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Somatic embryogenesis is an important biotechnological tool in the large-scale propagation of elite genotypes and ex situ
conservation of conifer species. Protocols for the induction and proliferation of embryogenic cultures (ECs) of Brazilian pine
(Araucaria angustifolia (Bert.) O. Ktze) are well established, although the proper formation of mature somatic embryos (SEs)
is still problematic. Thus, the identification of molecular markers for the screening of ECs able to respond to maturation con-
ditions (abscisic acid and osmotic agents) is highly desirable. To develop molecular markers for the early detection of ECs
able to develop well-formed SEs under maturation conditions, we analyzed the proteins found during the proliferation phase
of A. angustifolia cell lines with different embryogenic capabilities, with one cell line being responsive to maturation condi-
tions (R cell line), and one cell line that presented blocked development of SEs (B cell line). In addition, based on the peptides
identified, polyamine levels (free and conjugate), ethylene production and reactive oxygen species (ROS) emission were ana-
lyzed using both EC lines (R and B cell lines). A marked difference in the biochemistry of ECs between these two cell lines was
observed. Eleven proteins that were differentially expressed in the cell lines were identified by the combination of two-
dimensional electrophoresis (2-DE) and MALDI-TOF/TOF mass spectrometry. Among these, S-adenosylmethionine synthase,
the enzyme associated with polyamines and ethylene biosynthesis, was observed exclusively in the R cell line, while a protein
linked to the oxidative stress subunit F of NADH dehydrogenase was observed exclusively in the B cell lines. Additionally, B
cell lines showed higher levels of diamine putrescine and lower levels of ethylene. Higher values of ethylene and ROS were
observed for the cell line that showed normal development of SEs. Altogether, our results open new perspectives in the opti-
mization of culture conditions for A. angustifolia somatic embryogenesis, as well as establishing biochemical markers for the
early selection of ECs during maturation trials.
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Introduction
uetl et al. 2009). Araucaria angustifolia is a critically endangered

Araucaria angustifolia (Bert.) O. Ktze (Brazilian pine) is the only
native conifer of economic importance in Brazil (Guerra et al.
2002). Due to intense wood exploitation and the expansion of
agriculture in South Brazil, populations of A. angustifolia cover
less than 2% of their original area (Seben et al. 2003, Wrege

species, according to the International Union of Conservation
of Nature Red List of Threatened Species (2013). In spite of
the studies on the genetic diversity and in situ conservation of
A. angustifolia populations (de Sousa et al. 2005, Bittencourt
and Sebbenn 2007, Stefenon et al. 2008), there is a need for the
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development of complementary conservation strategies based
on ex situ approaches (Seben et al. 2003).

Micropropagation tools, like somatic embryogenesis, have
potential in clonal propagation and ex situ conservation of
commercial and endangered plant species, especially conifers
(Klimaszewska et al. 2011, Ma et al. 2012a, 2012b). Somatic
embryogenesis comprises the coordinated execution of four
steps (embryogenic culture (EC) induction, proliferation, matu-
ration and plant regeneration) (von Arnold et al. 2002). As
observed for other conifers, well-developed early somatic
embryos (SEs) in the EC of A. angustifolia are essential for
embryo maturation in media supplemented with abscisic acid
(ABA) and osmotic agents (Steiner et al. 2005, Schlogl et al.
2012). In some genotypes even early SE do not assure embryo
maturation (dos Santos et al. 2008, 2012). As SE morphology
cannot be used as the only factor in EC selection, the develop-
ment of molecular markers for the early detection of ECs
responsive to maturation promoters (ABA and osmotic agents)
is highly desirable in the SE protocol optimization for A. angus-
tifolia (dos Santos et al. 2008, Schlogl et al. 2012, Steiner
et al. 2012).

The induction and control of SE depend on the source of
the explants, the genotype of the mother plant and the type
and level of growth regulators in the culture medium (Guerra
et al. 1999). To efficiently regulate the correct embryo
development in vitro, an improved understanding of the
physiological, biochemical and molecular events that are
associated with embryogenic competence is essential
(Zhang et al. 2010, Businge et al. 2012). The competence
of embryogenic cells to respond adequately to exposure
conditions during the different phases of SE is controlled by
the molecular and biochemical components of embryogenic
and suspensor cells (Stasolla et al. 2004, Abrahamsson
et al. 2012).

Proteins directly affect the biochemistry of the cell, affording
an analysis of the many biochemical events that occur during
plant growth and development (Chen and Harmon 2006).
Zygotic and SE development are closely associated with
changes in protein expression (Balbuena et al. 2009, Rode
et al. 2012). Thus, the characterization of proteins involved in
embryogenesis is highly desirable, because perturbations in
the expression of these proteins can indicate an aberrant
developmental process (Lippert et al. 2005). Two-dimensional
electrophoresis (2-DE) associated with protein identification
via mass spectrometry (MS) is one of the most common
approaches in plant proteomics (Balbuena et al. 2009, 2011).
To date, the combination of 2-DE and MS has allowed the iden-
tification of several proteins linked to SE competence and
development (Almeida et al. 2012, Correia et al. 2012, Rode
et al. 2012, Sharifi et al. 2012).

To develop molecular markers for the early detection of A.
angustifolia EC with high embryogenic potential, we carried out

Molecular markers for somatic embryo development 95

a differential proteome analysis of ECs with different matura-
tion capabilities. In addition, based on the peptides identified
by MALDI-TOF/TOF MS, biochemical analyses that included
the determination of polyamines (free and conjugate), ethylene
production and reactive oxygen species (ROS) were performed
in both EC lines (responsive and blocked cell lines). Our find-
ings, besides providing a basis for the early selection of ECs
with high embryogenic potential, may also become a useful
tool in the improvement of a somatic embryogenesis protocol
for A. angustifolia.

Materials and methods

Cone collection

Immature cones of A. angustifolia were collected during the
month of January 2009, from three open-pollinated trees
grown in the city of Canoinhas, Brazil (-26°17', —=50°38'). The
immature seeds were detached from the cones and mixed to
form a pool of seeds.

EC initiation and proliferation

Embryogenic culture initiation was carried out according to dos
Santos et al. (2008). For proliferation, ECs were subcultured
every 21 days in MSG semi-solid medium and maintained in
the dark at 25 + 2 °C. To evaluate the degree of organization of
proembryogenic masses (PEMs) among all embryogenic cell
lines proliferated (each corresponding to a different genotype),
30 samples of 100 mg (fresh weight (FW)) were submitted to
a double-staining procedure with acetocarmine (2%) and
Evan's blue (0.1%) (Gupta and Durzan 1987). The stained ECs
were observed and photographed using a SteREO Discovery.
V8 magnifier (Carl Zeiss, Jena, Germany) coupled to an ICC
camera AxioCam (Carl Zeiss).

