lag-phase, followed by exponential, linear and
stationary phases. The lag-phase is considered as an adapta-
tion period of cells to a new medium. If the subculture is
started in the exponential or linear phases, the lag-phase can
be limited to only a few days (1-3 days). In both the expo-
nential and linear phases, the high rates of cell division re-
sult in growth of the suspension culture. The rate of cellular
division is gradually reduced in the stationary phase (Sza-
bados et al. 1993).

Suspension cultures also allow for the study of growth
parameters such as sedimented-cell volume, packed-cell
volume, mitotic index, fresh and dry weight (Guerra et al.
2000), cellular metabolism (Lulsdorf er al. 1992) and bio-
chemical and physiological parameters (Silveira et al. 2004,
2006). Comprehension of these parameters is essential for
elucidation of the mechanisms involved in somatic embryo-
genesis. However, available information on cellular meta-
bolism of conifer embryogenic cultures is still limited (No-
mura and Komamine 1995).

Silveira et al. (2002) observed that suspension cultures
of A. angustifolia, growing in a liquid medium free from
plant growth regulators (PGRs), resulted in an incremental
rate of 5.6-fold in the initial sedimented-cell volume after
33 days of culture. Growth in a liquid medium supplemen-
ted with 5 uM of 2,4-D, 2 uM of BA and 2 pM of KIN
showed a 7.8-fold increase in its initial volume after a cul-
ture period of 54 days (Silveira et al. 2002). This result pos-
sibly occurred as a response to the auxins and cytokinins
present in the culture medium. Cytokinins act directly on
the cell cycle where they are probably requested to regulate
the synthesis of those proteins involved in the formation
and operation of the mitotic spindle (Stals and Inz¢ 2001;
Richard et al. 2002). Auxin acts in two ways during cellular
growth: (i) it stimulates acidification of the cell wall, thus
resulting in increased extensibility; and (ii) it induces the
transcription of specific mRNAs that code for those pro-
teins associated with cellular growth (Stals and Inzé 2001;
Richard et al. 2002).

Both cytokinins and auxins are necessary for cell divi-
sion in G1-S and G2-M transition in various cultured plant
cells and in planta (Stals and Inzé 2001). In assays with to-
bacco leaf protoplasts, it was observed that the two hor-
mones could synergistically influence transcription of the
cdc2a kinase gene. It was concluded that hormone-induced
cdc2a expression renders cells competent to divide, al-
though additional factors are required to allow a cell to
enter the division cycle (Coenen and Lomax 1997).

Embryogenic cell suspension growth in a culture me-
dium free from PGRs, was probable mediated by biosynthe-
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sis of those plant hormones responsible for cell growth.
Thus, this embryogenic culture could be considered habi-
tuated or autonomous. The acquisition of autonomy is based
on the hypothesis that, when the cell cycle starts in the pre-
sence of plant growth regulators, the resulting cascade of
transduction signals induces biosynthesis of plant hormones,
thereby creating a positive feedback mechanism (George
1993).

Embryogenic cultures of conifers are generally induced
and maintained in a culture medium containing both auxin
and cytokinin (von Arnold et al. 1995). In Pinus sylvestris,
P. pinaster (Lelu et al. 1999) and A4. angustifolia (Guerra et
al. 2000; dos Santos et al. 2002; Steiner et al. 2005), the
induction and maintenance of embryogenic cultures were
observed in the absence of exogenous PGRs. It has been
suggested that the presence of auxins in the culture medium
influences the formation of non-polar pro-embryos, thus
affecting the further development of somatic embryos in the
maturation phase (Korlach and Zoglauer 1995). Norway
spruce embryo formation from PEMs was triggered by the
withdrawal of PGRs. Furthermore, in this species a strong
positive correlation has been shown between the frequency
of somatic embryo formation and the percentage of cells
with fragmented DNA, both of which stimulated by the
withdrawal or partial depletion of PGRs in the culture me-
dium (Filonova et al. 2000).