EC maturation

Ten months after EC initiation, nine embryogenic cell lines were
tested for their capacity to develop later-stage SEs. Maturation
tests were performed according to Steiner et al. (2005) and
dos Santos et al. (2008) with modifications. Embryonic cul-
tures (100 mg, fresh weight) were transferred to filter paper
disks (Whatman No. 1, 70 mm) in Petri dishes (100 x 15 cm)
containing 25 ml of basic MSG, solidified with Gelrite® (Sigma-
Aldrich) (3 g "), supplemented with I-glutamine (1.46 g I'),
sucrose (30 gl™), activated charcoal (3 gl), maltose
(70 g I') and PEG 4000 (90 g I') (maturation medium 1) and
kept in the dark at 25 + 2 °C. Three repeats were performed,
each consisting of a Petri dish inoculated with five ECs. After
30 days in maturation medium |, filter papers containing the
ECs were transferred to maturation medium Il (maturation
medium | supplemented with 120 uM ABA) and cultured for an
additional 3 months (subcultured every 4 weeks in fresh matu-
ration medium I1).
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During the whole maturation experiment (4 months), the
morphology of SEs was observed and photographed. For each
cell line, the number of ECs that showed the development of
SEs was recorded. Cell lines showing the development of coty-
ledonary SE were classified as responsive to maturation condi-
tions (R cell lines), whereas cell lines where SE did not develop
were considered as cell lines with blocked development of SEs
(B cell lines).

Protein extraction and quantification

Protein extractions were carried out according to Balbuena
et al. (2009). Proteome analysis was carried out in biological
triplicates. Each biological replicate was prepared from an indi-
vidual 21-day-old EC during the proliferation phase of R and B
cell lines. Total protein was quantified using the 2-D Quant Kit
(GE Healthcare, Freiburg, Germany) according to the manufac-
turer’s instructions.

Two-dimensional electrophoresis and image analysis

Two-dimensional electrophoresis was carried out according to
Balbuena et al. (2009). Gels were stained in Colloidal
Coomassie Brilliant Blue (Neuhoff et al. 1988) and digitalized
in an Image Scanner (GE Healthcare) using the Labscan™ 5.0
software (GE Healthcare). After scanning, the gels were ana-
lyzed in the ImageMaster™ 2D Platinum software 6.0 (GE
Healthcare). The parameters of spots automatic detection were
optimized by analysis of different regions of the gels. When
required, isolation, removal and addition of each spot were
performed manually. To detect differential spots between 2-DE
gels of R and B cell lines, all experimental gels were automati-
cally matched based on 10 obviously common spots used as
anchors, and again visually inspected for improper spot
matches. Spots differentially expressed between the 2-DE
maps of R and B cell lines were selected for further digestion
and identification via MS.

Spot excision and protein digestion

Digestion of peptides was performed in-gel, according to
Shevechenko et al. (2006) using 15 ng I trypsin (Promega,
Madison, WI, USA) for protein enzymatic digestion.

Protein identification using MALDI-TOF/TOF

The solution containing the peptides was desalted on C18
reversed phase columns in ZipTip pipette tips (Merck Millipore,
MA, USA). After desalting, a 1 ul sample dissolved in 50%
(v/v) ACN acid and 1 pl a-cyano-4-hydroxycinnamic acid were
applied to the MALDI plate. Mass spectra were obtained on
platform AB SCIEX TOF/TOF 5800 (AB SCIEX, Framingham,
MA, USA). The ranges of mass/charge (m/z) were adjusted to
800-4000 for MS spectra and 9-2500 for MS/MS. The spec-
tra were calibrated externally using a mixture containing four
peptides (des-argl1-bradykinin, angiotensin |, Glu1-Neurotensin

and Fibrinopeptide B). The five most abundant peaks in the MS
spectra were used as selection parameters for MS/MS. The
spectra of MS/MS were obtained after fragmentation of pep-
tides via ‘collision-induced dissociation’.

The database search parameters were similar to those
described in Balbuena et al. (2011). The database used in
searches was the NCBI 1.1., taxonomy Viridiplantae (green
plants) using MASCOT v. 2.4 (Matrix Science, London, UK).
Mass tolerance for precursor and fragmented ions were
100 ppm and 1.5 Da for precursor and fragmented peptides,
respectively. Carbamidomethylation of cysteine was set as fixed
modification, and oxidation of methionine and acetylation of
N-terminal as variable modifications. Identification of proteins
was considered confident if hits were produced by matching at
least one MS/MS spectra with peptide ions scores above 50.

Free and conjugated polyamine extraction
and quantification

Extractions of free and conjugated polyamines were performed
according to Silveira et al. (2006). Polyamine samples were
prepared in biological triplicates. Each replicate was prepared
from an individual 21-day-old EC during the proliferation phase
of R and B cell lines. Polyamines were separated by high per-
formance liquid chromatography (HPLC) on a reversed phase
C18 column (Shim-pack CLC ODS, Shimadzu Corporation, Kyoto,
Japan). The peak areas and retention times of each polyamine
were evaluated by comparison with known concentrations of
the main polyamines found in plants (putrescine (Put), spermi-
dine (Spd) and spermine (Spm)).

Ethylene quantification

Ethylene quantification was performed according to Thuler
et al. (2003) and Kong and Yeung (1994) with modifications.
Measurements were carried out using six biological replicates,
with each replicate consisting of an individual 100 mg portion
of 21-day-old ECs of R and B cell lines cultivated in 6 ml MSGO
basal medium. Penicillin-type 60-ml flasks sealed with alumi-
num foil were used. Ethylene production was measured for two
periods, 7 and 21 days after transfer to experimental flasks.
Flasks with medium cultured without ECs were utilized as con-
trols. Twenty-four hours before each measurement point, the
aluminum foil was removed and the flasks were kept in a lami-
nar air-flow cabinet for 2 h. Subsequently, rubber plugs tight-
ened with metal cowls were used to seal the flasks, and
ethylene production was quantified after 24 h.

For each measurement point, 1.0 ml of air from the experi-
mental flasks was collected and analyzed in a gas chromato-
graph Shimadzu GC-14A (Shimadzu Corporation) with a
PORAPAK-N 80/100—INOX column operated isothermally at
70 °C with nitrogen as the carrier gas and a flame ionization
detector. Pure ethylene (White Martins, Rio de Janeiro, Brazil)
was used as the standard.
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Endogenous ROS emission

For endogenous ROS quantification, suspension cultures of R
and B cell lines were established according to Silveira et al.
(2006). Reactive oxygen species quantification was carried
out in biological triplicates. For each replicate, 14-day-old sus-
pension cultures were filtered through 100 um mesh sieves.
Subsequently, 200 mg of cells were collected and incubated in
2ml of fresh MSGO liquid medium. Then, fluorophore
2’ 7’-dichlorodihydrofiuorescein  diacetate (H,DCFDA) was
added to obtain a final concentration of 2.5 mM. Liquid MSGO
medium containing H2DCFDA without cells was used as con-
trol. Cells were maintained under agitation in an orbital shaker
(120 r.p.m.) and after 30 min of incubation in the dark, a 200 pl
aliquot of each sample was transferred to a 96-multiwell
opaque plate. The relative fluorescence emitted by the cells
was monitored for 6 h (measurements every 10 min) in a fluo-
rometer Victor 3TM (PerkinElmer®, Waltham, MA, USA), under
emission of 522 nm and excitation of 498 nm.

Data analysis

All means were compared using Student’s t-test in the
BIOESTAT® 5.0 software.

Results and discussion

Araucaria angustifolia SEs development

Forty days after the inoculation of immature zygotic embryos
in MSGO culture medium, ECs of A. angustifolia, of all cell lines,
were recorded and characterized as translucent, white or muci-
laginous cell masses (Figure 1a). During the proliferation phase,
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the Evans blue and acetocarmine double staining (Gupta and
Durzan 1987) revealed the presence of cell aggregates, whose
embryonic cells, which stained red, were surrounded by sus-
pensor cells, which stained blue (Figure 1b). These structures,
resembling PEMs |ll of Picea abies (L) H. Karst. ECs (von
Arnold et al. 2002), were observed in all EC lines induced and
proliferated in the MSGO culture medium (nine cell lines).

Despite the presence of PEMs Il in all EC lines established
for A. angustifolia, a marked difference in the development of
SEs during the maturation phase was observed. After 2 months,
of the nine EC lines tested on maturation medium |, only two
cell lines (MSGO1 and R1003) showed the development of
globular SE (recorded in 10 SE for MSGO1 and 15 SE for
R1003 of 15 embryogenic calli). These globular SE were char-
acterized by spherical opaque embryonic heads and a
degraded suspensor cell region (Figure 1c). After 4 months in
maturation medium Il (supplemented with ABA), the develop-
ment of primordial cotyledon structures was observed (Figure
1d). The remaining EC lines (corresponding to seven cell lines)
did not show the development of SE in maturation media | and
Il. Based on the results obtained during the maturation trials,
two EC lines were classified as responsive cell lines (R), and
seven EC lines were classified as blocked cell lines (B). To con-
firm this classification, the maturation trial was repeated
24 months after EC induction. No differences concerning the
embryogenic potential were observed during the first
(10 months after EC induction) or second maturation trials
(24 months after EC induction).

In conifers, the maturation of SEs occurs when ECs are
transferred to culture medium supplemented with ABA and

(b)

Figure 1. Morphology of A. angustifolia ECs and SEs during proliferation and maturation. (a) Twenty-one-day-old EC. (b) Evans blue and acetocar-
mine stained cellular aggregates at the PEM Il stage. (c) Globular SE after 8 weeks of maturation. (d) Early cotyledonary SE after 16 weeks on
maturation. ec, embryogenic cells; sc, suspensor cells. Bars (a and b): 2.5 mm; (c and d): 1.0 mm.
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osmotic agents (Attree and Fowke 1993, Dunstan et al. 1998,
von Arnold et al. 2002). In the present work, the development
of SEs observed in the R cell lines indicates that a pretreatment
with osmotic agents followed by ABA exposure can efficiently
promote the development of pre-cotyledonary SE in A. angus-
tifolia. However, the same pattern was not observed in B cell
lines. In the presence of ABA and osmotic agents, the ECs of B
cell lines did not show the development of SEs. This same
precluded development of SEs was also observed in blocked
cell lines of P. abies (Smertenko et al. 2003, Stasolla et al.
2004). This observation indicates that some cell lines are
unable to respond properly to the stimulus imposed during the
formation of SE, even under favorable conditions for the devel-
opment of SEs.

The absence of differences in the overall morphology of R
and B cell lines of A. angustifolia during the proliferation phase
suggests that the differential SE maturation capabilities could
be associated with differential endogenous components of
these two cell lines. Cell lines of Medicago truncatula Gaertn.
with different embryogenic capabilities showed differences in
the level of transcripts linked to several biochemical pathways,
such as hormone biosynthesis (Imin et al. 2008). Stasolla
et al. (2004) observed that in P. abies, SE development is con-
trolled by a precise pattern of gene expression. When com-
pared with the blocked cell lines, the embryogenic-competent
cell lines presented the differential expression of several genes
that encode the proteins involved in detoxification processes,
methionine synthesis and carbohydrate metabolism (Stasolla
et al. 2004).

Proteomic analysis

Based on the results obtained during maturation trials, two EC
lines representative of the R (responsive cell lines) and B
(blocked cell lines) were selected for proteomic analysis. The R
cell line showed a higher abundance of proteins when com-
pared with the B cell line (Table 1). According to Oropeza et al.
(2001), differences in the levels of total protein between ECs
and non-ECs may be due to higher metabolic activity in ECs,
with higher levels of proteins, mMRNA and other cytoplasmic
components. Two-dimensional electrophoresis gel image anal-
ysis revealed a differential protein profile between gels of R
and B lines. Two-dimensional electrophoresis gels of ECs of

Table 1. Protein content (mg g~ FW) and number of spots detected in
2-DE maps of A. angustifolia ECs of responsive (R) and blocked (B) cell
lines.

Protein content (mg g~' FW) Number of spots

3.22+£0.472
243 £0.35°

245+ 11a
210 4 2°

R cell line
B cell line

For each column, means followed by different lowercase letters are
significantly ~ different according to Student's t-test (P <0.05)
(mean £SD; n=3).

R Cell Line B Cell Line

>80
W 60-80
1 40-60
W 20-40
<20

Figure 2. Percent of spots detected in the 2-DE maps A. angustifolia
ECs of responsive (R) and blocked (B) cell lines, according to intervals
of relative molecular weight (kDa).

the R cell line showed a higher abundance of spots compared
with the B cell line (Table 1). Spot distribution on the 2-DE gels
of both cell lines was similar. A higher number of ‘spots’
between 20-40 and 40-60kDa occurs, regardless of
embryogenic potential (Figure 2). A smaller proportion of spots
with high (>80 kDa) and low (<20 kDa) relative molecular
mass was observed in 2-DE gels of both cell lines (Figure 2).

The in silico alignment of 2-DE gels of both cell lines showed
the presence of 122 + 11 spots exclusive to the R cell line, and
65 *+ 10 spots unique to the B cell line. Among the exclusive
ones, the most distinct (20 spots from the R cell line 2-DE
maps and 15 from the B cell line) were isolated and in-gel
digested for MS analysis (Figure 3). A MASCOT stringent
search resulted in the identification of 11 proteins. Among
these, eight were exclusively found in the R cell line and three
in the B cell line. Table 2 shows the list of the proteins identi-
fied, with their respective spot ID, protein name, accession
number, MS score and number of unique peptides identified.

Among the proteins identified from the 2-DE gels of the R cell
line, the enzyme S-adenosylmethionine (SAM) synthase (Spot 2)
and mitochondrial ATPase beta subunit (Spot 1) were identified
at relatively high scores (108 and 104, respectively). Besides the
four hypothetical proteins in the NCBI database (Spots 5, 15, 17
and 19), a protein associated with protein synthesis (elongation
factor Il) (Spot 13) and a predicted protein from Populus tricho-
carpa Torr. & A.Gray (Spot 6) were also identified (Table 1). Mass
spectrometry/MS spectra obtained from spots exclusively
detected in 2-DE gels of the B cell line allowed the identification
of two proteins, the F subunit of enzyme NADH dehydrogenase
(Spot 23) and a porin protein (Spot 35) (Table 2).