BIOCHEMICAL ASPECTS OF EMBRYOGENIC
CULTURES

In order to increase the efficiency of embryo development,
an improved understanding of the biochemical and molecu-
lar events that occur during somatic embryo development is
essential. Among biochemical events, polyamine (PA) and
nitric oxide (NO) metabolisms, as well as amino acids,
plant hormones and differential protein expression, seem to
be involved in the regulatory mechanisms that play impor-
tant roles in certain embryo-development processes.

Putrescine (Put), spermidine (Spd) and spermine (Spm)
are the main PAs in plants, acting in cell division, somatic
embryogenesis, root formation, floral initiation and deve-
lopment, fruit development, secondary metabolism, senes-
cence and abiotic and biotic stress-response (Bais and Ravi-
shankar 2002; Kuznetsov and Shevyakova 2007; Pang et al.
2007). PAs have been found to also regulate programmed
cell death (PCD) and apoptosis (Kuehn and Phillips 2005).
Some authors proposed that PAs and related compounds
could both 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 (Bais and Ravishankar 2002).

Those small aliphatic amines that are positively charged
in physiological pH have an essential role in cell prolifer-
ation and differentiation (Bouchereau et al. 1999). Put, Spd
and Spm are the main PAs in plants, acting in essential
stages of embryonic development. However, their action
mechanisms have not yet been fully elucidated (Minocha et
al. 1999). Silveira et al. (2006) observed that supplementa-
tion of PAs to the liquid culture medium resulted in a reduc-
tion of growth in embryogenic cultures. This inhibitory ef-
fect was more evident for 1 mM Spd and 1 mM Spm treat-
ments (Fig. 3). Until now the role of exogenous PAs in the
cellular growth of conifer embryogenic cultures, is not well-
elucidated. According to Lainé et al. (1988), the use of Put
(20 uM) and Spd (40 uM) 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 (Silveira et al. 2004). In P. syl-
vestris, Spd retarded cell proliferation and growth but en-
hanced somatic embryo maturation (Niemi et al. 2002).

Steiner et al. (2007) showed that the addition of PAs to
the PGR-free BM medium, enhanced the growth of em-
bryogenic cultures in A. angustifolia. PAs endogenous me-
tabolism was significantly affected by exogenous PAs. PAs
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Fig. 3 Growth of suspension cultures in A. angustifolia. Cultures main-
tained in a culture medium supplemented with polyamines. SCV: sedi-
mented cell volume, Put: putrescine, Spd: spermidine, Spm: spermine.
(Reprinted from Silveira et al. (2006) Plant Science 171, 91-98, ©2006,
with kind permission from Elsevier).

supplemented to a PGR-free BM medium, mainly Put and
Spm, increased the endogenous IAA and ABA levels, show-
ing a direct relationship between PAs levels and ABA ac-
cumulation. These results direct new strategies to further
improve A. angustifolia somatic embryogenesis, especially
during the maturation phase, by culture medium manipula-
tion using exogenous PAs.

NO, a highly diffusible gas-free radical, plays a key role
as an intra- and inter-cellular messenger to induce various
processes in plants, these including germination, induction
of PCD and pathogen response, besides stomata and photo-
synthesis regulation (Yamasaki 2005). It is now a consensus
among plant biologists that NO is an important gas mole-
cule, comparable with the plant hormone ethylene (Yama-
saki 2005). NO, in concert with auxin, plays an important
role during the formation of embryogenic-type cells in Me-
dicago sativa (Otvos et al. 2005). The formation of embryo-
genic-type cells is enhanced by the use of the NO donor
sodium nitroprusside at a low auxin concentration, although

this type of cell otherwise appears at higher auxin concen-
trations without SNP (Otvos et al. 2005). These data indi-
cate that NO, together with auxin, plays an important role
during the embryogenesis process. Moreover, we recently
found that PAs rapidly induce NO biosynthesis, this indi-
cating PA-dependent NO biosynthesis as a potential link of
NO and embryogenesis (Tun et al. 2006; Santa-Catarina et
al. 2007).