Somatic embryogenesis is a morphogenetic process that
requires high amounts of energy (Martin et al. 2000, Lyngved
et al. 2008). In Abies alba Mill., an increase in the levels of
adenosine triphosphate (ATP) is associated with the matura-
tion of SEs (Petrussa et al. 2009). In addition, mitochondrial
activities like ATP catabolism influence plant cell death, which
is considered essential for correct SE maturation (Bozhkov
et al. 2005, Petrussa et al. 2009). The proteomics analysis of
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Figure 3. Two-dimensional electrophoresis map of proteins extracted from A. angustifolia ECs of responsive (a) and blocked (b) cell lines (pH 47
linear gradient). Arrows indicate specific spots of R and B cell lines 2-DE maps that were selected for protein identification. Proteins that were

identified are numbered as specified in Table 2.

Table 2. List of identified proteins from spots isolated from 2-DE gels of A. angustifolia ECs of responsive (R) and blocked (B) cell lines.

Spot! ID Species Accession? Score3 Peptides*
1R Mitochondrial ATPase beta subunit Nicotiana sylvestris AADO3392 104 3
2R Full = S-adenosylmethionine synthase 3 Hordeum vulgare Q4LB22 108 1
5R Hypothetical protein OsJ_17535 Oryza sativa EEE62732 76 1
6R Predicted protein Populus trichocarpa XP_002301570 75 1
13R Elongation factor 2 Nicotiana tabacum CAC12818 55 2
15R Hypothetical protein SELMODRAFT_404503 Selaginella moellendorffii XP_002962607 53 1
17R Hypothetical protein CHLNCDRAFT_27694 Chlorella variabilis EFN51866 55 1
19R Hypothetical protein VOLDACRAFT_84030 Volvox carteri XP_002957246 54 1
23B NADH dehydrogenase subunit F Anonidium sp. ABS45074 58 1
35B Porin Prunus armeniaca AAD38145 66 1

'Spot numbers correspond to the numbers indicated in Figure 3.
2Accession number in NCBI protein database.

3Probability based MOWSE score of MASCOT software.
4“Number of unique peptide sequences identified by MASCOT.

zygotic embryo development in A. angustifolia revealed a beta
subunit of mitochondrial ATPase in mature SEs (Silveira et al.
2008). The same enzyme was detected in vitro in the R cell
line during the proliferation phase. These results underline the
importance of mitochondrial activity during SE development in
conifers, and of the mitochondrial ATPase as the marker for
selection of EC lines responsive to maturation treatments in A.
angustifolia. The protein identified from Spot 13, SAM synthase,
was detected in 2-DE gels of the R cell line (Table 2). SAM
synthase converts the amino acid methionine into SAM, which
is the donor of methyl groups to the DNA methylation system
by SAM-dependent methyltransferase (Weretilnyk et al. 2001,

Moffatt et al. 2002). High levels of methylation during plant
embryogenesis are associated with chromatin modeling, selec-
tive gene expression and growth of SEs (Stasolla et al. 2004).
In addition, SAM synthase participates in the conversion of Put
in spermidine, and in the production of ethylene (Baron and
Stasolla 2008, Dias et al. 2010). In Picea glauca Hort. ex
Beissn., SAM synthase has been characterized as a biochemi-
cal marker of early SE development (Lippert et al. 2005). In
P. abies, cell lines that showed an arrested PEM Il to SE transi-
tion contain lower levels of SAM synthase transcripts when
compared with cell lines that showed a normal development of
SEs (Stasolla et al. 2004). As observed for other conifers, the
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presence of SAM synthase might be essential for the transition
of PEM to SEs in A. angustifolia. Recently, this enzyme was also
detected during proembryogeny, early embryogenesis and late
embryogenesis of A. angustifolia zygotic embryos (Balbuena
et al. 2009).

Spot 23, observed in the B cell line, has been identified as
the subunit F of the enzyme NADH dehydrogenase (Table 2).
NADH dehydrogenase (proton pumping complex |) is the first
enzyme of the mitochondrial electron transport chain, cata-
lyzing the oxidation of NADH and reduced coenzyme Q
(Mgller 2002). Under normal respiration conditions, complex
| and complex lll can act together, promoting the generation
of ROS (Rhoads et al. 2006). During SE development, cell
cultures undergo a rapid process of cell proliferation and
active aerobic metabolism, provoking the accumulation of
ROS in embryogenic cells (Stasolla et al. 2004, dos Santos
et al. 2012). However, ROS overproduction can disturb the
cell redox system, affecting embryogenic differentiation
(Kairong et al. 2002). Mitochondria face excessive ROS pro-
duction utilizing energy dissipating systems composed of
enzymes like NADH dehydrogenase, alternative oxidase
(AOX) and plant uncoupling mitochondrial protein (PUMP), as
well as some antioxidant enzymes (Pastore et al. 2007,
Valente et al. 2012).

The differences observed in A. angustifolia cell lines with dif-
ferent embryogenic potential in the proteome level suggest
that these differences would also be observed in the levels of
the compounds which these proteins are related to. To analyze
this hypothesis, we compared the polyamines levels (free and
conjugate), ethylene production and ROS emission of both EC
lines (R and B cell lines).

Polyamine quantification

Despite the morphological similarities between the PEM IlI of R
and B cell lines, the levels of total polyamines (free and conju-
gated) were significantly different during the proliferation
phase. R cell lines showed lower values of total polyamines,
when compared with the B cell line (Table 3). This difference
was observed mainly because of higher values recorded for
Put (free and conjugated forms) in the B cell line, whereas for
Spd and Spm similar levels were found in R and B cell lines
(Table 3). For both cell lines, Put was the main polyamine accu-
mulated, followed by Spd and Spm.

In gymnosperms and angiosperms, polyamines have been
associated with various cell developmental processes, including
the differentiation and morphogenetic evolution of SEs (Baron
and Stasolla 2008). For conifer zygotic and SE development, a
reduction in Put levels concomitant with an increase in Spd and
Spm levels is necessary for correct embryo development (Kong
et al. 1998, Minocha et al. 1999, Stasolla and Yeung 2003).
Similar behavior was observed during zygotic embryo develop-
ment in A. angustifolia (Astarita et al. 2003).

During the proliferation phase, B cell lines accumulate higher
levels of Put, when compared with R cell lines. Similarly, in
Quercus ilex Lour. and Pinus nigra Aiton, high levels of Put were
also associated with the inability of cell cultures to develop SEs
(Noceda et al. 2009, Mauri and Manzanera 2011). In A. angusti-
folia, the high accumulation of Put in the B cell line is not linked
to a non-conversion of Put to Spd and Spm, since B and R cell
lines showed similar levels of free and conjugated Spd and Spm.
In addition, ornithine decarboxylase and arginine decarboxylase
activities are similar in both B and R cell lines (L.F. Oliveira,
ALW. dos Santos, A.F. Macedo and E.L.S. Floh, unpublished
results). The reasons for the differential accumulation of Put in R
and B cell lines in A. angustifolia remain to be elucidated.

Similar to the values of individual polyamines, the Put:Spd
ratio is also used as an indicator of cell lines with high embryo-
genic competence (Shoeb et al. 2001, Li and Burritt 2003,
Santa-Catarina et al. 2006). Shoeb et al. (2001) suggest that
optimal ratios of Put:Spd are critical for the development of SE.
For A. angustifolia, ECs of the R cell line showed lower Put:Spd
ratios when compared with ECs of the B cell line. Similar pro-
files were observed in Solanum melongena L. (Yadav and Rajam
1998), Medicago sativa L. (Huang et al. 2001), Oryza sativa L.
(Shoeb et al. 2001) and Dactylis glomerata L. (Li and Burritt
2003). Although the Put:Spd ratio has been reported as a bio-
marker of embryogenic competence in many angiosperm spe-
cies, the observation of this relationship in gymnosperms has
never been reported. According to Klimaszewska et al. (2009),
reductions in Put levels and increases in Spd levels are associ-
ated with a more differentiated state of the ECs.

A close relationship between the Put:Spd ratio and embryo-
genic competence suggests that the regenerative potential of A.
angustifolia ECs could be manipulated by optimization of endog-
enous polyamine levels. Silveira et al. (2006) observed that in
ECs of A. angustifolia, supplementation of the medium with Spd

Table 3. Endogenous levels (ug g—' FW) of free and conjugated forms of polyamines Put, Spd and Spm, total polyamine levels and total Put:Spd

ratio of A. angustifolia ECs of responsive (R) and blocked (B) cell lines.

Put Spd Spm Total polyamines  Put:Spd
Free Conjugated Free Conjugated Free Conjugated
R cell line 3.93+£0.89° 436+0.28° 256+0.38 2.74+0.442 0.94+0.36% 115+0.992 157+2.22 1.57 £0.15°
Bcellline 34.92+6.16% 20.39+558* 299+077% 3.46+0.622 0.67£015* 1.03+1.25* 63.5+8.81° 8.67 £ 1172

For each column, means followed by different lowercase letters are significantly different according to Student’s t-test (P < 0.05) (mean = SD; n = 3).
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during the proliferation phase resulted in an increase of Spd
levels, a decrease in nitric oxide production, reduction of cellular
growth and a more differentiated state of PEMs. Our results sug-
gest the involvement of Put levels in the embryogenic compe-
tence of A. angustifolia. The Put:Spd ratio could be used in A.
angustifolia as a biomarker for selection during the proliferation
phase of cell lines with a high embryogenic capability.

Ethylene quantification

Similar to the results observed with polyamine accumulation,
significant differences were observed in the concentrations of
ethylene released by R and B cell lines. ECs of the R cell line
showed much higher concentrations of ethylene after 7 and
21 days in proliferation medium MSGO (Table 4). However, in
both cell lines a progressive accumulation of ethylene was
recorded with EC growth. As observed for A. angustifolia, eth-
ylene was positively correlated with the development of SEs of
Picea mariana Britton, Sterns & Poggenb. (EI Meskaoui and
Tremblay 2001), Pinus sylvestris L. (Lu et al. 2011), M. truncat-
ula (Mantiri et al. 2008) and M. sativa (Kepczynska and
Zielinska 2011). In some cases ethylene production had a neg-
ative effect on the development of SEs. In P. abies, high ethyl-
ene concentrations decreased the quality of SEs as a result of
formation of intercellular spaces in the shoot apex, resulting in
low percentages of conversion into plantlets (Kong and Yeung
1994). In Brassica napus, the inhibition of ethylene production
increased the frequency of SEs produced from microspores
(Leroux et al. 2009). Taken together, the results of polyamine
accumulation and ethylene production in R and B cell lines
underline the importance of SAM synthase for SE maturation in
A. angustifolia.

Intracellular ROS analysis

A rapid increase in ROS emission was observed in the R cell line
after 20 min of measurement (Figure 4). This increase stabi-
lized only after 4 h of measurement. In contrast, the B cell line
showed low levels of ROS emission, and no significant differ-
ences in ROS emission were detected throughout measurement
(Figure 4). Reactive oxygen species are important signaling
molecules that act in plant responses to biotic and abiotic
stresses (Delledone et al. 2001), and in the development of SEs
of conifers (Zhang et al. 2010). A precise balance between
ROS and ROS scavengers results in the activation of pro-

Table 4. Ethylene liberation (nmol ml~') of 7- and 21-day-old ECs of A.
angustifolia responsive (R) and blocked (B) cell lines.

7-day-old 21-day-old
R cell line 2.77 £0.082 11.03 + 1.962
B cell line ob 1.29 4+ 2.24b

For each column, means followed by different lowercase letters are
significantly  different according to Student’'s t-test (P<0.05)
(mean £SD; n = 3).
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Figure 4. Intracellular ROS emission of A. angustifolia cell suspensions
of responsive (R) and blocked (B) cell lines. (mean £SD; n=3))

grammed cell death (PCD) (Hoeberichts and Woltering 2002,
Vianello et al. 2007, Parent et al. 2008), a crucial event for the
trans-differentiation of PEMs to SEs in conifers (Filonova et al.
2000, Bozhkov et al. 2005). Similar results were also observed
during SE development in a Angiosperms. In Mesembryanthemum
crystallinum L. and Musa spp., the generation of hydrogen per-
oxide and its regulation by the activation of antioxidant enzymes
have been recorded at the beginning of SE formation (Lilik et al.
2005, Ma et al. 2012q, 2012b).

Apart from its function in the respiratory chain, some authors
report the activity of an alternative complex of NADH dehydro-
genase with the prevention of ROS generation and conse-
quently inhibition of SE development (Mgller 2002, Petrussa
et al. 2009, O’Donnel et al. 2011). The presence of NADH
dehydrogenase in the B cell line, and the observed levels of
ROS suggest a differential antioxidant metabolism in this cell
line. Recently, it was also demonstrated that PUMP proteins
can also control ROS generation in ECs of A. angustifolia
(Valente et al. 2012). However, no mention was made about
the impact of this result on SE development. More studies are
necessary to elucidate the importance of the cellular redox
state during SE development in A. angustifolia.

A beta subunit of the protein ATPase was observed in the
ECs of the R cell line (Spot 1) (Table 2). The presence of this
protein suggests a high energetic metabolism in ECs of the cell
line that showed the development of SEs. In plants (Vianello
et al. 2007) and animals (Lemasters 1999) the energy status,
particularly ATP levels, is crucial to the start of PCD. In animal
cells, a decrease in ATP is recognized by the cell as a signal for
PCD (Skulachev 2006). In cell suspensions of arabidopsis
(Tiwari et al. 2002, Krause and Durner 2004) and tobacco
BY-2 (Mlejnek et al. 2003), a rapid consumption of ATP was
observed after the initiation of PCD. Thus, we can assume that
the proper development of SEs in the R cell line could be linked
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with an adequate PCD mechanism, which could be absent in
the B cell line.