Silveira et al. (2006) determined the effects of exoge-
nous PAs supplemented to the liquid culture medium, on
endogenous PA contents, NO release and the organization
of PEMs, in embryogenic suspension cultures of Araucaria
angustifolia. 1t was observed that PAs (Put, Spd and Spm)
had a different effect on morphological evolution and NO
biosynthesis in embryogenic cultures. Spd (1.0 mM) and
Spm (1.0 mM) supplemented into the culture medium re-
duced cell-growth and allowed for morphogenetic evolution
of aggregates from the PEM II to PEM III stages (Fig. 4).
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 the
PEM III stage, an enlarged clump of embryonal and suspen-
sor cells appears loose rather than compact, and with dis-
turbed polarity.

Spd and Spm inhibitory effects in NO biosyntheses
during suspension culture multiplication may be essential
for PEM I and PEM II development, by reducing cell-
growth and leading to the acquisition of PEM III structural
characteristics. Additionally, Silveira et al. (2006) showed
that Put addition to the culture medium increased NO re-
lease from the embryogenic culture, and Spd and Spm had
an inhibitory effect on NO release when compared with the
control treatment. These results suggest that Spd and Spm
addition, and the consequent reduction in NO biosynthesis
are correlated with the morphogenetic differentiation of
PEMs, while Put is associated with PEM I and PEM II mul-
tiplication maybe by increasing endogenous NO in embryo-
genic cultures of 4. angustifolia (Fig. 5). Whether NO me-
tabolism is also associated with subsequent somatic embryo
development remains a question to be answered. This opens
a new perspective for work with species showing poor so-
matic embryogenetic responses, by the addition of NO
donors to the culture medium, in an attempt to convert non-
embryogenic cells to competent ones.

It was observed that embryonic cells of 4. angustifolia
accumulated more NO than suspensor cells suggesting that
NO biosynthesis might be related to the maintenance of the

i
Spd 1.0 mM

SC

150 pm 150 pm
T — C—

Fig. 4 Morphological organization and NO-induced fluorescence in embryogenic masses from A. angustifolia. Control treatment presenting
aggregates in the pro-embryogenic mass (PEM) I stage. Put (1.0 mM) treatments presenting aggregates in the PEM II stage. Spd (1.0 mM) and Spm (1.0
mM) treatments presenting aggregates in the PEM III stage. ec: embryogenic cells; sc: suspensor cells. (Reprinted from Silveira et al. (2006) Plant

Science 171, 91-98, © 2006, with kind permission from Elsevier).
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Fig. 5 Possible correlations between polyamines and NO metabolisms on the growth and morphogenetic differentiation of embryogenic cultures

in A. angustifolia.

polarity (embryonic—suspensor cells) present in the PEM 11
stage (Fig. 4). This polarity could be a result of continuous
cell division induced by NO, mainly in the embryonic
region of PEM II aggregates. In P. abies embryogenic
cultures in 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 (Filo-
nova et al. 2000). The key morphogenetic event in plant
embryogenesis is bipolar pattern formation via establish-
ment of the embryonic (apical) and suspensor (basal) re-
gions (Bozhkov et al. 2005a). While embryonic cells will
give rise to the plant body during a brief period, the sus-
pensor functions as a conduit for growth factors to the
developing embryo being subsequently eliminated by PCD
(Filonova et al. 2000; Bozhkov et al. 2005a, 2005b).

The relationship between PA and NO biosynthesis has
also been demonstrated in Arabidopsis seedlings (Tun et al.

2006) and Ocotea catharinensis (Santa-Catarina et al. 2007).

PAs were described as mediators of embryogenesis (Gal-

ston e al. 1995; Shoeb et al. 2001; Bertoldi et al. 2004),
and recently it was observed that in the presence of auxin,
NO can stimulate the activation of cell division and em-
bryogenic cell formation in leaf protoplasts derived from
Medicago sativa (Otvos et al. 2005).