Conclusions

We observed a marked difference between the biochemical
composition in the embryogenic cells of the cell line responsive
to maturation conditions and the cell line with blocked develop-
ment of SEs. The observation of the enzyme SAM synthase in
the cell line where SEs development was observed suggests
the importance of this enzyme in A. angustifolia SE develop-
ment. A contrasting difference in polyamine and ethylene lev-
els between these two cell lines was recorded. We suggest the
utilization of the differential biochemical parameters, particu-
larly the Put:Spd ratio, as a biomarker for the early selection of
A. angustifolia cell lines responsive to maturation conditions
and able to develop SEs. The observation of a NADH dehydro-
genase subunit, a possible ROS scavenger in the blocked cell
line, suggests the importance of the cellular redox state in the
formation of A. angustifolia SEs. Altogether, the data obtained
in the present work open new perspectives on the optimization
of culture conditions that improve responsiveness to SE matu-
ration in A. angustifolia as well as other woody plants. Further
studies including more cell lines whose genetic relationships
are known should shed more light on the factors influencing
embryogenic potential.

Conflict of interest

None declared.

Funding

This research was carried out with financial support from the
State of Sao Paulo Research Foundation (FAPESP) (10/50868-
9), the National Council for Scientific and Technological
Development (CNPq), the Coordination of Personal Higher
Education Improvement (CAPES) (02437/09-0) and PETROBRAS
(SAP 4600279702).

References

Abrahamsson M, Valladares S, Larsson E, Clapham D, von Arnold S
(2012) Patterning during somatic embryogenesis in Scots pine in
relation to polar auxin transport and programmed cell death. Plant
Cell Tissue Organ Cult 109:391-400.

Almeida AM, Parreira JR, Santos R, Duque AS, Francisco R, Tomé
DF, Ricardo CP, Coelho AV, Fevereiro P (2012) A proteomics
study of the induction of somatic embryogenesis in Medicago
truncatula using 2DE and MALDI-TOF/TOF. Physiol Plant 146:
236-249.

Astarita LV, Floh EIS, Handro W (2003) Free amino acid, protein and
water content changes associated with seed development in
Araucaria angustifolia. Biol Plant 47:53-59.

Attree SM, Fowke LC (1993) Embryogeny of gymnosperms: advances
in synthetic seed technology of conifers. Plant Cell Tissue Organ Cult
35:1-35.

Balbuena TS, Silveira V, Junqueira M, Dias LLC, Santa-Catarina C,
Shevchenko A, Floh EIS (2009) Changes in the 2-DE protein profile
during zygotic embryogenesis in the Brazilian Pine (Araucaria
angustifolia). J Proteomics 72:337-352.

Balbuena TS, Jo L, Pieruzzi FP et al. (2011) Differential proteome anal-
ysis of mature and germinated embryos of Araucaria angustifolia.
Phytochemistry 72:302-311.

Baron K, Stasolla C (2008) The role of polyamines during in vivo and
in vitro development. In Vitro Cell Dev Biol Plant 44:384-395.

Becwar MR, Noland TL, Wyckoff JL (1989) Maturation, germination,
and conversion of Norway spruce (Picea abies L.) somatic embryos
to plant. In Vitro Cell Dev Biol Plant 26:575-580.

Bittencourt JVM, Sebbenn AM (2007) Patterns of pollen and seed dis-
persal in a small, fragmented population of the windpollinated tree
Araucaria angustifolia in southern Brazil. Heredity 99:580-591.

Bozhkov PV, Filonova LH, Suarez MF (2005) Programmed cell death
in plant embryogenesis. Curr Top Dev Biol 67:135-179.

Businge E, Brackmann K, Moritz T, Egertsdotter U (2012) Metabolite pro-
filing reveals clear metabolic changes during somatic embryo develop-
ment of Norway spruce (Picea abies). Tree Physiol 32:232-244.

Chen S, Harmon AC (2006) Advances in plant proteomics. Proteomics
6:5504-5516.

Correia S, Vinhas R, Manadas B, Lourenco AS, Verissimo P, Canhoto
IM (2012) Comparative proteomic analysis of auxin-induced
embryogenic and nonembryogenic tissues of the solanaceous
tree  Cyphomandra betacea (Tamarillo). J Proteome Res
11:1666-1675.

Delledone M, Zeier J, Marocco A, Lamb C (2001) Signal interactions
between nitric oxide and reactive oxygen intermediates in the plant
hypersensitive disease resistance response. Proc Natl Acad Sci USA
98:13454-13459.

de Sousa VA, Sebben AM, Harmer HH, Zihe M (2005) Correlated mat-
ing in populations of a dioecius Brazilian conifer, Araucaria angusti-
folia (Bert.) O. Ktze. For Genet 12:107-119.

Dias LLC, Balbuena TS, Silveira V, Santa-Catarina C, Schevchenko A,
Floh EIS (2010) Two-dimensional gel electrophoretic protein profile
analysis during seed development of Ocotea catharinenses: a recal-
citrant seed species. Braz J Plant Physiol 22:23-33.

dos Santos ALW, Steiner N, Guerra MP, Zoglauer K, Moerschbacher
BM (2008) Somatic embryogenesis in Araucaria angustifolia. Biol
Plant 52:195-199.

dos Santos ALW, Jo L, Santa-Catarina C, Guerra MP, Floh EIS (2012)
Somatic embryogenesis in Brazilian pine: establishment of biochemi-
cal markers for selection of cell lines with high embryogenic potential.
In: Park YS, Bonga JM (eds) Proceedings of the [IUFRO Working Party
2.09.02 conference on “Integrating vegetative propagation, biotech-
nologies and genetic improvement for tree production and sustain-
able forest management”. IUFRO, Vienna, Austria, pp 123—128.

Dunstan DJ, Dong JZ, Carrier DJ, Abrams SR (1998) Events following ABA
treatment of spruce somatic embryos. In Vitro Cell Dev Biol Plant
34:159-168.

El Meskaoui A, Tremblay FM (2001) Involvement of ethylene in the
maturation of black spruce embryogenic cell lines with different
maturation capacities. J Exp Bot 52:761-769.

Filonova LH, Bozhkov PV, von Arnold S (2000) Developmental path-
way of somatic embryogenesis in Picea abies as revealed by time-
lapse tracking. J Exp Bot 51:249-264.

Guerra MP, Torres AC, Teixeira JB (1999) Embriogénese somatica e
sementes sintéticas. In: Torres AC, Caldas LS, Buso JA (eds) Cultura
de tecidos e transformagdo genética de plantas. Embrapa, Brasil,
Brasilia, pp 533-568.

Tree Physiology Volume 34, 2014

¥202 Iudy 01 uo 1senb Ag 8£681L9L/16/L/vE/el0e/sAydasiy/woo dnoolwepede//:sdiy woly papeojumoq



Guerra MP, Silveira V, Reis MS, Schneider L (2002) Exploragdo, Manejo
e Conservagdo da Araucaria (Araucaria angustifolia). In: Simdes LL,
Lino CF. Manejo Sustentavel da Mata Atlantica: a exploragdo de seus
recursos florestais. Senac, Brasil, Sdo Paulo, pp 85-101.

Gupta PK, Durzan DJ (1987) Biotechnology of somatic polyembryogen-
esis and plantlet regeneration in loblolly pine. Biotech 5:147-151.
Hoeberichts FA, Woltering EJ (2002) Multiple mediators of plant pro-
grammed cell death: interplay of conserved cell death mechanisms

and plant-specific regulators. Bioessays 25:47-57.

Huang XL, Li XJ, Li Y, Huang LZ (2001) The effect of AOA on ethylene
and polyamines metabolism during early phases of somatic embryo-
genesis in Medicago sativa. Physiol Plant 113:424—-429.

Imin N, Goffard N, Nizamidin M, Rolfe BG (2008) Genome-wide tran-
scriptional analysis of super-embryogenic Medicago truncatula
explant cultures. BMC Plant Biol 8:110.

International Union of Conservation of Nature Red List of Threatened
Species (2013) http://www.iucnredlist.org/details/32975/0 (3
March 2013, date last accessed).

Kairong C, Ji L, Gengmei X, Jianlong L, Lihong W, Yafu W (2002) Effect
of hydrogen peroxide on synthesis of proteins during somatic
embryogenesis in Lycium barbarum. Plant Cell Tissue Organ Cult
68:187-193.

Kepczynska E, Zielinska S (2011) Disturbance of ethylene biosynthe-
sis and perception during somatic embryogenesis in Medicago
sativa L. reduces embryos’ ability to regenerate. Acta Physiol Plant
33:1969-1980.

Klimaszewska K, Noceda C, Pelletier G, Label P, Rodriguez R, Lelu-
Walter MA (2009) Biological characterization of young and aged
embryogenic cultures of Pinus pinaster (Ait.). In Vitro Cell Dev Biol
Plant 45:20-33.

Klimaszewska K, Overton C, Stewart D, Rutledge RG (2011) Initiation
of somatic embryos and regeneration of plants from primordial
shoots of 10-year-old somatic white spruce and expression profiles
of 11 genes followed during the tissue culture process. Planta
233:635-647.

Kong L, Yeung EC (1994) Effects of ethylene and ethylene inhibitors
on white spruce somatic embryo maturation. Plant Sci 104:71-80.
Kong L, Attree SM, Fowke LC (1998) Effects of polyethylene glycol
and methylglyoxal bis (guanylhydrazone) on endogenous polyamine
levels and somatic embryo maturation in white spruce (Picea

glauca). Plant Sci 133:211-220.

Krause M, Durner J (2004) Harpin inactivates mitochondria in
Arabidopsis suspension cells. Mol Plant Microbe Interact 17:
131-139.

Lemasters JL (1999) V. Necrapoptosis and mitochondrial permeability
transition: shared pathways to necrosis and apoptosis. Am J Physiol
276:G1-G6.

Leroux B, Carmou N, Girudet D, Potin P, Larher F, Bodin M (2009)
Inhibition of ethylene biosynthesis enhances embryogenesis of
cultured microspores of Brassica napus. Plant Biotech Rep 3:
347-353.

Li ZL, Burritt DJ (2003) Changes in endogenous polyamines during
the formation of somatic embryos from isogenic lines of Dactylis
glomerata L. with different regenerative capacities. Plant Growth
Regul 40:65-74.

Lilik M, Konieczny R, Pater B, Slesak |, Miszalski Z (2005) Differences
in the activities of some antioxidant enzymes and in H,0O, content
during rhizogenesis and somatic embryogenesis in callus cultures of
the ice plant. Plant Cell Rep 23:834-841.

Lippert D, Zhuang J, Ralph S et al. (2005) Proteome analysis of early
somatic embryogenesis in Picea glauca. Proteomics 5:461-473.

Lu J, Vahala J, Pappinen A (2011) Involvement of ethylene in somatic
embryogenesis in Scots pine (Pinus sylvestris L.). Plant Cell Tissue
Organ Cult 107:25-33.

Molecular markers for somatic embryo development 103

Lyngved R, Renault J, Hausman J, Iversen T, Hvoslef-Eide AK (2008)
Embryo-specific proteins in Cyclamen persicum analyzed with 2-D
DIGE. J Plant Growth Regul 27:353-369.

Ma L, Xie L, Lin G, Jiang S, Chen H, Li H, Takac T, Samaj J, Xu C (2012a)
Histological changes and differences in activities of some antioxidant
enzymes and hydrogen peroxide content during somatic embryogen-
esis of Musa AAA cv. Yueyoukang 1. Sci Hortic 144:87-92.

Ma X, Bucalo K, Determann RO, Cruse-Sanders JM, Pullman GS
(2012b) Somatic embryogenesis, plant regeneration and cryo-
preservation for Torreya taxifolia, a highly endangered coniferous
species. In Vitro Cell Dev Biol Plant 48:324-334.

Mantiri FR, Kurdyukov S, Lohar DP, Sharopova N, Saeed NA, Wang XD,
Vandenbosch KA, Rose RJ (2008) The transcription factor MtSERF1
of the ERF subfamily identified by transcriptional profiling is required
for somatic embryogenesis induced by auxin plus cytokinin in
Medicago truncatula. Plant Physiol a46:1622-1636.

Martin AB, Cuadrado Y, Guerra H, Gallego P, Hita O, Margin L, Dorado
A, Villalobos N (2000) Differences in the contents of total sugars,
reducing sugars, starch and sucrose in embryogenic and non-
embryogenic calli from Medicago arborea L. Plant Sci 154:
143-151.

Mauri PV, Manzanera JA (2011) Somatic embryogenesis of holm oak
(Quercus ilex L.): ethylene production and polyamine content. Acta
Physiol Plant 33:717-723.

Minocha R, Smith DR, Reeves C, Steele KD, Minocha SC (1999)
Polyamines levels during the development of zygotic and somatic
embryos of Pinus radiata. Physiol Plant 105:155-164.

Mlejnek P, Dolezel P, Prochazka S (2003) Intracellular phosphorylation
of benzyladenosine is related to apoptosis induction in tobacco BY-2
cells. Plant Cell Environ 26:1723-1735.

Moffatt BA, Stevens YY, Allen MS et al. (2002) Adenosine kinase defi-
ciency is associated with developmental abnormalities and reduced
transmethylation. Plant Physiol 128:812—-821.

Mgller IM (2002) A new dawn for plant mitochondrial NAD(P)H dehy-
drogenases. Trends Plant Sci 7:235-237.

Neuhoff V, Arold N, Taube D, Ehrhardt W (1988) Improved staining of
proteins in polyacrylamide gels including isoelectric focusing gels
with clear background at nanogram sensitivity using Coomassie
Brilliant Blue G-250 and R-250. Electrophoresis 9:255-262.

Noceda C, Salaj T, Pérez M, Viejo M, Cafiag M, Salaj J, Rodriguez R
(2009) DNA demethylation and decrease on free polyamines is
associated with the embryogenic capacity of Pinus nigra Arn. cell
culture. Trees 23:1285-1293.

O’Donnel A, Harvey LM, Mcneil B (2011) The roles of the alternative
NADH dehydrogenases during oxidative stress in cultures of the
filamentous fungus Aspergillus niger. Fungal Biol 115:359-369.

Oropeza M, Marcano AK, De Garcia E (2001) Proteins related with
embryogenic potential in callus and cell suspensions of sugarcane
(Saccharum sp.). In Vitro Cell Dev Biol Plant 37:211-216.

Parent C, Capelli N, Dat J (2008) Reactive oxygen species, stress and
cell death in plants. C R Biol 331:255-261.