Biosynthetic patterns of several macromolecules are
similar in zygotic and somatic embryo development (Mino-
cha et al. 1999), where an alternative approach could be to
use analyses of zygotic tissues or growth environment to
provide markers for somatic tissues (Pullman and Buchanan
2003).

Biochemical aspects during seed development have
been disclosed for A. angustifolia. Some aspects, such as
indole-3-acetic acid (Astarita et al. 2003a), ABA (Silveira et
al. 2008), PA (Astarita et al. 2003b), amino acid (Astarita et
al. 2003c) and protein (Silveira et al. 2008) contents, were
studied during zygotic embryogenesis (Fig. 6). A better
understanding of biochemical alterations during zygotic
embryo development, besides providing basic information

Spd + Spm J

Amino acids

Proteins |

Fig. 6 Biochemical changes during zygotic embryogenesis in A. angustifolia. (A) pro-embryo stage; (B) torpedo stage; (C) pre-cotyledonary stage; (D)

cotyledonary stage; (E) mature stage.
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on seed development, could be useful for further improve-
ment in A. angustifolia somatic embryogenesis.

Silveira et al. (2008) describe a comparative proteome
analysis and changes in endogenous abscisic acid (ABA),
besides buffer soluble protein contents, during seed deve-
lopment in A. angustifolia. It was observed that ABA levels
reach the maximum in the pre-cotyledonary stage, followed
by a continuous decrease up to the mature stage. Protein
contents in the embryonic axis increased until the cotyledo-
nary stage, followed by stabilization in the mature seed.
During zygotic embryogenesis, an increase in protein con-
tents could be interpreted as a result of storage and LEA
proteins synthesis of those that have a great affinity with
water molecules, thus acting in seed dehydration protection
(Wise and Tunnacliffe 2004). Storage proteins synthesis is
one of the key processes of zygotic embryogenesis, provi-
ding compounds that will be used from the early stages of
embryonic development until autotrophy after germination
(Merkle et al. 1995).

To better understand protein variation during seed deve-
lopment, the protein pattern in two embryonic axis stages
(torpedo and mature) were analyzed (Silveira et al. 2008).
Silveira et al. (2008) showed that high molecular weight
proteins, observed in the torpedo stage were of reduced ex-
pression in the mature stage, while new proteins of low
molecular weight were specifically synthesized in mature
embryos. In this work three polypeptides differentially ex-
pressed at mature stage were positively identified, by pep-
tide mass fingerprinting, as AtSAC4, late embryogenesis
abundant (LEA) and storage proteins, respectively (Fig. 7)
(Silveira et al. 2008).

Seed development is a complex process, involving both
physiological and biochemical factors, including ABA ac-
cumulation and synthesis of specific proteins such as LEAs
and storage proteins. The cited works describe results rela-
ted to the metabolism of developing seeds in 4. angustifolia,
and could be useful for optimizing somatic embryogenesis
protocols for this species.

CONCLUSIONS AND PROSPECTS

A. angustifolia is the only native coniferous species of eco-
nomic importance in Brazil in which the natural reserves
have been almost totally extirpated. The development of
technologies for germplasm conservation and genetic im-
provement is a prerequisite for the establishment of refores-
tation and conservation programmes.
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The application of somatic embryogenesis in conifer
breeding allows for mass clone propagation of elite geno-
types for use in the reforestation and conservation of endan-
gered natural populations. Although our group has done
much work on somatic embryogenesis in A. angustifolia,
additional work is needed to support the conservation and
mass propagation of this endangered conifer. The use of
somatic embryogenesis for large-scale plant multiplication
is very much dependent on the germination of somatic em-
bryos. Seed-development studies have been performed to
better understand the molecular and physiological basis of
embryogenesis and system manipulation for in vitro multi-
plication via somatic embryogenesis.

The A. angustifolia genome has not yet been sequenced,
this thus hindering protein identification from proteome
maps. New strategies to improve 4. angustifolia biotechno-
logy results could be obtained using genomics and proteo-
mics insights, by looking for markers associated with deve-
lopmental stages and the optimization of somatic embryo-
genesis in this species.
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