Pastore D, Trono D, Laus MN, Di Fonzo N, Flagella Z (2007) Possible
plant mitochondria involvement in cell adaptation to drought stress.
A case study: durum wheat mitochondria. J Exp Bot 58:195-210.

Petrussa E, Bertolini A, Casolo V, Krajniakova J, Macri F, Vianello A
(2009) Mitochondrial bioenergetics linked to the manifestation of
programmed cell death during somatic embryogenesis of Abies
alba. Planta 231:93-107.

Rhoads DM, Umbach AL, Sublaiah CC, Siedow JN (2006) Mitochondrial
reactive oxygen species. Contribution to oxidative stress and inter-
organellar signaling. Plant Physiol 141:357-366.

Rode C, Lindhorst K, Braun HP, Winkelmann T (2012) From callus to
embryo—a proteomic view on the development and maturation of
somatic embryos in Cyclamen persicum. Planta 235:995-1011.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

¥202 Iudy 01 uo 1senb Ag 8£681L9L/16/L/vE/el0e/sAydasiy/woo dnoolwepede//:sdiy woly papeojumoq


http://www.iucnredlist.org/details/32975/0

104 Jo et al.

Santa-Catarina C, Vanildo S, Balbuena TS, Viana AM, Estelita MEM,
Handro W, Floh EIS (2006) IAA, ABA, polyamines and free amino
acids associated with zygotic embryo development of Ocotea cath-
arinensis. Plant Growth Regul 49:237-247.

Schlogl PS, dos Santos ALW, Vieira LN, Guerra MP, Floh EIS (2012)
Gene expression during early somatic embryogenesis in Brazilian
pine (Araucaria angustifolia (Bert) O. Ktze). Plant Cell Tissue Organ
Cult 108:173-180.

Seben AM, Pontinha AA, Gianotti E, Kageyama PY (2003) Genetic
variation in provenance—progeny test of Araucaria angustifolia in Sdo
Paulo state. Silvae Genet 52:181-184.

Sharifi G, Ebrahimzadeh H, Ghareyazie B, Gharechahi J, Vatankhah E
(2012) Identification of differentially accumulated proteins associ-
ated with embryogenic and non-embryogenic calli in saffron (Crocus
sativus L.). Proteome Sci 10:3.

Shevechenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel
digestion for mass spectrometric characterization of proteins and
proteomes. Nat Protoc 1:2856-2860.

Shoeb F, Yadav JS, Bajaj S, Rajam MV (2001) Polyamines as biomark-
ers for plant regeneration capacity: improvement of regeneration by
modulation of polyamine metabolism in different genotypes of
indica rice. Plant Sci 160:1229-1235.

Silveira V, Santa-Catarina C, Tun NN, Scherer GFE, Handro W, Guerra
MP, Floh EIS (2006) Polyamine effects on the endogenous poly-
amine contents, nitric oxide release, growth and differentiation of
embryogenic suspension cultures of Araucaria angustifolia (Bert.) O.
Ktze. Plant Sci 171:91-98.

Silveira V, Santa-Catarina C, Balbuena TS, Moraes FMS, Ricart CAQ,
Souza MV, Guerra MP, Handro W, Floh EIS (2008) Endogenous
abscisic acid levels and comparative proteome during seed develop-
ment of Araucaria angustifolia (Bert.) O. Ktze. Biol Plant 52:101-104.

Skulachev VP (2006) Bioenergetic aspects of apoptosis, necrosis and
mitoptosis. Apoptosis 11:473-485.

Smertenko AP, Bozhkov PV, Filonova LH, von Arnold S, Hussey PJ
(2003) Re-organisation of the cytoskeleton during developmental
programmed cell death in Picea abies embryos. Plant ] 33:813-824.

Stasolla C, Yeung EC (2003) Recent advances in conifer somatic
embryogenesis: improving somatic embryo quality. Plant Cell Tissue
Organ Cult 74:15-35.

Stasolla C, Bozhkov PV, Chu TM et al. (2004) Variation in transcript
abundance during somatic embryogenesis in gymnosperms. Tree
Physiol 24:1073-1085.

Stefenon VM, Gailing O, Finkeldey R (2008) Genetic structure of plan-
tations and the conservation of genetic resources of Brazilian pine
(Araucaria angustifolia). For Ecol Manag 255:2718-2725.

Steiner N, Vieira FN, Maldonado S, Guerra MP (2005) Carbon source
affects morphogenesis and histodifferentiation of Araucaria angusti-
folia embryogenic cultures. Braz Arch Biol Technol 48:895-903.

Steiner N, Santa-Catarina C, Guerra MP, Lucas C, Dornelas MC, Floh
EIS (2012) A gymnosperm homolog of Somatic Embryogenesis
Receptor-Like Kinase-1 (SERK1) is expressed during somatic
embryogenesis. Plant Cell Tissue Organ Cult 109:41-50.

Thuler DS, Floh EIS, Handro W, Barbosa HR (2003) Plant growth regu-
lators and amino acids released by Azospirillum sp. in chemically
defined media. Lett Appl Microbiol 37:174-178.

Tiwari BS, Belenghi B, Levine A (2002) Oxidative stress increased
respiration and generation of reactive oxygen species, resulting in
ATP depletion, opening of mitochondrial permeability transition, and
programmed cell death. Plant Physiol 128:1271-1281.

Valente C, Pasqualim P, Jacomasso T, Maurer JBB, de Souza EM,
Martinez GR, Rocha MEM, Carnieri EGS, Cadena SMSC (2012) The
involvement of PUMP from mitochondria of Araucaria angustifolia
embryogenic cells in response to cold stress. Plant Sci 197:
84-91.

Vianello A, Zancani M, Peresson C, Petrusa E, Casolo V, Krajridkova J,
Patriu S, Braidot E, Macri F (2007) Plant mitochondrial pathway
leading to programmed cell death. Physiol Plant 129:242-252.

von Arnold S, Sabala |, Bozhkov P, Dyachok J, Filanova L (2002)
Developmental pathways of somatic embryogenesis. Plant Cell
Tissue Organ Cult 69:233-249.

Weretilnyk EA, Alexander KJ, Drebenstedt M, Snider JD, Summers PS,
Moffatt BA (2001) Maintaining methylation activities during salt
stress: the involvement of adenosine kinase. Plant Physiol
125:856-865.

Wrege MS, Higa RCV, Britez RM, Garrastazu MC, de Souza VA,
Caramori PH, Radin B, Braga HJ (2009) Climate change and conser-
vation of Araucaria angustifolia in Brazil. Unasylva 60:30-33.

Yadav JS, Rajam MV (1998) Temporal regulation of somatic embryo-
genesis by adjusting cellular polyamine content in eggplant. Plant
Physiol 116:617-625.

Zhang SG, Han SY, Yang WH, Wei HL, Zhang M, Qi LW (2010) Changes
in H,0, content and antioxidant enzyme gene expression during the
somatic embryogenesis of Larix leptolepis. Plant Cell Tissue Organ
Cult 100:21-29.

Tree Physiology Volume 34, 2014

¥202 Iudy 01 uo 1senb Ag 8£681L9L/16/L/vE/el0e/sAydasiy/woo dnoolwepede//:sdiy woly papeojumoq



